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FOREWORD 

This Fast Burst Reactor Workshop was sponsored by Sandia National Laboratories in 
cooperation w i th the Tr in i ty Section of the American Nuclear Society and the University of 
New Mexico. The technical sessions were held at the Sandia National Laboratories' 
Technology Transfer Center in Albuquerque, New Mexico. Approximately 70 persons 
part ic ipated in the Workshop. 

This Workshop was the second major meeting of scientists and technologists devoted ent irely 
to this rather specialized topic. The f i rs t was a National Topical Meeting sponsored by the 
University of New Mexico and the American Nuclear Society in January 1969. A th i rd 
meeting, the Army Mater ia l Command Research Reactor Symposium held at White Sands 
Missile Range in February 1975, had a sl ightly broader scope but was largely devoted to fast 
burst reactor technology. 

The Workshop, which marked the 23th anniversary of the Tr in i ty Section, was highlighted by 
two historic events. Fi rst , through the ef for ts of J. A. Grundl and others, the original 
natural uranium fuel model of Lady Godiva, which had stood on display at the Smithsonian 
Inst i tut ion, found a permanent home at the National Atomic Museum in Albuquerque. 
Second, Lady Godiva was designated as an ANS Nuclear Historic Landmark. A plaque 
authorized by the ANS was presented to T. F. Wimett , who accepted i t for Los Alamos at 
the Workshop banquet. The plaque is inscribed w i th these words: 

LADY GODIVA 

Lady Godiva, the world's f i rs t fast-neutron assembly to 
be operated in the burst-excursion mode, was used in the 
def in i t ive determination of delayed neutron parameters 
in 1955. 

1 he Workshop ended in a special session on security, safeguards, and safety as they relate to 
fast burst reactor fac i l i t ies . This session included formal papers and culminated a l ively 
panel discussion involving Department of the Army and Department of Energy security, 
safety, and reactor operations personnel. 

The success of the Workshop was due in large measure to the enthusiastic ef for ts of the 
authors and the session chairmen. Special thanks are also extended to the members of the 

T. F. Luera 
Sandia National Laboratories 
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PARADISE LOST 

KEYNOTE SPEECH 
APRIL 8, 1986 

R. M. Jefferson 

I am honored to be asked to be your keynote speaker. Particularly 
since I am neither older nor wiser than you. Perhaps being older 
than most of you is enough. I am honored for another reason and that 
is the fact that I gave up neutron transport in 1973 and am now 
engaged in garbage transport. •'• But perhaps as one now detached, I can 
offer some observations based upon the fact at one time I was part of 
your community. Many times I tickled the dragon's tail and then 
watched the dragon breathe on me and in a sense that's what I want to 
talk about today. 

I think I can best explain where I want to go by a story that I heard 
from a professor at the University of Texas named Margaret Maxey. 
She tells a story about her oldest daughter who went away to school 
for her freshman year. The whole semester went by and they didn't 
receive one single letter from her. Well, finally they got a letter 
and they were very excited. They opened it up and it said, "Dear Mom 
and Dad, I haven't written because I broke my arm." She went on to 
say, "I'm sure you are curious to know how I did that. It all 
started when the girl across the hall was cooking in her room. We 
knew that was against the rules in the dormitory but everybody does 
it, and we'd done it before but on this particular night the little 
stove caught fire, and before we knew it, the room was on fire. We 
tried to put it out with the fire extinguisher, but it didn't work 
and by the time we decided that the fire was way out of control, it 
truly was out of control. There wasn't any way to get down out of 
our third story room except to jump out of the window. So I jumped 
out of the window, and in the fall I broke my arm, and I also 
fractured my skull. The whole dormitory burned down, and as a 
result, there were a lot of injuries. The ambulances were busy but I 
was on the back side of the dormitory, and no one could even see me 
till this nice young man who works in the filling station across the 
way came over and found me. He took me and put me in his car and 
took me to the hospital. They patched me up and then released me. 
There wasn't any place for me to stay since the dormitory burned down 
so I moved in with him. I'm sure you'll like him, and as soon as he 
learns English well enough he's going to get his GED and maybe start 
college some day himself. When the three of us come home this summer 
I hope you'll welcome us with open arms." 

1 Mr. Jefferson is now a consultant on nuclear waste 
transportation and disposal. 
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Then the next paragraph said, "Now there's just one other thing I 
want to say and that is there was no fire in the dormitory, and I did 
not jump out the window, and I did not break my arm, and I'm not 
living with any young man, and I'm not pregnant, but I am flunking 
freshman algebra, and I wanted you to see it in perspective." 

What I'd like to do is talk about some of the perspectives I see now 
as an outsider in your industry, and I guess one of the best ways to 
develop perspective is to start back with the history. Some of you 
lived it and some of you didn't so I apologize to those who have 
heard it before and maybe even recited it; but nonetheless, it all 
started, as Bill Snyder said a few minutes ago, back in 1945, January 
8, 1945, as a matter of fact, when Otto Frish and a group of (I think 
it was) 11 men at Los Alamos put together the Dragon experiment. It 
was an experiment designed to validate the calculations and 
measurements that had previously been made concerning the prompt 
critical region. It was an experiment which they thought needed to 
be done in order to further define some of the technology in the 
prompt critical region for use in weapon design. And it was a very, 
very exotic setup. I went back and read about it this past week. 
It's the kind of thing that you absolutely could not do today. It 
started off with a rig that looked like a oil derrick, about 18 feet 
tall, held together with "C" clamps. The fuel system consisted of 
little bricks made out of uranium hydride (10 hydrogen to 1 uranium 
roughly). These little blocks (1" x 1/2" x 1/2") were all stacked up 
with a hole in the middle. Then they made a slug out of these little 
blocks. The intent was to drop the slug through the hole in the 
middle of the assembly. They were very careful since they had 
included an extremely exotic safety system. The slug was coupled to 
an electromagnet which was in turn held on top of the derrick by a 
rope over a pulley. When the time came to drop the slug, the current 
to the electromagnet was cut, and this slug fell down a track that 
was slightly inclined so that it would always stay on one side. 
Thus, the slug would pass through the assembly in a repeatable 
geometry. It's interesting that they conducted 537 pulses in 25 days 
and the experiment was disassembled. It is now 41 years later, and 
we're a mature activity or I should say you are. You don't do things 
like that anymore; you don't do the simple things and the crude 
things. Everything is very, very sophisticated; you are no longer 
checking out the theoreticians in quite the same manner. Now you're 
checking out the refinements and nuances and things like that. But 
one thing remains the same. It is just like Dick Feynman said when 
the experiment was proposed: "This is just like tickling the tail of 
a sleeping dragon." 

Well that's what I'd like to talk about: This tickling the dragon's 
tail that you're involved in. It's incredible that in three weeks 
from the arrival of a fuel until the experiment was over, the reactor 
was built and disassembled. In three weeks today, after you get your 
funding, you can't even begin to put together a team. Nonetheless, 
it's interesting that had it not been for an accident, evidently 
pulse reactors would have gone away when they disassembled Dragon. 
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But it turns out that in 1952 there was an unplanned excursion in 
Jemima (a critical assembly at the Pajarito facility) that produced 
1 X 10^" fissions. You compare that to Dragon, which produced on the 
order 2 x lÔ -*- fissions, and you get some concept of how different 
these two were. The interesting thing in the Jemima accident was 
that it didn't cause any damage; it didn't contaminate the building; 
it didn't do anything. So it was sort of one of those "eurekas" 
that, if you are smart enough to see as they come by, can offer 
something new. Some studies were done, and it was found that the 
pulse was self-terminating; that it, in fact, did not depend upon 
mechanical disassembly but on thermal expansion. 

