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ABSTRACT 

A group of materials and electrical components was exposed to an inte­
grated fast-neutron exposure of about 1 x I0l9 n/cm^ while in an environment of 
high vacuum (<10'^ torr) and high temperature (600 to 1100 F) to obtain radiation-
effects data for the Atomics International SNAP program. Four separate experi­
ments were conducted; 34 specimens were exposed in the first, 6 specimens in 
the second, 48 specimens in the third, and 32 specimens in the fourth. Detailed 
measurements of the nuclear environment were made to aid in the study of radia­
tion damage of the specimens. Significant specimen parameters of the electrical 
components were measured during the irradiation. These data were transmitted 
to Atomics International for use in SNAP program systems development. 

I N T R O D U C T I O N 

Under the auspices of Atomics In ternat ional , Division of North Amer ican Aviation, 
Inc. , Bat tel le is conducting a s e r i e s of rad ia t ion-damage exper iments at the Battel le 
R e s e a r c h Reac to r . P a r t of the p r o g r a m cons is t s of the i r rad ia t ion of e lec t ronic com­
ponents , i n s t r u m e n t s , and m a t e r i a l s under conditions as follows: 

T e m p e r a t u r e - 600 to 1100 F 

In tegra ted fa s t -neu t ron exposure - in the 1 x 10^9 n / c m ^ range 

Vacuum level - in the 1 x 10~^ t o r r range . 

The four exper iments which a r e desc r ibed in this r epo r t consti tute pa r t of this 
programi. These exper iments a r e designated as HF (high-flux) - 1 , - 2 , - 3 , and -4 . 
Another pa r t of the p r o g r a m cons is t s of in -vacuum i r rad ia t ions at approximate ly 150 F 
to a total in tegra ted fas t -neu t ron exposure of approximately 1 x 10^6 n / c m ^ . Expe r i ­
ments of this kind have been desc r ibed in a recen t r epor t designated BMI-X-290. 

In gene ra l , each of the four exper iments consis ted of the following phases : 
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(1) Selection by Atomics Internat ional of components to be i r r ad i a t ed 
in each exper iment and the exper imenta l conditions 

(2) Reac tor mapping to de te rmine flux dis t r ibut ion and gamma expo­
s u r e r a t e s 

(3) Expe r imen t design 

(4) Expe r imen t a s s e m b l y and ins ta l la t ion at the r eac to r using one of 
the h igh-vacuum faci l i t ies avai lable t h e r e 

(5) Conduct of exper iment , including continuous t e m p e r a t u r e monitor ing 
of al l specinnens and per iodic monitor ing of the pe r fo rmance of some 
to a s c e r t a i n damage th resho lds and degradat ion r a t e s as these t h r e s ­
holds were exceeded 

(6) P o s t i r r a d i a t i o n evaluation of exper iment dos imet ry . 

This r e p o r t covers the design, va r ious operat ing p r o c e d u r e s , and spec imen 
radia t ion levels for the four expe r imen t s . E m p h a s i s is placed on the las t inasmuch as 
a significant effort was devoted to dos ime t ry in o rde r to p rocu re the accu ra t e and de­
tai led information r equ i r ed for in te rpre t ing rad ia t ion-damage effects. The component 
pe r fo rmance data that were obtained a r e not p re sen ted in this r e p o r t . These were 
forwarded to Atomics Internat ional for use in the i r sys t ems-deve lopment t a sks for the 
SNAP p r o g r a m . 

While mos t of the i r r ad i a t ed samples were d i sca rded , a few were subjected to 
pos t i r r ad ia t ion examinat ions a t the Bat te l le Hot Cell Fac i l i ty . The information was 
re layed to Atomics Internat ional as it was accumulated . 

IRRADIATION SYSTEM 

Fac i l i ty at Reac tor 

F i g u r e 1 i l lu s t r a t e s the BRR vacuum facil i ty which was adapted to the r e q u i r e ­
ments of the four i r r ad ia t ion expe r imen t s . The modified facility consis ted of a tes t 
sect ion (8-in. a luminum pipe), a t ee - sec t ion , a spec imen- lead housing (4- in. p ipe) , an 
ioniza t ion-gage- lead housing (2-1 /2 in. pipe) , a vacuum line to the r e a c t o r pool surface 
(6-in. pipe) , and a pumping unit with a 6-in. l iquid-ni t rogen cold t r a p , a 6- in. oil dif­
fusion pump, and a roughing pump. The s y s t e m vacuum was sensed by two ionization 
gages located in the vacuum line jus t u p s t r e a m f rom the t ee - sec t ion and by a gage 
located jus t downs t ream f rom the diffusion pump. 

The en t i r e facil i ty was mounted f rom the ins t rument b r idge , which could be 
moved back and forth between the back pool and the i r r ad ia t ion zone at the front face of 
the r eac to r c o r e . F igu re 2 shows this location. In addition to the hor izonta l move­
ment , the f ramework on which the facil i ty was mounted could be moved ve r t i ca l ly in 
o rder to faci l i ta te the inse r t ion and remova l of tes t subassembl ie s and the maneuver ing 
of a t e s t sect ion into the co re posi t ion. 
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The piping a r r a n g e m e n t allowed a spec imen subassembly to be inser ted through 
the upper side of the t e e - sec t i on . The top - sea l plate se rved as the point of exit of 
thermocouple and spec imen leads f rom the vacuums chamber and also as a support f rom 
which to suspend the spec imen a s sembly . The leads were brought through 9-pin g l a s s -
t o - m e t a l s e a l s , each vacuum sea led to the p la te by a sma l l e l a s tomer O-r ing held down 
by a th readed bushing. A l a r g e e l a s tomer O-r ing was uti l ized to form the vacuum 
c losu re at the wa te r - exposed mat ing flange su r f aces . 

The spec imen leads were brought to an a r e a where the t e m p e r a t u r e - r e c o r d i n g 
ins t rumenta t ion was located. 

In addition to the bas ic i r r ad ia t ion faci l i ty , s eve ra l a c c e s s o r y sys tems were 
provided. These included 

(1) A ci rcula t ing water s y s t e m for spec imen cooling 

(2) A hea t -con t ro l s y s t e m with th ree s e p a r a t e s a tu rab l e -
c o r e - r e a c t o r power supplies 

(3) T e m p e r a t u r e - r e c o r d i n g ins t rumenta t ion with a capacity 
of 30 the rmocoup les . 

Specimen Assembl i e s 

The four exper iments covered in this r e p o r t were s imi l a r with r ega rd to t h e r m o -
couplery , auxi l ia ry heat ing, e tc . The following surrunarizes briefly this aspect of thei r 
design, 

(1) Each spec imen was provided with at l eas t one b a r e - w i r e Chromel-Alumel 
thermocouple for in-p i le t e m p e r a t u r e monitoring. In mos t c a s e s , the 
thermocouples were fastened by spot welding or clamping to exposed 
spec imen su r f aces . In a few in s t ances , the spec imen ma te r i a l precluded 
this and it was n e c e s s a r y to posit ion a thermocouple junction by inser t ing 
it into a smal l blind hole dr i l led into the t e s t body. The specim.ens in 
the H F - 2 exper iment and s eve ra l in the HF-4 exper iment were de l ivered 
to Battel le with shor t Chromel -Alumel thermocouples a l ready incor ­
pora ted into them. The a t tachment of thermocouples to these was 
m e r e l y a m a t t e r of spot welding the in tegral thermocouples to Chrome l -
Alumel lead-out p a i r s . 

Between the spec imen zone and the top sea l p la te , the thermocouples 
were pro tec ted with porce la in or 60 per cent AI2O3 tubing for insulation. 

(2) With the exception of the leads for the t e m p e r a t u r e sensor in Expe r i ­
ment H F - 4 , all spec imen monitor ing leads were ba re 0. 045-in. -
d i amete r nickel wi re insulated with c e r a m i c tubing. The t empe ra tu r e 
s enso r was provided with plat inum leads . 

(3) The H F - 1 , - 3 , and -4 a s semb l i e s w e r e each provided with one or m o r e 
se t s of c i rcu i t s (dummy leads) not connected to any component. These 



were ut i l ized to obtain ce r t a in co r r ec t i on fac tors for the in t e r ­
p re ta t ion of the var ious spec imen-pe r fo rmance moni tor ings . 

(4) Each spec imen a s sembly (except HF-2) included seve ra l inde­
pendently control led sheathed auxi l ia ry hea t e r s with a total 
capaci ty of f rom 5 to 9 kw. The h e a t e r s w e r e posit ioned b e ­
tween the spec imen a r r a y and the r eac to r -wa t e r - con t ac t i ng 
containment chamber . During the exposure , these h e a t e r s had 
the capabil i ty of regulat ing spec imen t e m p e r a t u r e levels by 
act ing, in e s s e n c e , as v a r i a b l e - t e m p e r a t u r e t h e r m a l - r a d i a t i o n 
baffles. Another hea te r function was that of maintaining the 
spec imen t e m p e r a t u r e s during r eac to r - shu tdown pe r iods . This 
shutdown-per iod maintenance of t e m p e r a t u r e was routinely a c ­
complished un less prec luded by the necess i ty for equipment 
main tenance . 

(5) Each a s s e m b l y included a l a rge number of n ickel , i ron , and 
a luminum-coba l t dos imete r wi res for pos t i r r ad ia t ion de t e rmina ­
tions of in tegra ted f luxes. These wi res were a t tached d i rec t ly 
to specinnens or were enclosed in c e r a m i c tubes and d i spe r sed 
around the spec imen a s semb ly in a un i fo rm-geomet ry pa t te rn . 

