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ABSTRACT

A Kal(Tl) detector nay be used as a high efficiency neutron
detector through the use of the fast neutron produced reaction
127 127I(n,n*). The inelastic scattering excites the I to its
57 keV first excited state and the crystal absorbes the subsequent
deexitation gamma. The interaction length for neutron detection
was measured for neutron energies of 2.8 Mev and 14.8 Mev. These
interaction lengths were, at 2.8 Mev ,0079 - .0009 cm  ̂ and at
]y.S Mev .005 — .0005 cm

iii



T-2155

TABLE OF CCIvTEITTS

Introduction 1
Proceedure 6
Results 13
Table 1

Sample Data and Results 19

Figures 20

Appendix A
Detection Efficiency of a Detector Near
a Point Source. 30

Appendix B
Determination of the Efficiency of the
Ge(Li) Detector 33

References 35

IV



T-2155

LIST OF FIGURES
page

Intrinsic Efficiency as a Function of Neutron
Energy for an Organic Scintillator 20

127 22Level Diagrams for The Lowest Levels of I and Na 21

Pulse Height Spectra of Interest from a
Nal(Tl) Scintillator 22

Experimental Set Up 23

Spectrum of In Sample After Neutron Bombardment 24

Typical Nal(Tl) Neutron Response 25

57 keV Peak and Two "Best Fit" Backgrounds 26

Plot of Deutrated-Titanium Thick Target Neutron
Yield and Experimentally Measured Yields 27

Interaction Length for the Production of the First
Excited State in ^^^I 28

Neutron Cross Sections for Several Reactions Used
in Neutron Detection 29



T-2155

Acknowledgements

I would like like to thank the U.S. Geologic Survey for

which this work was done under USGS Grant #14-08-000l-g-548. I 
must also thank Dr. F.E. Cecil for his guidance and M. Rymes for 
his help in making the measurements. Last I want to express my 
appreciation to my family and friends who offered their 
invaluable assistance and support in the preparation of this thesii

VI



T-2155

The detection of neutrons has become an important part of 

several areas of pure and applied physics. The reason for 
the neutron's usefulness is its lack of charge; This lack 

of charge enables a neutron to interact with the atomic 
nucleus without being affected by either the nuclear 
electric field or the electronic charge distribution.

In applied physics, neutron induced reactions have

proven to be very useful in non-destructive elemental

analysis. A variation on this idea is to detect and assay
Uranium in situ by neutron induced fission (1). The

fissions are detected by counting the delayed fission

neutrons. Counting the delayed neutrons offers the 
advantage that the neutron source can be pulsed, while
keeping the background to a minimum. Furthermore, the half

life of the delayed neutrons ranges from several
milliseconds to seconds thus producing a significant signal

in a reasonably short counting period ; This seems to be

very promising for borehole logging as neutron sources can
be made small enough to fit down a borehole.

In basic nuclear physics, neutron spectroscopy has 
become one of the8 fundamental nuclear research tools. An 

example of this is the study of proton rich nuclei by the
use of the ( ̂He,n) reaction (2). The escaping neutron
carries away the energy excess between the incident energy
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and that of the final nuclear state. Thus, by determining 

the time needed for a neutron to traverse a known distance, 

the neutron's energy can be found and the energy left in the 
nucleus can be determined.

The problem with neutron detection is, however, that 
the neutron's lack of charge makes it difficult to detect 

because all particle or gamma detectors ultimatly detect the 
passage of a charged particle. As a result a neutron can 

only be detected when it participates in some nuclear 
reaction.

There are several nuclear reactions used in the 
detection of neutrons. Probably the most basic of these 
reactions is simple elastic scattering of the neutron off of 
a Hydrogen nucleus in an organic scintillator and the 
subsequent detection of the recoiling proton. Problems 

arise in the fact that the recoiling proton can have any 
energy from zero up to the incident neutron's full energy. 