As a result of that event in 1953, another machine, "Godiva" was 
modified from a critical assembly into an assembly that made it 
possible to make pulses. It's interesting what happens from there. 
In 1957 Godiva II came along. In 1958 or 1962 (I can't figure out 
which because the Russians are pretty inexact), the Russians put 
together a pulse reactor at Dubna. In 1961 there was Kukla, and also 
in 1961 there was the SPR, in 1962 there was FRAN, and in 1963, there 
was White Sands, which was originally called the Molly-G. I happen 
to like the names rather than acronyms. In 1964 it was Super Kukla, 
and now it's several generations later. 

I'm reminded, when you talk about those kind of things, of the 1969 
meeting^ and an experience we had there. The Russians sent two 
people to that meeting. Originally one of them spoke very broken 
English and the other no English at all. The one who spoke the 
broken English was identified to us as the professor. The one who 
spoke no English was identified simply as the KGB, They managed to 
maintain this aura through most of the meeting until a group of us 
took them out to an Indian reservation. They wanted to see two 
things — they'd heard about them and they really wanted to see them. 
They wanted to see the Rio Grande and an Indian reservation. Well, 
the Rio Grande was an enormous disappointment to them. It's like 
Mark Twain said "You never realize how much beauty water adds to a 
river till you see the Rio Grande." But nonetheless we took them out 
to an Indian reservation and Bob Long was with us and his son, who 
was at that time about 8 years old. It turned out that the Russian 
who didn't speak any English and Bob Long's son got lost, got 
separated from us and we were looking frantically for them fearing 
for this Russian's life, since he spoke only Russian, and he was 
alone on an Indian reservation. I didn't find them but the person 
who did said they rounded the corner of this particular house there 
on the reservation, and here was this Russian and Bob Long's son 
talking to each other in perfectly clear midwe tern English, Well at 
that point the pretense was up, and it turned out the KGB man was the 

2 The ANS Topical meeting on Fast Burst Reactors held 
at the University of New Mexico, 
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one who spoke poor English and the professor was the one who spoke 
the very good English, We got a lot of communication going following 
that. Later we were driving up Central Avenue somewhere about the 
University area. As I remember there were five of us in the car — 
the two Russians, Bob Long, somebody else and myself. Somebody had 
the temerity to ask the Russians what they used their pulse reactor 
for, and there was this long, painful silence that lasted about four 
blocks. Finally, the professor said we use ours for exactly the same 
thing you use yours. That was the end of the conversation. 

But the reason I went back into this history is to get some 
perspective on what's going on now. I'd like to look at three 
aspects that I think beg comparison. One of the big factors in your 
business today has turned out to be safeguards or security. When I 
go out and visit the facility here and I see all the fences, and the 
guards, and the TVs, and the weapons, and all these sorts of things, 
I'm somewhat fondly reminded of days gone by, I can remember an 
experiment we conducted one time where security did become a problem. 
We had a beam port through the side of the building and we had an 
experiment outside the building that had some enriched uranium in it, 
and so we decided that something had to be done security wise. So 
what we did was put a television camera up and trained it on the 
uranium and put a monitor in the guard shack a couple hundred yards 
away, and that satisfied everybody. Well it satisfied them until 
2:00 one morning when my phone rang and they said the television just 
quit. Well you know how those things happen; it never happens when 
its convenient and all that. It was, as I said, 2:00 a.m. It was 20 
below zero and the wind was blowing 40 miles an hour. No wonder the 
television quit. So a couple of us came out here and worked on the 
thing for about an hour and got it working and nobody seemed to think 
it was a big deal. I remember another example of how tied up we were 
with safeguards in those days. We ordered a replacement core for 
SPR-II one time. It was made in Oak Ridge and it was delivered here. 
106 kg of 93% enriched uranium metal by Railway Express, Well that 
wasn't the half of it, it was in seven boxes (there were six plates 
and then the rods). Each plate weighed 17 kilos and we only got six 
of the seven boxes. There was one plate missing. As I look back, 
it's absolutely amazing we did not put the US military services on a 
full alert, did not mobilize the National Guard. We just simply 
notified the Railway Express Agency that we were missing one of the 
packages and about a week later they found it and it got here and 
nobody though the worst of it. It's also interesting that it was 
just shortly after that that I left the pulsed reactor business, and 
one of the first tasks I took on was a safeguards task, a study done 
for the AEC under Dixie Lee Ray. Dixie and I are still close friends 
as a result of that study, but at the conclusion of that study 
someone in jest sent me a letter offering me money for plutonium and 
then signed it Colonel Gaddafi. It's been a long time. 

But it concerns me with all due respect to the Colonel, that we've 
overdone security and safeguards in some ways to the point now where 
the security becomes more important than the safety; where it 
interferes with the operation to the point where "those people who 
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are running the system" are the guards instead of the operators; the 
security people instead of the technical people; people who really 
don't know the reactor and really don't care about the safety of 
those people operating it. 

Another perspective that comes back to me is the technical one. In 
41 years, surely this has gotten to be a mature technology. It's 
like someone once told me when I complained that everything was so 
much work, it was so hard to do anything. Somebody said all the 
simple things have already been done, and I think that's the case in 
fast burst reactors. The yields have been pushed up to the 
mechanical limits, the fuel materials have been improved, and what 
you're doing now is more and more exotic and esoteric sorts of things 
— manipulating the designs to boost performance by small margins and 
things like that. I think what that does is it produces a next 
generation which is very, very complex, and that concerns me because 
at the same time it becomes less personal. I said in the beginning 
that I liked reactors that had names instead of acronyms. I look at 
that as part of the bureaucratization of your job where it's 
important now to state things with the cold hard facts of life. So 
in the true FDR style everything has an acronym now. It's disturbing 
to look back at Dragon and Godiva and Jemima and Kukla and to think 
that I'm part of the group that named one SPR as an acronym. It kind 
of bothers me now. The other thing that bothers me in this area is 
we become more and more dependent upon computers. I'm reminded of an 
experiment I performed one time at the University of New Mexico. I 
was teaching in the graduate school there and I had a student come to 
me and say, "Can I use a calculator on a test?" You've got to 
understand that I grew up with a slide rule. If you didn't know how 
to make a slide rule function, you weren't an engineer, and here I 
was teaching people who were using slide rules, and this upstart had 
the temerity to come and ask me if he could use a calculator. Well I 
thought about it and I finally decided that I would let him use the 
calculator and announced to the class that they could use calculators 
if they wanted to. the only thing they had to do was put a "C" after 
their name. I assured them it would make no difference in their 
grade at all. I just wanted to see if the people with calculators 
did any better than those people with slide rules. They didn't. 
They did worse, and it bothers me that we become so dependent on the 
computer today that we quit thinking about what we're doing. We're 
so dependent upon the computer that if the computer says it then it's 
got to be true. I think that when the time comes that we quit 
depending upon the rational mind that is when we get in trouble. 

