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Abstract

In 2009 the researchers at Triangle Universities Nuclear LabordtdiyL()
participated in a series of experiments with the Radiation Counterme@suntes of
Research Excellence (RadCCORE). This thesis project is a component cetirehe
done at TUNL that was partially supported by the RadCCORE collaboration. The
primary goals of this work are: (1) to measure the neutron fluence (and hedcsé¢he
from the standard neutron beam source at TUNL delivered to a small anineaitdeag
accuracy of better than £ 10% and (2) to develop techniques for real time monitoring of
the absolute dose delivered to small animal targets from neutron beam irradilatisa.
two projects are interconnected as the development of the real-time monitoring
techniques depends on the results of the absolute fluence measurements.

Measuring the absolute neutron beam fluence necessitates the use tiba ireac
which the neutron cross section is accurately known over the relevant energamnarag
detection technique which is insensitive to gamma-rays or is capableinduisting
gamma-rays from neutrons. In this work, neutron activation of aluminum andbgsl!d
was used to make absolute measurements of the fast neutroa@eV) fluence.
Neutron activation of gold foils was also used to make a relative measurerttent of
thermal neutron fluenc&he neutrons produced nuclear reactions in the foils, converting
a small quantity of the stable atoms in the foils into radioactive ones whiclgaehtg
generate gamma-rays in their decay process. The activated foilemrenmoved from
the beam and placed in front of a high-purity germanium (HPGe) detector tlsatresea
the energy spectrum of the gamma-rays emitted by the foil. By counting themafmbe

gamma-rays detected over a set time, the incident neutron fluenceat kibheation was



determined using the known reaction cross sections. The measured neutronvilaence
used to calculate the imparted dose to live mouse targets via the muscladigsae
kerma factors. Liquid and plastic scintillation detectors were also used ttonibei
relative neutron flux in real time during the experiments. These relatigetdes were
subsequently calibrated using flux results obtained from the foil activateasurements
and were used for real time dose monitoring.

The neutron beam produced at TUNL also has an intrinsic gamma component that
adds to the dose received by a small animal target. The gamma contributi@artiedn
dose is generally taken to be around 10% or less for neutron beams created by linea
accelerators utilizing th#4(d,ny’He reactiof, but no confirming measurements of this
type have been performed at TUNL prior to this work. To verify this claim, an
experiment was conducted to quantify the gamma-ray contribution to the targeitdos
several incident neutron energies and gas cell pressures.

The dosage from the mixed beam was measured using two ionization chambers
that have different sensitivities to neutron and gamma radiation. The chaneloers w
placed in the neutron beam, and the total charge induced in the ionization chamber by the
mixed radiation field was monitored. The percent gamma-ray contributiotatddrget
dose was calculated utilizing the procedures outlined in AAPM Report?Nmd7Attix.

Using the foil activation technique, the neutron fluence incident on target and
dose delivered were measured to within £ 10%. The target dose estimated using the

scintillation detectors was found to be accurate to within + 20%. The resuitsioht

' ICRU Report 26 (pg. 25,48)
2 AAPM Report No. 7
3 Attix (Chapter 16)



chamber measurements imply the gamma-ray component of the neutron béddiat T
contributes less than 5% to the total target dose. Given the large differencdity
factors between gamma-rays (=1) and fast neutrons (~10), the contribpgamina

radiation to the total equivalent dose was determined to be negligible.
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1. Introduction

1.1 Motivation

Mixed field dosimetry involving fast-neutron and gamma-ray componeats is
area of growing interest within the scientific community. Individuals irgéreeral
population could potentially be exposed to a significant radiation dose from a neiied f
source as a result of a nuclear reactor accident or from detonation of a detlea.

Rapid assessment and screening of large numbers of individuals seeking traatment
local and regional medical centers will be necessary to sort out those expbagd t
levels of radiation from those with little or no exposure. In order to make such
determinations possible, the biological and hematological effects rgsiuim exposure

to mixed neutron / gamma-ray radiation fields have been studied in smallssimhlas
mice. Such experiments require the imparted dose to be known to a high degree of
accuracy (x 10%). Since the dose imparted to soft tissues by neutron radiation i
function of the neutron energy, high precision dose measurements require the energy
distribution of the neutron field to be well known. A quasi-monoenergetic neutron source
such as is available at the Triangle Universities Nuclear LadygréfIUNL) is well-

suited for conducting neutron dosimetry research.

1.2 Triangle Universities Nuclear Laboratory

Triangle Universities Nuclear Laboratory is an inter-institutiogasearch
consortium between Duke University, North Carolina State University, and the
University of North Carolina at Chapel Hill. The laboratory has histoyi@ibaged in
basic science research, but has moved in recent years toward inctieasingunt of

applied research conducted by the consortium. The 10 MV tandem van de Graaff



accelerator combined with the Direct Extraction Negative lon Source I®FMovides
the capability of delivering beams of unpolarized protons and deuterons on targets at
energies up to approximately 20 MeV.

To produce a proton or deuteron beam, a combination of hydrogen and deuterium
gas is injected into the ion source, and negatively charged ions areteérated over a
50 kV potential difference. Protons or deuterons are preferentially selectapeébion
into the tandem using a dipole magnet located between DENIS and the tandenmeOnce t
ions enter the tandem, they are accelerated toward the central poshaeged terminal.
A thin carbon foil located in the terminal strips away the electrons calm&nmgptv
positively charged ions to be accelerated away from the terminal. This dabdration
causes the ions to receive a total kinetic energy of twice the terminajevattatiplied
by the electric charge. Once exiting the tandem, the beam is momentunedraaiyz
bent into a particular beam line using a dipole magnet. A diagram of the TUNtyfaci
can be seen iRigure 1.2.1

For this work, a deuteron beam produced using the DENIS (labeled as “DENIS
II” in the figure) was tuned down the 38° beam line into the Neutron Time-of-Flight
(NTOF) target room where neutrons were produced vidHtn*He reaction, in which
accelerated deuterium ions are impinged on a gas cell pressurized watuthe gfas.
Each reaction produces one atonitéé and a free neutron. The monoenergetic incident
deuterons lose energy as they pass through the gas cell containment &oilaaichg
amount of deuterium gas before interacting, resulting in a range of nenéxwies being
produced. The amount of energy lost per unit length depends on the gas mass thickness,

which is a function of the gas temperature and pressure (i.e. PV = nRT). The energ



spread resulting from the gas thickness is typically 300-500 keV for theaideute

pressures used in this work. The neutron energy at the center of the gad tedl a

energy spread were calculated for each experiment using the TUNlutsmsode

MAGNET. The energy of the neutrons produced also depend on the angle at which they
are ejected. The neutron energy as a function of lab angle was computed using the
nuclear reaction kinematics code RKINhe neutron flux also varies with angle due to

the angular dependence of fi{d,n)*He differential cross section. The differential cross
section as a function of lab angle was calculated using the code DROSG R6600f

the neutron energy and differential cross section as a function of the lab arg&2r

MeV incident deuterons are shownRigures 1.2.2 and 1.2.3

! Roberts
2 Manglos
% Drosg
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1.3 RadCCORE Project

The first RadCCORE experiment was conducted in January 2009. The goals of
the experiment were: (1) to use two different activation foils (elum and gold) to
measure the fast and thermal neutron fluence incident upon a water bottle &rget (i
mouse phantom), (2) to measure the attenuation of fast neutrons through the phantom, (3)
to use cadmium plating to determine the relative contribution of thermal neutrons to the
slow neutron fluence, and (4) to cross calibrate the foil activation resultsh&ibptical
density change in Gafchromic® (Ashland Specialty Ingredients, Wayneladimetry
film. The calibration and analysis of Gafchromic® film for use in neutron ddsirse
not part of the present work. The reader is directed to the doctoral thesis ot Beadye
for a thorough description of this topidhe goals of the second RadCCORE experiment
performed in April 2009 were: (1) to measure the attenuation of the neutron beam
through the mouse phantom on the central beam axis using a new target holder assembly
and (2) to compare the neutron fluence incident upon a target placed on the central ax
(i.e. 0°) to that incident upon an identical target placed in an off-axis position. For the
third RadCCORE experiment, conducted in May 2009, live mouse targets weiat@ua
in the neutron beam in six symmetric off-axis positions using the new target holder. T
separate sets of mice were irradiated with goal neutron doses of 200 cGy &y 50 ¢
respectively. For the fourth RadCCORE experiment, performed in July 2009/ya new
constructed liquid nitrogen cooled gas cell was used to produce the neutron beam. This
target increased the effective thickness of the deuterium gas targebintya factor of

four, thus producing a significantly higher neutron flux for faster dose deliMang sets

* Brady



of mice were irradiated in this experiment, three sets each at goaladagksGy, 200
cGy, and 500 cGy, respectively. The average 0° neutron energies were 10.16rNre/ f
first RadCCORE experiment, 10.00 MeV for the second and third experiments, and 10.21

MeV for the fourth experiment.



2. Foil Activation Technique

A foil activation technique was used to passively monitor the neutron fluence
incident on the water bottle and mouse targets. Aluminum and gold foils (2.5 cm
diameter and 100m thick) were used in the experiments detailed in this work. When
aluminum is struck by neutrons with an energy higher than 3.249 Me¥Alfe, )**Na
reaction can occur. In this reaction an aluminum nucleus absorbs a neutron and emits a

particle, thereby converting the aluminum (which is naturally 16@% into **Na.

The probability for this reaction occurring is a function of the reaction ceati®s
which depends on the energy of the incident neutron. The cross section is usually
measured in units of barns (b), where one barn is equal t6*1gff. Since the
2’Al(n, )**Na cross section drops off rapidly with decreasing neutron energy and is zero
below 3.249 MeV (the reaction threshold), thermal neutrons do not contribute to the
production of*Na, making it an ideal reaction for monitoring for the flux of the fast-
neutron component in the beam.

The?Na nuclei which are produced by tHAI(n, )**Na reaction are radioactive
and decay by~ emission td*Mg (which is stable). The half-life 6fNa is 14.997 +
0.012 hours. After undergoing decay, the residuafMg nucleus emits gamma-rays at
several distinct energies, depending on the spin of the excited sti#gqgiroduced, in
order to return to its ground state energy level. The highest intensiégay (99.855%)
path is to the 4excited state o¥'Mg, which subsequently decays to the ground state by

sequential emission of 2754 keV and 1369 keV gamma-rays. The decay sch&ixa for



and the cross section for thal(n, )*Na reaction from threshold up to 20 MeV are

shown inFigures 2.1 and 2.2respectively.

! National Nuclear Data Center (NNDC). All crosstamtplots in this work are taken fromityma.”
Cross section values were taken from “ENDF.” Altag scheme plots and corresponding gamma energies
were taken from “NuDat 2.5.”
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For the first RadCCORE experiment in January 2009, gold foils were also used to
monitor both the fast and slow{E 0.4 eV) neutron components of the beam. Gold, like
aluminum, is naturally monoisotopic (1009%Au). The'*’Au(n,2n)*°Au reaction,
which has a threshold of 8.114 MeV, convérfau into **°Au, which subsequently
decays by electron capture ift8Pt with a half-life of 6.1669 + 0.0006 days. Because the
energy of the incident neutrons exceeded this threshold, this reaction was used to cr
check the flux results obtained from the aluminum foil measurements. Thenteostel
transition (87%) in the decay b°Au is to the 2 excited state 0Pt which
subsequently decays to the ground state through emission of a 356 keV gamma-ray. At
10.16 MeV, the cross section fofAu(n,2n)*°Au is 1.036 b, more than an order of
magnitude higher than the corresponding cross sectiGh¥ign, )?*Na. The efficiency
of the detectors used to count the monitor foils is also significantly higB&6&keV
than at 1369 keV. Given similar measurement times, the counting statistiles tpld
356 keV gamma-ray peak are much better than for the aluminum 1369 keV line.
Regardless, th€Al(n, )**Na reaction is still the preferred standard for the present fast
neutron measurements since its cross section varies much less overdhearg of
neutrons produced by the gas cell than that of%##ei(n,2n)*°Au reaction.