When the number of counts is plotted versus energy, a 

mono-energetic neutron source produces a plateau rather than 
a peak. Since an organic scintillator detects gamma 

radiation mainly by Compton scattering, which also produces 

a counts versus energy plateau, further processing of the 
data by time of flight analysis or pulse shape 
discrimination is virtually mandatory to eliminate



T-2155

background (2), On the plus side is that an organic 

scintillator can count as many as 10% Of the neutrons 

entering the detector, including count loss due to the 

discriminator needed to reject electronic noise (Figure 1).

Other nuclear processes like He(n,p)t and Li(n, )t 

reactions have been used because the final products are 
charged and are easily detected. When the counts from these 

reactions are plotted in the usual manner, a well defined 
peak is present and the shift of the peak from the known Q 

value for the reaction is the energy of the incoming 

neutron. The main problem with these detectors is that the 

neutron detection efficiency drops rapidly with increasing 
neutron energy. Typically, at 2.5 MeV the efficiency of 
these neutron spectrometers, as quoted by Or tec for their 
systems, has dropped to 3x10“  ̂ and 7x10"^ for the two 
reactions respectively (3).

There are also many nuclear reactions that are useful 
as integrating flux monitors at certain energies. Typical 
of these is the ^^Cu(n,2n) reaction which subsequently beta 

plus decays providing a useful moniter for 14. Mev neutrons. 
The final activity of one of these monitors is dependent 
only on the time of bombardment by the neutrons and the 
average neutron flux; However, as with any detector whose 

output is some quantity integrated over time, there is no
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way to determine the length or magnitude of any perturbation 

in the measured quantity and there is no way to do real time 
measurements.

In the present work, we investigate the usefulnes of 
inelastic scattering as a method of neutron detection. 
After the neutron scatters off of the target, the affected 
nucleus will return to the ground state almost exclusivly by 
emitting a gamma ray. This gamma ray can then be detected 

by the use of a scintillator. In the present case the 
target nucleus is the^^^I in a Nal(Tl) crystal; Not only is 

the crystal the target but it is the scintillator ;

As can be seen from Figure 2,^^^I has its first excited 

state at 57 keV. This excited state gamma decays with a 2 
nsec half life back to the ground state (4). The 57 keV 

gamma ray is very convenient as a detection gamma because of 

its low energy. At these low energies the photo-electric 
absorption coefficient for a Nal(Tl) crystal has a value of 

30 cm-1, which is much larger than the Compton scattering 

coefficient which has a value of ;5 cm-1 (5). This means 

virtually all of the gammas produced will appear in the full 

energy peak. Also, since the range of a low energy gamma in 

a medium or high Z material is very short, extraneous peaks 

from external sources can be shielded against with a minimum 
of material.
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Although inelastic scattering appears to be a viable
method of neutron detection, it has been neglected in the

past. In the 1950's and 6 0 's, Nal(Tl) crystals were used in 
neutron scattering experiments to determine the excited 

states of Na and I, and some measurements of the scattering 

cross section were made using a Nal(Tl) crystal as a target
(6), (7), (8). However no reference of the use of a Nal(Tl)

crystal as a primary neutron detector was found.

The most complete data on the inelastic neutron 
scattering cross section for^^^I gives values for neutron 
energies up to 1.2 MeV (9). Using the value of ;26 barns 

for the cross section at 1;2 MeV, and the density of Nal, it 
was determined that a l e e  cube of Nal(Tl) has a probability 
of detecting a neutron given by:

1) Pd= p (1cm ) <T (6.02x10^^ I/mole Nal) ,
(150 gm/mole Nal)

where a is the cross section for the production of the

57 keV gamma from ^̂ '̂ I and p is the density of Nal in
gm/cm^. This indicates that a Nal(Tl) crystal of a common
commercial size, such as 3" by 5", should have a fast

neutron detection efficiency of 3 %.