That leads me into another area -- operations. Early on, the 
operation of these machines was a marriage between man and machine. 
I remember when I first came into this business, learning from people 
who could look at the machine and do some mental calculations to 
determine or predict its behavior. Tom Wimett is one of those who 
simply understood that machine in such an intimate way that he know 
what the machine was going to do when he did certain things to the 
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machine. Then over the period that I was involved with pulsed 
reactors I saw things become more and more institutionalized. The 
bureaucratic desire to reduce everything to writing. It's gotten to 
the point now where we've written a manual for this marriage between 
man and machine, and I want to tell you how successful I think that 
will be. Next time you go to your local bookstore see how many 
marriage manuals there are and how many divorces are taking place. 
That is how successful I think those kinds of instruction books 
really are. One example I can think of that is when Tech Specs 
became "the idea". The idea was that we would write a set of things 
that were absolutely necessary for the operator to know in order to 
operate the reactor. It would sit right there on the console and in 
a few pages he could flip through and find out anything he wanted to 
know. Thus he could stay within the Tech Specs. Now the Tech Specs 
are thicker than the SARs were in those days. There's no way for the 
operator to know where to find anything in the Tech Specs any more. 
Its become just simply another bureaucratic document that's lying on 
the console ready to separate the operator from reality. It somehow 
reminds me of that scene in "Around the World in 80 Days" where this 
Prussian aviator is flying over the English Channel. His aircraft is 
slowly losing altitude and he's there thumbing through the manual 
trying to find out what to do next. I think we're sinking slowly 
into the sea when we depend upon the procedure and scrap our mental 
abilities. It's like most technical fields though in that it is 
people that are truly important in what you do. But there's been a 
change. In the first generation of these machines the people were in 
fact totally in control. They had a thorough understanding. I've 
seen Tom Wimett stand at a blackboard and think like a neutron. I 
don't see that happening any more. I came along in sort of the 
second generation with an intimate recall of the history involved and 
a familiarity with the technology, not only the mathematical but the 
practical as well, and I see a third generation that becomes one 
who's strong on theory and weak on history; people who have lost both 
the "feel" for what's happening and the intuitive understanding of 
what's taking place. I see down the road a fourth generation coming 
who's strong on instructions and forgotten everything else. 

Now why do I tell all these things to you? Well, I want to remind 
you of something I think you already know. I want to tell you 
something you have probably already concluded. That is that no 
matter what you call your machine, how you name it, how you operate 
it, you're still tickling the dragon's tail. The only difference is 
that in the beginning you were tickling the tip of the tail and now 
you've moved a great deal farther up the anatomy. There's a lot of 
tail behind you now and because the dragon has remained asleep for 
the most part of all these years there is a tendency to become 
complacent; a tendency to assume, that it's all routine; a tendency 
to think that the dragon is a very sound sleeper, I'm concerned that 
not only is the dragon not a sound sleeper but he's awake and 
waiting, I'm concerned that the opportune moment will come along and 
you'll find out that euphemism that you see on the walls is true; 
that is "sometimes the dragon wins". Suddenly you become entangled 
in the maze of too many procedures and too much security and too 
little thinking, and the result is a mistake. Now let me tell you 
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I've been on lots of boards looking at mistakes and I've never found 
one that wasn't a stupid mistake. They are easy to see when you look 
back at them. They are easy for a review board to say "Gee you 
should have done this instead of that." You are in a situation today 
where that's exactly what will happen. People will be much more 
interested in fixing the blame than fixing the problem. And I think 
its important not to become dependent upon the things in your 
business but to retain dependence upon your ability to outthink the 
dragon. Because if you don't, the letter won't begin with "Dear Mom 
and Dad" and it won't have to do with "flunking freshman algebra". 

Thank you. 
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DYNAMICS OF ANNULAR FUEL IN FAST BURST REACTORS 

T. F. Wimett 
Los Alamos National Laboratory. Los Alamos, New Mexico 87545 

INTRODUCTION 

For generation of short-duration fission pulses, the performance 
of fast burst reactors is always limited by stress failure as a 
result of rapid heating in the fuel components. Typically, dynamic 
stresses increase far more than linearly with inverse pulse 
duration. The major cause of this large stress increase is fuel 
metal inertia, i.e., the rapid heating or thermal shock gives rise to 
stress waves. 

Some analyses of shock effects in burst reactors have been 
reported starting with G. E. Hansen' of Los Alamos National 
Laboratory who predicted the fuel failure threshold for Lady Godiva 
using a first order approximation in spherical geometry. D. 
Burgreen^ provided some approximate solutions to the thermoelastic 
differential eguations of fuel motion in rods, spheres and thin 
shells. J. A. Reuscher''^ produced solutions for hollow right 
circular cylinders and rods by using numerical analysis and the 
digital computer. 

The problem of predicting a stress failure threshold had not yet 
been solved with useful certainty, as stated in a concluding remark 
by J. A. Reuscher.' 

The purpose of this report is to identify failure modes and 
their parametric dependencies and provide more certainty in the 
prediction of damage thresholds. Certain approximations will be made 
that generate differential equations which are amenable to analytic 
solutions. These then will be compared with some SPRII displacement 
data which were kindly provided by J. A. Reuscher (SNL). 

Analysis 

The dynamic thermoelastic displacement equation in cylindrical 
geometry with angular symmetry written in terms of elastic moduli E. 
V. is 

E(l-v) 2 E cL_u E a ̂  V 
(l-2v)(l + v) ^ ' "̂  2(l + v) ^2 "̂  {2(l-2v)(l+v) 3r3z 

o Z 

EJ3 ar _ â u , , 
(l-2v) ar " '̂  2 ^^' 

where D^ (u) = ̂ , . ^ ^ - ^ (2) 
ar' ^ '̂̂  r' 

u = radial displacement 
v = axial displacement 
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The stress components are 

, . ., ^ _ (1-v) au V ru 
r a a i a i . ^ - ( i _ 2 „ ) ( i + v ) ar "*" ( l - 2 v ) (I+v) [r az 

BT 
( l - 2 v ) 

tangential. ( 1 - v ) u 
( l - 2 v ) ( l - t - v ) r ( l - 2 v ) ( l - ^ v ) 

au ay"j BT 
ar "*" az J ( l - 2 v ) 

ax 
av i a i ^ - (1-W 

• E " ( l - 2 v ) ( l - i - v 

"^rz 1 /au av\ 
Shear. - ^ = JIY^{^^ ^ ^j 

) az ( l - 2 v ) (l-^v) 
in 
ar 

u ] AT 
r J ( l - 2 v ) 

Infinite cylinder approximation. 

In all approximations, we assume no axial (z) dependence 

Assume axial strain. av 
az 

az' 

BT where T is plate averaged 
o o 

temperature, and 

/au 
az 

independent 

Equation (1) yields 

of z\ 

j^2 ^ii±vi ar ^(i-2v)(i 
" ^^' (1-v) " ar ^ (1-v) 

(i-2v)(i+v) p a u 

at 

Disc or thin annular plate approximation. 

= 0 
= 0 

Assume T2 = 0 

'rz 

Using stress component definitions 

2 

" "rz = °' i^ = - ar °^ araz az^ 

„ 3v V fau u"! i+v 
BT 

and i !v_ 
ar3z 

V -̂  2, , 1-i-v a 3T 
r D (U) +-Z B — 
1-v 1-v 3r 3Z' 

Putting this into equation (1) yields 

ar (1-v ̂  p a ' u 
D'(u) = (l̂ -v) 13 -^ + 

at 

-20-



To solve Eqs. (3) and (4), we let u = U| + U2 where U| is the 
static displacement and U2 is dynamic. Since these equations are 
alike except for constant coefficients, their solutions are similar 
except for term coefficients. 

The static displacement equations are: 

D'(U,) = ^ ^ ^ R ^ . (inf. cyl.) 

D'(UI) = (iH-v) fl 1^ . (disc.) 

And the wave equation for u is: 

c at c at 

where the wave v e l o c i t y , c =*},-, \ , ~ w i r ( inf . c y l . ) 
^(l-2v)(l+v)p 

V (1-v: 
and c = J (disc) 

(1-v)'^ p 

Static solutions With boundary conditions. Tr(a) = Tj-(b) = 0. 

o r (l-3v)BT r (l+v)BT a' 

^^^'^ - a ^ r f ' ' ' ^ ' - 2(l-v) - 2(l-v) r (i^f- ^y^-> 

r (l-v)i3T r (l + v)BT a' 
Ui(r) = (1+v) ^ j Trdr + + — (disc) 

For both approximations. Uĵ (a) = aflT 

u^(b) = bfiT̂  . 

