
DISCLAIMER 

- -- -- - - 

I 

.. 
b + * 

HEDL-SA-1782 FP 

HANFORD ENGINEERING DEVELOPMENT LABORATORY 
Operated by Westinghouse Hanford Company, a subsidiary of 
Westinghouse Elktric Corporation, under the Department of 

Energy Contnct Na DE-AC14-76FF02170 

COPVRIGHT LICENSE NOTICE 
utWam J U. ubk k ?.)ld* r(ra rn~pnl u L m h & m ~  k US 

t"6W.m l % n ~ C ~ ~ ~ l d n m . ~ h r c I r w w h r ( h r ( l ~  
anl-c1*. 

OlSWBrn OF THIS l@eBRIEm I8 u u m  
-- - 

REACTOR GAMMA SPECTROMETRY : STATUS 

MASTER 
Raymond Gold and Bruce J. Kaiser 

Westinghouse Hanford Company 
Hanford Engineering Development Laboratory 

Rich1 and, Washington 99352 

3rd ASTM-EURATOM International Symposi urn 
On Reactor Dosimetry 

October 1-5, 1979 
Ispra, I t a l y  



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. 



REACTOR GAMMA-RAY SPECTROMETRY: STATUS 

Raymond Gold and Bruce J. ~ a i s e r  

Westinghouse Hanford Company 
Hanford Engineering Development Laboratory 

Richland, Washington 99352 

I .  INTRODUCTION 

In reactor environments, the radiation f i e l d  i s  com- 
pri sed of two principal components, neutrons and gamma-rays. The 
history o f ' r eac to r  development reveals an i n i t i a l  concern f o r  the 
neutron component of the radiation f i e l d  tha t  was v i r tua l ly  overriding. 
Such an i n i t i a l  emphasis i s ,  of course, completely understandable. 
After a1 1 , f i s s ion  reactors a re  neutron chain mu1 tiplying assembl i e s  
and only a f t e r  a considerable amount of . t ime were s ignif icant  e f fec ts  
due to  the gamma-ray component i n  reactor design, shielding,and safety 
actually recognized. Recognition of these ' effec ts  has provided the 
impetus fo r  improved characterization of reactor gamma-ray energy 
deposition and'spectra.  These general motivations have been summar- 

' 

ized i n  a review paper presented a t  the second of t h i s  on-going se r i e s  
of ASTM-EURATOM international symposia .l 

In contrast  w i t h  these general motivations, more special i zed 
needs often a r i s e  fo r  reactor ganana-ray spectral data. For example, 
there ex i s t s  the specif ic  needs of radiation daniage spec ia l i s t s  using 
h i g h  power radiation t e s t  f a c i l i t i e s  to  t e s t ,  develop, and improve 
reactor fue ls  and materials. For these special ists, the temperature 
of a given radiation damage experiment is a crucial] variable. Such 
radiation damage experiments can neither be properly designed nor 
analyzed without an adequate knowledge of the temperature history of 
the i r radiat ion.  The temperature history can ul timately depend, i n  
t u r n ,  upon the reactor gamma-ray component, since the source of 
reactor heat generation can principal l y  a r i s e  through gamna-ray inter-  
actions. 

The most fundamental quantity underlying the description of the 
reactor gannna-ray component is the absolute gamma-ray energy spectrum. 



Radiat ion e f f e c t s  a r i s i n g  from the gamrna-component are  induced by the  
i n te rac t i on  of the absolute gamma-ray energy spectrum i n  the reac to r  
environment. Consequently, accurate d e f i n i t i o n  o f  t h i s  absolute 
spectrum i s  the goal of both theory and experiment. I n  l i g h t  of 
these mot ivat ions the re  now e x i s t  urgent and pragmatic needs 
for  reac to r  benchmark gamma-ray spectrometry data. To t h i s  end, 
requirements have been defined for. in-core gamma-ray spectrometry i n  
U. S. L i g h t  Water Reactor (LWR) and Breeder Reactor (BR) programs. 