Since neutron scattering data is lacking for energies 
above 1.2 MeV, measurements of the scattering cross sections 
above this value were needed to increase the usefulness of a
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Nal(Tl) neutron detector. Specifically, measurements at

2.8 MeV and 14.8 MeV are needed because these are the

energies of the neutrons produced by the d-d and d-t fusion 

reactions; These reactions have gained use as neutron

producing reactions because they are readily produced in 
small Cockcroft-Walton accelerators.

Procedure

The efficiency of the Nal(Tl) crystal as a neutron 

detector was obtained by simultaneous measurement of the 
yield for the 5 7 keV gamma from and the neutron flux as
determined by some other reaction whose cross section is 

known. For 2.8 MeV neutrons the standard was the 
^^5jn(n,n') isomeric transition. The cross section is large 

compared to other reactions at this energy, while the 4.5

hour half life was still short enough to provide a

significant signal to noise ratio. At 14.8 MeV two 
reactions were used. The first was ^^Cu(n,2n) which 
subsequently beta plus decays and allows detection of the 

.511 MeV annihilation gamma ray; The second reaction was 

^^Al(n,p) which beta decays back to ^^Al and 80% of the time 

gives off a ; 84 MeV gamma.

The neutron flux being measured by a Nal(Tl) detector 
was independently determined by measuring the activity of 
the standard (Al, C u , In) following the completion of the



T-2155

bombardment. Starting with the differential equation it is 

easily shown that the number of radioactive nuclei present 

in a sample at the end of a bombardment with neutrons from a 
point source is:

2) N*= Rn P(N*) = R n » N t » g ^  ♦ (1-2'
4 7T > R1-R2

where
Rn is the neutron production rate 
Nt is the number of target atoms 
o- is the reaction cross section 
t»/. is the excited nuclei's half life 
tfc is the bombardment time
Rl and R2 are the distances from the neutron

source to the front and back of the
sample.

The 1/(477 Rl*R2) term comes from the integration, in the 
small angle approximation, of the 1/r^ flux over a small
sample of constant area and negligable radius; The number
of deexitation gamma rays detected is:

tw

where
tw is the time between the end of

bombardment and the start of 
counting 

tc is the count time
br is the appropriate branching ratio
e is the detector's efficiency
s is the samples self absorption.

By combining equations 2 and 3, the neutron production 

rate, R n , can be written as:

4) Rn= _______ p. __________
(P(N*) . (1-2'Vtft) «br-e - s )
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The interaction length for the Nal(Tl) detector was

defined in a manner similar to the gamma ray absorption

coefficient in that the number detected is proportional to 
the number entering a thin layer; As a result a detector of 

area Ad and thickness Ld exposed to a plane parallel neutron 
flux F n , will detect Nd neutrons where

5) Nd = Nn*Ad»X*Ld and X is the neutron interaction
length. The detectors actually used were cylindrical and it

was assumed that they were thin enough that the flux 
reaching the rear of the detector is not significantly 
affected by absorption, and that the neutron source is a 
point, the neutron interaction length X is:

6) X = D< Rd' Rd ' ' 4 tt
Vd-Rn.ti-d+Ct)

=DiRd(l+ Rd/Ld) A tt 
Vd-Rn.tfc-(1+Ct)

Vd is the volume of the crystal = Ld Ad
Rd and R d ' are distances to the front 

and back of the Nal(Tl) 
and Ct is a correction term coming from

the integration of r over a large 
radius cylinder;(see appendix A)

The difference between this neutron interaction 

coefficient and the gamma ray absorption coefficient stems 
from the fact that the neutron's inelastic scattering is not 

an absorptive process ; Since, at high energies, the neutron 
will scatter mainly in the forward direction, the neutrons
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will not be removed from the beam. This means that, 

ignoring other reactions, the number of neutrons detected by 

a larger detector will still be approximately the flux times 

the interaction coefficient. However, this is complicated 
by the fact that neutrons are absorbed by other reactions. 
As a result, the neutron flux in the detector will decrease 
exponentially; however the coefficient of this decrease 
will only be weakly dependent on the inelastic scattering 

which leads to the neutrons detection; This is in direct 

contrast to gamma detection in which detection of the photon 

either changes the photons energy or removes it entirely. 
Thus, the number of neutrons detected will go as -^(1-e'^^) 
where /3 is the absorption length, rather than the familier
(l-e"XL).