2 / where T = —:;—-— ( Trdr 

° (b'-a') i 

Solution of basic wave equation: 
2 2 

^2 , , a u 1 au u 1 3 u 
D (u) = - - +- - - — = — — 1 

3r r c 3t 
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Assume separability or let u = y(r) • B(t) 

Then M^ + i f̂  
dr' ^ ^^ B „2 ,^2 c dt 

Now assume sinusoidal oscillation. 

Then 
d t ' 

2 
- (J B 

And Eq. (6) becomes 

d_y: . 1 dy; _ y_ 

dr' ^ ^^ ~ r' 

1 2 . , tJ 

- k y where k = -

,m ,m the solution is y = C^ J ̂ (z) + C Ni(z) 

where z = kr 
Ji(z) = Bessel function of first order and first kind 

Ni(z) = Bessel function of first order and second kind, 

Again, the boundary condition is T (a) = T (b) = 0, and 

forgetting static components BT and 8T(r) 

(l-2v)(l+v) 
(1-v) 

au. 

ar~ 

vu„ 
(inf. cyl.) 

or 
au, 

ar" 

u 
1-v r 

r = a, b (inf. cyl.) 

and 

or 
au. 

ar" 

d-v') 

vU_ 

au, 

ar~ 

vU. 

a, b 

(disc) 

(disc) 

Introducing boundary conditions. Eq. (8) yields 

Zg CiJi'(Zg) + c^H^'iz^) = G CiJi(Zg) -f (^Ni(Zg) 

and z^ CiJ3;(Zj^) -i- c^U^'iz^) = G CiJj(Z|^) + (^Ni(Zj^) where pr 

denote d/dz and z = ka. z, = kb, and G = ~— (inf. cyl.), 

G = v (disc) 
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Introducing Bessel relations and combining boundary conditions 
yields with P = 1-G 

ii _ P '̂  î â̂  - ^a^o^^a^ ^ ^i^^a^ " '̂ ô ̂ â ̂  

•̂2 ^ ^a^o<^a> - P -^^(^a) ^ b̂'̂ ô b̂> " ^ -^^^^b) 

Eq. (11) can readily be solved for Zg. since z^ = = Rz 

(A digital computer will find Zg to any desired accuracy.) 

and y(a) = C^Ji (ẑ ^ ) -t- CiNi(z^) 

y(b) = CiJi(Z|^) + C2Ni(Zjj) 

Since the ratio, C1/C2. is provided by Eq. (11), we may 
without loss of generality, let y(b) = 1 to solve for ci and 
c. 

(II 

or c., 2 m^' N I ( Z K ) M ; ^ / J i ( Z b > 

Actually, there are an indefinite number of Zg solutions, one fo 
each harmonic. Thus, we define orthogonal functions associated 
with these harmonics 

•^(r) = C,J,(k^r) + C2N,(k^r) (12 

and k„ = ^ m c 

These functions may now be used to obtain complete solutions to 
Eq. (5) by expanding the displacements in infinite series, thus 

Ui = I A^(t) •^(r) (13 
m 

"2 = ^ \ < t ) v^"^) ('^ 
m 

Eq. (7) can be rewritten with >*'„(r) for y and k for k or 

D'fv-^)] ^ ' % ( ' ^ > 

and with (14). D'(u^ ) = - 1 \ ^ \ i ^ ) f^Cr) (15 

m 

To e v a l u a t e B ^ ( t ) we must use Eq. (B) or 

,-2 
- * = - X k„ B „ ( t ) M/Jr) .2 1 -^2 , , . 2 1 „ m m' ' ^m' 

a t a t / m 
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and for term m we can write using Eq. (14) for U2 

— r ^ + .. ' B 
J4.2 m m 
at 

d'A 
m 

dt 
(16) 

We obtain Â j by multiplying both sides of Eq. (13) by r%(r) and 
integrating over r. Using the orthogonality of t̂ĵ  we find 

(17) 
m r 2 (r) rdr 

These integrals can be readily evaluated by use of Eq. (17) 
which we can rewrite as 

d_ 
dr r dr m m 

As an example, we will assume a flat temperature distribution 
over r so that 

Ui = rfiT^(t) 

and we readily find 

m 

2(l+v) [R - *^(a)] afiT^(t) 

2 2 2 2 2 2 
R^z^^ - 1-hv^- (Zĝ ^ - 1+v^) fn, (a) 

(disc) 

and for the infinite cylinder, one simply replaces v by 
1-v 

Finally, the most difficult integral is found in the solution 
of Eq. (16) for Bm 

Letting A = A m m 

T^(t) 

And assuming a burst function for TQ(t), 

at T^(t) 

1+e 
at 

where t = 0 at burst peak. 

at 

(l+e'^S 

which is a normalized burst function divided by a. 

-24-



I n t e g r a t i o n of Eq. (16) y i e l d s 

t 
-A 

m 
«m(^> = 2 i . 

m 

Icj t /- - i w t 
e I e d t a f ' ( a . t ) 

/ 

• i<J- . t 
m 

/ 

lOJ t 

e d t a f ' ( a . t ) 

where the primes denote time derivatives. Now we introduce 
a variable which controls vibration excitation as 

q = — = —^ where T is the burst period and T is mth harmonic m a t o m m 

time constant. 

With fuel inertia effects, a 3.52 
At 

Performance of the integration in Bin(t) yields 

^m(^> = - \ 

nl e ** Re FI (n+iq ) 
m 

^ , , at .n-Hl " 
for t < 0 

n , ( l - ^ e " " ) " ^ " n (n'n-q ' ) 
1 "* 

e "^"^ Re n (n+iq^) 

A„ S^(q„) cos (J t + A„ m o m m m 4 - ,. . - a t .n -Hl ^ 
t > 0 

n ( l + e - " ) — ^ n (n ' -^q^ ' ) 

n 

where S (q) = i E 
« n! Re n (n-t-iq) 

( e x c i t a t i o n f u n c t i o n ) 

n=l 2̂ ^ n ( n ' + q ' ) 

Note: For approximate calculations (+ 1% error) one can use 

S^(q) 
la 

4 e ^ 
(1-e ^ ) ' 

for 0 < q < 1.8 
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We now can write the complete expressions for u(r). For 
convenience we will write them in normalized form. 

I I n 
f .^s^ott 00 n! e '^° ' '^ ' Re n (n+iq„) 

U(I-) f i ('^J^ ^ ^ 1 ™_ 

o (1+e ) m ^ (i.e^^l^lr^ n(n^q^^) 
t < 0 

I I n 
^ , , at CO n! e"^""' ' Ren (n+iq ) 
f i ( r ) e 1 ' ^m'' 

(1+e ) m - ^ (^^^-altl^n+l ^ ^^2^ ^̂ 2 ^ 

t > 0 
ram o ' TH • m 

m 

Where f^ ( r ) 

- 1 N„i|; ( r ) S„ (q„ ) cos u t 
_ ram o in m 

U i ( r ) 

aflT„ 
o 

* 

m aflT 
o 

With the foregoing definitions and equations, it is possible to 
describe completely such characteristics as 

u> k c z c 
(a) fundamental frequency f, = r— = - - — = -^— 

(b) Ratio of inside-to-outside vibration amplitude 

*m(^^ 

^m ̂  

k 
(c) Ratio of mth-to-first harmonic frequency = ^^ 

(d) An expression for time variation of hoop stress. xgCr.t) to 
yield a function which is essentially the same as Eq. (18) except for 
f (r) and a constant factor in the other terms. 

