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ABSTRACT

The response of a tissue-equivalent proportional counter to a variety
of neutron, gamma ray and mixed radiation fields has been measured. The
detection system encompasses unique electronic circuitry for data
aquisition, followed by a dedicated microcomputer for analysis. The
detector response to monoenergetic neutrons and gamma rays served to

quantify such radiation fields in terms of the microdosimetric parameters YF

and yD, enabling comparison with the work of other experimenters and
existing computer codes. Excellent agreement was observed here. These
experiments also resulted in a method of separating neutron and gamma ray
dose components in mixed radiation fields.

Finally the detector was used to measure both neutron and gamma ray
doses at two distances from the fast neutron critical facility of the U.S.
Army Pulse Radiation Division (Material Testing Directorate, Aberdeen
Proving Ground, Md.). Both free-field doses and the dose delivered to the
mid-abdominal position of a realistic anthropomorphic phantom were measured.
Free-field results compare favourably with other work, while the absorbed
dose to the gut was observed to vary significantly as a function of phantom
orientation with respect to the core.

RESUME

Nous avons mesurd la r~ponse d'un compteur proportionnel 6quivalent
aux tissus expos6 & des neutrons, a des rayons gammas et a des champs de
radiations mixtes. Ce syst~me de detection comprends un circuit
6lectronique unique pour la compilation des donn~es, suivi d'un micro-
ordinateur pour 1'analyse. En se servant de la r~ponse du d~tecteur aux
neutrons mono~nerg~tiques et aux rayons gammas, nous avons pu quantifier de

tels champs de radiation en param~tres microdosim~triques YF et YD, nous
permettant ainsi de comparer nos travaux j ceux des autres auteurs et aux
codes d'ordinateur d~jS existants. Ces comparaisons ont 6tg positives. Ces
experiences nous ont aussi permis de d~velopper une m~thode nous permettant
de s~parer les composants de la dose de neutrons et des rayons gammas
provenants de champs de radiations mixtes.

Finalement, nous avons utilis6 le d~tecteur pour mesurer les aoses de
neutrons et de rayons gammas en se servant de deux points distincts par

rapport au pile de neutrons US APRD (Material Directorate, Aberdeen Proving
Ground, Md.). Nous avons mesur6 les doses dans un champ libre et les doses
dans 1'abdomen d'un phant6me anthropomorphique. Nous avons constat6 que les
r6sultats obtenus dans un champ libre se comparait avantageusement avec
d'autres travaux alors que ceux de la dose absorb~e dans 1'abdomen variaient
beaucoup selon la position du phant6me par rapport a la source de
radiation.
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INTRODUCT ION

This report describes the development of an automated data analysis
system designed to enable the use of a tissue-equivalent spherical
proportional counter to measure neutron and gamma ray doses, and calculate --
associated microdosimetric parameters in mixed radiation fields. The
aforementioned system encompasses unique electronic circuitry for data
acquisition followed by a dedicated microcomputer for simplified and
expeditious analysis. Experiments were performed to determine the response
of the detector to monoenergetic neutrons and gamma rays in order that tnese
results may be compared with both theory and experiment to verify the
methodology. -.1

Finally the detector was used to determine the radiation dose and

quality at a mid-abdominal position in a realistic anthropomorphic phantom
as a function of orientation in the neutron-gamm ray field produced by a-_'

fission source. T.,e dose at this position is of considerable interest to
the military because it is expected to be related to both the prodromal and
gastrointestinal syndromes.

THE DOSIMETRY SYSTEM

(A) THE DETECTOR

The detector used during the course of these experiments was a model
LET-I/2, tissue-equivalent, Rossi-type, spherical proportional counter made
by Far West Technology Inc., Goleta, California. Such detectors, as
originally developed by Rossi [1], rely on the fact that a sphere witn unit
density tissue-equivalent walls and gas filling may be used to simulate a
tissue-equivalent sphere of arbitrarily small diameter simply by lowering
the gas pressure. Thus the microscopic distribution of energy in irradiated
material or "microdosimetry" may be examined.

For the experiments conducted here, the detector was filled with
propane-based tissue-equivalent gas to a pressure of 68 mm Hg, corresponding
to a unit-density tissue sphere of 2 pm diameter. This diameter was viewed
as optimal when both noise and counting rate effects were taken into
consideration.

