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Abstract

Over the past 200 years, the Earth’s atmospheric carbon dioxide (CO2) concentration

has increased by more than 35%, and climate experts predict that CO2 levels may

double by the end of this century. Understanding the mechanisms of resource manage-

ment in plants is fundamental for predicting how plants will respond to the increase

in atmospheric CO2. Plant productivity sustains life on Earth and is a principal

component of the planet’s system that regulates atmospheric CO2 concentration. As

such, one of the central goals of plant science is to understand the regulatory mech-

anisms of plant growth in a changing environment. Short-lived positron-emitting

radiotracer techniques provide time-dependent data that are critical for developing

models of metabolite transport and resource distribution in plants and their microen-

vironments. To better understand the effects of environmental changes on resource

transport and allocation in plants, we have developed a system for real-time mea-

surements of metabolite transport in plants using short-lived positron-emitting radio-

tracers. This thesis project includes the design, construction, and demonstration of

the capabilities of this system for performing real-time measurements of metabolite

transport in plants.

The short-lived radiotracer system described in this dissertation takes advantage

of the combined capabilities and close proximity of two research facilities at Duke

University: the Triangle Universities Nuclear Laboratory (TUNL) and the Duke

University Phytotron, which are separated by approximately 100 meters. The short-

lived positron-emitting radioisotopes are generated using the 10-MV tandem Van de

Graaff accelerator located in the main TUNL building, which provides the capabil-

ity of producing short-lived positron-emitting isotopes such as carbon-11 (11C; 20

minute half-life), nitrogen-13 (13N; 10 minute half-life), fluorine-18 (18F; 110 minute
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half-life), and oxygen-15 (15O; 2 minute half-life). The radioisotopes may be intro-

duced to plants as biologically active molecules such as 11CO2,
13NO−

3 , 18F−-[H2O],

and H15
2 O. Plants for these studies are grown in controlled-environment chambers at

the Phytotron. The chambers offer an array of control for temperature, humidity, at-

mospheric CO2 concentration, and light intensity. Additionally, the Phytotron houses

one large reach-in growth chamber that is dedicated to this project for radioisotope

labeling measurements.

There are several important properties of short-lived positron-emitting radio-

tracers that make them well suited for use in investigating metabolite transport in

plants. First, because the molecular mass of a radioisotope-tagged compound is only

minutely different from the corresponding stable compound, radiotracer substances

should be metabolized and transported in plants the same as their non-radioactive

counterparts. Second, because the relatively high energy gamma rays emitted from

electron-positron annihilation are attenuated very little by plant tissue, the real-time

distribution of a radiotracer can be measured in vivo in plants. Finally, the short

radioactive half-lives of these isotopes allow for repeat measurements on the same

plant in a short period of time. For example, in studies of short-term environmental

changes on plant metabolite dynamics, a single plant can be labeled multiple times

to measure its responses to different environmental conditions. Also, different short-

lived radiotracers can be applied to the same plant over a short period of time to

investigate the transport and allocation of various metabolites.

This newly developed system provides the capabilities for production of 11CO2 at

TUNL, transfer of the 11CO2 gas from the target area at TUNL to a radiation-shielded

cryogenic trap at the Phytotron, labeling of photoassimilates with 11C, and in vivo

gamma-ray detection for real-time measurements of the radiotracer distribution in

small plants. The experimental techniques and instrumentation that enabled the
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quantitative biological studies reported in this thesis were developed through a series

of experiments made at TUNL and the Phytotron. Collimated single detectors and

coincidence counting techniques were used to monitor the radiotracer distribution

on a coarse spatial scale. Additionally, a prototype Versatile Imager for Positron

Emitting Radiotracers (VIPER) was built to provide the capability of measuring

radiotracer distributions in plants with high spatial resolution (∼2.5 mm). This

device enables detailed quantification of real-time metabolite dynamics on fine spatial

scales.

The full capabilities of this radiotracer system were utilized in an investigation of

the effects of elevated atmospheric CO2 concentration and root nutrient availability on

the transport and allocation of recently fixed carbon, including that released from the

roots via exudation or respiration, in two grass species. The 11CO2 gas was introduced

to a leaf on the plants grown at either ambient or elevated atmospheric CO2. Two

sequential measurements were performed per day on each plant: a control nutrient

solution labeling immediately followed by labeling with a 10-fold increase or decrease

in nutrient concentration. The real-time distribution of 11C-labeled photoassimilate

was measured in vivo throughout the plant and root environment. This measurement

resulted in the first observation of a rapid plant response to short-term changes in

nutrient availability via correlated changes in the photoassimilate allocation to root

exudates. Our data indicated that root exudation was consistently enhanced at lower

nutrient concentrations. Also, we found that elevated atmospheric CO2 increased the

velocity of photoassimilate transport throughout the plant, enhanced root exudation

in an annual crop grass, and reduced root exudation in a perennial native grass.
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Chapter 1

Introduction

This dissertation describes the development of a new system for making real-time

measurements of metabolite transport in plants using short-lived positron-emitting

radiotracers. In vivo radiotracer detection provides time-dependent information im-

portant for understanding the dynamics of metabolite transport and allocation in

plants. The measurements made possible by this system should enable us to con-

tribute new biological insight on plant responses to environmental changes. The

measurement apparatus is comprised of three major components: (1) the radiotracer

production system, (2) the radiotracer delivery system, and (3) the radiotracer detec-

tion system. This dissertation provides a detailed account of the development of the

measurement apparatus. It also describes the development of short-lived radiotracer

measurement techniques and data analysis tools and a quantitative biological study

that demonstrates the performance of the system and its potential applications to

plant biology.

Several features of our experimental techniques make them well-suited for study-

ing the dynamic responses of plants to environmental changes. First, the use of

short-lived radiotracers allows us to make multiple measurements on the same plant

each day. Second, the gamma radiation emitted from positron decay (resulting from

electron-positron annihilation) is attenuated very little by plant tissue, thus allow-

ing for non-destructive in vivo measurements of the radiotracer distribution in the

plant as a function of time. Third, the use of environmental growth chambers at the

Duke University Plant Growth Facilities (Phytotron) allows for control of the plant
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growth conditions to reproduce the plant’s natural environment or simulate a vari-

ety of different environmental conditions. Finally, the particle beam capabilities of

the tandem Van de Graaff accelerator and the target room facilities at the Triangle

Universities Nuclear Laboratory (TUNL) enable efficient production of short-lived

positron-emitting radiotracer molecules. The target room where the radioisotopes

are produced is only approximately 100 m from the growth chamber at the Phy-

totron where the labeling measurements are made. This close proximity of the two

facilities allows transfer of the radiotracers to the labeling chamber with only minor

losses due to radioactive decay.

Background information about short-lived positron-emitting radiotracer experi-

ments and the role of these measurements within the larger context of plant science

will be discussed in Section 1.1. In Section 1.2, the motivation for these studies will

be described in more detail. Finally, Section 1.3 will outline the general techniques

used for these experiments.

1.1 Background1

Primary plant productivity sustains life on Earth and is a principal component of

the planet’s system that regulates atmospheric carbon dioxide (CO2) concentration.

A central goal of plant science is to understand the regulatory mechanisms of plant

growth in a changing environment. Key to our understanding of productivity are the

plant carbon and nutrient balances: how does the plant acquire and use resources for

maintenance and protection to maximize individual growth and reproductive success?

Aspects of this question have been examined independently at different organizational

scales through genetic, molecular, organismal, and ecosystem studies. Increasingly,

1Portions of this section are excerpts from [Kis08].
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plant scientists are developing experimental techniques and quantitative models that

enable them to integrate across scales for a more complete understanding of whole-

plant responses to environmental change. As shown in Figure 1.1, short-lived radio-

tracer measurements can provide information about plant processes that occur over

a sizable range of spatial and temporal scales. Short-lived radiotracers allow access

to processes ranging from the tissue level up to the plant microenvironment. These

processes include source-sink relationships, signal transduction, metabolic regulation,

resource partitioning, and organism-organism interactions. The following sections in-

troduce the general physical concepts involved in short-lived positron-emitting radio-

tracer experiments and describe how these measurements fit into the larger context

of plant science.

1.1.1 Fundamentals of Radiotracer Experiments

The radiotracer molecules produced at TUNL for these studies decay by positron

emission (positive β decay). The positron is the anti-matter counterpart of the elec-

tron, meaning it has the same mass, spin, and magnitude of charge as the electron

but the opposite sign of charge (+e rather than −e). Positron-emitting nuclei are

proton-rich, so they decay to a stable nucleus by converting a proton into a neutron:

p → n + β+ + νe (1.1)

where β+ is the ejected positron and νe is an electron neutrino. Generally speaking,

the parent nucleus is converted into a daughter nucleus with an atomic number that

is decreased by one from that of the parent:

A
ZXN →A

Z−1 X ′
N+1 + β+ + νe (1.2)
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Figure 1.1: Spatiotemporal processes of plant growth and development (based on
[Osm89]). Different processes at the subcellular and cellular level can link to higher
organizational levels via signal transduction. At small spatial scales autoradiography
provides detailed images of radiotracer accumulation, but without dynamic infor-
mation. At the tissue, whole-plant, and plant micro-environment levels, dynamic
processes can be measured using short-lived positron-emitting radioisotopes with
gamma-ray detection and imaging techniques. This figure is from [Kis08].
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where Z is the atomic number, N is the number of neutrons, A is the mass number

(A = N + Z), A
ZXN is the parent nucleus, and A

Z−1X
′
N+1 is the daughter nucleus. For

our measurements, the neutrino escapes undetected, however it carries away some of

the energy available to the decay products. As a result, the kinetic energy spectrum

of the positrons is continuous and ranges from zero to the maximum available energy,

which is given by the Q-value of the decay. For positron emission, the Q-value is given

by

Q = [m(A
ZXN)− {m(A

Z−1X
′
N+1) + 2me}]c2 (1.3)

where m represents the atomic mass, me is the mass of the electron, and c is the

speed of light. The Q-value calculation results from conservation of energy, where

the kinetic energy available for the decay products is equal to the difference in rest

mass energy between the positron-emitting nucleus and the decay products2. For

example, the Q-value for β+ decay of 11C is given by

Q11C = [m(11C)−m(11B)− 2me]c
2 = 0.96 MeV . (1.4)

Therefore, the positrons emitted from 11C decay have kinetic energies that range

from 0 - 0.96 MeV, with the most probable being about one-third of the maximum.

Properties of the positron-emitting radioisotopes that can be produced at TUNL in

chemical form suitable for plant studies are given in Table 1.1. The range of the

positrons in water is given because water is a close approximation to plant tissue.

As positrons pass through matter, they lose kinetic energy through ionization

and excitation of nearby atoms and molecules. After reaching thermal energy, the

2The difference in electron binding energies is neglected.
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Table 1.1: Properties of positron-emitting isotopes that can be produced at TUNL
(from [Bai03]).

Isotope t1/2 Emax Emean Max Range Mean Range
(min) (MeV) (MeV) in Water (mm) in Water (mm)

11C 20.4 0.959 0.326 4.1 1.1
13N 9.96 1.197 0.432 5.2 1.5
18F 109.8 0.633 0.202 2.4 0.6
15O 2.03 1.738 0.696 7.3 2.5

positron will annihilate with a nearby electron3, which results in two gamma rays4:

β+ + e− → γ + γ . (1.5)

Because the electron and positron are moving relatively slowly at the time of the

interaction, the energy of the system prior to annihilation is simply the sum of the

rest masses of the two particles (511 keV/c2 + 511 keV/c2 = 1022 keV/c2). The

final energy is the combined kinetic energies of the gamma rays, which have no mass.

Therefore, by conservation of energy and momentum, the two gamma rays must be

emitted with an energy of 511 keV each (the rest mass of the electron and positron)

and in opposite directions as shown in Figure 1.2. The 511-keV gamma rays are

attenuated very little by plant tissue and may be detected singly with collimated de-

tectors or in coincidence to trace the distribution of radiotracer-labeled metabolites

in real time and in vivo [Min03]. The fundamental limit on the spatial resolution

achievable using positron-emitting tracers is governed by the finite range that the

positrons travel inside the material before losing all their kinetic energy and annihi-

lating with an electron. This travel range is a function of the initial kinetic energy of

the positron and therefore is different for each radiotracer isotope (see Table 1.1).

3Electron-positron annihilation may occur either directly or via the decay of positronium, an
electron-positron complex that resembles atomic hydrogen.

4Positronium will occasionally decay into three or more gamma rays, depending on its quantum
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Figure 1.2: Diagram of positron annihilation. The radioactive nucleus decays,
emitting a positron (e+) and neutrino (ν). The positron will travel through the
material, losing energy by collisions with electrons (e−). Once the positron reaches
thermal energies it annihilates with an electron, which results in two 511 keV gamma
rays (γ) emitted in opposite directions.

Our radiotracer experiments consist of labeling a plant with radioactive molecules

and tracking the distribution of the radioactive decay products throughout the plant

as a function of time. Plant labeling entails the integration of short-lived positron-

emitting isotopes such as carbon-11 (11C), nitrogen-13 (13N), oxygen-15 (15O), and

fluorine-18 (18F) into biologically active molecules, nutrients, or compounds. The

radiotracers (i.e., labeled molecules) are absorbed via normal metabolism and dis-

tributed throughout the plant. In vivo detection of the gamma rays emitted from

positron annihilation enables us to track the transport and distribution of the ra-

diotracers in the plant as a function of time. The short radioactive half-lives of the

radiotracers (see Table 1.1) and the non-invasive detection of the decay products al-

low the same plant to be tested multiple times without destructive sampling. Repeat

measurements on the same plant under the same environmental conditions provide

an assessment of the biological variation of an individual plant over time. Addition-

mechanical state just prior to decay. See [Har04] for more details.
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ally, a suite of different short-lived radiotracers can be applied to the same plant in a

short period of time to investigate the transport and allocation of various metabolites

([Cal84], [Gro84]).

The distribution of radiotracer-labeled metabolites can be measured with millimeter-

scale resolution due to the spatial correlation of annihilation gammas. Positron emis-

sion tomography (PET) is a noninvasive imaging technique that can achieve spatial

resolution on the order of millimeters and provide quantitative information about

dynamic physiological processes over a relatively large field of view. High spatial

resolution is achieved by using small detector elements to detect the back-to-back

annihilation gamma rays in coincidence. Clinical PET systems have been used for

the diagnosis of human disease for about 30 years ([Ter75], [Roh04]), and many re-

search centers now employ microPET instruments to better understand disease by

studying small animals ([Che97], [Cha02]). We apply PET techniques to measure

the spatial distribution of radiotracer-labeled metabolites (see Chapter 3) in order to

better understand the regulation of plant growth and development under different en-

vironmental conditions. The time-ordered data obtained with radiotracers provides

the information required to causally connect plant responses to specific environmental

changes.

As indicated in the previous paragraphs, the study of plant responses to environ-

mental changes using short-lived radiotracers requires a system with the following

capabilities:

• Radiotracer production

• Control of plant environmental conditions

• Transfer of radiotracer from production facility to labeling facility without sig-

nificant losses
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• Introduction of radiotracer to the plant via natural processes

• Detection of radiotracer-labeled metabolites throughout the plant

The TUNL and Phytotron facilities provide the infrastructure to fulfill these require-

ments (Section 2.1). Radiotracer production is described in Section 2.2, radiotracer

detection techniques is discussed in Section 2.3, and the radioactive gas transfer and

labeling system is described in Section 2.4.

1.1.2 Radiotracers in Plant Studies

The first plant studies using short-lived radioisotopes were performed nearly 70 years

ago by Ruben et al. [Rub39] in their work on photosynthesis using 11C. Because

the short half-life of 11C (20.4 min) limited their research to relatively fast processes,

Samuel Ruben and his colleague Martin Kamen searched for and discovered a long-

lived radioisotope of carbon, 14C (half-life 5730 years), that could be used in plant

labeling studies of long-term processes [Ges05]. Since its discovery, 14C has been

used extensively to study metabolite accumulation in plants. Nevertheless, 11C con-

tinues to play an important role in studying short-term physiological responses of

plants. Labeled 11CO2 is particularly useful in studies of carbohydrate source-sink

relationships in plants. Because CO2 is the primary substrate for photosynthesis, 11C

is incorporated into plant tissue as labeled photoassimilates, i.e., carbohydrates that

can be tracked through the plant by detecting the gamma radiation emitted in the

decay of 11C nuclei. The isotopic discrimination between 11CO2 and 12CO2 during

photosynthesis should be similar in magnitude to that of 13CO2 and 12CO2, which is

on the order of a few percent [Far82, Tho91]. Using short-lived radioisotopes like 11C

allows for multiple radiotracer labelings of the same plant, which leads to a better

understanding of biological variations within a single organism.
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Over the last 30 years, the considerable advancements made in gamma-ray detec-

tion, imaging, and analysis techniques have enabled high precision quantitative stud-

ies of plants using short-lived radioisotopes. The pioneering work of Peter Minchin

and colleagues (e.g., [Min84, Min87, Min89]) established the foundation for this field.

The data obtained from short-lived radiotracer experiments is used to investigate

time-dependent changes within the labeled plant. Short-lived radiotracer experi-

ments with 11CO2 use either pulse labeling, where 11CO2 gas is supplied to a portion

of the plant in a short burst (pulse), or continuous labeling, where the 11C activity

in the labeling system is kept fairly constant by supplying 11CO2 at regular intervals

[Tho91] or by a continuous production system [Mag82]. The continuous labeling tech-

nique is particularly useful for studying diurnal patterns and other time-dependent

plant responses, such as those due to environmental changes (e.g., shading; [Tho91]).

Pulse-labeling can be used to measure metabolite dynamics in plants. For example,

time-dependent analysis techniques are applied to radiotracer data obtained from

pulse-labeling experiments to determine the plant response over a period of several

hours (e.g., [Min88]).

In addition to 11C, other short-lived positron-emitting isotopes have been used

for plant physiology studies. Nitrogen-13 (13N) decays by positron emission with

a radioactive half-life of 9.96 minutes. This isotope can be introduced to plants in

the form of 13N-labeled nitrate (e.g., [Gla85]) or ammonium (e.g., [Kro95]) ions in

solution, or as 13N-labeled nitrogen gas (e.g., [Bis86]). The 13N-labeled substances

are generally applied to plant roots to study nutrient absorption and transport in the

plant under various environmental conditions (e.g., [McN83]).

Oxygen-15 (15O) is another short-lived radioisotope that decays by positron emis-

sion; its radioactive half-life is 2.03 minutes. Generally, a water source (H15
2 O) is pro-

duced and introduced to the plant through the root bathing solution. Gamma-ray
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detectors (or a positron emission imaging system) are then used to monitor radio-

tracer accumulation in sections of the plant to observe water transport [Kiy01, Nak03,

Tan05]. Due to its very short half-life, 15O is only useful for tracing phenomena with

very rapid substance processing and physiological response times. Because fluorine

ions bind readily to water molecules, the longer-lived fluorine-18 isotope (18F; 109.8

minutes radioactive half-life) has been used as a proxy for tracing the dynamics of

water transport [Kum97, Nak01b]. The significantly longer half-life of 18F over that

of 15O makes it a more attractive candidate for measuring longer-term phenomena

(i.e., processes occurring on the order of an hour) involving water transport. How-

ever, special care must be exercised in interpreting data taken in experiments that

use 18F labeling for monitoring water movement since some of the tracked fluorine

ions might not be attached to water molecules [Nak01a].

Short-lived radiotracer techniques have recently been applied for a variety of stud-

ies on plant metabolite dynamics. Coordination between the sensing and signal

transport through the plant and/or out of the plant into the environment requires

measurement methods that provide data on a time scale relevant to the mechanisms

involved in plant response to changes in external conditions. Short-lived radioiso-

topes are already being used successfully at high specific activity to show transport

of jasmonate, a signal metabolite involved in plant defense, in whole plants [Tho07].

Additionally, Ferrieri and colleagues have assessed the role of recently fixed carbon

with short-lived radiotracers and demonstrated that treatment of poplar seedlings

with jasmonic acid results in an increase in isoprene emission [Fer05], leaf export of

mobile sugar [Bab05], and plant metabolism of carbon tetrachloride [Fer06]. Carbon-

11 tracer measurements have been made to study carbon metabolism dynamics cover

a wide range of spatial scales within plants. For example, Minchin and colleagues

have measured unloading and reloading of photoassimilate in bean stem [Min87];
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carbon partitioning to whole versus surgically modified pea ovules [Min89]; changes

in partitioning to soybean root nodules following treatment of the root system with

nitrate [Tho98b]; the short and long-term effects of photosynthate availability on

carbon partitioning to apple fruits [Min97]; the effect of electric shock and cold shock

on phloem transport [Pic93]; and the effects of temperature [Min94] and osmotica

[Wil91] on carbon partitioning in split root systems of barley. Additionally, 11C ra-

diotracer techniques were applied in an ecological context to measure plant response

to herbivory by nematodes [Fre91] and grasshoppers [Dye91] at Duke University,

and more recently, by inducible response to simulated leaf herbivory [Bab05, Sch06].

Likewise, measurements using short-lived isotopes could be valuable in studies of root

growth dynamics and nutrient uptake in a heterogeneous environment.

The use of short-lived positron emitters provides the ability to perform real-time

substance accumulation and flow measurements in vivo. However, a few important

constraints should be considered when designing experiments that use short-lived

radioisotopes. First, the short radioactive half-life requires that experiments be per-

formed near the isotope production facility. Second, the short radioactive half-life of

the tracer limits the dynamic phenomena that can be observed to those with charac-

teristic time constants on the order of a few hours. Lastly, high initial radioactivity is

needed to observe the radiotracer transport and allocation over long periods of time

(e.g., about 9 half-lives of the radioisotope), so sufficient radiation shielding must

surround the labeling region for personnel safety and the gamma-ray detector system

must have a fast signal processing time to reduce counting dead time.

The first plant studies using short-lived radioisotopes at Duke University were

performed in the 1980’s. Those measurements took advantage of the close proximity

of the Phytotron and TUNL. Initially, the 11C was produced using the a 4-MeV Van

de Graaff accelerator that was located in the basement of the Physics building and
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operated by TUNL. A beam of 3He nuclei was directed onto a 12CO2 flowing gas target

to produce 11CO2 continuously via the 12C + 3He → 11C + 4He (Q = +1.86 MeV)

reaction [Mag82]. Later, 11CO2 was produced at the Duke University Medical School

Cyclotron and transferred to the Phytotron using a shielded transporter [McK89] for

pulse-labeling experiments. With improved technology a new initiative is underway

to study plants using short-lived radiotracers at Duke University. The initial focus of

the research program is to measure the real-time physiological responses of plants to

environmental changes and to measure the rates of physiological processes that are

important for plant growth.

1.2 Motivation

At Duke, the study of real-time plant responses to environmental changes using

short-lived radiotracers is primarily motivated by the recent significant increase in

the Earth’s atmospheric CO2 concentration. Plant productivity helps to regulate

the planet’s atmospheric CO2 levels, and carbon sequestration via plant biomass can

potentially mitigate increasing atmospheric CO2. We investigate the direct effects

of elevated atmospheric CO2 by measuring the real-time transport and allocation of

plant metabolites under both ambient and elevated CO2 conditions.

The atmospheric CO2 concentration as a function of time over the past 1000

years is shown in Figure 1.3. Note that from the year 1000 until the early 19th

century, the atmospheric CO2 concentration was fairly constant at approximately

280 parts per million (ppm). However, at the beginning of the 19th century, the

CO2 levels began to rise (concurrent with the onset of the “Industrial Revolution”),

and the CO2 concentration has continued to increase for more than 200 years. The

average atmospheric CO2 concentration for 2007 was approximately 384 ppm [Tan08],
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Figure 1.3: Recent atmospheric CO2 concentration versus time. (A) Note that
the atmospheric CO2 concentration was fairly constant from the year 1000 until the
beginning of the 19th century. The onset of the “Industrial Revolution” marked
the introduction of the combustion of fossil fuels as the primary means of energy
production. The Siple Station ice core data shown here is from [Fri86], the Law
Dome ice core data is from [Eth96], and Mauna Loa data is from [Kee05]. (B)
Annual variations in atmospheric CO2 concentration. The sub-annual variation in
the atmospheric CO2 concentration data from Mauna Loa correspond to the seasonal
change in uptake of CO2 by terrestrial vegetation. The inset shows the variation
during one annual cycle (January 2006 - January 2007). The data is from [Tan08]).

which is 37% higher than the pre-industrial level. Since 1958, measurements of the

CO2 concentration from Mauna Loa in Hawaii [Kee05] have provided a true measure

of the global carbon cycle. The Mauna Loa measurements (known as the Keeling

Curve) show a variation of the atmospheric CO2 concentration within each year. This

cycle corresponds to the seasonal change in uptake of CO2 by terrestrial vegetation.

Starting in the spring, the CO2 level decreases as the active growing season removes

CO2 from the atmosphere through photosynthesis; the CO2 level rises again in the

fall as the gas is released back into the atmosphere when plants respire, leaves die

off, and organic matter decays (Figure 1.3).

To place the recent increase in CO2 abundance in the proper context, a longer-

term record of CO2 concentration is necessary. These data are extracted from analyses

of air bubbles trapped in ice cores, primarily from Antarctica, Russia, and Greenland.

The data shown in Figure 1.3 from the Law Dome and Siple Station ice cores indicate
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Figure 1.4: Atmospheric CO2 concentration versus time before present (in thou-
sands of years). The concentration at 0 year is the average over the most recent
approximately 1,000 years. The dashed line indicates the current CO2 level of ap-
proximately 385 ppm. The solid curve is data from the Vostok ice core [Bar03].

the CO2 concentration for the past 1000 years, and other ice core measurements

provide information about CO2 levels even further back in time. Measurements from

Taylor Dome in Antarctica indicate that the atmospheric CO2 concentration was

within the range 280 ± 20 ppm from 10,000 years before the present time up to the

year 1750 [Ind99]. Additionally, measurements at the Russian Vostok ice core station

(Figure 1.4) indicate that the current CO2 concentration is at its highest point in the

past 400,000 years [Pet99]. Climate experts predict that, primarily due the increased

global use of fossil fuels, the atmospheric CO2 concentration may increase to 550 ppm

by the year 2050 and surpass 700 ppm by the end of this century [Pre01a].

The long time-scale variations in the atmospheric CO2 concentration shown in

Figure 1.4 are believed to correspond to significant global climate changes. For ex-

ample, there is substantial evidence that the plateaus in the atmospheric CO2 con-

centration that occur approximately every 100,000 years correspond to interglacial

periods. There are also regular variations in the atmospheric CO2 concentration with
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periodicities significantly less than the interglacial cycle time. These long-term vari-

ations in the atmospheric CO2 concentration can be explained with climate models

based on solar forcing, i.e., changes in the amount and location of solar radiation

reaching the Earth. Milutin Milanković, a Serbian civil engineer and mathematician,

developed the first mathematically rigorous theory of climate change based on long

time-scale periodic changes in the movement and orientation of the Earth. The peri-

odic climate variations predicted by his theory are referred to as Milankovitch cycles.

Milankovitch cycles are the collective effect of changes in Earth’s orbital geometry

on its climate as a result of variations in the intensity of solar radiation. The evolu-

tion of three primary orbital parameters coincides with three periodic variations in

climate [Hay76]: (1) the dominant 100,000-year periodic climate component has an

average period close to that of Earth’s orbital eccentricity; (2) the 42,000-year cli-

matic component has the same period as variations in the obliquity of Earth’s axis,

that is the angle of Earth’s axial tilt with respect to the plane of its orbit; and (3)

the 23,000-year periodic climate change has the same variation as the precession, or

“wobble”, of the Earth’s axis of rotation. A lack of temporal resolution from ice core

measurements of the historic temperature and CO2 concentration makes it difficult

to determine whether increased temperature resulted in elevated CO2 or vice versa.

However, Caillon et al. [Cai03] found that the increase in CO2 concentration about

240,000 years ago lagged Antarctic glacial warming by 800 ± 200 years. These results

are consistent with the general explanation for the Ice Ages, which suggests that an

initial increase in the temperature triggered a release of CO2 from the ocean as it

warmed. The increasing CO2 concentration in the atmosphere provided a positive

feedback that resulted in further warming.

As CO2 is the primary substrate for photosynthesis, elevated CO2 will certainly

influence plant growth and productivity, so significant research has been dedicated
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to understanding how plants and ecosystems will respond to changes in atmospheric

11CO2 concentration (e.g., [Dra97, Lon04]). The primary findings thus far are that el-

evated CO2 results in increased rates of photosynthesis, increased light-use efficiency,

improved water-use efficiency, and decreased stomatal conductance and transpira-

tion [Dra97]. The majority of these agricultural and horticultural studies examined

the responses of individual species grown in optimal environments in greenhouses,

controlled-environment chambers, or open-top outdoor chambers. Relatively few

studies have focused on the integrated ecosystem response to elevated CO2 [Lon04].

However, free-air CO2 enrichment (FACE) experiments have been designed and im-

plemented that allow the exposure of plants to elevated CO2 under natural open-air

conditions to examine the ecosystem response [Ain05]. FACE technology uses an

array of vent pipes to release CO2-enriched air at the periphery of treatment plots,

which are generally 8-30 meters in diameter [Ain05]. The result is a fairly uniform

elevated CO2 concentration across the entire experimental area.

The results of FACE experiments have confirmed some results from previous

chamber experiments. For example, forest net primary productivity was found to

be consistently greater at elevated CO2 until nutrients began to limit productivity

[Nor05]. While the general direction of change in photosynthesis and production at

elevated CO2 may be similar for FACE and chamber experiments, the magnitude of

the effects are found to differ significantly. FACE experiments with wheat and rice

have shown overall smaller increases than expected based on earlier chamber stud-

ies [Ain05, Lon06]. However, there is also evidence indicating that the FACE and

chamber studies yield consistent results [Tub07].

Over the past 30 years, greenhouse, growth chamber, and FACE experiments

have provided valuable insight into time-integrated plant responses to elevated CO2.

Measurement of physical plant parameters (such as height, leaf area, biomass, etc.)
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after prolonged exposure to elevated CO2 provides important data about the average

response of plants to the changing environment. However, there is now interest in

exploring the molecular and physiological mechanisms behind these responses, includ-

ing how the transport of plant metabolites is affected dynamically by an enhanced

CO2 environment.

Radiotracer experiments that use short-lived positron-emitting isotopes allow for

real-time in vivo measurement of the transport and allocation of plant metabolites,

thereby providing a window into studying the dynamics of substance transport in

plants. For example, measuring the dynamic transport of metabolites in response

to environmental stress in transgenic plants may lead to better predictive models of

plant growth and development. Measurements of the time dependence of substance

transport processes should provide additional insight toward a better understanding

of the mechanism of phloem transport [Min05, Tho06]. Additionally, studying real-

time plant metabolite dynamics in response to environmental changes such as nutrient

pulses will help in the understanding of the time constants and potential mechanisms

of the short-term plant response. Imaging and quantitative analysis of the transport

of metabolites using short-lived radiotracers should help improve our understanding

of the regulatory networks that control plant growth and development.

1.3 Current Experiment

Motivated by the increasing atmospheric CO2 concentration and the need to better

understand the effects of a changing environment on plant metabolite dynamics, a

system for performing short-lived radiotracer measurements on plants was designed

and constructed at TUNL and the Duke University Phytotron. In particular, this sys-

tem was designed to efficiently produce the short-lived positron-emitting radiotracer
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11C in the form of 11CO2, safely transfer the 11CO2 gas from the TUNL tandem

accelerator laboratory to the Phytotron, introduce 11CO2 to plants grown in con-

trolled environments, and measure the distribution of 11C-labeled photoassimilates

throughout plants as a function of time.

The radiotracer molecules decay by positron emission, and the subsequent electron-

positron annihilation results in two 511 keV gamma rays traveling collinearly in op-

posite directions. By detecting these annihilation gamma rays either singly or in

coincidence, the activity of radiotracer within the detector field of view is determined

as a function of time. Properties of the substance transport system in the plants

are then calculated from the tracer profile data [Min78]. Tracer profiles are measure-

ments of the spatial distributions of radiotracer inside the plant as a function of time.

PET techniques are used to provide high spatial resolution two-dimensional images

of the radiotracer distribution in the plant. The fundamental limit on the spatial

resolution is set by the finite range the positrons travel before losing their kinetic

energy and annihilating. Coincidence detection of the two collinear gamma rays with

highly segmented planar detectors provides the information needed to reconstruct

the positron annihilation points in the image plane, which identifies the location of

the radiotracer molecules to within a few millimeters (see Table 1.1). The develop-

ment and construction of a planar PET imager with ∼2.5 mm spatial resolution is

described in Chapter 3.

The following chapters will present details of the development, testing, and demon-

stration of our system for making real-time measurements of metabolite transport in

plants using short-lived positron-emitting radiotracers. Chapter 2 describes the facili-

ties and experimental tools that are integrated into the measurement system. Chapter

3 explains the development of the hardware and software for positron emission imag-

ing. Chapter 4 reviews the theory of plant metabolite transport and describes the
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analysis tools that were used to interpret the radiotracer data. Chapter 5 describes

radiotracer measurements that were used to develop the experimental techniques.

Chapter 6 describes a quantitative biological study that demonstrates the capabili-

ties of the short-lived radiotracer system and how radiotracer measurements can be

used to address questions in plant biology. Finally, Chapter 7 summarizes the ca-

pabilities of this system and proposes instrumentation for future expansion of the

research program.
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Chapter 2

Experimental Methods

This chapter describes the experimental tools used to trace the absorption, transport,

and accumulation of substances tagged with short-lived isotopes in small plants. The

use of short-lived radiotracers for studying system dynamics requires facilities for

isotope production that are close to the laboratory where the labeling measurements

are to be performed. In this thesis we use “short-lived” to refer to radioisotopes with

half-lives less than 2 days. The longest lived radioisotope used in this work is 18F,

which has a half-life of 110 minutes. The following sections describe the research

facilities at Duke University that enable these studies, the techniques used for short-

lived isotope production and detection, and the systems developed specifically for

labeling with 11C and 13N.

2.1 Facilities

The short half-lives of the isotopes used in these studies require that the facility

where radioactive substances are produced is close to the place where the tracer

measurements are made. The tandem accelerator laboratory where the radioisotopes

are produced is in the basement of the TUNL building which is shown relative to the

Phytotron in in Figure 2.1. This section describes the research capabilities at the

Phytotron and TUNL that are critical for this project.
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TUNL

Phytotron
~100 meters

Figure 2.1: Map indicating the relative location of the TUNL building where the
tandem accelerator is located and the Phytotron. The approximate distance between
the two facilities is 100 meters.

2.1.1 Phytotron

The Duke University Phytotron is a controlled environment facility and is part of the

Plant Teaching and Research Facility in the Biology Department. It houses 48 plant

growth chambers and six controlled greenhouses and the associated instrumentation

and laboratories. One large reach-in growth chamber is dedicated to this project for

radioisotope labeling measurements. All other chambers are available as needed for

plant growth experiments. A diagram of the Phytotron floor plan is shown in Figure

2.2, and the location of the chamber dedicated to radioisotope labeling studies is

indicated. Also, a photograph of the chamber and the 11C research area is shown in

Figure 2.3. The standard features of this chamber include high-precision control of

the air temperature, CO2 concentration, and the light intensity inside the chamber.

The range over which each parameter can be varied and the control precision are

given in Table 2.1.
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Figure 2.2: Diagram of the Phytotron floor plan. The arrow indicates the location
of the large reach-in chamber dedicated to radioisotope labeling studies.

Figure 2.3: Photograph of the 11C research area at the Phytotron. Detector elec-
tronics are on the left side of the photo, and the labeling chamber is pictured within
the Radiation Access Controlled Area of which the yellow rope defines the boundary.
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Table 2.1: Labeling chamber control parameters.

Parameter Control Range Precision
Air Temperature (lighted) 12 - 35 ◦C < 5%
Air Temperature (dark) 2 - 30 ◦C < 5%
CO2 Concentration 200 - 1000 µmol mol−1 < 15%
Maximum Light Intensity 350 µmol m−2 s−1 —

2.1.2 TUNL

The Triangle Universities Nuclear Laboratory (TUNL) is a center for low-energy

nuclear physics research that is located on the campus of Duke University. The

laboratory is funded by the U.S. Department of Energy and is staffed by Physics

faculty members from the major research universities in the Research Triangle Area:

Duke University, the University of North Carolina at Chapel Hill, and North Carolina

State University. The facility has two Van de Graaff accelerators that are well suited

for radioisotope production: the JN accelerator that is located in the Laboratory for

Experimental Nuclear Astrophysics and the 10-MV FN tandem accelerator located

in the TUNL building. The tandem accelerator is used to produce the short-lived

positron-emitting isotopes used in this work, such as carbon-11 (20 minute half-life),

nitrogen-13 (10 minute half-life), oxygen-15 (2 minute half-life) and fluorine-18 (110

minute half-life). A schematic view of the TUNL tandem laboratory floorplan is

shown in Figure 2.4.

The 11C , 13N, and 18F radioisotopes are produced by bombarding a gas or liq-

uid target with a beam of protons from the tandem accelerator. A tandem Van de

Graaff is a two stage electrostatic accelerator that boosts the energy of the injected

ions twice, first by attraction of the injected negative ions to the positively charged

terminal and second by repulsion of the positively charged stripped ions from the

terminal. The proton beam is produced as follows. A beam of negatively charged
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DENIS II Source FN Tandem Accelerator

Time Of Flight Target Area

Figure 2.4: Schematic view of the TUNL tandem lab. The DENIS II source and
tandem accelerator are indicated, as well as the particle beam path. Our radioisotope
production runs take place in the TOF target area.

hydrogen ions (H−) is generated and extracted from a direct extraction negative ion

source (DENIS)1. These negatively charged ions are transported with a kinetic energy

of 50-keV onto the tandem accelerator beam axis for injection. The negative ions are

accelerated toward the positively charged terminal of the tandem accelerator. The

electrons are stripped off the negative ions by passing them through a thin carbon

foil (less than 5 µg/cm2) in the terminal. The emerging positive ions (i.e., protons)

are repelled by the positively charged terminal. This acceleration process produces

protons with kinetic energy that is twice the charge of the proton times the termi-

nal electric potential. The short-lived isotopes are produced in the Time of Flight

(TOF) target room, which is indicated in the diagram of the tandem accelerator

laboratory shown in Figure 2.4. Radioisotope production is discussed in more detail

in Section 2.2.

1See [Cro01] for a detailed description of the direct extraction negative ion source DENIS II.
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2.2 Radioisotope Production

The ability to produce energetic beams of protons, deuterons and alpha particles

in the tandem accelerator laboratory at TUNL makes it an excellent facility for

generating short-lived positron-emitting isotopes. A target cell is mounted at the

end of the 38◦ beam line for production of radioactive gas (e.g., 11CO2) or liquid

(e.g., 13N- or 18F-tagged solution). Due to the short radioactive half-life of these

substances, the isotope production period (time with beam on target) is generally

restricted to about 1.5 times the half-life of the isotope being generated. The following

sections describe the radioisotope production processes implemented in the tandem

accelerator laboratory at TUNL for the generation of 11C , 13N, and 18F.

2.2.1 Carbon-11 Production

Carbon-11 is produced in the tandem accelerator laboratory using the the 14N(p,α)11C

reaction by bombarding a nitrogen (14N) gas target with protons (p + 14N → 11C +

α). The cross section for the 14N(p,α)11C reaction as a function of proton energy is

shown in Figure 2.5. We use 10-MeV protons to take advantage of the enhanced cross

section for the (p,α) channel between 5 and 10 MeV. A beam of 10-MeV protons is

produced as described in Section 2.1.2 using a tandem terminal voltage of 5 MV.

The gas pressure in the cell is such that the incident 10-MeV protons lose about 5

MeV of their kinetic energy across the length of the gas cell via ionization of the gas

atoms. As the protons slow down in transiting the length of gas cell they have the

opportunity for inducing the (p,α) nuclear reaction until they reach the threshold

energy of 5 MeV. Therefore, the total 11C yield is produced by the integrated (p,α)

reaction cross section from 5 to 10 MeV.

The proton beam flux (protons/s) on target is computed directly from the mea-
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Figure 2.5: Cross section for the 14N(p,α)11C nuclear reaction as a function of
incident proton energy. The 10-MeV beam of protons used in this work produces
the 11C yield by integrating the cross section from 10 MeV down to the reaction
threshold of about 5 MeV. Data are from the National Nuclear Data Center (NNDC)
Cross-Section Information Storage and Retrieval System (CSISRS).

sured proton beam current. The beam current is measured by integrating the charge

deposited in the target cell using a model 1000 beam current integrator (BCI) circuit

built by Brookhaven Nuclear Instruments. Under normal isotope production condi-

tions, a beam current of 1.0 to 2.0 µA is delivered to the target gas cell for about 30

minutes to produce on the order of 10 milliCuries (mCi) of 11C activity.

A diagram of the 11CO2 production gas target is shown in Figure 2.6. The target

has two distinct regions: an evacuated tube that connects to the beam transport

system and a pressurized gas cell at the end. The inner diameters of the evacuated

tube and the gas cell are 0.75” and 0.40”, respectively. The cylindrical body of the

target is made of copper, and the end of the gas cell is closed with a 0.02” thick gold

beam stop. The gas cell part of the target is 1.18” long with a 0.25 mil (0.00025”)

thick Havar foil entrance window that seals the gas cell from the beamline vacuum.

The Havar foil is silver soldered on the end of a stainless steel tube that inserts into

27



4.0

0.05

0.10

0.75

1.18

0.4

Diameter = 0.125

4.0

0.625 0.7

0.05

0.10

Figure 2.6: Diagrams of the 11CO2 production gas target (top) and the beam window
insert (bottom). The beam entrance window is a 0.25 mil thick Havar foil that is
silver soldered to the end of the stainless steel insert. The insert slides into the target
cylinder to define the active gas length of 1.18” at end of the target. The end of the
gas cell is capped with a 0.02” thick gold disk where the incident particle beam is
stopped. All units are in inches.

the body of the gas target to define the active length of the high pressure gas cell.

The cross-sectional area of the proton beam entering the gas cell is restricted by a

3
8
” diameter collimator. This leads to an active gas cell volume of 2.14 cm3.

The gas cell volume is filled with 100 PSIG of ultra high purity (UHP; 99.999%)

nitrogen gas at room temperature, resulting in 8.36×1020 nitrogen nuclei in the gas

cell active volume initially. Since 11C is decaying with a half-life of 20 minutes as

it is being produced, there is a diminishing return of 11C for production runs much

longer than 20 minutes. The details of the calculation of the number of 11C nuclei

produced as a function time and beam current on target is given in Appendix A.

A 45 minute irradiation with 1.5 µA of proton current yields about 1.5 GBq (∼40

mCi) of 11C activity. The resulting 11C atoms react with traces of O2 in the target
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Figure 2.7: Block diagram showing our initial 11CO2 production and trapping setup.
In this setup, the 11CO2 was trapped in a portable lead-shielded liquid nitrogen-cooled
molecular sieve in the target room and then transported to the Phytotron where the
labeling measurements were made.

gas to form 11CO and 11CO2. The 11CO can be converted to 11CO2 by passing the gas

mixture through a stainless steel tube partially filled with CuO granules and heated

to just over 600◦C in a furnace. The 11CO2 gas is collected in a liquid nitrogen

(LN2) cooled cryogenic trap. LN2 temperature (77 K) is below the freezing point of

CO2 (195 K at atmospheric pressure) but above the freezing point of CO (68 K at

atmospheric pressure), so any CO in the gas evacuated from the target cell passes

through the trap. A block diagram of the initial 11C production and trapping setup

is shown in Figure 2.7.

