
. . .., 

.. 

HEDL-SA-2116 

c..o r-.J \= - cg<(:)t) 9 '-t ~ -

CONTINUOUS GAMMA-RAY SPECTROMETRY 

IN THE FAST TEST FACILITY 

Ray Gold 
BJ Kaiser 
FS Moore 
WL Bunch 
WN McElroy 
EM Sheen 

AMERICAN NUCLcA~ SOCIETY 
Topical Meeting on 1980 Advances in Reactor 

Physics and Shielding 

~ 14-17, 1980 
6>-f · 

Sun Valley, Idaho 

HANFORD ENGINEERING DEVELOPMENT LABO ATORY 
Operated by Westinghouse Hanford Company, a subsidiary of 
Westinghouse Electric Corporation, under the Department of 

E11~1KJ Contract o. DE-AC14-76HUZ1/U 
P.O. Box 1970, Richland, Washington 99352 

COPYRIGHT LICENSE NOTICE 
By Jttep!Jnte ol th is utitle, the Publisher and/ or recipient acknowledges the U.S. 
Government's ri&ht to retain a nonntl usive, royalty-free licenst in and to any topyri&ht 

ccverin& this paper. 

~ I 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



CONTINUOUS GAMMA-RAY SPECTROMETRY IN THE 
FAST FLUX TEST FACILITY (FFTF)t 

Raymond Goid, Bruce J. Kaiser, Frank S. Moore, Jr., 
Wilbur L. Bunch, William N. McElroy, and Edwin M. Sheen 

Westinghouse Hanford Company 
HEnfofCl Engineering Development Laboratory 

Richland, Washington 99352, U.S.A. 

ABSTRACT 

Gamma-ray continua have been measured at startup in the Fast Flux Test 
Facility (FFTF). A special FFTF insert, called the In-Reactor Thimble (IRT), 
provided an adequate environment for in-situ operation of the gannna spectro­
meter. The IRT replaced a fuel assembly near core· center (No. 2101) and 
measurements were conducted at three axial locations, namely midplane, the 
lower axial sh~eld, .and the upper axial reflector. Observations were 
carried out with Compton Recoil Gamma-Ray Spectrometry at the "state-of-the­
art." Advant~ge was thereby taken of the most recent advances, including 
extension of gamma-ray spectrometry up to roughly 7 MeV with the new in-situ 
Janus detector probe. On this basis, in-core gamma-ray continua results 
are presented for FFTF. 

INTRODUCTION 

In reactor environments, the radiation field is comprised of two princi­
pal components, neutrons and gamma-rays. The history of reactor development 
reveals an initial concern for the neutron component of the radiation field 
that was virtually overriding. Such an initial emphasis is, of course, 
completely understandable. After all, fission reactors are neutron chain 
multiplying assemblies and only~after a considerable amount of time were 
significant effects due to the ganuna-ray component in reactor design, shield­
ing, and safety actually recognized. Recognition of these effects has pro­
vide.cl the impetus for improved characterization of reactor gamma-ray.energy 
deposition and spectra. These general motivations have been summarized in 
a recent i~eview of gamma-ral energy deposition and spectra in Fast Breeder 
Rene tor ( F BR) ~nvit't)i.1n\ei' ts. 

twork performed under the auspices of the U. S. Department of.Energy (DOE). 



The fundamental entity underlying the description of the reactor gamma­
ray component is the absolute gamma-ray energy spectrum. Radiation effects 
arising from the ganuna-component are induced by the interaction of the 
absolute gamma-ray energy spectrum in the reactor environment. Consequently, 
accurate definition of this absolute spectrum is ·the goal of both theory and 
experiment. In light of these motivations, there now exist urgent and prag­
·matic needs' for reactor benchmark ganuna-ray spectrometry data. To this end, 
.. continuous gamma-ray spectrometry has been performed at startup in the Fast 
Flux Test Facility (FFTF). 

FFTF, a 400 Mw fast reactor located on the Hanford reservation has been 
built by the U. S. Department of Energy (DOE) for irradiation testing and 
development of FBR fuels and materials. FFTF will provide the mean~to 
develop and operationally test FBR components and to gain opera~ing experi­
ence for future FBR. Initial cr.i ticality was established on February 9, 
1980. 