Since neutron detection is a property of the Nal(Tl) 
crystal and not of a particular Nal(Tl)-photomultipiier 

combination, the first measurement was to check the 

efficiency of the optical coupling between these elements. 
This was done by placing a commercially calibrated gamma 

source a known distance from the scintilator; The measured 

number of counts in the photopeak was then compared to the 
number expected, knowing the source strength, the photopeak 

to total ratio, and the total detection efficiency for that 
sized detector at the given source distance. This yielded
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photopeak efficiencies of 89%, 98%, and 78% for the three 

detectors used. This coupling parameter could then be used 

to correct the measured 57 keV yield.

The detector efficiency and the self absorption of the
activation sample were then measured. The activity of the
standard samples were measured using the CSM Nuclear Physics
laboratory's Or tec Ge(Li) detector and the data recorded
with a Tracor Northern multichannel analyzer; As seen in

equation 4) the absolute efficiency of the Ge(Li) detector
is needed to calculate the number of activations in the
standard sample. This efficiency was measured using the

commercially calibrated ^^^Ba, ^^Na, ^^Mn sources. The
Ba has gammas of 81, 276, 303, 356, and 384 keV. These

energies not only bracket the ^^^In 336 keV deexitation
energy allowing the mentioned calibration, but the 81 keV
gamma, in conjunction with the Ba X-ray, is useful in

127calibrating the system for the 57 keV I gamma. The 
usefulness of the radioacive Barium source is evident when 

the ^^^Ba and the spectrum in Figure 3 are compared. The

^^Na source was used to calibrate the Cu target because both 

beta plus decay. The ^"^Mn has an 835 keV gamma which 
compares well with the ^^Al 840 keV energy;
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For most of the 14.8 MeV runs the standard sample was 
placed far enough from the Ge(Li) detector that it 

approximated a point source, however, this was not possible 

for the In sample because of low count rates. Thus, an 
average .?as taken over the detector free, details of which 
are described in Appendix B; The absorption coefficient was 
measured by placing the standard sample in front of the 
calibrated source and measuring the attenuation. The self 

absorption was calculated from the absorption coefficient 

which compared well to the first approximation of 1/2 the 

measured attenuation;

The work described up to this point was simply 
preparation for the actual measurements of the Nal(Tl) 
neutron detection efficiency. The remaining work to be 
described is this measurement process. The experimental 
setup is sketched in Figure 4.

These calibration runs were made using the CSM Physics 
Department's two Cockroft-Walton accelerators which 
accelerate a Deuterium beam against either a 
Deuterium-Titanium target or a Tritium-Titanium target. 
Since the neutron production from these reactions is nearly 

isotropic, the sample and the Nal(Tl) detector were placed 

close enough to the beam target to maximize the neutron 
flux; Due to the number of X-rays produced by the
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accelerators, the samples were placed far enough away to 

allow for adequate shielding. The activation samples were 

known to be thin; that is, the number of neutrons removed 

from the flux was small; This allowed the sample to be 

placed directly in front of the Nal(Tl) crystal without 
affecting the results ;

The tritiated target was placed in a Kaman Nuclear 

accelerator. This machine accelerates a several hundred fx A  

beam of D2+ from a Penning Ion source though 90 kV; The 
deuterated target was placed in a Texas Nuclear accelerator 

because of its higher accelerating voltage (150 k V ) , its R-F 

ioo source which produces a nearly fully ionized beam, and 
because the accelerator has never been used with a tritiated 

target; The Kaman accelerator was initialy used for the

2.8 MeV runs, however, the data showed an abnormally large 

scatter. This phenomenon was best explained by random 

changes in the operating conditions affecting the average 
neutron energy because of Tritium contamination; This data 
was not used in the final analysis although the interaction 

length calculated from this data is consistant with the 

final results.