(B ) ELECTRONICS SYSTEM

The pulses produced by ionizing events in the proportional counter
were amplified and shaped by an Ortec model 142 PC charge-sensitive
ireamplifier. The range of pulse heights thus produced when dealing with a
ITrixed neutron-gamma ray field encompasses up to four decades, and tnus poses "
a quandary for real-time data acquisition. The approach commonly taken up
until this point consists of dividing the experiment into two or more
separate rins with correspondingly different amplification factors eg. 2
Not only is such a method time-consuming and repetitious, but clearIy
involves a loss of statistical accuracy. To circumvent this problem, the
four-branched circuit shown in Fig. 1 was designed and built at DREO. A
brief description of the circuit is given below.
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Tne output fro, cue preamplifier is fed to two parallel Ortec 57i
linear amplifiers, whose gains are in the ratio of 100:1, and each having
Pse-hapin time constants of 0.5 sec. The output of each linear
amplifier aqdlin feerls two parallel circuits, one of which provides an
additional jdin(; f 1. Tie result is four parallel branches, having
relat#v gain, of I:U:WC)1000. Delays are then inserted to ensure that
trio "Iolc "Ut n<ting from a single event are separated in time when
they react the e thc branches, with the least amplified pulse arriving
Jirst. aor - ,oh ft, aed in Ortec 422 linear gate and stretcher, which
serve:, to . t, ' saturated pulses and to provide a lower-level
d'scrimina.or, at each branch. The output of the LGS's then feed into tne
foL,- i7, pots or a FTltiplexer-router associated with a Tracor Northern TN-
171C munrchannel analyzer. To summarize, the electronic system serves to
amplify eacn o-iginal pulse by an appropriate factor, and then store it in a
suitanle quadrant of analyzer memory, with no event being recorded more than
once. Accumulated spectra from the analyzer are copied to cassette tape for
storage.

(C) ENERGY CALIBRATION

The LET (Linear Energy Transfer) counter also contains an internal

'44Cm a-particle source, which is used to calibrate the detector. The 5.80
Mev a particles produce a pulse corresponding to a lineal energy of 125
Kev/ ,m. The amplification factors were first adjusted so that the a
particle spectrum was located in the fourth quadrant of analyzer memory
(each quadrant contained 256 channels). An Ortec Model 476 precision pulser
was then adjusted so that a pulse was produced with amplitude corresponding
to the a-peak centroid. By varying the attenuation factors on the pulser,
three peaks corresponding to known lineal energy were accumulated in each
quadrant. The peak centroids could then be used to calculate the gains and
zero-shifts in each quadrant. These pulser spectra were also copied to
cassette tape.

The ranges of lineal energies in each quadrant could be varied by
cnanqing bias voltage (typically 650V-700V, or amplification factors, and
tui choice of these ranges was governed somewhat by the experiment to be
unertaken. Tne ionizing events due to electrons produced by primary and
so:f'ndary photons have lineal energies less than - 10 kev/,n, while those
di e to recoil protons occur in the range - 5-100 kev/in, and those due to
heavy iois lie - 100-1000 kev/pnm. Thus, the choice of the lineal energy
cocr espioding to the "top" of tle 4th quadrant could be varied from- 50
key/ni. for pure y ray spectra, to - 500 kev/pm for soft neutron spectra (no
heavy ion production) to - 1000 kev/ jn for hard neutron spectra. The top of
each successively lower quadrant is simply a factor of 10 less than this.
betector noise due to picK-up was a problem for lineal energies of lower
than 0.03-0.08 kev/,im, depending on experimental site and conditions.

,, PATA ANALYSIS

P oth L -. ann Duser spectra were transfered from cassette to disk on
a POP l / 4 microcomputer where all data analysis took place. The program
f§SPI. -clculated the gains and zero shifts from the pulser spectrum, whicn •

were tnen used to calculate the energy associated with each channel in tne
s peotrum.
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The four quadrants were then joined together by selecting channels in
adjacent quadrants with matching energies and counts per energy increment.
In some cases smoothing was required to produce an even cross-over.