Following is a table of some of the solutions for flat 
temperature distribution over the SPRII fuel annulus with a = 0.825 
in., b = 4.039 in., v = 0.38. E = 12.3 x 10^ (kpsi). p = 17.1. 
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TABLE I 

m 
Disc Approximation 

= a(m) tm(a) 

Infinite Cylinder Approximation 
N m (m) l-mCa) N m 

1 0.3666 
2 0.9547 
3 1.6830 

1.052 
-2.311 
2.304 

3.353 
0.9612 
0.1265 

0.3483 
0.9003 
1.6523 

1 . 6 5 7 
2 . 4 9 6 
2 . 3 2 8 

2.8509 
1.3514 
0.1551 

Notice that ^2^a) is negative in all harmonics above. 
Remembering that tin(b) = 1, this means [see Eq. (18)] that inside 
dynamic displacement is 180° out of phase with outside; for the other 
harmonics, they are in phase. Therefore, the second harmonic 
involves oscillating radial thickness of the fuel annulus while the 
first and third describe radial oscillation of the entire annulus. 

Analysis of SPRII 

Let us now examine displa 
they support the above theory, 
of Bentley displacement output 
bursts. One detector was plac 
placed at diametric opposed po 
a fuel annulus which is shown 
inches while the inside hole i 
of six rings in the assembly i 
The fuel annulus with detector 
top. 

cement data taken 
These data are 1 

taken 20 ps apart 
ed near the inside 
sitions on the out 
in Fig. 1. The ou 
s 0.825 inches in 
s drawn as a cross 
s was apparently t 

on SPRII to see how 
17 selected samplings 
for eleven different 
surface and two were 

er radial surface of 
tside radius is 4.039 
radius. The stacking 
section in Fig. 2. 

he third one from the 

Fig. 1. 
Plan view of SPRII fuel plate, 

Fig. 2. 
Cross section view of SPRII 
burst assembly. 
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Figure 3 shows 
of displacement ver 
obtained by averagi 
curve includes data 
horizontal lines ar 
respresent the aver 
plots tend to agree 
However, there appe 
attribute to oscill 
assembly. For the 
oscillation is clea 

the raw data from four diffe 
sus time. Points for the upp 
ng data from the outside dete 
from the single inside detec 
e drawn at aflTg and bBTg whic 
age displacements. One can s 
with this for. at least, the 
ars to be some low frequency 
ation of supports for detecto 
largest (damaging) burst, TQ 
rly evident. 

rent bursts as plots 
er curve were 
ctors. The lower 
tor. Chain dotted 
h theory says should 
ee that most of the 
first few cycles, 

vibration which we 
rs and/or the burst 
= 415 C. this 

In order to compare the displacement solutions with these data, 
a more complete description of displacement was required along with a 
means to correct the data for unwanted equipment vibration. 

RAW DISPLACEMENT DATA 

| - \ A A A A A A V V V V 

2 3 4 5 6 7 

TIME (a)ot/27T) 

9 10 11 12 13 

26 

24 

22 

20 

IS 

16 

14 

12 

10 

6 

4 

2 

-2 

- 4 

- 6 

- 8 

; 

'M I '\ fv 
: H 

RAW DISPLACEMENT DATA 

j\I^^J\f^MM^ 

l\MA^7^r^^x;.--
• y • y • V ' V • 1 • v • V • \y • \ y ' V ' ^ j -

Bursf Temp = 282 (C) 

1 , 1 , 1 , 1 , 1 , 1 . 1 . ; , 1 , 1 . t 

2 3 4 5 6 7 

TIME (cj„t/2ir) 
9 10 11 12 13 

5 
o < 

RAW DISPLACEMENT DATA 

TIME (aj/2n) TIME {aj/2n) 

Fig. 3. 
Raw displacement data from four typical bursts on SPRII. 
The outside data is an average of the response of two 
diametrically opposed Bently detectors. The time scale is 
arbitrarily normalized to a fundamental frequency of 6000 Hz. 
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First, the actual temperature distribution T(r), as given in 
Ref. 3 was included as a power series in the expression for A^. 
Next, to account for the well-known burst narrowing from fuel 
inertia, the effect of which is to increase excitation over that 
expected from the simple burst function employed in the foregoing 
solutions, q^ is redefined as q^ = a>mAt/3.52. The qi used for these 
calculations were obtained from limited data. Data were available 
for the three highest-yield bursts in the form of burst duration and 
a. For the other eight bursts, only a was available. Accordingly, 
At was found for the weak bursts by using qi as a fit parameter (At = 
3.52 qi/&>i and q,n are multiples of qi). 

By plotting these At versus a for the weak bursts (136, 144, and 
167) and the known values for the three large bursts it was possible 
to extrapolate between these two sets to estimate At for the five 
remaining bursts which gave reasonable values for aAt in all cases. 
Further, an asymmetric burst function was employed in solving for 
Bni- For a given q^, the asymmetry was then controlled by one 
parameter, B. The decay of vibrations visible in the raw data was 
introduced as exponential with one decay constant which was included 
in the harmonics by dividing it by the harmonic frequency ratio. 

Least-squares fitting of the theory with data was accomplished 
by introducing the vibration decay variable as a fit parameter and 
gi, aBTg, and B were input parameters. A time shift had to be used 
to line up the data with the burst peak at t = 0. A fit parameter 
was used for initial vibration frequency and another was found 
necessary because the hoop frequency evidentally increases with 
time. To these were added four fit parameters needed to subtract 
unwanted low frequency oscillation from the data. The fitting 
included only the last 96 data points. 

After applying such least-squares fitting to all the burst data, 
it was determined that a discontinuity existed in excitation. For 
bursts greater than 167 C, excitation did not increase as expected. 
To better fit the data, a program was written which used the 
predicted qi up to the burst peak (t=0) but required qi to change 
linearly with time from t=0 to idit/2 =0.5 where it attained the 
value of a fit parameter for qi where it remained. This provided a 
measure of observed vibration amplitude after burst time. 

Some typical results from this least-squares fitting are 
presented in Fig. 4. The goodness of fit is shown as x̂ . We note 
that a good fit was obtained for the low temperature burst, 167(C), 
with a residual that looks like the expected electromagnetic pickup 
of burst radiation. For the larger bursts, there is increasing 
distortion which, for the moment, we'll call reflected tractions. 
Also, we note that the vibration amplitudes do not increase as we 
might expect. 
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A plot of initial vibration amplitude for the inside taken from 
fits as in Fig. 4 is presented in Fig. 5 along with the expected 
amplitude (solid curve). The first harmonic excitation so calculated 
(solid line in Fig. 5) appears to be as expected. However, all data 
points are clearly low above TQ = 167 C. This suggests plastic 
deformation which, as shown by J. A. Reuscher*, reduces vibration 
peaks where yield strength is exceeded. This may not produce fuel 
cracks but certainly absorbs energy and results in dislocations in 
the deformed metal. 

For three typical bursts, the behavior of inside stress with 
time,as computed using T = T(r) and asymmetric bursts, is illustrated 
in Fig. 6. The burst shapes employed are also shown with arbitrary 
amplitude but the correct time scale. 

Fig. 5. 
Fundamental (hoop) vibration amplitude, 
extrapolated to burst time (t=0) as 
obtained in least-squares fitting, 
plotted against plate-averaged burst 
temperature rise. The solid curve is 
drawn through the computed results for 
eleven data sets. 

100 BO 200 250 300 3B0 

AVERAGE TEMPERATURE RISE (C) 

Fig. 6. 
Computed inside stress versus time for 
three bursts. Associated burst shapes 
(arbitrary amplitude) employed in the 
computations are identified by the same 
line-type as sed for the stress 
curves. Bursts are identified by 
plate-average temperature rise. 

05 1 

TIME (£J,t/27T) 
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Finally, we calculated peak tangential (hoop) stresses using the 
different approximations. These are displayed in Fig. 7 along with 
curves of yield strength for the fuel. Again, we have evidence of 
fuel failure above TQ ~ 190 C (inside temperature ~ 280 C) as inside 
compression clearly exceeds yield strength in that region. 