Owing to a va r i e ty of hea t - t r ans f e r cons ide ra t ions , the p lacement of spec imens to 
form an a s semb ly va r i ed cons iderably among the expe r imen t s . 

H F - 1 Assembly 

F i g u r e 3 p r e s e n t s a view of the H F - 1 spec imen a s semb ly without the surrounding 
hea ter coils in p lace . The assennbly included 34 spec imens as follows: 

15 Inconel-X shee t - type tens i le samples joined by n i cke l - ch romium 
and s i l v e r - c o p p e r - i n d i u m alloy b raze 

3 Inconel X tens i le b a r s 

14 spools of two dis t inct ly different geomet r i e s (each spool having 
two copper wi re coils insulated with an inorganic oxide; Type 304 
s ta in less s tee l core) 

2 Alnico VI magnet a s s e m b l i e s . 

The basic specif icat ions for the H F - 1 exper iment included a spec imen t e m p e r a ­
tu re leve l of 800 F during i r r ad ia t ion . The h e a t - t r a n s f e r aspec t s w e r e compl ica ted by 
the fact that the spec imens were quite m a s s i v e , we re to be gamma heated in the vacuum 
environment . The only avai lable means of g a m m a - h e a t diss ipat ion was by t h e r m a l 
radia t ion or by conduction through a path a t tached re l iab ly to a heat sink. It was a p ­
pa ren t that the m o r e m a s s i v e spec imens would definitely r equ i r e the l a t t e r s ince , under 
even the mos t opt imis t ic c i r c u m s t a n c e s , t h e r m a l radia t ion would be inadequate to d i s s i ­
pate the gamma heat . 
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Figure 4 illustrates the heat-transfer design finally selected for the spool units. 
A similar configuration was used for the magnets. With the reference gamma heating 
rate of 0. 2 w/g, thermal radiation was inadequate and therefore a metallic rod was 
attached to each end of the specimen. The rods were coupled to a water circulation 
line to provide a conduction-heat-flow path to a heat sink. The water circuit was con­
nected to an out-of-pile pumping and heat-exchange system. The cross section and 
length of the rod were utilized as the heat-transfer variables, being established by cal­
culation and verified by analyses on a resistance-network analog. 

Note that provision was made in this design for auxiliary heat input directly into 
the source-to-sink heat-conduction rods. One of the five auxiliary heaters employed in 
the experinaent was thus coupled to each of the 14 spools in series fashion. Another 
heater was wound to serve the two magnet units similarly; in this case, care was taken 
to achieve noninductive windings. The other three heaters were coiled in a top-zone, 
naiddle-zone, bottom-zone orientation around the assembled unit. 

In the case of the braze samples and the tensile samples, the heat-dissipation 
problem was less complex. The braze samples were amenable to gamma-heat dissipa­
tion by thermal radiation alone. The tensile bars required a small amount of water-
coil cooling to augment thermal radiation. 

HF-2 Assembly 

A view of the HF-2 specimen assembly is shown in Figure 5. It included six 
Nichrome s t r ips , 8 in. long by 3/16 in. wide by 10 mils thick, coated on the central 
6-in. with various emittance coatings, primari ly inorganic oxides. The purpose of the 
experiment was to determine the stability of the various coatings under irradiation. 
This was accomplished by measuring precisely the power required to naaintain each 
strip at 600 F , the temperature level of interest , and interpreting changes in this power 
level as indicative of changes in emittance characterist ic. To implement this, care 
was taken in the design of the strips and the assembly to insure that radiation heat 
transfer would be virtually the only mode of heat dissipation from the s tr ips . 

The specinaen strips were mounted on a framework and electronically isolated 
from it by porcelain insulators. Springs were used to maintain the specimen alignment 
by tensioning the strips through the various heating and cooling cycles during the ex­
periment. Five thermocouples (5-mil-diameter elenaents) were attached to one face of 
each specimen and uniformly spaced vertically on the coated section. Power leads were 
attached to each end of the s tr ips . These power leads were fed through single-pin, 
high-current-rating, glass-to-metal seals . This was the only departure from the 9-pin 
feedthroughs used for the thermocouple leads in this experiment and for all leads of the 
other three experiments. 

To obtain a heat absorbing surface with a highly stable emittance characterist ic, 
a special 6-in, -diameter containm.ent cham.ber with the interior coated with flame-
sprayed Cr203 was employed. Ten thermocouples were attached to the inner wall of 
the chamber prior to the coating-application process to permit precise sink-tempera­
ture monitoring. 
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H F - 3 Assembly 

F i g u r e 6 shows the H F - 3 specim.en assenably without the auxil iary hea te r s in 
p lace . The exper iment included 48 specim.ens as follows; 

15 t ens i l e b a r s ( t i tanium, molybdenum, Inconel, H - 1 1 , and Rene 41) 

17 fr ic t ion samples (carbon, T iC , Mykroy, Micace ram, Stellite 6B, 
a lumina , and a sample with an AI2O3 coating) 

6 be ry l l ium buttons coated with inorganic oxides (for evaluation of 
radia t ion- induced damage to emit t ing sur faces) 

3 t ens i l e b r aze samples s imi l a r to those in HF-1 

2 s ix -p in unmated connector halves 

1 n ine teen-pin mated connector 

4 two-wi re cable coils (g lass - insu la ted , s ta in less s t ee l - c l ad copper 
w i r e with s t a in less s tee l b ra id cover ) . 

The H F - 3 exper iment had a spec imen t e m p e r a t u r e specification of 1000 F . Most 
of the spec imens were of re la t ive ly low m a s s and, consequently, the hea t -d iss ipa t ion 
p rob l em was cons iderably l e s s s e v e r e than in the case of the H F - 1 exper iment . Fo r 
example , it was not n e c e s s a r y to ut i l ize re la t ive ly conaplex direct-conduct ion paths 
between individual spec imens and a wa te r - coo led sink. Ra the r , the spec imens were 
mounted on, or suspended adjacent to , panels which formed a hexagonal enc losure 
( 6 - I / I 6 in. a c r o s s flats and 14 in. long). Thus , the means of spec imen- to -pane l heat 
flow by conduction and a l so by t he rma l radia t ion was provided. Heat diss ipat ion f rom 
the panels to the r e a c t o r - w a t e r - c o n t a c t i n g enc losures was by t h e r m a l radiat ion. The 
panels were 0, 050-in, - th ick nickel p la tes with g r i t -b las ted sur faces which yielded a 
high effective e in iss iv i ty . 

The only spec imens which appeared to have a marg ina l ganama-heat diss ipat ion 
capabil i ty with this h e a t - t r a n s f e r s cheme w e r e the Stellite 6B fr ict ion s amp le s and the 
l a rge mated connector . As a precaut ion , these par t i cu la r samples were located so that 
they could "view" d i rec t ly the wate r -con tac t ing containment wall . This was accom­
plished by providing appropr ia te ly located openings in the mounting panels . In addition, 
the ma ted connector was located in the minimunri gamma-hea t zone of the spec imen 
a r r a y . 

Th ree independently control led sheathed auxi l iary hea t e r s were incorporated into 
the s y s t e m in the space between the hexagonal enc losure and the cold wall . Each hea ter 
was shaped into an up-and-down configuration so that it would cover the projected a r e a 
of two of the six panels that formed the hexagonal s t r uc tu r e . 

HF-4 Assembly 

F i g u r e 7 shows the H F - 4 spec imen a s s e m b l y without the auxi l iary heating coils in 
p lace . The exper iment included 32 spec imens as follows: 
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FIGURE 7. SPECIMEN ASSEMBLY FOR EXPERIMENT HIGH FLUX 4 
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1 plat inum r e s i s t a n c e t e m p e r a t u r e sensor 

10 spools of a much s m a l l e r s ize than in H F - 1 , each spool having 
coppe r -w i r e coils insula ted with a h igh - t empe ra tu r e m a t e r i a l ; 
co re of c e r a n a i c - m a t e r i a l 

12 samples of var ious m a t e r i a l s (Kentanium, t i t an ium, Stell i te 6B 
and ca rbon-base m a t e r i a l s ) to a s s e s s dimensional s tabi l i ty 
c h a r a c t e r i s t i c s 

3 sp r ing- loaded s ta i rdess s tee l f ix tures holding approximate ly 
40 spec imens in in t imate contact for self-welding behavior 
determ.inations and spr ing c h a r a c t e r i s t i c s 

2 s ix -p in h i g h - t e m p e r a t u r e connector halves 

4 TIMM c i rcu i t s (containing r e s i s t o r s , c a p a c i t o r s , d iodes , and 
t r iodes ) . 

The t a rge t t e m p e r a t u r e levels for the specim.ens were 800 F for the spools and 
connec to r s , 1000 F for the tem.perature s e n s o r , self-welding f ix tu re s , and dimension 
stabi l i ty s a m p l e s , and 1087 F for the TIMM c i r cu i t s . While, as in H F - 3 , the spec i ­
mens w e r e not especia l ly m a s s i v e , the m.ul t i temperature specif icat ion dictated an a s ­
sembly configuration in which spec imen groups would be compar tmented , be thernnally 
isola ted f rom each o ther , and have independent t e m p e r a t u r e cont ro l . An additional r e ­
qu i rement was the placing of two of the spool spec imens in a low neut ron (and gamma) 
flux region, s t i l l maintaining the 800 F t e m p e r a t u r e level . 