I n  reac to r  environments, gamma-ray spectra are continuous and 
the absolute magnitude as we l l  as the  general shape o f  the gamma 
continuum'are o f  paramount importance. Consequently, conventional 
methods o f  gamma-ray de tec t ion  are  no t  su i t ab le  f o r  in -core gamma- 
ray spectrometry. To meet these spec i f i c  needs, a method o f  cont in-  
uous gamma-ray spectrometry, namely Compton Recoi l  Gamma-Ray Spectro- 
metry, was developed f o r  i n - s i t u  observations i n  reac to r  environ- 
m e n t ~ . ~ - ' +  I n  add i t i on  t o  app l i ca t ions  i n  reac to r  s c i e n ~ e , ~ ' ~  i t  has 
been used t o  measure gamma continuua which a r i s e  i n  such appl ied 
d i sc i p l i nes  as shie ld ing,  dosimetry,g hea l th  physics,1° r ad iob io l  i g y  
and environmental science. *12 A b r i e f  summary o f  these e a r l  i e r  
e f for ts  can be found i n  the aforementioned review. 

Our purpose here i s  t o  present cu r ren t  work w i t h  Compton Recoi l  
Gamma-Ray Spectrometry i nc l ud ing  developments i n  experimental tech- 
nique as we l l  as recent reac to r  spectrometry measurements. The 
cur rent  s ta tus  o f  the method i s  described i n  the  next  two sections, 
which deal w i t h  gamma spe.ctrometry probe design and response charac- 
t e r i s t i c s ,  respect ively.  I n  the  remaining two sections, emphasis i s  
given t o  gamma spectrometry work i n  U. S. LWR and BR programs. Gamma 
spectrometry i n  BR environments are  ou t l i ned  by focussing on s t a r t -  
up plans f o r  the Fast Test Reactor (FTR). l3 I n  the l a s t  sect ion,  gamma 
spectrometry r e s u l t s ' a r e  presented f o r  a LWR pressure vessel mockup 
i n  the Poolside C r i t i c a l  Assembly (PCA) a t  Oak Ridge Nat ional  
Laboratory (ORNL) . '+ 

11. SPECTROMETER DESIGN 

The basic elements t h a t  comprise the gamma probe are displayed 
i n  Figure 1. D i f fe ren t  l i t h i u m  d r i f t e d  s i l i c o n  s o l i d  s t a te  detectors  
( S i ( L i ) )  can be housed i n  the same vacuum chamber w i t h  l i t t l e  o r  no 

. - .  change i n  mounting hardware. Three conf igurat ions have been used t o  
date: a 1 cm3 planar detector ,  a 2 cm3 planar detector ,  and a 12 
aa3 coaxial  detector .  

A sumary s ta tus of the cur ren t  spectrometer design i s  g iven 
be1 ow. 

( 1  The i nc l us i on  o f  a m in ia tu r i zed  vac-.ion pump (0.1 l / s ) ,  which i s  
capable o f  main ta in ing a probe pressure o f  1 0 ' ~  t o r r  a t  Q 4 3 O C  
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FIGURE 1. Detector Probe for Conti nuous Compton Recoil Gamna-Ray 
Spectrometry. 

ambient, offers three improvements: 

(a) increased thermal insulation due t a reduction i n  vacuum S chamber pressure by a factor of 10 or more; 
(b) reduced overall probe size; 
(c) extended probe flexi b i  1 i ty. 

(2 )  A smaller more efficient Pel t i e r  junction thennoelectric cooler 
(TEC) i s  used, which increases cooling capacisy, reduces the heat 
load, and i s  capable of cooling the sensor and FET first i n p u t  
stage t o  50°C below the aluminum heat dissapator temperature. 

(3) A slotted aluminum radiator, which acts as a heat dissapator, 
can maintain the hot side of the TEC a t  20°C i n  small reactor 
access ports of up to 40°C ambient. I f  necessary this slotted 
aluminum radiator can be cooled by forced gas flow. 

(4) The net result of ( I ) ,  (2), and (3) acting i n  consort is improved 
probe temperature stabi 1 i ty; thus el iminating temperature depen- 
dent effects for most in-core gama-ray spectrometry. 