For our initial experiments, the LN2 trap was housed in a lead-shielded transporter

[McK89], which was specifically designed to trap 11CO2 and to provide shielding from

the 511-keV gamma radiation from 11C decay. The trapping procedure was performed

in the TOF target area of the tandem accelerator laboratory, then the transporter

was wheeled across the parking lot to the Phytotron, approximately 100 meters away.

More recently, gas lines have been installed in an underground conduit that connects

the TOF target area at TUNL to a radiation-shielded region behind the labeling

chamber at the Phytotron. This system is described in detail in Section 2.4.1.
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Figure 2.8: Cross section for the 16O(p,α)13N reaction as a function of incident
proton energy. A beam of 14 MeV protons is used to take advantage of the enhanced
cross section around 8 MeV and 11 MeV. Data are from the NNDC CSISRS.

2.2.2 Nitrogen-13 Production

A nitrogen-13 (13N) nutrient solution is produced at TUNL using the 16O(p,α)13N

reaction. The cross section for this reaction is shown in Figure 2.8. A beam of 14-

MeV protons is used, which results in a continuum of proton energies below 14 MeV

as the protons scatter and lose energy in the target. This allows us to take advantage

of the enhancements in the 16O(p,α) cross section around 8 MeV and 11 MeV for

optimum 13N production.

The target 16O nuclei are in a liquid water (H2O) target contained in a target cell

specially designed by our research group; the design is based on a gas target cell used

in previous experiments at TUNL. Diagrams of the dimensions of this liquid target

cell and its insert are shown in Figure 2.9 and Figure 2.10, respectively. The liquid

volume is separated from the beamline vacuum by a 0.25 mil Havar foil. The liquid

target cell has a cylindrical geometry, with a length of only 3 mm, which results in a

total water volume of about 0.67 cm3. This cell length was chosen because incident
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Figure 2.9: Diagram of the 13N production cell. The insert shown in Figure 2.10
slides into this target cell. All units are in inches.

protons with energies up to 14 MeV lose their entire kinetic energy and are stopped

within 3 mm in a liquid water target (density of 1 g/cm3). The minimum length

required to stop 14 MeV protons was chosen to minimize the volume of radioactive

liquid produced.

One concern when using a liquid target is pressure build-up within the target

cell due to local vaporization of water from heating by the incident beam. For this

reason, a 1
8
” outer diameter metal tubing was attached to a port on the target cell.

During 13N production, additional plastic tubing is connected to this port and fed

into a vial, as shown in Figure 2.11. This apparatus is monitored remotely by video

camera while beam is incident on the target to ensure that the target volume does

not boil out of the cell. The beam current on target is generally limited to about

450 nA to avoid violent cavitations in the water target. In addition to serving as

a pressure release and condensation tube, the target cell port allows access to the
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Figure 2.10: Diagram of the 13N production cell insert. This insert slides inside the
target cell shown in Figure 2.9. A 0.25 mil thick Havar foil is silver soldered to the
end of this insert to separate the target cell volume from the beam vacuum. All units
are in inches.
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Access Port

Target Cell

Overflow Tubing

Figure 2.11: Photograph of the 13N production cell. A liquid water target is injected
into the target cell via the access port tubing, and a ∼400 nA proton beam bombards
the target. Overflow tubing is attached to the access port during production so that
any of the target that boils will condense in the tubing and drain back into the target
cell. This system is monitored with a video camera during the run to ensure that all
of the water target does not boil out of the cell.

target volume for both loading and unloading of the cell using a syringe connected

to a 6” long needle.

Isotopic purity is critical for producing aqueous 13N tagged compounds. The

natural isotopic abundance of 16O is 99.76%, while 0.20% of natural oxygen is 18O

(the remaining 0.04% is 17O). This minute isotopic abundance of 18O presents a

challenge since fluorine-18 (18F) is produced by the (p,n) reaction on 18O. The 18F

decays by positron emission with a half-life of 110 minutes, so the signal detected

from this contaminant is identical to that of our tracer of interest. Although the

18O natural abundance is ∼500 times smaller than that of 16O, the cross section

integrated over our incident proton energy range (<14 MeV) for the (p,n) reaction

on 18O (shown in Figure 2.12) is an order of magnitude greater than that for the (p,α)

reaction on 16O. If a natural water target is used for 13N production, then 2% of the

initial radioactivity is due to 18F, and this percentage increases over time due to the
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Figure 2.12: Cross section for the 18O(p,n)18F reaction as a function of incident
proton energy. The natural abundance of 18O is only 0.2%, but the magnitude of
this cross section for our proton energy range results in significant 18F contamination
when using an isotopically natural water target. Data are from the NNDC CSISRS.

long half-life of 18F relative to that of 13N. For this reason, we use an 16O-purified

(99.99% 16O; depleted in 17O and 18O) liquid water target. This reduces the 18F

contamination to about 0.1% of the initial detected signal, which is an acceptable

level for these studies.

Irradiation of a purified liquid water target for 20 minutes with a 14-MeV proton

beam with 400 nA of beam current produces a sample with about 35 GBq (950 mCi) of

13N. According to studies by Chasko and Thayer, production of 13N via the 16O(p,α)

reaction results in three 13N-tagged ions [Cha81]. The primary product is nitrate

(13NO−
3 , more than 90%), but nitrite (13NO−

2 ) and ammonium (13NH+
4 ) ions are also

produced. 13N-tagged nutrient solution has not yet been transported to the Phytotron

for controlled-environment studies, however development measurements of the uptake

and distribution of 13N have been performed at TUNL. These measurements are

described in Section 5.3 and Section 5.5.2.

Four 4 diameter underground conduits were recently installed to transport ra-

dioactive substances between the isotope production room at TUNL and the labeling
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chamber at the Phytotron. A system to transport radioactive gases has already been

installed in one of these conduits (see Section 2.4.1), and funds have been acquired

to develop and install a transport system for radioactive liquids using these conduits.

In the conceptual design of the system the 13N solution will be transferred from the

production cell to a sealed vial. The vial will then be transported from the production

target room at TUNL to the radiation-shielded region behind the growing chamber

at the Phytotron via a pneumatic transfer system with tubes that run through one

of the underground conduits.

2.3 Radioisotope Tracing

The radioisotopes generated at TUNL and used at the Phytotron for plant physiology

experiments all decay by positron emission. As described in Section 1.1.1, nuclei that

decay by positron emission ultimately result in two gamma rays (each with 511 keV

energy) emitted collinearly and in opposite directions to conserve linear momentum.

These gamma rays may be detected singly or in coincidence to track the distribution

of the positrons (and thus the radiotracer nuclei) throughout the plant. In this

section, the fundamentals of gamma-ray detection with inorganic scintillators, two

types of detection schemes for tracking positron emitting radiotracers, and the relative

detection efficiency measurement that is crucial for direct comparison of data from

various detection regions will be described.

2.3.1 Gamma-ray Detection

There are several important factors to recognize when constructing a radiation detec-

tion system. For example, the detection efficiency, energy resolution, time response,

and cost must be considered collectively. Multiple options exist for gamma-ray de-
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tection, and inorganic crystal scintillators are an excellent option for applications

where high energy resolution (i.e., ∆E/E less than a percent) is not required. Sev-

eral popular inorganic crystal scintillators and their properties are shown in Table

2.2.

Table 2.2: Inorganic crystal scintillators and properties relevant for gamma-ray
detection. GSO has a secondary decay component with a 600 ns time constant.
The properties of NaI(Tl), BGO, CsF, LSO, and GSO are from [Mel00], and the
PreLude R©420 information is from the Saint-Gobain Crystals data sheet [Cry04].

Decay Emission Emission
Crystal Density Hygro- Constant Intensity Wavelength

(g/cm3) scopic (ns) [NaI(Tl) = 100] (nm)
NaI(Tl) 3.67 Yes 250 100 410
BGO 7.13 No 300 15 480
CsF 4.64 Yes 4 5 390
LSO 7.40 No 40 75 420
GSO 6.71 No 60 30 430

PreLude R©420 7.10 No 41 75 420

The basic structure of a scintillation detector is shown in Figure 2.13. It consists

of a scintillator crystal that is optically coupled to a photomultiplier tube (PMT).

As a photon passes through the scintillation material, it excites atoms and molecules

within the scintillator causing light to be emitted. These scintillation photons then

pass into the PMT where they interact on the photocathode, resulting in a weak

current of photoelectrons via the photoelectric effect. This weak electron current is

then amplified by an electron-multiplier system, and the resulting current collected

on the anode is fed into signal processing electronics.

The inorganic crystal scintillation mechanism is characteristic of the electron band

structure of these crystals. An incoming gamma ray can impart energy to the crystal

via two mechanisms. First, the gamma photon can ionize the crystal by exciting an

electron from the valence band to the conduction band, creating a free electron and a

free hole. As the crystal de-excites, it emits visible or near-visible light (scintillation)
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Figure 2.13: Diagram of a scintillation detector showing the scintillator coupled to
a photomultiplier tube (from [Ebe08]).

that is detected by the PMT. A second option is for the gamma photon to excite the

crystal by forming a loosely bound electron-hole pair, or exciton. The exciton can

then recombine with the crystal, releasing energy in the form of scintillation light

[Leo94].

For many years the most commonly used inorganic crystal for gamma-ray de-

tection was sodium iodide with a thallium impurity activator (NaI(Tl)), which was

first utilized in 1948 [Hof48]. NaI(Tl) has excellent light output due to the efficient

conversion of deposited gamma ray energy to scintillation photons, however its rel-

atively low density and atomic number lead to low detection efficiency for higher

energy gamma rays (greater than a few hundred keV). NaI(Tl) is also hygroscopic, so

the crystal must be hermetically sealed to protect it from moisture. As indicated in

Table 2.2, there now exist more attractive options for gamma-ray detection such as

cerium-doped lutetium oxyorthosilicate (LSO), cerium-doped gadolinium oxyorthosil-

icate (GSO), or PreLude R©420; however, the current costs of these crystals per unit

volume are significantly higher than that of NaI(Tl).

Bismuth Germanate Crystals

For our initial experiments at the Phytotron, we used cylindrical bismuth germanate

(BGO) detectors (2” diameter × 1” thick) that were already available at TUNL. BGO
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is a commonly used crystal in commercially available PET scanners mainly because

of its high efficiency for detection of the 511-keV gamma rays and its cost relative to

other scintillation crystals. The high efficiency is due to its high attenuation length,

10 mm for 511-keV photons. About ∼92% of 511-keV gamma rays incident on a

1” thick BGO crystal will interact at least once in the crystal. Additionally, BGO

is a rugged, non-hygroscopic material, and relatively easy to machine. In general,

an incident gamma ray can impart energy to electrons in the crystal lattice through

Compton scattering, photoelectric absorption, and pair production. However, for

the 511-keV photons emitted by positron annihilation, the only available interaction

channels are Compton scattering and photoelectric absorption2.

BGO does have some shortcomings, but these turn out to be tolerable for our

particular application. First, the light output of BGO is only 15% of that of NaI(Tl),

which results in poorer energy resolution than that of NaI(Tl). However, despite this

lower light output, the ∆E/E for BGO at 511 keV is approximately 15% (FWHM),

so the full energy peak is still well-defined. This energy resolution is demonstrated

nicely in Figure 2.16. Secondly, the 300 ns decay constant of BGO scintillation pulses

determines the minimum resolving time between events and consequently limits the

counting rates that can be achieved without substantial pulse pileup in the crystal

that will result in event losses.

BGO is well suited for the types of experiments to be conducted in this research

program and was chosen for the gamma-ray detectors in our prototype high spatial

resolution positron emission imager (discussed in Section 3.3). For high resolution

imaging, the cross-sectional dimensions of the detector elements are normally a few

millimeters on each side; the rugged physical structure of BGO crystals is well suited

2Only photons with at least 1022 keV energy can undergo pair production because this is the rest
mass of the electron-positron pair.
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for fabricating arrays of small detector pixels. While the scintillation characteristics

of LSO are more appealing, its current cost is much greater than that of BGO. As is

often the case, a compromise between cost and quality was made, and BGO provides

adequate performance at a fraction of the cost of LSO.

Cesium Fluoride

For the second phase of experiments, we constructed a low spatial resolution planar

PET imager using cesium fluoride (CsF) detectors that were from earlier plant studies

performed at the Phytotron that used radiotracers. These cylindrical detectors (25

mm diameter × 45 mm thick) were used for 11C studies at the Phytotron in the

1980’s. CsF is an excellent scintillator for high count rate applications due to the

very short decay constant (4 ns) of its scintillation light. While it is not as dense

as BGO (see Table 2.2), adequate detection efficiency can be achieved by using a

thicker crystal. The detection efficiency for 511-keV gamma rays incident on the

front of these detectors was determined to be 35% (see Appendix E for the details of

this measurement).

The primary drawback of CsF is the low light output, which is only 5% of the

NaI(Tl) light output. However, the energy resolution (∆E/E) at 511 keV for these

detectors was measured to be ∼25% and is adequate for our applications. A repre-

sentative pulse height spectrum for one of the CsF detectors illuminated with a 137Cs

source (Eγ=662 keV) is shown in Figure 2.14.

2.3.2 Detection Schemes

During the development of this research initiative to study the dynamic transport of

metabolites in small plants, experiments were performed using two types of detection
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Figure 2.14: Pulse height spectrum obtained with CsF detector illuminated by
a 137Cs source. The energy resolution of the CsF detectors was determined to be
∆E/E ∼ 25% for 662 keV gammas as shown.

techniques. In the first method, referred to as single detector counting or collimation

counting, only one of the two outgoing gamma rays from positron annihilation is

detected. With this setup, the detector field of view (FOV) is restricted to a very

specific region using lead collimation, thereby enabling large regions of the plant to

be monitored using a single detector (albeit with nonuniform spatial sensitivity). The

second method, known as coincidence counting, takes advantage of the back-to-back

nature of the positron annihilation gammas by detecting these coincidentally using

a pair of gamma-ray detectors. With this technique, the FOV is defined by the

detector geometry, so it is limited to the physical extent of the coincidence detectors.

However, coincidence counting techniques can be built upon and used for imaging of

a larger FOV using arrays of detectors. The following sections describe the details of

the single detector and coincidence counting methods.
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Leaf Cuvette

Shoot Detector

Figure 2.15: Photograph of experimental setup using collimated single detectors.
The visible detector is collimated with lead shielding such that it views only the
shoot region of the barley seedling. The leaf and root detectors are not visible in this
photograph because they are surrounded by lead that restricts their FOVs to only
the uptake leaf (sealed in the leaf cuvette in the left side of this photo) and the root,
respectively.

Collimated Single Detectors

Collimation techniques have been used for many years in studies of plant physiol-

ogy using short-lived positron-emitting radiotracers. The pioneering work of Peter

Minchin and colleagues (e.g., [Min84, Min87, Min89]) established the foundation for

this field using collimated single detectors. This detection method has various ben-

efits, such as the ability to monitor large FOVs with a single detector as well as

relatively simple signal processing electronics. The primary drawback to this method

lies in the physical bulk of the lead required to adequately shield the detectors and

to define the FOV of each detector by collimation. A photograph of one of our

experimental setups using collimated detectors is shown in Figure 2.15.

The general method for single detector counting involves the arrangement of lead

shielding around the detector to restrict the detection FOV to a specific region. For
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gamma rays with 511 keV energy, 2” of lead shielding reduces the gamma flux by

a factor of 6.7 × 10−5. If additional shielding is needed to ensure that gamma rays

outside the intended FOV do not reach the detector, then 4” of lead reduces a 511

keV gamma flux by a factor of 4.5 × 10−9, which is certainly adequate shielding for

the radiation activities involved in these experiments. However, care must be taken

during the experimental setup to ensure that other sources of activity (such as gas

lines containing 11CO2) are not inadvertently positioned within view of the detector.

For our experiments, one of the 511 keV gamma rays emitted from positron

annihilation was detected with a tightly collimated BGO or CsF crystalline detector

(described in Section 2.3.1). The pulses from each detector were amplified, and a

single channel analyzer (SCA) window (lower and upper voltage) was set around the

amplified signals corresponding to the 511-keV energy peak, which was identified

using a 22Na source. The pulse-height spectrum of a 22Na source taken with a BGO

detector is shown in Figure 2.16. The SCA window set on the detector pulse-height

signal is indicated by the vertical dashed lines shown in Figure 2.16.

The SCA output was connected to a scaler module (SIS3800) for counting the

pulses with amplitudes within the SCA window. A diagram of the electronics circuit

used in our single-detector experiments is shown in Figure 2.17. The scaler was part

of a VME-based data acquisition (DAQ) system, which included a trigger module

and single board computer (SBC). The DAQ system was triggered for readout by a

10 Hz pulser, so events were recorded into the data stream every 1/10 second via the

CEBAF3 Online Data Acquisition (CODA) software. The detector counts (which is

proportional to the activity within the detector FOV) was generally summed over one

minute intervals. The detector count rate as a function of time was used to monitor

3CEBAF is the Continuous Electron Beam Accelerator Facility, which is located at Thomas Jef-
ferson National Laboratory. CODA was developed at Jefferson Lab.
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Figure 2.16: Pulse height spectrum from 22Na measured with a BGO detector.
22Na has two gamma-ray peaks: 511 keV and 1275 keV. A SCA was used to set the
energy window around the 511 keV peak (indicated by the vertical dashed lines).
The red and black plots indicate the energy spectrum with and without the SCA
gate, respectively.

Figure 2.17: Electronics diagram for single-detector counting experiments.

the flow of photoassimilate through the viewed regions of the plant. Examples of

uncorrected count rates as a function of time for collimated detectors monitoring the

uptake leaf, shoot, and root are shown in Figure 2.18.

Signal amplification and SCA pulse height analysis can introduce dead time into

the measurement due to the time needed to process each event pulse. The signal

processing time τsp was measured for the specific electronics used for each detector.

The measured τsp were used to compute the dead time correction (DTC) factor for

each detector, which is a function of the measured count rate. A description of the
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Figure 2.18: Example of uncorrected data from three collimated single detectors
monitoring different sections of a barley seedling during labeling with 11CO2 . Note
the immediate uptake in the labeled leaf and the short delay between accumulation
in the shoot and root. Corrections for background radiation, detection efficiency, and
radioactive decay are applied in the data analysis.

signal processing time measurement and DTC computation are given in Appendix

D.

To reduce signal processing time and consequently reduce electronic deadtime,

the pulse height window for selecting the 511-keV gamma rays can be set directly

on the PMT anode signals using two fast leading-edge discriminators, one to set the

upper-level (UL) and the other to set the lower-level (LL). This electronic circuit

is significantly faster than the spectroscopy amplifier and SCA combination. The

discriminator modules used to set UL and LL limits generally operate at several 100

MHz frequency. Energy boundaries set using discriminators are not as “sharp” as

those set with an SCA, but this is not a problem since we are only interested in

the 511-keV gamma peak and there are no other adjacent peaks of interest in the

spectrum.

A diagram of a circuit that uses LL and UL discrimination to set an energy

window is shown in Figure 2.19. The window is defined by vetoing the output of
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Figure 2.19: Electronics circuit for setting an energy window with LL and UL
discrimination. The detector signal is passively split to the UL and LL discriminators.
The UL signal must arrive at the logic unit prior to the LL signal for proper rejection
of pulses corresponding to energies greater than 511 keV.

the LL discriminator by the output of the UL discriminator. The relative timing of

the pulses from the LL and UL discriminators is shown in Figure 2.19. Setting the

LL discriminator at the low energy edge of the 511 keV gamma peak will allow all

pulses with amplitudes corresponding to energies greater than 511 keV to generate

an output pulse. Likewise, the UL discriminator will generate output pulses only for

input signals with amplitudes corresponding to energies greater than 511 keV. By

blocking the pulses from the LL discriminator with those from the UL discriminator,

pulses are only generated by the logic for PMT signals having amplitudes greater

than the LL setting and less than the UL setting. The energy spectrum of a 22Na

source taken with a BGO detector using LL and UL discrimination to set the energy

window is shown in Figure 2.20.

Coincidence Detection

Accumulation of radiotracer in a given region can also be measured by detecting the

back-to-back positron annihilation gamma rays in coincidence. Coincidence detection

virtually eliminates the need for lead shielding, as background rejection is provided by

the signal processing electronics. The electronics are designed to provide an output

pulse only when the two input signals arrive within a time window ∆τcd, which is

defined by the duration of the signals from each coincidence detector.
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Figure 2.20: Pulse height spectrum from 22Na measured with a BGO detector. LL
and UL discrimination were utilized to set the energy window around the 511 keV
peak (using the signal processing circuit show in Figure 2.19). The energy window
setting is indicated by the vertical dashed lines. The red and black plots indicate the
energy spectrum with and without discrimination, respectively. Note that the edges
of the energy window were not as sharp in this spectrum as those shown in Figure
2.16 where an SCA was used.

As with single detector counting, coincidence counting also requires an energy

window to select the gamma rays from positron annihilation. Events within the

energy window are then passed through to the coincidence processing circuit. For

regions where low count rates are expected, SCA modules are used to set the energy

windows; however, LL and UL discrimination is used for regions where a significant

event rate is expected. Once the energy windows are set around the 511-keV gamma-

ray energy peak, the outputs of each energy selection circuit for a given detector

pair are input to a coincidence circuit. The first portion of this coincidence circuit

monitors both the true coincidence events resulting from the detection of the back-to-

back gammas from positron annihilation as well as accidental coincidences that are

due to the detection of uncorrelated gamma rays. The introduction of 11CO2 into the

labeling loop significantly increases the gamma-ray background in the labeling region,

so the accidental coincidence background also increases. This accidental coincidence
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rate (Racc) can be estimated by [Leo94]:

Racc = R1R2∆τcd (2.1)

where R1 and R2 are the individual event rates of the detectors input to the coin-

cidence circuit and ∆τcd is the width of the coincidence timing window. The width

of the coincidence timing window is the sum of the widths of the output pulses from

the detector energy discrimination circuits:

∆τcd = τ1 + τ2 (2.2)

where τ1 and τ2 are the output pulse widths from the energy discrimination circuits.

R1 and R2 decrease exponentially with time as the 11C nuclei in the labeling region

decay. To sample the accidental coincidence background, the signal from one of the

coincidence detectors is delayed relative to the other detector and then patched into

a background coincidence logic unit, as shown in Figure 2.21. Events that fall within

this timing window cannot be true coincidence events because the delay pushes them

out of the true coincidence timing window. A time spectrum demonstrating the effect

of these timing windows is shown in Figure 2.22. The counts in the peak represent

the true coincidence events superimposed on the accidental coincidence background.

The counts in the indicated region outside of the peak (which is the same width as

the peak region) are used to estimate the number of accidental coincidence events

to subtract from the peak to obtain the number of true coincidence events. This

type of background measurement is an efficient method to estimate the accidental

coincidence background because it can be acquired simultaneously with taking the

true coincidence data.
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Figure 2.21: Diagram of coincidence counting electronics. This scheme is used
to separate the true coincidence events from the accidental coincidence background.
Both true and accidental events (T+A) are counted by the upper coincidence circuit,
but only accidental events (ACC) are counted by the lower coincidence circuit. The
circuit to measure the accidental coincidences is made by delaying the signal from
one of the detectors before the logic unit used to form the coincidence between the
two detectors.

Figure 2.22: Coincidence timing spectrum for BGO detectors. This spectrum was
acquired using a time-to-amplitude converter (TAC). The coincidence electronics
scheme described in this section and shown in Figure 2.21 achieved the same re-
sults. The true coincidence events were located within the peak (around channel
900), which is superimposed on top of the accidental coincidence background. This
accidental background was estimated by integrating the counts in a window (channels
1850 to 2250) that was the same width as the coincidence window (channels 700 to
1100), but shifted in time.
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Figure 2.23: Histogram demonstrating the subtraction of accidental coincidence
events to determine the true coincidence event rate. This data was from a coincidence
detector pair that monitored the root region of a scirpus plant labeled with 11CO2.
Initially, the coincidence count rate was dominated by random coincidences, but later
in the run (∼70 minutes) the true events emerged as 11C began to accumulate in the
roots.

The accidental background coincidence rate can be quite high for some detection

regions, particularly shortly after 11CO2 is introduced into the labeling system. The

coincidence detection electronics shown in Figure 2.21 provide an excellent estimation

of this accidental background and allow for accurate counting of the true coincidence

rate within the detection region. Notice in Figure 2.23 that accidental coincidences

dominate the detector event rate early in the run, but the true coincidence events

emerge later in the labeling period.

Coincidence counting significantly reduces the shielding requirement over what is

needed for collimated detector counting. However, the FOV in coincidence counting

is limited by the physical size of the detectors in the coincident detector pair. There-

fore, to monitor equivalent FOVs, coincidence counting requires more than twice the

number of detectors needed for collimated single-detector measurements. Still, co-

incidence counting is preferred because it offers more versatility in the experiment
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geometry and the possibility of PET imaging, which is discussed in further detail in

Chapter 3.

2.3.3 Relative Detection Efficiency

For each experiment several detectors were used to monitor various regions of the

labeled plant, so an accurate estimation of the relative detection efficiency (εrel) of

11C in each section of the plant was needed so that the measured count rates from

each detection region could be directly compared. The relative detection efficiency

for each region was determined by placing a positron-emitting source at the center

of each FOV and measuring the decay-corrected count rate for five minutes. The

positron-emitting source was a granule of soda lime that had absorbed 11CO2 gas.

As the granule was moved to the different regions, the 11C was decaying, thus the

data was half-life corrected to account for this effect.

The calculation of εrel depended on the detection technique used for each region.

For regions monitored with single detectors, the decay-corrected count rate measured

at the center of the FOV was used directly. However, for regions monitored with coin-

cidence counting, the center of the FOV had the highest detection efficiency because

the solid angle detector acceptance for back-to-back gammas decreased toward the

edges of the FOV. Monte-Carlo simulations were used to calculate the relative de-

tection efficiency as a function of position across each FOV, as shown in Figure 2.24.

The measured εrel was scaled by the average calculated detection efficiency across the

FOV. If the source material within the detection region did not occupy the full FOV,

only the efficiencies with physical significance were averaged. An example calculation

of εrel based on measured count rates normalized to the line detector count rate is

shown in Table 2.3. Once corrections for background radiation, radioactive half-life,
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(a) (b)

Figure 2.24: Simulated relative detection efficiency as a function of location in
the source plane. Both (a) and (b) are regions monitored with 2” diameter × 1”
thick BGO detectors. The image pixels were 1 mm2, and each image was normalized
to the detection efficiency of the center pixel. 105 positron annihilation events were
simulated per pixel. Pane (a) shows εrel for detectors separated by 10 cm; the average
εrel for this region was 0.476. Pane (b) shows εrel for detectors separated by 4 cm;
the average εrel for this region was 0.556.

and εrel were applied, quantitative determinations of material flow throughout the

entire detection system could be made. The corrected count rate for each detector

region Rcorr was given by:

Rcorr(t) =
Rmeas(t)−Rbg

e−λ11Ct εrel

(2.3)

where Rmeas(t) was the measured count rate at time step t, Rbg was the background

count rate, and λ11C was the radioactive decay constant for 11C (0.034 min−1).

2.4 Radioactive Gas Handling Systems

Carbon-11 dioxide is produced in the tandem accelerator laboratory in the TUNL

building as described in Section 2.2.1, and the plant labeling experiments are con-

ducted in a dedicated controlled-environment chamber in the Phytotron, which is

located about 100 meters from the tandem laboratory. This arrangement requires
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Table 2.3: Example calculation of relative detection efficiency for various detection
regions. A soda-lime granule that had absorbed 11CO2 was placed in the center of
each region and the activity was measured for five minutes. For each region, the
ratio of the count rate in that region to the count rate in the line detector was
used to determine the uncorrected relative detection efficiency εrel’. If the region
was monitored with coincidence counting, the average detection efficiency εavg

rel was
calculated for the image plane. The product of εrel’ and εavg

rel resulted in the corrected
relative detection efficiency εrel that was used to correct the data.

Region Count Rate (cpm) εrel’ εavg
rel εrel = εrel’ εavg

rel

Line 4.53 × 105 1.000 —– 1.000
Leaf 1.29 × 104 0.029 0.603 0.017
Shoot 7.67 × 104 0.169 0.443 0.075
Root 2.73 × 105 0.603 0.533 0.321

Exudation 4.21 × 105 0.929 0.712 0.661
Respiration 1.76 × 104 0.039 0.504 0.020

the radioactive 11CO2 gas to be transported from the TOF target room in the tandem

laboratory to the environmental growth chamber area at the Phytotron. Once the

11CO2 is transferred to the Phytotron, it is introduced to the plant via a labeling sys-

tem. The radioactive gas transfer and labeling systems are described in the following

sections.

2.4.1 Radioactive Gas Transport System

The radioactive gas transport system is contained inside four 4” diameter conduits

that run between the TOF target room at TUNL and the mechanical room under

Greenhouse 6 (G6) at the Phytotron. The installation of these conduits was included

as part of the construction of the French Family Science Center, located adjacent to

both TUNL and the Phytotron. Inside the Phytotron, smaller conduits extend from

the G6 mechanical room across the ceiling of the main mechanical area, then pass

up through the ceiling into the research area directly behind the chamber dedicated

for short-lived radiotracer labeling experiments. The total distance along the conduit
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from the target cell in the TOF target room to the labeling chamber at the Phytotron

is ∼350 feet.

One of the TUNL-Phytotron conduits contains two RG-8 coaxial cables, two 10-

conductor cables, and a cable made up of four optical fibers. The optical fibers are

used for network connections to TUNL, allowing our data acquisition computer to be

on the TUNL computer network. The 10-conductor cable is used for remote operation

of solenoid valves and an intercom system. The RG-8 cable is used to monitor the

target gas cell pressure from the Phytotron.

The second TUNL-Phytotron conduit contains Teflon tubing for radioactive gas

transfer. A diagram of the transport and 11CO2 trapping system is shown in Figure

2.25. The tubing that connects the vacuum pump at TUNL to the CO2 trap at the

Phytotron is 3
8
” outer diameter. A tube with 1

8
” outer diameter connects the target

gas cell at TUNL to the cryogenic CO2 trap at the Phytotron. The radioactive gas

is delivered to the Phytotron by evacuating the transfer lines using a vacuum pump

located in the TOF target room at TUNL. The tubing is evacuated through the CO2

trap at the Phytotron and back up to the gas cell at TUNL. Opening the solenoid

valve at the gas cell empties the contents of the cell through the liquid nitrogen-

cooled cryogenic trap. The 11CO2 is frozen out of the gas mixture and stored in the

trap until it is loaded into the labeling loop4. The other gases (mostly nitrogen and

carbon monoxide) from the target cell are pumped through the trap and back to the

TUNL high speed exhaust system. As a radiation safety precaution, the system is

kept below atmospheric pressure during gas transport to ensure that any leaks in the

tubing result in outside air being pulled into the system rather than radioactive gas

leaking out. Details about this system and the procedure for transferring the target

4Liquid nitrogen temperature is 77 K. CO2 freezes at 195 K at atmospheric pressure, but CO does
not freeze until 68 K at atmospheric pressure
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Figure 2.25: Diagram of the radioactive gas handling system for transfer of gases
from the TOF target area at TUNL to the labeling chamber at the Phytotron. Under-
ground conduits connect the two facilities and contain the plastic tubing and cables
that make up the transfer system. The labels V1-V11 indicate valves in the system.
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25 mm diameter x 45 mm thick

1/4" Cu Tubing

Cryogenic Trap

Figure 2.26: Diagram of cryogenic trap and monitor detector geometry (not to
scale). Monitoring the rate in the CsF detector during the trapping process allows one
to maximize the activity of trapped 11CO2 . The final trapped activity is estimated
using the count rate in the detector as described in the text.

gas cell contents from TUNL to the Phytotron are given in Appendix B.

The nominal activity of trapped 11CO2 at the beginning of each labeling period

is about 30 milliCuries (∼109 decays per second). This measurement is made using a

CsF radiation detector located above the cryogenic trap. The cylindrical CsF crystal

has a diameter of 25 mm and is 45 mm thick. It is arranged with the axis of the

detector in a plane parallel to the bottom of the trap, and the center of the detector

is located 15.9 cm above the center of the trap coil, as shown in Figure 2.26. The

total trapped 11CO2 activity Atrap for the geometry shown in Figure 2.26 is given by:

Atrap =
Rmeas

2εsideΩ
(2.4)

where Rmeas is the measured count rate in the CsF detector in counts per second

(cps), εside is the absolute detection efficiency for 511-keV gamma rays that approach
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the CsF detector from the side (measured to be 0.15; see details of this measurement

in Appendix E), and Ω is the solid angle coverage of the detector. The factor of 2

in the denominator in Equation 2.4 accounts for the fact that two gamma rays are

emitted for each positron annihilation and either one may be detected. As indicated

in Figure 2.26, the solid angle factor Ω is:

Ω =
ACsF

4πl2
(2.5)

where ACsF is the cross-sectional area of the CsF detector as seen from below (11.25

cm2) and l = 15.9 cm is the distance from the center of the detector to the center of

the copper tubing coil. Plugging the values for ACsF and l into Equation 2.5 results

in Ω = 7.08 × 10−3. Using this value for Ω and the value for εside, Equation 2.4 yields

Atrap = 941.3Rmeas . (2.6)

Expressing Rmeas in units of cps results in the total trapped 11C activity having units

of becquerels (Bq), or decays per second. The trapped activity can then be converted

to Curies (Ci) by dividing by 3.7 × 1010 Bq/Ci.

After warming the trap to room temperature, the 11CO2 gas in the trap is allowed

access to the labeling loop, which is described in Section 2.4.2. The 11CO2 is provided

to the labeling loop as a pulse by opening valves V7 and V8 and closing valve V9

(see Figure 2.25). The valves are left in this configuration during the entire labeling

period.
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Figure 2.27: Labeling loop at the Phytotron. This system includes diagnostic and
control components for the delivery of 11CO2 to a plant leaf.

2.4.2 Labeling System

The labeling loop at the Phytotron is a closed system that is used to introduce 11CO2

to a plant leaf. The loop (Figure 2.27) is composed of 1/8” Teflon tubing and in-

cludes diagnostic instrumentation and control components, as well as a temperature-

controlled leaf cuvette. Each of the labeling loop components is described below.

Cryogenic Trap

The liquid nitrogen-cooled cryogenic trap is the interface that connects the radioactive

gas transport system to the plant labeling system. It is made up of a coil of 1
4
” copper
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tubing that is placed in a small liquid nitrogen dewar, as depicted in Figure 2.26. The

coiled region of the copper tubing is filled with lead pellets to increase the surface

area on which carbon dioxide can freeze. Approximately one liter of liquid nitrogen in

the dewar is sufficient to immerse the coiled region of the tubing. The cryogenic trap

is connected in parallel to a section of the labeling loop. Once the trap is warmed to

room temperature, the valves to the trap (V7 and V8 in Figure 2.27) are opened and

the trap bypass valve (V9) is closed. The 11CO2 gas within the trap is then mixed

with air in the closed loop and introduced to the plant by flowing the air over a leaf

that is sealed in the leaf cuvette.

Leaf Cuvette

The leaf cuvette is a plastic chamber into which a leaf or several leaves of the labeled

plant are sealed. It is located inside the environmental growth chamber where the

labeling measurements are made. The leaf cuvette clamps around the labeled leaf,

and a foam rubber gasket around the edge of the cuvette serves to protect the leaf

surface and form a gas-tight seal around the labeling volume, which is approximately

4 cm3. The 11CO2 gas mixture in the labeling loop flows through this volume of the

leaf cuvette, thereby introducing 11CO2 to the sealed leaf only. Photographs of the

leaf cuvette are shown in Figure 2.28.

With no cooling, the temperature inside the labeling volume would increase due to

radiative heating from the light sources in the growth chamber. The labeling volume

is maintained at the same temperature as the rest of the growth chamber by flowing

chilled water through channels located above and below the labeling volume. Ther-

mocouples located both above and below the labeled leaf monitor the temperature

in the labeling volume.
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(a) (b)

Leaf Cuvette

CsF Detectors

Figure 2.28: Leaf cuvette used for supplying 11CO2 to a plant leaf. (a) Leaf cuvette
without a leaf. Two cesium fluoride detectors are mounted along the cuvette to
monitor 11C accumulation in the labeled leaf. Note the gas lines that flow into and
out of the back side of the cuvette and the black foam rubber gasket surrounding the
section where the labeling leaf is placed. (b) Plant leaf sealed in labeling cuvette.
The black foam rubber gasket makes a gas-tight seal without damaging the leaf; the
seal can be tightened by adjusting the thumb screws shown on top of the cuvette.

Circulation Pump and Ballast

A circulation pump in the labeling loop maintains air flow in the closed system at

a constant rate of about one liter per minute. A ballast tank of one liter volume

is placed between the cryogenic trap and the circulation pump. This ensures that

any pressure released from the trap after warming to room temperature (because the

CO2 expands upon sublimation) is dissipated before reaching the circulation pump,

and it also provides a relatively large volume for the 11CO2 to mix with air in the

labeling loop.

Humidifier and Condenser

The labeling loop also contains a humidifier and condenser system to keep the relative

humidity of the air within the loop constant. This is accomplished by flowing the

air in the closed system through a bubbler that is placed in a chilled water bath.

Depending on the chamber temperature and leaf cuvette temperature, the chilled
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Figure 2.29: Diagram of the LI-COR Model 6262 IRGA. This analyzer can monitor
both H2O and CO2 concentration, but we use it only to monitor the CO2 concentra-
tion in the labeling loop. Figure from [LI-96]

water bath temperature is set to maintain a relative humidity of 60% in the labeling

loop.

Infrared Gas Analyzer

The CO2 concentration within the labeling loop is continuously monitored using an

infrared gas analyzer (IRGA; LICOR Model 6262). The air in the labeling loop first

passes through a flask with a drying agent (magnesium perchlorate) to ensure that

any water droplets in the system do not reach the IRGA sampling volume. This

air then flows into the IRGA sample cell, which is located between an infrared light

source and solid state detector, as shown in Figure 2.29. CO2 gas absorbs light in

the infrared, so an optical filter restricts the radiation reaching the detector to the

4.26 micron absorption band for CO2. The IRGA determines the concentration of

CO2 by measuring the transmittance of the infrared radiation through the gas in the

sample cell (see [LI-96] for details of operation). The IRGA is calibrated by flowing

CO2-free air into the analyzer, then adjusting the “zero” potentiometer until the

CO2 concentration on the IRGA display reads zero. Then air with a known CO2
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concentration is passed into the analyzer and the “span” potentiometer is adjusted

so that the IRGA display reads the expected CO2 concentration.

To monitor the labeling loop CO2 concentration throughout the labeling period

an analog voltage output from the LICOR 6262 is fed through a linear gate stretcher,

and the resulting pulse is digitized and incorporated into the data stream. This

provides a record of the CO2 concentration in the loop as a function of time during

radiotracer data acquisition.

Because the labeling loop is a closed system, the plant leaf that is sealed into the

labeling cuvette decreases the concentration of CO2 in the loop as it photosynthesizes

the CO2 gas. The decreasing CO2 concentration in the labeling system is monitored

with the IRGA, and the rate at which the CO2 concentration is depleted can be used

to calculate the rate of photosynthesis of the labeled leaf, assuming the total volume

of the labeling system (Vloop) is known. Using this approach, the photosynthetic rate

Rphoto in µmol/min is given by:

RIRGA
photo =

( n

V

)
gas

(
∆C

∆t

)
Vloop × 10−6 (2.7)

where
(

n
V

)
gas

is the molar density of the gas in the loop (41.6 µmol/cm3 for gas

at 1 atm and 20◦C), ∆C
∆t

is the rate of change of CO2 concentration in the loop in

ppm/min, and the 10−6 accounts for the IRGA concentration readout being in units

of parts per million (ppm).

Mass Flow Controller

Another control component for the labeling system is a mass flow controller (MFC)

that is connected between a cylinder of 1% CO2 in air and the labeling loop. The
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MFC is used to maintain the concentration of CO2 in the loop at a constant level by

replenishing the CO2 that is drawn out by photosynthesis of the labeled leaf. The

MFC supplies CO2 to the labeling loop by opening the valve that restricts the flow of

gas from the supply cylinder to the labeling loop. Currently, the CO2 concentration

in the labeling loop is maintained by adjusting a potentiometer on the MFC to the

desired flow rate to match the rate at which the loop CO2 concentration is decreasing,

as monitored by the IRGA. Because the gas flow rate through the MFC needed to

keep the CO2 concentration in the loop constant is directly proportional to the CO2

depletion rate due to photosynthesis in the labeled leaf, the photosynthetic rate

can be determined using the MFC flow rate. The proportionality constant is the

fraction of CO2 in the makeup gas, which is 1% for the gas used in our experiments.

An advantage of using this approach for determining the photosynthesis rate in the

labeled leaf instead of using the CO2 depletion rate in the loop is that the calculation

with the MFC rate does not require knowledge of the total volume of the loop. In

this case, the rate of photosynthesis is given by

RMFC
photo =

( n

V

)
gas

RMFC × 0.01 (2.8)

where RMFC is the MFC flow rate in cm3/min and the factor of 0.01 accounts for

the use of a 1% CO2 in air gas mixture.

Loop Sample Volume Detector

For diagnostic purposes, a CsF radiation detector monitors a small section of the

labeling loop. About 50 cm of the loop tubing is coiled within the field of view

of this detector to ensure a strong signal. The face of the detector is then placed

directly against the coil of tubing, and the detector count rate is recorded in the data
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stream. The total amount of 11CO2 activity in the labeling loop Aloop is calculated

by correcting the detector count rate Rline for the finite sampling volume, solid angle,

and efficiency of the detector:

Aloop =

(
Rline

εfrontΩ

) (
Vloop

∆V

)
(2.9)

where εfront is the absolute detection efficiency for 511 keV gamma rays that approach

the CsF detector from the front (measured to be 0.35; see details of this measurement

in Appendix E), Ω is the solid angle coverage of the detector, Vloop is the total loop

volume, and ∆V is the sample loop volume that is located within the field of view

of the detector. For this geometry, Ω is nearly unity because the coil of tubing sits

directly against the face of the detector and the back-to-back nature of the positron

annihilation gamma rays produces a gamma ray directed towards the detector for

any partner gamma ray that is directed outward. However, due to the finite depth

of the coil (away from the detector face), there is not full solid angle coverage and

the conservative approximation Ω ≈ 0.80 is used.

The line detector count rate provides useful diagnostic information during the

labeling period. The decay-corrected count rate in this detector should only decrease

due to biological absorption of 11CO2 by the plant, which is generally indicated by

only a slight reduction in the detector count rate over a one minute period. The

presence of any leaks in the labeling system is indicated by a sharp drop in the 11C

half-life corrected count rate in this detector.