Gold foils are most frequently used as a monitor for slow neutrons. The neutron
capture reaction convert¥Au into ***Au, which subsequently decays byemission
into **®*Hg with a half-life of 2.6947 + 0.0003 days. The highest intensity transition in that
decay (98.990%) is to thé 2xcited state af’®Hg which subsequently decays to the
ground state energy level by emission of a 412 keV gamma-ray. There is no threshol

energy for this reaction to occur, and at thermal neutron energie@00 m/s KE ~



0.0253 eV), the capture cross section is approximately 100 barns; above 10 keV, the
capture cross section drops off rapidly. Thus, fast neutrons contribute negligitdy to t
overall reaction yield. An absolute measurement of the thermal neutroeduixes
precise knowledge of the slow neutron energy distribution at the target posititims As
information was not available, the slow neutron flux measured with the gold foils was
intrinsically relative. Since only the ability to observe changes in dve isbutron flux in
different conditions was desired, a relative measurement was suffici¢héfpurposes

of this experiment. Cross section plots for productiof?%#u and'*®Au and their

associated decay schemes are shoviaigares 2.3, 2.4, 2.5, and 2.6



79-Au-197(n,2n) ENDF /B-VII1.0 |

E+0 4
£
"
|
]
=
v)
u
v :
v E-1 4
7] 1
o
ful
Q
E-2 o
; R R | ; ; ;
5 & 7 8 9 E47 2 3 4
Incident Neutron Energy (eV)
Fi : Py 196 ;
igure 2.3. Cross section vs. neutron energy for &~‘Au(n,2n)~"Au reaction.
2 0.0 61669D6
19580117 \
0(gs)=1507 keV 3 L] Logft
€:93.0%3
0.210 6as &= . 1447.3
N i I
o.0050 922 GhZH | 570.8—| 1361.5
- 6735 | | || 759
0.0102 9.61 1005. 0014 1270.4
37130446.3
0.057 o065 ChID v |, 1015.2
326.2 T
659.5
0.380 0167 I * 877
5214
246 7500 2% L 3 688.8 38 PS
333 |
588.8
67.0 7.392 2% LA I ] 3557 32P5
355.7
05 104 OF ry 0.0 STABLE
196,
78M118

Figure 2.4. Nuclear decay scheme fdr°Au.
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3. Low Background Gamma-Ray Counting Area

The counting portion of the foil activation measurements was carried out in the
Low Background Counting Area, located in the basement of the Physics building
adjacent to TUNL's Laboratory for Experimental Nuclear Astroplsy@iNA). Each
foil to be counted was individually placed within a target holder Esgare 3.1) and
positioned in front of a background-shielded HPGe detector. Several ditf#e&d
detectors were used in these measurements: two Canberra (Canbetraesydderidian,
CT) 60% HPGe detectors (Model: GC6021) and one Canberra Extended Range 20%
HPGe detector (Model: GX2020). The foil targets measured using the 66étodst
were placed 2 cm from the front face of the detector. The foils measuredhes2@b
detector were placed 3 cm from the detector face. The two 60% HPGe detentor
background shielded with custom made lead enclosures that surrounded the detector
crystal, while the 20% HPGe detector was shielded with a cylindrical cariainghield
made by Canberra. The two detectors and corresponding shields can beFsgemem
3.2 and 3.3 respectively.

The detectors output signals were connected to Canberra 2026 Spectral
Amplifiers which were gain adjusted to provide a full scale energy range of
approximately 2 MeV. The amplifier output was then fed into a Canberra Mulliport
Multi-channel Analyzer which was connected to a data acquisition machizéngtili
Canberra’s GENIE 2000 Gamma Acquisition and Analysis software. Tisenere
measured for sufficient time to obtain adequate counting statistics (+.&% 10000

counts) in the full energy photopeak of the gamma-ray of interest. The spersawed



as single column ASCII files (16384 channels) and analyzed in the smegyoprogram
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Figure 3.1. Schematic diagram of the foil countindpolder.



Figure 3.2. Canberra 60% efficiency HPGe detector wth lead brick shielding.

Figure 3.3. Canberra extended range 20% HPGe detectwith shield.



4. Neutron Fluence Determination

Determination of the neutron fluence by the foil activation technique relquire
detailed measurements of several beam, foil, and detector parameters Betivation,
the aluminum and gold foils were carefully weighed on a digital scale (AT261
DeltaRange®, Mettler Toledo, Inc., Columbus, OH) capable of measuring olgaghts
to an accuracy of + 0.01 milligrams. Several conversion reactiofié\bare possible at
10 MeV incident neutron energy, including (n(n,p), (n,d), (n,np), and (n). These
reactions lead to the production®dl, Mg, **Mg (stable), and’Na, respectively. In
gold, all of the aforementioned reaction channels are open as well as (n,2n))and (n,t
These reactions result in the creation®84u, **'Pt, 1Pt (stable)™**r, **°Au, and'*Pt
(stable), respectively. The gamma-rays produced by decay of the addittdopésdo
not interfere with those produced through deca¥/®8, *°°Au, and***Au.

In addition to the foil weight and dimensions, the following quantities necessary
for the calculation of the neutron fluence were measured directly: (itlveadiation
time, (2) the decay time subsequent to irradiation but prior to measuremehg (3) t
detector measurement time (i.e. “real time”) and electronic live (#)ehe detector
efficiency at the gamma energy of interest (1369 keV for the aluminus) &oitl 356
keV (**°Au) and 412 keV'®Au) for the gold foils), and (5) the net photopeak counts in
the gamma-ray line of interest. All other parameters used in the flueccéatiah were
constants referenced from the relevant authoritative sources. Theifigllegquation was

used to calculate the neutron fluence (fjarough the target:
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where
Conoto IS the net number of counts measured in the gapimapeak,

tir IS the irradiation time (in seconds),
det IS the detector efficiency at the gamma-ray enefggterest,
corr IS @ solid angle correction factor to accounttfar difference in diameter between
the calibration sources used to measure the detfticency and the aluminum
and gold foil diameters,
Nnuclei IS the number of nuclei in the target foll,

| is the branching ratio of the relevant gamma-ray,

CS(b)is the cross section (in barns) for the appropnieaction at the incident neutron
energy,

fabsorbiS @ correction factor accounting for absorptiathim the target foil of the gamma-
rays emitted by the activation products,

fir IS @ correction factor accounting for the percdmhaximum activity (at a given beam
energy and current) created during irradiation,

faecaylS @ correction factor accounting for the decaghefactivation products that
occurred subsequent to irradiation but before measent, and

fmeaslS @ correction factor accounting for the limigketay of the activation products
during measurement.

The preceding fluence equation can also be writtenmore intuitive form as:

A tirr
cS(cn?)

N

nuclei

whereA is the saturation activity of the activation fdilhe actual activity created by

activation,A, is given by:A;, A ..



The solid angle correction,corr, is equal to—-, where ¢ is the effective solid

s
angle subtended by the detector at the sourceqo$ir the activation foil, and s is the
equivalent solid angle for the calibration sourtctha same position.

The effective solid angle for a disk source aligagahg the longitudinal axis of a

cylindrical detector is given by:

4 a e *™J (skJ,(ak)
S k

dk,

0
wherea is the detector radius,is the source radiud,is the distance between the source
and detector crystal, and thgx) are the T order Bessel functions of XThis integral
must be solved using numerical techniques.

The number of nuclei in the target foil is given by

m NA Iabun S

nuclei
A

purity

N

wherem s the foil mass (in gramd)a is Avogadro’s number (# atoms per molgunis
the isotopic abundance (1.00 for bétAl and **’Au), Syuriy is the sample purity (99.5%
for aluminum, 99.95% for gold), amis the isotopic mass (in grams per mole).

The correction factors were calculated as follows:
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wherem is the foil mass thickness (in g/@Mmussonis the mass absorption coefficient
(in cnf/g) for the gamma-ray emitted by activation procafdnterest in the foil medium,

tir, taecay aNdtmeasare the irradiation time, decay time before measent, and

! Knoll (pg. 119)



measurement time, respectively, andis the half-life of the relevant activation protiuc
A detailed list of the percent uncertainties in ¥aeious quantities contained in the
fluence calculation is given idppendix A. The primary sources of uncertainty in these
measurements are the detector efficiency at thergarmy energies of interest, and the
reaction cross sections.

As was previously discussed, the energy and fluk@heutrons created by the
H(d,n)y’He reaction vary due to the angular dependendeeadifferential cross section
and neutron energy. Since the foils were placepgreticular to the gas cell and have
finite size, the neutron energy varies slightlyossrthe foil surface. For foils positioned
along the 0° beam axis, the variation in the neuéergy across the foil surface is
generally less than 100 keV when 10 MeV neutroaganduced at 0°. This variation is
much smaller than the typical energy spread imthdron beam due to the gas thickness
in the production cell. For off-axis foil positiorthe energy variation across the foil can
be up to 500 keV (i.e. on the order of the enepggad due to the gas thickness in the
production cell when the pressure is ~ 7.8 atm)sifiplify analysis of the foil activation
results, the cross section used to calculate tixeriicident on each foil was taken to be
the value corresponding to the energy of the nastiacident on the center of the foil

and originating from the center of the gas cell.



5. Detector Efficiency Measurement

Accurate calculation of the fast neutron fluenegdent on the target foils
requires a precise measurement of the efficientgedHPGe detectors at the gamma-ray
energies of interest. By using a variety of gammétteng sealed sources of known
activity, a corresponding efficiency curve can leeivkd for each detector. This curve
can then be fit to an empirical function to deterenihe detector efficiency at any energy
within the range from which the individual datamsiwere derived. Direct measurement
of the absolute detector efficiency at a given gnés always more desirable, but usually
not practically achievable. To make a direct meas@nt, one must first have access to a
calibrated source of known activity that emits gaarays at exactly the desired energy
or sufficiently close so that the difference in@#ncy between the measured and desired
energy is negligible. The situation is further cdicgded by the fact that only a small
number of radioisotopes are suitable for use iraet efficiency measurements due to
half-life, cost, and other practical considerations

Detector efficiency curves for this project werastucted using’Na, ®°Co,
137Cs, and*Eu sealed sources produced by Isotope Productstaies, Valencia,
CA. The uncertainty in the activity of th&Na and™*’Cs sources was * 3.0% (3 while
the uncertainty in the activity of t%8Co source was + 3.1% (B The'*’Eu source was
used to make relative efficiency measurements.deector efficiency at each respective
gamma-ray energy was calculated according to th@rfimg equation:
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where
Conoto IS the net number of counts measured in the gapihmpeak,
RTis the detector real time,
LT is the detector live time,
172 1S the half-life of the relevant calibration sogyrc
| is the branching ratio of the relevant gamma-ray,

A is the activity of the relevant calibration souatéghe time of measurement, and

In(z)tmeas
1 e 1/2

meas
where 1, is the half-life of the relevant calibration soeir@s before antg.easis the source
measurement time.

As the shape of the efficiency curve derived frogiven source is generally
independent of the source strength and distance the detector, thE’Eu
measurements were thus able to be scaled to tbtusbmeasurements from thid\a,
®0Co,and*®'Cs sources in order to obtain efficiency curvesefach of the detectors used
in the experiment in the energy range from 244-1408. These efficiency curves are

included inAppendix B.



6. January 2009 RadCCORE Experiment

The main goals of the RadCCORE series of expersn@onducted in January,
April, May, and July 2009) were to measure the festtron fluence and dose from the
neutron beam source at TUNL to an accuracy of bt = 10% and to develop
neutron beam diagnostic capabilities that enalaktime dose monitoring. These aims
necessitate development of the capability to datesrtine dose delivered from the
various beam components (fast neutron, slow nesitieamd gamma rays) individually.

The first RadCCORE experiment, conducted in JanR@6®, had the following
objectives: (1) use a foil activation techniquearteasure the fast and thermal neutron
fluence incident upon a mouse phantom, (2) medhkerattenuation of the fast neutrons
through the phantom, and (3) use cadmium platirggetermine the relative contribution
of thermal neutrons to the slow neutron fluencédieist upon the phantom. A description
of the experiment, techniques, and results foddmuary 2009 experiment are presented
in this chapter.
6.1 Experiment Setup and Description

Schematic diagrams of the target box and targenasly for the first

RadCCORE experiment are showrFigures 6.1.1and6.1.2 respectively.

Figure 6.1.1. Schematic diagram (side view) of thtanuary 2009 RadCCORE setup.



Figure 6.1.2. Target assembly used in the January0R9 RadCCORE experiment.

For the first RadCCORE experiment, the target abgeoonsisted of a cardboard
box with three inserts placed inside. The center through the box was placed to
coincide with the beam axis so that the centethetargets (activation foils and mouse
phantom) were positioned at 0°. The cardboard tsifiwas placed directly in front of
the gas cell. The gas cell used during the expatinvas 6 cm long and made of copper
with a Havar® containment foil and tantalum beaapsihe gas cell was filled with
77.6 psi (5.3 atm) of deuterium gas, which is tess the nominal operating pressure of
114.6 psi (7.8 atm), in order to produce a neutieamm having a lower energy spread.
The tandem terminal voltage and analyzer magnilet fiere set to produce 6.990 MeV
deuterons at the center of the gas cell, resuitinlge production of 10.16 MeV neutrons
at 0°. The energy spread of the neutron beam v@20keV at the aforementioned

deuteron energy and gas cell pressure.



The end of the box closest to the gas cell and eseht possessed a 2.5 cm
diameter hole which was equal in diameter to thkenalum and gold activation foils and
water bottle target and was centered on the 0° lae@nThe bottle itself was made of
clear plastic and was 6.2 cm in length and fillathwpproximately 25.5 cfrof water.

The bottle was positioned in the target box suel titie center-to-center distance
between the gas cell and the water target wasch3.®ne of the inserts was placed near
the center of the bottle to secure it. The otheeiits, placed on either side of the water
bottle, each held a set of activation foils, onevahum foil and one gold foil per side.
The foils were positioned inside the holes in tigerts along the 0° beam axis.
Gafchromic® dosimetry film was also placed on thésmle of the inserts holding the
foils. Due to the finite thickness of the insers&d to hold the foils in position, there was
a small air gap between the foils and the frontlaeck sides of the water bottle target.
The gap between the water bottle and foils wasls&ahm on the front side of the water
bottle (closest to the gas cell) and 4 mm on tlek s&de. Thus, the front set of foils was
located 10 cm from the center of the gas cell, vthie back foils were 16.8 cm from the
center of the gas cell.

Four separate runs were conducted using this sétuhe first run, the foil
targets were irradiated for two hours and five rtesuith an average deuteron current of
1 A. The activated foils were then placed aside tamting and replaced with
unirradiated foils; the Gafchromic® film was alsplaced. A second run was then
conducted with a 1/16" thick cadmium shell placedrdahe box for the purpose of
determining its effect on shielding the target frelow neutrons (< 0.4 eV). Natural

cadmium exists as eight isotopes. Two of thesejmst*Cd and*'°Cd are naturally



radioactive, with half-lives of 8.04 x 10years and 3.0 x 1dyears, respectively. The
neutron capture cross section of most of thesepsstis on the order of a few barns; one
notable exception i$°Cd (natural abundance — 12.22%), which has a captoss

section of over 20,000 barns for 0.0253 eV themeaitrons. All neutrons with energy
less than 0.4 eV, the cadmium cutoff, are heavtlgnaiated. Above this energy, the
capture cross section drops off rapidly, makingwadn an effective shield against
thermal neutrons while transmitting high energytrans with relatively little

attenuation. A cross section plot of the neutrgtwa reaction oi-*Cd is shown in

Figure 6.1.3

Figure 6.1.3. Cross section vs. neutron energy fene **3Cd(n, )***Cd reaction.