As a r e su l t of these cons ide ra t ions , the hexagona l - s t ruc tu re configuration used in 
Exper imen t H F - 3 was not appl icable for H F - 4 . Ra the r , a zonal a r r a y along the con­
t a inmen t - chamber axis was se lec ted with the specimiens in each zone sur rounded by a 
s epa ra t e coiled hea te r for individual t e m p e r a t u r e cont ro l . Five such zones were 
formed by 0, 037-in. - thick nickel d isks supported hor izonta l ly by space r p o s t s . The 
zones were t he rma l ly isola ted by a gap between adjacent ones and a l so by a ce r t a in 
degree of rad ia t ion h e a t - t r a n s f e r control . The l a t t e r was accompl ished by g r i t blast ing 
the inside (spec imen facing) sur faces of the d i sks , as well as the sur faces of the s p a c e r 
r o d s , to obtain a high emiss iv i ty and thus encourage t h e r m a l - r a d i a t i o n in teract ions 
within the zone. Converse ly , the outside (adjacent zone facing) sur faces w e r e buffed to 
reduce emiss iv i ty and thus min imize zone- to-zone heat exchange. 

The uppe rmos t zone which housed the two low-flux spool specim.ens was located 
well above the other four in which the remain ing spec imens were mounted. Except for 
the t e m p e r a t u r e s enso r and the TIMM components , the spec imens w e r e c lamped or 
bolted to the disk m e m b e r s . The TIMM components were a t tached to four alumina 
sheets which were mounted in a box a r r a y in the center of one of the spec imen s u b a s ­
sembly zones . The t e m p e r a t u r e sensor a s semb ly was suspended in an open region of 
the lower zone. The sensor end was not in contact with the s t r u c t u r e or the disk m e m ­
b e r s . Cutouts were provided in the var ious zone-forming disks for leads and for the 
t e m p e r a t u r e s enso r . 
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F L U X - L E V E L CONSIDERATIONS AND MEASUREMENTS 

Background 

The fac tors which dictated the nuclear environment for the four exper iments 
desc r ibed in this r e p o r t were as follows: 

(1) The use of the BRR facili ty shown in F igure 8. This facili ty has the 
highest avai lable flux level at this r e a c t o r , exclusive of the two ex­
p e r i m e n t faci l i t ies within the c o r e . The l a t t e r could not be used 
s ince they a r e not l a r g e enough to accommodate the la rge tes t cham­
ber r equ i r ed to house the mul t i spec imen a r r a y s that were involved. 

(2) A t ime per iod of not m o r e than th ree r eac to r cycles (14 days per 
cycle with the r e a c t o r at full power for 12 days) per exper iment . 
This c r i t e r i o n was based on the t ime avai lable to pe r fo rm the four 
exper imen t s and subsequent ones in the Atomics Inter nat ional-
p r o g r a m s e r i e s . 

(3) A specif icat ion by Atomics Internat ional personnel that the neutron 
and gamma fluxes rece ived by the spec imens adhere as c losely as 
poss ib le to the s p e c t r a l i s ted in Tables 1 and 2. 

In addition to the c r i t e r i a regard ing s p e c t r a . Atomics International personnel 
included the following as an or iginal specification: 

(1) The spec imens a r e to r ece ive an in tegra ted fas t -neut ron exposure 
(g rea te r than 0, 1 Mev) of 2. 9 x 1019 n / c m ^ 

(2) The cor responding total gamma exposure is to be 3.7 x lOlO R_ 

These levels r e p r e s e n t e d e s t ima te s of conditions des i red to s imulate prototype opera ­
tion, der ived f rom the information then avai lable . 

It was ve ry quickly obvious f rom the mock-up data that a 36-day in-pi le per iod 
would provide a rad ia t ion exposure in which (1) the total fast flux would fall shor t of 
2, 9 X 10^9 n / c m ^ and (2) the total gamnna would exceed 3, 7 x lO^O R. Since the re was 
no way of a l t e r ing the f lux- to -gamma ra t io without appreciably lengthening the exposure 
t i m e , the exper imen t s w e r e c a r r i e d out without any at tempt at such a l te ra t ion . As it 
turned out, the depa r tu re on the low side f rom the 2, 9 x 10^9 n / c m ^ was even g rea t e r 
in each individual exper iment than expected on the bas is of the mock-up data. 

Measu remen t s Techniques 

The invest igat ion of flux levels included ( i ) mock-up exper iments to provide in­
format ion re la t ive to the s p e c t r a l d is t r ibut ion and spec t ra l cha rac t e r i s t i c s of the neu­
t ron flux and gamma exposure r a t e s over the volumie of the t e s t - spec imen a s sembl i e s 
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and (2) the p rocu remen t of detai led information about the radiat ion exposures actually 
r ece ived by the t e s t s p e c i m e n s . The l a t t e r was accomplished by dos imet ry of one or 
m o r e types d i spe r sed throughout the spec imen a r r a y s and cor re la t ion of the data thus 
obtained with those obtained f rom the mock-up runs . 

The mock-up facili ty was fabr ica ted by a sect ion of 8-in, -d i ame te r Schedule 40 
alunainum pipe 40 in. long. The bottom was sea led with 1/4 in. plate and the top was 
fitted with a removable cap and specia l lead-out tube for inser t ing dos ime te r s which 
were held within the chamber by spec ia l ho lde r s . The mock-up runs were conducted at 
r e a c t o r power levels ranging f rom a few kilowatts to 200 kw depending on the activation 
c h a r a c t e r i s t i c s of the de tec to rs employed. Extrapola t ion to the full r eac to r power of 
2 Mw was made using information ga thered f rom a power monitor that i s capable of 
moni tor ing the r eac to r power down to 1 kw, * 

The mock-up plus i r r ad i a t i on -expe r i ence dos imet ry provided a basic analys is of 
the incident neut ron field by division into the following t h r e e energy groups: 

(1) F a s t neutron flux — neutrons with ene rg ies g r ea t e r than 0. 1 Mev, 
To m e a s u r e in tegra ted fluxes and obtain a r epresen ta t ion of the 
spectruna in th is r ange , a se t of de tec tors with c ro s s sect ions a p ­
prox imate ly descr ib ing a s tep i n c r e a s e in value at different t h r e s h ­
old energ ies f rom a few tenths of a Mev to s eve ra l Mev was used. 

(2) Resonance neu t ron flux - neut rons with energ ies f rom about 0 .4 ev 
to about 0. 1 Mev, The cadmium-di f ference method is used to m e a ­
s u r e the differential neutron flux in the r e sonance-neu t ron-energy 
region. This naethod a s s u m e s that the differential neutron flux be ­
tween energy E and E + dE is exp re s sed by 

0(E, dE = ^ dE, 

where 0o (called the spec t r a l function p a r a m e t e r ) is given** by 

2. 27 0th 
0 o = f 

(CR- l ) ( l+a) 

where 

0̂ ^̂  = t h e r m a l neutron flux 

CR = cadmium ra t io 

a = a nunnber c h a r a c t e r i s t i c of the resonance c r o s s sec t ion 
of the de tec tor . 

The factor 2, 27 includes the effect of the cadmium-cover 
th ickness . 

*Plummer, A. M. , "Nitiogen-17 Decay Monitors Reactor Power", Nucleonics, 22(4), 84 (April, 1964). 
**"Tentative Recommended Practice for Measuring Neutron Flux Environment for Reactor Irradiated Specimens", 

ASTM E 199-62T. 
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This method is valid only if the neutron flux has a 1/E energy 
distribution. The validity of this assumption was established 
in the mock-up by calculating 0o from the measured cadmium 
ratio of a number of resonance detectors, 

(3) Thermal neutron flux — neutrons with energies less than about 
0.4 ev. These measurem.ents are made by exposing identical 
radioactivants with and without a 20 to 40-mil thick cadmium, 
cover. The difference in response is proportional to thermal-
neutron flux. 

Gamnna exposure ra tes were measured in the mock-up with 10 cc graphite-walled 
ionization chambers. A small flow of carbon dioxide at atmospheric pressure is nciain-
tained through each chamber. High voltage is supplied by a regulated power supply. 
The chambers are operated at an applied voltage of 500 volts and current outputs are 
measured with a Keithley Model 414 micromicroammeter. 

Pr ior to the naeasurements, the chambers are calibrated against copper-modified 
ferrous sulfate chemical dosimeters at the Battelle Cobalt-60 Irradiation Laboratory, 
In-pile exposure-rate measurements a r e corrected for the presence of fast neutrons. 
The correction is approximately 9. 3 x 10"^ erg/(g)(hr)(carbon) per n/(cm^)(sec). 

The gamma spectrum was measured in the energy range of 0. 37 Mev to 8, 0 Mev 
with a three-crystal Compton-pair spectrometer. The spectrometer noise level limited 
the gamma measurements to energies above 0, 37 Mev. However, in the irradiation ex­
periments, the percentage of total gamma below this energy was probably quite small 
because of the use of a lead shield around the test facility. The high-energy measure­
ments were limited by the instrument sensitivity and the low percentage of gammas with 
energies greater than 8. 0 Mev. 