The data was collected by monitoring the Nal(Tl) 

crystal with the MCA during activation, which usually lasted 
approximatly 25% of the half life of the standard nuclide;
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During the 2.8 MeV runs the neutron count was monitored 

every 500 s to help maintain a constant yield over the long 

run. The data was typed out of the analyzer while the
target sample was moved to the G e (Li) detector and the

system set up; The sample was counted for about one to two 

half lives. Figure 3b shows the spectra from a typical run; 
Note the presence of the 57 keV and 202 keV lines from I 

while the other possible lines indicated by the level 

diagrams for ^^Na and (Figure 2) are not visible ; A
sample spectrum from the Ge(Li) detector is shown in

Figure 5. This spectrum is from the In sample. The 336 keV 
gamma from the isomeric transition and the 417 keV gamma 
from the ^^^In(n,7) reaction are prominent. At these low 
energies the photopeak efficiency of the G e (Li) detector is 
high enough to give an acceptably small statistical error 
even with a small number of activations.

Results

Table 1 shows the data and results from both a 2.8 MeV 
and a 14.8 MeV measurement. The error involved in the 

calculations is dominated by the error resulting from the 

subtraction of the background from the 57 keV peak; The 
background was very sensitive to the type and amount of 

shielding, as would be expected due to the neutron

scattering and the copious production of X-rays by the
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Cockroft-Walton accelerator; Another concern is the energy 

resolution of the Nal(Tl) detector; The spectrum shown in 

Figure 6 is a typical spectrum obtained in the calibration 

runs; Comparing this spectrum with the one shown in Figure 

3b, it is obvious that any increase in resolution decreases 
the problem with background. These factors meant that the 
background was most efficiently subtracted by plotting the 
data points on log-log or semi-log paper and by hand drawing 
in a reasonable background. The background was then read 
from the graph and subtracted from the data on a point by 

point basis. Figure 7 shows one of the runs plotted with 
two "best" fit backgrounds.

The error in this method of background determination 

was ‘investigated for the run depicted in Figure 7; The 

difference between the two determinations of a reasonable 
background was 8%, while the error between the best fit and 

a simple trapezoidal background was 15%. This indicates the 
uncertainty in any single interaction length is a random 
error of about 10%. This conclusion is confirmed by the 

standard deviation for the five 2.8 MeV and the four

14.8 Mev interaction lengths. The final interaction lengths 
and their standard deviations were calculated to be 
.0079 +- ;0009 cm-1 at 2.8 MeV and .0050 + .0005 cm-1 at

14.8 MeV.
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Several things were done to verify that the 
experimentally determined interaction lengths were in fact 

reasonable; The first check was done by measuring the 
interaction length for neutrons from the CSM 2 Curie PuBe 

source. The PuBe neutron spectrum is a continous

distribution from approximately 1 MeV up to 10 MeV. Since 
the NaI(Tl)*s response to fast neutrons varies only a factor 

of two for energies from 1 MeV to 15 MeV, the responce to 
the PuBe source should be approximately its response to the 

average neutron energy from the PuBe source ; As a result 

the interaction length for the PuBe source should be between 
those for the two fusion reactions.

The output of the PuBe source was measured to be 

1.6x10^ neutrons /Curie; (The output of a PuBe source 
seems to be dependent on factors relating to its

construction, thus the yield varies between sources.) The 
interaction length for the PuBe spectrum was calculated to 

be .0065 +- ; 0011 cm-1, which compares well with the two
established lengths.

The next check was to use a 2x2 Nal(Tl) crystal as a
flux monitor to measure the D-D reaction yield at several

energies; The CSM accelerators use hydrogenated Titanium 

targets that are thick enough to stop the incoming 
Deuterium. As a result the thick target yield was the yield
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that was measured. This yield is well known due to its 

importance in doing neutron activation studies with most 

small accelerators; The calculated yields were corrected 

for the anisotropic behavior of the neutron yield from a 

thick target at 150 keV beam energy using measured data on 
its angular distribution (10); The data was then compared 
to the known low energy yield ; See Figure 8.