Subsequent to the addition of the cadmium shedlntw activation foils and
water target were irradiated for two hours witheaerage deuteron current of 1 A.
For the third run, the cadmium shell was left iage and a tissue equivalent ion chamber
was placed directly behind the back set of foils.ddtivation foils were used in this run
(only film). A piece of Gafchromic® film was als@ded to the front surface of the box
(facing the gas cell). For the fourth run, the cadmshell was removed and activation
foils were again put in place. An ion chamber wlas added behind the back set of foils.
The last set of foils was irradiated for one hauwd &fty-five minutes at an average
deuteron current of 1.3A. A plastic scintillator paddle (2 1/4" wide, 221/high, and
1/16" thick), positioned at 52.5 cm from the cerdkthe gas cell along the 0° beam axis,
was used to monitor the neutron flux over the cewfsthe experiment (séégure
6.1.1).
6.2 Results

The results of the first RadCCORE experiment averginTables 6.2.1-6.2.8
The foil numbers indicate the run number. The fsttE” and “B” indicate the foils in
the front (closest to the gas cell) and back ofwha&er bottle, respectively. The neutron
flux and fluence were determined utilizing the noeth described in Chapter 4. The fast
neutron beam flux was determined using botta&n, )**Na and**’Au(n,2n)*°Au
reactions (se@ables 6.2.1and6.2.2. These reactions were also used to determine the
attenuation of the fast neutrons in the water ea#tiget (se@ables 6.2.3and6.2.4. The
attenuation was calculated as 1 minus the flux oredsat the back of the water bottle
target divided by the flux at the front positiorh€elflux and fluence results obtained from

the aluminum and gold activation foils agree weathim experimental uncertainties. The



97Au(n, )*?®Au reaction was used to analyze the slow neutrompoment of the beam.
The results for the slow neutron flux measureméntghe three runs with foils are given
in Table 6.2.5 In order to determine the reduction in the sl@utnon flux from the
additional of the cadmium shell, the flux deternditiy the**’Au(n, )**®Au reaction was
first divided by the flux determined by either tHal(n, )**Na or**’Au(n,2n)*°Au
reaction at the same position (i.e. normalizedé&ofast neutron flux). The reduction in
the slow neutron flux is then equal to 1 minusribanalized slow neutron flux with the
cadmium shell divided by the normalized slow nenfitax without the cadmium shell.
The “cadmium ratio” is equal to the normalized shogutron flux without the cadmium
shell divided by the normalized slow neutron fluihathe cadmium shell measured at
the same foil position. The results of the slowtrsumeasurements using aluminum and

gold foil normalization are given ihables 6.2.6and6.2.7, respectively. The averages of

the results from both normalizations are giveitable 6.2.8

Table 6.2.1. January 2009 Run — Results of tiféAl(n, )*Na Activation Foil Measurement.

Al Foils | Fast Flux (n/cifis) | Fast Fluence (n/cin | Error (Sys) Error (Stat)
1F 6.565 x 10 4.924 x 16" + 4.8% + 0.8%
1B 1.910 x 18 1.433 x 16° + 4.7% +0.7%
2F 5.843 x 10 4.207 x 16° + 4.8% + 0.9%
2B 1.776 x 18 1.279 x 16° + 4.8% +1.0%
5F 8.475 x 10 5.847 x 16" + 4.8% +0.7%
5B 2.301 x 18 1.588 x 16° + 4.8% + 0.8%

Table 6.2.2. January 2009 Run — Results of tH&’Au(n,2n)'*°Au Activation Foil Measurement.

Au Foils | Fast Flux (n/cAfs) | Fast Fluence (n/én | Error (Sys) Error (Stat)
1F 6.376 x 10 4.782 x 16" + 4.8% +0.3%
1B 1.939 x 16 1.454 x 16° +4.7% + 0.4%
2F 5.763 x 10 4.149 x 16 + 4.8% + 0.3%
2B 1.850 x 18 1.332 x 16° + 4.8% + 0.4%
5F 8.175 x 10 5.641 x 16" + 4.8% + 0.2%
5B 2.314 x 18 1.597 x 16° + 4.8% + 0.3%




Table 6.2.3. January 2009 Run — Reduction in Fastéditron Flux Across the Water Target
Determined Using Al Activation Foils.

Run Al Front to Back Flux Reduction Error (Sys) & r(Stat)
1 70.9% +4.7 +0.8
2 69.6% +4.6 +1.0
5 72.8% +4.8 +0.8
Average 71.1% +2.7 +0.5

Table 6.2.4. January 2009 Run — Reduction in FasteMitron Flux Across the Water Target
Determined Using Gold Activation Foils.

Run Au Front to Back Flux Reduction  Error (Sys) dErfStat)
1 69.6% +4.6 +0.4
2 67.9% +45 +0.3
5 71.7% +4.8 +0.3
Average 69.7% +2.7 +0.2

Table 6.2.5. January 2009 Run — Results of tH&’Au(n, )'*®Au Activation Foil Measurement.

Au Foils | Slow Flux (n/crfis) | Slow Fluence (n/cf) | Error (Sys) | Error (Stat)
(Relative) (Relative)
1F 6.376 x 10 4.782 x 10 + 4.8% + 0.8%
1B 4.396 x 16 3.297 x 10 + 4.7% + 0.6%
2F 4.891 x 16 3.521 x 10 + 4.8% + 0.8%
2B 2.915 x 16 2.099 x 10 + 4.8% +0.7%
5F 5.367 x 10 3.703 x 10 + 4.8% +0.7%
5B 5.009 x 16 3.456 x 10 + 4.8% + 0.5%

Table 6.2.6. Slow Neutron Flux Reduction by the C&hell Based on Al Activation Foil

Normalization.

Position Al Normalization| Error (Sys) Error (Stat) | Cd Ratio
Front 13.8% +0.2 +0.2 1.16
Back 28.7% +0.5 +0.4 1.40

Table 6.2.7. Slow Neutron Flux Reduction by the C&hell Based on Au Activation Foil

Normalization.

Position Au Normalization Error (Sys) Error (Stat) | Cd Ratio
Front 15.1% +0.2 +0.2 1.18
Back 30.5% +0.5 +0.3 1.44




Table 6.2.8. Average (Al and Au foils) of Slow Neubn Flux Reduction by the Cd Shell.

Position Total Average Error (Sys) Error (Stat) Ratio
Front 14.5% +0.2 +0.1 1.17
Back 29.6% +0.3 +0.3 1.42

6.3 Discussion and Summary

The first RadCCORE experiment established the #ffmress of using aluminum
and gold activation foils as passive monitors effdst and thermal neutron flux,
respectively. Using a 6 cm gas cell filled with &t&n of deuterium gas and a deuteron
current of 1 A, fast neutron fluxes up to 6.6 x%¥/(cnt s) were achieved at 10 cm
from the center of the gas cell. The neutron flatednined from the independent
aluminum and gold foil measurements were foundetmbvery close agreement (<5%
difference for all measurements). The reductiofagt neutron flux from the front to the
back of the water bottle target, averaged overealllts from the aluminum and gold
activation measurements, was determined to be gjppately 70.4%. This reduction was
due to the combined effects of neutron attenuatidhe water bottle target and distance
dependent flux fall-off. The slow neutron measuretveas intrinsically relative since the
exact energy distribution of the thermal neutrantha target position was unknown. The
relative slow neutron flux values previously lisisdre calculated assuming a
97Au(n, )**®Au reaction cross section of 100 barns (the apprate cross section for
thermal neutrons). The relative flux values frora gold foil measurement were then
normalized to the fast neutron flux at the samlegosition measured using the aluminum
and gold foils, respectively, in order to accunatktermine the slow neutron flux
reduction due to the addition of the cadmium sHéik reduction in the slow neutron

flux, averaged over the results from the aluminunt gold normalization, was found to



be 14.5% at the front foil position, and 29.6%hat back foil position, implying
cadmium ratios of 1.17 and 1.42, respectively.

One half millimeter of natural cadmium is suffici¢a stop greater than 99% of
all neutrons with energy less than 0.4 eV. Thetikadly low drop in the measured slow
neutron flux with the addition of the cadmium shedplies the majority of the
background at the target position is comprisedenitrons with energies greater than 0.4
eV where the cadmium cross section is significalotiyer (sed~igure 6.1.3. This
conjecture is supported by the greater cadmiuro cdiserved at the back foil position. In
the absence of the cadmium shell, intermediateggnezutrons from the gas cell would
make a moderate contribution to the activatiorhefftont gold foil. However, many of
the intermediate energy neutrons would be therm@dhzhile passing through the water
bottle target and subsequently make a much greatgribution to the activation of the
back foil. With the addition of the cadmium shalhd subsequent moderate reduction in
the intermediate energy neutron flux, the relative reduction at the back position
would be expected to be slightly greater than affithnt position, consistent with
observation.

However, it should be noted that the cadmium slesd (1/16") was much
thicker than what is typically employed for thermalutron shielding. The average
"aCd(n,tot) cross section at 10.16 MeV neutron en&@pout 4.6 barns, resulting in ~
3.3% total attenuation of the fast neutron beartemi@lly distorting the results of the

measurement.



7. April 2009 RadCCORE Experiment

A new target holder designed to hold six test tubesymmetric off-axis positions
was used during the second RadCCORE experimentpflinary objectives during this
experiment were: (1) to measure the attenuatidastfneutrons through water bottle
phantoms placed at 0° and in an off-axis positimh @) to measure the difference in the
fast neutron fluence at an off-axis position of tlesv target holder compared to the fast
neutron fluence at the center (i.e. 0°). A deswipof the experiment, techniques, and
results for the April 2009 experiment are presemetiis chapter.

7.1 Experiment Setup and Description
An annotated photograph of the test tube and viatitle phantom can be seen in

Figure 7.1.1 The target holder assembly is showtrigure 7.2.2

Figure 7.1.1. Test tube and water bottle target.



Figure 7.1.2. Mouse target holder diagram.



The new holder was comprised of two parallel ptaglates, 12.7 cm wide, 25.4
cm high, 3 mm thick, and spaced 7.6 cm apart. Téwephad seven 3 cm diameter holes
drilled through them, with six peripheral holes itiosed symmetrically around a central
hole aligned with the 0° beam axis such that timecdo center distance between each
peripheral hole and the central hole was 3.8 cre.Adider was suspended on four metal
rods that allowed the height of the apparatus tadpested. The bottoms of the rods were
attached to an actuator that would allow the holddre rotated 360°. The rotation
feature was not used during the second RadCCORé&riexmt.

Inside the target holder were placed two plassttigbes, 10.4 cm in length with
diameter equal to that of the holes in the targéddr. One test tube was placed in the
central position (along the 0° beam axis), whikedkther was placed in the middle-right
position (with respect to the beam direction) & Holder. Water bottle targets of
identical dimensions as used in the first expertmere placed in the center of each test
tube, and aluminum activation foils were placecedher side of the water target. The
foils were mounted on 1.5 mm thick plastic insénts fit within slots cut on either side
of the water bottle. These inserts, while not #iricecessary in the second experiment,
served two main purposes: 1) to immobilize thendesl live mouse targets to be used in
the third experiment and 2) to protect the actoraifoils from physical damage by a live
mouse.

The same 6 cm gas cell was used as in the firSERGIRE experiment, but the
deuterium pressure was increased to 7.8 atm i toadechieve a higher neutron flux.
The tandem terminal voltage and analyzer magnlet fiere set to produce 6.823 MeV

deuterons at the center of the gas cell, resuitinige production of 10.00 MeV neutrons



at 0°. The increased mass thickness of the gagdales energy spread of the neutrons
produced to increase to ~ 480 keV. The water botttee central position of the target
holder was placed 16.5 cm from the gas cell (canteenter). The front activation foil in
the center position was 13 cm from the center efgids cell, while the back foil was 20
cm from the center of the gas cell. The water bottlthe side position was 16.9 cm from
the gas cell (center to center). The front actorafoil in the side position was 13.5 cm
from the center of gas cell, while the back foilsnZ0.4 cm from the center of the gas
cell.

As previously discussed, the neutron energy aawi-positions is lower than the
nominal value along the 0° axis. The angles witipeet to the 0° axis of the centers of
the side front and back activation foils, and taeter of the side water bottle target are

listed along with the corresponding neutron enaxtgyach angle imable 7.1.1

Table 7.1.1. April 2009 Run — Setup Data.

Angle (degrees)

Neutron Energy (MeV)

Side Front Foil

16.29

9.671

Side Back Foll

10.76

9.855

Water Bottle (Center)

12.97

9.789

During the single run performed for the second R2QKE experiment, the target setup

was irradiated for one hour and fifty-seven minwtan average deuteron current of

1.305 A.

7.2 Results

The results of the second RadCCORE experimentiaea ¢h Tables 7.2.1-7.2.3The

fast neutron flux and fluenc@dble 7.2.] and reduction in fast neutron fluence across

the water targeflable 7.2.9 were determined in the same manner as in thte firs




RadCCORE experiment. The reduction in the meadastdeutron flux for the front and
back foils, respectively, at the off-axis positi@hative to that measured at 0° was
calculated as 1 minus the fast neutron flux meaksaté¢he side position divided by the

flux measured at the center position ($aéle 7.2.3.