The integrated fast-neutron fluxes for individual specimens in the irradiation-test 
assemblies were measured with iron or nickel dosimeter wires which were dispersed 
throughout the test packages. Measured threshold flux values determined from these 
dosimeters were corrected to integral fast flux greater than 0, 1 Mev and 0, 5 Mev by 
the fast-neutron spectrums measured in the mock-up dosimetry. Cobalt-aluminum 
wires (0, 75 w/o cobalt) were used to measure the integrated thermal-neutron fluxes for 
the test irradiations. Integrated resonance fluxes were calculated from the integrated 
fast fluxes by using the ratios of resonance flux to fast flux that were measured in the 
mock-up. Gamnna exposures were calculated from nneasured gamma-exposure rates in 
the mock-up and specimen exposure tinnes. 

The exposures determined in this manner for the components in each experiment 
are given in the Appendix. Included are four-group neutron exposures and gamma 
exposures. 
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Mock-up Data 

Neutron Spectra 

The fas t -neu t ron spectrum, was nneasured with the react ions Pu^^9 (n,f) , U^'^^ 
(n,f) , Ni58 (n ,p) , s32 (n ,p ) , Fe54 (n ,p ) , and Al27 (n, a) at two points on the axis of the 
nnock-up at posi t ions 5 and 12 in, f rom the bottom, of the tes t region. The r e su l t s of 
these m e a s u r e m e n t s normal ized to 2 Mw reac to r operat ion a r e shown in F igure 9. The 
data points w e r e fitted to the in tegra l Watts f iss ion spec t rum: 

00 

\ e~^ Binhv '^E dE . 
"̂ E 

Plu tonium m e a s u r e s the in tegra l neutron flux above 4 kev. The plutonium datum point 
plotted in F igu re 9 r e p r e s e n t s the in tegra l neut ron flux g rea t e r than 4 kev. In o rder to 
obtain an approximat ion of the in tegra l neut ron flux above 100 kev, the integral neutron 
flux between 4 kev and 100 kev was sub t rac ted f rom the plutonium flux. This co r rec t ion 
was based on the resonance neut ron m e a s u r e m e n t s at the sanne location in the mock-up . 
The plutonium flux c o r r e c t e d up to 100 kev ag reed quite well with the Watts f i ss ion-
s p e c t r u m value that was ext rapola ted down to 100 kev on the bas i s of the higher energy 
th resho ld detector information. Succeeding fas t -neut ron-f lux nneasurements in the 
mock-up and in-p i le exper iments were in te rp re ted on the bas is of an integral Watts 
f i s s i o n - s p e c t r u m rep re sen t a t i on of the fas t -neu t ron spec t rum. 

The resonance neutron s p e c t r u m was nneasured with the reac t ions 00^9 (n, 7), 
Cu"^ (n, 7) , V^-'- (n, 7), and Al^'7 (n, 7) along the axis of the mock-up at a posit ion 12 in, 
fronn the bottom of the t e s t region. The r e s u l t s of these m e a s u r e m e n t s normal ized to 
2 Mw r e a c t o r opera t ion a r e shown in F igure 10. Validity of the assumpt ion that the 
resonance energy spec t rum is propor t ional to the r ec ip roca l neutron energy was con­
f i rmed over the m e a s u r e d energy in te rva l . The mean value of the spec t ra l function 
p a r a m e t e r (0Q) for the four de tec to r s was 7.42 x lO^i n / (cm2)(sec) with a maximum 
deviation of l e s s than ±4 per cent . 

M e a s u r e m e n t of the thernnal neutron flux along the axis of the mock-up 12 in, 
f rom the bottom of the tes t region with ba re and cadmium-covered cobalt foils gave a 
value of 3, 37 x 1 0 ^ n / (cm2)(sec ) . The m e a s u r e m e n t s were made with a 0. OlO-in. -
thick cadmium s leeve p laced around the mock-up chamber . 

Table 1 p r e sen t s a compar i son of the m e a s u r e d neutron s p e c t r u m along the axis 
of the mock-up 12 in. f rom the bottom of the t e s t region with the spectrunn specified at 
Atomics Internat ional . Both a r e normal ized to an integrated neutron flux of 1, 0 x 10^9 
n / c m 2 in the energy range of 0. 5 to 18 Mev. As indicated, the m e a s u r e d neutron flux 
f rom 0, 017 to 0, 1 Mev was a factor of approximate ly 3 higher than the specified level 
and the m e a s u r e d t h e r m a l neut ron flux was a factor of approximately 3 lower than the 
specified level . Since the t e s t sec t ion was located immediate ly in front of the r eac to r 
co re face , reduct ion of the resonance fltix to be t ter approximate the specified level was 
not p r ac t i ca l . Because of the smal l impor tance of the t he rma l neutrons in compar i son 
to the h ighe r - ene rgy neutrons as a rad ia t ion-damage mechan i sm to m a t e r i a l s , fur ther 
modification of the t h e r m a l - n e u t r o n flux was not r equ i red . 
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T A B L E 1. C O M P A R I S O N O F N E U T R O N S P E C T R A 
N O R M A L I Z E D T O AN I N T E G R A T E D 
F A S T F L U X O F 1. 0 x 10^9 N / C M ^ 
(0 . 5 -18 M E V ) 

N e u t r o n 
Energy-
R a n g e 

M e a s u r e d 
in M o c k - U p 

F a c i l i t y 

Spec i f i ed by-
A t o m i c s 

I n t e r n a t i o n a l 

< 0 . 4 e v 

0 . 0 1 7 - 0. 1 M e v 

0 . 1 - 0 . 5 M e v 

0. 5 - 18 M e v 

0. 6 x 1 0 l 8 

2 . 3 X 1 0 l 8 

1. 5 x 1 0 l 8 

1.0 X 10^9 

1.5 X 10 18 

0 . 8 X 1 0 l 8 

2. 1 X 1 0 l 8 

1.0 X 10 l9 

N e u t r o n F l u x D i s t r i b u t i o n s 

T h e f a s t - n e u t r o n f lux d i s t r i b u t i o n w a s m e a s u r e d a l o n g t h e a x i s of t he n a o c k - u p and 
a t four r a d i a l p o s i t i o n s o v e r a l 6 - i n , a x i a l l e n g t h w i t h n i c k e l - w i r e d o s i m e t e r s . T h e 
m a x i m u m a x i a l c h a n g e in t h e n e u t r o n f lux g r e a t e r t h a n 0, 1 M e v w a s a p p r o x i n n a t e l y 
2. 5 a n d t h e m a x i m u m r a d i a l v a r i a t i o n w a s a p p r o x i m a t e l y 2. 0. 

T h e r e s o n a n c e n e u t r o n f lux w a s m e a s u r e d o v e r a l 6 - i n c h a x i a l l e n g t h a t t h e s a m e 
r a d i a l p o s i t i o n s a s t h e f a s t - n e u t r o n - f l u x m e a s u r e m e n t s . M a x i m u m a x i a l a n d r a d i a l 
c h a n g e s in t h e r e s o n a n c e f lux w e r e a p p r o x i m a t e l y 1, 5, 

T h e r m a l - n e u t r o n f lux m e a s u r e m e n t s w e r e m a d e a t t he s a m e r a d i a l p o s i t i o n s a s 
t he r e s o n a n c e a n d f a s t f lux m e a s u r e m e n t s o v e r a 2 0 - i n . a x i a l l e n g t h . T h e m a x i m u m 
f lux v a r i a t i o n s w e r e 1.4 in t h e r a d i a l d i r e c t i o n a n d 2. 5 in t h e a x i a l d i r e c t i o n . T h e a x i a l 
d i s t r i b u t i o n in t h e f lux v a l u e s w e r e c o n s i d e r a b l y d i f f e r e n t f r o m the r e s o n a n c e a n d f a s t 
f lux d i s t r i b u t i o n s b e c a u s e of t h e r m a l - n e u t r o n s t r e a m i n g t h r o u g h a h o l e in t h e b o t t o m of 
t he c a d m i u m s h i e l d . 

F i g u r e 11 i n d i c a t e s t h e r e s u l t s of t h e s e m e a s u r e m e n t s a l o n g the m o c k - u p a x i s . 

G a m m a 

F i g u r e 12 i n d i c a t e s t h e g a m m a - e x p o s u r e r a t e * d i s t r i b u t i o n a l o n g t h e a x i s of t h e 
m o c k - u p n o r m a l i z e d t o 2 Mw r e a c t o r p o w e r . T h e top c u r v e p r e s e n t s t h e d i s t r i b u t i o n 
m e a s u r e d p r i o r t o t he s t a r t of t h e i n - p i l e e x p e r i m e n t s . D u r i n g the f i r s t e x p e r i m e n t 
( H F - 1 ) , i t b e c a m e n e c e s s a r y to r e d u c e t h e gamnna h e a t i n g i n t h e s p e c i m e n a r r a y by i n ­
s e r t i n g a l e a d s h i e l d b e t w e e n the r e a c t o r c o r e a n d the t e s t c h a n n b e r . T h e b o t t o m c u r v e 
in F i g u r e 11 i n d i c a t e s t h e d i s t r i b u t i o n m e a s u r e d s u b s e q u e n t l y w i t h t h i s s h i e l d in p l a c e . 

*Gamma-exposure rates are reported in units of R/hr. This unit was obtained from the measured unit of ergs/(gXhrXcarbon) by 
use of the conversion factor of 87.7 etgs/g (carbon)/R. 
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The maximumi axial and radia l changes in the gamma-exposure ra te were about 
1.4 and 1. 3 , r e spec t ive ly , before addition of the shield and 2. 0 and 1. 6, respec t ive ly , 
after its addition. 