The spectrum could then be plotted from the program in any of three
ways :

a) The raw spectrum: f(y) vs log y, where f = frequency, which is
useful for checking for smooth transitions from one quadrant to
another.

b) The frequency spectrum: yf(y) vs log(y) or d(y) vs log(y), where
d(y) = dose.

c) The dose spectrum: y2f(y) vs log (y) or yd(y) vs log(y). This
is the most useful representation, since in this form equal areas
under the curve represent equal doses. 4

The program was also used to quantify the radiation field measured in

terms of the microdosimetric parameters YF and YD, the frequency-weighted
mean and dose-weighted mean lineal energies respectively. They are defined
as

= fy f(y) dy
f(y) dy

= r y 2 f(y) CLy
YDF

Attempts have been made to relate YD to a mean quality factor Q by

many authors, among them Lindblom and Samuelson [3] who give:

Q = 0.8 + 0.14 YD

It is these two microdosimetric parameters which may be used to
compare the work done here with that of other experimenters, as well as
theoretical predictions of computer codes.

EXPERIMENTS WITH MONOENERGETIC GAMMA RAYS

The experiments carried out with monoenergetic gamma rays were
twofold in their objectives. Firstly a comparison of the microdosimetric
parameters obtained from these experiments could be made directly with other
work, serving to verify the methodology presented in the last section.
Secondly, the spectral shape of the LET distributions could be analytically
rppresented, proving useful for subtraction of the gamma ray component from
a mixed neutron-gamma ray field lineal energy distribution.
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To test the ,espore linearity as a function of (ose rate, Tne _E-
chamber was exposed to a calibrated 6UCO source (UDM-1) at DREO.

By varying the source-detector distance a linear response was
observed up to an exposure rate of approximately 516 4C/kg.hr (2 R/hr) az
which point saturdtion occurred. Thus it was decided to expose the detector,
to dose rates of - 258 ,C/kg.hr (I R/hr) with various photon sources. The.,
ray sources used were
'UCo(E = 1250 kev) and il/Cs(E = 660 kev) from the UDM !A source at DREO.

.r addi ion a constant potential Mueller MG-300 X-ray machine was sc o
generate photon spectral distributions centred about 245 kev, 151 key, and
80 key 4

;, e raw spectrum, frequency spectrum and dose spectrum for the -Ko
source measurements are shown in Fig. 2. In Figs. 3-6 the dose
distriDutions for various sources are shown. It is readily apparent that
tne spectra tend to harden as the photon energy is decreased - a fact which
cleariy is expected due to the increased range of the photoelectron at
higher photon energy, and thus less chance of the electron stopping in the

,ias. The microdosimetric parameters y- and YF evaluated here are presented
in Tale 1, together with the results of other work using 2 PR simulated-
diameter counters.

The experiments of ref [5] were performed with a "wall-less" or

grid-walled" detector, and the values of YF and are expected to be lower
than for the same experiments with walled counters due to lack of photon
interactions within the walls themselves. Indeed Haque '8' has observed up
to a 20: increase in the values of the parameters due to wall effects in
c/y nd;r-cal counters. The values for the walled-counter experiments show
the sai,- trends, although some variations do exist. it may have been
e-x-cted that the experimental values presented here foi the X-ray beams
wouod be somewhdt nigher than the values in the other references ('61 and

; nis is becauce there is a much more significant low energy photon
conpontnL invol ved here when compared to the "truly" monoenergetic ramma
rays from the - 4LAm, '"Tc and i21I used in the other experiments.

An attempt was then made to analytically fit the LET spectra over the
-i nq, rS.2 kev,',m - 0.5 kev/,.m. This range was chosen since it lay aoove the

w:s.i oand, but was sfficiently small enough that no appreciable
c,)ontribution from neutron-interaction recoil protons would be observed in

i xed tieli rjns. Jing the calibrated sources the best fits were found to
!:. , t't ie foarm s

(_, .42 x 102 D E-2 . i2 for "°Co

, .7/ x i0 D E- .9  for 1 3 7 Cs

". ] (,:. U ,:, ' (hey/in)
- ro ,t _ e" chinnel (energy increment)

- d Js, rm-~ '1c at the detector in Grays (10, Rad)

m k " mm-m mm mm mm re m- mmmm - mm m mmm mm • mm m-m mm -m - ' ... ... . . ' -'
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TABLE 3