Labeling System Component Summary

The components of the labeling system are listed in Table 2.4 along with the volume

and a short description of each component.
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Table 2.4: Summary of components that make up the labeling loop at the Phytotron.
The total loop volume is Vloop = 1241.8 cm3, of which ∆V = 1.9 cm3 is sampled by
the line detector. This is a sampling fraction of 0.15%.

Labeling Loop Volume Description
Component (cm3)

Circulation Loop 34.5 1/8” plastic tubing with 0.216 cm ID
942.3 cm used in system

CO2 Trap 10.4 1/4” copper tubing with 0.381 ID
91.4 cm total

Circulation Pump N/A KNF Laboport N86 Diaphragm Pump

Ballast 1020 Serves as mixing volume and pressure buffer

Leaf Cuvette 3.4 Labeled leaf is sealed into this
2.5 cm × 2.75 cm × 0.5 cm chamber

Infrared Gas Analyzer 11.9 Monitors CO2 concentration in loop
Volume from [LI-96] page A-1

Humidifier/Condenser 29.0 Maintain relative humidity of gas in loop

Drying Flask 130 Located just before IRGA
Drying agent is magnesium perchlorate

Sampling Volume 1.9 20” of plastic tubing coiled in front of
CsF detector to monitor 11CO2 activity

2.4.3 Radiation Protection Safeguards

Because the Phytotron has an open laboratory environment, care must be taken to

ensure that the radiation activity outside of the designated radiation access controlled

area (RACA) around the labeling chambering remains at background levels. Safety

consideration for the personnel working at the Phytotron and the tandem labora-

tory at TUNL is engineered into all aspects of the radioactive gas handling system.

The radioactive gas is contained in a closed system that is monitored for leaks by
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strategically located radiation detectors.

The radioactive gas transport system presents two potential radiation safety risks:

(1) exposure to gamma-ray radiation from the annihilation of the positrons emitted

by the decay of 11C nuclei and (2) the inhalation of the radioactive 11C isotope in the

form of CO2 gas mixed in air. Both risks are addressed in the design of the radiation

personnel protection system. Radiation personnel protection is achieved by using a

combination of engineered safeguards, shielding, and administrative procedures. The

system design specifications are given in Table 2.5.

Table 2.5: Technical specifications of the radiation personnel protection system for
labeling with 11CO2 at the Phytotron.

Description Specification
Isotope Carbon-11
Chemical form in application CO2 gas mixed in air
Physical containment Closed gas handling system
Material purification technique Cryogenic freezing
Chemical form in storage Solid in liquid nitrogen-cooled trap
Maximum stored radioactivity 50 milliCuries
Radiation alarm threshold outside chamber 4 times normal background level
Radiation alarm threshold inside chamber 3 × 10−4 microCurie/mL air
Radiation access controlled area (RACA) Marked with ropes and signs. The

area ranges from the front of the
chamber to the wall behind the
chamber and 1 meter on either side.

Maximum 11CO2 activity outside RACA 9 × 10−7 microCurie/mL air

Engineered Safeguards

The following safeguards are engineered into the radioactive gas transport and label-

ing system:

1. The radioactive gas in contained in a closed system.
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2. The trap fill system is operated at sub-atmospheric pressure. The gas line

system to fill the liquid nitrogen (LN)-cooled CO2 trap is operated at pressures

below atmosphere to prevent leakage of radioactive gas into the Phytotron work

environment. The gas in the 11C production cell is pumped rather than purged

through the LN-cooled trap to keep the pressure in the gas lines lower than one

atmosphere. In the event of a leak in the system, air will be sucked into the

line instead of being pushed out. The vacuum pump is located in the tandem

laboratory and exhausted into the pump ventilation system. A leak in the

system is indicated by the need for excessive pumping to maintain vacuum in

the lines.

3. Most of the volume of gas handling system outside the chamber is at floor level.

Because the density of CO2 is about 1.5 times that of air at sea level it will

tend to settle to the bottom of an enclosure when the air is static. This feature

should help reduce the amount of radioactivity at human face height in the

event of a gas leak outside the chamber.

4. The labeling loop, which operates at pressures slightly above an atmosphere, is

monitored for leaks during operation using radiation detectors located outside

and inside the growth chamber. The air behind the growth chamber is moni-

tored for radioactive gas with a Johnson Laboratory Triton Model 955B. This

system actively samples the radioactivity in the air by flowing room air over an

ionization chamber. This system is calibrated for 11C , and the alarm threshold

is set based on that calibration at the maximum allowed activity density for

11CO2 (9 × 10−7 microCurie/mL air). Radioactive gas leaks inside the cham-

ber are monitored with a lead-shielded BGO detector. The alarms from both

detectors are patched into the radiation safety interlock system.
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5. Solenoid-controlled valves are located at each end of the one liter ballast tank

in the labeling loop. Both valves are closed by the radiation safety interlock

system whenever a leak is detected. This isolates the gas in the ballast, which

accounts for 85% of the gas in the labeling loop. These valves can also be closed

manually. However, all interlock conditions must be satisfied before they can

be opened.

6. Whenever the radiation safety interlock system is in the alarm state a flashing

warning light is energized and the valves on both sides of the ballast are closed.

Radiation Shielding

Lead shielding is used to reduce exposure to the gamma rays from the annihilation of

the β+ particles emitted from the decay of 11C . A thickness of 2” of lead attenuates

the flux of 511-keV gamma rays by a factor of 1.3 × 104. At least 2” of lead are

placed around the following components: (1) the ballast (holds 85% of the gas in the

labeling loop), (2) the LN-cooled trap (holds the entire 11CO2 load until mixed with

the air in the labeling loop) and (3) the gas drying flask (holds about 10% of the gas

in the labeling loop).

Administrative Procedures

In developing the standard operating procedures for the radioactive gas handling sys-

tem, the potential for exposing personnel working in the Phytotron to radiation due

to leaks either outside or inside the growth chamber was considered. To understand

the maximum possible exposure to all workers in the Phytotron, in particular non-

radiation workers, gas diffusion calculations were made for scenarios of catastrophic

leaks in the labeling loop in which the entire 50 milliCuries of 11CO2 were released in
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the Phytotron environment. Only leaks in the labeling loop were considered because

the other parts of the gas handling system are operated at sub-atmospheric pressures

when radioactive gas is in the system. The circumstances and consequences of a

leak outside and inside the growth chamber are very different and were considered

separately.

Leak scenario #1: Major leak outside of growth chamber

The possibility of losing the entire load of 11CO2 gas before safeguard actions can

be taken is extremely low. However, for the sake of understanding the maximum

risk to personnel in the Phytotron we considered the event of a catastrophic leak in

the labeling loop outside the chamber in which the entire 50 milliCuries of 11CO2

was released in less than a minute. Gas diffusion calculations are made to track

the spread of 11CO2 throughout the research area of the Phytotron as a function of

time. The concentration of 11CO2 as a function of position and time was obtained

by solving Fick’s second law of diffusion, which is applicable to circumstances when

the concentration within the diffusion volume changes with respect to time. Fick’s

second law of diffusion, which is the same as the heat equation when applied in three

dimensions, was solved for the case of spherical symmetry, i.e., the gas concentration

was assumed to be spherically symmetric about the center of the initial concentration

distribution. The diffusion equation is given by:

∂φ

∂t
= D

1

r

∂2(rφ)

∂r2
= D

(
∂2φ

∂r2
+

2

r

∂φ

∂r

)
(2.10)

where φ(r, t) is the concentration of 11CO2 as a function of distance from the leak point

r and time t in microCuries/cm3 and D is the diffusion coefficient of carbon dioxide

in air (14 mm2/s = 9.04 × 10−3 ft2/min). The initial 11CO2 activity concentration

φ(r, t = 0) is assumed to be a Gaussian distribution with width σ = 10 cm, and the

68



integrated activity within this Gaussian distribution is 50 milliCuries.

The calculations of the activity concentration φ(r, t) take into account the ra-

dioactive decay of 11C (t1/2 = 20 minutes) and were made for different distances from

the leak assuming both static and moving air conditions. The following air circula-

tion parameters were used in the calculations that accounted for fresh air makeup:

Q = 6600 ft3/min (cfm) fresh air makeup in the volume of the Phytotron work area

V = 0.5 (16 ft × 78 ft × 138 ft) = 86,112 ft3; the factor of 0.5 is to account for the

displacement of air by equipment and furniture in the open space of the Phytotron.

The results of the calculations for distances of 3 ft (at the chamber door) and

11 ft (at the boundary of the RACA) are shown in Figure 2.30 and Figure 2.31,

respectively, for both static air and fresh-air make up conditions5. Even with the

air handling system off in the Phytotron the activity concentration never exceeds

allowable limits outside the RACA, i.e., at distances beyond 11 feet from the leak.

This low concentration is attributable to the small diffusion coefficient of CO2 in air

(8.4 cm2/min) and the short half life of 11C (20 minutes).

Leak scenario #2: Major leak inside of growth chamber

Because the air in the growth chamber circulates in a closed system, a leak inside the

growth chamber is contained to the chamber and presents little radiation exposure

risk to general laboratory personnel. However, a major leak could result in substantial

exposure to researchers who unknowingly enter the chamber soon after the leak has

occurred. As part of the radiation warning and interlock system a 2” diameter × 1”

thick BGO detector is placed inside the chamber behind a lead shielding enclosure

to monitor the radioactivity of the air in the chamber. A calculation of the 11CO2

concentration inside the chamber as a function of time was made for a release of

the entire 50 milliCuries into the chamber. The results of the calculations along

5Details of the calculations are found in Appendix F.
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Figure 2.30: Plot of 11CO2 concentration as a function of time at a distance of 3
ft from the leak point (this position is at the location of the door to the chamber).
The permissible occupational inhalation concentration of 11CO2 is 3 × 10−4 µCi/cm3

and the maximum limit for non-radiation workers is 9 × 10−7 µCi/cm3 as set by
the U.S. Nuclear Regulatory Commission. This area never exceeds the permissible
occupational inhalation limit and is below levels acceptable for the general population
after 90 minutes.
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Figure 2.31: Plot of 11CO2 concentration as a function of time at a distance of
11 ft (at the boundary of the RACA) away from the leak point. The permissible
occupational inhalation concentration of 11CO2 is 3 × 10−4 µCi/cm3 and the maxi-
mum limit for non-radiation workers is 9 × 10−7 µCi/cm3 as set by the U.S. Nuclear
Regulatory Commission. This area never exceeds the permissible levels acceptable
for the general population.
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Figure 2.32: Plot of 11CO2 concentration (left vertical axis) as a function of time for
a leak inside the growth chamber. The estimated counting rate in the monitor BGO
detector is shown on the right vertical axis. The dashed red line indicates where the
alarm threshold is set.

with the corresponding estimated counting rate in the BGO detector are shown in

Figure 2.32. The standard procedures for operating the radioactive gas handling and

labeling systems are given in Appendix C.

2.5 Labeling with 13N at Duke University

At this time, there is no protocol in place for transporting 13N-labeled liquids from

the production area at TUNL to the labeling chamber at the Phytotron. However,

two of the TUNL-Phytotron conduits are currently available for this purpose. One

will be used for a pneumatic transfer system to transport vials of 13N-labeled nutrient

solutions, the production of which is described in Section 2.2.2.

Though 13N-labeled nutrients have not been transported for studies at the Phy-

totron, these solutions have been produced and used in labeling measurements at

tandem laboratory. The procedures followed to transport the 13N-labeled compounds

from the target area to the measurement area in the high-energy bay of the tandem
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(a) (b)

Production Cell

Shielding

Figure 2.33: (a) Photograph of the 13N production cell and the radiation shielding
arranged around the cell to minimize personnel radiation exposure. The small metal
tubing connects the port on the production cell to plastic condenser tubing. (b)
Lead housing arranged on rolling cart for transport of syringe and needle containing
13N-labeled liquid. At least 2” of lead surround the entire syringe.

laboratory with minimal exposure to the research personnel are outlined below.

The 13N-labeled solution was produced as described in Section 2.2.2. First, the

radioactive liquid was removed from the target cell using a syringe connected to a 6”

long needle. As previously described, a typical 13N production run results in nearly 1

Curie of activity, so it is desirable to extract the 13N-labeled liquid from the target cell

in a quick and efficient manner. The target cell was surrounded with lead shielding, as

shown in Figure 2.33, to minimize exposure of personnel to radiation. This shielding

allowed the researchers to work alongside the production cell with only the hands

exposed to significant radiation levels during extraction of the 13N-tagged aqueous

solution from the cell. A ring dosimeter was worn by each person helping with the

extraction and transport of the liquid. Immediately after the 13N-labeled solution

was extracted from the target cell, the syringe and needle were put into the lead

housing on a rolling cart (shown in Figure 2.33) used to transport the substance to
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the labeling area. The cart was rolled from the TOF target room to the high energy

bay where the content of the syringe was injected into the root bathing solution of

the plant. A bubbler was placed in the root bathing solution to ensure sufficient

mixing of the 13N-labeled solution.
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Chapter 3

Positron Emission Imaging

In Chapter 2, techniques were described for coincidence counting of the back-to-back

positron annihilation gamma rays from a particular region of interest. With this

method, only two detectors are used to monitor the accumulation of radiotracer in the

volume between the detectors. For two-dimensional positron emission tomography

(2D PET), the concepts of coincidence counting are expanded by using arrays of

detectors rather than a single detector on each side of the source. Arranging a planar

array of detector elements on each side of the source allows for reconstruction of the

positron distribution in the image plane, which is parallel to the faces of the detector

arrays and located midway in between the arrays. A valid event is registered whenever

gamma rays are detected in the opposing arrays in coincidence. For each coincidence

event, the event time and the detector elements involved are recorded in the data

stream. This information is used to reconstruct a spatial probability distribution for

the positron location in the image plane.

For 2D PET imaging, the source is approximated as a plane. Regions of the

source located outside of the image plane are blurred during image reconstruction;

however, Uchida et al. have demonstrated that planar imaging can provide images

with quality comparable to those acquired with 3D PET [Uch04]. The plants we

have studied thus far are grass species, so the planar approximation is applicable.

The spatial resolution is degraded primarily by positrons that escape the plant tissue

and annihilate in the plastic shield that surrounds the plant, so the effect from events

outside the focal plane is negligible.
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This chapter describes the application of PET techniques for imaging the distri-

bution of radiotracers in small plants at Duke. First, a low spatial resolution (∼1

cm) planar PET imager was assembled using CsF detectors that were available at

TUNL. Then a high spatial resolution (∼2.5 mm) prototype imager was designed,

constructed, and tested.

3.1 PET Techniques

As discussed in Section 1.1.1, positron decay ultimately results in two 511-keV gamma

rays that are emitted collinearly and in opposite directions. Simultaneous detection

of these correlated gammas1 results in what is referred to as a coincidence event2.

A coincidence event indicates that a positron annihilation has occurred somewhere

within the volume defined by the two detectors. For each event, the coincidence

response function (CRF) for the detectors that “fire”3 in coincidence is added to

the image plane. The CRF is a spatial probability distribution for the location of

the positron annihilation that depends on the sizes and relative locations of the

coincident detectors. Every possible coincidence detector pair has its own CRF that

is generated from Monte-Carlo simulations. The details of these simulations are

described in Section 3.2.1 and Section 3.3.1 for the low and high spatial resolution

imagers, respectively.

The 2D PET imaging technique is applicable to a broad range of spatial scales

with the achievable spatial resolution mostly dependent on the size of the individual

1The gamma rays are not detected at the exact same time, but rather within a given time window
that is generally less than 1 µs.

2This meaning for coincidence is far different from the generally used term to indicate that events
have happened without common cause.

3The term “fire” indicates that a detector has registered a gamma ray within the 511-keV energy
window.
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detector elements. Each 2D PET image is an integration of CRFs for coincidence

events during a given time period. The spatial resolution of the imaging device is

highly dependent on the spatial extent of each CRF, which is a function of the size

of the detector elements. As the size of the detector elements decreases, more spatial

detail can be resolved with the imager. However, there is a fundamental limit on

the achievable resolution for PET imaging that is defined by the physics of positron

decay and annihilation.

3.1.1 Spatial Resolution Limitations

One major factor that limits the spatial resolution for PET imaging is the finite

distance the positron travels from its production point before annihilating with an

electron. As described in Section 1.1.1, radioactive decay by positron emission results

in a positron with kinetic energy ranging from zero to some end-point energy, which

is given by the Q-value of the decay, and the remaining energy is carried away by

the electron neutrino. An energetic positron does not annihilate with an electron

immediately, but instead loses energy via collisions with electrons in the material

until reaching thermal energies and annihilating (as indicated in Figure 1.2).

The collisional energy loss of the positron as it travels through material can be

calculated using the Bethe-Bloch formula [Leo94],

−dE

dx
= 2πNar

2
emec

2ρ
Z

A

1

β2

[
ln

τ 2(τ + 2)

2(I/mec2)2
+ F (τ)− δ − 2

C

Z

]
(3.1)

where:

• Na = Avogadro’s number

• re = classical electron radius
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• me = electron mass

• c = speed of light in vacuum

• ρ = density of absorbing material

• Z = atomic number of absorbing material

• A = atomic weight of absorbing material

• β = v/c of the incident positron

• τ = kinetic energy of the positron in units of mec
2

• I = mean excitation potential of the material

• δ = density correction

• C = shell correction

• F (τ) = 2ln2− β2

12

(
23 +

14

τ + 2
+

10

(τ + 2)2
+

4

(τ + 2)3

)

and 2πNar
2
emec

2 = 0.1535 MeV cm2/g. It is important to note that the positron

energy loss scales proportionally with the density and atomic number of the absorbing

material, so the range of a positron is shortest in materials with high ρ and Z.

For a given material, the positron range is a function of the initial positron energy,

which is different for each of the positron-emitting radioisotopes used for these ex-

periments. As indicated in Table 1.1, the positrons emitted by radioisotopes used for

our experiments can travel several millimeters in the plant tissue before annihilating.

Positrons produced within thick tissue such as the plant shoot or root will likely be

stopped within the plant and annihilate with an electron. However, positrons near
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the surface of the plant may escape and travel several meters in air before annihi-

lating. To ensure positron annihilation occurs as close to the decaying 11C nucleus

as possible, a plastic shield is placed near the surface of the plant to supply an an-

nihilation medium [Min03]. The plastic shield increases detection efficiency since

positrons that could have otherwise escaped are stopped within the detector field of

view. A 4-mm thick plastic shield ensures that the positrons from 11C , 13N, and 18F

cannot escape. However, overall spatial resolution is degraded due to the increased

distance allowed between the location of the positron-emitting nucleus and the site of

electron-positron annihilation. This trade-off between the efficiency for detecting the

positron annihilations and spatial resolution is required to ensure that all positrons

within the detection region are accurately counted.

Another factor that affects the spatial resolution achievable with positron emission

imaging is noncollinearity of the positron annihilation gamma rays. As a positron

reaches thermal energies it either forms a bound state with an electron (positron-

ium; Ps) or directly annihilates with an electron producing two gamma rays. The

probability that a positron will annihilate directly is about 64% [Col71]. For direct

annihilations, the angular deviation of the photons from 180◦ due to the nonzero

center of mass momentum of the electron-positron system is approximately 0.23◦

[Ric92]. The bound positronium state has two possible ground state configurations:

orthopositronium (o-Ps), where the spins of the electron and positron are parallel,

and parapositronium(p-Ps), where the spins are antiparallel. One-quarter of the

bound positrons form p-Ps [Ray96], which decays primarily by self-annihilation; the

resulting photons have a small angular deviation (approximately 0.029◦ [Gol68]) due

to the relatively low energy of the system. Rarely, the bound positron in p-Ps will

annihilate with an electron bound to another atom. This is known as “pick-off” and

results in an angular deviation of the gammas similar to that observed in direct an-
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nihilation. Due to the conservation of charge conjugation parity, o-Ps must decay

by emitting an odd number of photons [Har04]. Decay into a single photon cannot

conserve momentum, so a three-photon decay is most probable. However o-Ps has a

much longer lifetime than p-Ps, so many of the positrons in o-Ps annihilate via the

pick-off process before they are able to decay into three photons. Based on measure-

ments of 18F positron annihilation gamma rays, the full width at half maximum of

noncollinear events is approximately 0.47◦ [Mog95].

As indicated above, noncollinearity effects arise due to very small angular devi-

ations from 180◦. However, at large distances from the positron annihilation point

this effect can become appreciable. For example, clinical PET instruments with de-

tectors in a 80 to 90 cm diameter ring can experience 1.5 to 2 mm degradation of

the spatial resolution [Tar03]. For the planar 2D PET systems we have designed and

constructed, noncollinearity effects are only an issue for the high spatial resolution

device. These effects are apparent as the separation of the two detector planes is in-

creased; as the detector separation increases the spatial resolution initially improves

as detectors in one array become more point-like to those in the opposing array,

but then the spatial resolution becomes degraded by noncollinearity effects at large

distances. This effect is demonstrated by simulations of the high spatial resolution

imager discussed in Section 3.3 (see Figure 3.15).

3.2 Low Spatial Resolution PET Imaging

To gain experience with PET measurement techniques for plant applications and to

develop image reconstruction software and quantitative data analysis tools, a pro-

totype 2D planar PET imager was constructed using existing hardware at TUNL.

This prototype imager is composed of two planar arrays of cylindrical cesium fluoride
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Figure 3.1: Diagram of low spatial resolution 2D PET imager. Planar arrays of
CsF detectors were placed on either side of the source plane. The source plane was
divided into image pixels, the size of which was determined by the spatial resolution
of the instrument.

(CsF) detectors (25 mm diameter × 45 mm thick), with each array containing 12

detectors. A diagram of this arrangement is shown in Figure 3.1 and a photograph

of the system is shown in Figure 3.2.

3.2.1 Simulations for Imager Design

The arrangement shown in Figure 3.2 provides a spatial resolution of about 1 cm

in both the horizontal and vertical directions over a field of view (FOV) of approx-

imately 12 cm (width) × 20 cm (height). The dimensions of the imager and the

detector positions within each array were chosen to cover a specific FOV while also

providing smooth geometric detection efficiency across the image plane. The primary

parameters considered during the design of this imager were spatial resolution, the

relative detection efficiency as a function of location in the image plane, and overall

detection efficiency. The existing CsF detectors set the size of our detector elements,

so the parameters that could be adjusted during simulation were the distance from

the image plane to the front face of each detector array (δ) and the detector pitch
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Positron Shield

CsF Detector Arrays

Figure 3.2: Photograph of the low spatial resolution 2D PET imager. A barley
plant was placed between the detector arrays and surrounded by a plastic shield that
provided an annihilation medium for positrons that escaped the leaf tissue.

(center-to-center detector separation) in both the horizontal (dx) and vertical (dy)

directions. The spatial resolution and overall detection efficiency were affected pri-

marily by varying δ, but the relative detection efficiency as a function of location

in the image plane was most affected by dx and dy. The following sections describe

the simulations used during imager design to determine the spatial resolution and

detection efficiency.

Each of the simulations below was implemented using C/C++ programming lan-

guage. These simulations were developed and written for the expressed purpose of

developing an imaging system based on the CsF detectors described above.

Coincidence Response Functions

The coincidence response function (CRF) provides a spatial probability distribution

for the location of the positron annihilation given a pair of detectors that register a

gamma ray in coincidence. The CRF depends on the sizes and relative locations of

the coincident detectors, and Monte-Carlo techniques were used to generate a CRF
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for every possible coincidence detector pair in the system. Our low spatial resolution

imager was made up of 12 detectors in each array, so a total of 144 CRFs were

generated for image reconstruction of both simulated and actual events.

For each possible coincidence detector pair, the following steps were taken to build

the CRF (see Figure 3.3 for the geometrical parameters):

1. Randomly choose an interaction point p1 = {x1, y1, z1} within Detector #1.

2. Randomly choose an interaction point p2 = {x2, y2, z2} within Detector #2.

3. Determine the intersection point p0 = {x0, y0, z0 = 0} of the line L connecting

p1 and p2 in the image plane.

4. Identify the image pixel (X, Y ) that contains point p0.

5. Determine the path length of L through Detector #1 (d1).

6. Determine the path length of L through Detector #2 (d2).

7. Determine the distance l1 from p0 to p1.

8. Determine the distance l2 from p0 to p2.

9. Assign an event weight

W =
(1− e−µmρd1)(1− e−µmρd2)

(l1l2)2
(3.2)

to pixel (X, Y ). The probability PT of a gamma ray being transmitted through

material of thickness d is given by Beer’s Law:

PT = e−µmρd , (3.3)
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Figure 3.3: Diagram of the parameters calculated during the simulation of a CRF.
The randomly chosen points p1 and p2 are used to define the path of the simulated
gamma rays.

where µm is the mass attenuation coefficient of the material for the particu-

lar energy of the incoming gamma ray and ρ is the density of the material.

Therefore, the probability of the gamma ray being absorbed in a CsF crystal

of thickness d is given by (1 − PT = 1 − e−µmρd), where ρ is the CsF density

(4.115 g/cm3) and µm is the mass attenuation coefficient for 511-keV gammas

in CsF (0.0956 cm2/g). The
1

l2
terms in Equation 3.2 account for the solid

angle detector acceptance of the interaction at distance l.

10. Repeat steps (1)-(9) for 106 events. A total of 106 events generally results in

a distribution with at least 104 events in the peak, which provides a statistical

uncertainty of 1% in the peak.

11. Divide the weight deposited in each image pixel W (X, Y ) by the total weight

deposited in the image Wtot =
∑
X,Y

W (X, Y ). This creates a normalized CRF

such that the sum of all pixels is unity.

12. Write the CRF to file for future use in image reconstruction.
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Figure 3.4: Example coincidence response function plot. This 2D plot of the image
plane shows the CRF for Detector #5 from one array with Detector #21 in the
opposing array. A projection of the detector arrays onto the image plane indicates
the location of each detector (circles), and the detector number for the right/left array
is indicated below each circle. The filled circles indicated the detectors for which this
CRF was generated.

An example CRF for a detector pair in the low spatial resolution imager is shown

in Figure 3.4. In this example the detectors in the coincidence pair, 5 and 21, are

not directly facing each other. One detector array contains Detectors #1-12 and the

other array holds Detectors #13-24.

Spatial Resolution

Because the diameter and thickness of the CsF crystals were fixed, the only parameter

left to optimize the spatial resolution of the device was the distance from the image

plane to each detector array. Simulations of various detector arrangements were

performed to determine the configuration that provides the optimal spatial resolution
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while covering the desired FOV.

For a given detector arrangement (i.e., fixed crystal pitch and detector separation)

a point source of back-to-back gamma rays was simulated to determine the point

spread function of the imager. The point spread function describes the response of

the imaging system to a point source, and the full width at half maximum (FWHM)

of this function is a measure of the spatial resolution. The simulation to determine

the point spread function proceeded as follows:

1. Choose source location p0 in the image plane. The spatial resolution will vary

slightly across the image plane, but we generally choose the center of the FOV

to compare different detector configurations.

2. Choose random interaction point p1 within detector Ri on one side of the detec-

tor array. The i index is used to identify each detector in array R, so i ranges

from 1 to the total number of detectors in array R.

3. Search for an intersection of the gamma-ray path defined by p0 and p1 with

any detector in the opposing array. If an intersection is found in a detector Lj,

then proceed to (4). Otherwise, return to (2).

4. Look up the CRF for detectors Ri and Lj in the CRF library file, and add this

distribution to the image plane.

5. Repeat starting at step (2) for 105 events. Simulation of 105 events for each

detector on one side of the array was found to provide a smooth point spread

function with statistical uncertainty of less than 1% in the peak.

6. Increment to detector Ri+1 in array R.

7. Repeat starting at step (2) for all detectors in array R.
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8. Write final image plane pixel values to file. This distribution defines the point

spread function for the detector configuration.

The forced-detection method of choosing an interaction point in the detectors in one

array rather than allowing decay in an arbitrary direction was employed for compu-

tational efficiency. Since positron annihilation results in an isotropic distribution of

gamma rays, the same number of events was simulated for each detector in one array.

For our imager, there are 12 detectors in each array and 105 events were simulated

per detector in one array, resulting in a total of 1.2 × 106 events per point spread

function. The CRFs were normalized to unity, so integration of the point spread

function will return the total number of coincidence detection events. An example

point spread function that was generated using the above algorithm with δ = 60

mm, dx = 38 mm, and dy = 50 mm is shown as a 2D histogram in Figure 3.5, and as

projections onto the horizontal and vertical axes in Figure 3.6. The FWHM in both

the horizontal and vertical directions is 10 mm, although the tails of the distribution

are broader in the vertical dimension due to the fact that dy > dx.

Position-Dependence of the Relative Detection Efficiency

The active region of the image plane is defined by the outer boundaries of the detector

arrays. Gamma rays that originate near the edges of the active region have a lower

probability of being detected than gamma rays from the center of the image plane

due to decreased solid angle acceptance for coincidence detection near the edges.

This reduction is due to the restricted number of detector pairs that can coincidently

detect back-to-back gamma rays from the outer edges of the image plane. To make

the image plane detection sensitivity uniform, the relative detection efficiency as a

function of location in the image plane (ε(x, y)) was determined. The normalized

image generated from a uniform planar source of back-to-back gamma rays was the
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Figure 3.5: Point spread function for low spatial resolution imager. The image plane
is segmented into 1 mm2 pixels, and the color of each pixel represents the number of
events in that location as indicated by the color palette on the right.
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Figure 3.6: Projections of the point spread function for the low spatial resolution
imager. The solid line indicates the projection onto the X axis, and the dashed
line indicates the projection onto the Y axis. The FWHM for both projections is
approximately 10 mm, but the tails of the Y distribution are broader due to the
increased detector pitch in the vertical direction.
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ε(x, y) that was used to correct all images obtained with our low spatial resolution

imager. The algorithm for determining ε(x, y) is described below:

1. Choose a random positron annihilation point p0 in image pixel (xi, yj).

2. Choose a random direction for the emission of gamma rays from point p0. The

source point p0 and a point with randomly chosen θ and φ define the path of

the outgoing gamma rays from positron annihilation.

3. Search for intersection points in all detectors in one array. If a detector R is

intersected, continue to step (4); otherwise, return to step (1).

4. Search for intersection points in all detectors in the opposite array. If a detector

L is intersected, continue to step (5); otherwise, return to step (1).

5. Add the CRF for detectors R and L to the image plane.

6. Repeat steps (1)-(5) for 106 events.

7. Repeat steps (1)-(6) for all image pixels.

8. Normalize all image pixels to the most efficient pixel by dividing each pixel

value by the maximum pixel value.

9. Write the normalized image plane values to a file for later use in image correc-

tion. This image file provides the position dependence of the detection efficiency

across the image plane, ε(x, y).

Any image generated with our low spatial resolution imager must be corrected by

ε(x, y) to ensure uniform detection sensitivity across the image plane. An example of

ε(x, y) for the detector configuration with δ = 60 mm, dx = 38 mm, and dy = 50 mm

is shown in Figure 3.7 with the projections onto the X and Y axes shown in Figure
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Figure 3.7: Relative detection efficiency across the low resolution imager FOV. This
2D histogram indicates the spatial dependence of the detection efficiency across the
image plane. The locations of detector projections onto the image plane are evident
by the peaks in detection efficiency. There were only 10 detectors per array in this
simulation due to hardware failures.

3.8. The large variations in detection efficiency across the image plane were far from

ideal due to the gaps between detectors. However, this detector spacing was required

to cover the desired FOV.

3.2.2 Hardware and Electronics

As discussed in Section 2.3.1 the decay time of the signals from CsF detectors is about

4 ns, making them excellent for high count-rate applications. The energy resolution

for Eγ = 511 keV is approximately 25%, which is adequate for our applications.

The low spatial resolution imager was assembled by arranging the CsF detectors

in a frame. The detectors (Figure 3.9) were held in place by clamping the array

frame plates around flanges located near the base of each detector. Alignment rods

connected the two arrays to ensure that the detectors were located directly across

from one another.
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Figure 3.8: Projections of relative detection efficiency across the low resolution
imager FOV. These histograms are the projections of Figure 3.7 onto the X (solid
line) and Y (dashed line) axes.
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Figure 3.9: Cross-sectional view of a CsF detector. The CsF crystal is 25 mm in
diameter and 45 mm thick. The detectors are held in place by clamping the array
frame plates around the flanges located near the detector bases.
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Positron emission imaging uses electronic collimation just as that which is used

for coincidence counting. However, instead of simply summing the counts detected by

a pair of detectors, every detector in one array is monitored for coincidence detection

of gamma rays with every detector in the opposing array. The detector information

for each coincidence event is then stored for later image reconstruction. This section

describes the hardware and electronics used for electronic collimation and detector

identification.

A schematic diagram of the signal processing electronics is shown in Figure

3.10.The anode signal from each detector was input into a discriminator, and the

threshold was set to reject pulses from gamma rays with less than 511-keV energy.

The discriminator output signals (25 ns width) from all detectors in one array were

then input into a logic circuit that gave an output pulse whenever at least one of the

detectors in the array fired (i.e., this is a logic OR of all detectors in the array). The

opposing detector array had an identical OR circuit. A coincident event was regis-

tered when the output pulses from the two logic circuits arrived at the coincidence

circuit within 50 ns of each other. This triggered the data acquisition system to

read out a multi-event latch (MEL; Struck Innovative Systeme GmbH Model 3600).

The MEL had 32 inputs (via two 34-pin ribbon cables), and the output was a 32-bit

integer with a value that depended on which inputs were latched when the module

was triggered for readout. The detector discriminator signals from both arrays were

latched in the MEL, so the coincident detectors for a given trigger event were deter-

mined by decoding the 32-bit integer output. If more than two detectors fired for a

trigger, then that event was rejected.
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Figure 3.10: Schematic diagram of the signal processing electronics for the low
spatial resolution imager. This circuit generated the DAQ trigger and provided in-
formation for identification of the coincident detectors.
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3.2.3 Image Reconstruction

Once detectors that fired in coincidence (one from each array) were identified and the

events were time-stamped, an image of the positron distribution was reconstructed

by summing the coincidence response functions for all events during a user-defined

time interval (referred to as the exposure time). The information available from

the reconstructed images was limited spatially by the resolution of the imager and

temporally by the period of time needed to accumulate adequate counting statistics

in the regions of interest.

Detector discriminator signals were input into the MEL in sequential order, with

detectors 1-12 being from one array and detectors 13-24 from the opposite array.

Each event contained a time-stamp and the 32-bit integer MEL output, so image

reconstruction was a matter of identifying the detector pair for each event during the

exposure time and adding the CRFs to the image. For example, if the MEL output

was 2,097,184 (0x00200020) for a given event, the coincidence detectors were 5 and

21 (25 + 221 = 2,097,184). The CRF for detectors 5 and 21 was added to the image

plane, and subsequent events within the same exposure were similarly processed.

This process resulted in a sequence of snapshots of the positron distribution in the

image plane that were analyzed to determine the flow properties between regions of

interest in the imager FOV.

The sum of CRFs during each exposure is referred to as the raw image, and

this image must be corrected for background radiation, detection efficiency variation

across the image plane, and radioactive decay of the tracer isotope. After these

corrections were applied, radiotracer flow analysis could be performed. The final
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Figure 3.11: Demonstration of corrections to 2D low spatial resolution images. This
image was a 5-minute exposure measuring accumulation of 11C in a barley seedling.
(a) Raw image generated by summing the CRFs for coincident detectors. (b) Image
after background subtraction. (c) Image after background subtraction and correction
for detection efficiency variations across the image plane. (d) Final image with all
corrections, including correction for the radioactive decay of 11C .

corrected 2D image Icorr(x, y) for time step k is given by:

Ik
corr(x, y) =

Ik
raw(x, y)− Ibg(x, y)

ε(x, y)
eλk , (3.4)

where Ik
raw(x, y) is the raw image for time step k, Ibg(x, y) is the measured back-

ground image due to random coincidence events, and λ is the decay constant for the

radiotracer. The effect of each correction is demonstrated in Figure 3.11.
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3.3 High Spatial Resolution PET Imaging: VIPER

A prototype high spatial resolution 2D PET imager composed of planar detector

modules was designed by our research group to provide images of radiotracer ac-

cumulation in plants with greater spatial detail. Whereas the low spatial resolution

imager was designed around existing CsF detectors, the development of the prototype

high spatial resolution device was initially unrestricted. The size of the prototype

instrument, however, was limited by the maximum active area of position-sensitive

photomultiplier tubes (PSPMT) with square cross section that is commercially avail-

able.

A long-term goal of this research program is to develop a high spatial resolution

imaging device to cover a total imaging area of about 600 cm2. We decided early

in the development process that a modular detector design would provide a very

flexible device for imaging organisms with a variety of shapes and sizes. Because of

the flexibility built into our detector design, we refer to the instrument as the Versatile

Imager for Positron Emitting Radiotracers (VIPER). The full VIPER imager design

consists of tiled arrays of 5 cm × 5 cm detector modules, with each module composed

of a pixelated BGO crystal coupled to a PSPMT. A pair of detector modules was

designed and constructed as the prototype VIPER device. The Hamamatsu H8500

PSPMT was used in our prototyped.

3.3.1 Simulations for VIPER Development

The simulations developed to design VIPER were substantially more sophisticated

than those used in the development of the low resolution imager. The simulations

used to develop our low spatial resolution imager took into account only the geometry

of the system. The physical interactions within the crystal were ignored because
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gamma rays that were Compton scattered (rather than photoabsorbed) had a low

probability of interacting in another detector due to the relatively large size of the

CsF crystals, the hermetic shielding around the crystal, and the aluminum detector

housing. The effects of gammas that were scattered into other detectors (known as

cross-talk) were therefore negligible in this case. However, the VIPER is composed

of much smaller detector elements (a few millimeters on each side) that are separated

by only a thin reflective coating (less than a half millimeter thick), so it was critical

to model the physical interactions of gamma rays within each crystal array to provide

realistic predictions of detector performance.

Several parameters were varied during the VIPER design: (1) the cross-sectional

dimension (σ) of each detector element (also referred to as a detector segment), (2)

the thickness (td) of each detector element, (3) the crystal pitch in the horizontal (dx)

and vertical (dy) directions, and (4) the distance (δ) from the image plane to the front

face of each detector array. Fixing the cross-sectional dimension of the square-faced

detector segments and the crystal pitch defines the thickness of the reflective coat-

ing between adjacent detector elements. The reflective material optically decouples

adjacent detector elements to prevent scintillation light from “leaking” through to

surrounding segments. These parameters were varied such that the total width and

height of each detector array matched the dimensions of the PSPMT. Simulations

were developed to model the full detector array, which is made up of 4 (wide) ×

6 (high) of the 5 cm × 5 cm detector modules. The following paragraphs describe

the simulations that were written to model various detector element configurations.

Each simulation was developed by our group for the particular purpose of modeling

the performance of planar arrays of detector modules. All simulations were written

using the C++ programming language.
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Coincidence Response Functions

As discussed in Section 3.2.1, the CRF provides a spatial probability distribution for

the location of positron annihilation in the image plane for a given pair of coincident

detectors. For VIPER, the simulated detector sizes ranged from 1 mm × 1 mm to 4

mm × 4 mm cross-sectional area per segment, so the CRFs are constrained to much

smaller regions of the image plane than those generated for the low spatial resolution

imager where the detectors had a diameter of 25 mm.

A CRF was generated for every possible pair of detector segments that could

fire in coincidence. For segments with cross-sectional dimensions of 3 mm × 3 mm

with a crystal pitch of 3.25 mm, a total of 15 × 15 segments compose the 5 cm ×

5 cm area of each detector module. With 4 × 6 of these modules in each array,

there is a total of 15 × 15 × 4 × 6 = 5400 detector elements per array. A total of

54002 = 29, 160, 000 CRFs are possible, so generating and storing the CRF libraries

efficiently were important considerations. A CRF library was generated for each

detector element in one array. This file contained all the CRF information for the

given detector element in coincidence with any detector from the opposite array.

Because each CRF is restricted to a small region of the image plane, only those

image pixels with nonzero values are stored in the CRF file.

For every pair of coincident detector segments, the following steps were taken to

build the CRF:

1. Randomly choose an interaction point p1 = {x1, y1, z1} within Detector Element

#1 in one array.

2. Randomly choose an interaction point p2 = {x2, y2, z2} within Detector Element

#2 in the opposite array.
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3. Determine the intersection point p0 = {x0, y0, z0 = 0} of the line L connecting

p1 and p2 in the image plane.

4. Identify the image pixel (X, Y ) that contains point p0.

5. Determine the detector elements, R, the gamma ray must traverse before reach-

ing the interaction point p1 in Detector Element #1. The total number of

elements traversed is NR (not including Detector Element #1).

6. Compute the path lengths Ri that the gamma ray travels for the NR detector

elements.

7. Determine the detector elements, L, the gamma ray must traverse before reach-

ing the interaction point p2 in Detector Element #2. The total number of

elements traversed is NL (not including Detector Element #2).

8. Compute the path lengths Lj that the gamma ray travels for the NL detector

elements.

9. Determine the path length traveled in Detector Element #1 (d1).

10. Determine the path length traveled in Detector Element #2 (d2).

11. Determine the distance l1 from p0 to p1.

12. Determine the distance l2 from p0 to p2.

13. Assign event weight

W =
(1− e−µmρd1)(1− e−µmρd2)

(l1l2)2

NR∏
i

e−µmρRi

NL∏
j

e−µmρLj (3.5)
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to pixel (X, Y ). The two product series account for the probability of the

gamma ray passing through the NR and NL detector elements in each array

without interacting. This probability is from Beer’s Law (Equation 3.3). The

probability of the gamma ray interacting in a BGO segment of thickness d is

given by (1− e−µmρd), where ρ is the BGO density (7.13 g/cm3) and µm is the

mass attenuation coefficient for 511 keV gammas in CsF (0.1359 cm2/g). The

1

l2
terms account for the solid angle acceptance of the interaction at distance l.

14. Repeat steps (1)-(13) for 105 events.

15. Divide the weight deposited in each image pixel W (X, Y ) by the total weight

deposited in the image, Wtot =
∑
X,Y

W (X, Y ). This procedure creates a normal-

ized CRF such that the sum of all pixels is unity.

16. Write the CRF to file for future use in image reconstruction.

Note that the simulation for generating the CRFs for the VIPER imager is very

similar to the one discussed in Section 3.2.1 for the low spatial resolution imager.

One key difference is that the tight packing of the detector pixels for the VIPER

necessitates a slightly different weight calculation. Rather than just calculating the

probability of gamma ray absorption at the randomly chosen interaction point in each

detector (as in Equation 3.2), the probability of the gamma ray passing through the

other detectors along its path without interacting must also be included (Equation

3.5). The CRF for detector elements located in opposite corners of detector modules

is shown in Figure 3.12.
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Figure 3.12: Sample VIPER coincidence response function. This CRF is for detector
elements located in opposite corners of detector modules that are facing each other.
The detector segment size for this CRF is 3 mm × 3 mm × 20 mm (thick) with a
crystal pitch of 3.25 mm. The detector separation is 127 mm (5”).

Spatial Resolution

The VIPER spatial resolution simulation was a bit more complicated than that for the

low spatial resolution imager. Second order effects such as gamma-ray noncollinearity,

the probability of interaction at given depths in the crystal, and Compton scattering

within the detector array were included in the VIPER simulations. The following

algorithm was used to build the point spread function for the simulated VIPER

configurations.