A compar i son of the m e a s u r e d gamma spec t rum with that specified by Atomics 
Internat ional is given in Table 2. Both spec t r a a r e normal ized to a total exposure of 
5 x lOlO R. 

TABLE 2, COMPARISON OF GAMMA SPECTRA 
NORMALIZED TO A TOTAL EXPOSURE 
OF 5 X 

Energy 
Range, 

Mev 

0 - 0 .375 
0 .375 - 0 .625 
0 .625 - 0. 875 
0.875 - 1.25 
1.25 - 1.75 
1.75 - 2 .25 
2 ,25 " 3 . 0 
3 - 4 
4 - 5 
5 - 6 
6 - 7 
7 - 8 
8 - 9 
9 - 1 0 

I O I O R 

M e a s u r e d in 
Mock-up 
Fac i l i ty , 

1 0 9 R 

«.« 
4 . 2 
6 

10 
10 
7 
5 
2 
1 
0 
0 
0 

5 
6 
8 
7 
5 
7 
1 
4 
3 
3 

__ 
— 

Specified by 
Atom.ics 

Internat ional , 
1 0 9 R 

4 . 2 
6 
5 
7 
8 
7 
5 
3 
I 
0 
0 
0 
0 

1 
3 
6 
8 
0 
7 
2 
2 
3 
3 
2 
5 

0, 1 

IN-PILE OPERATION 

The following s u m m a r i z e s , v e r y briefly, noteworthy operat ional data for the 
individual e x p e r i m e n t s . 

Experinaent H F - 1 

Operat ion 

The H F - 1 exper iment was i r r ad i a t ed at the Battelle R e s e a r c h Reactor during 
Cycles 113, 114, and 116: the total exposure per iod was 839 hou r s . Leading events 
during the p r o g r e s s of the exper iment a r e noted below: 
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(1) At the s t a r t , tenapera ture levels in the 600 to 800 F range were 
obtained with the r eac to r operat ing at approxinaately 65 per cent 
of full power . It was apparen t f rom this that a reduct ion in g a m m a -
heat ing level was r equ i r ed , and, subsequent ly , a t e m p o r a r y shield 
fabr ica ted of a luminum-covered 3 /8- inch- th ick lead s t r i p was in­
s e r t e d between the t e s t sec t ion and the r e a c t o r co re to reduce the 
gammia-heating r a t e , pa r t i cu l a r l y in the spool- and magnet - loca t ion 
zone. During the r ema inde r of the f i r s t cycle and during the second 
cyc le , the opera t ion was fa i r ly rout ine . 

(2) During the subsequent cycle (BRR Cycle 115), the exper iment was 
not opera ted in-pi le inasmuch as a new r eac to r co re was ins ta l led 
and a linnited amount of r e -eva lua t ion dos imet ry was des i r ed . 
Also , gammia dos ime t ry was pe r fo rmed with the lead shield in p lace . 

During this pe r iod , the vacuum chamber was checked for l eaks . 
This r evea led that the Butyl rubber O-r ings which formed the sea l 
between the t e s t sect ion chamber and the vacuum l ine had degraded 
s eve re ly as a r e su l t of the rad ia t ion exposure . Apparent ly , the 
s t r eaming path through the 8-in. d iamete r ves se l caused the O-r ings 
to rece ive a damaging radia t ion dose even though they were located 
s e v e r a l feet f rom the top of the r e a c t o r co re . Neoprene rubber 
O-r ings were subst i tuted for the Butyl rubber m e m b e r s and na tura l 
rubber O-r ings w e r e o rde red for future exper iments on the bas i s of 
r ad ia t ion-damage c r i t e r i a gleaned f rom the l i t e r a t u r e . 

(3) The final cycle of operat ion p roceeded routinely. 

(4) At the end of the exper iment , 30 of the or iginal 34 thermocouples 
appeared to be operat ing sa t i s fac tor i ly . 

T e m p e r a t u r e Levels 

Table 3 p r e s e n t s t i m e - a v e r a g e d t e m p e r a t u r e levels for the different types of 
spec imens included in the i r r ad ia t ion . In the ca se of the spools , readings f rom thermo­
couples located on exposed sur faces were used for r e fe rence purposes only. The coil 
t e m p e r a t u r e s in-pi le w e r e a s s e s s e d by m e a s u r i n g coil r e s i s t a n c e s and ut i l iz ing a r e l a ­
tion between these r e s i s t a n c e s and t e m p e r a t u r e es tabl ished fromi out-of-pi le e x p e r i ­
m e n t s . The use of this re la t ion a s s u m e d no change in coil r e s i s t a n c e with rad ia t ion 
dosage. The m e a s u r e m e n t s showed that c o i l - r e s i s t a n c e - i n d i c a t e d t e m p e r a t u r e s were 
about 200 F higher than the cor responding spool -sur face t e m p e r a t u r e s de te rmined 
d i rec t ly by the rmocoup les . 

As indicated in Table 3, it was not poss ib le to e l iminate a cons iderab le t e m p e r a ­
tu re s p r e a d by the aux i l i a ry -hea t regula t ion avai lable . When this became apparent 
ea r ly in the i r r ad ia t ion , it was decided to hold the spool t e m p e r a t u r e s (as indicated by 
the c o i l - r e s i s t a n c e m e a s u r e m e n t s ) as c losely as poss ib le to the 800 F leve l , inasmuch 
as the i r t e m p e r a t u r e could be effectively regulated by the hea te r in tegra l with the i r 
conduction h e a t - t r a n s f e r r o d s . 
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T A B L E 3 . T I M E - A V E R A G E D T E M P E R A T U R E L E V E L S F O R H F - 1 E X P E R I M E N T 

S p e c i m e n T y p e 
T e m p e r a t u r e , F 

C y c l e 113 

7 0 0 - 8 4 0 
7 5 0 - 8 7 0 

800 
900 
800 

C y c l e 114 

7 5 0 - 8 5 0 
7 4 0 - 8 7 0 

850 
950 
800 

C y c l e 116 

7 5 0 - 8 5 0 
6 5 0 - 8 0 0 

850 
87 5 
775 

Spoo ls ( l a r g e g e o m e t r y ) 
Spoo ls ( s m a l l g e o m e t r y ) 
B r a z e s a m p l e s 
T e n s i l e s p e c i m e n s 
M a g n e t s ^ ^ ' 

(a) The thermocouple attached to one magnet ccnsistently read above 200 F higher than that attached to the other. The 
higher reading was believed to be faulty since it was inconsistent with other temperatures in the systeni» 

V a c u u m L e v e l s 

T h e fo l lowing d e s c r i b e s b r i e f l y t he v a c u u m - l e v e l c o n d i t i o n s a c h i e v e d fo r the H F - 1 
e x p e r i m e n t : 

(1) Without a spec imen subassembly , vacuum levels of 7 to 8 x 10"° t o r r were 
achieved in the containment s y s t e m after pumping t imes of 16 to 18 hours . 

(2) After ins ta l la t ion of the exper imenta l a r r a y and p r io r to heat ing, the 
vacuum level was 1, 5 x 10"^ after 16 to 18 hours of pumping t ime . 
During back-pool opera t ion of the spec imens at t e m p e r a t u r e s up to 
800 F , the vacuum level gradual ly improved, reaching 6 to 9 x 10~" 
t o r r near the end of these runs . 

(3) In genera l , the vacuum level of the system, was 10"^ t o r r or l e ss during 
the in-pi le operat ion. The re were brief per iods of exception to th is . 
The fo remos t of these occu r red near the end of the second i r rad ia t ion 
cycle when the O-r ing c losu res were probably damaged to the point of 
allowing some leakage. Other shor t out-of-vacuum-specif icat ion 
operat ing per iods took place owing to a diffusion-pump-heater fai lure 
and to a s s o r t e d l iqu id-n i t rogen- leve l control problems assoc ia ted with 
the v a c u u m - s y s t e m cold t r a p . 

E l ec t r i ca l M e a s u r e m e n t s 

M e a s u r e m e n t s were made as the H F - 1 exper iment p r o g r e s s e d to de termine (1) the 
insulation r e s i s t a n c e between each of the pai r of coils and the core on which they were 
wound, (2) the insulat ion r e s i s t ance between the two coils on each individual spool, and 
(3) the r e s i s t a n c e of each coil to indicate poss ib le shor ted tu rns . Measu remen t s were 
made continuously during the s t a r t up per iod, and at 8-hour in tervals for the r emainder 
of the i r rad ia t ion . 

The insulat ion r e s i s t a n c e m e a s u r e m e n t s were made with a General Radio Type 544 
Megohm Br idge , with an applied potential of 90 v. Insulation r e s i s t ances below 0. 1 
megohm.s were m e a s u r e d with a f ive-dial Wheatstone Bridge. The coil r e s i s t ances were 
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m e a s u r e d with a Kelvin Br idge , with a fou r -wi re c i rcu i t a t tached to the two spec imen 
leads jus t above the containment chamber heade r . In this manne r , the leads between 
the header and the ins t rumenta t ion did not enter into the m e a s u r e m e n t . Measu remen t s 
were a l so m.ade of the r e s i s t a n c e of shor ted pa i r s of dummy leads between the header 
and the spec imen zone to provide a means of co r rec t ing for this lead r e s i s t a n c e . 

Exper imen t H F - 2 

Operat ion 

The H F - 2 exper iment was i r r ad i a t ed for a total of 280 hours during BRR Cycle 
117. The opera t ion was uneventful. 