Table 7.2.1. April 2009 Run — Results of th#Al(n, )*Na Activation Foil Measurement.

Al Foils Fast Flux (n/crfis) | Fast Fluence (n/cn | Error (Sys) | Error (Stat)
Center 1.012 x 10 7.106 x 16" + 4.8% + 0.4%
Front

Center 1.429 x 10 1.003 x 16° + 4.8% + 0.8%
Back

Side 5.041 x 16 3.539 x 1¢° +4.8% +0.7%
Front

Side 1.309 x 16 9.188 x 16 +4.8% + 0.8%
Back

Table 7.2.2. April 2009 — Reduction in Fast Neutrofrlux Across the Water Target Determined Using
Al Activation Foils.

Foil Position Flux Reduction Error (Sys) Error ($ta
Center 85.9% +0.2 + 0.8
Side 74.0% +0.1 +0.8

Table 7.2.3. Reduction in Fast Neutron Flux at OffAxis Position Compared to 0°.

Foil Position Flux Reduction Error (Sys) Error ($ta
Front 50.2% +34 +0.4
Back 8.4% + 0.6 +0.1

7.3 Discussion and Summary

The higher beam current and gas cell pressuredis&ty the second
RadCCORE experiment allowed a 10 MeV neutron flux ® 10 n/(cnf s) to be
achieved at 13 cm from the center of the gas tmtigagthe 0° axis. A larger magnitude
reduction in the measured neutron flux throughctivgral water bottle target was

observed in comparison to the first RadCCORE erpamt (85.9% vs. 70.4%). This



difference is a result of the different target amte used in the second RadCCORE
experiment; the actual attenuation by the wateltdotdrget should be the same since the
target is identical to that used in the first RadilRE experiment and the monitor foils
were placed in the same positions with respedtgdbttle. The fast neutron flux
reduction through the water bottle target was oleskto be less at the side position than
at 0° due to lower target attenuation as a res$tlteoneutron beam irradiating the target
at an angle as opposed to head on. Knowledge dliffieeences in the neutron flux at the
side target position in comparison to 0° was ailtfor planning the first mouse
activation run in the third RadCCORE experimenViay 2009. In the absence of
attenuation, the drop off in measured neutron &uthe side front foil position from that
measured at 0° was found to be 50.2%. This valuegsod agreement with the 56.1%
decrease in flux predicted from the differenceni@a differential cross section for the
H(d,n)*He reaction at 16.29° compared to 0°. It was alscovered during this run that
the back target foils in the center and side pmsstiwere very evenly irradiated. The
measured flux at the back off-axis position wa$%ithe corresponding flux at the

center back position.



8. May 2009 RadCCORE Experiment

The third RadCCORE experiment, conducted in May920@d the following
objectives: (1) use an off-axis neutron monitoestimate the dose to mouse targets in
real time and (2) irradiate two sets of live moteagets with goal doses of 50 and 200
cGy, respectively. A description of the experiméethniques, and results for the May
2009 experiment are presented in this chapter.

8.1 Experiment Setup and Description

For the third RadCCORE experiment, two sets & thice were irradiated. The
mice were placed in the peripheral positions ofténget holder within the same types of
test tubes as used for the second experiment. dheadl was filled with 7.8 atm of
deuterium gas and the tandem terminal voltage aalyzer magnet field were set to
produce 6.823 MeV deuterons at the center of teecgh, resulting in the production of
10.00 MeV neutrons at 0°. The energy spread ohéwtron beam was ~ 480 keV. To
monitor the neutron flux during the experiment,"dduid scintillation detector was
placed 333.4 cm from the center of the gas cell@Q° angle with respect to the beam
axis. Using the results from the second experintbatneutron fluence incident upon the
front face of the target holder at the off-axisipos was estimated based on the live
count rate measured from the 60° neutron monitioe. details of this calculation can be
found inAppendix C.

The first set of mice was irradiated until an estied dose of 200 cGy had been
delivered. A second set of mice in the same tgrgsitions was also irradiated with an
estimated dose of 50 cGy. For both runs, the mee\wnserted into the test tubes so that

their heads faced the tip of the tubes, while ttais were adjacent to the cap. The target



holder was positioned such that the distance betweecenter of the gas cell and the
center of the target holder was 15 cm. The targleten was rotated 180° half-way
through irradiation (equal neutron counts in théhig 60° monitor) in order to deliver a
more uniform dose to the targets. The cap sidéiseofargets (mouse tails) were
irradiated first for the 200 cGy run, while the sijgles of the targets (mouse heads) were
irradiated first for the 50 cGy run. Aluminum acttion foils were used to determine the
fast neutron fluence incident upon the head ah@mtals of the mice in the center left and
center right (with respect to the beam directi@n@ét holder positions. The foil numbers
and starting / end positions for each run are shiovAigure 8.1.1 The letters “F’ and

“B” next to the foil numbers indicate the positiohthe foil on the test tube, “F” for the
front (cap of the test tube / mouse tail) and “Br’ the back (tip of the test tube / mouse

head), respectively.



Figure 8.1.1. May 2009 activation foil starting andstopping positions.

In the original setup configuration for the expegimy the mouse centers were
exactly 15.5 cm from the center of the gas cefiptgeand after rotation. The activation
foil nearest the gas cell was 12.1 cm from theearenit the cell, while the foil on the
opposite side was 18.9 cm from the center of tisecgdi, regardless of the orientation of

the test tube itself (tip or cap side facing the gell). However, it was discovered the live



mice were longer than the water bottle phantomd urséhe previous experiments. To
compensate for this unexpected development, tleetinearest the cap of the test tube
was removed and the foil originally attached t@ thsert was placed on the test tube cap
itself. As a result of this change, the head andd@ positions and mouse center were no
longer symmetric with respect to rotation. The i@ and actual mouse bounds can be
seen inFigure 7.1.1

Since the target holder was rotated midway thraeggth of the two runs, there
were two positions for each foil, rotated “towattle gas cell (i.e. closer distance), and
rotated “away” from the gas cell. Likewise, the rmewenter distance from the center of
the gas cell varied according to which side (capprof the test tube was rotated toward
the gas cell at that tim&able 8.1.1lists the foil and mouse center distances (in ¢he®),
lab angle with respect to the center of the gddicetiegrees), the neutron energy at
these angles (in MeV), and the corresponding nelkeoma factors for muscle tissue (in

cGy cnf/n). The rotation column indicates the positionhwigspect to the gas cell.

Table 8.1.1. May 2009 Run — Setup Data.

Rotation | Distance] Angle Energy (MeV) KF (cGy%n)
Cap Foil (Tail) | Toward 10.3 21.60 9.431 5.570 10
Cap Foll (Tail) | Away 20.8 10.55| 9.861 5.692 X°10
Tip Foil (Head) | Toward 12.1 18.29 9.588 5.616 X 10
Tip Foil (Head) | Away 18.9 11.61| 9.832 5.686 X°10
Mouse (Center)] Toward | 14.6 15.13 9.716 5.655% 10
Mouse (Center)| Away 16.4 13.40 9.776 5.673X 10

The average neutron energy for the cap (tail) foés found to be 9.646 MeV,
while the average for the tip (head) foils was 9.KeV. The average neutron energy at
the position of the mouse centers was 9.746 Me\thWispect to the cap foils (tail), the

cross section for th€Al(n, )**Na reaction increases by 7.9% from 9.431 MeV t69.8



MeV (cap tail). Likewise, for the tip foils (headle cross section increases by 3.9%
between 9.588 MeV and 9.832 MeV. These increagesmall enough such that + 10%
dose measurements (an initial goal of the RadCCG@d#REboration) can still be
achieved.

When calculating the neutron flux incident on twe sides of the mouse, the
averageé’Al(n, )*Na cross section for each activation foil was u§ed.the cap foils,
the cross section value used was the average betiveealue at 9.431 MeV and the
value at 9.861 MeV. The average cross sectiorhfotip foil was calculated in like
manner. In order to calculate the dose to tisseaett foil position, the neutron fluence
values calculated using the above methodology weréplied by the average neutron
kerma factors. The average neutron kerma factagdoh foil was calculated the same
way as the average activation cross section. $iaag&on kerma factors for mouse tissue
specifically were not available, kerma factorsddult muscle tissue were used in the
calculations. The kerma factors at the relevantroatenergies were calculated from
linear interpolation of the tabulated values foiméCRU Report 4&
8.2 Results

The results of the third RadCCORE experiment arergin Tables 8.2.1and
8.2.2 Flux and fluence values were calculated the sasrie the first and second
RadCCORE experiments. Dose values were determsiad the relevant neutron kerma

factors for each foil given imable 8.1.1

' ICRU Report 46 (pg. 175)



Table 8.2.1. May 2009 Run — 200 cGy Irradiation Dat.

Foil Flux (n/cnf/s) | Fluence (n/cf) | Dose (cGy) | Error (Sys)| Error (Stat
1F 3.664 x 16 3.408 x 16° 192 4.7% 2.1%

(Tail)

1B 2.874 x 16 2.672 x 16" 151 4.7% 2.2%
(Head)

2F 2.357 x 16 2.192 x 16" 123 4.7% 2.9%

(Tail)

2B 3.713x 16 3.453 x 1&° 195 4.7% 1.2%
(Head)

Table 8.2.2. May 2009 Run — 50 cGy Irradiation Data

Foll Flux (n/cnf/s) | Fluence (n/cf) | Dose (cGy) | Error (Sys)| Error (Stat
3F 3.263 x 16 5.874 x 16 33.1 5.7% 3.6%

(Tail)

3B 4.943 x 16 8.898 x 16 50.3 5.7% 2.7%
(Head)

4F 4.300 x 16 7.740 x 18 43.6 5.7% 2.7%

(Tail)

4B 3.861 x 16 6.627 x 16 37.4 5.7% 2.8%
(Head)

The following additional systematic uncertaintieaynibe added to those cited above to
account for variance in the Al(n), cross section that results from the change in the
neutron energy incident upon the foils due to rorat
Cap Foils (F): 3.9%
Tip Foils (B): 2.0%
8.3 Discussion and Summary

A tissue dose close to the target value was actiieneat least one side of each
mouse irradiated, demonstrating the feasibilitusihg an off-axis neutron monitor for
real time dose estimation. All foils within each skould have been irradiated evenly,
but a consistent neutron flux asymmetry was disea/eetween the left and right sides

of the target holder. The target foils on the $de (with respect to the beam direction) of



the gas cell were consistently irradiated at a faveaitron flux than those on the right
side for both the 200 cGy and 50 cGy runs (Sgere 8.1.1).

There are several possible explanations for thesured asymmetry. The
asymmetry could be partially due to beam steerifexts (i.e. the deuteron beam
entering the gas cell at an angle instead of heaadHowever, given the small diameter
of the gas cell, it is unlikely beam steering effemlone could account for the magnitude
of the flux difference detected. A stronger pos#ibis that the target setup itself was
slightly off center. A telescope in the back of HgNL Time-of-Flight room is used to
determine the 0° line from the gas cell. If thesebpe was slightly misaligned, the target
holder setup could have been centered at an ddfamgle. The asymmetry may also have

been the result of a combination of misalignmert la@am steering effects.



9. July 2009 RadCCORE Experiment

The fourth RadCCORE experiment, conducted in JOBB2 had the following
objectives: (1) achieve faster dose delivery usithdN, cooled gas cell, (2) use a 0°
plastic scintillator paddle to estimate the dosmtase targets in real time and (3)
irradiate nine sets of live mouse targets, thrég e&ch with goal doses of 50, 200 cGy,
and 500 cGy, respectively. A description of theeskpent, techniques, and results for
the July 2009 experiment are presented in thistehap
9.1 Experiment Setup and Description

For the fourth RadCCORE experiment performed Iy 2009, the pre-existing
target holder was used in conjunction with a newil nitrogen cooled gas ceRigure
9.1.1). Using liquid nitrogen (boiling point = 77 K) clhag allowed the gas cell to be
filled with more deuterium gas while keeping thegsure at 7.8 atm. The greater number
of deuterium atoms available for tfi¢(d,n)*He reaction in turn allowed higher neutron
fluxes to be achieved with the same beam curresgd in the previous experiments.
Thus, a greater target dose could be deliverecshoger time. However, the greater
effective gas thickness also resulted in a largergy spread of the neutrons created
along the length of the gas cell. A small leakhe gas cell caused the 0° neutron energy
to increase marginally over the course of each Asra consequence, the gas cell
pressure was “topped off” before each new set cemias irradiated. The average gas
cell pressure over the course of the runs was 18%.&.0 atm) at 77 K corresponding to
390 psi (26.5 atm) at room temperature (293 K)thig pressure, 7.042 MeV deuterons
were produced at the center of the gas cell leadinige production of 10.21 MeV

neutrons at 0°. The energy spread of the neutramssthe length of the gas cell (2.02")



was +1.24 MeV / - 1.47 MeV. The average deuterareat for the fourth RadCCORE
experiment was 1.43A.

Before loading the live mouse targets, a prelimyman was conducted to
calibrate the scintillator paddle used for neutitar monitoring. The details of this
calculation can be found Wppendix D.

Subsequent to the calibration run, nine sets offrsoe each (all positioned in the
peripheral holes of the target holder) were irrgatiaat target doses of 50 cGy, 200 cGy,
and 500 cGy, respectively. Three sets were irradiat each target dose. Before mice
were loaded into the target holder, the table oichvthe target holder and scintillator
paddle were positioned was moved forward so treatlistance between the center of the
gas cell and the center of the target holder wasn2@i.e. the activation foil distance in
the calibration run). Since all the mice were posi#d symmetrically around the center
position of the target holder, only a single fat ¢one foil in front of and one behind a
single mouse) was used to monitor the fluence extidpon the six mice irradiated
during each runTable 9.1.1lists the foil and mouse center distances (in ¢h@ |ab
angle with respect to the center of the gas aelléigrees), the neutron energy at these

angles (in MeV), and the corresponding neutron keiastors for muscle tissue (in cGy

cn/n).