MO 

130 

120 

^^ 110 

^ 1 0 0 

C/) 90 
CO 
^ 80 

\7i 70 

Q 60 -

O 50 -
Q 
LiJ 40 -a: 
o- 30 -

20 -

10 h 

0 

I I I I I I I I I I I I I I I I I I I I I I I I I i I I I I I I I I 

Predicted Inside Compression 

Long cylinder T=T 
Disc T=T(r; 
Disc T=To-

Ultimote, 
Strength 
U/10/Mo 

Pf^NKWrr. 

Predicted Outside Tension 
Disc Theory T=T(r) 

' I . . . • • • . 1 I I I I I I I I I 
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Fig. 7. 
Maximum stress calculated from fundamental vibration mode plotted 
versus the peak temperature (outside or inside surface) attained in 
the burst excursion. 

CONCLUSIONS 

The two approximations employed should be considered extreme 
limits in predicting inside displacements for a fuel plate such as 
that for SPRII, where the ratio of outside diameter to plate 
thickness is ~ 6. Yet the crucial inside stresses predicted using 
those approximations are in general agreement. Of course, the 
outside stress is overpredicted by the infinite cylinder model but is 
of no importance since it never approaches yield. 

The predicted vibration frequency for the overriding fundamental 
(first harmonic) is ~ 6680 Hz for the disc model and ~ 8030 Hz for 
the infinite cylinder. Vibration frequency of data extrapolated to 
room temperature is ~ 6100 Hz depending on where in the 2-ms data 
interval it is observed. On this basis alone, the disc model is more 
attractive, and the 9% error could derive from coupling with mounting 
bolts, fuel penetrations, and/or the use of incorrect elastic moduli. 
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As a tool to be used in reactor design, the disc model is easy 
to use, particularly with the flat temperature assumption. No 
machine computation is necessary to evaluate peak stresses, only a 
knowledge of qi and the first harmonic terms for excitation amplitude 
(along with inside temperature rise). 

DEFINITIONS 

a = Reciprocal burst period 
p = Fuel density (U/lO/Mo) 
V = Poisson's ratio 
B = Thermal expansion coefficient 
T = T(r,t) = Fuel temperature rise 
TQ = Average temperature rise in fuel section 
E = Young's Modulus 
a = inside radius of fuel annulus 
b = outside radius of fuel annulus 
R = b/a 
u = u(r,t) = radial displacement component 
ui = ua(r,t) = static displacement 
U2 = U2(r,t) = dynamic displacement 
Ji(z) = Bessel function of fist kind, first order 
Jo(a) = Bessel function of first kind, zero order 
Ni(z) = Bessel function of second kind, first order 
No(z) = Bessel function of second kind, zero order 
a>i[, = Angular vibration frequency of harmonic m 
"Jm ~ ' ^ / ° ' •* o ) i i iAt /3 .52 
2 a = '̂ m^ 
Zb = RZa 
At = burst duration at half-maximum 
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Monte Carlo Determination of the 
Energy-Dependent Neutron-Gamma Flux 

Behind Cadmium Loaded Polyethylene Slabs 
Irradiated by the Sandia Pulse Reactor III 

R. F. Sartor, R. T. Perry, and T. A. Parish 

The Sandia Pulse Reactor III is the third generation of a series 
of bare fast reactors that are designed, constructed and operated by 
Sandia National Laboratories. Figure 1 illustrates the cutaway view 
of the SPR-III. One of the uses of the Sandia Pulse Reactor III is 
the production of a neutron-gamma irradiation field for testing of 
the resistance of electronic components to radiation damage. Al
though there is a reactor cavity for radiation effect tests on small 
items, this study is concerned with larger items that do not fit 
within the cavity and Instead are tested in the SPR-III leakage 
field. Some component tests require a lower neutron to gamma dose 
ratio than directly available from the reactor. In these cases, 
there is a need to (1) shield the test components from the neutron 
flux of the reactor and (2) increase the incident gamma-ray flux. 
Presently, cadmium loaded polyethylene slabs are used as shields to 
modify the neutron to gamma dose ratio. Figure 2 illustrates a 
typical experimental configuration. The primary goal of this 
research is to develop a calculational model for predicting the 
energy-dependent neutron-gamma flux behind a cadmium loaded poly
ethylene shield when subjected to irradiation by the Sandia Pulse 
Reactor III. The secondary goal is to develop calculated results 
that can be used to predict energy-dependent neutron-gamma flux 
behind shields with different thicknesses, different cadmium 
loadings within the polyethylene, and various detector locations. 

The cadmium loaded polyethylene slabs used to tailor the 
neutron-gamma dose ratio consist of cadmium oxide homogeneously 
mixed in polyethylene. Cadmium has a large radiative capture cross 
section for thermal neutrons making cadmium a gamma source when in a 
thermal neutron flux. Since the Sandia Pulse Reactor III emits a 
fast neutron spectrum, the polyethylene is useful as a moderating 
material to slow the fast neutrons down to thermal energies. 

Prior to the calculational methodology presented here, the 
neutron spectrum and gamma dose behind the shields could only be 
experimentally measured. Shield configurations would be experi
mentally tested and adjusted in an iterative fashion until the 
particular test requirements were fulfilled. A calculational method 
was needed to allow an experimenter to accurately test and select a 
shield configuration without excessive experimental determination of 
the neutron-gamma flux behind the shield. 

-35-



REFLECTOR' 

STEEL PLATE 

SHROUD 

SAFETY BLOCK 
SUPPORT 

BOLT 

FUEL PU\TE 

IRRADIATION 
CAVITY 

SUPPORT 
POST 

Prom Berry P. Estes It Jon A. Reuscher, Resiilts of the 

I n i t i a l Test Program for the Sandia Pulsed Reactor III 

(SPR I I I ) . Sandia Laboratories, 1976 

Figure 1. Cutaway View of the Sandia Pulse Reactor I I I 

- 3 6 -



I 

I 

•••••-• ••^^^v•::•:•^^:•::- :• :• :• : :^:^:•:: :• :• :• : :• :^^:^•:^•^••:^^•^7:^v 

80" 

SPR-3 
Cd-Poly 

shield 
r - T 

e 

optional Cd-Poly 
rear shield 

detector 
location 

4" gypsum wall 
IR = 14'4" 

4" borated 
gypsum wall 

6" concrete floor 

\ 

Figure 2. Sandia Pulse Reactor III and Cd-Poly Slab Geometry 



In order to develop a calculational model, the Monte Carlo 
method was selected for determining the neutron-gamma spectrum 
behind the cadmium loaded polyethylene slabs. The Monte Carlo 
method was chosen because of the difficulty of the problem, includ
ing (1) the complex geometry of the reactor and test area, (2) the 
presence of both neutrons and gamma rays, (3) particle scatterings 
from the room wall, and (4) neutron thermalization and gamma produc
tion within the cadmium loaded polyethylene. To implement the Monte 
Carlo analysis of this problem, the MORSE-SGC (Multigroup Oak Ridge 
Stochastic Experiment—Super Grouped Constants) computer code was 
employed. MORSE-SGC is appropriate for this problem because it can 
(1) be used to model complex and arbitrary geometries in three di
mensions and (2) calculate the energy-dependent neutron-gamma flux 
at a detector location. MORSE-SGC also has the advantage of using 
standard AMPX format multigroup cross section libraries. 

Calculational results had not been previously obtained behind 
the cadmium loaded polyethylene shields because the gamma production 
cross sections for cadmium were not available in a coupled multi-
group neutron-gamma cross section library. A library of cross 
sections for the materials used in the experimental configuration, 
including a cadmium cross section set, was prepared for this study 
at Los Alamos National Laboratory. This library was called RTP35. 
The RTP35 library was prepared from the MATXS6 library at LANL using 
the TRANSX-CTR code. The MATXS6 library is an 80 neutron and 24 
gamma group library developed for fast reactor analysis from ENDF/ 
B-V. The gamma production cross sections for cadmium were developed 
from the Livermore Library for inclusion in RTP35. 