T e m p e r a t u r e Levels 

Except during power -moni to r ing p r o c e d u r e s , the spec imen t e m p e r a t u r e s were 
mainta ined at 600 ± 5 F during the en t i re exposure . The t e m p e r a t u r e s of the inner wall 
of the t e s t sect ion were moni tored during the exper iment and found to range frona 107 F 
to 122 F . 

Vacuum Levels 

The vacuum level m e a s u r e d near the t e s t sect ion ranged f rom about 1 x 10"^ t o r r 
down to about 3 x 10"° t o r r near the end of the one-cycle i r r ad ia t ion . This low vacuum 
level could be at ta ined inasmuch as the net sur face a r e a of the spec imen a s semb ly was 
re la t ive ly low. Apparent ly , the outgassing r a t e of the C r 2 0 3 coating on the in te r ior 
wall of the containment chamber was not significant. 

E l ec t r i c a l Measu remen t s 

Power - inpu t m e a s u r e m e n t s to the individual s t r ips were made twice daily during 
the i r r ad ia t ion using the following p rocedure : 

(1) Turn off al l hea te r power 

(2) Equi l ib ra te at t e m p e r a t u r e (gamma heating only) 

(3) Ra i se Specimen 1 to 600 F and m e a s u r e t e m p e r a t u r e s , c u r r e n t , 
and voltage 

(4) Turn off power 

(5) Repeat Steps 3 and 4 for each of the other five spec imens 

(6) Return all spec imens to 600 F . 
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During m e a s u r e m e n t s of the e l ec t r i ca l power requi red to maintain the s t r ips at 
t e m p e r a t u r e , the t e m p e r a t u r e of the s t r i p s was maintained at 600 ± 1 F . T e m p e r a t u r e 
m e a s u r e m e n t s w e r e made with an L & N type K-3 potent iometer using a d i s t i l l ed-water 
ice bath for the cold junction. The power supplied to each s t r i p was m e a s u r e d by m e a ­
sur ing the voltage drop between the thermocouples and the cu r r en t through the s t r i p . 
The voltage drop between the thermocouples was m e a s u r e d to 0, 2 v, ± 0 . 3 per cent , 
with a Flxxke Model 803 differential vo l tme te r . The cu r ren t was determined by m e a s u r ­
ing the voltage drop a c r o s s a 0. 01 ohm, ± 1 pe r cent, 100-amp shunt r e s i s t o r . 

Experinaent H F - 3 

Operat ion 

This exper iment was i r r ad i a t ed during BRR Cycles 118, 119, and 120. The total 
in-pi le t ime was 783 h o u r s . 

At the beginning of the second cycle for this exper iment , the ganama shield that 
had been u s e d as a temtporary m e a s u r e was r ep laced with a m o r e refined unit built as 
an open rec tangula r configuration that conformed closely to the geometry of the r eac to r 
space occupied. This shield insta l la t ion pe rmi t t ed the positioning of the tes t chamber 
somewhat c lo se r to the fuel e lements than before . 

The only abnormal events that occu r r ed during the operat ion of HF-3 were two 
aux i l i a ry -hea t e r fa i lures and a diffusion-pump-heater fa i lure . The f i r s t auxi l iary 
hea te r fa i lure occu r r ed during Cycle 118. The fa i lure was located above the top sea l 
plate and there fore was r epa i r ab le without dis turbing the subassembly . The second 
aux i l i a ry -hea t e r fa i lu re occu r r ed during Cycle 119. Since this was an internal f a i lu re , 
it was not r e p a i r a b l e . Also , during Cycle 119, the diffusion-pump heater failed and 
r equ i r ed rep lacement . 

At t e rmina t ion , 45 of the or iginal 52 thermocouples incorpora ted into the expe r i ­
ment were apparent ly operat ing sa t i s fac tor i ly ; the seven fa i lures occur red at the b e ­
ginning of the exper iment . 

T e m p e r a t u r e Levels 

T i m e - a v e r a g e d spec imen t e m p e r a t u r e leve ls for Exper iment HF-3 a r e sumraa-
r ized in Table 4, As indicated, the spec imens operated throughout the i r rad ia t ion ex­
posure in the 930 to 1030 F range . This pa t t e rn was maintained even after the one aux­
i l i a ry hea te r was los t midway through Cycle 119 by applying additional heat input to the 
two remain ing uni t s . 

The t e m p e r a t u r e pe r fo rmance of the exper iment confirmed the hea t - t r ans fe r de­
sign calcula t ions which showed that the hexagonal configuration, with the spec imens 
se lec t ive ly a r r a n g e d ins ide , would tend to even out the t e m p e r a t u r e s of spec imens at 
different leve ls by r ad i a t i on -hea t - t r ans f e r in te rac t ions . 
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TABLE 4. TIME-AVERAGED TEMPERATURE LEVELS FOR 
HF-3 EXPERIMENT 

Specimen Type 

Friction samples 
Tensile specimens 
Coating specimens 
Braze specimens 
Connector halves 
Mated connector 
Cable samples 

Cycle 118 

965 
1000 
980 
960 

1005 
945 

960-980^'') 

Temperature, F 
Cycle 119(a) 

980-960 
1025-945 
980-970 
965-990 

1020 
965-940 
985-975 

Cycle 120 

960 
940 
975 
935 

1025 
940 
975 

(a) During Cycle 119, one of the auxiliary heaters failed, resulting 
in lower operating temperatures for some of the specimens for 
the remainder of the experiment. 

(b) Variations in temperatures of the cable samples during Cycle 118 
reflect heater power adjustments required to achieve optimum 
temperature patterns for the assembly. 

V a c u u m L e v e l s 

V a c u u m l e v e l s in t h e 10"5 a n d lO""* t o r r r a n g e w e r e m e a s u r e d in t he H F - 3 s y s t e m , 
d u r i n g the i r r a d i a t i o n e x p o s u r e . Dif f icu l ty w a s e x p e r i e n c e d e a r l y in t h e o p e r a t i o n w i t h 
bo th t h e i o n i z a t i o n g a g e s l o c a t e d n e a r t h e t e s t s e c t i o n . H o w e v e r , t he gage l o c a t e d out 
of t h e r a d i a t i o n zone n e a r t h e p u m p p e r m i t t e d m o n i t o r i n g to c o n t i n u e t h r o u g h o u t t he 
e x p o s u r e p e r i o d . 

A s l i g h t d e c r e a s e in s y s t e m v a c u u m l e v e l w a s n o t e d n e a r t h e e n d of t h e s e c o n d 
c y c l e , a n d c o n t i n u e d d u r i n g t h e l a s t r e a c t o r c y c l e . H o w e v e r , t h e l i m i t e d a m o u n t of 
l e a k c h e c k i n g t h a t cou ld be a c c o m p l i s h e d f a i l e d to r e v e a l a l e a k . L a t e r , a t d i s a s s e n a -
b ly , i t w a s d i s c o v e r e d t h a t t he i r r e p a i r a b l e h e a t e r h a d a r c e d t h r o u g h i t s s h e a t h j u s t b e ­
n e a t h t h e h e a d e r p l a t e . T h u s , a g a s l e a k a g e p a t h w a s e x p o s e d t h r o u g h t h e c e r a m i c i n ­
s u l a t i o n b e t w e e n t he s h e a t h a n d t h e h e a t e r e l e m e n t . 

E l e c t r i c a l M e a s u r e m e n t s 

I n s u l a t i o n r e s i s t a n c e m e a s u r e m e n t s a s fo l l ows w e r e p e r f o r m e d c o n t i n u o u s l y d u r ­
ing t h e H F - 3 e x p e r i m e n t s s t a r t - u p and a t 8 - h o u r i n t e r v a l s t h e r e a f t e r . 

(1) Cable coils — r e s i s t a n c e s between each wi re and the shield and 
between the two w i r e s . The r e s i s t a n c e of each wi re was a l so 
m e a s u r e d . 

(2) Mated connector pa i r — r e s i s t a n c e between six of the pins and 
the connector shel l . Contac t -drop m e a s u r e m e n t s were a lso 
made on each of the pin p a i r s with 5-amp c u r r e n t , 

(3) Unmated connector — r e s i s t a n c e s between the pins and the shel l . 
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The r e s i s t a n c e m e a s u r e m e n t s were made in essent ia l ly the same way and using 
the s a m e equipnaent as in Exper imen t H F - 1 . Contac t -drop measu remen t s were made 
with a digital vo l tmeter at 5-amp constant c u r r e n t . As in H F - 1 , four -wire c i rcu i t s to 
the header of the spec imen containment chamber and dummy leads between the header 
and the spec imen zone were ut i l ized in the c o i l - r e s i s t a n c e and the contac t -drop 
m e a s u r enaents, 

Expe r imen t HF-4 

Operat ion 

Exper imen t HF-4 was i r r ad i a t ed during BRR Cycles 129, 130, and 131. The total 
in-pi le tinae was 842 h r . Operat ion during a l l cycles was quite routine except that con­
t ro l l ed t e m p e r a t u r e cycling of c e r t a i n components , as desc r ibed below, was c a r r i e d 
out. At the t ime of ternainat ion, 29 out of the 35 thermocouples in the exper iment were 
apparent ly operat ing sa t i s fac tor i ly . 