Table 9.1.1. July 2009 Run — Setup Data.

Rotation Distance Angle| Energy (MeV) KF (cGyTm
Cap Foil (Tail) | Toward 15.1 1459  9.937 5.704 X 10
Cap Foil (Tail) | Away 25.7 8.51 10.117 5.743 X 10
Tip Foil (Head) | Toward 16.9 12.97 9.993 5719 X 10
Tip Foil (Head) | Away 23.8 9.19 10.101 5.740 X 10
Mouse (Center)] Toward 19.4 11.28  10.046 5.729% 10
Mouse (Center)| Away 21.3 10.28 10.073 5.735% 10




As in the third RadCCORE experiment, the targeti@olas rotated 180° at the
midpoint of each run in order to achieve more umifarradiation of the targets. The
average neutron energy for the cap (tail) foil W27 MeV, while the average for the
tip (head) foil was 10.047 MeV. The average neugoergy at the position of the mouse
center was 10.060 MeV. For the cap foil (tail), thess section for the (n) reaction
increases by 3.2% from 9.937 MeV to 10.117 MeV (@alp. For the tip foil (head), the
cross section increases by 2.0% between 9.993 Md\1@.101 MeV. The average
neutron flux/fluence and kerma factors for eachgosition were calculated in the same
manner as in the third experiment. The foil positieas varied during the fourth
RadCCORE experiment to determine if the asymmetgsured between the middle-left
and middle-right off-axis positions in the thirdpeximent was still present.

The starting and stopping positions of the irradrafoils for each set of runs are
shown inFigure 9.1.2 In each instance, the tip (“B”) foils (correspamgito the mouse
tail) were irradiated first. The left side letteardanumber indicate the foil number and
position (F — Test Tube Cap / Mouse Tail, B — Tiadte Tip / Mouse Head), while the
last letter shows the position of each foil atlleginning (B) and end (E) (i.e. after

rotation) of irradiation.



Figure 9.1.1. Schematic diagram of the Lhlgas cell designed for the fourth RadCCORE experinm.



Figure 9.1.2. July 2009 activation foil starting ad stopping positions.



9.2 Results

The results of the third RadCCORE experiment arerginTables 9.2.1and
9.2.2 Flux and fluence values were calculated the sasna the first, second, and third
RadCCORE experiments. Dose values were determsiad the relevant neutron kerma
factors for each foil given ifable 9.1.1 In the following data, the foil number indicates
the run number. The front foils (F) were in the gagition (mouse tail), while the back
foils (B) were in the tip position (mouse head) &irruns except the last in which the
front and back foil positions were accidentallyeeed. The tip side was irradiated first
for all runs. The asymmetry between the left agtitrside foil positions given ihable
9.2.1was calculated as the flux value for the righedull divided by the flux value for
the left side foil, where the “left” and “right” de foils are defined as shownkigure
9.1.2 The letter next to the asymmetry values (i.eB,TM) indicates the foil positions in
the target holder (i.e. top, bottom, middle) (Begure 9.1.2. The percent goal doses in
Table 9.2.2were calculated as the actual dose determinettheiéoil activation

technique divided by the goal dose.



Table 9.2.1. July 2009 Run — Results of tHéAl(n, )*Na Activation Measurement.

Foil Flux (n/cnf/s) | Fluence (n/cf) | Error (Sys) Error (Stat)] L/R Assym.
2F 3.900x 1D |5.995x 18 3.2% 1.0% 1.17 (B)
2B 4577 x10 | 7.035x 18 3.2% 1.7%
3F 8.111x10 |1.138 x 1&° 3.2% 0.9% 1.34 (M)
3B 6.074x 10 |8.522x 18 4.7% 1.0%
4F 4571x 1D |6.999 x 18 3.2% 1.0% 1.00 (B)
4B 4591 x10 |7.029x 18 4.7% 0.9%
5F 6.585x 10 | 3.933 x 16° 3.2% 0.5% 1.06 (T)
5B 6.972x 10 | 4.164 x 16&° 4.7% 0.5%
6F 6.248x 10 | 1.035 x 16" 3.2% 0.3% 1.38 (M)
6B 4542 x 10 | 7.523 x 16 4.7% 0.3%
7F 6.923x 10 | 4594 x 16" 3.2% 0.5% 1.37 (M)
7B 5.038x 10 [ 3.343 x 1¢ 4.7% 0.5%
8F 6.221x 10 | 1.013x 16 3.2% 0.3% -
8B’ 2.969x 16 |4.836x 16° 4.7% 0.4%
oF 8.813x 10 | 4.745 x 1&° 3.2% 0.4% 1.41 (M)
9B 6.234x 10 | 3.356 x 16" 4.7% 0.5%
10F 5989 x 10 |8.810 x 16 3.2% 0.3% 1.19 (M)
10B 7.120x 10 | 1.047 x 16" 4.7% 0.3%

Table 9.2.2. July 2009 Run — Calculated Dose to Tget
Foll Goal (cGy) Actual (cGy) | Error (Sys) | Error (Stat)| % Goal
2F 50 34.3 1.1 0.3 0.69
2B 50 40.3 1.3 0.7 0.81
3F 50 65.1 2.1 0.6 1.30
3B 50 48.8 2.3 0.5 0.98
AF 50 40.1 1.3 0.4 0.80
4B 50 40.3 1.9 0.4 0.81
5F 200 225.2 7.4 1.2 1.13
5B 200 238.6 11.3 1.2 1.19
6F 500 592.4 19.4 1.8 1.18
6B 500 431.0 20.3 1.5 0.86
7F 200 263.0 8.6 1.2 1.32
7B 200 191.5 9.0 1.0 0.96
8F 500 580.1 19.0 1.9 1.16
8B 500 277.1 13.0 1.2 0.55
oF 200 271.7 8.9 1.2 1.36
9B 200 192.3 9.0 0.9 0.96
10F 500 504.8 16.5 1.8 1.01
10B 500 599.7 28.3 1.8 1.20




"Note: The mouse kicked out the tab holding thevatitin foil during the course of this
run resulting in a significantly lower measured tneu flux.

The following additional systematic uncertaintieaynbe added to those cited in
Tables 9.2.1and9.2.2to account for variance in the Al(n),cross section that results
from the change in incident neutron energy duetation:

Cap Foils (F): 1.6%
Tip Foils (B): 1.0%
9.3 Discussion and Summary

The average dose to target over all runs was 16fA%e target dose with a
standard deviation of 21%. An equal number of tarfmls were found to be over-
irradiated as under-irradiated. As in the third REORE experiment, a prominent left-
right asymmetry was observed between the activétitsn WWhen the activation foils
were placed in the middle left or right target lesl@ositions, the foil that was irradiated
on the right side position (with respect to therbehrection), either before or after
rotation, was found to have been exposed to afsigntly higher neutron flux than the
corresponding foil on the left side. This effectswadso observed when the activation foils
were placed in the top and bottom target holdettipos, however, to a much lesser
extent. The foils placed in the bottom target holutgsition (i.e. foil sets 2 and 4, both 50
cGy runs) were observed to be under-irradiatedapyaimately 25% (average), while
those placed in the top position (i.e. foil set 300 cGy run) were found to be over-
irradiated by about 16.5% (average). The combinaticdhese observed effects implies
that the target setup was most likely misalignéatiree to the gas cell during the third

and fourth RadCCORE experiments. The additionarméation determined through



varying the monitor foil positions in the fourth (R&CORE experiment suggests the
center of the target setup was slightly low witbpect to the gas cell height and also
shifted to the left (with respect to beam direc}jaiving a higher neutron flux at the
right side positions and top half of the targeideol As it is unlikely that the target holder
setup was consistently misaligned in the same midoneoth the third and fourth
RadCCORE experiments, the mostly likely explanatsom misalignment of the

telescope at the back of the Time-of-Flight roomt thas used to determine the 0° beam

axis.



10. RadCCORE Summary

10.1 Final Observations

The 2009 RadCCORE project marked TUNL's first foiato small animal
irradiation experiments. For a laboratory that tnaditionally engaged primarily in
fundamental nuclear physics research, develop@gthodology to accurately deliver
pre-determined uniform doses of neutron radiatiolive targets was a unique challenge.
Not unexpectedly, several problems arose alongvthethat complicated the target dose
delivery and data analysis.

The main hurdle to overcome was the issue of umifdose delivery across
multiple extended targets. To this end, a targitdrovas constructed allowing seven
targets to be irradiated simultaneously, one iardral position and six along the
periphery. The holder was designed to be remotefted 180° mid-irradiation to allow
for more uniform dose delivery. Real time monitgriof the neutron flux using liquid
and plastic scintillation detectors was used toredge the dose-rate at the target position.
Monitor foils were also placed at the front andkatthe targets for a more precise
determination of the actual incident neutron dosté mouse targets.

In theory only one activation foil per irradiatiblatch was necessary for accurate
flux monitoring. All periphery target positions veesymmetric about the center, so
assuming a constant neutron flux and a 180° rotatimut the target center at the
irradiation midpoint, all targets should have beesdiated to equal dose. However,
significant position dependent asymmetries in tairgadiation were observed during

both the third and fourth RadCCORE experiments. mbest likely cause of the measured



asymmetries was misalignment of the target holdertd misalignment of the 0°
telescope.

Several other factors also contributed to unevediation of the targets,
including changes in the deuteron current (ancefoee neutron flux) during irradiation
as well as the angular dependence of the neutrenggand flux. Since all the mouse
targets were positioned off-axis, the neutron beeadiated all the targets at an angle
with a slightly different neutron energy, flux, addgree of target attenuation at each
position along the mouse length. This effect camb@mized by irradiating the targets at
greater distances from the gas cell, thereby redutie irradiation angle (cf. third vs.
fourth RadCCORE experiments). However, the targgadce must still be small enough
to ensure there is sufficient neutron flux to achieeasonable irradiation times (~ few
hours).

To decrease the necessary irradiation time for tdage target runs (i.e. 200-500
cGy irradiations), a liquid nitrogen cooled gad eeds developed. This gas cell held
much more deuterium gas at comparable pressutbs atandard air cooled cell, thereby
increasing the effective target thickness and afigvior higher fluxes at increased
distances. The increases gas thickness also Edigmificant increase in the energy
spread of the resultant neutron beam. Sincé’&lén, )**Na reaction used to determine
the neutron flux and dose to target is energy deguetn the accuracy of this measurement
decreases significantly when the variation in reugnergy is large. Precise
determination of the delivered dose is also comapdid by the fact that the tissue kerma
factors are also energy dependent, although tesefextent than tHéAl(n, )*Na

reaction in the same energy regime. Minimizingehergy spread of neutrons produced



by the gas cell requires running at lower presswash also reduces the neutron flux.
However, lower gas cell pressures and greaterttdrgiances may be necessary in order
to perform high precision irradiations and dose sneaments using current techniques.
10.2 Possibilities for the Future

As previously noted, the current activation foisbd approach to dose
measurement has several significant drawbacksadtmnation foils and mouse targets
are exposed to a range of high energy neutronsassequence of the finite length of
the gas cell and the targets being off-axis. Thie &md mice are also exposed to low
energy neutrons from room scatter and backgroundnaimpart dose to the mice, but to
which the aluminum activation foils are insensiti@ course, even under the best of
conditions, each monitor foil accurately relays tieeitron fluence at only a single
position (i.e. the head or tail of the mouse).

In the last several years, research into tissuevalgnt gels (ex. MAGIC) and
polyurethane based dosimeters (ex. PRESAGE®, HPlasma LLC, Skillman, NJ) has
grown exponentially. As opposed to activation f¢ilsD) or radiochromic film (ex. 2-D
Gafchromic® film) (2-D), the newest radiochromid gad polyurethane dosimeters can
be molded/cut into any desired shape and provil®aview of the dose distribution
throughout the material. The dose-response of ttiesineters to gamma radiation is
well known and there have also been limited tedtis high LET radiatioh. Most
research testing the response of these dosimetaesitron radiation has focused on the

thermal and epithermal energy regimes which atb@fjreatest interest in regard to

! Baldock et. al.



medical applications (ex. BNCT — Boron Neutron QaptTherapy) A great

opportunity exists to use the facilities at TUNLnb@asure the response of these 3-D
dosimeters to fields of fast neutrons. If the dassponse of the material(s) is sufficiently
sensitive and can be calibrated against currehhtquaes (i.e. foil activation), this

research could prove invaluable for future smailireth irradiation experiments at TUNL.