COMPARISON OF EXPERIMENTAL AND THEORETICAL MICRODOSIMETRIC
PARAMETERS FOR MONOENERGETIC NEUTRONS

En(Mev) YF YF YD YD

(EXPERIMENTAL) (NESLES) (EXPERIMENTAL) (NESLES
(kev/4m) (kev/pin) (kev/m) (kev/ rnj

0. 18.1 16.4 38.5 32.9 I
0.5 40.2 37.0 68.9 62.0
1.0 45.8 50.1 67.1 63.1
1.7 39.7 42.0 60.3 58.5
4.7 21.7 23.2 52.4 53.8
5.2 20.4 20.1 53.8 50.2

14.0 12.4 11.6 103.3 92.8
16.7 11.6 11.0 103.7 105.0

S

; - - - mu ,m ,m m~m , ma ,, ,m mlw mmlh ,m m., m,., 1 ..nmu - - -" - . .. . -, , • . S
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TABLE 2

MICRODOSIMETRIC PARAMETERS FOR MONOENERGETIC NEUTRONS
S

ORIGINAL SPECTRUM GAMMA RAY SUBTRACTED 1

NEUTRON .F YD( k e Y n) Y( kY
ENERGY (Mev) (kev/4m) (kev7Fm) (kev/mn) (kev/ n)

0.1 15.6 34.4 18.1 38.5
0.2 23.6 43.5 26.8 49.6
0.5 32.9 58.2 40.2 68.9
1.0 39.3 58.0 45.8 67.1
1.7 35.1 54.8 39.7 60.3
2.5 27.4 57.2 34.1 61.1
4.1 26.2 71.5 27.5 74.7
4.7 20.9 51.0 21.7 52.4
5.2 19.4 52.8 20.4 53.8
5.9 16.4 50.0 18.6 51.2
14.0 11.7 107.5 12.4 103.3
16.7 10.9 109.4 11.6 103.7
19.0 9.5 103.3 12.2 104.3

S

- . - .

m, , i,,, . ,..Ji w.,,,.w1,i .. .,,,m'..--, m,,ih, ~h# m~ . .. " - " " "' . . . ' " "
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The above expressions and similar ones for the X-ray sources may be
used for dose normalization and gamma ray subtraction in a mixed field,
where we now have the flexibility to choose the most accurate representation
of the gamma ray component from five different spectra.

EXPERIMENTS WITH MONOENERGETIC NEUTRONS

The detector was exposed to monoenergetic neutrons covering the
energy range 0.1 Mev - 19.0 Mev produced using various reactions at the DREO
Van de Graaff particle accelerator. Figures 7(a) and 7(b) show the raw

spectrum and frequency distribution following irradiation by 0.2 Mev
neutrons. A direct comparison with Fig. 2(a) reveals that the raw spectrum
produced by neutron irradiation is clearly harder than that produced by
gamma ray irradiation, which is due to the higher lineal energies of recoil
protons vs electrons. An examination of Fig. 7(b) shows clear separation of
neutron and gamma ray components above and below - 1 Kev/rm. Figure 7(c)
shows the dose distribution following irradiation with 0.2 Mev neutrons.
The dose distributions for various other neutron energies are shown in Figs.
8-15. Several facts are readily apparent from these.

At low energies the spectra are dominated by the sharp proton edge at
100 kev/,m. There are practically no events occuring at higher lineal

energies indicating that the (n,a) reaction is negligible. As the neutron
energy is increased the main proton peak shifts to lower lineal energies,
while the increasing probability of the (n,a) reaction makes contributions
above 100 kev/pm observable. Finally at very high incident neutron energies
not only are (n,a) reactions possible but scattering events from N, C and 0
manifest themselves with significant contributions for lineal energies ~500
kev/4m.

Table 2 lists the microdosimetric parameters derived from each
spectrum, both with and without subtracting the gamma ray contribution.
Since most of the dose for these experiments is due to neutrons, the effect
of this subtraction is small. This will not be the case for a typical well-
moderated fission spectrum, as seen in the next section. In passing it is
pointed out that the fit to the 1 37Cs lineal energy spectrum proved the most
viable for these spectra.