-
IN-SITU ENVIRONMENT AND MEASUREMENT SEQUENCE 

Ganuna spectrometry was scheduled as part of a reactor characterization 
program for FFTF at startup, which consists of Very Low Power (VLP), Low 
Power (LP), and High Power (HP) irradiations. 2 In-core gamma-ray spectro­
metry was carried out at VLP in a.specially designed FFTF insert called the 
In-Reactor Thimble (IRT). The IRT insert replaced a central fuel assembly 
(No. 2201) in.the FFTF core for these VLP measurements and provided an 
adequate environment for the operation of spectrometry probes. In particu­
lar an ambient temperature of· about 10°C was maintained at .the interior of 
the IRT for these experiments, whereas the actual FFTF core temperature was 
approximately 200°C. 

Actually continuous gamma-ray spectrometry was the very first IRT 
experiment and was carried out during February 24-29, 1980. Measurements-. 
were conducted at midplane, in the lower axial shield 81 centimeters below 
midplane, and in the upper axial reflector 64 centimeters above midplane. 
At each location background measurements were performed .with the reactor 
completely shutdown, i.e., with all rods inserted. The choice of gamma 
spectrometry as the very first experiment in the IRT was based on the need 
to keep the background gannna intensity at the lowest possible level. This 
background intensity toge.ther with the finite response time of pulse 
processing instrumentation combine to create an effective limitation for 
in-core gamma-ray spectrometry. Even so, the plutonium fueled FFTF (core 
No. 1) produced a total backgrounq event rate of roughly l.3•104counts/sec 
at the midplane location. 

Following background observations at each location, measurements were 
sequentially carried out at two different (subcritical) power levels in 
ord~r to focus on complementary regions of the gamma spectrum. The ganuna­
ray energy region below roughly 4 MeV was emphasized in the lower power 
level irrndiat:l..on, whereas the-upper power level was used for the gamma-ray 
energy region above 4 MeV. Measurements were conducted for at least four 
hour durations at each power level so that some data could be obtained on 
the approach to equilibrium due to the buildup of fission product gamm~1s. 



EXPERIMENTAL SPECTROMETRY METHOD 

For these FFTF measurements, Compton Recoil Gamma-Ray Spectrometry was 
used. In ~uch ·reactor environments, gamma-ray spectra are continuous and 
the absolute magnitude as well as the general sh.ape of the gamma continuum 
are of paramount importance. Consequently, conventional methods of gamma­
ray detec~ion are not suitable for in-core gamma-ray spectrometry. To meet 
these specific needs, a·method of continuous gamma-ray spectrometry, namely 
Compton Recoil Gamma-Ray Spectrometry, was developed for in-situ observa·­
tions in reactor environments.3-5 In addition to applications in reactor 
science,6-9 it has been used to measure gamma continua which arise in such 
applied disciplines as shielding, dosimetry, 10 health physics,11 radio­
biology and enviroilll!..entai science .1 2 ' 13 The "state-of-the-art" of this 
method has been recently summarized with special emphasis on improvements 
for in-core reactor gamma-ray spectrometry.14,15 

In spite of these advances, Compton Recoil Gamma-Ray Spectrometry 
still possesses a number of important limitations. From the viewpoint of 
in-core reactor spectrometry, perhaps the mos.t fundamental restriction is 
the high energy limit available with this method. Electron escape from the 
finite sensitive volume of the detector creates this limitation. Solid­
state lithium-drifted silicon Si(Li) detectors a~e used for in-core gamma 
spectrometry. 'Since these detectors are .not very large, typically ~lcm3 in 
volume, higher energy electrons readily escape from (or enter· into) ·the· 
sensitive region. Obviously, the probability of electron .escape (or entry) 
increases with increasing electron .energy. 