T e m p e r a t u r e Levels 

Tim.e-averaged s t eady- s t a t e tenapera ture levels for Exper iment HF-4 a r e sumnaa-
r ized in Table 5. In mos t c a s e s , t e m p e r a t u r e s very close to those des i red could be ob­
tained by the zonal control of auxi l ia ry heat input that was avai lable . As in H F - 1 , the 
spool - tenapera ture de te rmina t ions w e r e made on the bas is of co i l - r e s i s t ance 
xneasur enaents. 

TABLE 5. TIME-AVERAGED TEMPERATURE LEVELS FOR HF-4 EXPERIMENT 

Specimen Type 
T e m p e r a t u r e , F 

Cycle 129 

975 
990 
810 
1035 
785 
996 

Cycle 130 

940 
980 
830 
1050 
770 
1000 

Cycle 131 

960 
1000 
835 
1045 
750 
1000 

T e m p e r a t u r e sensor 
Self-weld f ixtures 
Connectors 
TIMM c i rcu i t s 
Insulat ion spools 
Dimens iona l -s tab i l i ty samples 

Control led therm.al cycling of the spoo ls , connec to r s , and t e m p e r a t u r e s enso r was 
c a r r i e d out during the experimient. F o r the spools and connec tors , the t he rma l cycle 
p r o g r a m was four pe r r e a c t o r cycle and one per shutdown per iod. For the t e m p e r a t u r e 
s e n s o r , the prograna was one per day except when this operat ion in terfered with the 
no rma l opera t ion of the exper iment . The cycling consis ted of adjusting the t e m p e r a t u r e 
levels to approximiately 100 F below the no rma l level by manipulation of the auxi l iary 
heat input, per forming the r equ i r ed mionitoring at the reduced t e m p e r a t u r e , and r e t u r n ­
ing to normial tenapera ture operat ion. The sequences requi red approximately 3 hr to 
comple te . 
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Vacuum Levels 

Vacuum levels between 10-4 and 10"° t o r r were m e a s u r e d at the tes t sect ion du r ­
ing the H F - 4 exper iment . After the f i r s t 2 days of in-pi le operat ion, the vacuum at the 
t e s t sec t ion r emained below 3 x 10-5 t o r r and va r i ed between 5 x 10"^ and 1 x 10-5 t o r r 
during the las t cycle of the exper iment . 

E l e c t r i c a l Measu remen t s 

The following m e a s u r e m e n t s w e r e made every 4 hr at the s t a r t - u p of each r e a c t o r 
cycle of the H F - 4 exper iment and every 8 hr once the m.easurements had se t t led into a 
definite pa t tern : 

(1) Spools — insulat ion and coil r e s i s t a n c e s as was the case for the 
spools in Exper imen t H F - 1 , 

(2) Connectors — p in - to - she l l insulat ion r e s i s t a n c e s as was the case 
for the unmated connectors in Exper iment HF~3. 

(3) Res i s t ance t e m p e r a t u r e s enso r — lead and e lement r e s i s t a n c e s . 
In addition, the t e m p e r a t u r e s sensed by the th ree thermocouples 
incorpora ted into the device upon del ivery to Battel le were 
moni tored by an in ternal ly compensated manual potent iometer to 
achieve the degree of accuracy of spec imen t e m p e r a t u r e m e a s u r e ­
ment des i r ed . 

(4) TIMM c i rcu i t s — r e s i s t a n c e of the r e s i s t o r s by cu r r en t -vo l t age -
drop de te rmina t ions , voltage drops a c r o s s and the cu r r en t through 
the diodes at two supply vol tages , and total leakage cu r r en t of the 
pa ra l l e l - connec ted capac i t o r s . TIMM t r iodes were included in the 
package but a shor t in thei r naeasuring c i rcu i t precluded meaningful 
m e a s u r e m e n t s . 

With the exception of the r e s i s t a n c e - t e m p e r a t u r e s enso r and its l eads , the r e ­
s i s t ances were de te rmined by naeasuring the voltage drop at a known constant c u r r e n t , 
using a fou r -wi re c i rcu i t connected at the capsule heade r . The t e m p e r a t u r e s enso r 
r e s i s t a n c e m e a s u r e m e n t s were made with a f ive-dia l Wheatstone Bridge. The leakage 
c u r r e n t was m e a s u r e d with a Keithley Model 210 E l e c t r o m e t e r and Model 2008 Shunt. 

F igu re 13 i l l u s t r a t e s the in su la t ion - re s i s t ance m e a s u r e m e n t c i rcu i t ut i l ized in 
Exper iment H F - 4 . The c i rcu i t was provided by Atomics Internat ional pe r sonne l . It is 
opera ted in the following manne r . The value of shunt r e s i s t a n c e Rg is se lec ted f rom 
previous knowledge such that the voltage drop is between 0. 0100 and 0, 999 v. With S3 
open and S2 in the " b " posi t ion, the power supply is adjusted so that the digital vol tmeter 
r eads 50. 00 ± 0. 03 v, S2 is then switched to the " a " posi t ion. The digital vo l tmete r is 
r ead 5 sec after S3 is c losed. 
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FIGURE 13. INSULATION RESISTANCE MEASURING CIRCUIT PROVIDED BY 
ATOMICS INTERNATIONAL FOR USE IN HF-4 EXPERIMENTS 
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Summary of Specimen Radiation Exposures 

Individual spec imen exposures a r e l i s ted in the Appendix. Neutron exposures 
g r e a t e r than 0. 5 Mev a r i thme t i ca l ly averaged over the t e s t spec imens were as follows: 

HF~1 (36-day exposure) 4 , 6 5 x 10l8 n / c m ^ 

H F - 2 (12-day exposure) 2 ,00 x 10l8 n / c m ^ 

H F - 3 (36-day exposure) 6 .38 x 10^° n / c m ^ 

H F - 4 (36-day exposure) 6 ,04 x lO^^ n / c m ^ 

On the bas i s of the mock-up data, it was expected that the 36-day exposure level 
would be approximate ly 1. 5 x 10^9 n / c m ^ . Thus , the actual neut ron exposures were 
nauch lower than p red ic ted f rom the mock-up data. P e r t u r b a t i o n effects of the s p e c i ­
mens thenaselves may have been par t i a l ly respons ib le for this s i tuat ion. Probab ly m o r e 
inaportant, however , is the exposure loss resul t ing frona the gamma shield that was 
adopted as an exper imenta l necess i ty . This shield effect s e e m s pa r t i cu la r ly noticeable 
in the case of Expe r imen t H F - 1 , In this exper iment , the t e m p o r a r y design of the shield 
prevented location of the t e s t channber as c lose to the r e a c t o r co re as was the case with 
the other shield designs used af te rward . However, none of the shields pe rmi t t ed the 
tes t sec t ion to be located as c lose to the co re face as was the mock-up facil i ty. Because 
of the s t eep flux gradient at the front co re face , these sma l l differences in t e s t - s e c t i o n 
locat ion (actually, d is tances of 2 in. or l e s s f rom the c o r e face) could be the major fac­
tor contr ibuting to the reduced neutron exposures . 

S J B / W G R / J H S / H T G / B P F : j s 
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APPENDIX 

RADIATION EXPOSURES OF INDIVIDUAL COMPONENTS 
OF EXPERIMENTS HF-1 , -2 , - 3 , AND-4 

The neutron and gamnaa exposures of the individual components are listed in 
Tables A-1 through A-4. Figures A-1 through A-4 show the specimen configuration 
utilized for the various experiments. 

The neutron exposures are broken down into four groups: Group I is the thernaal-
neutron exposure (0-0,4 ev); Group II is the resonance-neutron exposure (0, 017-0. 1 
Mev); Group III is the fast-neutron exposure from 0. 1 to 0. 5 Mev and was obtained by 
subtracting the fast-neutron exposure above 0. 5 Mev from the total fast exposure; and 
Group IV is the fast-neutron exposure above 0. 5 Mev, 
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TABLE A - 1 , EXPERIMENT HIGH FLUX 1, NEUTRON AND GAMMA EXPOSURES 

Component 

Magnet-3 
W-112 
W-2 

W-111 
W-1 
Magnet-4 
B-107 
B-106 
W-3 

W-113 
B-105 
B-115 
B-114 
B-113 
B-111 
B-110 
A 

G 

F 

S-1 

S-2 

S-3 

S-10 
S-11 
S-12 
V-5 

V-6 

V-7 

I - l 

1-2 

1-3 

14 

15 

16 

Group I, 
10l6 N/Cm2 

8.03 
8.35 
8.62 
9.28 
8.30 
6.61 
6.04 
8.04 
7.39 
8.85 
6.23 
5.94 
7.38 
7.83 
6.45 
5.07 
6.81 
7.84 
7.82 
5.30 
5.30 
6.31 
6.31 
6.31 
6.31 
6.31 
4.71 
4.71 
5.30 
5.30 
6,31 
4.71 
4.71 
4.71 

Group II, 
l o " N/Cm2 

4.32 
8.51 
8,93 
8.63 
7.76 
4.30 
8.12 
9.94 

10.4 
11.4 
6.61 
9.11 

11,5 
11.2 
7.3f 
7.61 

10.2 
11.3 
9.73 
8.19 
8.19 
7.97 
8.56 
9.14 
8.60 
9.14 
8.60 
8.06 
8.46 
8.19 
7.79 
8.06 
7.40 
7.40 

Group ni , 
10^'' N/Cm^ 

2.88 
7.04 
8.32 
7.15 
5.98 
2.94 
5.77 
8.54 
8.57 

10.99 
4.73 
6.36 

10,3 
10.3 
6.09 
4.19 
8.43 

10.3 
8.04 
5.49 
5.49 
7.29 
7.82 
8.35 
7.44 
8.35 
7.44 
6.53 
8.40 
5.49 
7.29 
6.53 
4.92 
4.92 