(5) The preamplifier, which is a slightly modified and extensively 
reconfigured version o f  the ORTEC 142A design possesses near 
ideal characteristics for Compton Recoi 1 Gamna-Ray Spectrometry 
w i t h  a r i se  time adjusted to  50 nsec and a combtned preamp plus 
cooled sensor noise level of 50 pV (RMS) . As a consequence, 
electron energy resolution o f  approximately 5 keV (RJHM) a t  
0.661 me\ (1 3 7 ~ s  photo-peak energy) has been achieved. 

(6) Overall pulse processing i nstrwnentation has significantly 
evolved over earlier electronic circuitry, see Ffgure 2. 
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FIGURE"~. instrumentation   lock Diagram f o r  Compton Recoi l  Gamna-Ray 

Spectrometry. 1 

( 7 )  The ne t  r e s u l t  o f  (5)  and (6 )  ac t i ng  i n  consort produces: 

(a)  exce l len t  r i s e  t ime reso lu t ion,  see Figure 3; . 

(b) aside from noise broadening, r i s e  t ime observations which 
are essent i  a1 l y  independent o f  pul  se-hei ght  (energy) ; 

(c )  the c a p a b i l i t y  o f  accurate ly  measuring S i  ( L i  ) detector  sen- 
s i  t i v e  volume (see sec t ion  I 1 1  below); 

(d) accurate charac te r i za t ion  o f  ove ra l l  energy - angular response. 

111. RESPONSE CHARACTERISTICS 

For absolute measurements, the extent  o f  the sens i t i ve  reg ion o f  
the S i  ( L i  ) detectors used n Colnpton Recoi 1  Gamma-Ray Spectrometry 
i s  o f  c r i t i c a l  importance.4 The c a p a b i l i t i e s  o f  the cu r ren t  spec- 
trometry system now peml i t  q u a n t i t a t i v e  measurement o f  t h i s  sens i t i ve  
volume by reso lv ing  d i f ferences i n  pulse r i s e  tinie between the sens- 
i t i v e  and semi-sensi t i v e  regions. To date the.pl.anar 1  and 2 cc 
S i  ( L i )  de ectors  have been inves t iga ted  by stepping a  0.060" diameter 
beam o f  ~ ~ F l n  gamma-rays across t h e l r  surfaces. 



FIGURE 3. Typical Rise Time Spectra Used fo r  Defining the Sensitive 
Volume of a 2 cc Planar Si (Li) Detector. The Electron 
Energy Window Chosen For the Collimated Beam of 5 4 ~ n  
Gamma Rays Was 0.64 t o  0.32 MeV. ( a ) ,  (b),  and (c) a re  
the 0.00, 0.0511, and 0.10" Side Traverse Spectra, Respec- 
t ively.  The 0.00" Position Corresponds t o  the Edge of 
the Detector. The Total Integrated Counts fo r  Each Step 
Was 20000. 

Typical response r i s e  time spectra (RTS) f o r  a 2 cc detector a re  
displayed i n  Figure 3. Note the shift from predominantly slow t o  
f a s t  r i s e  time events as one steps away from the detector face down 
i ts  side. The (c)  type spectrum i s  observed as  the traverse contin- 
ues u n t i l  the l a s t  two .050N steps,  where the (b )  and (a) type spectra 
a re  repeated, respectively: Traverses across the face and back of 
the detector follow the same general pattern. Thus ,  the two impor- 
tan t  regions of the detector are  dimensionally defined: the semi- 
sensitive outer shell  with: i t s  slower r i s e  time pulses (due t o  
trapping and E-field reduction which are  a resul t -  of under o r  over 
compensation of 1 a t t i c e  impurities) and the sens i t ive  volume with 
i t s  f a s t e r  r i s ing  pul ses. 

Of perhaps greater  significance i s  the f a c t  tha t  the sens i t iv i ty  
of these RTS observations enables one t o  measure the f in i t e - s i ze  
retention probability of recoil electrons i n  these Si (Li) detectors.  
The retention probability, P ,  of electrons in  the fin! te  sensi t ive 
volume of a detector depends on a number of variables. In general, 
P depends upon the gamma-ray energy Eo, the recoil electron energy, 



E ,  and the angle of incidence of the ganuna-ray 8. Hence the reten- 
tion probability i s  generally denoted by P(GO, E,  8) .  