There was a problem with interpreting the yield data

because the target used was donated to the CSM Physics 
department, and the loading of the target was unknown. 
Despite this uncertianty the data obtained was first plotted 

as if the target were loaded with the same ;25 mg/cm as 
assumed on the graph ; A line, shown as the dotted line on 

the graph, could then be drawn through the tail of the known 

curve and through the center of the cluster of measured 

points. However, this completely ignores the trend line

presented by our data.

Assuming that the points all can be shifted up or down 

on the graph, which is equivalent to multiplying all the 
data by a constant factor ; This constant is the correction 

for the difference between the actual target loading and the 

loading used for the reference curve. The points were 
dropped until a straight line running through the data
points intersected the known curve ; This resulted in a
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reduction of the magnitude of the data by a factor of about 
3, which represents an actual loading of ; 75 mg/cm*;

The solid curve on Figure 8 is a smooth curve drawn 

through the known curve and the reduced data points.

The final check of the consistancy of the data was made 
by comparing the present work with the previously measured 

cross section curves. There is nothing that prevents a 

significant portion of the measured 57 keV gammas from being 

produced as a nucleus cascades down from a higher excited 

state. This possibility was dismissed because the branching 
ratios for the higher excited states, as shown in Figure 2, 
indicate that only 6% of the nuclei in the 202 keV excited 

state will produce 57 keV gammas, while the branching ratios 
from higher states are generally smaller; The recorded 
spectrum shows that the number of 202 keV decays is 

significantly smaller than the number of 57 keV decays and 
the higher states are absent altogether ; Thus as an upper 
bound, the number of 57 keV gammas produced as a by product 
of excitations of the nucleus to a higher excited state

should produce no more than a 6% error ; Figure 9 shows the 
neutron interaction length derived from the cross section 

data, as given by VanLoef and Lind (9), along with the 

interaction lengths calculated in the present work;
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The important cross sections for the other major

methods of neutron detection are compared to the cross
1?7sections for the production of the 57 keV gamma ray by I

in Figure 10. One advantage of the Nal(Tl) crystal as a

fast neutron detector is the relativly large cross section
for the I(n,n') reaction. In addition, the density of ̂ ^^I
in a Nal(Tl) crystal is high enough that large total
efficiencies can be obtained. Another advantage is that the 
127 I reaction is not sensitive to slow neutrons. This can be 
an asset when a thermal neutron background, such as that 
produced by air scattering, is a problem.

As a result of this work the Nal(Tl) neutron detector
should be a usefull tool in the detection of neutrons. This

detection method presents real advantages when real time
neutron flux monitoring is desired or when a high

sensitivity fast neutron detector is needed; Most nuclear 

physics laboratories have several Nal(Tl) detectors, thus 
these detectors would make an inexpensive addition to their 
neutron detection capabilities.
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TABLE 1 
SAÎ3LE DATA AlTD RESULTS

No, of sample
decays ^

2,8 Mev 
run
7  1 0

14.8 MeV 
run

3

Ge(Li) detector ^  
efficiency t . S 0 3 Z . O H S  J 7o

Time of bombardment 4-
L y 3  S O D  S

Cooling Time J.
L w - Z O H O  S qc?5

Count time ^
3 ooo S Zoos

Detector area and ^ 
length

4.I f  7  cm* 

7 ,  > a om 6". / ( /w

Distance to sample ^ 2 .9  c->̂ 5,27

distance to detector p j 3.3 i 10  Cm

No, of 57 keV counts
l . m  V 10^’ G o C

.. j

sample cross section, 
half life, #  of atoms, ty, 
branching ratio, and Wr 
self absorption

S

. 3 f loarnS 
hours

7.II X
88% ffcafi'ni)

.4 terms
A . 9 rr\in 
1.5 3 
2-

% ̂  %  tfçcapi'ne Ï
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points to the published data •while the solid line 
represents the curve after renormalizing the data
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Figure 10
Neutron Cross Sections for Several Reactions Used in Neutron