1. Choose source location p0 in the image plane. The spatial resolution will vary

slightly across the image plane, but we generally choose the center of the FOV

to compare different detector configurations.

2. Choose a random direction for the positron annihilation gamma rays. Because

of the isotropic distribution, a random θ and φ are chosen to define the gamma

ray path.
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3. Check the angle of the gamma-ray path from the annihilation point to see if it is

within the acceptance of the detector. If it is not, then randomly choose a new

gamma-ray path. This makes the simulation more efficient because searching

all detector elements for interaction points requires substantial computation.

4. Choose the distance the gamma ray travels in one array before interacting. This

distance dR is chosen according to a Beer’s Law probability distribution:

dR =
1

µmρ
ln(1−Rrand) (3.6)

where µm is the mass attenuation coefficient for BGO for the given gamma ray

energy (511 keV for first interaction), ρ is the density of BGO, and Rrand is a

random real number between 0 and 1.

5. If the chosen interaction distance dR is less than the length of the gamma-ray

path through the crystal lR, then there is an interaction in the crystal at point

p
(1)
R = {x(1)

R , y
(1)
R , z

(1)
R }, so continue to the next step (the superscript on the

interaction point indicates that this is the first interaction). If dR > lR, then

there is no interaction in this array, so start a new event by returning to (2);

however, if this is not the first interaction (i.e., a scattered photon is being

tracked) then the photon has escaped the detector without depositing its full

energy in the crystal so skip to step (11).

6. Search for an interaction of the partner gamma ray in the other detector array.

The interaction distance dL is chosen according to Equation 3.6, and the length

of the gamma-ray path through this array is defined as lL. As before, if dL < lL

then there is an interaction within the array at point p
(1)
L = {x(1)

L , y
(1)
L , z

(1)
L };

if dL > lL then initiate another event by returning to step (2). However, if
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Figure 3.13: Photon interaction cross sections for BGO (data from [NIS]). For
this energy range, the only accessible reaction channels are Compton scattering and
photoabsorption.

this is not the first interaction (i.e., a scattered photon is being tracked) then

the photon has escaped the detector without depositing its full energy in the

crystal so skip to step (11).

7. At this point, we know there is an interaction in both arrays, so the type of inter-

action (photoabsorption or Compton scattering) needs to be chosen. The type

of interaction is chosen according to the relative cross section for each type of

event. A library of cross section as a function of gamma-ray energy was created

for both photoabsorption and Compton scattering using the National Institute

of Standards and Technology (NIST) XCOM database [NIS] (Figure 3.13). We

know the initial gamma rays have 511 keV energy, but if either of these photons

Compton scatters within a detector, we need to recompute the relative cross

sections for photoabsorption and Compton scattering for the secondary and

following interactions. A plot of the relative cross sections for photoabsorption

and Compton scattering as a function of photon energy is shown in Figure 3.14.

Note that for 511 keV photons the probability of photoabsorption is 44% and
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Figure 3.14: Relative photon interaction cross sections for BGO (data from [NIS]).
For this energy range, the only accessible reaction channels are Compton scattering
and photoabsorption. Once it was determined that an interaction occurred in the
crystal, the type of interaction was chosen according to the relative cross-sections for
the given photon energy. Note that for 511-keV photons, the probability of Compton
scattering was 56% and the probability of photoabsorption is 44%.

the probability of Compton scattering is 56%. However, as the photon energy

decreases the probability of photoabsorption increases. Photons with less than

150 keV have > 90% probability of being photoabsorbed.

8. If the gamma ray is photoabsorbed, then skip to step (11).

9. If the gamma ray is Compton scattered, then choose the angle at which the

photon is scattered according to the Klein-Nishina formula [Leo94]:

dσ

dΩ
=

r2
e

2[1 + γ(1− cosθ)]2

[
1 + cos2θ +

γ2(1− cosθ)2

1 + γ(1− cosθ)

]
(3.7)

where
dσ

dΩ
is the cross section for Compton scattering, re is the classical electron

radius, γ is the ratio of the photon energy to the rest mass energy of the electron,

and θ is the angle at which the photon scatters. Equation 3.7 provides an
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accurate prediction of the angular distribution of photons that are incident

upon an electron. The scattering angle θ, which is a function of the photon

energy via the γ term, is chosen according to this distribution. Once θ is chosen,

the energy of the scattered photon E ′
γ is given by

E ′
γ =

Eγ

1 + γ(1− cosθ)
(3.8)

where Eγ is the energy of the incoming photon. The energy of the recoil electron

Ee is then equal to the energy difference between the incoming and scattered

photons:

Ee = Eγ − E ′
γ . (3.9)

The probability that the recoil electron will escape the detector element is

neglected because the maximum range of Compton-scattered electrons from 511

keV gamma rays in BGO is less than 0.2 mm [Lit97]. Only the recoil photon

continues to be tracked since it is likely to experience further interaction in a

different detector element.

10. The path of the scattered photon is now defined, so this photon should continue

to be tracked until it is either photoabsorbed by the crystal or escapes through

the back side of the detector array. The scattered photon tracking proceeds by

returning to step (4); however, the reduced energy of the photon is accounted

for in choosing the distance traveled before interaction, the relative interac-

tion cross sections, and the secondary scattering angle (if Compton scattering

occurs).

11. At this point, the gamma rays in both detector arrays have either been pho-

toabsorbed or escaped through the back of the detector crystal. Next, the
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energy-weighted centroid of all interactions in each detector is computed. The

pulse that will be detected by the photomultiplier tube during the actual ex-

periment is proportional to the recoil or photo-electron energy, so the location

of each interaction point is weighted by the ejected electron energy for each

interaction. The energy weighted centroid < pR > for N interactions in one of

the detector arrays is given by:

< pR >=

N∑
i=1

E(i)
e p

(i)
R

N∑
i=1

E(i)
e

(3.10)

where E
(i)
e is the energy of the ejected electron and p

(i)
R is the location of the

interaction. An analogous equation determines the energy weighted centroid

< pL > of the interactions in the opposing array.

12. Now that the energy weighted centroids of the interactions in each array < pR >

and < pL > have been calculated, the corresponding detector elements DR and

DL that contain these points are identified.

13. Look up the CRF for detectors DR and DL in a library, and add this distribution

to the image plane.

14. Repeat starting at step (2) for 106 events.

15. Write the final image plane pixel values to a file. These values define the point

spread function for the simulated detector configuration.

Point spread functions were generated for several detector configurations to better

understand the primary parameters that affect the spatial resolution of the imaging
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Figure 3.15: Spatial resolution as a function of detector plane separation. For these
simulations, the detector arrays are composed of 2 mm× 2 mm× 20 mm (thick) BGO
pixels. Note that as the detector separation increases the spatial resolution initially
improves, but then the spatial resolution becomes degraded by noncollinearity effects
at large distances.

system. The results of simulations of the spatial resolution as a function of detector

plane separation for a 2D PET imager made up of arrays of 2 mm × 2 mm × 20

mm (thick) BGO detector elements with a 0.15 mm thick reflective coating between

adjacent elements is shown in Figure 3.15. For a given detector configuration, the

spatial resolution initially improves as the detector separation increases. However,

at further detector separation, noncollinearity of the annihilation gammas causes the

spatial resolution to degrade.

Position-Dependence of the Relative Detection Efficiency

As discussed in Section 3.2.1, the detection efficiency of the imaging device is a

function of the location of the annihilation point in the image plane. This behavior

is primarily a geometric effect due to the variation of the solid angle acceptance

of back-to-back gamma rays by the detectors, and a correction for this effect must

be applied to all images to ensure uniform detection sensitivity across the image
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Figure 3.16: Simulated relative detection efficiency across VIPER image plane. In
the 2D plot, red pixels are the most efficient, and the efficiency decreases from yellow
to green to blue. Projections onto the X and Y axes indicate the smoothness of the
efficiency profile. Only small deviations occur due to the small gaps between detector
modules. Each image pixel is 1 mm2.

plane. As with the low spatial resolution imager, a uniform planar source of positron

annihilation gamma rays is simulated to provide the spatial dependence of the relative

detection efficiency ε(x, y) for all image pixels. This simulation is nearly identical to

the spatial resolution simulation described just above; the only difference is that

random positron annihilation points are chosen across the entire image plane rather

than a single point source. A plot of ε(x, y) for a 20 cm × 30 cm detector array

made up of 4 × 6 detector modules is shown in Figure 3.16. Each detector module

is composed of 2 mm × 2mm × 20 mm (thick) BGO crystals with a 0.15 mm thick

reflective coating between adjacent detector elements.
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3.3.2 Prototype VIPER Hardware

Monte-Carlo simulations of various detector geometries revealed that excellent spa-

tial resolution could be achieved with multiple configurations. A spatial resolution

of about 1.7 mm is achievable using 2 mm × 2 mm × 20 mm (thick) BGO detector

elements with a 0.15 mm reflective coating between adjacent elements (referred to as

σ(2.0, 0.15)). This resolution is about 25% better than the 2.2 mm resolution achiev-

able using 3 mm × 3 mm × 20 mm (thick) BGO detector elements with a 0.25 mm

reflective coating (σ(3.0, 0.25)). The simulation used to determine the spatial resolu-

tion, however, does not take into account the range of the positron, which generally is

the limiting factor as discussed in Section 3.1.1. Additionally, the simulations assume

that the two detector arrays are perfectly aligned; any misalignment will also degrade

the achievable spatial resolution. Taking into account the various effects that degrade

spatial resolution, we chose to construct the prototype VIPER using the σ(3.0, 0.25)

detector configuration to provide an optimization of spatial resolution, efficiency and

cost. The prototype VIPER consists of a pair of detector modules. Each module is

made up of a segmented BGO detector array coupled to a PSPMT.

Segmented BGO Crystal

The segmented BGO crystals were purchased from Hilger Crystals. Each detector

segment is 3 mm × 3 mm × 25 mm (thick), and a 0.25 mm thick layer of reflective

teflon tape separates adjacent segments. A thin layer of optical grease was used

to couple the crystal to the PSPMT. A photograph of one of the segmented BGO

crystals is shown in Figure 3.17.
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Figure 3.17: Photograph of segmented BGO from Hilger Crystals that is used for
the prototype VIPER. The outer dimensions are 49 mm × 49 mm × 25 mm (thick),
and each segment is 3 mm × 3 mm × 25 mm (thick). A 0.25 mm layer of reflective
teflon separates adjacent segments. The side of the array that couples to the PSPMT
is polished.

PSPMT

A pair of Hamamatsu H8500 [Ham03] PSPMTs were used for the prototype VIPER.

The active area of each PSPMT is 49 mm × 49 mm, and the outer dimensions are

52 mm × 52 mm. The segmented BGO crystal measures 49 mm × 49 mm on the

outside, so the dimensions of PSPMT and crystal match nicely. The peak emission

wavelength of BGO is around 480 nm; the H8500 has a peak response at about 420

nm, but the response at 480 nm is only slightly reduced. The high ratio of active

area to total area makes these PSPMTs ideal for use in tiled arrays as the dead space

between adjacent modules is minimized. A photograph of a H8500 PSPMT is shown

in Figure 3.18.

The 8 × 8 anode structure of the H8500 PSPMT provides the position sensitivity.

The geometry of the metal channel dynode system preserves the positional informa-

tion throughout the dynode stages, so a separate dynode chain is not required for

each anode. Reading out all 64 anode channels individually and using the channel

with maximum charge for a given event provide a spatial resolution of about 6 mm
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Figure 3.18: Photograph of a Hamamatsu H8500 PSPMT. The high voltage is
input using the red cable, and the 64 anode channel signals are output through pin
connectors on the back of the PSPMT.

on the PSPMT. Using the charge sharing technique, however, provides spatial res-

olution less than 0.5 mm [Pan04]. The outputs from all 64 anode channels can be

digitized using a charge-to-digital converter (QDC), and the center-of-gravity (COG)

of the charge distribution calculated in software. For multiple PSPMTs the number

of required QDC channels quickly gets out of hand, so a more efficient yet equally

effective method is to use a pre-processing circuit to compute the charge distribution

COG. Popov et al. from the Detector and Imaging Group at Thomas Jefferson Na-

tional Laboratory have designed a readout circuit for multianode PSPMTs [Pop01].

With this scheme, the charge collected on each anode is divided and put into two

current-collecting amplifiers: one collects half of the charge from all anodes in the

same row and the other collects half of the charge from all anodes in the same column.

The outputs of the current collecting amplifiers from every row are then read out via

a resistive chain as depicted in Figure 3.19 to determine the vertical component of

the COG < Y >:

< Y >=
Y+ − Y−
Y+ + Y−

. (3.11)

An analogous resistive chain for the current collecting amplifiers from every column
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Figure 3.19: Charge division readout using a resistive chain. The COG of the
charge distribution in the vertical direction is calculated using the output of the
current collecting amplifiers from each row. An analogous readout of the columns
yields the COG of the charge distribution in the horizontal direction. Each of the
resistors has the same value R.
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Figure 3.20: Anode gain map for a H8500 PSPMT. Notice that the minimum
relative gain is around 40% of the maximum. The circuit from [Pop06] uses a dumping
resistor from each anode to reduce the gain of all other anodes to match this pad.

yields the horizontal component of the COG < X >:

< X >=
X+ −X−

X+ + X−
. (3.12)

Calculation of the charge distribution COG using a resistive chain is a very effi-

cient method; however, the nonuniformity of the gain across anode pixels for a given

PSPMT can cause distortions in the COG calculation. The variation in anode pad

gains for a particular PSPMT is shown in Figure 3.20. A solution implemented by
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Popov et al. is to reduce the gain of each anode to that of the pad with minimum

gain [Pop06]. This solution is accomplished by attaching a dumping resistor to each

anode pad to drain the extra current from pads with higher gain to match with the

value of the minimum-gain pad. The end result is a COG calculation with very little

distortion.

The calculated < X > and < Y > are used to determine the physical detector

element for the charge distribution COG. Once the detector element from each array

is identified, the CRF from this element pair is added to the image plane. These

steps are described below.

3.3.3 Electronics

The Detector and Imaging Group at Jefferson Lab was very kind in donating the

readout circuit boards for our prototype VIPER. Two circuit boards mount directly

on the back of each H8500. The first is the passive circuit used to make the gain of

the anode pads uniform, and the second is an active circuit with current collecting

amplifiers that is used to create the output signals. A ribbon cable connected to the

active board carries five output signals as well as an input ± 5 V for the amplifiers.

The output signals are the four position signals (X+, X−, Y+, Y−) and a fast sum (FS)

signal that is used for the event trigger and coincidence circuit logic.

A diagram of the coincidence and trigger electronics circuit for the prototype

VIPER is shown in Figure 3.21. Readout of the data acquisition electronics is initi-

ated by coincidental detection of gamma rays in the VIPER detector arrays. The FS

signal from each detector is fed into a discriminator; a software energy cut (as shown

in Figure 3.22) is used to select the 511 keV gammas, so the hardware threshold of

this discriminator is set fairly low (but still high enough to reject random background
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Figure 3.21: Prototype VIPER electronics circuit.
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Figure 3.22: VIPER pulse height spectrum. This energy spectrum is from one
of the detector arrays. The dashed lines define the software energy cut that is set
around the 511 keV energy gamma rays.

noise). Because several detector segments normally fire in each event, the discrimina-

tor output on each array is stretched to a width greater than the light decay time of

BGO, about 300 ns, to prevent multiple triggers for a single event. This is achieved

by sending the output of the discriminator into a gate generator with output pulse

width set to 500 ns. The pulses from each gate generator are fed into the coincidence

unit. Pulses that arrive at the unit from the two arrays within 1 µs of each other gen-

erate a coincidence trigger. The output of the coincidence unit is used as the gate for

both the charge-to-digital converter (QDC) and analog-to-digital converter (ADC).

The QDC integrates the four position signals from the PSPMT, and the peak-sensing

ADC digitizes the time-to-amplitude converter (TAC). The TAC records the timing

coincidence spectrum for the imager; it is started by the discriminated signal from

one detector array and stopped by the delayed discriminated signal from the opposite

array. The TAC output pulse amplitude is proportional to the period of time between

the start and stop signals, so the true coincidence events form a peak in the TAC

spectrum (as shown in Figure 3.23).

The QDC and ADC generate a data ready (DRDY) output pulse when the input
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Figure 3.23: VIPER coincidence timing spectrum. The time calibration of this
spectrum is 0.27 ns/channel. The black curve is the raw TAC spectrum, and the red
curve is the TAC spectrum after applying the energy cut for both detector arrays.
Counts within the peak include both true coincidence events as well as random coin-
cidences. A window of the same width (∆) as that set around the peak is also set in a
background region of the TAC spectrum. The background counts within this region
are used to estimate the accidental coincidence background that lies underneath the
true coincidence events in the peak.

pulses have been converted. The coincidence of these two DRDY pulses is used as one

of the inputs to the trigger module (TM) for the data acquisition system. A 10 Hz

clock is the other trigger for readout of only the scalers in the system. To determine

whether the TM has been triggered by the 10 Hz clock or a coincidence event, a copy

of both signals is fed into the TM input register. When the TM is triggered, the bit

for either the 10 Hz clock or QDC/ADC coincidence is latched, which indicates the

type of event responsible for the trigger. The readout code for the data acquisition

system has two branches depending on the trigger type. QDC and ADC information

are stored only for coincidence events. For clock-triggered events, the scaler values

are recorded into the data stream. As the coincident event rate is often on the order

of kilohertz, not recording the scaler data at this rate ultimately reduces the size of

the stored data file.

The QDC, ADC, and TM all output a busy signal while they are processing
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events. The overlap of these three busy signals forms the data acquisition (DAQ)

busy signal which is used to veto coincidence triggers generated during the duration

of the DAQ busy. The veto rejects some fraction of the actual events, so the same

DAQ busy signal is used to veto a 60 Hz clock. The number of output pulses this

clock generates in a given time period is known, so by counting the vetoed 60 Hz

clock signals as well, an estimation can be made of the fraction of coincidence events

that are being rejected in hardware. The dead time correction (DTC) factor is given

by:

DTC =
C60

V C60

. (3.13)

where C60 is the number of 60 Hz clock counts and V C60 is the number of 60 Hz

clock counts that are not vetoed.

3.3.4 Detector Element Identification

The COG of the charge distribution on the PSPMT is calculated by integrating the

charge of the four position signals (X+, X−, Y+, Y−) with a QDC. Even with no input

signals, the QDC integrates a nonzero charge in each input channel. This background

value (known as the pedestal) is subtracted from the QDC output integer to get an

accurate position calculation. The QDC pedestal for each channel is measured using

a pulser to trigger readout with no inputs. The centroid of a narrow peak in each

QDC spectrum indicates the pedestal value. Once the pedestal has been subtracted

from each of the position signals, the COG is calculated according to Equation 3.12

and Equation 3.11. The possible values for < X > and < Y > range from -1 to +1,

so an arbitrarily chosen scale factor (we use 200) is included to provide pixel binning

in integer channels.

The < X > and < Y > for all coincidence events that fall within the pulse
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Figure 3.24: Center of gravity calculation for VIPER events. The peaks correspond
to individual detector elements. Detector elements along the edge of the array are
not easily resolved due to the lack of charge sharing along the edges of the PSPMT.

height windows for both detectors and the timing spectrum window are plotted in a

2D histogram (see Figure 3.24). Note the 15 × 15 BGO detector element structure

indicated by the peaks. Detector elements near the edge of the crystal are not easily

resolved due to the lack of charge sharing at the edges of the PSPMT. However, the

13 × 13 inner detector elements are well separated and can be easily identified. The

projections of Figure 3.24 onto the horizontal and vertical axes are used to define the

grid for detector element identification. The peaks in each projection are defined to

be the center of each detector element (see Figure 3.25), so the line midway between

adjacent peaks is defined as the detector element boundary. This algorithm results

in a square grid (Figure 3.26) that is used to determine the detector element based

on the COG calculation. Once the detector element boundaries are defined, a look-

up table is used to determine the physical detector element in which a given COG

resides.
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Figure 3.25: Projection of center of gravity calculation for VIPER events. This
histogram is a projection of Figure 3.24 onto the X axis. Each of the peaks represents
a column of detector elements in the BGO array. The gray markers indicate the
center of each column, with the detector element boundaries defined at the midpoint
between these markers. Note that the detector elements on the edges are not easily
resolved.
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Figure 3.26: Definition of detector element boundaries for VIPER. The boundaries,
indicated by the dashed lines, are determined by locating the centers of the detector
elements for each row and column in the BGO array. The boundaries are midway
between the centroids of adjacent detector elements. These boundaries compose a
lookup table that identifies the detector element for a given COG location.
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3.3.5 Image Reconstruction

Coincidence events within the peak of the TAC spectrum (see Figure 3.23) are recon-

structed as the foreground image for a given exposure time. The COG calculations

for all events within the foreground TAC window are used to identify the physical

detector elements involved in the coincidence event. Once the detector elements are

identified, the CRF for the detector pair is added to the foreground image. This

process is repeated for all events within the exposure period.

A separate background image is constructed for each exposure to determine the

spatial dependence of accidental coincidences. Accidental events result from the high

rate of individual events registered by each detector array. A highly radioactive source

may be located closer to some detector elements than others, so it is important to

determine the spatial dependence of these accidental coincidences. The background

image is constructed by determining the physical detector elements that correspond

to the COG for all events within the background TAC window. The CRFs for these

detector pairs are added to the background image for all accidental events within the

exposure period.

The final image for a given time exposure includes several corrections. First, the

background image is subtracted from the foreground image to correct for accidental

coincidence events. Then ε(x, y) is used to correct for the position-dependence of the

detection efficiency across the image plane. (The ε(x, y) for the prototype VIPER is

shown in Figure 3.16.) Finally, a correction for the radioactive decay of the tracer

is applied as well as the DTC factor (Equation 3.13). The final corrected 2D image

Icorr(x, y) for time step k given by:

Ik
corr(x, y) =

Ik
fg(x, y)− Ibg(x, y)

ε(x, y)
eλkDTCk (3.14)
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Figure 3.27: Prototype VIPER image plane detection efficiency ε(x, y). Each image
pixel is 1 mm2. This function is used to correct all images acquired with the prototype
VIPER.

where Ik
fg(x, y) is the foreground image for time step k, Ibg(x, y) is the image due to

random coincidence background events, λ is the decay constant for the radiotracer

of interest, and DTCk is the dead time correction for time step k.

The prototype VIPER has been fully constructed and its capabilities have been

demonstrated. Images obtained with VIPER of sodium-22 (22Na) point-like sources

are shown in Figure 3.28 and Figure 3.29. The first figure depicts a 22Na source near

the center of the VIPER FOV, and the reconstructed image of two 22Na sources is

shown in Figure 3.29. Note that the relative strength of the sources is evident in the

reconstructed image.
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Figure 3.28: Image of 22Na point-like source with VIPER. The upper left figure is a
2D plot of the image plane with the color of each pixel corresponding to the number
of events in that location. The lower right figure is a 3D representation of the same
positron distribution.
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Figure 3.29: Image of 22Na point-like sources with VIPER. The source on the left
is much more radioactive than the source on the right. This difference is evident in
the relative number of events in each location. The upper left figure is a 2D plot of
the image plane with the color of each pixel corresponding to the number of events
in that location. The lower right figure is a 3D representation of the same positron
distribution.
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Chapter 4

Plant Productivity and Data Analysis

Techniques

4.1 Plant Productivity

The products of ancient and recent plant photosynthesis provide a large fraction

of Earth’s energy resources. Photosynthesis uses solar energy to synthesize carbon

compounds, and the energy stored in these organic molecules ultimately serves as

the energy source for most forms of life. The following sections give an overview

of the photosynthetic process and the mechanisms of resource transport from the

carbohydrate sources (leaves) to sinks (roots, developing fruits, tubers, immature

leaves)1. The remainder of the chapter describes the analysis techniques used to

convert the radiotracer data to a model of resource transport and allocation in the

plant.

4.1.1 Plant Photosynthesis Overview

Photosynthesis is, quite literally, “synthesis using light”. The net process of photo-

synthesis is the conversion of carbon dioxide and water (driven by sunlight energy)

into carbohydrates and oxygen, in short:

6CO2 + 6H2O + light → C6H12O6 + 6O2 . (4.1)

1More details on photosynthesis and phloem transport can be found in [Tai02]
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While Equation 4.1 indicates a fairly straightforward photosynthetic process, the

chemical reactions of photosynthesis (absorbed in the “→”) are quite complex. At

least 50 intermediate reaction steps have been identified, and additional steps will

likely be discovered [Tai02]. Only a brief overview of the photosynthetic process is

provided here with emphasis on mechanisms having spatial scales accessible using

short-lived positron-emitting radiotracers.

There are two interdependent stages of photosynthesis. In the stage often called

the light reactions, sunlight energy is converted to chemical energy as photons are

absorbed by the chloroplast. These photochemical processes split water, resulting in

the release of O2, and create high-energy molecules, i.e., compounds with high chemi-

cal binding energy such as ATP (adenosine triphosphate) and NADPH (nicotinamide

adenine dinucleotide phosphate-oxidase). The high-energy molecules are then used

in the stage referred to as the dark reactions to capture carbon dioxide and form

three-carbon sugars (in a process referred to as the Calvin cycle). These sugars are

later combined to form sucrose and starch. As such, the dark reactions do not di-

rectly need light, but the products of the light reactions are needed to drive the dark

reactions and vice versa (Figure 4.1).

The carbohydrates produced during photosynthesis, also known as photosynthates

or photoassimilates, are either stored as starch in the leaves or transported as sugars

and allocated to various sinks. Photoassimilates are translocated via linked tubules

known as the phloem to immature leaves, roots, and developing fruits. Phloem

transport facilitates the distribution of carbohydrates within the plant. The currently

accepted mechanism for photoassimilate translocation in the phloem is described in

the following section.
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Figure 4.1: Overview of photosynthesis. In the light reactions, light energy is con-
verted to chemical energy, releasing O2. The dark reactions (Calvin cycle) use the
products of the light reaction to capture CO2 and form the precursors for carbo-
hydrates. The ADP, ATP, NADPH and Pi are adenosine diphosphate, adenosine
triphosphate, nicotinamide adenine dinucleotide phosphate-oxidase and phosphorus
in inorganic compounds, respectively. This diagram is from [May08].

4.1.2 Phloem Transport

For survival, plants must coordinate aboveground leaf processes that harvest light en-

ergy and CO2 with the belowground root processes for water and nutrient acquisition.

The leaves and roots are spatially separated but nutritionally interdependent, and the

biological requirements of this interdependence are satisfied by the transport of ma-

terials throughout the plant. The current radiotracer measurement system provides

the capability to monitor 11CO2 uptake in the leaf and the subsequent distribution

of 11C-labeled photoassimilates throughout the plant. Substances are distributed

throughout a plant via two distinct networks of tubular tissues, the phloem and

xylem. Photoassimilates are transported via the phloem, and water and nutrients

are transported in the xylem system. This section will focus on the mechanism of

phloem transport. See [Tai02] for a mechanistic description of water transport in the
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xylem, which is driven by transpirational water loss in the leaves and is responsible

for nutrient transport from the roots.

Transport of photoassimilates throughout the plant takes place within the con-

ducting cells of the phloem2. Photoassimilates are translocated from areas of supply

(sources) to areas of metabolism or storage (sinks). The sources are the exporting

organs, which are usually mature leaves that produce carbohydrates in excess of their

own needs. The sinks are either nonphotosynthetic organs or photosynthetic organs

that cannot produce enough photoassimilate to support their own needs. Examples

are roots, developing fruits, tubers, and immature leaves.

A diagram of the phloem structure is shown in Figure 4.2. Sieve tube elements

are the cells of the phloem that conduct organic materials throughout the plant, and

these elements join together to form a longitudinal series known as the sieve tube.

Each sieve tube element has at least one associated companion cell that carries out

the cellular functions of the sieve tube element. The end walls of sieve tube elements

have large pores that serve as open channels to allow transport between adjacent

elements. These porous areas are known as sieve plates.

The mechanism of photoassimilate transport in the phloem is widely accepted

to be osmotically driven pressure flow, as first proposed by Ernst Münch in 1930

[Mün30]3. In general, the total solute flux is the sum of both this pressure-driven

bulk flow and diffusive transport, which is the independent movement of molecules

driven by a concentration gradient. However, diffusion is only effective for solute

movement over short distances [Fis00], so this discussion will focus on the bulk flow.

A diagram of the steps involved in osmotically driven pressure flow is shown in

Figure 4.3. Phloem loading at the source and unloading at the sinks set up an

2See [Tai02] for more details regarding phloem structure.
3See [Min05, Tho06] for recent efforts toward a better mechanistic understanding of phloem trans-
port.
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Figure 4.2: Phloem structure. Photoassimilate transport takes place through the
sieve tube elements of the phloem. Adjacent sieve tube elements are connected by
sieve tube plates that serve as open channels to allow transport between the cells.
Each sieve tube element has an associated companion cell that carries out the cellular
functions.

osmotically generated pressure gradient between source and sink (∆Ψp = Ψsource
p −

Ψsink
p ). According to the pressure-flow model [Tai02], energy-driven loading (i.e.,

movement of substances via processes that consume stored chemical energy) of sugars

into the phloem at the source generates a high concentration of sugars in the sieve

tube which causes a decrease in water potential (∆Ψw) resulting in osmotic flow

of water into the sieve tube from the xylem. In turn, the influx of water raises

the hydrostatic pressure (Ψsource
p ) in the source region of the phloem. At the sink,

active phloem unloading results in a much lower hydrostatic pressure (Ψsink
p ) as the

sugar concentration in the sieve elements is lowered. As the water potential of the

phloem rises above that of the xylem, water leaves the phloem causing a decrease in

hydrostatic pressure in the sink sieve tube elements. The difference in hydrostatic

pressure between source and sink then drives the bulk transport of solutes through

the phloem.

A few aspects of this model should be noted. First, the pressure gradient that is

126



Tr
an

sp
ira

tio
n 

St
re

am

SOURCE

Photosynthesis

(a)

Sugar

Xylem

(b)
Osmosis

Pr
es

su
re

 F
lo

w

(c)

(d)
SINK

Osmosis
(e)

Phloem

Sieve Plate

Figure 4.3: Diagram of phloem transport. Material is translocated in the phloem by
an osmotically generated pressure flow, and the mechanism is given in the following
steps. (a) Sugars are actively loaded from the source into the sieve tube element of the
phloem. (b) The high concentration of sugars in the sieve tube causes a decrease in
the water potential that results in osmotic flow of water into the sieve tube element
from the xylem. (c) Increased hydrostatic pressure in the sieve elements near the
source drives mass flow toward the sink. (d) Active phloem unloading into the sink
reduces the sugar concentration in the sieve tube element. (e) Water leaves the sieve
tube element as the water potential in the phloem rises above that of the xylem.
The blue arrows represent water flow, the green arrow represents mass flow due to
the pressure gradient, and the red arrows represent the active processes of phloem
loading and unloading.
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responsible for phloem transport is a result of active mechanisms of phloem loading

at the source and unloading at the sink, steps (a) and (d) of Figure 4.3. These active

mechanisms are still not well understood4. Movement along the pathway is passive,

with the only energy requirement being that which is needed to retain structural

integrity [Fis00]. Secondly, water flow within the phloem, step (c) of Figure 4.3,

moves against the water potential gradient between source and sink; however, this

movement does not violate the laws of thermodynamics as the water is driven by

a pressure gradient (bulk flow) and not a water potential gradient (osmosis). Note

also that if the phloem were a single compartment (rather than a series of joined

sieve tube elements), the pressures at source and sink would quickly equilibrate. The

resistance along the pathway is increased by the sieve plates, which helps to maintain

the pressure gradient in the sieve tube elements between the source and sink. Finally,

because photoassimilate transport is driven by a pressure gradient, translocation is

not exclusively directed upward or downward, and it is not defined with respect to

gravity.

4.1.3 Mechanistic Modeling

Measurements of the velocity of photoassimilate flow along the transport pathway

have been made using radiotracer techniques (e.g., [Moo63]). The measured velocities

range from 0.3 - 1.5 m/hr, which is well in excess of the rate of diffusion over long

distances (approximately one meter every 32 years) [Tai02]. Any mechanistic models

of phloem translocation must be consistent with these high velocities.

Several mechanistic models have been used to describe radiotracer transport and

allocation. Minchin et al. [Min93] applied a transport-resistance (TR) model pro-

posed by Thornley ([Tho72], reviewed in [Min05]) to explain source-sink dynamics

4See [Pat97b], [War98], and [van03a] for more details.
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using 11C radiotracer data. The TR model is based on Münch’s original hypothesis

of photoassimilate flow driven by an osmotically generated pressure gradient. Bancal

and Soltani [Ban02] extended this model to consider the source term as an activity of

solute production rather than a compartment concentration and to include changes in

sap viscosity. The TR model does not incorporate all the intricacies of the transport

system, but it does provide sufficient mechanistic detail to describe the phenomena

observed in whole-plant experiments. In fact, Thornley [Tho98a] suggests that a TR

model needs to be the starting point for all more complex models, as this incorporates

the only two significant processes that result in allocation: transport and chemical

conversion.

Mechanistic models of phloem transport can be used to fit tracer profile data and

estimate physical parameters (e.g., [Moo63]), but these models may assign unneces-

sary complexity to the system. Compartmental analysis (e.g., [Far88]) considers the

flow of carbon through a series of partitions of characteristic kinetics, so it does not

assume any explicit mechanism for phloem transport. Nevertheless, compartmental

analysis does provide physiological parameters that can be directly compared to those

predicted by mechanistic models (e.g., [Moo75]). Detailed mathematical models of

phloem transport have been proposed (e.g., [Goe76, Dau02, Tho06]); these have not

been directly compared to radiotracer data, but their predictions can be compared

to the physiologically relevant parameters obtained using non-mechanistic analysis

methods.

4.2 Transfer Function Analysis of Radiotracer

Profiles

Input-output analysis (i.e., transfer function analysis) is also referred to as data-

129



based modeling [Min03] because the description of the transport system is derived

solely from the data and there are no mechanistic assumptions. Whereas conventional

mechanistic approaches rely on the intuition or preconceptions of the investigator

(and their willingness to reconsider these preconceptions), the data-based approach

allows the data to expose the possible model structure [You91]. The input-output

model is more unconventional in terms of its physical interpretation, but it may

explain the experimental data more efficiently (i.e., using fewer fit parameters) than

more conventional techniques. The input-output transfer function approach described

below is used to interpret the radiotracer profiles from our experiments. As Young

and Minchin [You91] suggest, the data-based analysis approach achieves a balanced

combination of objectivity and intuition.

One of the most important contributions by Minchin and colleagues was the

development of analysis techniques that provide the framework for quantitative in-

terpretation of tracer profiles (e.g., [Min96]). Tracer profiles are measurements of the

spatial distributions of radiotracer within the plant or the surrounding microenviron-

ment as a function of time. For example, in one of our experiments we measured the

accumulation of 11C radiotracer in the leaf, shoot, and roots of a plant. The measured

11C accumulation in these regions as a function of time (as shown in Figure 4.4) is

what gives rise to the tracer profiles.

Using a statistical analysis derived from transfer functions in physics, Minchin

developed an input-output model to determine physical properties of the transport

system using tracer profile data [Min78]. The transfer function describes the change

in shape of the tracer profile between the system input and output. This method

provides an alternate description of the system that can be used to calculate the

output response for any given input [Cad73]. Transfer function analysis makes no as-

sumptions about the physical mechanisms involved in the transport process; however,
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Figure 4.4: Example tracer profiles. The relative accumulation of 11C in the leaf,
shoot, and roots of a barely seedling are shown as a function of time. This particular
barley seedling was grown and labeled under ambient atmospheric CO2 conditions
(350 ppm). These tracer profiles have been corrected for background radiation in
each region, the relative detection efficiency of each detector, and radioactive decay
of 11C .

physiologically relevant parameters can be calculated from the input-output analysis,

namely the system gain (fraction of the input that arrives at the output) and the av-

erage transit time for a tracer particle to travel from the input to the output [Min80].

This average transit time can then be combined with the physical measurement of

the transit pathway length to estimate the velocity of tracer transport. Transfer

function analysis has been applied to many sets of 11C tracer profile data to extract

physically meaningful information about carbon allocation and transport in plants,

including tracer profiles constructed from 2D PET images [Keu02, Keu05, Mat05].

Because input-output models provide a mathematical description of the data and

physically relevant parameters, any mechanistic interpretation must be consistent

with the statistical modeling results.
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4.2.1 Transfer Function Mathematical Formalism

Our radiotracer accumulation measurements involve counting pulses from the de-

tectors for set periods of time (usually 1 minute), so we utilize the mathematical

theory of discrete time systems [Cad73] to analyze the sampled data. In partic-

ular, we apply the linear difference equation, which has been used successfully in

many experiments to describe radiotracer transport and allocation in plants (e.g.,

[Min78, Keu02]). Any linear differential equation describing a particular transport

system can be transformed into a linear difference equation for discrete time obser-

vations [Min80]. The equally spaced time steps t[k] are labeled by the sequence of

integers k = 0, 1, 2, ... such that the observation time is given by kT , where T is the

sampling period. The linear difference equation relates the observed output at time

t[k] to the n previous outputs and m + 1 inputs as follows:

y[k] = −a1y[k−1]−a2y[k−2]−...−any[k−n]+b0u[k]+b1u[k−1]+...+bmu[k−m] (4.2)

where u[k] and y[k] are the input and output data values, respectively, at time t[k].

A specific model is characterized by the n number of output terms, the m number

of input terms, and the model parameters ai and bj [Min80]. A particular linear

difference equation is referred to as nth-order because the present output depends on

its previous values that extend back n discrete-time units [Cad73].

The linear nature of this model is necessary for interpretation in terms of a transfer

function. In order to describe this interpretation, we first need to recall that the z-

transform of a sequence of numbers f [k] (which is zero for negative discrete time) is

defined by [Cad73]

Z[f [k]] = F [z] = f [0] +
f [1]

z
+

f [2]

z2
+

f [3]

z3
+ ... (4.3)
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where z is an arbitrary complex variable5. This infinite sum can be written as

F [z] =
∞∑

k=0

f [k]z−k (4.4)

where z−k denotes

(
1

z

)k

. The z-transform is simply the Laplace transform6 of a

discretized signal, with the substitution z ≡ esT .

One characteristic of the z-transform that we will exploit is the right-shifting

property [Cad73], which is demonstrated as follows. Given an input signal f [k] (zero

for negative time) for a system consisting of m delay units in series, the response of

the system y[k] is then

y[k] = f [k −m] (4.5)

such that a plot of y[k] versus k would be identical to the plot of f [k] versus k

shifted m units to the right. After multiplying both sides of Equation 4.5 by z−k and

summing over all values of k, we can apply Equation 4.4 to yield

Y [z] =
∞∑

k=0

f [k −m]z−k . (4.6)

We can expand the sum on the right side of Equation 4.6:

Y [z] = f [−m] + f [1−m]z−1 + ... + f [−1]z−m+1 + f [0]z−m + f [1]z−m−1 + ... . (4.7)

5z = x + iy, where x and y are real numbers and i =
√
−1.

6Recall that the Laplace transform F (s) of a function f(t), valid for all real numbers t ≥ 0, is
defined by F (s) = L{f(t)} =

∫∞
0

e−stf(t)dt.
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However, recall that f [k] is zero for negative times, so this results in

Y [z] = f [0]z−m + f [1]z−m−1 + f [2]z−m−2 + ... . (4.8)

Factoring out z−m on the right side of Equation 4.8 leads to

Y [z] = z−m
[
f [0] + f [1]z−1 + f [2]z−2 + ...

]
= z−m

∞∑
k=0

f [k]z−k . (4.9)

Once again, we can use Equation 4.4 to simplify this to

Y [z] = z−mF [z] (4.10)

where we now see that applying the z-transform to both sides of Equation 4.5 has

led to

Z[f [k −m]] = z−mF [z] . (4.11)

This right-shifting property of the z-transform will now be used to describe the in-

terpretation of the linear difference formula in terms of a transfer function.

We start by rewriting the linear difference equation (Equation 4.2) to arrange the

output terms on one side of the equation and the input terms on the other:

y[k]+a1y[k−1]+a2y[k−2]+ ...+any[k−n] = b0u[k]+ b1u[k−1]+ ...+ bmu[k−m] .

(4.12)

Multiplying each side of Equation 4.12 by the complex number z−k and summing
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both sides over the range of k values results in

∞∑
k=0

{
y[k]z−k + a1y[k − 1]z−k + a2y[k − 2]z−k + ... + any[k − n]z−k

}
= (4.13)

∞∑
k=0

{
b0u[k]z−k + b1u[k − 1]z−k + ... + bmu[k −m]z−k

}
.

The right-shifting property of the z-transform (Equation 4.11) is applied to the input

signal u[k] and output signal y[k] in Equation 4.13, which are assumed to be zero for

all negative discrete times. This leads to

Y [z]+a1z
−1Y [z]+a2z

−2Y [z]+ ...+anz
−nY [z] = b0U [z]+ b1z

−1U [z]+ ...+ bmz−mU [z]

(4.14)

which simplifies to

{
1 + a1z

−1 + ... + anz
−n

}
Y [z] =

{
b0 + b1z

−1 + ... + bmz−m
}

U [z] . (4.15)

This results in the desired transfer function relationship

Y [z] = H[z]U [z] (4.16)

where the transfer function H[z] is given by

H[z] =
b0 + b1z

−1 + ... + bmz−m

1 + a1z−1 + ... + anz−n
. (4.17)

The transfer function serves as a mathematical representation of the transport process

that translates the input tracer profile to the output tracer profile, as depicted in

Figure 4.5.
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Transfer
Function

H(z)
U(z) = Z[u[k]] Y(z) = H(z)U(z) = Z[y[k]]

Transport
Processinput u[k]

observed
output y[k]
observed

Figure 4.5: Transfer function representation. A depiction of the relationship be-
tween the transfer function and the transport process is shown.

4.2.2 Transfer Function Determination from Tracer Profiles

While the previous section described the mathematical formalism that leads to the

interpretation of the linear difference equation in terms of a transfer function, this

section demonstrates how an input-output model is applied in practice to radiotracer

data to extract physically relevant information. Although the input-output model

is a purely mathematical description of the data, it contains all of the information

available from the observed tracer profiles concerning radiotracer flow through the

particular regions of interest.

Input-output analysis provides a description of the change in shape between the

input profile of a particular system and the resulting output profile. In general,

measurement of the total amount of tracer input into a system (region A) and the

total tracer in a subset of the system (region B) provides information on the processes

occurring in the section of region A that is not included in region B. For example,

measurement of the integrated tracer input into an entire plant (region A) and the

integrated tracer that has left the uptake leaf (region B) provides information about

tracer mobilization and transport out of the uptake leaf (which is included in A

but not in B). This transport system includes the processes of carbon assimilation

(fixation) within the leaf, transport of labeled photoassimilates to the phloem, phloem
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input

output

(a) Leaf Export (b) Shoot Export

Figure 4.6: Measurement regions for input-output analysis. (a) Region definitions
for investigating the mobilization and transport of tracer out of the uptake leaf. (b)
Region definitions for investigating the flow of tracer from the shoot to the roots.

loading, and transport out of the uptake leaf via the phloem. Input-output analysis of

this system yields the gain, Gleaf , which is the fraction of assimilated tracer exported

from the leaf, as well as the average transit time, < tleaf >, for tracer movement out

of the leaf.