Electrons which escape from (or enter into) these Si(Li) detectors. 
generally interact in the transition region between the sensitive and dead 
regions of the solid-state detector. Interactions in this .~emi~sensitive 
.region produce pulses of much slower rise-time. Hence using pulse rise-time 
measurements, one can detect such defective events. However, despite the 

·application of these pulse-shape techniques to detect electron escape (or 
entry), a 1 cm3 Si(Li) detector possesses an upper limit for accurate gamma 
spectrometry of only about 2 MeV or so. Since gamma~rays in reactor environ­
ments can be· far in excess of 2 MeV, extension of this high energy limita­
tion is essential. 

Work towards this end has gone forward.1 4 ,l5 As a result of these 
efforts, a new gamma-ray detection ~ystem has been developed which extends 
the applicability of Compton Recoil Gamma-Ray Spectrometry up to roughly 
7 }leV. This detection system is comprised of two separate Si (Li) detectors 
placed face-to-face, as shown in Figure L Hence this new· detection system 
is called the Janus probe. Also shown in Figure 1 is the block diagram of 
pulse processing instrumentation for the Janus probe. This new gamma probe 
not only extends the upper energy limit of in-core gamma-ray spectrometry, 
but in addition possesses the following fundamental advantages: 

~l) A .completely contained sensitive region for application.of puise-shape 
discrimination, as opposed to a single detector which normally 
possesses at least one non-contained face. 



(2) 

(3) 

(4) 

(5) 

Two 
(a) 
(b) 

complementary mod~s of operation (see Figure 1): 
The non-coincidence mode for low energy spectrometry (~4 MeV). 
The coincidence mode for high energy spectrometry (~4 MeV). · 

Improved discrimination against neutron induced events, since neutron 
interactions produce short range events which are excluded in the 
coincidence-mode operation. 

- I 
Improved high energy coincidence mode response for unfolding analyses. 

Improved pulse shape discrimination in the high energy-coincidence 
mode, through significant peaking of rise time spectra. 

The elementary response of the Janus probe to monoenergetic gamma-rays 
was determined principally with radioisotopic sources. However, to extend 
response function measurements to higher energy, monoenergetic sources were 
obtained using the 9Be(a,n)l 2c* and 19F(p,a) 16o• reactions at~ Van de 
Graaff acceleratqr. Table l .contains those monoenergetic gamma-ray 
sources used in the present response function measurements, listed in order 
o'f increasing gamma-ray energy·. Response observations were carried out as 
a function of the gamma-ray angle of incidence, e·, from normal incidence 
to .the Janus probe detector faces (0°) to backward incidence (180°), in: 
45°· intervals. 

TABLE I 

Gamma-Ray Calibration Sources 
... 

Photon Energy Cornpton_Edge 
Radioisoto12e (MeV) Energy {MeV) 

198Au 0.412 0.2543 
64cu o. 5110 0.3407 

l 37cs · 0.6616 0.4773 
65zn 1.115 0.9011 
s2v 1.434 1.217 
2BA1 1.780 1.551 
24.Na 2.754 2.520 

1.369 1.154 
rnca 4.4~9 4.197 
is0b 6'~130 5 .. 885 

aObtained from the ·9Be(a,n)l2c;* reaction. 

bObtained from the 19f(p,a)l6o* reaction. 

Janus probe signals are analyzed in a two parameter mod~ (see Figure 
l) to provide both the energy spectrum as well as the rise time spectrum 
(RTS). Figure 2 presents Janus probe RTS obtained i.n the non-coincidence 
and coincidence modes with monoenergetic gamma-rays from·24Na. 

,The increased peaking of tlie coincfdence mode·: RTS affords improved pulse 
shape dis.crimination against defe~tive events at higher electron energy. 



The sensitivity of these RTS observations enables one to measure the 
finite-size retention probability of recoil electrons in these Si(Li) 
detectors. The retention probability, P, of electrons in the finite 
sensitive volume of a detector depends on a number of variables. In 
general, P depends upon the gamma-ray energy t 0 ·, the recoil electron energy, 
E, and the angle of incidence of the gamma-ray e.. Hence the retention 
probability is generally denoted by P(Eo, E, 0). 