2 Uusi-Simola et. al.



11. lonization Chamber Measurement

11.1 Introduction

Neutron production via thid4(d,n)*He reaction leads to the creation of secondary
gamma radiation through several distinct procedslastic neutron scattering off beam-
line and gas cell components, shielding materidlsimvthe target room, and the
surrounding concrete walls leads to the produadioexcited nuclear states which then
decay back to the ground state via emission ofoorseveral gamma-rays. As these
gamma-rays are prompt (~ few picoseconds), thegiagetly correlated with the neutron
beam energy and flux. Gamma-rays are also prodiacedgh activation of the
aforementioned materials, especially of the Havan®ance foil and tantalum beam stop
within the gas cell. These gamma-rays are prodtiuedigh the decay of multiple
isotopes (including*Mn, *°Co, >’Co, *®Co, ®"Kr, 1%°Cd, etc.) each having different half-
lives, creating a gamma background that buildswgy tme during the course of target
irradiation. In order to perform high accuracy aesiry of small animal targets at TUNL,
detailed knowledge of the total gamma-ray contrdsuto target dose from both sources
is required.
11.2 lonization Chamber Descriptions and Theory

Two Far West Technology ionization chambers (FasMIechnology, Inc.,
Goleta, CA) having different sensitivities to neutrand gamma radiation were used to
determine the approximate percent contributiorhefgamma component of the neutron
beam to the total tissue dose at several incideutron energies. The first ionization
chamber (Model # 1C-17) was made of tissue equitdlEE) plastic and filled with

methane-based tissue equivalent gas (64.4% 825% CQ, 3.1% N). The density and



percent by mass elemental composition of TE plastec TE gas are listed irable

11.2.1 The TE-TE chamber held 1 émf gas and had an inside diameter of 0.5 in and
wall thickness of 0.2 in (569 mg/éinThe other chamber (Model #IC-17G) was made of
graphite (C) and filled with carbon dioxide (©@as. The C-C@®chamber held 2 ctrof

gas and had an inside diameter of 0.622 in andthiakness of 0.119 in (543 mg/ém

Table 11.2.1. Percent By Mass Elemental Compositiaf TE Plastic, TE Gas, and ICRU 46 Muscle.

Element | TE Plastic TE Gas ICRU 46 Musclé
( =1.127 g/er) | ( =1.064 x 1G g/cnt)

H 10.1327 10.1869 10.2

C 77.5501 45.6179 14.3

N 3.5057 3.5172 3.4

O 5.2316 40.6780 71.1

F 1.7422 - -

Ca 1.8378 - -

TE-TE chambers have approximately equal senséwiid neutron and gamma
radiation, while C-C@chambers have relatively low neutron sensitiitys readily
apparent fronTable 11.2.1that both TE plastic and gas contain roughly egydtogen
and nitrogen content to that contained in ICRU 4sble, but radically different
amounts of carbon and oxygen. However, this diserep does not strongly affect the
tissue equivalency of the materials. Even thoulgiige variety of neutron reactions
(including elastic and inelastic scattering, (ngy¢ (n, )) occur in the constitute
elements that make up biological tissues, onlyadentribute significantly to the total
kerma. The primary reactions of consequence depeitide incident neutron energy and

the size of the tissue sample.

! National Institute of Standard and Technology (RIS
2 ICRU Report 46 (pg. 12)



At thermal energiesH(n, ) and*N(n,p) are the primary contributors to kerfa.
When hydrogen captures an s-wave neutron to prodieiggerium, a capture gamma-ray
is emitted at 2.225 MeV (i.e. the neutron sepanagioergy fofH). Naturally, these
gamma-rays do not contribute to kerma until tramsfg energy to charged particles. For
small tissue samples (dimensions << mean free jathgt of these gamma-rays escape
resulting in nearly all kerma being due'tdi(n,p). For reference, the mean free path for
2.225 MeV gamma-rays in ICRU 46 Muscle is approxatya20.4 cm.

For fast neutrons, the total kerma in tissue isaloest exclusively to recoil
protons from neutron elastic scattering off of lpghn. Assuming this scattering is

roughly isotropic, the average energy transferoea given nuclei through neutron elastic

(I\z/ll\/l—all\vl/l:)z’ whereE is the neutron energil, is

scattering is approximated bEtr E
the mass of the target nuclei, avidis the neutron mass. When the target nucleus is
hydrogen, the average energy transferred is Yatbigg of the incident neutron.
Hydrogenous materials are therefore excellent nakdes of neutron radiation. By
contrast, the average energy per collision trarsfieoy elastic scattering is 0.142E for
carbon, 0.124E for nitrogen, and 0.083E for oxygen

As fast neutrons were utilized in the present erpent, the total kerma produced
in the TE-TE ionization chamber was primarily doette aforementionetH(n,elastic)
process. The kerma in the C-&€€hamber, by contrast, is produced mainly by cadouh

oxygen heavy ions from neutron elastic scattei@rgss section plots for the significant

kerma producing reactions for both chambers fdrriastrons are iAppendix E.

3 Attix (Chapter 16)



11.3 Experiment Setup and Description

The first ionization chamber measurements in Felgrob2009 were conducted
in the TUNL Time-of-Flight room using the same 6 gas cell as in the RadCCORE
experiments. The TE-TE and C-gnization chambers were placed back-to-back along
the 0° beam axis. The C-GGhamber was placed 10.2 cm from the center ofdisecell,
while the TE-TE chamber was placed at a distand8am. Aluminum activation foils
were placed in front of each ionization chambesense as monitors of the incident
neutron flux. The front activation foil (in fronf the C-CQ chamber) was 7.8 cm from
the center of the gas cell, while the back foilffant of the TE-TE chamber) was at a
distance of 11.6 cm. To monitor the neutron flwelover the course of the experiment, a
plastic scintillator paddle was placed at 0° behlihltarget setup 71.6 cm from the center
of the gas cell. A liquid scintillation detector svalso placed 11.5° off-axis at 514 cm
(measured from the center of the gas cell to thecttar face). A diagram of the setup can

be seen irrigure 11.3.1

Figure 11.3.1. lonization chamber setup.

For proper operation, the ionization chambers regua gas flow rate of

approximately 5 criifmin. Precise monitors for such low flow rates weo¢ available so



the gas flowing into each chamber was first bubliheadigh a solution of mineral oil.
This technigue allowed the flow rate to be accuyatstimated by measuring the rate and
size of the bubbles produced. Mineral oil was usquace of water in order to prevent
moisture being added to the gas mixture. The gasspre regulators on the TE and,CO
gas bottles were found to be too course to acha@vdlow rates so secondary needle
values were added to achieve the necessary flowatomhe final gas flow rates
achieved were ~ 6.4 éfmin for the TE-TE chamber and 5.7 ¥min for the C-CQ
chamber. Each ionization chamber was connected &beatrometer set to integrate
mode, which measured the total charge (in coulonmioisiced in the electrometer by
incident radiation. The electrometer data was sratllogged by a LabView® (National
Instruments Corporation, Austin, TX) program speaify written for the measurements
in this experiment.

Two series of irradiations were carried out atahiheutron energies of 8 and 10
MeV, respectively. Each irradiation series begat wie gas cell at standard operating
pressure (~ 7.8 atm). The target setup was thadiated for several hours to allow
sufficient activity to be induced in the monitorl$ The monitor foils were then
removed. Several successive ionization chamberunaagnts were taken at
approximately %, ¥2, and % the initial gas cell poes. The prompt gamma-ray flux was
assumed to be proportional to the deuteron beararduiTherefore, lowering the gas cell
pressure while keeping the beam current constantddower the neutron yield and
result in a greater percentage of the charge irducthe ionization chambers being due
to gamma radiation. However, decreasing the deutepressure in the gas cell

necessarily reduced the mass thickness of the gigé wesulted in an increase in the



mean neutron energy as well as a decrease in tli®nenergy spread. Details of the
gas cell pressure, neutron energy and energy spresiation time, and average beam
current for both sets of irradiations are giveffables 11.3.1 and 11.3.2

Several background runs were also conducted wathattization chambers before
and after the in-beam measurements. Before iriadisd measurement was made of the
leakage current of both chambers in the absenagadiation field. The current induced
in the TE-TE chamber in the absence of a radidtedd was found to be 9.847 x 10A,
while that for the C-C@chamber was found to be 1.109 x'4@. The measured values
were marginally higher than the manufacturer speibns of less than 2 x T0A. The
charge induced in the ionization chamber by nommtogamma activity at the target
position (caused by activation of the gas cell congmts) was also measured before and
after the in-beam measurements. However, sinceuttent induced from the non-
prompt gamma-rays was on the order of the ioninatitamber leakage currents (i.e.

near zero signal-to-noise ratio), this data wasanalyzed.

Table 11.3.1. lonization Chamber 8 MeV IrradiationRun Data.

Neutron Energy (MeV) Pressure (psi) Irrad. Timen)mi | Ave. | ( A)
8.02 + 0.590/-0.670 111.7 142.8 2.12
8.17 + 0.440/ - 0.480 84.0 37.1 2.19
8.32 +0.290/-0.300 55.6 24.5 2.10
8.32 +0.290/-0.300 55.6 26.9 2.12
8.47 +/- 0.140 27.4 21.3 2.12
Table 11.3.2. lonization Chamber 10 MeV IrradiationRun Data.

Neutron Energy (MeV) Pressure (psi) Irrad. Timen)mi | Ave. | ( A)
10.01 + 0.455/ - 0.485 113.3 108 2.46
10.12 + 0.340/ - 0.350 85.0 16.7 1.89
10.24 +/- 0.225 56.6 19 2.21
10.35 +/- 0.110 28.3 32.9 2.14
10.35 +/- 0.110 28.3 43.3 2.18




11.4 Analysis

The data obtained in the ionization chamber measents was analyzed
according to the procedure outlined in AAPM Reppdot 7 and Attix’s “Introduction to
Radiological Physic$*. Calibration constants were provided by the iciirachamber
manufacturer for the TE-TE and C-CO2 chambersiHergamma radiation produced by a
137Cs source (3.21 x 2®/C for the TE-TE chamber and 1.01 X RIC for the C-CO2
chamber). These constants give the ratio of thesxe infree spaceroduced at a
given point from the calibration source to the gegproduced in the ionization chamber
with its center at the same position. The exposateeat the calibration point was 65
R/hr. The charge collected in the ionization chanfitmen exposure to gamma radiation

can be converted to tissue dose by the followietpfa A N ! , WhereA is

c t,c ,C

the charge to dose constant for the calibrationngamadiation (i.e. the response per unit
absorbed dose in tissue for gamma-rays — C/Rs the gamma-ray calibration
constant provided by the manufacturer for the iath@an chamber (R/CJ; ¢ is the

exposure to tissue dose conversion factor (GyiR)Aa . is a correction factor for

attenuation and scatter in the ionization chamtaisveompared to air. The facthg is

/
givenby ,, 258 104C19 gag7) Ll e

C ( en/ )air,c
where 33.97 J/C is the average energy to createngwair in dry air by secondary

electrons created by the calibration photonstfie electron W-value for air) and

(el )

C_js the ratio of the mass energy absorption coeffits for tissue compared to

( en / air,c

* AAPM Report No. 7



air at the calibration photon energy. As a precaee forA,, . for the chambers used was

C 7 dwe M

not available, it was estimated according to thiefang formula: A, T
e air,c Jair

where( / )wcand( / )airc are the mass attenuation coefficients (if/gjrfor the
calibration gamma-rays in the ionization chambelt material and air, respectivelyy

is the mass thickness of the ionization chambelsw@l569 g/crhfor the TE-TE

chamber and 0.543 g/érfor the C-CO2 chamber), amd 4; is the mass thickness of a
wall of air equal in absolute thickness (cm) to tbheresponding ionization chamber wall.
The value ofA as calculated above is technically only applicablgamma radiation of
the calibration energy (i.e. 662 keV gamma-raysipeed from decay df'Cs).

However, the response of the TE-TE and C;@@ization chambers to gamma radiation
IS constant over a wide energy range, hence thstsaty relative to the calibration

energy can be considered to be unity. Thus, the tiothe ionization chamber due to

Qr

gamma radiation alone is given by; . A

Qr N, f. A, whereD.is the

dose imparted to tissue by the gamma-ray fi@idis the measured charge collected in

the ionization chamber, and the other quantitiesaarpreviously defined. The quantity

Q—ATis the same as what is calletin AAPM Report No. 7, although it is not explicitly

defined in that publication.

In the mixed field scenario, the charge inducetheionization chamber is not
only due to secondary electrons created by incigantma-rays, but also by a variety of
other charged patrticles (i.e. p,heavy ion recoils) created by neutron interactionthe

ionization chamber wall and gas. Generally, the 8\ (average energy to create an ion



pair in the chamber gas by secondary charged [esi)tidepends on both the charged
particle type and energy. Likewise, the type, epmeagd number of charged particles
created by the neutron interactions depend omitidant neutron energy and nuclear
cross sections for the reactions that create thsged particles in the chamber wall and
gas. Thus, the ionization chamber will have a déifie dose response to neutrons than
gamma-rays. The total charge collected in the ettiom chamber from a mixed field

measurement can be written &: A D B D,, whereQ,, is the total charge

collected in the ionization chamber in the mixeaddjA is the chamber dose response to
gamma-raysB is the chamber dose response to neutronsaaddD, are the gamma-
ray and neutron dose components, respectivelycdhstantB, is generally not
determined directly, but rather the ratioBiA. With respect to the terminology of AAPM
Report No. 7B/Ais equal tc.

The ratioB/A can be calculated explicitly for a tissue equimtilghamber (for
which kr = (B/A)T ~ 1 — se&ection 11.2. The dose response of the tissue equivalent

chamber to neutrons relative to the gamma-rays fesezhlibration is given by:

W:. S K,
ki, =— — —¢,

W, S, K,
where

W.is the average energy to create an ion pair ichliaenber gas by calibration photons
(29.2 J/IC for TE gas),

W.is the average energy to create an ion pair ichiaenber gas by secondary charged
particles created by the neutron beam,

S is the ratio of mass collision stopping powershef chamber wall to the filling gas
averaged over the charged particle spectrum crégtedlibration gamma-rays,



S, is the same ratio averaged over the charged leaspectrum created by incident
neutrons,

K Ll e is the ratio of the mass-energy absorption caefits of tissue relative

¢ ( en/ )W
to A-150 plastic for the calibration photons, and

Kn is the neutron kerma factor ratio for muscle tseelative to A-150 plastic.