Detection
The curves are measured cross sections (ll) for neutron 
detectors along with data from reference (9) (#) andLthe 
present work (©) on the ^^*^l(n,n*) reaction.
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APPENDIX A

DETECTION EFFICIENCY OF A DETECTOR NEAR A POINT SOURCE

Calculating the detector efficiency for a detector when 
the geometry is not the plane geometry used in defining the 
interaction length must be approached on a case by case 
basis, A common case is a cylindrical detector of radius Rd 

and length L which is located a distance p away from • a 

point particle source.

Rd

L

For the Nal(Tl) neutron
detector special circumstances
exist in that detection of a _

neutron does not lead to its 

removal from the neutron flux.

Therefore, assuming the crystal is 

thin with respect to the neutron
absorption length, the number of neutrons detected (Nd) in a 

length of crystal L is

Nd= A L ,

The flux from a point source at a distance r from the source 
is Np/47rr2 , where Np is the total number of neutrons 

produced; The r“^ dependence of the flux means some of the
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neutrons will escape from the sides of the crystal. The

number of neutrons detected by the crystal is equal to the 

integral of the flux passing through the plane a distance r
from the source times the length of the crystal traversed
by the particles or

/ n j

NO'LO' > da = \ Np I  Lv(v)•v-dv 4iy( r+y)̂ 2 J (r+y)
o

The length of the neutron's travel through the crystal 

Lp is a complex function of y; Simplification is obtained 
by dividing the crystal into two segments; The first 
segment is in the solid angle subtended by the back face of 
the crystal. In this segment

Lp= +y^ (1- 7 ^ )
As a result of the crystal being thin, the flux passing 
through the back face is still given by 1/r , The integral 

for the first segment is then;
Ndl= >«Np1-NPt f y <3y = Np-LTj7Vgd_\« I]

2- (y)+D J  V lf+ ty +y^ 2 L^ll/'+U " IJ
The length Ld for the rest of the crystal is :

Ld= --^ÿ+y^ (1-Rd/y)
Using the flux on the front face and noting that the minimum 
y for section 2 on the front face is

II _ Ad _y wv = /0-+L
thus the number of neutrons detected in section 2^Nd2^ is
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Nd2= %'Np I  (Rd-v) dv
2 J

y,

Adding the two pieces together gives a total number of 
detected neutrons to be

Nc) -

Rj(S, " sS i nk'
However if the radius of the detector is assumed to be small 
then this formula can be simplified to:
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APPENDIX B
DETERMINATION OF THE EFFICIENCY OF THE GE(LI) DETECTOR

The efficiency of the CSM Ge(Li) detector for 
the ^^^In isomeric transition gamma ray was determined 

using a^^^Ba gamma ray source. This source, calibrated 
by New England Nuclear, had an activity of 1,01 /uc±5%.

To get acceptable counting errors it was necessary 

to place the In sample close enough to the detector face 
so that it subtended a significant solid angle; However, 
the calibrated source, which consisted of a small amount 
of Ba in the center of a plastic disk, approximated a 
point source; Therefore, an averaging technique was used 
to measure the efficiency for the larger In sample.

The averaging was done by placing the calibrated 

source a predetermined distance from the face of the 
detector. Counts were taken with the source aligned with 
the center of the detector and at several points in the 

plane of the source. These counts were then compared 
with the known activity of the source to get the
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detector efficiency at each of the test points.

The Indium sample was octagonal in shape. Assuming 

that the octagon could be represented by a circle and the 
detection efficiency has a linear correction with the 
distance from the detector's center line, the detection 
efficiency the for the sample should be equal to the 
efficiency at two thirds the samples radius. The data 
from the six test points at this radius were averaged to 
give a total efficiency. This result was checked by 

averaging the efficiencies for the points at the center 
of each of the octagon's quarters, and was found to be 
identicle to the previous result of 1.33 %.
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