Similarly, we investigate the export of tracer from the shoot region of a plant by

measuring the total tracer in the shoot-root system as well as the tracer in only the

roots as a function of time. Here, the system gain, Gshoot, that results from input-

output analysis is the proportion of tracer in the shoot that is exported to the roots.

Alternatively, the fraction of tracer that leaks out of the transport pathway into the

shoot is given by 1−Gshoot. Input-output analysis also provides the average transit

time for tracer to travel from the shoot to the root, < tshoot >. Diagrams of the input

and output detection regions for analysis of leaf export and shoot export are shown

in Figure 4.6.

The analyses of leaf and shoot exports described above demonstrate the case of

radiotracer transport through serial compartments of the plant. However, input-

output analysis may also be applied to radiotracer flow to parallel compartments.
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Shoot
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Exudation Respiration output Boutput A

input A input B

Figure 4.7: Model input and output definitions for root exudation and respiration
analysis. Input A and output A were used to determine the fraction of tracer released
from the roots in the form of soluble exudates, and input B and output B were used
to determine the fraction released as respired CO2.

For instance, the tracer allocated belowground accumulates in the root tissue or is

released from the roots in the form of soluble carbon exudates or as respired 11CO2.

We analyze flow of belowground tracer to root structure, exudates, or respiration,

which are parallel compartments (as shown in Figure 4.7). The system input for both

root exudation and root respiration analysis is defined as the sum of the tracer profiles

of the root tissue, root exudation, and root respiration. To determine the fraction

of root exudation, the system output is defined by the root exudation tracer profile.

Similarly, the root respiration tracer profile is defined as the output for analysis of

the fraction of root respiration. The remaining fraction of belowground tracer is then

allocated to root structure.

A general form of the linear difference equation is shown in Equation 4.2 and is the

form of the input-output model that we apply to the radiotracer data. In practical

applications, there is rarely need for more than two input and two output terms, so

no more than two of the a parameters and two of the b parameters are generally

nonzero [Min96]. We truncate the model based on the suggestion of Minchin and

Troughton [Min80] and their measurements on several plant species. A first-order
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model of the form

y[k] = −a1y[k − 1] + bju[k − j] (4.18)

is used, where y[k] is the amount of tracer in the output region at time step k, u[k]

is the amount of tracer in the input region at time k, and j is a characteristic time

delay for transport between the input and output regions. The a1 and bj parameters

along with the function structure parameter j are varied to find the best fit to the

output data. For a model of the form of Equation 4.18, the gain (G) and the average

transit time (< t >) have the following functional forms in terms of the a1 and bj fit

parameters [Min80]:

G =
bj

1 + a1

(4.19)

< t >= T (j − a1

1 + a1

) (4.20)

where T is the sampling period. The derivation of these physical parameters will be

described later in this section.

Model Identification and Parameter Estimation - Philosophy

The input-output analysis is essentially composed of two processes: (1) model iden-

tification and (2) parameter estimation. Model identification entails choosing the

appropriate form of the model; in the case of a model of the form of Equation 4.18,

this means choosing the appropriate j parameter to define the model structure. Pa-

rameter estimation involves determining the best values of the a1 and bj parameters

to characterize the observed tracer profiles. In practice, these two steps are carried

out simultaneously as a range of j values (i.e., model structures) are evaluated by

estimating the best parameter values for each model. In our particular application,

the most important factor in model selection is not the ability to accurately fit the
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data, but rather the ability to accurately represent the system dynamics that give

rise to the change in shape between the input and output tracer profiles [Min96].

A least squares method is used to estimate the model parameter values for a given

model structure as well as the uncertainty in each parameter (details provided below).

The best model is chosen as the one for which the model parameters are estimated

with the least uncertainty. Because the physical characteristics of the system (the

gain and average transit time) are calculated from the model parameter values (using

Equation 4.19 and Equation 4.20), the best model results in physical quantities that

have the least uncertainty.

One other comment should be made concerning parameter estimation. Because

of the measurement uncertainty in both the input and output tracer profiles, the

estimation of model parameters by means of least squares results in biased estimates

[You84]. However, this bias may be removed by applying a fairly simple technique

referred to as the instrumental variable (IV) estimate. A vector of IVs is chosen to be

highly correlated with the hypothetical noise-free system output, but uncorrelated

with the noise on the measured output y[k] [Min78]. The IV vector is generated

adaptively from the model output; the details of this process are described in the

following section.

Model Identification and Parameter Estimation - Application

Now that the philosophy of model identification and parameter estimation has been

described, this section describes the practical application of these methods to the

input-output radiotracer data from our measurements. Once again, we start with

the constant coefficient linear difference equation that relates our discrete-time mea-
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surements of the system input uk and output yk:

y[k] = −a1y[k − 1]− a2y[k − 2]− ...− any[k − n]+ (4.21)

b0u[k] + b1u[k − 1] + ... + bmu[k −m] .

We want to solve for the a and b parameters for a given set of input-output data7 by

the method of least squares. For this reason, it is helpful to rewrite Equation 4.21 as

y[k] = ~d · ~z [k] =
M∑
i=1

dizi[k] (4.22)

where

~z [k] = {−y[k − 1],−y[k − 2], ...,−y[k − n], u[k], u[k − 1], ..., u[k −m]} , (4.23)

~d = {a1, a2, ..., an, b0, b1, ..., bm} , (4.24)

and M = n + m + 1 is the total number of fit parameters. For each model structure,

we estimate the value of the parameters (~d) using χ2 as our merit function:

χ2 =
N∑

k=1

[
y[k]−

∑M
i=1 dizi[k]

σ[k]

]
(4.25)

where the data is discretized into N time steps and σ[k] is the measurement error in

the output y[k] for time step k. Because y[k] in Equation 4.25 is corrected for back-

ground radiation, relative detection efficiency, and radioactive half-life, we calculate

7Our experiments thus far have used only pulse-labeling, so the input and output data are corrected
for background radiation, the relative detection efficiency, and radioactive decay of the radiotracer.
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σ[k] from the raw uncorrected counts that are detected in each region. Due to the

statistical nature of the decay process, the probability of observing a certain number

of counts in a specific time interval is given by a Poisson distribution. Therefore, the

fractional uncertainty in the number of uncorrected events is given by

σyu [k]

yu[k]
=

1√
yu[k]

(4.26)

where yu[k] is the uncorrected number of counts in the output region at time k

[Leo94]. Applying this fractional uncertainty to the corrected output y[k] yields the

measurement error as a function of time:

σ[k] =
y[k]√
yu[k]

. (4.27)

The optimal parameter estimates for a given model structure minimize the χ2

defined in Equation 4.25, which occurs where the derivative of χ2 with respect to all

M parameters of ~d is zero. This condition yields the M equations

N∑
k=1

1

σ[k]2

[
y[k]−

M∑
j=1

djzj[k]

]
zi[k] = 0 (4.28)

for i = 1, 2, ...,M . Equation 4.28 is solved by use of the ‘normal equations’ of the

least squares problem as described in Section 15.4 of [Pre01b], which results in the

vector ~d of parameter estimates and the error matrix [C]. The diagonal elements of

the error matrix are the variances (squared uncertainties) of the fitted parameters:

σ2(dj) = Cjj . (4.29)
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The off-diagonal elements of the error matrix Cij are the covariances between fit

parameters di and dj. However, it should be noted that the error matrix has a clear

quantitative interpretation only if the measurement errors are normally distributed

(see Section 15.6 of [Pre01b]).

The measurement uncertainties in the input and output data are characteristic

of Poisson statistics, as given in Equation 4.26. We estimate the uncertainty in the

estimated model parameters by considering the variation of χ2 near its minimum

value. Near the local minimum of χ2 for a given parameter dj, the χ2 will be a

quadratic function of that parameter; an increase in one standard deviation in the

parameter from the value d′j at the minimum increases χ2 by one unit (see discussion

in Section 8.1 of [Bev92]). The following algorithm describes the process used to

determine the uncertainty in the model parameters ([Bev92]):

1. For a given model structure, estimate the model parameters by least squares

minimization (solving Equation 4.28).

2. Scan dj through a range that includes the estimated value in steps of ∆dj (while

keeping the other model parameters dk with k 6= j fixed at the estimated value)

and compute χ2(dji) of the model for each of the i steps.

3. The plot of χ2 as a function of dj is parabolic with the optimal d′j at the

minimum of the parabola χ2
min, as shown in Figure 4.8.

4. For three calculated values of χ2 about χ2
min [χ2(dj1), χ

2(dj2), and χ2(dj3) where

dj2 = dj1 + ∆dj and dj3 = dj2 + ∆dj], the value d′j at the minimum of the

parabola is given by

d′j = dj3 −∆dj

[
χ2(dj3)− χ2(dj2)

χ2(dj1)− 2χ2(dj2) + χ2(dj3)
+

1

2

]
. (4.30)
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Figure 4.8: Determination of model parameter uncertainty. The parameter estimate
d′j corresponds to the minimum of the χ2 parabola. The uncertainty in the parameter
σdj

is calculated using the three points on this curve in Equation 4.31.

5. The variation σdj
in the parameter dj, which increases χ2

min by one, is then

given by

σdj
= ∆dj

√
2

χ2(dj1)− 2χ2(dj2) + χ2(dj3)
. (4.31)

6. Repeat steps (2) through (5) for all model parameters.

As discussed in the previous section, the measurement uncertainty in both the

input and output tracer profiles causes the estimation of model parameters by means

of least squares to result in biased estimates [You84]. The introduction of an IV

removes this bias, and Minchin suggests generating the IV from the model equation

by the following steps [Min78]:

1. Using observed input and output data, make a least squares estimate ~d′ of the

model parameters ~d.
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2. Use the current estimates of the system parameters (~d′) to define a model, and

use this model to calculate the model output y′[k] for the observed input u[k].

3. Using the model output y′[k] to construct an instrumental variable vector

~z′[k] = {−y′[k − 1],−y′[k − 2], ...,−y′[k − n], u[k], u[k − 1], ...u[k −m]}, obtain

a new estimate of the system parameters.

4. If the parameter estimate has not converged, return to step (2).

In practice, Minchin suggested that if the model structure is well chosen, then only

two or three iterations of the instrumental variable process above are necessary.

After the instrumental variable technique has been applied, the fitting procedure

results in model parameter estimates (and uncertainties) for the particular model

structure under test, as well as the χ2 of the fit. A range of model structures are

evaluated in this manner to determine the optimal model for the given set of input-

output data. As the goal of the model evaluation is not necessarily to achieve the

best fit to the data but rather to accurately represent the dynamics that give rise to

the change in shape between the input and output tracer profiles, the optimal model

structure is chosen as the one that yields the minimum parameter error.

In practice, the truncated linear difference equation given by Equation 4.18 is

used to model the input-output data. For this input-output model, the only nonzero

model parameters are a1 and bj, so the process described above to identify the model

structure requires the estimation of only two model parameters. Multiple model

structures are evaluated by ranging over the j parameter, and the model that min-

imizes the product

(
σa1

a1

) (
σbj

bj

)
is chosen to describe the transport system. This

criteria results in a model that fits the data well and yields minimal uncertainties

in the model parameters. The input-output modeling process results in the opti-
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mal model structure and parameter estimates to describe the change in shape of

the input-output tracer profiles. The statistical modeling results are then used to

determine physical characteristics of the transport system, as described below.

Input-Output Model Interpretation

Now that the mathematical method for determining the best input-output description

of a transport system has been described, we consider the physical interpretation of

such a model. Though the model is based on the spatial profiles of a particular

data set, it is still valid for profile shapes other than those from which it was derived.

Several interesting physical consequences of the model description can be investigated

by the use of suitable idealized inputs. These inputs are difficult to experimentally

implement, but they do assist in elucidating physical characteristics of the transport

system. Minchin and Troughton [Min80] suggest two such inputs.

(1) Unit step input — This input sequence is defined as zero for all times less than

zero and unity for all other times. The output that results from the unit step input

eventually settles to a steady state value, which is referred to as the gain, G, of the

system (Figure 4.9). Once the steady state has been reached, the output values y[k]

are equal to the system gain, G. The input sequence is unity, so for a model of the

form of Equation 4.2 at steady state we have

G = −a1G− a2G− ...− anG + b0 + b1 + ... + bm . (4.32)

Solving for the G yields

G =
b0 + b1 + ... + bm

1 + a1 + a2 + ... + an

. (4.33)
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Figure 4.9: Transport system response to unit step input. Notice that the output
y[k] reaches a steady state value after about 30 minutes. This steady state value
corresponds to the gain of the system, which is 0.66 for this particular system. The
model structure is y[k] = −a1y[k − 1] + b9u[k − 9] with a1 = −0.799 and b9 = 0.133.

For our truncated model (Equation 4.18), G is then given by

G =
bj

1 + a1

(4.34)

where the model parameters a1 and bj have been determined during the model evalu-

ation phase of the analysis. For photoassimilate transport in plants, the system gain

is interpreted as the fraction of the tracer input that eventually reaches the output

region. Therefore, the fractional loss of tracer in the transport system under study

is 1 − G. The importance of the G parameter is that it provides information about

radiotracer allocation within the labeled plant. For instance, in our measurements of

the radiotracer profiles in the uptake leaf, shoot, and roots of barley seedlings (de-

scribed in detail in Section 5.1) we analyzed leaf export (input = leaf + shoot + root;

output = shoot + root) and shoot export (input = shoot + root; output = root). The
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system gain from the leaf export analysis, GLE, provided information about the frac-

tion of radiotracer Pleaf that was stored in the uptake leaf (Pleaf = 1−GLE) as well as

the fraction of radiotracer allocated to the shoot-root system. The system gain of the

shoot export analysis, GSE, provided information about the fraction of radiotracer

allocated to the roots (Proot = GLE GSE). By conservation of mass, the remaining

fraction of radiotracer is then allocated to the shoot region, Pshoot = GLE(1−GSE).

(2) Unit pulse input — Another idealized input used to provide insight into the

physical properties of the transport system is the unit impulse input. This input is

defined to be unity at time zero and zero for all other times. The output sequence for

this particular input h[k] can be interpreted as the fraction of the input at time zero

that reaches the output region at time tk. The output h[k] may also be considered

as the probability of a single tracer particle moving through the system in time tk.

For N particles entering the transport system at time zero, the average transit time

< t > for those particles that eventually leave the system is

< t >=
T

G

∞∑
j=0

j h[j] (4.35)

where G =
∞∑

j=0

h[j] and T is the sampling period. For the two-parameter truncated

model (Equation 4.18), the average transit time simplifies to

< t >= T

(
j − a1

1 + a1

)
. (4.36)

In comparing measurements on different plants, the average transit time may not be a

useful quantity on its own due to variations in the physical sizes of the labeled plants.
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Figure 4.10: System transfer function. The transfer function is the system response
to a unit impulse input. It provides an alternative description of the transport system
as it can be used to compute the output for any input sequence. This particular
system is described by a model of the form h[k] = −a1h[k − 1] + b9u[k − 9] with
a1 = −0.799 and b9 = 0.1328.

For this reason, the average velocity of radiotracer is often computed by dividing the

distance d between the input and output regions by the average transit time. Any

difference in the photoassimilate velocity determined for plants labeled under different

environmental conditions can provide information about the relative photoassimilate

viscosity (and thus the relative concentration) in the transport system.

The output sequence h[k] calculated for the unit impulse input is the transfer

function of the system (also known as the impulse response). A sample transfer func-

tion is shown in Figure 4.10. We previously discussed the theoretical importance of

the transfer function as a method of generating the resulting output for any given

input to the transport system. Essentially, the impulse response (i.e., transfer func-

tion) is a Green’s function that can be applied to any input function to compute

the associated system output [Sni99]. Now we see that the statistical model that is

derived from the input-output measurements generates the system transfer function.
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By considering an arbitrary input to the system as a sequence of impulses of varying

amplitude, the transfer function can be applied to each individual time impulse to

generate the system output. The transfer function describes the fraction of each in-

put pulse that arrives in the output as a function of time for all times following the

input pulse.

As mentioned previously, the process of model identification and parameter es-

timation results in an estimate in the uncertainty in the model parameter values.

Because the physical parameters of the system (G and < t >) are functions of the

model parameters (Equation 4.34 and Equation 4.36), the uncertainties in the system

gain (σG) and average transit time (σt) can be estimated using the error propagation

equation [Bev92]. We then have

σ2
G =

(
∂G

∂a1

)2

σ2
a1

+

(
∂G

∂bj

)2

σ2
bj

(4.37)

σ2
t =

(
∂ < t >

∂a1

)2

σ2
a1

+

(
∂ < t >

∂bj

)2

σ2
bj

(4.38)

where the covariance terms are neglected. Calculating the partial derivatives of Equa-

tion 4.37 and Equation 4.38 yields

σG =

√[
bjσa1

(1− a1)2

]2

+

(
σbj

1− a1

)2

(4.39)

σt = σa1T

√[
a1

(1 + a1)2

]
−

(
1

1 + a1

)
(4.40)

The physical parameters and their uncertainties are used to gain insight about

differences in carbon transport and allocation in plants grown and labeled under
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various environmental conditions. In particular, differences in the gain and rate of

transfer for plants grown at ambient versus elevated atmospheric CO2 concentration

can assist in the understanding of the effect of source-sink limitations in elevated CO2

environments.

Input-Output Model Example

The previous paragraphs described the analysis techniques we apply to radiotracer

data to determine physically relevant parameters of the transport system. An exam-

ple of the analysis process is outlined here.

1. Define the input and output signals. In this example, we model the flow of

radiotracer out of the shoot of a barley seedling. The input is defined as the

sum of tracer profiles of the shoot, root, root exudation, and root respiration.

The output is defined as the sum of tracer profiles of the root, root exudation,

and root respiration. All profiles are corrected for background radiation, the

relative detection efficiency, and radioactive decay of 11C. The input and output

signals for this example are shown in Figure 4.11.

2. Try various model structures of the general form of Equation 4.18 to fit the

output data. For each model structure (i.e., value of j) the fit parameters a1

and aj are estimated, and the instrumental variable technique is applied to

ensure these estimates are not biased by input noise. See Table 4.1 for a few of

the models that were evaluated for the data in Figure 4.11.

3. Choose the model structure that has the least uncertainty in the model param-

eter estimates and therefore the least uncertainty in the physical parameters.

For the example data in Figure 4.11, the model with j = 0 is chosen as the

optimal model because it gives the least uncertainty in the parameter estimates
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Figure 4.11: Example system input and output. Here the input (dashed line) is the
sum of tracer profiles for the shoot, root tissue, root exudation, and root respiration.
The output (block with error bars) is the sum of the root tissue, exudation, and
respiration. The error bars on the output are within the block symbol for most of
the data points, but these are more apparent in Figure 4.12.

(see Table 4.1). Note that the physical parameters (i.e., gain and average tran-

sit time) do not vary greatly across these models. A plot of the model and the

output data is shown in Figure 4.12.

4. Calculate the physical parameters of the transport system, i.e. the biologically

relevant quantities, using the model parameter estimates in Equation 4.34 and

Equation 4.36.

152



Table 4.1: Examples of input-output model parameters. This table shows the pa-
rameter estimates (a1 and bj) for a few different model structures (j). These parame-
ter estimates result from fitting the output data in Figure 4.11 with the input-output
model. The model with j = 0 is chosen to describe the transport system because it

provides the least uncertainty in the parameter estimates,

(
σa1

a1

) (
σbj

bj

)
.

j a1 bj G < t > (min.)
0 -0.8763 ± 0.0002 0.0424 ± 0.0001 0.343 ± 0.001 7.085 ± 0.001
16 -1.1333 ± 0.0002 -0.0439 ± 0.0001 0.330 ± 0.001 7.497 ± 0.001
20 -1.0917 ± 0.0002 -0.0313 ± 0.0001 0.342 ± 0.002 8.092 ± 0.001
22 -1.0732 ± 0.0003 -0.0248 ± 0.0001 0.339 ± 0.002 7.336 ± 0.001
27 -1.0689 ± 0.0002 -0.0253 ± 0.0001 0.367 ± 0.002 11.489 ± 0.001
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Figure 4.12: Example system output and best model. The output (block with error
bars) is the sum of the root tissue, exudation, and respiration. The model (dashed
red line) is of the form: y[k] = (0.8763± 0.0002)y[k − 1] + (0.0424± 0.0001)u[k].
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Chapter 5

Development Measurements

The combined capabilities of TUNL and the Phytotron have been utilized for several

development experiments in the last few years. Initially, single detectors were colli-

mated to view specific regions of a plant in experiments that measured the effect of

elevated carbon dioxide concentration on carbon allocation and translocation (Sec-

tion 5.1). To trace the distribution of 11C-labeled metabolites on a finer spatial scale,

the low spatial resolution imager described in Section 3.2 was used to detect in co-

incidence the back-to-back gammas resulting from electron-positron annihilation. In

these measurements positron emission imaging techniques were used to determine the

spatial distribution of 11C (Section 5.2) and 13N (Section 5.3) within barley seedlings

with about 1 cm spatial resolution. Coincidence counting techniques were also used

to quantify the fraction of carbon released from plant roots as soluble exudates or

respired CO2 (Section 5.4). Most recently, a prototype high spatial resolution imag-

ing device (described in Section 3.3) was constructed and utilized to trace both 11C

and 13N in small regions of plants with a few millimeter resolution (Section 5.5).

5.1 Collimated Detector Measurements

Over the last 30 years, the considerable advancements made in gamma ray detection,

imaging, and analysis techniques have enabled high precision quantitative studies of

plants using short-lived radioisotopes. Peter Minchin and colleagues established the

foundation for this field using collimated single detectors, and collimation techniques
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continue to be used to monitor radiotracer accumulation in specific regions of plants

in studies that use radioisotopes that emit gamma rays (e.g., [Min03, Sch06, Tho07]).

For our initial tests, collimation techniques were applied to determine the dis-

tribution of 11C in barley plants (Hordeum distichum) on a coarse spatial scale.

Three cylindrical BGO detectors (2” diameter × 1” thick) were positioned inside the

controlled-environment chamber at the Phytotron that is dedicated to short-lived ra-

dioisotope studies. Each detector was collimated with lead (Pb) to restrict the field

of view (FOV) to detect gamma rays coming from very specific regions of the plant:

(1) the uptake leaf, (2) the shoot, and (3) the root. A fourth detector was located

outside the growth chamber and used to sample the activity of the 11CO2 in a small

section of the gas loop (line). The regions of the plant monitored by each detector

are shown schematically in Figure 5.1 and a photograph of the actual arrangement is

shown in Figure 5.2. The positrons emitted by 11C nuclei that decay near the plant

surface can escape the plant tissue and travel up to 4 meters in air before annihi-

lating. For this reason, a 3-mm thick plastic shield was placed around the plant to

ensure that positrons annihilated close to the point of 11C decay and within the FOV

of the detectors [Min03].

For this experiment, 11CO2 was produced at TUNL as described in Section 2.2.1

and transported to the Phytotron via the lead-shielded transporter [McK89]. The

shielded transporter was then connected in parallel to a section of the labeling loop.

The labeling loop contained control and diagnostic components (as described in Sec-

tion 2.4.2) and was used to circulate air at a fixed CO2 concentration through the leaf

cuvette, as shown in Figure 5.3. A small section of one of the barley leaves was sealed

into the cuvette, and this leaf was the source of any 11C-labeled carbon detected in

other parts of the plant.

Collimated single detector counting electronics (as described in Section 2.3.2)
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Figure 5.1: Diagram of the setup for a single-detector counting measurement. The
regions of the barley plant monitored by the collimated detectors are indicated by
the bracket in front of each detector. Three of the detectors were located inside the
chamber to measure 11C accumulation in the uptake leaf, shoot, and root and the
fourth detector was located outside the chamber to sample the activity in a section
of the gas circulation loop. The dashed line indicates the area inside the growth
chamber.

Leaf Cuvette

Shoot Detector

Figure 5.2: Photograph of single detector counting experiment setup. The barley
plant to be labeled is shown in the center of the image surrounded by a plastic
shield. The plastic is needed to stop the positrons that escape from the plant so
that annihilation occurs within the FOV of the detectors. One of the barley leaves
was sealed into the leaf cuvette, located on the left side of the plant. The detector
collimated with lead to view only the shoot region of the barley is seen in the upper
part of the image. The detectors used to monitor the root and uptake leaf are not
visible due to the lead shielding.
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Figure 5.3: Diagram of the 11CO2 labeling loop used for the collimated detector
measurements. The loop was located at the Phytotron. A pulse of 11CO2 was deliv-
ered to the labeling loop by opening valves V2 and V3 and closing valve V1. This
forced the air flowing into the leaf cuvette to pass through the CO2 trap inside the
shielded transporter.

were used for each BGO detector to register an event by detecting one of the 511-

keV positron annihilation gamma rays resulting from 11C decay. Raw counts in the

BGO detectors were first corrected for background radiation, then corrected for the

11C radioactive half-life (t1/2 = 20.4 min; λ11C =
ln2

t1/2

= 0.034 min−1) and relative

detector efficiencies. The relative detection efficiency of each region was measured

by moving a positron-emitting source to the center of each detector field of view and

counting for a set period of time (as described in Section 2.3.3). The count rate for

each detector was then normalized to the count rate in the line detector, providing

a relative detection efficiency for each detector that takes into account differences in

absolute detection efficiency and solid angle for each region of interest. A dead time

correction (DTC) factor, which was a function of the measured count rate, was also

applied for each time bin for each detector (this DTC determination is described in

Appendix D). Once these corrections were made, radiotracer accumulation in the

uptake leaf, shoot, and root regions could be directly compared. By looking at the
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Figure 5.4: Tracer profile data for each section of a barley seedling grown and
labeled at ambient CO2 concentration. These data were taken using the collimated
detector setup. The raw count rates were corrected for background radiation, 11C
decay, and the relative detection efficiency for each region, and then plotted as a
function of time.

corrected count rate in each region of the plant as a function of time, we observed

(on a coarse spatial scale) the transport and allocation of 11C-labeled metabolites.

The corrected tracer profiles for 11C detected in each region of a barley seedling

grown and labeled at ambient CO2 concentration (350 ppm) are shown in Figure

5.4. Qualitatively, note that radiotracer uptake was observed immediately in the leaf

region. Significant accumulation was observed in the shoot region after 25 minutes

delay, and after another 10 minutes significant accumulation was observed in the root

region.

The data were analyzed using the statistical input-output model of Minchin and

Troughton [Min78, Min80], which is discussed in detail in Section 4.1.3. This model

enabled us to determine the amount of radiotracer input into a particular section of

the plant and the amount of tracer that was exported from that region. Each set of

input-output data were used to determine the model parameters that best described

the carbon accumulation within each monitored region of the plant.
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Uptake Leaf

Shoot

Roots

output

input

Figure 5.5: Block diagram of input-output model definitions for leaf export. The
results of the analysis with input and output as shown above yield the fraction of
radiotracer exported from the leaf and the average transit time for tracer to move
from the leaf to the middle of the shoot/root system.

We considered the effect of elevated atmospheric CO2 concentration on carbon

partitioning dynamics in barley plants. Barley plants from two age classes were

grown hydroponically and labeled under both ambient (350 ppm) and elevated (700

ppm) CO2 concentrations. The first group of plants were in the 10-12 days age class

(young), and the second set of plants were in the 18-21 days age class (mature).

Two statistical analyses based on the methods of Minchin and Grusak [Min88]

were applied to determine the fraction of 11C allocated to the uptake leaf, shoot,

and roots (i.e., total carbon partitioning). In the first analysis tracer export from the

uptake leaf was examined by defining the model input as the radiotracer accumulation

within the entire plant and the output as the total radiotracer accumulation in the

shoot and roots (Figure 5.5). An input-output model was applied of the form

yk = −a1yk−1 + bjuk−j (5.1)

where yk is the tracer accumulation in the output at time step k, uk is the tracer

accumulation in the input at time k, and j is a time delay. The parameters a1 and bj
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were used to fit the model to the output tracer profile. The optimum value of j was

determined by stepping its value and performing a chi-square minimization fit to the

output data with a1 and bj as the freely varying model parameters. For leaf export

analysis, the fraction of radiotracer exported from the uptake leaf GLE was given by

[Min80]:

GLE =
bj

1 + a1

(5.2)

and the average transit time < tLE > for tracer to move out of the leaf and into the

shoot/root system was

< tLE >= T

(
j − a1

1 + a1

)
(5.3)

where the sampling interval T was one minute.

In the second analysis the export of 11C from the shoot to the root system was

determined. The 11C accumulation in both the root tissue and root bathing solution

was monitored with the root detector, so we were not able to separate these compo-

nents. In this analysis, the model input was defined as the sum of shoot and root

accumulation, and the model output was defined as the root accumulation (Figure

5.6). As with the leaf export analysis, a model of the form of Equation 5.1 was used

to fit the output data. The fraction of radiotracer exported from the shoot GSE was

calculated using Equation 5.2, and the average transit time for radiotracer to travel

from the shoot to the root < tSE > was determined using Equation 5.3.

By combining the leaf export and shoot export analyses and conserving the to-

tal amount of decay-corrected 11C, the fraction of carbon allocated to each of the

three monitored regions of the plant was calculated. The sum of the fraction of 11C

allocated to the leaf, shoot and root must be unity, i.e., Pleaf + Pshoot + Proot = 1.

The partitioning fraction for the uptake leaf was Pleaf = 1 − GLE; the partitioning
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Uptake Leaf

Shoot

Roots

input

output

Figure 5.6: Block diagram of input-output model definitions for shoot export. The
results of the analysis with input and output as shown above yield the fraction of
radiotracer exported from the shoot and the average transit time for tracer to move
from the shoot to the roots.

fraction for the root was Proot = GLEGSE; and the partitioning fraction for the shoot

was Pshoot = GLE(1−GSE).

Because of system failures we were not able to make as many repeat measurements

as originally planned. For each experimental condition (i.e., age class of plant and at-

mospheric [CO2]) only two labeling runs were made, and the same plant was used for

each labeling. For each condition the export fractions and mean transit times from

the two measurements were averaged, and the standard deviation was computed. A

summary of the partitioning fractions is given in Table 5.1, and a summary of the

average transit times is shown in Table 5.2. The uncertainties in these values are

mostly due to biological variation, and were determined from the dispersion in the

data taken in the repeat measurements on the same plant. The statistical uncertain-

ties in these data are more than an order of magnitude smaller than the systematic

uncertainties.
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Table 5.1: Fraction of carbon accumulated within each section of a barley plant at
different ages (Young = 10-12 days; Mature = 18-21 days) and for both the approx-
imate current ambient (350 ppm) and projected elevated (700 ppm) CO2 concentra-
tion. The uncertainties in these values are dominated by systematic errors which were
determined from the dispersion in the data obtained in the repeat measurements on
the same plant. The statistical uncertainty in these data is more than an order of
magnitude smaller than the systematic uncertainty.

Region Young Young Mature Mature
Ambient Elevated Ambient Elevated

Leaf Fraction 0.35± 0.02 0.16± 0.07 0.19± 0.10 0.43± 0.08
Shoot Fraction 0.45± 0.04 0.34± 0.03 0.52± 0.07 0.28± 0.04
Root Fraction 0.20± 0.03 0.50± 0.04 0.29± 0.05 0.29± 0.04

Table 5.2: Average transit time for carbon metabolite flow in a barley plant at differ-
ent ages (Young = 10-12 days; Mature = 18-21 days) and for both the approximate
current ambient (350 ppm) and projected elevated (700 ppm) CO2 concentration.
< tLE > is the average transit time for photoassimilate to move from the uptake leaf
to the middle of the shoot/root system, and < tSE > is the average transit time for
photoassimilate to flow from the shoot to the root. The uncertainties in these data
are mostly due to biological variations, which were determined from the dispersion
in the data obtained in the repeat measurements on the same plant. The statisti-
cal uncertainty in these values is more than an order of magnitude smaller than the
systematic uncertainty.

Transit Young Young Mature Mature
Time (min.) Ambient Elevated Ambient Elevated

< tLE > 68.5± 17.3 68.6± 4.0 71.9± 2.3 50.8± 7.1
< tSE > 7.7± 2.0 10.0± 1.7 6.7± 1.0 14.4± 1.5

5.2 2D Imaging of Carbon Metabolite Dynamics

The prototype 2D planar PET imager described in detail in Section 3.2 was used to

measure metabolite transport in small plants with finer spatial detail than obtained

with the collimated detector setup. For the single detector measurements described

above (Section 5.1), only one of the outgoing gammas from electron-positron anni-

hilation was detected. The spatial resolution achievable with this type of detection

system was entirely determined by the geometry of the detector collimation, and the

number of regions that could be monitored was restricted by the thickness of the

radiation shielding material required for effective collimation. The 2D PET imager
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Figure 5.7: Diagram of 2D prototype PET imager. The plant was approximated
as a planar source located equidistant from the face of each detector plane. The red
line indicates one possible path for back-to-back gammas to be emitted as a result of
the decay of a 11C nucleus located in the lower portion of the plant shoot.

detected in coincidence the back-to-back gamma rays from positron annihilation us-

ing two planar arrays of detectors. The labeled plant was approximated as a planar

source of positrons located midway between the two detector arrays. The positron

spatial distribution was reconstructed for each pixel in this image plane. A diagram

of this setup is shown in Figure 5.7.

The primary benefits of the prototype 2D imager over the collimated detector

technique were the improved spatial resolution of about 1 cm versus several cm and

the ability to continuously trace metabolite flow to all parts of the plant. The achiev-

able temporal resolution was restricted by the integration time required to yield a

statistically significant number of detected events from each region of interest. Im-

ages were reconstructed by integrating the events accumulated during a user-defined

exposure time. This integration time could be adjusted to provide fine temporal reso-

lution as long as the counting statistics for each region of interest remained adequate.

The counting statistics could be improved by (1) moving the detector arrays closer

together, (2) increasing the signal with a greater initial radiotracer activity, or (3)
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selecting larger regions of interest.

Determination of positron-emitting radiotracer profiles using PET-based meth-

ods requires image construction from the raw coincidence event data. These anal-

yses involve event reconstruction and correction of the raw data for geometric and

gamma-ray detection efficiencies using Monte-Carlo simulations of the detector setup

(as described in Section 3.2). Though these analysis techniques are well-proven, their

application to a particular setup were verified using independent measurements to

check for implementation mistakes and to assess systematic errors. We used the re-

sults of the collimated single detector measurements as the standard to which our

PET-based data were compared. The single-detector method was chosen as the stan-

dard because it measured radiotracer profiles directly, i.e., without the complexities

of event reconstruction.

We compared results from our 2D imager with those obtained from single-detector

collimation measurements that were made as described in Section 5.1. The imaging

measurements were made on barley plants similar in age and growth conditions to

those used in the “young ambient” group in the collimation experiments. The bar-

ley seedlings were labeled with 11CO2, and the 11C-photoassimilates were tracked

throughout the entire plant using the low resolution prototype imager. A photo-

graph of a barley plant positioned within the imaging system is shown in Figure 5.8.

To enable direct comparisons between the results obtained with the two detector

systems, regions of interest within the imager FOV were chosen in software to match

the regions measured in the collimated detector experiments. A time series of im-

ages that trace the accumulation of 11C in a barley seedling is shown in Figure 5.9;

the regions of interest defining the labeled leaf, shoot, and root are indicated by the

rectangles in the first image frame. Tracer profiles for each region of interest were

generated by integrating the image pixel values within the region for each time ex-
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Figure 5.8: Photograph of prototype imager made of CsF detectors. The detectors
were arranged such that the imager field of view covered the entire plant, including
the labeling cuvette. Note the plastic shield around the plant to ensure that positrons
annihilated near the production point. Additional plastic shielding was placed around
each leaf so that positrons emitted from a leaf could not annihilate in the region of
an adjacent leaf. The separation of the detector arrays was 12 cm (measured from
the front face of the array).

posure interval. The input-output statistical model was applied to the tracer profiles

obtained from the image data to provide information about leaf and shoot export. As

with the collimation experiments, leaf export analysis was used to quantify the flow

of photoassimilate out of the labeled leaf and into the shoot and roots. Similarly,

the shoot export analysis described the flow of radiotracer from the shoot to the

roots. The statistical input-output methods were developed for use with individual

detectors collimated to monitor photoassimilate accumulation in terminal sinks of

the plant as well as the entire organism (see [Min87, Min88]). However, these same

techniques can be applied to 2D PET images due to the continuity of the detection

regions; electronic collimation and the integration of pixels in specific regions of the

2D images serve as a substitute for collimated single detectors. The advantages of

the imaging technique were improved spatial resolution and the ability to quantify

radiotracer flow between any physiologically relevant regions of interest in the image

plane. The application of input-output modeling to tracer profiles from 2D PET im-
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Figure 5.9: Images of 11C allocation in a whole barley plant. These snapshots
indicate 11C-labeled photoassimilate accumulation in a barley plant as a function
of time. A diagram of the labeled plant geometry is superimposed on the image
to indicate the physical location of the plant in the image plane. The integration
time for these images was 5 minutes. The relative intensity of the source in the
image plane is coded according to the color scale on the right side of each frame
with red representing the brightest pixels. The images were corrected for background
radiation, radioactive decay of 11C , and the detection efficiency as a function of
location in the image plane. In the first frame (0-5 minutes), the regions of interest
(leaf, shoot, and root) selected for direct comparison to earlier collimated detector
measurements are indicated.
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ages was previously demonstrated with the Positron Emitting Tracer Imaging System

(PETIS) in Japan [Keu02, Keu05, Mat05].

The patterns of carbon partitioning obtained from the measurements made with

the prototype 2D PET imager were consistent with the results from our collimated

detector measurements (Table 5.3), thus validating the image reconstruction and

analysis techniques we applied to our 2D PET imaging data. Uncertainties in the

partitioning fractions determined from our collimated detector data reflect variations

within an individual plant that was labeled multiple times, whereas errors in par-

titioning fractions determined using the 2D PET imager primarily reflect plant to

plant variation.

Table 5.3: Comparison of the results of our carbon partitioning measurements made
using collimated detection to those obtained with our prototype 2D PET system.
The uncertainties in the data from the collimated detector measurements are due
mostly to systematic errors, while those in the data taken with the 2D imager are
a combination of systematic errors and biological variation between plants. In both
methods the statistical uncertainties were generally a factor of ten smaller than the
systematic errors.

Measurement Labeled Leaf Shoot Root
Method Fraction Fraction Fraction

Collimated Detectors 0.35± 0.02 0.45± 0.04 0.20± 0.03
Prototype 2D PET 0.34± 0.10 0.52± 0.08 0.14± 0.03

5.3 Initial 13N Measurements

The low spatial resolution prototype PET imager was also used for measurement

of 13N transport and allocation in a barley seedling. The 13N was produced in the

TUNL tandem laboratory as described in Section 2.2.2, except that an isotopically

natural water target was used rather than a target depleted in 18O. After bombarding

the target with 14-MeV protons for 30 minutes, the solution was drawn out of the

target cell with a syringe and transported to the labeling area. The 13N solution was
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then injected into the root nutrient solution and accumulation of 13N was measured

in the entire barley seedling for two hours.

While this measurement was not entirely successful, several valuable lessons were

learned concerning the production of 13N and the subsequent radiotracer labeling.

First, because of the high radioactivity in the root region where the radioisotope

is introduced to the plant, the accidental coincidence background must be measured

simultaneously with the true coincidence event data. This measurement can be made

by creating a duplicate coincidence circuit with a delay in the time signal from one

detector plane that shifts its timing out of the true coincidence window or by accumu-

lating a time spectrum of the coincidence between the two detector planes. Second,

we found that the detectors used to monitor the plant in regions above the root must

be radiation shielded from the root solution where the radioisotope is deposited to

reduce their accidental coincidence rate. Third, 18O depleted water must be used for

the production target to avoid substantial amounts of 18F being produced along with

the desired 13N isotope. The 18F nucleus also decays by positron emission, making

is difficult to distinguish the the two isotopes in the early part of the labeling. At

times early in the labeling period most of the radioactivity was due to the decay of

13N nuclei, so we were able to measure 13N accumulation in the lower shoot of the

barley plant. Because the radioactive half-life of 18F (about 110 minutes) is about 11

times longer than that of 13N (about 10 minutes), the small 18F contaminant can be

traced after the isotopes with shorter half-lives have decayed away.

5.4 Root Exudation and Respiration Experiment

In our initial studies with barley plants, the distribution of photosynthates was traced

on a coarse spatial scale. In particular, the root section of the plant was analyzed as
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a single entity, despite the fact that 11C nuclei in this region could reside within the

actual root tissue or as soluble carbon in the root nutrient solution. Relatively little is

known about the fraction of carbon taken up in the leaf that is released from the roots

as soluble exudates or respired CO2. To better understand the effect of environmental

change on root exudation and respiration, experiments were developed to distinguish

soluble carbon in the rooting medium from that within root tissue. The experimental

design is a modification of the setup used by Minchin and McNaughton [Min84]. This

setup, shown in Figure 5.11, involved circulation of the root nutrient solution in order

to extract soluble carbon and respired CO2 from the immediate vicinity of the roots,

referred to as the rhizosphere. The nutrient solution was cycled from the root holder

into an exudation vial, which was monitored with a pair of BGO detectors as shown

in Figure 5.10. This solution was cycled out of the exudation vial by a peristaltic

pump that returned the solution to the upper region of the root chamber to flow back

down across the roots. The solution in the exudation vial was bubbled with CO2-free

air to release any gaseous CO2 from the solution, and the exhaust was passed across

soda lime granules to trap any CO2 that was respired by the roots. These soda lime

granules were contained in an adjacent vial that was monitored by a second pair of

BGO detectors.

As indicated in Figure 5.11, coincidence counting techniques were used to monitor

the uptake leaf, root, soluble exudates, and respired CO2. The electronics for these

coincidence detector pairs were configured as described in Section 2.3.2, with some

pairs using single channel analyzers (SCA) to set the energy acceptance window and

others using lower-level (LL) and upper-level (UL) discrimination. For regions where

relatively low count rates were expected (namely the exudation vial and respired CO2

trap), the detector signal energy window was set around the 511-keV energy peak

using SCAs. However, because the uptake leaf and root accumulate significant 11C
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Figure 5.10: Photograph of root exudation monitoring system. A sample of the
root nutrient solution drained into the pictured flask and was then pumped back to
the root holder. This sample of solution was bubbled to release any respired CO2

gas, and the exhaust passed through a soda-lime trap (seen in background) that
was monitored for accumulation of 11CO2 . Accumulation of 11C-labeled soluble
compounds in the sample of root nutrient solution was monitored with the pair of
BGO detectors shown.
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Figure 5.11: Schematic of root exudation and respiration experiment design. The
root bathing solution flowed in a closed system. A sample of the solution was mon-
itored for accumulation of labeled root exudates, and this sample was bubbled to
release any CO2 that had been respired by the root. Coincidence counting was used
to monitor accumulation in both the root exudation vial and the root respiration
trap.
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activity, the detectors monitoring these regions must have the capacity to process a

high coincidence event rate. In this case, LL and UL discrimination provided the

energy acceptance window rather than a SCA to minimize dead time in the signal

processing electronics.