Heretofore RTS measurements of such sens i t iv i ty  could not be 
carried out, thus necessitating cer ta in  simplifying ssumptions 1.n 
the unfolding analysis of observed electron spectra.$-4 In particu- 
l a r ,  i t  was assumed tha t  P was independent of both €0 and 8. W i t h  
the present capabil i t ies  of observing RTS, one no longer need re ly  
ow such assumptions and more accurate data analysis can thereby be 
performed. On the other hand, these very capabi l i t ies  permit inves- 
t iga t i  on of the val idi  ty  of these ear l  i e r  assunptions. 

Response measurements are  carr ied out with a point source of 
gamma-rays, which i s  rotated about the  detector from the face (0" 
incidence) t o  the back (180" incidence) in 45" steps. Rise time and 
energy data a re  accumulated a t  each position i n  a two-parameter, 
64 x 64 channel, mode. Fiqure 3 di s lays a typical response RTS. 7 The retention probability P ( € o ,  E ,  0 
i s  obtained by, f i r s t ,  f i t t i n g  the f a s t e r  r i s e  time peak w i t h  a 
Gaussian dis tr ibut ion.  Then the area under this Gaussian dis tr ibut ion 
i s  divided by the to ta l  number of counts i n  the RTS t o  obtain 
P(Eo,  E ,  8) .  Calculations are  performed f o r  a1 1,  electron energy bins, 
Ei, a t  each angle of incidence. 

Table 1 ,presents the resul t s  of such response determinations of 
P(ES, E ,  0) fo r  the 1 cc planar ~ i ( L i )  detector u s i n g  a p o i n t  source 
of 4Mn (Go = 0.835 MeV). T h i s  t ab le  reveals tha t  the retention 
probabil i ty  i s  a very slowly varying function of 8. Similar response 
measurements w i t h  point sources of d i f ferent  gamma-ray energy also. 
reveal tha t  P is  a slowly varying function of €0. Such measurements 
show, in f a c t ,  t ha t  P i s  independent of €0 w i t h i n  t he  present l imi t s  
of experimental uncertainty. 

,Consequently, these preliminary data demonstrate tha t  t o  a good 
approximation P(Eo, E ,  81 reduces t o  P(E), i .e., the retention prob- 
ab i l i ty  depends only upon recoil electron energy. T h i s  result sup- . 
ports the assumptions invoked i n  ear l  i e r  work, which were based upon 
a Markovian formulation of the retention probability. In such a 
Markovian approximation, the probability of electron escape from the 
f i n i t e  sensi t ive volume of the detector depends solely upon the  recoi l .  
electron energy E and i s  independent of the mode (€0, 8) which pro- 
duced the recoil electron. 

IV. GAMMA SPECTROMETRY PLANS FOR THE FTR 

A reactor characterization program (RCP) has been planned and 
scheduled fo r  the Fast Test Reactor (F'TR) a t  startup, which consists 
of Very Low Power .(VLP) , Low Power ( L P ) ,  and High Power (HP) i r radi -  
ations. In-core gamma-ray spectrometry will be carried out a t  VLP 



Table 1 

FINITE SIZE RETENTION PROBABILITY 
P.(Eo, E, 8) fo r  Eo = 0.835 MeV ( 3 4 ~ n )  

I 

-t ENERGY ANGLE OF INCIDENCE AVERAGE OVER 
MeV 0"  45 " 90 " 135" 165" ALL ANGLES 

i n  a spec ia l l y  designed FTR i n s e r t  ca l l ed  t he  In-Reactor Thimble 
(IRT). The IRT i n s e r t  replaces a c e n t r a l l y  located f u e l  assembly 
(No. 2201) i n  the  FTR core f o r  VLP measurements and provides an ade- 
quate environment f o r  the operat ion o f  t he  in-core f i s s i o n  chamber, 
i on i za t i on  chambers, and spectrometry p.robes. 