Group IV, 
10l8 N/Cm2 

1.94 
4.74 
5.60 
4.80 
4.02 
1.98 
3.88 
5.74 
5.76 
7.39 
3.18 
4.28 
6.91 
6.90 
4.10 
2,82 
5.67 
6.92 
5.41 
3.69 
3.69 
4.90 
5.26 
5.62 
5.00 
5.62 
5.00 
4.39 
3.31 
3.69 
4.90 
4.39 
3.31 
3.31 

Gamma Exposure, 
I O I O R 

3,21 
4.14 
5.06 
5.07 
5.07 
3.79 
4.12 
5.35 
6.57 
6.57 
5.02 
5.25 
8.40 
8.40 
8.40 
6.05 
6.72 
8.40 
8.40 
4.88 
4.88 
6.51 
8.14 
8,14 
8.14 
8.14 
8.14 
5.59 
4.88 
6.51 
6.51 
5.59 
5.59 
5.59 
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TABLE A-2 EXPERIMENT HIGH FLUX 2 NEUTRON AND GAMMA EXPOSURES 

Strips No. 1 and 2 
1 to 2-in. section(*) 
3 to 4 in. section 
5 to 6-in. section 
7 to 8-in. section 

Strips No. 3 and 4 
1 to 2-in. section^*) 
3 to 4-in. section 
5 to 6-in. section 
7 to 8-in. section 

Strips No. 5 and 6 
1 to 2-in. section^*) 
3 to 4-in. section 
5 to 6-in. section 
7 to 8-in. section 

Group I, 
1017 N/Cm2 

1.41 
1.38 
1.35 
1.34 

1.74 
1.64 
1.65 
1.52 

1.40 
1.41 
1.40 
1.33 

Group II, 
lol"^ N/Cm2 

3.85 
4.05 
4.05 
4.00 

5.56 
5.76 
5.54 
5.47 

4.05 
4.14 
4.33 
4.21 

Group III, 
10l8 N/Cm2 

0.23 
0.26 
0.27 
0.28 

0.33 
0.37 
0.38 
0.37 

0.25 
0.27 
0.29 
0.29 

Group IV, 
10l8 N/Cm2 

1.54 
1.75 
1.83 
1.83 

2.23 
2.49 
2,49 
2.51 

1.62 
1.78 
1.95 
1.93 

Gamma Exposure, 
I O I O R 

1.09 
1.23 
1.40 
1.57 

1.39 
1.55 
1.72 
1.89 

1.27 
1.46 
1.67 
1.86 

(a-) Sections starting at bottom of each setup, i. e . , 1 to 2-in, section designates bottom 2 in. of strip, 3 to 4-in. 
section designates next adjacent 2-in. section, etc. 
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TABLE A - 3 . EXPERIMENT HIGH FLUX-3 NEUTRON AND GAMMA EXPOSURES 

Friction Specimens 
212 

Sla 

297 

200 
213 
295 

290 
194 

170 
Sib 

298 
195 
169 

99 
296 

289 

199 
Small Connectors 

4 

5 
Emissivity Buttons 

E-1 

E-2 
E-3 
E-4 

E-5 
E-6 

Mated Connector 
No number 

designation 
Cable Coils 

C-3 
C-1 
C-4 
C-2 

Braze Specimens 
17 
18 

S-13 
Tensile Specimens 

2 

7 
12 

10 
9 

15 
11 

13 
14 

1 
6 
5 

8 
3 
4 

Group 11, 
10l8 N/Cm2 

1,22 
1.39 
1.56 
1.60 
1.57 
1.79 
1.89 
1.90 
1.22 
1.42 
1.59 
1.64 
1,31 
1.46 
1.62 
1.67 
1.65 

1.61 
1.54 

1.41 
1.47 
1.55 
1.38 
1.44 
1.51 

1.22 

1.35 
1.34 
1.29 
1.19 

0.93 
1.03 
1.13 

1.09 
1.04 
1.01 
1.24 
1.18 
1.13 
1.20 
1.15 
1.11 
1.73 
1.51 
1.76 
1.55 
1.52 
1.34 

Group III, 
10l8 N/Cm2 

0.65 
0.83 
0.95 
0.98 
1.03 
1.26 
1.35 
1.31 
0.73 
0.99 
1.14 
1.16 
0.78 
1.02 
1.16 
1.18 
1.11 

0.66 
0.65 

0.60 
0.63 
0.66 
0.56 
0.62 
0.65 

0.50 

0.83 
0.82 
0,79 
0.71 

0.49 
0.54 
0.59 

0.52 
0.49 
0.48 
0.65 
0.62 
0.60 
0.60 
0.60 
0.58 
0.91 
0.79 
0.93 
0.81 
0.72 
0.64 

Group IV, 
10^8 N/Cm2 

5.30 
6.72 
7.67 
7.92 
8.32 

10.22 
10.95 
10.60 
5.88 
8.01 
9.22 
9*35 
6.32 
8.23 
9.38 
9.54 
8.94 

5.34 
5.24 

4.84 
5.07 
5.32 
4,77 
5.00 
5.22 

4.07 

6.74 
6.68 
6.35 
5.75 

3.94 
4.37 
4.80 

4.17 
4.01 
3,86 
5.30 
5.03 
4.81 
5.12 
4.90 
4.72 
7.37 
6.43 
7.51 
6.59 
5,84 
5.14 

Gamma Exposure, 
IOIOR 

2.51 
2.93 
3.28 
3.58 
2.95 
3.44 
3.89 
4.28 
2.28 
2.68 
3.05 
3.38 
2.71 
3.25 
3.70 
4.17 
4.55 

2.91 
2.84 

2.66 
2.65 
2.64 
2.57 
2.56 
2.56 

2.12 

2.85 
2.71 
2.52 
2.34 

1.97 
1.96 
1.94 

2.10 
2.10 
2.11 
2.57 
2.47 
2.43 
2.76 
2.77 
2.78 
2,99 
2.73 
3.10 
2.47 
2.56 
2.07 
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TABLE A-4. EXPERIMENT HIGH FLUX-4 NEUTRON AND GAMMA EXPOSURES 

Spools Located in High 
S2 
S3 
S4 
S5 
P7 
P3 
P4 
P5 

Timm Circuits 
Diodes 
Triodes 
Resistors 
Capacitors 

Group I, 
lo l ' ' N/Cm2 

Flux Zone 
8.32 
6.56 
8.16 
7.69 
7.16 
6.64 
5.79 
6.34 

7.35 
7.35 
7.35 
7.35 

Dimensional Stability Samples 
DS-Cl 
DS-C3 
DS-C5 
DS-TIO 
DS-T6 
DS-S4 
DS-S5 
DS-S6 
DS-T18 
DS-T19 
DS-T4 
DS-T5 

Self-Welding Fixtures 
SWF-3 
SWF-4 
SWF-5 

Temperature Sensor 
TS-1 

Connectors 
3 
6 

Spools Located in Low 1 
S-1 
P-6 

8.12 
8.12 
7.60 
7.60 
4.93 
4.93 
5.28 
5.28 
9.04 
9.04 
8.89 
8.89 

8.81 
7.97 
8.99 

9.60 

7.69 
7.16 

Group I, 
lol'? N/Cm2 

rlux Zone 
2.77 
2.85 

Group II, 
10l8 N/Cm2 

1.62 
1.58 
1.53 
1.45 
2.10 
2.74 
1.06 
1.31 

1.18 
1.57 
1.40 
1.05 

1.42 
1.39 
1.33 
1.57 
1.02 
1.03 
1.09 
1.09 
1.26 
1.32 
1.18 
1.02 

1.13 
1.00 
1.28 

1.52 

1.45 
2.10 

Group li^\ 
10l5 N/Cm2 

1.0 
1.0 

Group III, 
10l'7 N/Cm2 

11.6 
10.8 
9.9 
9.3 
8.1 
6.9 
5.9 
5.7 

7.5 
9.9 
8.9 
6.6 

9.9 
9.5 
9.1 

10.5 
5.6 
5.6 
5.9 
5.8 
8.5 
8.8 
7.9 
6.6 

5.5 
4.9 
6.5 

7.5 

9.3 
8.1 

Group III, 
10^^ N/Cm2 

0.61 
0.60 

Group IV, 
10^8 N/Cm2 

8.90 
8.22 
7.54 
7.16 
6.24 
5.31 
4.42 
4.32 

5.71 
7.62 
6.81 
5.10 

7.55 
7.33 
6.91 
8.02 
4.29 
4.30 
4.55 
4.45 
6.54 
6.79 
6,02 
5.03 

4.19 
3.57 
5.02 

5.82 

7.16 
6.24 

Group IV, 
10^^ N/Cm2 

4.56 
4,50 

Gamma Exposure, 
I O I O R 

1.73 
1.70 
1.70 
1.70 
1.47 
1.47 
1.47 
1.42 

1.54 
1.54 
1.54 
1.54 

1.71 
1.68 
1.65 
1.63 
1.47 
1.45 
1.42 
1.40 
1.54 
1.52 
1.50 
1.46 

1.31 
1.24 
1,42 

1.46 

1,70 
1.46 

Gamma Exposure'^', 
10^ R 

1.38 
1.38 

(a) Estimated values. 
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