Detailed calculations have been performed to déterthe value ofV/, for methane-
based tissue equivalent gas over a wide rangeutfareenergies The values, andS,
have been experimentally measured and determinieel &approximately equal to 1 and
1.01, respectively for TE-TE chambérkikewise, the values df. andK, can be readily
determined using the abundant tabulated data &laifeom NIST, ICRU 46, and
Attix®,

The relative neutron sensitivity of a neutron irgtwe ionization chamber (such
as the C-C&chamber)k,, can generally not be calculated from theory busnbe
measured experimentally. Experimentally determwveddes of bottkr andk, from
Waterman et. al. were uSed’heir measurements were made using the same model
ionization chambers (IC-17 and IC-17G) as usethénpresent work. Thier andk,
values used for the present measurements are igiviexble 11.4.1 Exact values were
available from the literature at 8 and 10 MeV. \édat other energies were determined
through linear interpolation of the available taiatl data. The sensitivity of both
chambers is approximately linear between 8 and W@¥. Therefore, this approach

should introduce minimal additional error to theasigrement results.

® Taylor et. al.
6 Waterman et. al.



Table 11.4.1. TE-TE and C-CQ Relative Sensitivities by Neutron Energy.

Energy (MeV) k (TE-TE Chamber) K (C-CQ, Chamber)
8.02 0.956 0.090
8.17 0.956 0.093
8.32 0.955 0.096
8.47 0.955 0.098
10.01 0.951 0.135
10.12 0.950 0.139
10.24 0.950 0.143
10.35 0.949 0.147

Putting all the known information togethef,"™= D k, D, , whereQrreis

A

the total charge measured for the TE-TE chamb#ramixed radiation field, and

Qr CO,

Aeo,

D k, D,,whereQ ., isthe total charge measured for the C;Camber

for an identical irradiation in the mixed fieldthe same position as the TE-TE chamber.

QT,TE R.. an d QT,CO2

Setting
E A:oz

R'co, and solving for the separate neutron and gamma

dose component®,, andD , gives:

D, % and
ke Ky
D kr R, Ky Ry
ke Ky

The total dose to tissue from the mixed field atiimization chamber position is given
by: Dr, = D, + D. The fraction of total dose due to gamma radiagimme (i.e. the

D

gamma dose fractior), is thus given by 5

n



Given the difficulty in achieving an identical mokéeld irradiation of each
ionization chamber individually at a single targesition, the decision was made to
irradiate both ionization chambers simultaneoual/detailed ifSection 11.3the TE-

TE and C-CO2 chambers were placed back to baclky alen0° beam axis. Thus, for the
percent gamma contribution to dose to be determit@dections had to be made for the
different ionization chamber distances from the ggbkand the attenuating effect of the
front C-CQ ionization chamber. The C-G@nization chamber data was adjusted down
(i.e. multiplied by a distance correction factar)eiccount for the greater distance from
the gas cell of the TE-TE chamber, while the TE€ERBmber data was adjusted up (i.e.
divided by an attenuation correction factor) to pemsate for the reduced flux caused by
the attenuation of the C-G@hamber. A direct comparison of the readings betwvibe

two chambers was then possible.

The distance correction was made by approximahiegyas cell as a cylindrical
source with a uniform activity distribution. Thergeal formula for the flux fall-off from

(r)dv'
vr7ﬁ|2

r-r

a space source is given I@(rr) , where (t)is the density function for

L (Hav’

the radiative material within the source, anand r'are vectors defining points of
measurement outside the source and radiative fosite the source, respectivelfor,

a uniform source, (r)= (i.e. is a constant). In this case, the preceding eguati

ri 1 dv' .
reduces taG(r) \73 , T T,z » where \{is the volume of the source. For the case of a

&t

" Baltas (Chapter 8).



uniformly irradiating cylinder, the flux fall-offtea point along the longitudinal (z) axis is

1 tz 2 r 'd 'd 'dz'
R2 L L/2 0 0 12 (Z Z|)2 ’

given by:G(rr)
whereR is the radius of the cylinder (i.e. the gas cadlius — 0.4 cm). is the length of

the cylinder (i.e. the length of the gas cell n§,candz is the distance from the center of
the cylinder along the longitudinal axis (i.e. diste from the gas cell). For the ionization
chamber distances listedkigure 11.3.] the distance correction factor for the C-CO
chamber was found to be 0.594 (i.e. the neutrondithe TE-TE chamber position was
0.594 times the flux at the C-G©@hamber position). This value was found to beectos
that predicted assuming the standard point sounmehfi.e. 1/f flux fall-off).

The correction for the attenuation of the neutrearh by the C-C@&chamber was
estimated by calculating the attenuation of a umfeectangular slab with length and
width equal to the diameter of the ionization chamdnd volume equal to the volume of
the ionization chamber’s graphite shell (i.e. eqarabunt of material). Given the
dimensions of the C-CQon chamber provided i8ection 11.2the corresponding
rectangular slab of equal volume was found to tsatheckness of 0.711 cm, which
corresponded to an atomic thickness of 6.417°% d&l@ms/cr. The attenuation
correction was then estimated tode®"*  where (E) is equal to thé’C(n,total) cross
section (in crf) at the relevant neutron energies giveffables11.3.1and11.3.2 anda
is the atomic thickness (atoms/fmf the graphite shell. The attenuating effecthef
chamber gas can be considered negligible.* @, total) cross sections and

corresponding attenuation corrections at each oewnergy at given imable 11.4.2



Error estimates for the individual quantities thatinto the gamma dose fraction

calculation can be found Wppendix F.

Table 11.4.2C(n,total) Cross Sections and Attenuation Correctins by Neutron Energy.

Neutron Energy (MeV) | **C(n,tot) (x 1C*'cm?)® | Atten. Correction
8.02 1.852 0.888
8.17 1.652 0.899
8.32 1.234 0.924
8.47 1.105 0.932
10.01 1.168 0.928
10.12 1.127 0.930
10.24 1.113 0.931
10.35 1.130 0.930

The total tissue dose to target can also be eakilwith a single TE-TE

chamber. In general, the total dose to tissue meddy the ionization chamber is given

Q

D > W, s K, > W S K,
M M

g 9

by: D,y D

n

whereMy is the mass of the chamber gas (in Kgyis the portion of the ionization

chamber charge due to neutron radiat@nis the portion of the charge due to gamma
radiation,Wn, S,, andK,, are defined as previously, aid , S, andK are defined

similarly to We, &, andK,, only for the actual incident gamma-rays opposeitheé

calibration gammas. Substituting@, Q; Q ,then

Q

S K
n Sn Kn QT

jw)
ke
5|
wn
A
[N
[N
g =
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Defining a new quantity, H wherehy is the sensitivity of the TE-TE
chamber to the incident gamma-rays relative tactidration gamma-rays, then

Dt’T&V_VnSnKnllk—T Q
M, h @
The quantityhr is generally equal to 1 (the sensitivity of theimation chamber to

gamma-rays is constant over a wide energy rangeeasously noted) and when the

charge ratiog—is small (<~ 0.2, i.e. 20% of dose due to gamnya)rdhe total quantity
T

in parenthesis is ~ 1. Also, in terms of previous#yined quantities,

M, A W. S K._.Making this final substitution, the relativelynigthy equation

g

Q.

T

above reduces simply tD, ; . This equation is identical to the prior listed

QT TE

E

equation D k; D, withD setequal to zero.

When the equivalent dosel, Q D,, for a biological target in a mixed source

beam is required, a dual chamber measurement éssey if the gamma dose
component is suspected to be non-negligible. Otiservthe effective dose will be
overestimated. When the percent of the total dageta gamma-rays is known, a
correction factor can be made to the dose measisiagd the single TE-TE chamber to

avoid overestimation. Since the dose fraction gaxmately equal to the charge ratio

&(Where x = or nf, then using a single TE-TE chambeér; Q @ DF) and

Q; A k;




D % DF , where DF is the experimentally measured gammaloag fraction
determined with the two chamber technique.
11.5 Results

The results of the third RadCCORE experiment arerginTables 11.5.111.5.5
In Tables 11.5.1and11.5.2 the columns labeled “TE-TE Charge” and “C-OCharge”
give the total background subtracted charge c@tkit the ionization chambers during
the given irradiation. The “R' (TE-TE)” and “R'(C&g)” columns give the R’ values for
the TE-TE and C-Cg@ionization chambers calculated according to thevesnt equation
given on page 70 (i.e. Q/A). The “R' Corr.” columnrTable 11.5.1gives the values of R’
corrected for neutron attenuation by the C,@ization chamber according to the
procedure outlined on page 72. The “R' Corr.” calumTable 11.5.2gives the values of
R' corrected for the C-CQonization chamber corrected for distance accagytiinthe
procedure outlined on pages 71 and 72. The gams®fdaction (i.e. 99 given in
Table 11.5.3was determined according to the procedure outloredage 70. ITable
11.5.4 the neutron flux was determined in the same maasien the RadCCORE series
of experiments. The reported dose values wererdeted using the relevant neutron
kerma factors for muscle tissue at 8 MeV (5.27 X @Gy cnf/n) and 10 MeV (5.72 x
10° cGy cnf/n), respectively. FoFable 11.5.5in order to compare the dose measured
by the back activation foil (in front of the TE-Tdhamber) with the dose measured by the
TE-TE chamber, distance and surface area correctiene made to the foil results for
Foil 2 fromTable 11.5.4 The distance correction was calculated accortiirige

procedure outlined on pages 71 and 72 in ordeeterchine the dose the foil would have



received if it was positioned at the ion chambentee This distance correction was equal
to 0.785. A surface area correction was also nacgsice the activation foil diameter
was slightly larger than the foil diameter. Thefaoe area correction was calculated as
the square of the ratio of the ion chamber dianteténe foil diameter and was found to
be 0.836. The total correction factor to the fa@italwas therefore 0.656. The foil values
were compared to the dose measured from the TEiiiEation chamber, which was
taken to be the uncorrected R' value at the retevautron energy (i.e. 8 or 10 MeV) (see

Table 11.5.) multiplied by 1 minus the gamma dose fractiothat energy.

Table 11.5.1. Collected charge, R', and R' w/ neutn attenuation correction for the TE-TE chamber
as a function of neutron energy and gas cell pressi

E, (MeV) | P (psi) TE-TE Charge (C)] R'(TE-TE) (mGy) ®&rr. (mGy)
8.02 111.7 1.002 x 10 2959 3333
8.17 84.0 2.108 x 1 623 692
8.32 55.6 9.237 x 10 273 295
8.32 55.6 1.026 x 10 303 328
8.47 27.4 4.450 x 10 131 141
10.01 113.3 1.379 x 10 4073 4390
10.12 85.0 1.337 x 10 395 424
10.24 56.6 1.204 x 10 356 382
10.35 28.3 1.145 x 10 338 364
10.35 28.3 8.072 x 10 238 256

Table 11.5.2. Collected charge, R', and R' w/ distece correction for the C-CG, Chamber as a
function of neutron energy and gas cell pressure.

E, (MeV) | P (psi) C-CQ@Charge (C) | R'(C-C® (mGy) | R' Corr. (mGy)
8.02 111.7 7.003 x 10 655 389
8.17 84.0 1.454 x 19 136 81
8.32 55.6 6.515 x 10 61 36
8.32 55.6 7.226 x 10 68 40
8.47 27.4 3.461 x 10 32 19
10.01 113.3 1.245 x 10 1164 692
10.12 85.0 1.218 x 10 114 68
10.24 56.6 1.109 x 10 104 62
10.35 28.3 1.097 x 10 103 61
10.35 28.3 7.568 x 10 71 42




Table 11.5.3. Gamma dose fraction as a function atutron energy and gas cell pressure for
experimentally determined values of k and k, and for ky = 1.

E, (MeV) | P (psi) % Upper Bound | % (kr=1) | Upper Bound
8.02 111.7 24%+ 16| 4.0% 29%+18 4.2%
8.17 84.0 20% +1.7| 3.7% 26%+1.3 3.9%
8.32 55.6 24%+ 17| 4.1% 3.0% +1.4 4.4%
8.32 55.6 24% + 17| 4.1% 29% +1.4 4.3%
8.47 27.4 3.5% +1.8| 5.3% 4.2%+1.4 5.6%
10.01 113.3 1.7% + 25| 4.2% 26%+2pD 4.6%
10.12 85.0 15%+2.6| 4.1% 24% + 2.1 4.4%
10.24 56.6 1.2% +2.7| 3.9% 21% +2.1 4.3%
10.35 28.3 1.5%+2.8| 4.3% 25%+22 4.6%
10.35 28.3 1.1% + 2.8 3.9% 2.0% +22 [ 4.2%

"Neutron beam on with 5 cm lead placed in fronthefgas cell.

Table 11.5.4. Neutron fluences and corresponding deed doses (using neutron kerma factors for
muscle tissue) at Foil 1 (in front of C-CQ) and Foil 2 (in front of TE-TE) positions.

E, (MeV) | Foil 1 (n/cn/s) Dose (cGy) | Foil 2 (n/cfts) Dose (cGy)
8.02 1.918 x 189 + 3.3%]| 1011 + 33 8.880 x 16+ 3.3% | 468+ 16
10.01 1.554 x 10 + 3.3%| 889 + 29 7.372x 10+ 3.4% | 422+ 14

Table 11.5.5. Foil 2 (in front of TE-TE) neutron dee corrected for distance and surface area vs. dose
determined from the TE-TE Chamber.