Two benchmark cases were computed to compare calculational 
results against experimental results. The first benchmark was a 
free field measurement, that is only the reactor and experimental 
area was described in the Input geometry, and there was no shield 
present in this problem (see Figure 2). The detector was placed 17 
inches from the reactor centerline. The calculational and 
experimental results for this case are presented in Table 1. 

Table 1 

Comparison of Calculated and Measured Parameters of 
SPR-3 Leakage Field at 17" From Centerline 

Total Neutron Fluence 

Neutron Fluence above 10 keV 

Neutron Fluence above 3 MeV 

Gamma Dose (rads Si) 

Calculated 

2.41E+12 

2.34E+12 

3.02E+11 

408 

Measured 

2.55E+12 

2.51E+12 

3.31E+11 

524 



The agreement between the experiment and the MORSE calculation is 
reasonable and generally supportive of the cross section library for 
the reactor and room materials and the geometrical model employed. 

The second benchmark problem includes a representative cadmium-
polyethylene shield as illustrated in Figure 3. Figures 4 and 5 
show the multigroup neutron and gamma flux as calculated using 
MORSE-SGC. Since the fluxes are dependent on the reactor energy 
release, the flux units are normalized to per megajoule of reactor 
energy. The calculated and experimental results, as presented in 
Table 2, show some discrepancies. The calculated total neutron 
fluence is 69 percent larger than the measured value while the 
calculated neutron fluences above neutron energies of 10 keV and 
3 MeV are both approximately 20 percent lower than the measured 
values. The calculated gamma dose is 56 percent lower than the 
experimentally measured value. The gamma dose is based on silicon 
at the detector location. This indicates the necessity of further 
evaluation and refinement of the computer model and the cadmium 
cross section set used in this study. 

Table 2 

Comparison of Calculated and Measured Parameters of 
A Representative Cd-Poly Shield Configuration 

Total Neutron Fluence 

rjeutron Fluence above 10 keV 

Neutron Fluence above 3 MeV 

Gamma Dose (rads si) 

Calculated 

9.74E+11 

2.98E+11 

3.28E+10 

147 

Measured 

b.77E+ll 

3.50E+11 

4 .23E+10 

337 

Calculations were also performed for several shield config
urations for which experimental results were not available for 
comparison. These calculations included variations as follows: 
(1) the thickness of a five weight percent cadmium loaded poly
ethylene shield was varied; (2) rear shields were added in some 
cases; (3) the cadmium loading was changed in a four-inch-thick 
shield; (4) the spectra and doses behind Inhomogeneous polyethylene 
and cadmium shields were studied; and (5) the distance between the 
detector and shield was varied. From these results several items of 
interest were determined. As would be expected, increasing the 
shield thickness increases the neutron shielding. It was found that 
the gamma dose reaches a maximum level for five weight percent 
cadmium loaded polyethylene shields at a thickness of six inches. 
The second item is that the use of rear shields, at test locations 
near the reactor, did not significantly affect the neutron-gamma 
spectrum. This Indicates the amount of radiation reflected from the 
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room structure is insignificant in comparison to the "direct shine" 
from the reactor. The third item of interest is that, for a fixed 
geometry, variation of the loading of cadmium in the polyethylene 
shows a general trend of more neutron shielding and neutron-to-gamma 
conversion with increases of cadmium loading below five weight 
percent cadmium. It was also seen that the performance of layered 
polyethylene and cadmium slabs (with the cadmium side facing the 
test or detector location) did not greatly differ from the homo
geneous cadmium-polyethylene shields. This indicates that for the 
homogeneous cadmium-polyethylene shields currently being used there 
is probably a corresponding inhomogeneous shield that will provide 
the same radiation field. Furthermore, for the layered shields 
there was no significant difference in the neutron-to-gamma ratio 
for shields using 1/32 inches of cadmium or shields with 1/64 inches 
of cadmium. The last point is that variation of the detector 
location between one-half inch and four inches behind the shield 
showed little variation in the neutron fluences and kerma, but the 
gamma dose decreased significantly with increasing distance from the 
shield. 

Further research must be done to eliminate the discrepancies 
that exist in the second benchmark case. Although the computer 
model includes radiative capture, the predicted amount of gamma 
radiation released is probably too low. Also the calculational 
method for determining the total neutron fluence must be improved to 
better predict the value that was measured. Unfortunately, there is 
the possibility that errors exist within the cross section library, 
RTP35, which was specifically made for and first used in this 
research. Of significance to further research, is the recently 
released VITAMIN-E library, which also contains a coupled neutron-
gamma cross section set for cadmium. The VITAMIN-E library should 
be used to repeat the calculations of the benchmark problems and 
compare these results with the previously calculated and measured 
results. 
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CURRENT STATUS OF THE SKUA BURST ASSEMBLY MACHINE 

E. A. Plassmann and T. F. Wimett 
Los Alamos National Laboratory, MS J562, 

Los Alamos, NM 87545 

ABSTRACT 

The design philosophy for the SKUA Burst Assembly 
Machine, being developed at Los Alamos, is reviewed along 
with results of supporting calculations. Several novel 
applications are also discussed to show the unique capabil
ities available. 

HISTORY 

The original concept for the SKUA assembly was proposed 
more than ten years ago. The earliest reference to it in 
the Los Alamos Critical Experiments Facility (LACEF) prog
ress reports is September 1975, where the design of the 
assembly is already fairly well established. SKUA is the 
sixth fast burst assembly (Table I) to be developed at Los 
Alamos. 

TABLE I 
LACEF BURST ASSEMBLIES 

1951 Lady Godiva (spherical) 
World's first burst assembly 
March 1953 

June 1957 Godiva II (cylindrical) 

Dec. 1959 Godiva 111 
Converted to SPR-II at Sandia 

Nov. 1963 Moly G (10% Mo-alloy) 
To White Sands-WSFBR 

Feb. 1967 Godiva IV (1.5% Mo-alloy) 
Shortest burst and highest 
peak power 

May 1978 SKUA 
Flux enhancement 

The SKUA assembly was intended to vaporize a thin U(93) 
foil for study of the resulting infra-red spectrum. This 
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program was terminated before the design was completed, but 
construction continued because there was sufficient interest 
in possible future experiments. 

Delayed critical was first achieved with the 
assembly in May 1978. Experiments relating to ba 
considerations, control element reactivity calibr 
central flux trap worth evaluations continued unt 
March 1980 at which time further work on the asse 
postponed while the Safety Analysis Report (SAR) 
for burst operation was in the approval process, 
final approval of the SAR was obtained, the mecha 
control modification necessary for burst operatic 
yet been made. After these few past years of ina 
are now again proceeding toward SKUA burst operat 

SKUA 
sic design 
ations. and 
il 
mbly was 
supplement 
Although 
nical and 
n have not 
ctivity we 
ion. 

DESIGN CONSIDERATIONS AND MEASUREMENTS 

Schematic diagrams of SKUA design show a top view (Fig. 
1) and a cross-sectional side view (Fig. 2) of the assem
bly. The fuel is enriched uranium. U(93). alloyed with 1.5% 
molybdenum in the form of a hollow right circular cylinder 

Fig. 1. Top schematic view of the SKUA assembly. 
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Fig. 2. Cross sectional schematic view of the SKUA 
assembly. 

made up of a stack of twelve annular rings. This fuel stack 
is 30.5-cm (12-in.) high, with nominal 24.1 cm (9.5 in.) and 
31.8 cm (12.5 in.) inside and outside diameters, and weighs 
188 kg. All the fuel rings are clad with aluminum by an 
intermetallic ion-plating process to minimize UO2 contamina
tion during burst operation. 