Tests to develop this root exudation and respiration measurement technique were

performed on three plant species. We first labeled barley because of our familiarity

with this species and the time-scale involved for translocation of photoassimilates to

the roots. Then a bean plant and pine seedling were labeled using the same system.

Statistically significant signals were detected from 11C nuclei in both the circulated

root nutrient solution and the respired CO2 trap for the barley and bean plants.

On the other hand, only a small fraction of labeled photoassimilates were allocated

to the roots for the pine seedling, that is, no root exudation or respiration signal

was detected above background for this species. In an effort to provide the strongest

possible 11C signal to the pine seedling roots, we sealed the entire aboveground portion

of the seedling into a cylindrical cuvette, as shown in Figure 5.12, so that all needles

were exposed to 11CO2. While more 11C was detected in the roots, the signals in the

root exudation flask and root respiration flask were only slightly above background.

Several corrections were applied to the raw data to enable analysis of photoassim-

ilate flow into the root and subsequent exudation or respiration. The raw count rate

in each region was corrected for the relative detection efficiency of that region and

for radioactive decay of 11C. Additionally, the root nutrient detector did not view the

full volume of the circulated solution, so this tracer profile was scaled by the ratio of

the total volume of nutrient solution to the volume within the detector field of view.

The uncorrected tracer profiles for the sampled root nutrient solution and respired

CO2 trap during barley labeling are shown in Figure 5.13. For direct comparison,

the corrected tracer profiles for the root nutrient solution and respired CO2 trap are
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Figure 5.12: Photograph of cylindrical labeling cuvette. The entire aboveground
portion of a pine seedling was sealed into this cylindrical cuvette to expose all of the
needles to 11CO2 . This setup ensured maximum 11C uptake in the seedling, however
the resulting root exudation and root respiration signals were still not significantly
greater than background.

shown in Figure 5.14.

The data from these experiments were analyzed using the input-output model

discussed in Section 4.1.3. Root exudates and respired root CO2 were considered as

parallel sinks for tracer exported from the root tissue. To determine the fraction of

tracer released from the roots as soluble exudates, the model input was defined as

the sum of counts in the root region, exudate trap, and respiration trap (input A in

Figure 4.7), and the output of the model was defined as the counts in the exudate

trap (output A in Figure 4.7). Similarly, to determine the fraction of tracer released

from the roots as respired CO2, the input of the model was defined as the sum of

counts in the root region, exudate trap, and CO2 trap (input B in Figure 4.7), and

the output of the model was defined as the counts in the CO2 trap (output B in

Figure 4.7).

The results of these analyses are shown in Table 5.4. Root partitioning is given

as a fraction of photoassimilate in the leaf that eventually accumulated within the

root. Root exudation and respiration are given as a the fraction of the radiotracer

translocated to the root. For example, in the barley seedling, (5± 1)% of the carbon
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(a) (b)
Exudation Respiration

Figure 5.13: Uncorrected tracer profiles from labeling of a barley seedling. Figure
(a) displays the counts in the root exudation vial as a function of time, and (b)
shows the counts in the root respiration trap as a function of time. Both (a) and
(b) need to be corrected for background radiation, the relative detection efficiency,
and radioactive decay of 11C for metabolite flow analysis. Additionally, (a) must
be corrected by the ratio of the total nutrient solution volume to the volume in the
exudation vial. The units for the vertical axis on both plots are raw counts per
minute.

Exudation
Respiration

Figure 5.14: Corrected tracer profiles from labeling of a barley seedling. The red
curve shows the counts in the root exudation vial as a function of time, and the blue
curve shows the counts in the root respiration trap as a function of time. The vertical
axis is the corrected count rate in arbitrary units.
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translocated to the root was released in the form of root exudates and (1.7±0.4)% was

respired as CO2 gas. The values in Table 5.4 are for two measurements on the same

plant for each species. The uncertainties on the values are solely due to biological

variations in each plant. The uncertainties of the measurements due to counting

statistics are more than an order of magnitude smaller than the systematic errors,

which are determined by the dispersion in the data obtained in repeat measurements

on the same plant.

Table 5.4: Results of the root exudation and respiration development experiment.
The root fraction is the fraction of photoassimilate in the leaf that eventually accu-
mulated within the root. The root exudation fraction and root respiration fraction
are given relative to the accumulation in the root tissue.

Plant Root Root Exudation Root Respiration
Type Fraction Fraction Fraction
Barley 0.15± 0.05 0.05± 0.01 0.017± 0.004
Bean 0.078± 0.005 0.04± 0.01 0.0044± 0.0002
Pine 0.0024± 0.0001 N/A N/A

The root exudation and respiration development experiments discussed here pro-

vided validation of our experimental design and gamma-ray detection system. The

results were very encouraging as we were able to detect root exudation and respiration

with sensitivity to less than one percent of root accumulation. These experiments

built the framework for the quantitative biological study of the effects of root nutri-

ent concentration and atmospheric CO2 concentration on root exudation and root

respiration that is discussed in Chapter 6.

5.5 VIPER Measurements

The prototype high spatial resolution PET imaging device (referred to as VIPER1)

described in Section 3.3 was also used for development experiments. The goal of

1Versatile Imager for Positron Emitting Radiotracers
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the first VIPER experiment was to demonstrate our ability to measure with high

spatial resolution the positron distribution within an extended source. A leaf of a

bean plant was sealed into the leaf cuvette and exposed to 11CO2, and the 11C-labeled

photoassimilates were tracked through the lower portion of the shoot and the entire

root system with VIPER. Snapshots from this measurement are shown in Figure

5.15. Note that tracer accumulation was first detected in the lower shoot region

about 25 minutes after 11CO2 was introduced to the labeled leaf. This time was

what was required for 11CO2 assimilation in the leaf and the subsequent transport of

photoassimilates out of the leaf and through the upper portion of the shoot. The 11C-

labeled carbohydrates were then transported around the seed cotyledon and down to

the upper root region. Though most of the 11C accumulation was observed in the

primary root, significant accumulation was measured in a fine root after about 80

minutes of labeling (seen just to the left of the bubbling tube in Figure 5.15).

5.5.1 Wound Response in Barley Seedlings - 11C Labeling

A hybrid detection system that uses coincidence counting in addition to planar PET

imaging provides the ability to measure metabolite allocation within an entire barley

seedling. The spatial information offered by the VIPER makes it an excellent tool

for distinguishing radiotracer accumulation in adjacent detection regions, so a devel-

opment experiment was designed to measure the changes in metabolite translocation

and allocation after clipping a section of a leaf that is adjacent to the labeled leaf.

The 11C accumulation in the labeled leaf was monitored with coincidence counting,

as was the accumulation of 11C in the roots. The VIPER was positioned to view

the barley seedling foliage (shoot and leaf adjacent to the labeled leaf). Analysis of

radiotracer flow to the adjacent leaf before and after clipping provided information

about the dynamic wound response of the plant. A photograph of the entire detection
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t = 30 − 35 min.

t = 45 − 50 min. t = 80 − 85 min.

1 cm

t = 25 − 30 min.

Figure 5.15: VIPER measurement of 11C in bean shoot and roots. These snapshots
show the accumulation of 11C-labeled photoassimilates in the lower shoot and roots of
a bean plant as a function of time. The images were obtained by coincidence detection
of the back-to-back gamma rays emitted from positron annihilation in the plant. In
each snapshot, the reconstructed images of the 11C distribution were overlayed onto a
photo of the labeled bean plant. The dashed square indicates the 5 cm × 5 cm VIPER
FOV, and each image pixel is 1mm x 1mm. The integration time for these images
was five minutes for demonstration purposes, but the exposure time can be decreased
to the limit imposed by the counting statistics within each region of interest.
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Positron Shield

Leaf Cuvette

Leaf Detector

VIPER Detector

Root Detector

Figure 5.16: Experimental setup for barley wound response measurement. For each
detector pair, one of the detectors is identified in this figure. The partner detector
was located on the opposite side of the barley plant. A plastic shield was placed
around the barley foliage as an annihilation medium for any positrons that escaped
the thin plant leaves. The labeling was performed in a light chamber located in the
high-energy bay of the tandem laboratory at TUNL.

system is shown in Figure 5.16.

The 11C-labeled photoassimilates exported from the uptake leaf were transported

into the shoot, and the shoot was connected to both an adjacent leaf and the root

system. The region of the plant where the adjacent leaf joined the shoot was visible

within the VIPER FOV. The image plane was divided into two regions: the shoot

region and the adjacent leaf region. The 11C accumulation in the roots was monitored

with coincidence counting using two BGO detectors. Analysis of 11C allocation to

the adjacent leaf and roots before and after clipping provided insight into the barley

wound response in terms of carbohydrate priority.

The input-output statistical model (Section 4.1.3) was applied to analyze leaf

export, shoot export to the roots, and shoot export to the adjacent leaf (see Figure

5.17). For the leaf export analysis, the model input was defined as the sum of all

regions (uptake leaf, shoot, adjacent leaf, and roots), and the model output was
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Figure 5.17: Input-output model definitions for barley wound response analysis.
(a) For leaf export analysis, the model input was defined as the sum of all regions,
and the model output was defined as the sum of the shoot, adjacent leaf, and root
regions. (b) For analysis of shoot export to the roots, the model input was defined
as the sum of the shoot, adjacent leaf, and roots, and the model output was defined
as the roots. (c) For analysis of shoot export to the adjacent leaf, the model input
was defined as the sum of the shoot, adjacent leaf, and roots, and the model output
was defined to be the adjacent leaf.

defined as the sum of the shoot, adjacent leaf, and root regions. To examine shoot

export to the roots, the model input was defined as the sum of the shoot, adjacent

leaf, and roots, and the model output was defined as the roots. Finally, to analyze

flow from the shoot to the adjacent leaf, the model input was defined as the sum

of the shoot, adjacent leaf, and roots, and the model output was defined to be the

adjacent leaf.

For this study, the barley plant was labeled five times over a period of three days

before clipping the adjacent leaf section. Only one measurement was possible imme-

diately after clipping the leaf, so these five previous measurements were used to get

an understanding of the systematic uncertainties introduced by biological variations

within the plant under study. The percent uncertainty in the measurements made

before wounding the plant was applied to estimate the uncertainty in the measure-

ment made immediately following clipping the leaf. A final measurement was made

the day after the wound was inflicted to determine if the plant was still in a wound

response mode or if it had returned to its previous mode of operation.

Qualitatively, the effect of clipping a portion of the adjacent leaf on 11C allocation
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Figure 5.18: VIPER images of barley seedling wound response. Each of these images
was taken two hours into the labeling period and is an integration of events over five
minutes. The frames in each image define the regions of the image plane containing
the shoot and adjacent leaf, and each image pixel is 1 mm2. The plant is located
at different locations in the image plane for each image due to shifting of the plant
while sealing it into the leaf cuvette each morning. (a) Before clipping a segment
of the adjacent leaf, no significant 11C accumulation is seen in the “adjacent leaf”
region of the image plane. (b) Soon after clipping the upper segment of the adjacent
leaf, significant 11C accumulation is visible in the lower portion of the “adjacent leaf”
region.

is shown in Figure 5.18. The shoot and leaves of the barley seedling were thin, so a

positron shield was arranged around the plant to provide an annihilation medium for

any positrons that escaped the plant tissue. The “blurring” visible in these images

is due to positrons that annihilated in this shield, which was located about 2 - 4

mm from the surface of the plant. Each image was taken two hours into the labeling

period and was an integration of events over five minutes. The rectangles indicate

the regions of the image plane that contained the shoot and adjacent leaf. Image (a)

is before clipping a section of the adjacent leaf, and image (b) is just after clipping.

Note the accumulation of 11C in the lower region of the adjacent leaf after clipping.

Quantitative analyses revealed statistically significant effects on 11C allocation

and translocation after clipping the leaf segment. The effects on leaf export, shoot

export to roots, and shoot export to the adjacent leaf are summarized below:

• The leaf export fraction was reduced by a factor of 2.2 ± 0.3 immediately after
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clipping. However, the leaf export fraction on the day following clipping was

not significantly different from that measured prior to the clipping.

• The average transport time for 11C export from the leaf to the middle of the

shoot/root system decreased by 20% immediately after clipping. However, the

transport time had returned to its previous level by the time the plant was

labeled the following day.

• The fraction of 11C exported from the shoot to the roots was unaffected by

clipping of the adjacent leaf. During all labeling periods, the fraction of 11C

exported from the shoot to the roots was 0.82 ± 0.04.

• The average transport time for 11C-labeled metabolites to flow from the shoot

to the roots was also unaffected by clipping the adjacent leaf. The average

transport time for all runs was 8.0 ± 1.7 minutes.

• The fraction of 11C exported from the shoot to the adjacent leaf increased by

a factor of 2.5 ± 0.4 immediately after clipping the top section of the adjacent

leaf. However, on the following day the export fraction from the shoot to the

adjacent leaf had returned to the pre-clipping value.

The above findings indicate an immediate response of the barley plant to clipping

a segment of one of the leaves. While export from the shoot to the root was not

affected, the fraction of radiotracer exported from the labeled leaf was immediately

reduced. Additionally, 11C resources were quickly allocated to the wounded region

as indicated by the increased fraction of 11C-labeled metabolites measured in the

lower section of the adjacent leaf immediately after clipping. However, this mode

of operation only occurred on the short-term; measurement of 11C allocation on the

day after wounding indicated that the barley seedling had returned to the mode of
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operation that was measured before the wound was inflicted. Continuous loading

measurements could provide more temporal information about the fast response of

plants to wounding.

5.5.2 Wound Response in Barley Seedlings - 13N Labeling

The prototype VIPER was also used to measure changes in the transport and distri-

bution of 13N in barley in response to leaf wounding. The 13N-labeled solution was

produced in the TUNL tandem laboratory as described in Section 2.2.2. The roots of

a barley seedling were contained hydroponically in a vial of nutrient solution, and at

the beginning of each labeling period approximately 0.67 cm3 of 13N-labeled nitrate

solution was added to the root vial. The transport and accumulation of 13N in the

shoot and leaves of the seedling was monitored using a combination of VIPER and

coincidence counting. A photograph of the experimental setup is shown in Figure

5.19

The experimental protocol for the wound response measurements with 13N was

similar to that for the 11C labeling discussed in Section 5.5.1. The barley seedling

was labeled multiple times over a period of several days to obtain an estimate of the

uncertainty in the measurements to due biological variations within the plant. Then

a leaf segment was clipped, followed by another labeling with 13N to measure the

wound response with respect to nutrient transport and allocation.

Due to the high initial 13N activity (i.e., hundreds of mCi) in the root region,

special lead shielding was designed to contain the root nutrient vial (Figure 5.19).

The shielding design minimized the accidental coincidence count rates in the leaf and

shoot detectors due to the highly radioactive source in the root region. A single BGO

detector monitored the 13N activity in the root region through a small opening in the
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Figure 5.19: Experimental setup for 13N measurement with VIPER. A barley
seedling was placed between the VIPER detector modules and 2” diameter BGO
detectors. The plant roots were contained in a hydroponic solution that was located
within the radiation shielding. The shoot of the seedling passed through a small hole
in the lead shielding. The VIPER monitored 13N accumulation in the lower shoot
and leaves, and the BGO detectors monitored accumulation in the upper portion of
two separate leaves.

shielding. The VIPER measured accumulation in the lower section of the two leaves,

and 2” diameter BGO detectors were utilized for coincidence counting of 13N in the

upper sections of the two leaves (Figure 5.20).

The data analysis for this experiment was not performed by input-output statis-

tical modeling because 13N accumulation in the root tissue and lower shoot was not

monitored. Instead the accumulation of 13N in each leaf region was integrated over a

period of 30 minutes one hour into the run. The integrated events in each region were

then normalized to the initial activity in the root nutrient solution so that different

runs could be compared. While this type of analysis does not provide information

about the dynamics of 13N transport, it can illuminate differences in 13N allocation

before and after leaf wounding.

Four regions of interest were defined for this experiment. The VIPER monitored

13N accumulation in the lower regions of the two leaves, referred to as Lower Leaf
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Figure 5.20: Regions of interest for the 13N measurement with VIPER. The VIPER
FOV monitored the lower sections of the two leaves and 2” diameter BGO detectors
monitored the upper sections of the two leaves. The plant roots were contained in
a hydroponic solution that was located within the radiation shielding. The shoot of
the seedling passed through a small hole in the lead shielding.

A and Lower Leaf B. Coincidence counting with the BGO detector pairs monitored

13N accumulation in the upper regions of the two leaves, referred to as Upper Leaf

A and Upper Leaf B. A diagram of this arrangement is shown in Figure 5.20. The

upper section of Leaf A was clipped to stimulate a wound response.

A significant change in 13N allocation was measured after wounding the barley

seedling. A 5-minute exposure of 13N accumulation in the lower regions of the barley

seedling leaves at one hour into the labeling period is shown in Figure 5.21 for before

and after clipping Leaf A. Overall, significantly less 13N was transported to the leaves

after the wound was inflicted. Of course, 13N accumulation in Upper Leaf A decreased

to zero because this section of the leaf was clipped. Additionally, 13N accumulation

in Lower Leaf A decreased significantly, primarily due to a section of the clipped leaf

being previously located in this region. Effects of leaf wounding were also evident

in the adjacent leaf (Leaf B). The accumulation of 13N in Lower Leaf B decreased

by 30% as compared to the pre-wound measurements, and there was 14% less 13N
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Figure 5.21: VIPER images of 13N accumulation in barley leaves (a) before and
(b) after clipping a segment of Leaf A. These are five minute exposures of the 13N
accumulation within the VIPER FOV one hour into the labeling period. The black
rectangles indicate the regions where 13N accumulation was integrated for Lower Leaf
A (LLA) and Lower Leaf B (LLB). The solid red lines indicate the locations of plastic
strips that were used as positron shields on the sides of each of the leaves. The dashed
black line in (b) indicates the location where Leaf A was clipped. Note the different
color-scale for each image, which indicates that significantly less 13N was transported
to the leaves after wounding.

accumulation in Upper Leaf B after wounding the seedling. These results indicate

that wounding a barley leaf results in decreased nitrogen transport to the leaves.

Because plant nutrients are transported via water flow from the roots to the leaves,

this decrease may be due to reduced water uptake or reduced nutrient use. Also,

after leaf clipping the nutrients could have been preferentially allocated to the shoot

or remained in the root tissue, which were not monitored for 13N accumulation.

This experiment was designed to test improvements in our 13N labeling techniques.

The improvements were implemented to address issues revealed during our initial

13N measurements (Section 5.3). First, an isotopically enriched water target (99.99%

16O) was used for 13N production for this experiment, which greatly reduced the

contaminant signal due to 18F. The contribution of 18F was reduced from 2% in our

earlier measurements to 0.1% in these measurements at the beginning of the labeling
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period. Second, the specially-designed lead shielding around the root nutrient vial

significantly reduced the accidental background rate in the shoot and leaf detectors

when the 13N was introduced to the plant roots. This experiment also highlighted

aspects of our 13N measurement techniques that need further improvement. With the

current technique, the 13N-labeled solution is injected into the root nutrient vial, and

a detector monitors 13N in both the roots and solution. Measuring the accumulation

of 13N in the root tissue separately could provide information about nutrient uptake

in changing environments. Additionally, measurement of 13N to all parts of the plant

would enable input-output analysis of the transport and distribution of nutrients.
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Chapter 6

Carbohydrate Allocation Responses of

Plants to Short-Term Changes in

Nutrient Availability Under Ambient and

Elevated CO2

The measurements discussed in Chapter 5 were used to develop the techniques

used in our quantitative study of plant metabolite transport and allocation. This

chapter describes an experiment aimed at determining effects of elevated atmospheric

CO2 concentration and root nutrient supply on carbon partitioning, including root

exudation and respiration. Root exudation is the release of soluble organic com-

pounds, primarily sugars, amino acids, and organic acids, from plant roots. In root

respiration, the chemical bonds of carbohydrates are converted into energy that is

used for root growth, maintenance, and ion uptake and transport.

This study utilized 11C labeling to investigate the effects of short-term changes

in nutrient availability on the transport and allocation of carbon in plants under

ambient and elevated CO2. The 11CO2 was introduced to plant leaves in a controlled

environment, and the accumulation of 11C-labeled photoassimilates was measured in

the uptake leaf, shoot, roots, root exudation, and root respiration. These radiotracer

data were analyzed with an input-output statistical model to obtain the transport

velocity of the radiotracer in different parts of the plant and the allocation of recently

fixed carbon within the plant. Our results indicate that elevated CO2 significantly

increases the flow velocity of photoassimilate in the phloem and affects the quantity of

carbon released from plant roots as soluble exudates and respired CO2. Additionally,
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we found that plants rapidly shift the quantity of carbon allocated to root exudation

in response to short-term changes in nutrient availability.

6.1 Background

As discussed in Section 1.2, the atmospheric CO2 concentration has been steadily

increasing since the early 1800’s and is expected to double by the end of this century.

The increase in atmospheric CO2 levels has motivated efforts to better understand

the physiological responses of plants to elevated CO2 conditions [Str83]. Because

plants store an appreciable amount of carbon in biomass, most research to date has

focused on the effects of elevated CO2 on biomass accumulation and partitioning

[Ids94, Wan07]. However, a large fraction of carbon assimilated by plants is not

converted into biomass but rather is allocated to tissues to fuel key biochemical

processes for plant maintenance. Understanding the temporal dynamics of carbon

assimilation and allocation in response to changes in environmental conditions may

be just as important as understanding how much carbon is stored in living tissue.

Elevation of the atmospheric CO2 concentration stimulates photosynthesis rates

in most plants (see [Dra97] for a review), and photoassimilates produced in the leaf

may remain in the leaf as stored carbohydrates or be exported as mobile sugars.

The exported sugars are allocated to aboveground sinks1 such as developing leaves

and shoots or to belowground root structure, exudation, or respiration (Figure 6.1).

Patterns of carbon allocation within plants may shift as the relative sink strengths

are altered by changes in environmental conditions (e.g., [Cur86]). Changes in car-

bohydrate demand at a particular sink will shift resource partitioning, and active

photoassimilate unloading from the phloem at the site of highest demand results in

1Sinks are nonphotosynthetic organs or photosynthetic organs that cannot produce enough pho-
toassimilate to support their own needs.
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Figure 6.1: Simple model showing the fate of recently fixed carbon. Photoassim-
ilates produced in the leaf may remain in the leaf as storage carbohydrates or be
exported as mobile sugars. The exported sugars are transported through the phloem
tissue to the rest of the plant, where they may be allocated aboveground to devel-
oping shoots and leaves or belowground. Subterranean carbon is allocated to root
structure or released to the rhizosphere via root exudation and respiration. For this
study, the accumulation of 11C was measured in the uptake leaf, shoot, root struc-
ture, root exudation, and root respiration to determine the total carbon budget of
the plant (neglecting leaf and shoot respiration). This model is based on Figure 7 in
[Dil04].
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greater allocation to this sink (see Section 4.1.2 for the basics of photoassimilate

transport).

One of the most poorly understood belowground sinks for recently fixed carbon

is root exudation. Root exudation is the release of soluble organic compounds (both

passively and actively) from plant roots to the rhizosphere, the narrow zone of soil

immediately surrounding the root system [Oge04]. The release of these compounds

is believed to have important consequences for nutrient availability in soils. In low

nutrient environments, exudates may be directly involved in the acquisition of mineral

nutrients such as iron and phosphorus [Dak02]. Exudates may also indirectly enhance

nutrient availability by providing energy for microorganisms in the rhizosphere and

fueling their increased growth relative to non-rooted soil [Lyn90, Bai06]. Microbial

activity drives the decomposition of organic matter in soil, which results in the release

of plant nutrients. Root exudates may stimulate nutrient availability by increasing

the turnover rate of the microbial biomass, which results in accelerated mineralization

(i.e., conversion of nutrients from organic to inorganic forms) (e.g., [Cla85, Kuz00]).

As such, root exudates may significantly influence plant productivity both directly

and indirectly even though they likely represent only a small fraction (< 10%) of

total plant carbon allocation.

The effects of elevated CO2 on root exudation are still unclear. As a consequence

of increased photosynthesis rates in an elevated CO2 environment, some fraction of

the additional assimilated carbon may be allocated belowground and released into

the rhizosphere by root exudation. Previous studies using long-lived or stable carbon

isotope techniques indicate that elevated CO2 stimulates increased root exudation in

both annual wheat [Che98] and perennial ryegrass [van00, All06]. In contrast, other

studies suggest that root exudation is unaffected [Haa07] or even reduced [Hod98,

Baz06] under elevated CO2. Direct effects of elevated atmospheric CO2 on the soil
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microbial community are not likely because of the high CO2 concentration within the

soil [Pat97a]. However, indirect effects of elevated CO2 (i.e., altered root exudation)

on soil carbon dynamics and nutrient cycling are probable, but are not well known.

Carbon sequestration via plant biomass can potentially mitigate increasing at-

mospheric CO2. However, whether the initial fertilization response of many plants

under elevated CO2 is sustainable in the long-term likely depends on nutrient avail-

ability [Dia93]. Nutrient uptake by the plant depends partially on carbon allocation

to root biomass for soil exploration and to root exudates for stimulation of micro-

bial activity. Because a plant may encounter heterogeneous nutrient environments

during its growth, rapid localized response to pulses of nutrients may be impor-

tant in stressful conditions. Previous studies in hydroponics and sand culture sys-

tems suggest that mass-specific root exudation is increased with low nitrogen supply

[Hod96, Pat99, Pat00, Dar03]. Darwent et al. [Dar03] utilized carbon-starved bac-

terial biosensors to report root exudation from barley plants in sand environments

and found that increased root exudation was a consequence of increased root length,

which was a morphological response to the low nitrogen conditions. Jones et al.

[Jon04] suggest that the increased exudation may result from a breakdown in plant

metabolism (i.e., loss of membrane integrity) due to chronic nutrient deficiency con-

ditions.

Given that the effects of elevated atmospheric CO2 on root exudation remain

unclear and that previous studies suggest that increased root exudation is a long-term

response to chronic nutrient-deficient conditions, the objectives of this experiment

were: (1) to investigate whether there is a correlation between the atmospheric CO2

concentration and the relative amount of recently fixed carbon that is released as

root exudation, and (2) to determine if there is a rapid plant response to short-term

changes in nutrient availability that is manifested in root exudation. To address
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these issues, real-time allocation patterns of recently fixed carbon were measured in

two plant species in response to short-term changes in nutrient availability under

ambient and elevated CO2. The measurements were made using 11C isotopic labeling

techniques to obtain non-invasive real-time data for carbon allocation in the uptake

leaf, the shoot, root, and rhizosphere. We hypothesized that elevated CO2 would

lead to increased root exudation as a result of increased belowground carbon flux

and that the magnitude of CO2 effects would be mediated by nutrient availability in

the growing medium.

6.2 Experimental Setup

The experimental setup for the radiotracer measurement included three primary com-

ponents: (1) the 11CO2 production and transport system, (2) the labeling loop for

introducing 11CO2 to the plant, and (3) the gamma-ray detection system and nutrient

circulation loop. Each of these components is described below.

6.2.1 11CO2 Production and Transfer System

The 11C was produced in the tandem accelerator laboratory at TUNL by bombarding

a nitrogen gas target with a proton beam, as described in Section 2.2.1. For an average

production run, a beam current of 1.5 µA was directed onto the target for about 30

minutes. The 11CO2 was transferred to the Phytotron using the gas handling system

described in Section 2.4.1, and for each labeling period the initial 11C activity trapped

in the labeling system was about 35 mCi.
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6.2.2 11CO2 Labeling Loop

The 11CO2 was delivered to the plant using a closed labeling loop system. This sys-

tem, described in detail in Section 2.4.2, contained diagnostic components to monitor

the status of the air flowing in the loop as well as control components that regulated

the CO2 concentration, temperature, and humidity within the loop. The plant leaf

was sealed inside a plastic cuvette through which the air in the labeling loop flowed,

thus providing a source of 11CO2 to the labeled leaf. A foam rubber gasket seal

around the leaf cuvette ensured that the labeling loop remained a closed system

without damaging the leaf.

An infrared gas analyzer (IRGA; described in Section 2.4.2) was used to monitor

the CO2 concentration in the labeling system. The IRGA outputted a DC voltage

that was proportional to the CO2 concentration. The DC voltage was sampled by

an analog-to-digital converter (ADC) at a 10-Hz rate. The average ADC value for

each minute was computed and plotted as a function of time as a diagnostic tool

for monitoring the loop CO2 concentration during the labeling period (Figure 6.2).

During the labeling period, the CO2 concentration in the loop was kept within 10%

of the nominal value. A mass flow controller (MFC; described in Sections 2.4.2) was

used to supply gas to the labeling system at a set flow rate. This 1% CO2 air was

used to replenish the CO2 removed from the labeling loop by photosynthesis. For

a given flow rate, the photosynthesis rate of the sealed leaf can be calculated using

Equation 2.8.

6.2.3 Gamma-ray Detection System and Root Nutrient Loop

The transport and allocation of 11C within the plant was measured along with 11C-

labeled soluble exudates released from the roots and 11CO2 root respiration. The
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Figure 6.2: CO2 concentration in the labeling loop as a function of time. For this
particular run, the atmospheric CO2 concentration in the loop was 622 ± 5 ppm. The
increase in CO2 concentration about 12 minutes into the run reflects the injection of
11CO2 into the labeling loop. The mass flow controller that supplied CO2 to the loop
was controlled manually, which resulted in some variation of the CO2 level.

closed circulation system described in Section 5.4 was used to flush root exudates

and respired CO2 from the rhizosphere. A hybrid detection system that utilized

collimated single detector counting, coincidence counting, and high spatial resolution

imaging was then used to measure the accumulation of 11C throughout the plant and

rhizosphere. The 11C-labeled photoassimilate detection system and the root nutrient

circulation system are shown in Figure 6.3.

A single collimated detector was used to measure the 11C activity in a sample of

the labeling loop (“Line Detector” in Figure 6.3). A 1” diameter CsF detector was

collimated with lead shielding to restrict the detector field of view to a small coil of

the labeling loop. The sampled loop volume was 1.9 cm3, which was approximately

0.15% of the total volume of gas in the loop. The radioactive half-life corrected data

from this detector was monitored as a diagnostic for checking for air leaks in the

labeling system. This detector also provided information about the absorption rate

of 11C from the labeling loop by the plant as a function of time.
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Figure 6.3: Root exudation and respiration experimental setup. This system was
used to measure 11C accumulation in barley and scirpus plants, as well as the
11C-labeled root exudates and root respiration. The root bathing solution circu-
lated in a closed system. A sample of the solution was monitored for accumulation of
labeled root exudates, and this sample was bubbled with CO2-free air to release any
CO2 that was respired by the root to be absorbed in the soda lime trap. Coincidence
counting was used to monitor 11C accumulation in the uptake leaf, root structure,
root exudation vial, and root respiration trap. The prototype VIPER was used to
measure 11C accumulation in the plant shoot.

Accumulation of 11C-labeled photoassimilates within the plant tissue was mea-

sured in the three primary regions: uptake leaf, shoot, and roots. A pair of CsF

detectors were mounted to the leaf cuvette to measure the accumulation of 11C in

the uptake leaf (Figure 6.4). The prototype VIPER was positioned to monitor the

accumulation of 11C in the plant shoot as a function of location within the field of

view. The VIPER image exposure time was one minute, and the pixels were summed

for each image to determine the number of annihilation events within the entire shoot

as a function of time. Example images of 11C transport and accumulation in a barley

shoot are shown in Figure 6.5. For a few runs, the upper portion of the plant shoot

extended beyond the field of view of the VIPER. A pair of 1” diameter CsF detectors

was added above the VIPER to ensure that all of the plant tissue was within the

field of view of the detection system. Accumulation of 11C-labeled photoassimilate
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Figure 6.4: Measurement of 11C in the labeled leaf. The CsF detectors were attached
to the leaf cuvette to monitor the accumulation of 11C in the labeled leaf. The
gamma rays emitted from positron annihilation were detected in coincidence. The
detection efficiency for the 511-keV gamma rays was decreased by using the sides of
the detectors instead of the faces to form the coincidence, but this was accounted for
in the relative detection efficiency measurement.
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Figure 6.5: VIPER images of 11C accumulation in barley shoot. The VIPER image
pixels are integrated to determine the accumulation of 11C within the shoot. Each
image was made with a 5-minute exposure time. Note the transport out of the upper
shoot as time progressed. Accumulation in an adjacent leaf was evident late in the
labeling period. All images were corrected for background radiation, the relative
detection efficiency across the image plane, and the radioactive decay of 11C. The
color scale indicates the radiotracer activity in each image pixel, with decreasing
activity from red to violet.
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within the root tissue was monitored by a pair of 2” diameter BGO detectors using

coincidence counting. This geometry required the roots of the labeled plants to be

restricted to a 2” diameter region inside the root cuvette (Figure 6.7). For most

of the labeled plants, this restriction did not present a problem; however, the root

systems of a few individuals were quite large and had to be physically restricted to

fit within the detector field of view.

The accumulation of 11C-labeled compounds in root exudation and root respired

11CO2 were monitored using coincidence counting. The nutrient solution from the

root cuvette drained into a root nutrient sampling vial, and a peristaltic pump cir-

culated the liquid from this vial back into the top of the root cuvette. A pair of

2” diameter BGO detectors was used to measure 11C accumulation in the nutrient

solution sampling vial, which was approximately cylindrical with a diameter of 1”.

All nutrient solution inside the vial was within the field of view of the root exudation

detectors. The contents of the nutrient solution vial was bubbled with CO2-free air

to release any respired CO2 from the solution. The exhaust from this airflow system

passed through a soda lime CO2 trap before exhausting into the chamber. The soda

lime was contained in an approximately cylindrical vial with 1” diameter, and the

soda lime column was approximately 1” tall. The accumulation of 11C within this

trap was monitored with a pair of 1” diameter CsF detectors to measure root respi-

ration. A photograph of the detection system for the root nutrient solution sample

and soda lime CO2 trap is shown in Figure 6.6.

The radiotracer profiles for each region were corrected for background radiation,

relative detection efficiency, and radioactive decay of 11C. The coincidence counting

technique resulted in a fairly low background count rate; the background event rates

for all coincidence detection regions were less than three counts per minute. The

relative detection efficiency for each region was measured as described in Section
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2Soda Lime CO Trap Root Exudation Sampling Vial

Figure 6.6: Root exudation and respiration monitors. The 2” diameter BGO detec-
tors on the right measured the accumulation of 11C in a sample of the root nutrient
solution (exudation), and the 1” diameter CsF detectors on the left measured the
accumulation of 11C-labeled root respiration.

2.3.3. Correction for radioactive decay of 11C was applied by multiplying the count

rate in each time bin k by eλk, where λ = 0.034 min−1 is the radioactive decay

constant for 11C. The background rates and relative detection efficiencies used for

each region are given in Table 6.1.

Table 6.1: Tracer profile correction parameters. For each detection region, the count
rate was corrected for background radiation (cpm = counts per minute), relative
detection efficiency, and radioactive decay of 11C. The background rates for each
detection region are given along with the measured relative detection efficiency for
the experimental setup described in this chapter.

Region Background (cpm) Relative Efficiency
Uptake Leaf 1.37 0.0213
VIPER 2.86 0.0744
Upper Shoot 1.09 0.0057
Root 2.38 0.3212
Root Exudation 1.76 0.6617
Root Respiration 1.67 0.0196

The signal processing electronics for the hybrid detection system were identical to

those described in Section 3.3.3 (Figure 3.21) for the prototype VIPER. Two trigger

types were used for the data acquisition: (1) coincidence of the VIPER detector
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modules and (2) a 10 Hz clock. For VIPER coincidence events, the QDC and ADC

data were recorded; for 10 Hz clock events, only the scaler values were recorded.

Early in the labeling period, the event rate was dominated by VIPER coincidence

events, and there was no need to record the scaler values at such a high rate because

these are generally binned in one-minute increments. The signal inputs for each of

the scaler, ADC, and QDC channels for this experiment are described in Appendix

G.

6.3 Methods

We investigated the real-time plant response to short-term changes in nutrient avail-

ability under both ambient and elevated atmospheric CO2 in two grass species. Pulses

of the short-lived radiotracer 11CO2 were used to measure the dynamic transport of

recently fixed carbon throughout the plant and rhizosphere (Figure 6.1). The plants

were grown hydroponically at two atmospheric CO2 concentrations (nominally 400

and 600 µmol mol−1)2 in environmental growth chambers. The short-lived radio-

tracer method allowed two sequential measurements per day on the same plant: (1)

a control nutrient solution measurement in the morning, immediately followed by (2)

a switch to a 10-fold increase or decrease in nutrient concentration in the afternoon.

6.3.1 Plant Growth Conditions

Two grass species were used for this study: (1) an annual crop, Hordeum distichum

(barley) and (2) a native perennial, Scirpus cyperinus (scirpus). Barley plants were

chosen because they are relatively easy to grow in a short time and have been used

2The units of CO2 concentration are given as µmol of CO2 per mol of air. Alternatively, the
concentration may be given as parts per million (ppm) of CO2 in air.
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successfully in previous radiotracer studies of carbon transport and allocation (e.g.,

[Tho91]). Also, we had previously measured root exudation in barley in an uncon-

trolled environment (see Section 5.4), so we had experience with the time scales

involved in radiotracer transport throughout the plant and rhizosphere. Scirpus was

chosen because it was available from a collaborator and is a perennial grass that

naturally occurs in wetland environments, so transfer to hydroponic solution was a

familiar root environment.

The barley plants were grown in controlled environment chambers at the Duke

Phytotron. The chambers provided a photosynthetic photon flux density (PPFD) of

410 µmol m−2 s−1 at shoot level3. The photo- and thermo-periods were 12 hours, with

a temperature of (26 ± 1)◦C during the day and (16 ± 1)◦C at night. Dawn/dusk

were simulated by turning on/off incandescent bulbs 10 minutes before/after the

fluorescent bulbs. One growth chamber was set to ambient CO2 concentration (403

± 35 µmol mol−1), and the other chamber maintained the CO2 concentration at an

elevated level (606 ± 86 µmol mol−1). Barley seeds were soaked in aerated water

for 24 hours, then the imbibed seeds were placed on moist germination paper in

the greenhouse. When the coleoptile was 3 to 5 cm in length, the seedlings were

transplanted to 15 cm3 centrifuge tubes that were open at the bottom. These were

placed in a container with 1
2
-strength modified Hoaglands solution [Dow78] aerated

with an aquarium pump. The solution was replenished daily and replaced each week.

Barley seedlings were placed in either the ambient or elevated CO2 growth chamber

and remained there for 13 - 15 days before being labeled with 11CO2.

The scirpus seedlings were grown in soil under ambient CO2 for approximately four

months in a Duke Plant Teaching and Research Facility research greenhouse under a

3One mol is Avogadro’s number of photons, regardless of their frequency. PPFD designates the
spectral range of solar light from 400-700 nm that is useful for photosynthesis.
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natural photoperiod. These were transferred to a culture solution one month prior to

the 11C measurements. A subset of scirpus seedlings was placed in the elevated CO2

chamber for 3 weeks of acclimation prior to labeling. At the same time, another set

of seedlings was placed in the ambient CO2 growth chamber. One week prior to the

CO2 labeling measurements, the foliage of all scirpus seedlings was pruned to restrict

the aboveground portion of the plant within the VIPER field of view. This ensured

that all aboveground 11C was accounted for properly, which allowed for an accurate

calculation of carbon partitioning to the shoot and thus above- vs. belowground

allocation. The scirpus plants were about 22 weeks old when labeled.

One week prior to radiotracer measurements, the plants were transferred from

culture solution troughs to individual root cuvettes. The plant roots were placed in

a coarse mesh bag that was used to contain the root tissue within the 2” diameter

field of view of the root detector system. The plant shoot extended through an

opening in the top, and the root cuvette was filled with nutrient solution (∼80 mL).

A photograph of a barley seedling arranged in the root cuvette is shown in Figure

6.7. The root cuvette was wrapped with aluminum foil to maintain the roots in the

dark.

6.3.2 Plant Labeling Protocol

At least 24 hours prior to the radiotracer measurements, the plant under investigation

was transferred from the growth chamber to the labeling chamber. The labeling

chamber was maintained at the same photo- and thermo-periods, temperature, and

CO2 concentration as the growth chamber from which the plant was transferred.

However, the labeling chamber provided a lower PPFD at the shoot level (about 300

µmol m−2 s−1), so the plant was moved into this environment before the measurement
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Figure 6.7: Barley seedling in root cuvette. Note the mesh bag that contained the
root tissue within the field of view of the root detector system. The bottom port
allowed the nutrient solution to drain through the exudate sampling flask, and the
solution was pumped back into the root cuvette at the top port. The root cuvette
was wrapped with aluminum foil to maintain the roots in the dark.

to ensure acclimation. Additionally, the plant was placed within the field of view of

the detector system the evening before radiotracer measurements to allow ample time

(∼14 hours) for recovery from the mechanical vibrations during transfer [Jae88].

On the morning of 11CO2 labeling, a single leaf or multiple leaves of the plant

under investigation were sealed into the leaf cuvette (shown in Figure 2.28), which

has a clear top window for external illumination. Air with a CO2 concentration

matching that of the labeling chamber flowed through the leaf cuvette at a rate of

approximately 0.7 liters per minute. A mass flow controller system was set to provide

1% CO2 air to the labeling system at a rate that compensated for the loss of CO2 due

to photosynthesis of the sealed leaves. A 2 - 3 mm thick plastic shield was arranged

around the shoot of the plant to ensure that positrons produced in the shoot would

be stopped and annihilated within the field of view of the shoot detectors. The

plant setup was then left undisturbed for approximately one hour before the AM
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application of 11CO2.

Each measurement day, a single plant was labeled twice with 11CO2. The first

labeling period was generally from 9:30am to 1:30pm (further referred to as the AM

run), and the second labeling measurement was from approximately 2pm to 6pm

(PM run). No diurnal carbon allocation patterns were previously observed in scirpus,

and the known reduction in barley leaf export throughout the day [Tho91] was not

expected to affect the proportion of belowground carbon lost to root exudation and

respiration. The control nutrient solution was refreshed about 30 minutes before the

AM 11CO2 labeling, and it was replaced with the treatment nutrient solution about

15 minutes before the PM measurement. The experimental design was 2 species × 2

[CO2] levels × 2 nutrient levels (with alternating order of treatment) × 3 replicates.

6.3.3 Data Analysis

Radiotracer accumulation data were used to determine the transport and partitioning

dynamics of recently fixed carbon in the plant under investigation. Photoassimilate

transport velocities and a total carbon budget, including the contributions of root

exudation and respiration, were calculated by means of the input-output transfer

function (TF) method described in Section 4.1.3. Four analyses were applied to the

tracer profiles to extract information about radiotracer transport and allocation: (1)

Leaf Export, (2) Shoot Export, (3) Root Exudation, and (4) Root Respiration. A

summary of the radiotracer profiles that defined the model inputs and outputs for

each type of TF analysis are given in Table 6.2. Recall that the TF analysis provides

information about radiotracer partitioning (system gain) and dynamics (average tran-

sit time). In addition to the radiotracer analyses, measurements of the photosynthesis

rate and root morphological parameters are described in the following sections.