E, (MeV) Foil 2 Dose Corrected (cGy) | TE-TE Chamber Dose (cGy
8.02 307 + 24 302+ 12
10.01 276 + 22 421 + 16

“Includes additional uncertainty from correctionttas. SeeAppendix F.
11.6 Discussion and Summary

Using a dual ionization chamber technique, the gardose fraction for the
monoenergetic neutron source at TUNL was succégshdasured at several incident
neutron energies. The currents induced in the TERAEC-CQ ionization chambers
from charged particles produced by beam correlagedron and gamma-ray interactions
were several orders of magnitude higher than tespective leakage currents, even at

low deuterium pressures. Using experimentally membualues okr andk, for the TE-



TE and C-CQchamber, respectively, the gamma dose fractionfewasd to be
approximately 2.4% at 8 MeV and 1.7% at 10 MeV with.8 atm of deuterium in the
gas cell. The gamma dose fraction becomes 2.9%/&f\8and 2.6% at 10 MeV if the
common assumption is made that, on average,1l over the neutron energy spectrum
from several hundred keV to 20 MeV. An increasthengamma dose fraction was
observed at 8 MeV as the gas cell pressure wagéowas was expected), but the
increase was relatively minor. At 10 MeV neutroemgy, no significant increase in the
gamma dose fraction with decreasing gas cell pressas observed down to a deuterium
pressure of ~ 2 atm.

Minor changes in the gamma dose fraction weredtiltfito observe due to the
high degree of uncertainty in the small gamma @oseponent. Also, at higher neutron
energies, the relative neutron sensitivity of thR€G, chamber increases significantly,
while the neutron sensitivity of the TE-TE chamb@mnains relatively constant. Thus, at
higher energies, there is decreased discrimindigiween the gamma and neutron dose
components (i.e. chamber readings become moreasimithe mixed field) which
increases the uncertainty in the gamma dose fractio

Based on the previous measurements and uncersaititeeupper bound of the
gamma dose fraction was determined to be 4.2%\V&\8and 4.6% at 10 MeV for the
standard 7.8 atm gas cell pressure. The upper bofutheé gamma dose fraction
increased to 5.6% for 8 MeV neutrons when the gdoessure was 2 atm. These
measured values of the gamma dose fraction agr@ement with the expected value of

< 10%. Given the large difference in quality fastbetween gamma-rays (= 1) and fast



neutrons (~ 10), the gamma component of the beareftire contributes negligibly to
the equivalent dose imparted to biological tissue.

Since aluminum activation foils were used as flunitors for the first runs (full
gas cell pressure) at 8 and 10 MeV incident neutraergies, a comparison was made
between the neutron dose calculated based onithmedasurements and the dose
determined from the TE-TE ionization chamber. Toierheasurements were analyzed in
the same manner and using the same detector seinphee RadCCORE experiments.
The measured neutron fluences were converted ®tdanuscle tissue using the
relevant neutron kerma factors. Since the actindtd in front of the TE-TE chamber
was slightly closer to the gas cell and of mardyngteater diameter than the TE-TE
chamber, corrections were made for these effatthd final comparison, the neutron
dose determined from the activation foil techniguses in excellent agreement with the
value determined from the TE-TE ionization chambeasurement at 8 MeV. However,
at 10 MeV, the TE-TE ionization chamber measursaaificantly higher dose than that
determined based on the activation foil measurenidm large discrepancy cannot be
explained at present. One possibility for the iasexl dose measured by the TE-TE
chamber at 10 MeV is the influence of lower enargytrons from deuteron breakup (i.e.
H(d,npfH). However, the magnitude of the observed disarepis significantly larger
than the expected contribution of these breakuproesito target dose based on prior
measurements at TUNLAn additional measurement should be performedfatuse

date to verify the 10 MeV results.

% Swartz.



11.7 Future Improvements for lonization Chamber Measurements at TUNL

Several changes could be made to the experimegitad 0 improve the accuracy
of future gamma dose fraction measurements. Iddakytwo ionization chambers
should be given identical irradiations in the saarget position. As this condition is
difficult to achieve with an accelerator produceditnon source, an alternative solution is
to position the ion chambers side by side at alfoistance from the gas cell. This setup
configuration would eliminate the need for distaaod attenuation corrections for the
dual chamber measurements. However, in such a,gsbtiwnization chambers would
no longer be at 0° and the neutron flux and enbeye an angular dependence, as has
been previously established. Greater target dissandl minimize the angle an off-axis
target makes with the gas cell (and hence the dfis-the?H(d,n)*He differential cross
section and neutron energy) at the expense ofarefltrx. To minimize the differential
cross section dependent flux drop-off (no more th@%h decrease vs. 0° value), the angle
the target makes with the gas cell must be less@hdfor 6.823 MeV incident deuterons
producing 10 MeV neutrons at the center of theogdly. At this angle, the corresponding
drop-off in neutron energy is only 50 keV (0.5%)vé&n the diameter of both ionization
chambers are ~ 1 in, the chambers must be poditiaing minimum 0° distance of 12 cm
from the gas cell to achieve an angle of 6° or ketaveen the center of the gas cell and
the ionization chambers. During the February expenit, the TE-TE chamber was
positioned 13 cm from the gas cell so it is knotva meutron flux is sufficient at this

distance to produce adequate current in the chaondneg the standard 6 cm gas cell.



12. Concluding Remarks

The 2009 RadCCORE experiments and 2011 ionizatlamber measurements at
TUNL achieved all stated objectives. The methodphgs developed to perform high
accuracy neutron dosimetry of small animal targstag both a foil activation technique
and live-time flux monitoring using liquid and plasscintillation detectors. A dual
ionization chamber technique was also succesdiitiliged to measure the gamma dose
fraction at several distinct neutron energies futron beams produced via the
H(d,n)’He reaction at TUNL. With the experience gained @sililts achieved from the
recent gamma dose fraction measurements, realis® monitoring of future small
animal irradiation experiments using a single TE€fMAmber is now possible, providing

a potentially more accurate tool for future neutdasimetry work at TUNL.



Appendix A - Foil Measurement Sources of Error

The following is a list of all uncertainties in theutron flux measurements for measured

or calculated quantities whose uncertainty is 0.@t%reater.

Table A.1. Foil Measurement Sources of Error.

Quantity Uncertainty
Activation Product Half-Life 0.01%
Photopeak Area 0.5-2%
Detector Efficiency 3.2/4.7%
Irradiation Time Factor 0.6 -1.4%
Decay Time Factor <0.1%
Measurement Time Factor 0.01%
Reaction Cross Section (Abs) ~ 2 — 3% (Est.)
Cross Section Energy Variance** 2-4%

# Nuclei in Foll 0.1%
Measured Flux (Abs. Measurement) 3.3-5.2%
Measured Flux (Rel. Measurement) ~ 1%
Muscle Tissue Kerma Factors ~5%

"Note: The error in the reaction cross sections weteaken into account in the final
error measurements since this error was estimated.

**Note: Only applicable to mouse measurements. Uineertainty in the calculated
neutron flux incident on each foil, resulting frar@riance in the incident neutron energy
(and thus the Al(n,) cross section) at different foil positions duedtation, was taken to

be half of the total percent change in the cros8@eover the relevant energy range.



Appendix B — Detector Efficiency Curves

Figure B.1. Detector 1 Efficiency Curve — January @09.

Figure B.2. Detector 3 Efficiency Curve — January May 2009.



Figure B.3. Detector 1 Efficiency Curve — April 200.

Figure B.4. Detector 2 Efficiency Curve — April 200.



Figure B.5. Detector 1 Efficiency Curve — July 2009

Figure B.6. Detector 2 Efficiency Curve — July 2009



Figure B.7. Detector 3 Efficiency Curve — July 2009

Figure B.8. Detector 1 Efficiency Curve — January @10.



Appendix C - Dose Estimation Using an Off-Axis Ligud Scintillation
Detector

A liquid scintillation detector placed at 60° withspect to the 0° axis was used to
monitor the neutron flux in real time during thesed and third RadCCORE
experiments. The neutron fluence (and dose) datiget position was calculated
utilizing kinematics and differential cross sectitata for théH(d,n)*He reaction, the
neutron monitor and target distances (from theezesftthe gas cell) and cross-sectional
areas, the neutron monitor efficiency, and theaais neutron flux reduction information
obtained from the second RadCCORE experiment.

The number of neutrons incident upon the targetiposvas calculated
according to the following equation:

r.m 2 Id 2 1
(C) (o) “(E.60) fm@0),

m

©)

where

f, is the ratio of the fluence measured at the oif-arsition of the target holder relative
to 0° (~ 0.5),

(0°) is the®H(d,n)*He differential cross section at 0° (86.5 mb),
(60°) is the differential cross section at 60° (8.09 mb)
Ir'mis the radius of the foil / mouse targets (1.25,cm
rq is the radius of the neutron detector (2.54 cm),
l4 is the distance of the neutron detector from drder of the gas cell (333.4 cm),

Im is distance of the target from the center of the ¢ell (calculated using the distance to
the front face of the target holder - 11.5 cm),



E.(60°)is energy of the neutrons produced at 60° (6.5 Mé&¥n E(0°) = 10 MeV),
(En(60°)) is the efficiency of the detector for 6.5 MeV meus (0.20), and

fr(60°) is the number of neutrons measured by the 60° tovothuring the irradiation
time.

The dose to target is then given by the neutneenite multiplied by the

appropriate neutron kerma factor for muscle tigue 5.647 x 10 cGy cnf/n), i.e.,

D K fa("‘)K.

rm2

The number of neutrons per cGy is given by:

Neutrons f _(60)  rm’
cGy f(.) K

Based on this approximation, a 1 cGy dose at tigetgosition was found to correspond

to 1.60 x 10 neutron counts in the 60° monitor.



Appendix D - Dose Estimation Using a Plastic Scirlator Paddle at 0°

A plastic scintillator paddle placed along theb@am axis was used for real-time
flux monitoring during the fourth RadCCORE expernmeélhis paddle was the same one
used in the first RadCCORE experiment. A singlershwm activation foil was placed in
the center position of the target holder (0°) 20fosm the center of the gas cell. The
scintillator paddle was also placed at 0° behiredtéinget holder 54.8 cm from the center
of the gas cell. The target setup was then irradi&dr 1 hour and 10 minutes at an
average beam current of 1.58. The average gas cell pressure over the courgeof
run was 96.3 psi (6.5 atm) at 77 K correspondinga®.3 psi (24.9 atm) at room
temperature (293 K). At this pressure, 7.125 Meutemns were produced at the center
of the gas cell, leading to the production of 10M#V neutrons at 0°. Since an activation
foil of the same diameter as the mouse targetsus@d as an absolute flux monitor, and
the foil and scintillator paddle were both placéahg the 0° beam axis, the calculations
for the number of neutrons and dose at the targgtipn are more straightforward than
those using the 60° monitor.

The number of neutrons incident upon the targeitipaosvas calculated using the

following equation:

(o f, 2 G2 g0,
n d

p 0
where

f, is the ratio of the fluence measured at the oi$-pwsition of the target holder relative
to 0°,

n; is the number of neutrons measured by the aabivdtiil in the calibration run,



np is the number of neutrons measured by the seitarlpaddle during the calibration
run,

do is the distance of the scintillator paddle frora tenter of the gas cell during the
calibration run (54.8 cm),

d; is distance of the paddle from the center of the @ell during the mouse irradiations
(48.6 cm), and

fr(0°) is the number of neutrons measured by the 0° patlding the irradiation time.

For the fourth RadCCORE experiment, the numbenatient neutrons and dose
to target were calculated to the center of theetanglder as opposed to the front face as
in the third RadCCORE experiment. No additionatection factor was necessary to
compensate for a change in target distance simcadiivation foil during the calibration
run was placed at the same distance as the cdriter target holder during the mouse
irradiations.

As in the 60° monitor case, the dose to targgivien by:

5 ok 14

2
I'm

K, wherer,, is the mouse radius aidis the neutron kerma factor.

The number of neutrons per cGy is then:

Neutrons f_(0) Fm
cGy f() K

Based on this approximation, a 1 cGy dose at tigetgosition was found to correspond

to 8.46 x 18 neutron counts in the 0° scintillator paddle.



Appendix E — Principal Kerma Producing Reactions inTissue

Figure E.1. Cross section vs. neutron energy for &1H(n,elastic) reaction.



Figure E.2. Cross section vs. neutron energy for &1°C(n,elastic) reaction.

Figure E.3. Cross section vs. neutron energy for &1°C(n,inelastic) reaction.



Figure E.4. Cross section vs. neutron energy for &1°0(n,elastic) reaction.

Figure E.5. Cross section vs. neutron energy for &1°0(n,inelastic) reaction.



Appendix F - Gamma Dose Fraction Measurement Sourseof Error

The following is a list of all uncertainties in ti@ization chamber measurements for

guantities whose uncertainty is 0.1% or greater.

Table F.1. Gamma Dose Fraction Measurement Sources Error.

Quantity Uncertainty

Qr.1e/ Qrco: 0.1%

[\ 2.0% (AAPM Recommandation)
fic 0.5%

Awc 1.5% (Est.)

Ate ! Aco: 2.6%

kt / ky (EXp.) 10%

Attenuation Correction

5.0% (Est.)

Distance Correction

5.0% (Est.)

Area Correction (Foil)

5.0% (Est.)

Gamma Dose Fraction (Ave.) ~ 100%
Dose Measured w/ TE-TE{lc1) ~ 5%
Dose Measured w/ TE-TE (Expp)k ~11%

" The uncertainty in measurements with a single EEsflamber is dominated by the

uncertainty in k. However, the uncertainty also varies to a lesgtnt with the gamma

dose fraction (DF). The uncertainties listed abassume a gamma dose fraction of 4%.
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