Heretofore RTS.measurements of such sensitivity could not be carried 
out, thus necessitating certain simplifying assumptions in the unfolding 
analysis of observed electron spectra.3-5 In particular, it was assumed 
that P was independent of both t 0 and e. With the ·present capabilities of 
observing RTS, one no longer need rely on such assumptions and more accll*ate 
data analysis can thereby be performed. On the other hand, these very 
capabilities permit investigation of the validity of these earlier assump­
tions. 

To illustrate the high electron energy respons~ of the Janus probe, 
Figure 3 displays the coincidence mode response due to 4.44 gamma-rays. 
The response in Figure 3 due to 4.44 MeV gamma-rays has been obtained using 
the 9Be(a,n)l2c* reaction together with an intense sourc~ of 54Mn-0.835 MeV 
gamma-rays to simulate the effect of low energy gammas, as would exist in a 
typical reactor environment. Comparisons carried out with and without this 
intense 54Mn sourc~ have established that low energy gamma-rays have com­
pletely negligible effect upon the high electron energy Janus response,. even 
for total event rates approaching 105 counts/sec. 

Electron energy response due to monoenergetic 6.13 MeV gamma-rays are 
presented in Figure 4 for both the coincidence and non-coincidence modes. 
In contra.st wit;_h .t_he non-coincidence response, the slowly varying nearly 
constant behavior of the coincidence mode provides a better "conditioned" 
response matrix for subsequent unfolding analyses. · 

. 
An interesting effect arises in the response of these Si(Li) detectors 

at higher energy, as illustrated in Figures 3 and 4. While the Compton 
interaction still dominates, a distinct double-escape peak ·f~om pair produc­
tion is clearly observable. For 4.44 MeV gamma-rays, the double-escape peak 
falls at approximately 3.4 MeV, whereas the Compton edge occurs at approxi­
mately 4.2 MeV. For 6.13 MeV gannna-rays, the double escape peak falls at 
approximately 5.2 MeV, whereas the Compton edge occurs at approximately 
5.9 MeV. Since pair-production. increases with increasing gamma-ray energy, 
this effect nJust obviously be accounted· for in high energy gamma-ray spec­
trometry. Otherwise spurious peaks cou.ld be introduced in the ganuna con­
tinuum through ,the unfolding analysis of the observed electron spectrum. 

SPECTROMETRY RESULTS 

On the b3sis of these· response_ function measurements, gamma._ray continua 
can be obtained from an unfolding analysis of obs_erved electron spectra. 
Work is now in progress toward the construction of a response matrix for the 
Janus. prob'I! on entirely empirical grounds. However, these efforts have not 
been completed to date. Consequently, to obtain preliminary FFTF gamma 
spectn1, data reduction and unfolding analysis was ~arried out with codes 
developed some time ago.16 



FFTF gamma-~ay spectra so obtained are presented together with the 
corresponding electron energy distributions in Figures 5, 6., and 7 for. mid­
plane, the lower axial shield, and the upper axial reflector, respectively. 
Since the codes utilized in these data reductions do not actually represent 
the Janus probe response and ~ffects such as pair production are not 
treated, experimental error cannot possibly be assigned. Hence the 
presented spectral data can on}y·be regarded as qualitative. 
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FIGURE 1. Cross Sectional View of Janus Detector Configuration and Block Diagram of 
.Pulse Processing Instrumentation. 
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FIGURE 2a. Rise Time Spectrum Taken With the JANUS Probe in the.Non-Coincidence Mode Utilizing 2.754 MeV 
Gamma-Rays. 



'."'! 

,, 
" 

II 

- - -· -- - - - - .. 

D 

D 

a a 

:1 

,. 
0 

a. 
"a a 

121 

FIGURE 2b. Rise Time Spectrum Taken With the JANUS Probe in the ~oincidence Mode U1~ilizing_-~.754_ MeV 
Gamma-Rays. 
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FIGURE 6a. Background SuJtracted Low Energy Electron Spectrum Obtained With the Janus 
Probe (Non-Coincidence Mode) at FFTF Lower Ax1al Shield in the Lower Power Level 
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