202



Table 6.2: Transfer function analysis model definitions. An input-output model of
the form y[k] = −a1y[k − 1] + bju[k − j] was used to fit the output data, where
y[k] and u[k] are the corrected counts in the output and input, respectively, at time
step k. The j is a characteristic delay parameter, and a1 and bj are the model fit
parameters. The radiotracer data are defined as: UL = uptake leaf; S = shoot; R =
root; RE = root exudation; and RR = root respiration.

Analysis Type Model Input Model Output
Leaf Export UL+S+R+RE+RR S+R+RE+RR
Shoot Export S+R+RE+RR R+RE+RR
Root Exudation R+RE+RR RE
Root Respiration R+RE+RR RR

Photosynthesis Rate

The photosynthesis rate of each plant was determined using a null-balance approach,

that is, by measuring the flow of CO2 required to maintain a constant CO2 concen-

tration in the labeling loop. A 1% CO2 air mixture was used to replenish the CO2

absorbed out of the labeling loop by the leaf sealed in the cuvette. The flow of re-

plenishment gas required to keep the CO2 concentration in the labeling loop constant

(measured with an infrared gas analyzer) was used to calculate the photosynthesis

rate. Equation 2.8 was used to determine the rate of photosynthesis in µmol/min,

and this was scaled by the leaf area (LA) inside the cuvette. The LA was determined

using ImageJ software [ImJ] to analyze photographs of the leaf sealed inside the cu-

vette for each run (Figure 6.8). Scaling the result of Equation 2.8 by LA allowed us

to determine the rate of photosynthesis in the more widely used units of µmol m−2

s−1.

Leaf Export

The proportion of recently fixed carbon that remained in the uptake leaf as storage

carbohydrates (Figure 6.1) was calculated by analysis of the leaf export. TF analysis

was used to determine the fraction of assimilated radiotracer exported from the leaf
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Figure 6.8: Uptake leaf area measurement. The leaf area was determined by an-
alyzing a photograph of the plant leaf sealed inside the cuvette with ImageJ image
analysis software[ImJ]. The image scale was calibrated using the total width of the
cuvette (5.35 cm), and then the border of the leaf was manually selected. ImageJ
calculated the area inside the selected region, as shown.

to the remainder of the plant (leaf export fraction, GLE). The partitioning fraction

of radiotracer remaining in the uptake leaf for storage Pleaf was then calculated as

Pleaf = 1−GLE . (6.1)

In addition to providing information about carbon allocation to the uptake leaf, leaf

export TF analysis provided the average transit time for a radiotracer molecule to

travel from the uptake leaf to the rest of the plant. It should be noted that this

average transit time takes into account all processes occurring within the uptake leaf.

These include photoassimilation of the 11CO2, transport of the photoassimilate to the

site of phloem loading, and transport out of the leaf. The mean velocity of radiotracer

transport from the leaf was calculated by dividing the mean distance from the leaf to

the rest of the plant by the average transit time. The mean distance was measured as

the distance from the midpoint of the uptake leaf to the midpoint of the shoot-root
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Figure 6.9: Leaf export analysis example fit. (a) Input and output data used to
generate the TF model. The input is the sum of radiotracer profiles for the uptake
leaf, shoot, root, root exudation, and root respiration. The output is the sum of the
shoot, root, root exudation, and root respiration. (b) Magnified comparison of the
output data with the resulting model. Note the change of scale from (a) to (b).

system. The leaf cuvette position was adjusted according to the size of the labeled

plant, so the mean transport distance generally varied for each plant. This distance

was determined using ImageJ software [ImJ] to analyze photos of each plant arranged

within the detector system.

The input, output, and optimal model for a representative leaf export TF analysis

are shown in Figure 6.9. Recall from Table 6.2 that for modeling radiotracer export

from the leaf, the input was defined as the sum of radiotracer profiles for the uptake

leaf (UL), shoot (S), root (R), root exudation (RE), and root respiration (RR), and

the model output was S+R+RE+RR. The input and output data are shown in plot

(a) of Figure 6.9, and a magnified comparison of the model and output data is shown

in plot (b). The particular model shown in plot (b) of Figure 6.9 is of the form

y[k] = −a1y[k − 1] + b45u[k − 45] (6.2)

with a1 = -0.9456 ± 0.0002 and b45 = 0.0417 ± 0.0001. Inserting these parameter
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values into Equation 4.34, Equation 4.39, Equation 4.36, and Equation 4.40 yielded

physical parameters of the transport system and their associated statistical uncer-

tainties. The system gain GLE, which was the proportion of recently fixed carbon

exported from the leaf, was

GLE = 0.767± 0.003 (6.3)

meaning that 23.3% of recently fixed carbon remained in the uptake leaf as storage

carbohydrates. The average transit time for leaf export was

< t >LE= 62.396± 0.003 min. (6.4)

The average distance from the leaf to the shoot-root system was (79 ± 4) mm, which

resulted in an average transit velocity of

< v >LE= 1.27± 0.06 mm/min. (6.5)

The uncertainties listed above for GLE, < t >LE, and < v >LE are purely statistical.

Shoot Export

The proportion of recently fixed carbon allocated to aboveground developing shoots

or leaves was determined by combining the analysis of leaf export with that of shoot

export. Shoot export TF analysis was applied to determine the fraction of radiotracer

exported from the shoot to subterranean compartments (shoot export fraction, GSE).

The fraction of recently fixed carbon allocated belowground Pbelow was given by

Pbelow = GLE ×GSE . (6.6)
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Equation 6.1 and Equation 6.6 define the carbon allocation to all parts of the plant

other than the shoot. By conservation of matter the shoot partitioning fraction Pshoot

was then given by

Pshoot = 1− Pleaf − Pbelow = GLE × (1−GSE) . (6.7)

Shoot export TF analysis also provided the average transit time for a radiotracer

particle to travel from the shoot to the root system. Only the process of photoas-

similate transport through the phloem occurs in the shoot, so the average transit

time was generally less than that for leaf export. The mean velocity of radiotracer

transport out of the shoot was calculated by dividing the mean shoot-root distance

by the average transit time. The mean distance was measured as the distance from

the midpoint of the shoot to the midpoint of the root system. The VIPER detector

modules that monitored the shoot and root detectors were not repositioned from day

to day, so the average shoot-root distance was a constant. This distance was also

determined using ImageJ software [ImJ] to analyze photos of each plant arranged

within the detector system.

The input, output, and optimal model for a representative shoot export TF anal-

ysis are shown in Figure 6.10. The model input was S+R+RE+RR, and the model

output was R+RE+RR (Table 6.2). The input and output data are shown in plot (a)

of Figure 6.10, and a magnified comparison of the model and output data is shown

in plot (b). The particular model shown in plot (b) of Figure 6.10 is of the form

y[k] = −a1y[k − 1] + b22u[k − 22] (6.8)

with a1 = -1.0732 ± 0.0003 and b22 = -0.0248 +/- 0.0001. These model parameters
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Figure 6.10: Shoot export analysis example. (a) Input and output data used to
generate the TF model. The input is the sum of radiotracer profiles for the shoot,
root, root exudation, and root respiration. The output is the sum of the root, root
exudation, and root respiration. (b) Magnified comparison of the output data with
the resulting model. Note the change of scales from (a) to (b).

were used to compute physical parameters of the transport system and the associated

statistical uncertainties. The system gain GSE, which was the proportion of carbon

exported from the leaf that was allocated belowground, was

GSE = 0.339± 0.002 (6.9)

and the average transit time for shoot export was

< t >SE= 7.336± 0.003 min. (6.10)

Inserting the results from Equation 6.3 and Equation 6.9 into Equation 6.7 reveals

that 50.7% of recently fixed carbon was allocated for aboveground shoot development

and 26.0% was exported to belowground. The average distance from the shoot to the

root system was (73 ± 4) mm, which resulted in an average transit velocity of

< v >SE= 10.0± 0.5 mm/min. (6.11)
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As with the leaf export parameters, the uncertainties listed above for GSE, < t >SE,

and < v >SE are due purely to counting statistics.

Root Exudation

The 11C released from the roots was either 11C-labeled soluble root exudates or

respired 11CO2. Root exudation TF analysis was used to determine the proportion

of recently fixed carbon allocated belowground that was eventually released as solu-

ble exudates (root exudation fraction, GRE). Because the root exudation detectors

monitored only a sample of the nutrient solution, this tracer profile was scaled by the

ratio of the total volume of nutrient solution to the sampled nutrient volume. The

fraction of recently fixed carbon allocated to root exudates Pexud was

Pexud = GLE ×GSE ×GRE . (6.12)

The average transit time for a radiotracer molecule to travel from the root to

the field of view of the root exudation detectors was also determined. However, this

transit time was primarily governed by the nutrient flow system circulation rate,

which was fairly constant across all runs. Therefore, the average root exudation time

was also found to be fairly constant (29 ± 2 minutes for 24 runs).

The input, output, and optimal model for a representative root exudation TF

analysis are shown in Figure 6.11. The input was R+RE+RR and the output was

RE. The input and output data are shown in plot (a) of Figure 6.11, and a magnified

comparison of the model and output data is shown in plot (b). The particular model

shown in plot (b) of Figure 6.11 is of the form

y[k] = −a1y[k − 1] + b27u[k − 27] (6.13)
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Figure 6.11: Root exudation analysis example. (a) Input and output data used to
generate the TF model. The input is the sum of radiotracer profiles for the root, root
exudation, and root respiration. The output is only root exudation. (b) Magnified
comparison of the output data with the resulting model. Note that (a) is a log-linear
plot, and there is a change of scales from (a) to (b).

with a1 = -0.385 ± 0.002 and b27 = 0.00802 ± 0.00003. The system gain GRE, which

was the fraction of belowground carbon detected in the nutrient sampling vial, was

GRE = 0.01304± 0.00007 (6.14)

and the average transit time was

< t >RE= 27.625± 0.003 min. (6.15)

The sampled volume of nutrient solution for this measurement was 19 mL, and the

total volume of solution was 94 mL. The root exudation fraction was scaled by the

ratio of total to sampled volume, which was a factor of 4.95. The fraction of 11C

released from the roots as exudates was then

G′
RE = 0.0645± 0.0003 . (6.16)
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Figure 6.12: Root respiration analysis example. (a) Input and output data used to
generate the TF model. The input is the sum of radiotracer profiles for the root, root
exudation, and root respiration. The output is only root respiration. (b) Magnified
comparison of the output data with the resulting model. Note that (a) is a log-linear
plot, and there is a change of scales from (a) to (b).

Inserting Equation 6.16 with the previous leaf export and shoot export results into

Equation 6.12 yielded 1.7% of recently fixed carbon allocated to root exudation.

Root Respiration

Root respiration TF analysis determined the proportion of recently fixed carbon

allocated belowground that was respired by the root (root respiration fraction, GRR).

The fraction of recently fixed carbon allocated to root respiration Presp was

Presp = GLE ×GSE ×GRR . (6.17)

The input, output, and optimal model for a representative root respiration TF

analysis are shown in Figure 6.12. The input was R+RE+RR and the output was

RR. The input and output data are shown in plot (a) of Figure 6.12, and a magnified

comparison of the model and output data is shown in plot (b). The particular model
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shown in plot (b) of Figure 6.12 is of the form

y[k] = −a1y[k − 1] + b57u[k − 57] (6.18)

with a1 = -0.10 ± 0.03 and b57 = 0.0134 ± 0.0005. The system gain GRR, which was

the proportion of belowground carbon released as root respiration, was

GRR = 0.0149± 0.0007 (6.19)

and the average transit time (in minutes) was

< t >RR= 57.11± 0.03 . (6.20)

Inserting Equation 6.19 into Equation 6.17 with the previous leaf export and shoot

export parameters results in 0.4% of recently fixed carbon lost to the rhizosphere as

root respiration.

Carbon allocation to the root structure Proot was then calculated based on total

belowground allocation, root exudation, and root respiration:

Proot = Pbelow − Pexud − Presp = GLE ×GSE × (1−GRE −GRR) . (6.21)

Note that the sum of all partitioning fractions (leaf, shoot, root, exudation, and

respiration) was unity, which provided a total carbon budget for recently fixed carbon

in the plant (neglecting leaf and shoot respiration). Inserting the results of the

examples from this section into Equation 6.21 results in 23.9% of recently fixed carbon

allocated to root structure. A total carbon budget for the barley plant in the previous

examples is summarized in Table 6.3.
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Table 6.3: Carbon budget for example barley plant. The proportion of recently
fixed carbon allocated to each region of the barley plant is given, neglecting leaf and
shoot respiration.

Barley Region Fractional Carbon Allocation
Uptake Leaf 0.233

Shoot 0.507
Root Structure 0.239
Root Exudation 0.017
Root Respiration 0.004

Total 1.000

Plant Biomass and Root Morphology

Because the proportion of recently fixed carbon exuded and/or respired from plant

roots may depend on the particular root system size and architecture, we also deter-

mined the morphological characteristics of each root system. After the final labeling

of the day, the plant was harvested. The foliage and roots were separated, pho-

tographed, and placed in drying ovens at 55◦C for future dry mass determination.

The root photographs were analyzed using the WinRHIZOTMsoftware [Rhi] that pro-

vided information about the root structural parameters of length, surface area, and

number of tips (Figure 6.13).

Error Assessment

There were three primary sources of experimental errors: (1) statistical error, (2)

instrumental systematic uncertainty, and (3) biological variation. The statistical error

was determined by the counting statistics for each region of interest and was estimated

using the uncertainty in the model fit parameters for each analysis (e.g., Equation

4.36, and Equation 4.40). The instrumental systematic uncertainty was estimated

by the standard deviation of repeat measurements on the same plant under identical

conditions. Similarly, the uncertainty due to biological variation was determined by

213



Figure 6.13: Root structure analysis. WinRHIZOTMsoftware [Rhi] was used to
determine the morphological characteristics of the roots. Photographs of the roots
were analyzed to provide the root length, surface area, and number of tips. The red
and yellow identify the diameter classes of the roots, and the blue dots identify the
root tips.

the standard deviation of measurements on different plants under identical conditions.

The standard errors in the mean presented in the Results section (Section 6.4)

are dominated by biological variation resulting from different plants labeled under

identical conditions. Most plants were labeled two times during one day in different

environments, therefore multiple individuals served as the replicates for each treat-

ment. In general, the statistical uncertainty was more than an order of magnitude

smaller than the instrumental systematic error and biological variation.

Statistical Analysis

Differences in the carbon partitioning and transport parameters across the vari-

ous treatments were tested using either a two-tailed unpaired t-test or by analy-

sis of variance with a general linear model. Leaf and shoot export fractions and

velocities were compared using a two-tailed unpaired t-test. Data for root exuda-
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Figure 6.14: Effect of atmospheric CO2 concentration on photosynthesis. The
photosynthesis rate for barley was (10.4 ± 0.7) µmol m−2 s−1 at ambient CO2 and
(25.3 ± 1.5) µmol m−2 s−1 at elevated CO2. The scirpus photosynthesis rate was
(5.5 ± 0.8) µmol m−2 s−1 at ambient CO2 and (16.0 ± 1.1) µmol m−2 s−1 at elevated
CO2. Values shown are the means ± the standard errors of the mean; the number of
measurements averaged is n = 6. Significant differences (p < 0.01) are indicated by
different postscripts.

tion and root respiration fractions were subjected to analysis of variance using the

SAS/STATTMstatistical software [SAS86]. The general linear model used species and

atmospheric CO2 concentration as the main effects and nutrient switching order as a

split-plot effect.

6.4 Results

Effects of Atmospheric CO2 Concentration

For both species, elevated atmospheric CO2 significantly increased the rate of photo-

synthesis (p < 0.01; Figure 6.14). For barley, the photosynthesis rate under elevated

CO2 was 2.4 times that at ambient CO2. Similarly for scirpus, the photosynthesis

rate under elevated CO2 was 2.9 times that at ambient CO2.

The proportion of recently fixed carbon exported from the leaf of barley was not
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Figure 6.15: Effect of measurement time of day on the leaf export fraction. A
diurnal pattern of leaf export fraction was observed for barley but not for scirpus.
Barley AM leaf export was (44 ± 10)% greater than that in the PM, which was not
significantly different than the leaf export fraction for scirpus. Values shown are the
means ± the standard error of the mean; the number of measurements averaged is
n = 6 for all except PM scirpus, where n = 7. Significant differences (p < 0.05) are
indicated by different postscripts.

significantly affected by atmospheric CO2 concentration. However, barley leaf export

was significantly affected by the time of day of the labeling measurement (p < 0.01).

Barley plants labeled in the AM exported (66 ± 2)% of recently fixed carbon from

the leaf, while those labeled in the PM had (46 ± 3)% leaf export (Figure 6.15). No

diurnal leaf export pattern was observed for scirpus, but elevated CO2 significantly

increased leaf export for scirpus (p < 0.05; Figure 6.16a and Table 6.4).

Elevated CO2 significantly increased the mean velocity of radiotracer transport

from the leaves of both barley and scirpus (p < 0.05). Barley plants labeled at

elevated CO2 had a mean leaf export velocity 34% greater than those labeled at

ambient CO2 (Figure 6.16b). Similarly for scirpus, the mean leaf export velocity

increased 25% at elevated CO2 relative to ambient CO2 (Figure 6.16b and Table

6.4).

The fraction of recently fixed carbon exported from barley shoot was significantly

decreased in the elevated atmospheric CO2 environment (p < 0.01; Figure 6.16c and
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Figure 6.16: Effects of atmospheric CO2 concentration on carbon partitioning and
transport for barley and scirpus. (A) Leaf export fractions. Elevated CO2 signifi-
cantly increased the leaf export fraction in scirpus, but the barley leaf export fraction
was not significantly affected. The scirpus leaf export fraction was (50 ± 23)% greater
at elevated CO2 than at ambient CO2. (B) Leaf export velocities. The barley leaf
export velocity was (34 ± 6)% and (25 ± 11)% greater at elevated CO2 than at ambi-
ent CO2 for barley and scirpus, respectively. (C) Shoot export fractions. The barley
shoot export fraction was (72 ± 28)% greater at ambient CO2 than at elevated CO2

. For scirpus, the trend was toward an increased shoot export fraction at elevated
CO2 , but the difference was not statistically significant. (D) Shoot export velocities.
The shoot export velocity significantly increased at elevated CO2 for barley, but the
effect on scirpus was not statistically significant. Values shown are the means ± the
standard error of the mean; the number of measurements averaged is n = 6 for barley
under both ambient and elevated CO2, n = 9 for the ambient CO2 scirpus, and n = 4
for scirpus under elevated CO2. For plots (A) - (D), significant differences (p < 0.05)
among CO2 treatments and species are indicated by different postscripts.

217



Table 6.4: Effects of atmospheric CO2 concentration on carbon partitioning and
transport. The belowground fraction was computed as the product of the leaf export
fraction and shoot export fraction (Equation 6.6). Values shown are the means ±
the standard error of the mean; the number of measurements averaged is n = 6 for
barley under both ambient and elevated CO2, n = 9 for the ambient CO2 scirpus,
and n = 4 for scirpus under elevated CO2.

Barley Barley Scirpus Scirpus
Amb CO2 Elev CO2 Amb CO2 Elev CO2

Leaf Export Fraction 0.54 ± 0.05 0.59 ± 0.05 0.36 ± 0.01 0.54 ± 0.08
Shoot Export Fraction 0.67 ± 0.04 0.39 ± 0.06 0.55 ± 0.01 0.65 ± 0.08
Belowground Fraction 0.36 ± 0.04 0.23 ± 0.04 0.20 ± 0.01 0.35 ± 0.07
Leaf Export Velocity 0.87 ± 0.03 1.17 ± 0.03 0.77 ± 0.04 0.96 ± 0.07
Shoot Export Velocity 6.4 ± 1.5 10.6 ± 1.0 4.4 ± 1.5 7.9 ± 2.2

Table 6.4). Barley plants from the ambient CO2 environment exported 72% more

recently fixed carbon from the shoot to belowground than those at ambient CO2.

However, the shoot export fraction for scirpus was not significantly affected by the

CO2 conditions (p = 0.1) due to the high variability among replicates and the small

sample size at elevated CO2 (Figure 6.16c and Table 6.4).

Elevated CO2 significantly increased the mean velocity of radiotracer transport

from the shoot to belowground in barley (p < 0.05), but the shoot export velocity for

scirpus was not significantly affected (Figure 6.16d and Table 6.4). The mean shoot

export velocity for barley was 66% greater at elevated CO2 than at ambient CO2.

For scirpus, the mean velocity of radiotracer export from the shoot, independent of

CO2 level, was 6.1 ± 1.4 mm/min.

For barley, elevated CO2 significantly enhanced the proportion of recently fixed

belowground carbon released as root exudation (p < 0.05; Figure 6.17 and Table

6.5). When corrected for size (by root biomass, surface area, length, and number of

tips), a significant pattern emerged only for the biomass correction (Table 6.6). For

scirpus, the proportion of belowground carbon released as exudation was significantly

reduced under elevated CO2 (p < 0.01; Figure 6.17 and Table 6.5). The scirpus results
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remained significant when corrected for all root parameters (p < 0.05; Table 6.6).

Table 6.5: Effects of atmospheric CO2 concentration on root exudation and respi-
ration. Values shown are the means ± the standard error of the mean. For root
exudation, the number of measurements averaged is n = 6 for barley under both
ambient and elevated CO2, n = 9 for the ambient CO2 scirpus, and n = 4 for scirpus
under elevated CO2. For root respiration, n = 4 for barley under ambient CO2, n = 6
for barley under elevated CO2, n = 3 for the ambient CO2 scirpus, and n = 4 for
scirpus under elevated CO2.

Barley Barley Scirpus Scirpus
Amb CO2 Elev CO2 Amb CO2 Elev CO2

Percent Root Exudation 2.7 ± 0.5 5.0 ± 0.7 3.0 ± 0.7 0.86 ± 0.06
Percent Root Respiration 1.4 ± 0.3 0.35 ± 0.07 4.1 ± 0.7 1.6 ± 0.5

Table 6.6: Effects of atmospheric CO2 concentration on root exudation. Correcting
the fraction of belowground carbon released as root exudates by the root parameters
of biomass, surface area, length, and number of tips resulted in a significant effect
of the CO2 treatment for scirpus. Correcting the barley root exudation fraction by
biomass resulted in a significant CO2 effect (* indicates significant difference between
CO2 within the species at p ≤ 0.05). Values shown are the means ± the standard
error of the mean; the number of measurements averaged is n = 6 for barley under
both ambient and elevated CO2, n = 9 for the ambient CO2 scirpus, and n = 4 for
scirpus under elevated CO2.

Exudation Per
Per Surface Per Per

Species [CO2] Biomass Area Length Tip
(g−1) (× 10−4 cm−2) (× 10−5 cm−1) (× 10−5)

Barley Amb 0.88 ± 0.20* 11.1 ± 3.0 23.1 ± 6.0 10.9 ± 2.6
Elev 2.0 ± 0.8 16.1 ± 2.9 20.2 ± 3.6 15.0 ± 3.2

Scirpus Amb 0.20 ± 0.05* 2.6 ± 0.8* 8.7 ± 3.4* 5.0 ± 1.9*
Elev 0.030 ± 0.003 0.43 ± 0.06 1.1± 0.1 0.6 ± 0.1

For both species, elevated CO2 significantly reduced the proportion of below-

ground 11C released as root respiration (p < 0.05), regardless of nutrient treatments:

74% and 62% reduction for barley and scirpus, respectively (Figure 6.17 and Table

6.5). Correcting the root respiration fraction for root size also resulted in significant

CO2 effects (Table 6.7).
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Figure 6.17: Effect of atmospheric CO2 concentration on root exudation and res-
piration. (A) The root exudation fraction is the proportion of recently fixed carbon
allocated belowground that was released as soluble root exudates. The barley root
exudation fraction at elevated CO2 was 1.85 times that at ambient CO2. The scirpus
root exudation fraction at ambient CO2 was 3.5 times that at elevated CO2. Values
shown are the means ± the standard error of the mean; the number of measurements
averaged is n = 6 for barley under both ambient and elevated CO2, n = 9 for the
ambient CO2 scirpus, and n = 4 for scirpus under elevated CO2. (B) The root respi-
ration fraction is the proportion of recently fixed carbon allocated belowground that
was respired as 11CO2. The barley root respiration fraction at ambient CO2 was 4
times that at ambient CO2. The scirpus root respiration fraction at ambient CO2 was
2.6 times that at elevated CO2. Values shown are the means ± the standard error of
the mean; the number of measurements averaged is n = 4 for barley under ambient
CO2, n = 6 for barley under elevated CO2, n = 3 for the ambient CO2 scirpus, and
n = 4 for scirpus under elevated CO2. Significant differences (p < 0.05) are indicated
by different postscripts.
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Table 6.7: Effects of atmospheric CO2 concentration on root respiration. For both
barley and scirpus, correcting the fraction of belowground carbon released as root
respiration by the root parameters of biomass, surface area, length, and number
of tips resulted in a significant effect of the CO2 treatment (* indicates significant
difference between CO2 within the species at p ≤ 0.05). Values shown are the means
± the standard error of the mean; the number of measurements averaged is n = 4
for barley under ambient CO2, n = 6 for barley under elevated CO2, n = 3 for the
ambient CO2 scirpus, and n = 4 for scirpus under elevated CO2.

Respiration Per
Per Surface Per Per

Species [CO2] Biomass Area Length Tip
(g−1) (× 10−4 cm−2) (× 10−5 cm−1) (× 10−5)

Barley Ambient 0.5 ± 0.1* 4.1 ± 1.9* 9.0 ± 3.9* 4.7 ± 1.6*
Elevated 0.10 ± 0.02 1.1 ± 0.2 1.5 ± 0.4 0.9 ± 0.2

Scirpus Ambient 0.28 ± 0.04* 3.6 ± 0.8* 12.5 ± 3.9* 7.2 ± 2.2*
Elevated 0.048 ± 0.008 0.67 ± 0.09 1.7 ± 0.3 1.0 ± 0.1

Effects of Nutrient Treatment

For both species, the root exudation fraction was significantly greater in low than

high nutrient solutions (p < 0.01), regardless of the order in which the treatments

were applied (switching). Root exudation of recently fixed carbon from barley plants

in low nutrient conditions was 1.71 times that of barley plants in high nutrient, and

scirpus exudation at low nutrient was 1.28 times that of scirpus plants in high nutrient

conditions.

Switching the nutrient treatment order also had a significant effect on root exu-

dation under elevated atmospheric CO2 (p < 0.01), regardless of species. While low

nutrient concentration consistently resulted in more root exudation than high nutri-

ent, the magnitude of this difference depended on the order in which the treatments

were applied for plants exposed to elevated CO2 conditions. For plants acclimated to

high nutrient solution and switched to a ten-fold lower nutrient level, root exudation

increased 15% at the low nutrient. However, for plants acclimated to a low nutrient

level, root exudation was reduced 57% when switched to a ten-fold greater nutrient
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Figure 6.18: Effect of switching nutrient treatments on root exudation for both
ambient and elevated CO2. The percent change in root exudation is shown for plants
grown at high nutrient and switched to low (H→L) and vice versa (L→H). For
both species, the proportion of recently fixed carbon allocated belowground that
was released as soluble exudates was greater in the lower concentration nutrient
solution. Switching H→L increases root exudation and switching L→H decreases root
exudation for both species, as shown. At elevated CO2 the order in which the nutrient
treatments were applied significantly affected the magnitude of this effect. Values
shown are the means ± the standard error of the mean; the number of measurements
averaged is n = 2 for switching H→L under ambient CO2, n = 4 for switching L→H
under ambient CO2, n = 3 for switching H→L under elevated CO2, and n = 4
for switching L→H under elevated CO2. Significant differences (p < 0.05) in the
magnitude of percent difference are indicated by different postscripts.

concentration (Figure 6.18). For plants in ambient CO2, switching the nutrient treat-

ment order had no significant effect on the magnitude of the change in exudation.

Plants acclimated in high nutrient solution and switched to a lower nutrient had (36

± 1)% greater root exudation fraction at the lower nutrient level; root exudation was

reduced (32 ± 4)% for those acclimated to a lower nutrient and switched to a higher

nutrient concentration. As the nutrient switching order did not significantly affect

the magnitude of the change in exudation, (43 ± 5)% more recently fixed carbon

allocated belowground was released as root exudates at low nutrient than at high

nutrient for plants under ambient CO2.
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6.5 Discussion

Based on previous studies of the effects of elevated CO2 and nutrient availability

on carbon allocation in plants, this study was designed to test the hypothesis that

elevated CO2 would lead to increased root exudation as a result of increased below-

ground carbon flux and that the magnitude of CO2 effects would be altered by root

nutrient availability.

6.5.1 Impacts of Elevated CO2 on Carbon Transport and Al-

location

Elevated atmospheric CO2 significantly increased the photosynthesis rates for both

barley and scirpus. These plants may preferentially allocate the additional pho-

toassimilates aboveground for increased growth or belowground for added storage

[Kör03, Ain02]. Alternatively, carbohydrate allocation to all parts of the plant may

be scaled up such that the fraction of recently fixed carbon allocated to each region is

not a function of the CO2 conditions (e.g., [Hib96, Dee99]). The response is likely to

be species dependent, and carbohydrate priorities are known to differ between annu-

als and perennials. Annual plants often have higher growth rates and lower nutrient

use efficiency [War01] than perennials, meaning that more nutrients are required

for the same amount of growth. Additionally, perennials are known to store more

carbon in the roots for survival beyond the growing season [Gri79]. The following

sections discuss the observed effects of elevated atmospheric CO2 concentration on

the allocation of recently fixed carbon within the plant and between the plant and

rhizosphere.
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Elevated CO2 Increases Photoassimilate Transport Velocity

Our data show that elevated CO2 significantly increased the velocity of photoas-

similate export from the leaf for both barley and scirpus. Similarly, the velocity of

photoassimilate flow from the shoot to belowground was increased under elevated

CO2. Export from the leaf involves a sequence of processes: photoassimilation of

CO2, transport of photoassimilates to the site of phloem loading, and subsequent

phloem loading and transport out of the leaf. Because photoassimilate movement

from the shoot to the root only involves phloem transport, the shoot-root velocity

is a better indicator of the actual photoassimilate velocity in the phloem. The only

study on the effects of elevated CO2 on photoassimilate translocation velocity in an

annual wild grass species found no significant effect due to the CO2 treatment [Pot84].

However, the lack of a CO2 effect in the Potvin et al. study [Pot84] may be a result

of the lack of photosynthetic enhancement. In contrast, in our study the greater

photosynthesis rates observed at elevated CO2 may stimulate higher rates of phloem

loading in the source leaf, which could result in increased hydrostatic pressure at the

source due to the concomitant osmotic in-flow of water from the xylem. Increased

source pressure may be responsible for the faster rates of photoassimilate transport

[Hen02]. Our data indicate that photoassimilates are more rapidly mobilized from

the leaf and translocated to the rest of the plant in an enhanced CO2 environment.

Elevated Atmospheric CO2 Shifts Patterns of Carbon Allocation

Elevated atmospheric CO2 significantly reduced belowground allocation of recently

fixed carbon in barley plants. While the proportion of carbohydrates exported from

the leaves was not affected by the CO2 treatment4, the shoot export fraction was sig-

4The barley leaf export fraction was found to decrease later in the day under both ambient and
elevated CO2 environments, which is in agreement with the observations of Thorpe and Minchin
[Tho91] in continuous loading measurements of 11C-labeled photoassimilate allocation in barley.

224



nificantly reduced under enhanced CO2 conditions, which resulted in overall decreased

subterranean carbon allocation (Table 6.4). This radiotracer-measured decrease in

belowground allocation at elevated CO2 is in agreement with biomass measurements

of the harvested plants where the root-to-shoot ratio (root:shoot) decreased at ele-

vated CO2 (0.53 ± 0.02 and 0.24 ± 0.03 for the ambient and elevated CO2 plants,

respectively). Previous barley studies in elevated CO2 did not indicate a significant

root:shoot effect [Cur86, Hib96], but elevated CO2 has been shown to significantly

decrease root:shoot for other annual crop grasses [Pat96]. Decreased 11C allocation

to the root at elevated CO2 indicates that the demands of aboveground growth sinks

outweigh those of the roots. At this stage of development, the barley seedlings may

be allocating the additional photoassimilate at elevated CO2 to establish leaf area for

increased growth and hence future productivity.

For the perennial scirpus species, both increased leaf and shoot export fractions

under elevated CO2 resulted in greater belowground carbon allocation than that ob-

served under ambient CO2 conditions (Table 6.4). This measured increase in real-time

belowground radiotracer allocation contrasts with biomass root:shoot measurements

of the harvested plants. However, the harvested plants were pruned prior to labeling

so this difference is not meaningful. Preferential allocation of the additional photoas-

similates to the roots in an elevated CO2 environment is in agreement with biomass

measurements by Curtis et al. [Cur90] on another mature scirpus species grown under

elevated CO2 in field conditions. Belowground allocation of the additional photoas-

similates under elevated CO2 may serve to sustain this perennial beyond the growing

season.
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Elevated Atmospheric CO2 Alters Root Exudation

Our data show that elevated atmospheric CO2 enhanced the proportion of below-

ground carbon released as root exudation for barley plants. With the short-lived

11C isotope, we measured real-time belowground carbon accumulation and separated

the contributions of root storage, exudation, and respiration. These radiotracer data

show that the proportion of recently fixed carbon translocated to the root was re-

duced under elevated CO2, which agreed with biomass root:shoot measurements from

the harvested plants. Therefore under elevated CO2, the proportion of belowground

carbon allocation decreased, although the fraction of belowground carbon released

as root exudation increased. This suggests that the increased root exudation in the

short-term at elevated CO2 is not a result of constant mass-specific exudation accom-

panied by increased root growth as in [van00], but rather a consequence of increased

exudation per unit root as seen in [Che98, All06].

For scirpus, elevated CO2 reduced the proportion of belowground carbon released

as root exudation, which contrasted with our hypothesis and the barley measure-

ments. Despite increased belowground carbon allocation under elevated CO2, a

smaller fraction was released as root exudation. As a native wetland perennial,

scirpus may be accumulating additional carbohydrate in the root at elevated CO2

for stored reserves beyond the growing season. Megonigal and Schlesinger [Meg97]

observed increased CH4 emissions from a wetland grass under elevated CO2 and

suggested that this may be due to increased root exudation. However, we find no

reported root exudation measurement on scirpus with which to compare our findings.
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Elevated Atmospheric CO2 Reduces Root Respiration

Higher photosynthesis rates under elevated CO2 may lead to increased root respi-

ration as a result of enhanced belowground growth. Root growth and maintenance

require energy that is derived from the break-down of root carbohydrates, and CO2

gas is respired in the process. Our measurements show that elevated CO2 significantly

reduced root respiration for both barley and scirpus seedlings. Previous studies on

the effect of elevated CO2 on root respiration have yielded inconsistent results. Stud-

ies on both crop species (e.g., [Gif85]) and tree seedlings (e.g., [Rei94]) report either

a decline in root respiration under elevated CO2 or no effect. Additionally, Kou et al.

[Kou07] found that the effect of elevated CO2 on root respiration in wheat differed

across growth stages. The decreased root respiration we observed may be a result of

decreased energy consumption by root construction, maintenance, or ion transport.

If so, the roots may perform more efficiently under elevated CO2.

With our technique, there are actually two possible sources for 11CO2 detected

in the CO2 trap: from root respiration and from microbial respiration of 11C-labeled

compounds released from the roots. The model of Kuzyakov and Domanski [Kuz02]

indicates that microbial respiration of 14CO2 is not a significant fraction of root-

derived CO2 until at least a day after labeling. However, a study of root exudation

in wheat seedlings using 11C labeling suggests that microbial respiration may have

comprised up to 30% of the 11CO2 found in the respiration trap [Min84]. As such, the

rhizosphere-produced 11CO2 trapped in our measurements should not be interpreted

as solely due to root respiration. Future studies in sterile root environments can be

used to measure only the contribution of root respiration.
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6.5.2 Impacts of Root Nutrient Availability on Carbon Trans-

port and Allocation

Numerous studies have reported enhanced root exudation for plants grown for

weeks to months in nutrient-deficient conditions [Hod96, Pat99, Pat00, Dar03]. Jones

et al. [Jon04] suggest that the increase in root exudation is a consequence of a break-

down in plant metabolic processes due to chronic nutrient deficiency in hydroponic

solutions. If so, a short-term change in nutrient availability may not necessarily

significantly affect the quantity of root exudation. However if this is not the case,

root exudation may be signaled to increase soon after nutrient levels are reduced and

persist throughout the period of nutrient deficiency.

Short-term changes in nutrient availability alter root exudation

While our study was designed to determine the interactive effects of atmospheric CO2

and root nutrient availability on carbon transport and allocation, we also observed

an unexpected rapid plant response to short-term changes in nutrient availability

via correlated changes in the photoassimilate allocation to root exudates. Our data

show that switching the plant from optimal root nutrient conditions to a nutrient-

deficient environment enhanced root exudation on a short time scale (i.e., less than 4

hours), indicating a relatively rapid root response to changes in nutrient availability.

Similarly, an increase in the root nutrient concentration resulted in decreased root

exudation over a 4-hour period. These general trends of increased root exudation in

response to nutrient reduction and decreased root exudation in response to higher

nutrient levels were independent of the atmospheric CO2 concentration. Prolonged

exposure to nutrient-deficient conditions may lead to increased exudation due to

long-term stresses on the root, but our results suggest a non-diffusive plant response

to short-term changes in nutrient availability. Plants may respond to low nutrient
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environments by allocating more carbohydrate to root exudation (via passive or ac-

tive mechanisms) to stimulate microbial activity [Oge04]. In turn, such stimulation

leads to increased nutrient turnover, hence future nutrient availability for the plant.

The plant can enhance root exudation over the long-term (i.e., weeks or months)

by allocating more carbohydrate to the roots and thus increasing the concentration

gradient between the roots and surrounding environment [Neu00]. Alternatively, the

increased root exudation that Darwent et al. [Dar03] measured in barley as a response

to decreased nitrate supply was a consequence of increased root length (i.e., increased

root carbon allocation), which was a long-term, morphological response to nitrate de-

ficiency. In our study, the proportion of recently fixed carbon allocated belowground

was not significantly affected by nutrient availability in the short term (4 hours), thus

the concentration gradient from the roots to the surrounding environment was not

likely affected by the nutrient treatment. Therefore, the enhancement in root exu-

dation at decreased nutrient concentration suggests that a non-diffusive mechanism

of root exudation drives the rapid response observed here for short nutrient pulses.

The current study does not provide information to elucidate the active mechanisms,

but it could be the opening of a plasma membrane channel for release of additional

organic acids [Jon98]. In our study, all nutrient concentrations were diluted ten-fold

for the low nutrient solution, including phosphorus. Phosphorus deficiency is known

to stimulate enhanced root exudation of organic acids to increase phosphorus avail-

ability [Neu99, Van03b]. Acidification of the rhizosphere leads to increased solubility

of rock phosphates, which may result in inorganic phosphorus available for plant up-

take [Hof92, Hin99]. Further studies in various nutrient solutions will be needed to

help isolate the potential mechanism(s).

Altered plant root exudation as a result of changes in nutrient availability could

be a transient response, i.e., a short-term response occurring over a period of hours
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before returning to the previously observed exudation pattern, that arises due to the

rapid switching of nutrient solutions. However, we made a series of measurements

of root exudation on a single scirpus plant that indicate the response persists for at

least 36 hours. The proportion of belowground carbon released as root exudation

was (3.5 ± 0.3)% for measurements in a low concentration nutrient solution over a

period of three days. During the middle of the third day the nutrient concentration

was increased ten-fold, and the root exudation fraction decreased to (2.0 ± 0.3)% in

measurements spanning the following 36 hours. These data suggest that the change

in root exudation is not a transient response due to any “shocking” of the plant

system as a result of rapidly changing nutrient availability, but rapid acclimation to

new nutrient conditions.

Our study shows that elevated CO2 enhances the difference in root exudation

at low and high nutrient levels when plants acclimated to stressful nutrient levels

are switched to a higher concentration nutrient solution (Figure 6.18). The switch

from low to high nutrients simulates a nutrient pulse that may be experienced in

the field as the result of a wetting event or rising water table. This result suggests

that under elevated CO2 barley and scirpus plants in nutrient-deficient conditions

can efficiently adjust their metabolism to rapidly reduce root exudation losses when

nutrients become available. These plants are originally releasing a significant fraction

of belowground carbon as root exudates, but the arrival of a nutrient pulse results

in substantially reduced root exudation losses. Plants grown in elevated CO2 and

optimal nutrient solution likely increase root exudation in response to a depletion

of nutrients, but the magnitude of this response is much weaker than the reduction

in exudation observed when a nutrient pulse was delivered to plants acclimated to

a low-nutrient environment. This suggests that the plant response to stress relief

is stronger than the response to the onset of stress at elevated CO2. In contrast,
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root exudation from plants in ambient CO2 conditions does not differentiate between

switching from high to low nutrient solution or vice versa. Perhaps due to increased

CO2 assimilation rates at elevated CO2, photoassimilate in excess of the plant’s needs

may be allocated to exudates to stimulate future nutrient availability. This may serve

as a nutrient-generating mechanism that is signaled to shut off when nutrients become

available.

6.5.3 Summary

The primary findings from this study were:

• the first observation of rapidly (i.e., within 4 hours) altered root exudation in

response to short-term changes in nutrient availability.

• the first in vivo measurement of increased photoassimilate velocity under ele-

vated CO2 conditions.

• elevated CO2 altered the quantity of belowground carbon released to the rhi-

zosphere as root exudation.

• reduced root respiration under elevated atmospheric CO2.

The application of the 11C short-lived radiotracer provided several advantages for

these experiments. Real-time in vivo measurement of 11C-labeled photoassimilates

throughout the plant and rhizosphere enabled the investigation of carbon dynamics

on the same plant in both high and low concentration nutrient solutions. As such,

we observed the real-time dynamic response of each plant to a change in nutrient

availability. This method is non-destructive, so the same plant could be used for

repeat measurements over several days, though in this study multiple replicates were

used and each was labeled twice in the same day. The short radioactive half-life of
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11C ensures that we measure only recently fixed carbon, so the carbon dynamics of

pre-existing pools are not accessible with this technique. However, measurements

by Dilkes et al. [Dil04] suggest that the root exudation rate is maximal after 2 - 3

hours and declines to one-third the maximum at 5 hours. Our measurements were

generally 3.5 to 4 hours in duration, so the radiotracer accumulation we measure as

root exudates is likely an integration over the period of maximal exudation.

To our knowledge, this is the first observation of a rapid change in root exudation

in response to short-term changes in nutrient availability. Our data indicate that a

non-diffusive mechanism is responsible for the rapid enhancement of root exudation

in response to nutrient depletion. This observed response could be partly due to a

feedback mechanism that stimulates microbial activity for nutrient cycling. We also

found the converse to be true. That is, root exudation abruptly decreases with a

sudden increase in nutrient availability. Our results are consistent with other studies

that explored the long-term effects of nutrient deficiency on root exudation [Hod96,

Pat99, Pat00, Dar03]. The conclusion from those studies was that the increased

exudation was most likely due to passive mechanisms. However, our real-time data

suggest that active processes may be involved.