Ac tua l l y  in-core continuous gamma-ray spectrometry i s  planned as 
the very f i r s t  experiment t o  be conducted i n  the IRT. As such, i t  
w i l l  be ca r r i ed  out  concurrent ly w i t h  f u e l  load ing i n  the t h i r d  tri- 
sector o f  FTR. Ax ia l  locat ions a t  mid-pl ane and i n  the  lower a x i a l  
r e f l ec to r ,  about 80 cm below mid-plane, have been assigned f o r  these 
measurements. 

Two S i  (L i )  detectors, the p lanar  2 cm3 and the coaxial  12 c m 3 ~  
w i l l  be used i n  the IRT. Background ra tes  f o r  these experiments a re  
expected t o  be very high. Estimated background ra tes  a t  mid-plane 
w i t h  a l l  rods i n  ( k e f f  = 0.90) a re  roughly 5 x 103 and 105 count/s 
f o r  the smal ler  and l a r g e r  detector ,  respective!y.- These h igh  back- 
ground count ra tes  stem f r o m  the spontaneous f i s s i o n  r a t e  o f  FTR core 
1 fue l ,  which i s  22 weight percent plutonium. 

Total VLP gamma count rates, w i t h  rods adjusted f o r  keff = 0.95 
t o  0.98, w i l l  be roughly 2 t o  5 times higher.  Even f o r  these very 
h igh rates, i t  may s t i l l  be po s i b l e  t o  c o l l e c t  data i n  a two-param- 5 e t e r  mode f o r  the smaller 2 cm planar detector .  However, data 
co l l ec t i on  fo r  the l a rge r  12 un3 coax ia l  detector  w i l l  probably be 
r e s t r i c t e d  t o  the one-parameter mode. I n  t h i s  manner, spect ra l  
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sensi t ivi ty will  .be extended up  to  roughly 4 MeV and perhaps higher. 

V .  GAMMA SPECTROMETRY IN LWR ENVIRONMENTS 

Gamna continuua were observed i n  the low power pressure vessel 
(PV) mockup a t  the PCA. T h i s  mockup represents a controlled i rradia-  
t ion f i e l d  s e t  u p  a t  the ORNL t o  study and quantify the complex radi- 
ation f i e l d  which a r i ses  i n  LWR-PV environments. Measurement of 
continuous gamma spectra i s  of particul a r  in t e res t  in the LWR-PV 
Irradiation Surveillance Dosimetry Program. There i s  need for  im- 
proved gamma heating data t o  aid i n  the design of high power LWR-PV 
i r radiat ion experiments. In addition, f i ssion thresh01 d dosimeters 
used i n  LWR-PV environs can possess non-negligible contributions 
induced by photo-fission. Consequently, these photo-fission contri-  
butions must be more accurately assessed. 916 

Gamma measurements were res t r ic ted  t o  the in te r io r  of the PV 
block i n  : this work. Observations were carr ied out a t  midplane in 
the T/4, T/2, and 3T/4 locations* using a 12/13 configuration ( i  . e . ,  
water gaps of 12 and 13 cm fo r  the distances between the core face 
and thermal shield and between the thermal shield and PV face, respec- 
t ively) .  A t  each location foreground data was collected with the 
reactor a t  a power level of a few watts and background data was 
collected with the reactor shutdown. As a representative case, the 
foreground and background electron spectra observed a t  the T/4 loca- 
tion w i t h  a 2 cm3 planar Si(Li)  detector a re  presented in Figure 4. 
The corresponding unfolded gamma spectra a re  displayed i n  Figure 5. 
These r e su l t s  can only be regarded as  preliminary because analyses 
fo r  both f in i t e - s i ze  ef fec ts  and experimental e r ror  have not as  ye t  
been ~erformed. 

TSB NO POWER ELECTRON SPECTRUM 

FIGURE 6. BocLglwnd f h c h 0 n  S p w w v m  

 h he ~ 1 4 ,  T/2 and 3T/4 designations r ep resen t  distances from the 
front face of a PV block whose to ta l  thickness i s  T. ' 
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FIGURE 9. Fasgrwnd Gomm Roy Spectrum 
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