Figures 16 and 17 compare these results with the work of other
experimenters (refs. [9], [10], [11]) and with the computer code NESLES [12]
originally developed by A.A. Edwards which calculates the charged particle
spectra in materials irradiated with neutrons by analytical methods. Table
3 gives our results and those of NESLES for more accesible comparison. The
agreement here is seen to be excellent, with the two results coinciding to
within 10% in most cases. This agreement is satisfactory only for neutron
energies of 100 kev and above. Below this energy, neutron interactions with
the gas, and not the wall, become increasingly significant, as pointed out
by Edwards and Booz [13]. At low neutron energies then the alternate code
STARTERS, also developed by Edwards, would provide better agreement, with a
combination of the two codes being necessary for a neutron energy spectrum
covering a wide range.

.0
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TABLE 1

EVALUATION OF MICRODOSIMETRIC PARAMETERS FOR MONOENERGETIC PHOTONS

YF (ke/urn)

E y(kev) THIS WORK REF (5) REF (6) REF (7)
"WALL -LESS"

1250 0.42 0.26 0.41 0.37
660 0.53 0.35 1.03 0.47
320 0.60
245 1.18
151 1.64
140 1.19 1.31
80 1.70

60 1.23
35 1.59 1.61

YD (kev/pm)

E,(kev) THIS WORK REF (5) REF (6) REF (7)
"WALL-LESS"

1250 1.61 1.22 1.10 1.50
660 1.83 1.47 1.88 1.87
320 1.97
245 3.21
151 3.89
140 2.95 2.90
80 3.91

3.26
35 3.47 3.67

_ SW
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PHANTOM EXPERIMENTS

(A) THE PHANTOM

The DREO phantom used for these experiments was a REMAB model, built
by Alderson Research Laboratories (see ref [14]). The construction embraces
a tissue-equivalent rigid plastic "skin", containing a human skeleton and
tissue equivlent lungs, and is filled vith tissue-equivalent liquid. For
this work, a special dosimetry port was constructed on the left side of the
abdomen to facilitate insertion of the proportional counter in such a manner
that its active volume was situated approximately 2 cm in front of the spine
and centred between the sides. The tissue-equivalent liquid used to fill
the phantom was that quoted as number 26 in Appendix B of ICRU Report number
26 and consisted of:

Water 65.6% (By weight)
Glycerol 26.8%

Urea 7.6%

To 60 kg of this mixture was added 75 g of Dowicide A and 130 g of
Dowicide G to prevent organic growth, and 14 ml of concentrated acetic acid
to reduce the pH to 7.

(B) RADIATION SOURCE

The radiation source for this experiment was the "GODIVA" critical
facility at the Aberdeen Pulsed Radiation Facility of the U.S. Arfly at
Aberdeen, Maryland (see ref. [15]). The assembly is unshielded,
unmoderated, uses enriched 23U fuel, and can be operated either in pulsed
or steady-state modes. For these experiments the steady-state mode was used
with power levels of 100 to 4000 watts. Phantom exposures at 10 m were done
entirely inside the facility silo, while for the 170 m exposures, both
phantom and core were outside of the silo. The total neutron source
strength of the facility is SN = 1.28 x 1017 neutrons/kWh [15].

(C) POSITIONING COORDINATE SYSTEM

At a distance of 10 m from the core the phantom was oriented in a
total of 11 different positions with respect to the assembly, in order to
establish the effect of self-shielding on dose to the gut. The angular
coordinate system used to define these positions may be described by two
angles, 0 and i where:

0, the polar angle, ranges from +900 corresponding to head-on
irradiation to -90° corresponding to foot-on irradiation, with 0*
being perpendicular to the long axis of the phantom.

¢, the azimuthal angle, ranges through 360, with 0: being the
forward direction, 900 the right-hand side, and 180 the rear.

In addition a free-field (no phantom present) measurement was taken
at 10 m from the core, with the detector it the same location as when in the
phantom.
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For the measurements at 170 m from the core, only free-field and
(o), = (00,0*) measurements were taken due to low counting rates and
accordant time considerations.