Elevated CO2 stimulated photosynthesis rates and significantly affected carbon

partitioning for both barley and scirpus. Scirpus allocated more recently fixed car-

bon belowground at elevated CO2, while barley allocation to aboveground sinks was

greater at elevated CO2. In agreement with our hypothesis, the enhanced CO2 en-

vironment increased root exudation in barley. However, scirpus root exudation was

reduced under elevated CO2, indicating that these two species had differing carbon

priorities at the time of labeling. We also found that elevated CO2 significantly in-

creased the velocity of photoassimilate translocation under elevated CO2, which was

unexpected given that a previous study [Pot84] found no significant change.
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The enhancement in photosynthesis that many plants express at elevated CO2

is not likely sustainable in the long-term unless adequate nutrients are available.

This study indicates that grasses from elevated CO2 environments respond quickly

to changes in nutrient availability by stimulating or repressing carbon release from

the roots as exudation. In particular, plants under elevated CO2 greatly reduced

root exudation in response to a pulse of nutrients, implying more efficient carbon

use for plant growth and development when nutrients are sufficient. Root exudation

is stimulated in response to short-term nutrient reductions, which likely results in

increased microbial activity. Consequently, additional nutrients may become available

to the plant as a result of decomposition of organic matter by microbial activity.

Assuming microorganisms in the rhizosphere are not in competition for nutrients

with the plant, the process of microbial stimulation as a result of the plant response

to nutrient depletion may sustain enhanced photosynthesis in the long-term under

elevated CO2 for these grass species.
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Chapter 7

Conclusions

A system was designed and constructed for making real-time measurements of metabo-

lite transport in plants using short-lived positron-emitting radiotracers. Its capabil-

ities were demonstrated in a study of the effects of nutrient availability and atmo-

spheric CO2 concentration on carbon transport and allocation in two grass species.

This system provides the capabilities for production of 11CO2 at TUNL, transfer of

the 11CO2 gas from the target area at TUNL to a radiation-shielded cryogenic trap

at the Phytotron, labeling of photoassimilates with 11C, and in vivo gamma-ray de-

tection for real-time measurements of the radiotracer distribution in small plants.

The combination of these subsystems with controlled-environment growth chambers

and greenhouses at the Phytotron enables a wide variety of plant physiological and

ecological research. This chapter summarizes the system capabilities and our primary

biological findings and proposes future instrumentation expansion.

7.1 System Capabilities Summary

The current system provides the capacity to make real-time in vivo measurements of

the distribution of short-lived positron-emitting radiotracers in plants. The demon-

strated capabilities of the system are as follows:

• Radiotracer Production

– Carbon-11 in the molecular form 11CO2, which can be photosynthesized

in plant leaves
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– Nitrogen-13 in the form of mostly 13NO−
3 nutrients, which can be taken

up by plant roots

– Fluorine-18 in the form of 18F− ions, which are bound to water molecules

and can be taken up by plant roots

• Radiotracer Delivery - Transport of 11CO2 gas from the production cell in the

TUNL target room to the cryogenic 11CO2 trap located behind the labeling

chamber at the Phytotron

• Radiotracer Application

– Labeling loop system with leaf cuvette for exposure of plant leaf to gaseous

11CO2 with pulse loading in a controlled environment

– Introduction of 13NO−
3 nutrient solution to plant roots by injecting radio-

tracer solution into root bathing solution (currently only at TUNL)

• Radiotracer Detection

– Collimation method - single detector to register one of the positron anni-

hilation gamma rays

– Coincidence counting method - simultaneous detection of the back-to-back

gamma rays

– 2D positron emission imaging (VIPER) - measurement of the spatial dis-

tribution of radiotracer in a 5 cm × 5 cm field of view with ∼2.5 mm

resolution

• Interpretation of Radiotracer Data - Statistical Model
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– Information about radiotracer transport dynamics by calculating the av-

erage transit time for a radiotracer particle between two regions of the

plant

– Information about radiotracer translocation by calculating the fraction of

input tracer that arrives in the output region

7.2 Primary Findings

The full capabilities of this radiotracer system were utilized in an investigation of the

effects of elevated atmospheric CO2 concentration and root nutrient availability on

the transport and allocation of recently fixed carbon, including that released from

the roots via exudation or respiration, in two grass species, barley (an annual crop

grass) and scirpus (a perennial native grass). The 11CO2 gas was introduced to a

leaf of plants grown at either ambient or elevated atmospheric CO2. Two sequential

measurements were performed per day on each plant: labeling in a control root

nutrient solution immediately followed by labeling with a 10-fold increase or decrease

in nutrient concentration. The real-time distribution of 11C-labeled photoassimilate

was measured in vivo throughout the plant and root environment.

This work is the first report of the effects of elevated CO2 on phloem translocation

in grasses with the C3 photosynthetic metabolism. We found that the enhanced pho-

tosynthetic rates in elevated CO2 were accompanied by a significant increase in the

velocity of photoassimilate translocation in both species, which suggests that pho-

toassimilates were more rapidly mobilized from the leaf and translocated to the rest

of the plant in the elevated CO2 conditions. We also observed a significant effect of

atmospheric CO2 concentration on carbon partitioning in both barley and scirpus.

At elevated CO2 scirpus allocated more recently fixed carbon belowground. The
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opposite was the case for barley. The barley plants allocated more of the recently

fixed carbon to aboveground sinks at elevated CO2. Additionally, the enhanced CO2

environment increased root exudation in barley. Scirpus root exudation, however,

was reduced under elevated CO2, suggesting that the carbon allocation priorities of

these two species were significantly different at the time of labeling.

Also, this experiment resulted in the first observation of a rapid (i.e., within 4

hours) plant response via correlated changes in the photoassimilate allocation to root

exudates due to short-term changes in nutrient availability. Our data indicate that

an active mechanism may be responsible for the rapid enhancement of root exuda-

tion in response to short-term depletion of nutrients. This observed response could

be partly due to a feedback mechanism that stimulates microbial activity for nu-

trient generation. We also found the converse to be true. That is, root exudation

abruptly decreases with a sudden increase in nutrient availability. Our results are

consistent with the findings of studies of plants grown in chronic nutrient-deficient

conditions [Hod96, Pat99, Pat00, Dar03]. The conclusion from those studies was

that the increased exudation was most likely due to passive mechanisms. However,

our real-time data suggest that active mechanisms may be involved. Enhanced plant

photosynthesis at elevated CO2 may not be sustainable in the long-term without

dynamical feedback from the plant to nutrient generating processes, e.g., microbial

activities. Our results indicate that microbial stimulation via increased root exuda-

tion may be such a process that is needed to sustain enhanced photosynthesis in the

long-term under elevated CO2 for these grass species.
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7.3 Future Directions

The short-lived radiotracer labeling system described in this thesis was designed

with future expansion of the research program in mind. This section describes three

instruments that have been designed and would enhance the system capabilities.

7.3.1 Large Field of View VIPER

To coherently trace short-lived positron-emitting isotopes throughout an entire seedling

or parts of a larger plant with high spatial resolution, detector modules similar to

the prototype VIPER described in Section 3.3 can be tiled into planar arrays. A

proposed imager at Duke would consist of 4 × 6 detector modules in each of two

arrays. This arrangement will give a spatial resolution of ∼2 mm over an imaging

area approximately 20 cm wide × 30 cm tall (Figure 7.1). Simulations of the spatial

resolution as a function of detector array separation and detection efficiency as a

function of location in the image plane are shown in Figure 3.15 and Figure 3.16,

respectively. The primary benefit of this modular design is the flexibility it provides.

The modules may be rearranged within the detector array frame to accommodate

various plant geometries while covering a total imaging area of 600 cm2. This type

of flexibility is not a standard feature of commercially available PET imaging de-

vices. Hamamatsu Photonics has constructed and demonstrated the capabilities of

a planar imaging system that covers approximately 12 cm wide × 19 cm tall with a

spatial resolution of 2 mm [Uch04, Kaw06]. In addition, the Institute of Chemistry

and Dynamics of the Geosphere (ICG) Phytosphere research group in Germany has

developed a three-dimensional (3D) imaging system for plant studies, the Plant To-

mographic Imaging System or PlanTIS [Str07]. The PlanTIS device has a cylindrical

geometry that provides 1.3 mm resolution with an axial field of view of about 11 cm
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Position Calculation
Electronics

Pixelated BGO
2mm x 2mm x 20mm

0.15mm between pixels

PS−PMT

Figure 7.1: Large field of view VIPER conceptual design. Each detector module
(indicated by the red arrow) covers an area of 5 cm x 5 cm, and these are tiled into
an array to cover an imaging area of 600 cm2. The placement of the modules can
vary according to the plant geometry. Design courtesy of Matthew Busch.
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[Str06, Str07]. Though these systems currently have the largest coverage areas of any

high resolution PET imaging devices with demonstrated plant applications, they do

not offer the flexibility of the proposed VIPER imager.

Measurement of radiotracer transport and allocation over a seedling-size area

with high spatial resolution will provide information on fine-scale plant metabolite

dynamics that is not accessible using other techniques. For example, characterization

of gene function for genetically modified plants (in comparison to the corresponding

natural plants) can be monitored in dynamic light environments, in soils with hetero-

geneous nutrient availability, or after insect or pathogen attacks. Additionally, imag-

ing techniques can provide data to parameterize and test plant growth models from

the plant-soil interface (e.g., root exudates-microbe interactions) to the physiological

limitations of source-sink carbohydrate loading in an elevated CO2 environment. The

variety of species used and their different growth stages requires a versatile imaging

system made up of both high and low spatial resolution components that provides

the opportunity to observe the spatiotemporal dynamics of metabolites on multiple

scales.

7.3.2 Continuous Labeling with 11CO2

Continuous 11CO2 labeling systems maintain the radiotracer activity in the labeling

loop at a uniform level either by supplying 11CO2 at regular intervals [Tho91] or

by continuous production [Mag82]. The system described in this thesis provides

pulse loading capability and was designed to make upgrading for continuous loading

measurements straightforward. It can be modified for continuous loading by adding

a second cryogenic trap in parallel with the existing trap. A diagram of the proposed

continuous labeling system is shown in Figure 7.2. With this configuration, one trap
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will supply 11CO2 to the labeling loop while the other trap is loaded with 11CO2.

The 11C activity in the labeling loop will be held constant by supplying 11CO2 as

needed from one of the two traps. At the beginning of a labeling period, 11CO2 will

be supplied to the labeling loop from the initial trap until the desired 11C activity

is achieved. Then an adjustable valve will be used to restrict or allow access to the

on-line 11CO2 trap as needed. When the 11C activity in the connected trap decreases

below some threshold level, the other trap will be brought on-line. The initial trap

will then be isolated from the system and reloaded with 11CO2. An automated system

will monitor the activity in the labeling loop and adjust the on-line trap valves as

necessary. The same system will monitor the 11C activity in both traps.

Continuous labeling with 11CO2 will provide additional opportunities to study

real-time plant responses to environmental changes. Diurnal variations of the plant

can be measured in a variety of environments (e.g., [Tho91]). Additionally, time-

dependent environmental changes can be applied while the real-time responses of

the plant are measured (e.g.,[Min88, Min89, Tho91]). For example, the rapid root

response of plants to changes in nutrient availability observed in our pulse loading

measurements could be monitored in real time with continuous loading to make

an unambiguous connection between cause and effect and to provide more detailed

temporal information about the response. Also, continuous loading will enable a

much more thorough investigation of wound response in plants.

Whereas the analysis of data from pulse-labeling measurements applies a radioac-

tive half-life correction to the tracer profile data, a correction for radioactive decay

cannot be applied to continuous-labeling data because the 11CO2 is continuously

loaded in the loop to compensate for radioactive decay and absorption of 11CO2

from the loop. However, radioactive decay is explicitly included in the input-output

model parameters (as described in [Min89]) in the analysis of continuous loading
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Figure 7.2: Proposed continuous labeling system. This two-trap system supplies
11CO2 to the labeling loop as needed to maintain the 11C activity at a constant level.
When the 11C activity in the connected trap decreases below some threshold level,
the other trap will be brought on-line. The initial trap will then be isolated from the
system and reloaded with 11CO2. The radiation detectors monitor the activity in the
labeling loop and in both cryogenic traps.
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data. Rather than applying the model in Equation 4.18, a model is used of the form

y[k] = −a∗1y[k − 1] + b∗ju[k − j] (7.1)

where a∗1 = a1e
λkT , b∗j = bje

λkT , λ is the decay constant for 11C , and T is the sampling

period. While continuous labeling supplies a constant 11C activity for the plant, the

20 minute half-life still restricts the processes that can be investigated to those with

characteristic time constants on the order of an hour.

7.3.3 Nitrogen-13 Transfer System

While 13N has been produced and used in development experiments at TUNL, the

application of 13N-labeled nutrients to plants in the controlled environment growth

chamber at the Phytotron will require the development of a system to handle ra-

dioactive liquids. Installation of a pneumatic transfer system in one of the TUNL-

Phytotron conduits will enable transfer of vials of 13N-labeled solution from the pro-

duction area at TUNL to the dedicated labeling chamber at the Phytotron. As in the

development experiments, a 13NO−
3 solution will be generated by bombarding a liquid

water target with a proton beam. The production cell contents will be extracted with

a syringe and injected into a sealed vial, and the vial will be placed in the pneumatic

transfer system. After transfer of the sealed vial to the Phytotron, the contents of

the vial will be extracted with a syringe and injected into the root nutrient solution

of the plant under investigation.
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7.4 Closing Remarks

Plants are part of an intricate feedback system involving the atmosphere and the sur-

face of the earth. It is well understood that the amount of CO2 and other greenhouse

gases in the atmosphere affects the temperature at the surface of the earth and that

there is a positive feedback between the surface temperature of the earth and the

concentration of CO2 and other greenhouse gases in the atmosphere. Whether one

believes there is merit in climate models that imply that the earth is in a condition

of global warming is not so important. Because plants are significant transformers of

CO2 to O2, they are an important part of the system that regulates the relative con-

centration of gases in the earths atmosphere, and in turn are likely to be substantially

affected by changes in the contents of the atmosphere. Increasing plant productiv-

ity could help balance CO2 created by human activities, increase food supplies and

sequester carbon for energy production. Achieving this goal requires a better un-

derstanding of the influence of the environment on plant biochemistry as manifested

through physiological responses.

The system described in this thesis provides the capabilities for exploring a wide

variety of questions on the effects of environmental changes on plant physiology, in

particular metabolite transport and allocation. The multidisciplinary collaboration

that helped carry out the research in this thesis has the scientific background and

technical expertise to apply the techniques and instrumentation developed in this

thesis to address key questions on plant growth. Measurements with short-lived

positron-emitting radiotracers have led to a better understanding of basic physiolog-

ical and ecological phenomena. The development of quantitative analysis methods

for tracer profiles has been crucial to the interpretation of measurements using short-

lived radioisotopes. Transfer function analysis does not require a priori knowledge of
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the mechanisms driving tracer transport, but physiologically relevant parameters are

determined from data using this approach, thereby providing consistency checks on

mechanistic interpretations of certain phenomena. The application of PET techniques

for plant research creates opportunities for new discoveries by enabling researchers

to observe the physiological consequences of dynamic processes in real time and on

a fine spatial scale.
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Appendix A

Carbon-11 Production Activity

A nitrogen (14N) gas target is bombarded by a beam of protons to produce carbon-

11 dioxide (11CO2 ) gas for plant labeling experiments. As protons react in the

nitrogen gas target, the resulting 11C decays with a half-life of 20.3 minutes. Because

the 11C is radioactively decaying as it is being produced, increasing the production run

duration results in a diminishing return on the activity of 11C available for trapping.

The calculation described here is used to determine a compromise for the production

run time that achieves sufficient 11C activity with efficient use of beam time.

The nuclear reaction governing the 11C production and decay process is

14N(p, α)11C →11 B + β+ + νe , (A.1)

where 11C decays to the stable isotope 11B via positron emission with decay constant

λ11C = 0.034 min−1 . (A.2)

The number of 14N target nuclei decreases because these are converted to 11C via

the (p,α) reaction. The decay constant for this process is

λ14N = −Fσ (A.3)

where F is the proton flux in p
cm2min

and σ is the cross-section (in cm2

p
) for the 14N(p,α)
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reaction for the energy of interest. The rate of change in the number of 14N nuclei is

then

dN14N(t)

dt
= −FσN14N(t) = −λ14NN14N(t) , (A.4)

where N14N(t) is the number of 14N target nuclei at time t. Considering the rate of

change in the number of 11C nuclei as a function of time (N11C(t)), we have

dN11C(t)

dt
= −λ11CN11C(t) + λ14NN14N(t) , (A.5)

which takes into account both 11C production and decay. Solving Equation A.4 yields

the familiar exponential decay solution

N14N(t) = N14N(0) e−λ14N t . (A.6)

The solution in Equation A.6 may then be inserted into Equation A.5, yielding the

differential equation

dN11C(t)

dt
= −λ11CN11C(t) + λ14NN14N(0) e−λ14N t . (A.7)

Solving Equation A.7 gives the solution for the number of 11C nuclei in the target

cell as a function of time:

N11C(t) = N14N(0)
λ14N

λ11C − λ14N

(e−λ14N t − e−λ11C t) . (A.8)

This solution (Equation A.8) can be simplified by considering the physical con-
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stants that define λ14N . First, the flux F of the proton beam is given by

F =
Ibeam

eA
(A.9)

where Ibeam is the beam current on target in Amperes, e is the electric charge of the

proton (1.6022 × 10−19 Coulombs
proton

) and A is the cross-sectional area of the beam. The

cross-sectional area of the beam is defined by a collimator located just before the gas

cell, which is 3/8” diameter (resulting in A=0.713 cm2). Assuming the beam current

on target to be 1 µA, the proton flux is 8.75 × 1012 protons
cm2s

. The 14N decay constant

can now be calculated from Equation A.3, where the cross-section σ for 14N(p,α) at

10 MeV is approximately 10−25 cm2 (100 mb). This results in

λ14N = 5.25× 10−11 min−1 (A.10)

for 1 µA beam current on target.

Now we can use the actual values of λ14N and λ11C to simplify Equation A.8.

Comparing Equation A.2 and Equation A.10, we see that λ11C >> λ14N , which

simplifies the denominator of Equation A.8 since λ11C − λ14N ≈ λ11C . The other

simplification that can be made concerns the e−λ14N t term in Equation A.8. Since

λ14N t << 1 for realistic lengths of time for beam on target (i.e. tens or hundreds of

minutes), then we can substitute e−λ14N t ≈ 1. Inserting these approximations into

Equation A.8, leads to

N11C(t) = N14N(0)
λ14N

λ11C

(1− e−λ11C t) . (A.11)

The 11C activity A11C is the product of the 11C decay constant and the number
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of 11C nuclei remaining as a function of time, so this yields

A11C = λ11CN11C(t) = N14N(0)λ14N(1− e−λ11C t) . (A.12)

The only term in Equation A.12 that has not been discussed is N14N(0), the number

of 14N nuclei in the target cell initially. Using the Ideal Gas Law, we can compute

the number of moles n of 14N in the target cell:

n =
PV

RT
(A.13)

where P is the pressure of the gas in the cell (100 PSIG or 7.8 atm), V is the volume

of the gas cell (3 cm long × 0.713 cm2 cross-sectional area or 2.14 × 10−6 m3), T

is the temperature of the gas (293 K), and R is the ideal gas constant (8.206 ×

10−5 m3atm
mol K

). Substituting these values into Equation A.13, we find that there are

6.94×10−4 moles of N2 gas in the target cell initially. We know there are Avogadro’s

number (6.022 × 1023) molecules in each mole of gas and two nuclei per molecule

(since nitrogen is a diatomic gas). Making these conversions results in the number of

14N nuclei in the target gas at t=0,

N14N(0) = 8.36× 1020 . (A.14)

Inserting the constants from Equation A.14, Equation A.10 and Equation A.2 into

Equation A.11 yields an expression for 11C activity in the target gas cell as a function

of time (in minutes). A plot of 11C activity as a function of time for three beam

current values is shown in Figure A.1.
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Figure A.1: Activity of 11C produced for three different beam currents as a function
of beam time on target. Notice that 11C activity is asymptotic with respect to time,
resulting in a diminishing return of 11C activity for longer times. We generally leave
beam on target for about two 11C half-lives (∼40 minutes).
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Appendix B

Radioactive Gas Handling System

Operation

The radioactive gas handling system is used to transport 11CO2 gas from the

production cell in the TOF target area at TUNL to the plant labeling system at

the Phytotron. The radioactive gas flow is managed using solenoid-controlled valves.

The solenoid valve control interface is a bank of switches located in the electronics

rack at the Phytotron. The following algorithm describes the process for transporting

and trapping the 11CO2 (as of March 2008). The valves in the transport and labeling

system are indicated in Figure B.1.

1. Initiate air circulation in the labeling loop

• Ballast valves (V6 and V7) and bypass valve (V10) should be open and

circulation pump running

2. Fill gas cell with nitrogen gas

• Fill belt drive pump with liquid nitrogen and turn it on

• Connect manifold quick connect (QC) to gas cell QC

• Pump down gas cell using belt drive pump

• Fill gas cell with 100 PSIG UHP nitrogen gas

• Close gas cell hand valves

• Pump line connecting manifold to gas cell to atmospheric pressure
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• Connect gas cell QC to 1/8” tubing QC

• Connect manifold QC to 3/8” tubing QC

3. Carbon-11 production via 14N(p,α)11C reaction (10 MeV protons on target)

• While beam is on target, fill dewar with liquid nitrogen to take to Phy-

totron

4. In NTOF target area, open gas cell hand valve(s) and manifold valve to pump

• Solenoid valves are still closed at this point

5. At Phytotron, open CO2 trap solenoid valves (V1 and V2)

6. Pump out trap by opening pump solenoid valve (V3)

• This will evacuate the gas line from the pump at TOF, through the trap

at the Phytotron, and up to the gas cell in TOF

• Monitor the CO2 trap vacuum by looking at the analog vacuum gauge

located on the left side of the chamber against the wall just to the left of

the trap

7. Cool down CO2 trap with liquid nitrogen

• Connect multimeter leads to the alligator clips connected to the thermo-

couple located on the right side of the trap

• The meter will read about -6 mV when liquid nitrogen reaches the bottom

tip of the thermocouple; this is the correct liquid nitrogen level needed to

cool down the trapping volume
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• Pour liquid nitrogen into the black funnel while monitoring the multimeter

reading

8. Empty the gas cell contents through the CO2 trap

• Leave the pump solenoid valve (V3) open during the trapping process; the

small diameter the of tubing to the gas cell naturally restricts the pumping

rate

• Connect a multimeter to RG8-A to read the gas cell pressure

• Open the gas cell solenoid valve (V4) (gas cell pressure will drop)

• Monitor the rate meter located on the left in the top NIM bin in the

Phytotron electronics rack (trap detector count rate)

• At the maximum trap detector rate, isolate the trap by closing the trap

valves (V1 and V2)

• The gas cell (V4) and pump (V3) valves should also be closed at this time

9. Boil off the liquid nitrogen to allow trapped 11CO2 to sublimate

• Connect the multimeter to the thermocouple located on left side of trap;

this will read about 6 mV initially since liquid nitrogen is contacting the

thermocouple

• Adjust the regulator on the nitrogen bottle located against the wall on the

right side of the labeling chamber to about 80 PSI

• Monitor the multimeter while the liquid nitrogen is boiled off; it should

take 5-6 minutes for the voltage on the meter to begin to drop (continue

to flow nitrogen as voltage drops)
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Figure B.1: TUNL-Phytotron radioactive gas transport system. The valves are
indicated here with the corresponding switch number in the Phytotron solenoid valve
control panel.

• Shut off the nitrogen gas flow when voltage levels off

• Use a hot air gun to ensure the trap is approximately room temperature;

there should be no frost on the copper tubing

10. Allow loop access to CO2 trap to begin labeling

• Start the data acquisition run on the DAQ computer (phytodaq)

• Open the trap loop access solenoid valves (V8 and V9)

• Close the trap bypass valve (V10)

11. When the labeling period is complete, open the bypass valve (V10) and close

the trap loop access valves (V8 and V9)
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Appendix C

Standard Operating Procedures for

Radioactive Gas Handling System

1. Before using the radioactive gas handling system the operational status of the

radiation interlock system will be verified.

2. The radiation access controlled area (RACA) will be roped off and warning

signs posted at the boundary of the area and within the area as needed. All

personnel working inside the RACA when there is radioactive gas in the system

must be current in their radiation safety training and must wear a TLD badge.

Personnel access to the RACA when radioactive gas is in the system will be

controlled by the researchers on the radiotracer experiment.

3. Portable Geiger counters will be located at the boundary of the RACA. These

counters must be verified to be in good operating condition prior to each ex-

periment and will be calibrated at least once annually.

4. Any personnel who are not current in Duke radiation safety training but need

access to the RACA during a running experiment will sign out a personal

dosimeter from the researcher on duty. The person will wear this dosimeter at

all times and will be escorted by a researcher while in the RACA.

5. The gamma-ray detector used to monitor the radioactivity in the labeling loop

also functions as a leak detector during data taking. Should the rate in this
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detector fall significantly faster than expected from radioactive decay or plant

consumption of CO2 , the experimenter will manually engage the radiation

safety interlock and take appropriate actions to ensure personnel safety.

6. In the event of a gas leak, active CO2 traps can be deployed in the vicinity of

the leak to reduce the time required for the radioactive gas concentration to fall

below acceptable levels for experimenters to enter the area make repairs. For

leaks outside the chamber an active trap consisting of a small air pump that

circulates air through a soda-lime desiccant trap will be deployed. In the case

of a leak inside the chamber a soda-lime desiccant trap will be put in series

with the air outlet, thereby forcing all the air inside the chamber to circulate

through the trap. In addition to reducing the wait time for researchers to start

making repairs to the system, deployment of the CO2 traps will reduce the risk

of radiation exposure to all personnel working in the Phytotron.
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Appendix D

Amplifier/SCA Dead Time Correction

The amplification and SCA pulse height analysis of detector signals introduce

dead time into the measurement. This dead time, τ , is the finite period required

to process each event signal and depends on the amplifier signal shaping time. By

determining τ for each signal processing circuit, the dead time correction DTC can

be applied to the data as a function of time. The methods used to calculate τ for a

given circuit and apply it for data correction are described here.

For the single detector measurements described in Section 5.1 each detector signal

was processed by a separate circuit, so τ was measured for each detector with its

associated electronics. The fractional dead time (DT ) of the detector is given by

DT =
Rmeas

F
= τRmeas (D.1)

where Rmeas is the measured count rate of the detector and F is the maximum signal

processing rate (F = 1/τ). The fractional live time (LT ) of the detector is then

LT = 1−DT = 1− τRmeas (D.2)

such that LT + DT = 1. Note that τ is the slope of the LT vs. Rmeas curve. The

measurement to determine τ for a given detector and associated electronics proceeds

as follows:
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1. Place the radioactive source (e.g., 137Cs) at a distance d0 far from the detector

and measure the count rate R0 for events within the SCA window. The source

should be placed far enough away such that the count rate in the detector is

well below the maximum signal processing rate of the circuit.

2. Move the source to a distance di < d0 from the detector, and measure the event

rate Rmeas
i . The expected count rate Rexpect

i is calculated based on the relative

source-detector distances d0 and di: Rexpect
i = R0

(
d0

di

)2

.

3. Compute LTi, which is the ratio of the measured count rate to the expected

count rate: LTi =
Rmeas

i

Rexpect
i

.

4. Repeat steps (2) and (3) for shorter source-detector distances di and therefore

larger measured count rates Ri.

5. Plot the measurements with LT as a function of Rmeas.

6. Fit the plot of LT vs. Rmeas with a line. As indicated in Equation D.2 the

slope of this line is the detector dead time τ .

An example plot of LT vs. Rmeas and the resulting fit are shown in Figure D.1.

The following dead times were determined for the detectors used in the measurement

described in Section 5.1.

• Line Detector

– Ortec 4890 Amplifier/SCA

– 0.5 µs shaping time

– τ ≈ 14 µs
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Figure D.1: Detector dead time determination. The slope of this plot of LT vs.
Rmeas is the detector dead time τ , as given in Equation D.2. This particular data was
measured with a 2” diameter × 1” thick BGO detector. The signal was processed
with an Ortec 590A Amplifier/SCA with a shaping time of 1.5 µs, and 137Cs was the
radiation source. The slope of this line is approximately 24 µs.

• Leaf and Root Detectors

– Ortec 572 Amplifier (Ortec 551 SCA)

– 1.0 µs shaping time

– τ ≈ 20 µs

• Shoot Detector

– Ortec 590A Amplifier/SCA

– 1.5 µs shaping time

– τ ≈ 24 µs

After τ was calculated, the data were corrected for the effect of dead time. The
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dead time correction DTC factor is given by

DTC =
1

LT
=

1

1− τRmeas

. (D.3)

The detector data was binned in one minute intervals, so the measured rate at each

time step k was corrected for the dead time. The actual rate Ractual[k] is related to

the measured rate Rmeas[k] by

Ractual[k] = DTC Rmeas[k] =
Rmeas[k]

1− τRmeas[k]
(D.4)

which is equivalent to the formula provided in [Leo94] for calculating the true rate

from the observed rate.
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Appendix E

CsF Detector Absolute Detection
Efficiency

For an accurate estimation of the amount of 11C radioactivity contained in the

cryogenic trap at the Phytotron, the absolute detection efficiency of the detector

that monitors the trap (referred to as the trap detector) was determined. A second

detector of the same type (knows as the line detector) monitors the 11C in a sample

of the labeling loop, so the absolute detection efficiency for this detector needs to

be known to estimate the 11C activity in the loop as a function of time. Both of

these detectors are cylindrical CsF scintillators that have a diameter of 25 mm and

thickness of 45 mm.

The trap detector is located above the trap, so gamma rays emitted by positron

annihilation in the trap are incident on this detector from below, as indicated in

Figure 2.26. However, the face of the line detector lies in a plain parallel to the coil

of labeling loop that it monitors, so the annihilation gammas are incident on the

face of this detector. The CsF crystal has a maximum thickness of 25 mm from the

side, but from the front the thickness is 45 mm. Due to this difference, the absolute

detection efficiency will be lower for the trap detector than for the line detector.

The absolute detection efficiency of these detectors was measured by placing a

gamma-ray source of known activity a given distance away. A diagram of the setup

for these measurements is shown in Figure E.1. A 137Cs source was used for this

measurement because its gamma rays (662 keV) are similar in energy to those released
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Figure E.1: Source and detector geometry for CsF detector efficiency measurement.
The trap detectors samples gamma rays that are approaching from the side, so the
efficiency measurement was set up as shown in (a). The line detector monitors gamma
rays emitted directly at the face of the detector, so the absolute detection efficiency
of this detector was measured as shown in (b).

by positron annihilation (511 keV). A 22Na source could be used, but 22Na produces

gamma rays with 1275 keV energy in addition to the 511 keV positron annihilation

gammas.

The count rate Rdet in the detector is given by

Rdet = εΩRsource (E.1)

where Rsource is the activity of the source in decays per second, ε is the absolute

detection efficiency of the detector, and Ω is the solid angle acceptance of the detector.

Rearranging Equation E.1 to solve for ε yields

ε =
Rdet

RsourceΩ
. (E.2)

We used a calibrated 137Cs source with Rsource = 3.74 × 104 decays/second, and Ω
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is given by

Ω =
Adet

4πd2
(E.3)

where Adet is the acceptance area of the detector as seen from the source and d is the

distance from the source to the center of the detector crystal. For the trap detector

(diagram (a) of Figure E.1), the area of the detector is Atrapdet = 25 mm × 45 mm =

1.744 in2. For the line detector (diagram (b) of Figure E.1), the area of the detector

is Alinedet = πR2
det = π (12.5 mm)2 = 0.761 in2. The results of measurements for

different values of d for each detector is shown in Table E.1. The absolute detection

efficiencies were approximately εtrap = 0.15 and εline = 0.35.

Table E.1: CsF detector efficiency measurements. The source activity for each of
these measurements is Rsource = 3.74 × 104 decays/second.

Detector ID d (inches) Rdet (Bq) ε
Trap 3.00 85.02 0.148
Trap 2.00 193.46 0.149
Line 3.89 52.08 0.348
Line 2.89 96.58 0.356
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Appendix F

Diffusion of CO2 in Air

Plant labeling with 11CO2 at the Phytotron requires a pulse of 11CO2 to be trans-

ferred from the radioisotope production area at TUNL to a shielded trap located

behind the dedicated environmental growth chamber at the Phytotron. For radia-

tion safety purposes, we need to understand the radioactive contamination due to a

leak in our transport or labeling system. The worst case scenario is for the entire load

of 11CO2 (∼ 50 milliCuries) to leak from the cryogenic trap region in a very short

time. We would like to know the concentration of 11CO2 in the air as a function of

distance from the leak point to determine the safeguards that should be put in place.

To first order, diffusion of CO2 in air governs the rate at which the leaked radioactive

gas will spread in the Phytotron research area. First, we will look at diffusion in one

dimension, then we will apply spherical symmetry to the three-dimensional problem

to arrive at an approximate solution for our particular geometry.

The concentration of radioactivity φ(x, t) as a function of distance from the leak

point x and time t is given by the diffusion equation

∂φ

∂t
= D

∂2φ

∂x2
. (F.1)

For the worst case scenario, we assume that the entire trap contents A0 is released in-

stantaneously from a point-like leak at location y, so the initial activity concentration
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is then

φ(x, 0) = A0δ(x− y) (F.2)

where δ(x) is the Dirac delta function. The solution of Equation F.1 with initial

condition Equation F.2 provides the fundamental solution of the diffusion equation,

which can be used to find a general solution. To solve Equation F.1, we start with

the general complex separable solution

φ(x, t) = e−k2Dteikx (F.3)

where D is the diffusion coefficient (units of length2/time) for CO2 in air and k is

the spatial frequency. Note that Equation F.3 is indeed a solution of Equation F.1.

We can mimic the Fourier series superposition solution when there are an infinite

number of allowed spatial frequencies and combine these into a Fourier integral

φ(x, t) =
1√
2π

∫ ∞

−∞
e−k2Dteikxδ̂(k)dk . (F.4)

The initial condition is then satisfied as

φ(x, 0) =
1√
2π

∫ ∞

−∞
eikxδ̂y(k)dk = δ(x− y) (F.5)

where δ̂y(k) is the Fourier transform of the delta function δ(x− y), that is

δ̂y(k) =
1√
2π

e−iky . (F.6)

Combining Equation F.5 with Equation F.6 and inserting this back into Equation
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F.4 yields

φ(x, t) =
1

2π

∫ ∞

−∞
e−k2Dteik(x−y)dk . (F.7)

Equation F.7 is a Gaussian integral of the form

∫ ∞

−∞
e−αk2+βkdk =

√
π

α
e

β2

4α (F.8)

so the solution is

φ(x, t) =
1√

4πDt
e
−(x−y)2

4Dt . (F.9)

Note that this solution is a Gaussian with an amplitude that decreases in time and

a width that increases in time such that the area under the curve (total activity,

neglecting radioactive decay) is conserved. Note that Equation F.9 is still a solution

to Equation F.1, and the integral of Equation F.9 over all space is unity. Now let

us assume a leak point of y = 0 and normalize the distribution to the total initial

activity to yield the solution to our diffusion problem in one dimension

φ(x, t) =
A0√
4πDt

e
−x2

4Dt . (F.10)

To better approximate the solution to our particular situation, we need to expand

our solution to three spatial dimensions (3D). In spherical coordinates and assuming

spherical symmetry, the diffusion equation is

∂φ

∂t
= D

1

r

∂2(rφ)

∂r2
= D

(
∂2φ

∂r2
+

2

r

∂φ

∂r

)
(F.11)
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where r is the radial distance from the leak point. Here we can take advantage of

a generalization for the 3D fundamental solution as a product of the fundamental

solution in each dimension [Eva98] to yield

φ(r, t) =
A0√

(4πDt)3
e
−r2

4Dt . (F.12)

Note that this satisfies the 3D diffusion equation in spherical coordinates (Equation

F.11) and describes the activity concentration as a function of time and location.

Integration of Equation F.12 over all space at any given time results in the total

non-decay corrected activity.

While Equation F.12 is a fair approximation to our situation, there are a few more

conditions that should be applied. First, Equation F.12 assumes a point source of

activity at time zero. To get a better approximation, we consider a Gaussian pulse

of width 10 cm at time zero. In practice, this is accounted for in Equation F.12

by shifting the time by the number of minutes t0 required for the delta function to

evolve into a Gaussian of width 10 cm (5.2 minutes in this case). Second, Equation

F.12 assumes that the activity is diffusing radially in all directions. However, the

cryogenic trap at the Phytotron is located against a wall (and the floor), so we

assume that the walls and floor perfectly reflect the activity toward the open space.

This introduces a factor of four as all activity is restricted to one quadrant of the

sphere. Additionally, we need to account for the fact that the 11CO2 is decaying as

a function of time. The radioactive decay is exponential with the decay constant λ

for 11C . The final correction that should be made is due to mixing of the air by the

Phytotron ventilation system. The air circulation rate, Q, is 6,600 ft3/min over a

total research area volume, V , of air, so we apply a corrective term of e
−Qt

V . Applying
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these corrections results in

φ(r, t) =
A0√

(4πD(t + t0)3
e

−r2

4D(t+t0) e−λte
−Qt

V (F.13)

where the following constants are used:

• A0 = 50 milliCuries

• D = 14 mm2/sec = 9.04 × 10−3 ft2/min

• t0 = 5.02 min

• λ = 0.034 min−1

• Q = 6,600 ft3/min

• V = 0.5 × 16 ft × 36 ft × 138 ft = 86,112 ft3
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Appendix G

QDC, ADC, and Scaler Channel

Identifications

The following tables describe the signal inputs for the QDC, ADC, and scaler

channels used in the experiment that is described in Chapter 6.

Table G.1: QDC channel input descriptions. These signals were fed into the CAEN
V792 charge-to-digital converter (QDC) for the experiment described in Chapter 6.
The V792 has 32 input channels, so those channels not listed did not have an input.
The center of gravity of events detected in each module is computed using Equation
3.12 and Equation 3.11.

QDC Channel Signal Description
4 VIPER Module AA0425 Y+

5 VIPER Module AA0425 Y−
6 VIPER Module AA0425 X+

7 VIPER Module AA0425 X−
9 VIPER Module AA0440 Y+

10 VIPER Module AA0440 Y−
11 VIPER Module AA0440 X+

12 VIPER Module AA0440 X−

Table G.2: ADC channel input descriptions. These signals were fed into the CAEN
V785 peak-sensing analog-to-digital converter (ADC) for the experiment described
in Chapter 6.

ADC Channel Signal Description
1 VIPER TAC - Raw (VIPER Coincidence Timing Spectrum)
2 IRGA - Raw
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Table G.3: Scaler channel input descriptions. These signals were fed into the
SIS3800 scaler for the experiment described in Chapter 6 (LL = Lower Level; T+A
= True + Accidental; Acc = Accidental; SCA = single channel analyzer).

Scaler Signal Description
1 60 Hz Clock (time-stamp for VIPER events)
2 Vetoed 60 Hz Clock (for dead-time correction)
3 BGO #3 and BGO #4 - T+A Events (Root Region)
4 BGO #3 and BGO #4 - Acc Events (Root Region)
5 BGO #1 and BGO #5 - T + A Events (Root Exudation Region)
6 BGO #1 and BGO #5 - Acc Events (Root Exudation Region)
7 CsF Line Monitor Events (Labeling Loop)
8 CsF Trap Monitor Events (Cryogenic Trap)
9 CsF #1 and CsF #2 - T + A Events (Root Respiration Region)
10 CsF #1 and CsF #2 - Acc Events (Root Respiration Region)
11 CsF #3 and CsF #4 - T + A Events (Upper Shoot Region)
12 CsF #3 and CsF #4 - Acc Events (Upper Shoot Region)
13 BGO #3 Singles Events (LL Discrimination Only)
14 BGO #4 Singles Events (LL Discrimination Only)
15 BGO #1 Singles Events (SCA output)
16 BGO #5 Singles Events (SCA output)
17 CsF #1 Singles Events (LL Discrimination Only)
18 CsF #2 Singles Events (LL Discrimination Only)
19 CsF #3 Singles Events (LL Discrimination Only)
20 CsF #4 Singles Events (LL Discrimination Only)
21 VIPER Module AA0425 Singles Events (LL Discrimination Only)
22 VIPER Module AA0440 Singles Events (LL Discrimination Only)
23 CsF #5 and CsF #6 - T + A Events (Uptake Leaf Region)
24 CsF #5 and CsF #6 - Acc Events (Uptake Leaf Region)
25 CsF #5 Singles Events (LL Discrimination Only)
26 CsF #6 Singles Events (LL Discrimination Only)
27 10 Hz Clock (time-stamp for scaler readout)
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Appendix H

Glossary of Biological Terms

• coleoptile: the first leaf above the ground, which forms a sheath around the

emerging stem tip [Dic08].

• diurnal: showing a periodic alteration of condition with time of day [Dic08].

This generally refers to day versus night, however cyclic fluctuations throughout

the day may also be described as diurnal.

• exudation: the release of soluble organic compounds such as sugars, amino

acids, and organic acids from plant roots.

• metabolite: a product of metabolic action, where metabolic action is the sum

of the physical and chemical processes in an organism by which its material

substance is produced, maintained, and destroyed, and by which energy is made

available [Dic08].

• nutrient cycling: the continuous circulation of nutrients (such as N, P, K)

throughout the ecosystem. For example, plants get nutrients from the soil, and

these are stored in plant tissues. When these tissues fall to the ground they

start to decompose, and this organic matter pool of carbon compounds serves

as food for bacteria, fungi, and other decomposers. As organic matter is broken

down to simpler compounds, plant nutrients are released in available forms for

root uptake and the cycle begins again [OSU08].

• photosynthetic photon flux density (PPFD): the number of photons per

second per unit area with wavelengths in the spectral range from 400-700 nm
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that is useful for photosynthesis. PPFD is often given in units of µmol m−2 s−1,

where one mole is Avogadro’s number of photons, regardless of their frequency.

• respiration: the conversion of the chemical bonds of carbohydrates into energy

in a form available to the plant (CO2 is a product of respiration).

• rhizodeposition: organic input from living roots to surrounding soil. These

include root exudates, secretions, and sloughed-off cells [Pat97a].

• rhizosphere: the narrow zone of soil immediately surrounding the root system.

• signal transduction: conversion of one type of signal (possibly chemical or

physical) into another. Plants use these biochemical reactions to coordinate

their development and to sense and respond to fluctuations in their surround-

ings.

• sink: a nonphotosynthetic organ or a photosynthetic organ that cannot produce

enough photoassimilate to support its own needs.

• source: an exporting organ that produces carbohydrates in excess of its own

needs.

• transgenic plant: a plant that has been genetically modified to contain genes

from another species.
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