(D) FREE-FIELD RESULTS

The results of the free-field experiments are useful for two
important reasons. Firstly, the evaluated neutron and gamma ray doses may
be compared directly to other work, again giving credence to the
experimental technique. Secondly, the free-field doses will provide a basis
for evaluation of transmission factors for neutron and gamma ray doses.

The observed gamma ray distributions (i.e. at low LET) were found to
closely parallel those from 6 0Co. This may have been expected since the
mean fission gamma ray energy is close to 1.2 Mev. (Fits to the gamma ray
component for in-phantom measurements also closely paralleled the 6°Co
distribution. The reason for this is that neutron capture gamma rays
originating within the phantom, with their associated high energy, tend to
compensate for the softening of the fission gamma ray energy spectrum. The
actual power fits to DE-x produced values for x in the range 2.09 to 2.12.)

The dose distributions from both measurements are shown in Figs. 18
and 19. The calculated neutron and gamma ray doses based on the fitting and
subtraction of the gamma ray component are shown in Table 4. Also given are
averages of the results of other experimenters [16] based on a variety of
methods including NE213 organic scintillator spectroscopy, Bonner-ball
neutron spectroscopy and Geiger-Mueller counter techniques. The numbers
given represent 4nr 2 times the measured dose, where r is the distance from
the reactor core in cm. The percentages in brackets represent the observed
standard deviations of all the measured data, relative to the quoted mean
value.

Agreement in general is seen to be quite reasonable, with never more
than 10% deviation from the quoted mean. It should be noted that the mean
and standard deviations quoted at lOm are based on only two measurements,
whereas those at 170m encompass up to nine experiments.

(E) IN-PHANTOM RESULTS

The results of the in phantom experiments are summarized in Tatle 5
and Table 6. Several points are readily apparent from these. Firstly, the
normalized total dose is at a minimum when the phantom is head-on or feet-on
to the core. This may have been expected, since these positions correspond
to having the most shielding material between the core and the detector.
The absorbed dose to the gut is at a maximum when the phantom faces the core
directly, and presumably reflects the fact that the amount and effective Z
of shielding material is at a minimum for this case. Figures 20 and 21 show
the dose distributions arising from these two extreme cases. The absorbed
dose varies roughly symmetrically as the phantom is rotated about any axis.
On the basis of these experiments, the orientation of the body with respect
to a fission weapon will result in the absorbed dose to the gut varying by a
fdctor of 5. This variation will, of course, be dependent on the distance
to the fission weapon, and corresponding degree of incident radiation
ani sotropy.
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TABLE 4

CALCULATED NEUTRON AND GAMMA RAY DOSES

DISTANCE FROM NEUTRON DOSE GAMMA RAY DOSE TOTAL DOSE
REACTOR CORE (Gray.cm2 /kWh) (Gray.cm 2/kWh) (Gray.cm2/kWh)

(102 Rad cm2/kWh) (102 Rad cm2/kWh) (102 Rad cm2/kWh)

lOm This Work 4.57 x 106 4.03 x 105  4.97 x 106

Ref. [16] 4.28 x 106(1%) 4.03 x 105(7%) 4.65 x 106(3%)

170m This Work 2.79 x 106 5.80 x 105 3.37 x 106

Ref. [16] 2.64 x 106(9%) 6.42 x 105(12%) 3.23 x 106(4%)

4J

--

1

*]

*1

-. ,. .--
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TABLE 6

KERMA TRANSMISSION FACTORS FOR IN-PHANTOM EXPERIMENTS

if6

ORIENTATION TRANSMISSION FACTORS
DISTANCE

(mn) e NEUTRONS GAMMA RAY TOTAL

10 0 0 0.291 2.60 0.479
10 +45 0 0.161 1.83 0.300
10 +90 - 0.031 0.764 0.090
10 +45 180 0.098 1.61 0.222
10 0 180 0.156 1.99 0.307
10 -45 180 0.069 1.39 0.175
10 -90 - 0.036 0.813 0.100
10 -45 0 0.211 2.10 0.366
10 0 90 0.123 1.45 0.234
10 +45 90 0.058 1.08 0.144
10 -45 90 0.061 1.12 0.148

6 170 0 0 0.271 2.67 0.517

*- 6

0I
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An examination of the microdosimetric parameters in Table 5, as well
as the last 3 columns of the table, serves to demonstrate the varying nature
of the radiation field inside the phantom. The gamma ray dose percentage
clearly increases inside the phantom, and this is reflected in the large

downshifting of both the values of yF and YD for the whole lineal energy

spectrum. There is a slight downshifing in the values of YF and yD when
only the neutron component of the lineal energy spectrum is considered.
This may be viewed as due to a softening of the neutron spectrum following
moderation within the body of the phantom. This last fact is illustrated
more clearly when the percentage of neutron dose having LET values in excess
of 100 kev/pm is considered. As already mentioned such events are due to
scattering reactions with N, C and 0 molecules as well as (n,a) reactions,
and may only be initiated by high energy neutrons.

Table 6 gives Dose transmission factors defined as D (in-phantom)/D
(free-field) for the various orientations. The gamma ray dose is seen to
increase in almost all cases, due to thermal neutron capture and little
gamma ray attenuation in soft tissue. However with enough shielding
material (head-on, feet on) the gamma ray dose is reduced. With the phantom
in the (0,0) orientation it is noted that both neutron and gamma ray
transmission factors are at a maximum, whereas the (+90,0) and (-90,0)
orientations offer maximum protection for both neutrons and gamma rays.

Finally, Table 7 represents an attempt to compare the observed free-
field microdosimetric parameters with those calculated from the NESLES and
STARTERS computer codes. The final column in this table represents an
analysis of the spectrum which was a weighted sum of the spectra from the
two codes. The input spectrum here was taken from the work of Robitaille at
170m 115], and at 15m to approximate lOm where very little data is

available. The values of YD are seen not to coincide to a high degree of
precision. In addition, the lineal energy spectra predicted by these codes
contained some singularities which may render them ineffective for
predicting detector response to a very soft neutron spectrum.

IA

K • ......
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TABLE 7

COMPARISON OF FREE-FIELD MICRODOSIMETRIC PARAMETERS
WITH PREDICTIONS FROM "NESLES" AND "STARTERS"

10m FROM CORE

EXPERIMENTAL NESLES STARTERS NESLES + STARTERS

26.99 15.7 24.1 22.8

(kev/ im)

YD 58.07 52.1 49.3 49.7

(kev/pm)

170m FROM CORE

EXPERIMENTAL NESLES STARTERS NESLES + STARTERS

YF 23.24 10.1 23.8 21.7

(kev/Lm) 0
-'1

YD 61.50 38.9 45.4 44.4

(kev/vim)

-!

-=

. . .i-i- .-.' .., ". .-.
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CONCLUSIONS

The use of a tissue-equivalent LET chamber and associated electronics
has been shown valid for many applications. These include dose
determination and microdosimetric parameter quantization for neutron, gamma
ray and mixed radiation fields. The detector system was used to examine
monoenergetic neutrons and gamma rays and the results proved consistent with
those of other experimenters as well as the predictions of available
computer codes.

The methodology was thus applied to a series of experiments involving
a fission source and again consistency was found between these experiments
and the literature for free-field measurements. Finally the dose delivered
to the gut of a phantom was broken down into neutron and gamma ray
components, with significant variations observed as a function of the
orientation of the phantom with respect to the reactor core.

._ .
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The response of a tissue-equivalent proportional counter to a variety
of neutron, gamma ray and mixed radiation fields has been measured. The
detection system encompasses unique electronic circuitry for data
aquisition, followed by a dedicated microcomputer for analysis. The
detector response to monoenergetic neutrons and gamma rays served to

quantify such radiation fields in terms of the microdosimetric parameters YF

and y,, enabling comparison with the work of other experimenters and
existing computer codes. Excellent agreement was observed here. These
experiments also resulted in a method of separating neutron and gamma ray
dose components in mixed radiatior fields.

Finally the detector was used to measure both neutron and gamma ray i

doses at two distances from the fast neutron critical facility of tue U.S. i
Arry Pulse Radiation Division (Material Testing Directorate, Aberdeen
Proving Ground, Md.). Both free-field doses and the dose delivered to the
mid-abdominal position of a realistic anthropomorphic phantom were measured.
Free-field results compare favourably with other work, while the absorbed
dose to the gut was observed to vary significantly as a function of opnntom
orientation with respect to the core.
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