Reactivity control is achieved with copper reflectors. 
This eliminates penetration holes in the fuel rings which 
would structurally weaken them. Three copper segments that 
move by hydraulic actuators in the radial direction provide 
the independent major shutdown or SCRAM mechanisms. Total 
shutdown provided by these three safety blocks is measured 
as 9.9$. There are also three rotary control drums. Two of 
these are vernier control elements electrically driven with 
stepping motors to give precise positional readouts. The 
reactivity worth curve for each of these copper drums 
(Fig. 3) was obtained in a stepwise manner by adding reac
tivity with the drum being measured and then subsequently 
removing reactivity with the other identical drum. Thus, 
the resulting curve is influenced by interaction between the 
drums. There is remarkable linearity in the region from 10° 
to 60° where the differential worth is approximately 
0.039$/degree. 
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The third rotary control element is the burst drum 
driven with a hydraulic system that rotates this heavy 
element into position within 0.15 s. This massive copper 
drum and associated steel support weighs 49 kg. so a special 
shock absorber system (Fig. 4) had to be designed. Optimum 
adjustment of these absorbers results in a burst drum inser
tion time of 0.10 s to within about three degrees of closure 
and another 0.05 s deceleration time to rotate that last 
three degrees. Because this final three degrees is worth 
only about two cents in reactivity, if a burst were ini
tiated at any time during the deceleration, the yield would 
be reduced by less than five percent. The probability of 
preinitiation during the earlier part of the burst drum 
stroke is computed as less than 1.4% which is quite accept
able. The reactivity insertion rate for this element is 
nearly 15 $/sec, almost as fast as that for the Godiva-lV 
burst rod. 
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Fig. 4. Shock absorber system for SKUA burst drum. 

The central flux trap (Fig. 5) is intended to be 
essentially neutral in reactivity contribution when it is 
inserted into the SKUA core. This is true when using ZrH| g 
in the system; it actually adds 0.3$ in reactivity. When* 
substituting an equal volume of polyethylene, the flux trap 
acts as a poison of about 6.4$. The use of zirconium 
hydride as a moderator has the advantage of higher tempera
ture stability compared with polyethylene which is commonly 
used for this purpose. However, fabrication difficulties 
make it impossible to approach the theoretical hydrogen 
density which would be competitive with polyethylene. With 
the present dimensions, zirconium hydride is only about 50% 
as effective as polyethylene in producing uranium fission 
inside the flux trap. Using neutron transport calculations, 
we intend to optimize materials to achieve the design 
objective of zero reactivity worth for the flux trap as a 
whole. The central graphite liner thermally protects the 
moderating material from temperatures generated when uranium 
is melted or vaporized in the central cavity. The outer 
boral and cadmium sleeves prevent thermal neutrons from 
reflecting back into the enriched uranium fuel stack. The 
final uranium carbide sleeve is intended to act as a buffer 
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Fig. 5. SKUA central flux trap design, 

to prevent fission peaking on the inside fuel surface. This 
carbide buffer may not be needed in the final design, thus 
allowing for more zirconium hydride or polyethylene moderat
ing volume. 

The high worth of 2.7$ for a rotary copper control drum 
and the large magnitude of flux or power tilting produced by 
the action of reflector controls are unexpected results. 
The cause of this tilting is a combination of high reflector 
worth and the decoupling effect of the large neutron modera
tor and poison in the flux trap. A direct measurement of 
the flux tilt by activating uranium-loaded aluminum wires 
wrapped around the inner and outer surfaces of a fuel ring 
shows an azimuthal maximum power ratio of almost 2.5 when a 
70° segment of the copper reflector is removed. Flux tilt 
by the copper control drums alone results in a 17% increase 
in reactivity worth of one drum when another drum is with
drawn, and an additional 17% when the third drum is with
drawn. The total measured reactivity control for the three 
copper drums is 7.8$. We found that by substituting alumi
num for copper in these drums, this total worth is reduced 
to 5.0$ which would still provide adequate control. This 
substitution has the added advantage of reducing the moment 
of inertia, and hence the required driving torque, for the 
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burst drum by a factor of three. Moreover, the azimuthal 
flux tilting effect would be minimized because with proper 
adjustment of the total excess available reactivity all the 
drums are essentially "in" or near maximum reactivity when a 
burst is generated. 

APPLICATIONS 

A comparison of SKUA and Godiva-IV burst characteris
tics (Table II) shows the estimated SKUA burst width more 
than an order of magnitude longer than that for Godiva IV. 
This assumes that the flux trap is inserted in the SKUA 
core. Without the flux trap, the burst width should be less 
than half this long. The 300°C temperature rise is close to 
the maximum for Godiva-IV; we have driven it to a 365°C rise 
but generally stay below BOCC. However, the temperature 
rise allowable for SKUA should be subject only to the phase 
change limitation that occurs at about 600°C. 

TABLE II 

COMPARISON OF BURST CHARACTERISTICS (AT 300°C) 

Burst Width (ys) 

Joules/burst 

Leakage Neutrons 

Flux at 1 m (n/cm^-s) 

Central fluence (n/cm^) 

Central flux (n/cm^-s) 
average 
peak 

Godiva IV 

30 

1 .8 X 106 

8 . 9 X 10 '6 

2 . 3 5 X 10 '6 

3 . 3 X 10 '4 

1 . 1 X 10l9 
2 X 10l9 

SKUA (estimated) 

400 

5.4 X 10^ 

2.67 X 10'7 

5.3 X 10'5 

3.3 X 10'4 

8 X 10'7 
1.5 X 10'8 

SKUA can effectively be employed to vaporize various 
compounds which are enriched in 235̂ . with a 100 g foil of 
U(93) at the center of the flux trap, possible energy 
depositions for a rather intense burst have been computed 
(Fig. 6) along with the resulting temperatures throughout 
the assembly. The llO'C temperature increase shown for 
Boral will be considerably reduced in the present design 
which employs a cadmium barrier inside the Boral. The 
thickness of central U(93) to be vaporized is 0.3 mm. 
Temperatures shown apply to the horizontal midplane of SKUA 
with a burst yield of 10 MJ and duration of 2 ms. 
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Radial Position (not to scale) 

Results of burst kinetic analyses indicate that fissile 
samples placed inside the flux trap will significantly alter 
the burst behavior. For a given burst yield, or fuel tem
perature increase, the samples may effectively increase 
burst duration by an order of magnitude. For example, a 
moderate burst yield, which exhibits a duration of 313 ys 
measured at half maximum power with no sample, would be 
modified to a duration of at least 2.4 ms when a 0.011 mm 
thick U(93) foil weighing 15 g is placed inside the flux 
trap. Figure 7 illustrates the enormous sample perturba
tions of the period-reactivity relation. We have plotted 
the reciprocal reactor period, a, versus excess reactivity 
measured from "apparent" prompt critical which is defined as 
one dollar excess reactivity above delayed critical, where 
the dollar unit corresponds to the natural delayed neutron 
fraction for the uranium fuel. Because of an additional 
effective delayed neutron group associated with thermal 
fission in the sample, true prompt criticality actually 
occurs at higher values of excess reactivity. The thin foil 
sample, which adds about 1$ reactivity, also increases the 
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excess prompt reactivity needed to attain a 50 ys period by 
0.8$. On the graph, we have also included a central uranium 
rod which adds 3$ reactivity at delayed critical and 
requires an 1.85$ increase in excess prompt reactivity for 
the same period. However, it will not be possible to attain 
periods this short with such a sample, because of excessive 
fuel temperature rise associated with the resulting bursts. 

We also have the option of supplying intense bursts of 
fast neutrons in the large 9.5" diameter by 12" high cavity 
when the flux trap is removed. Operation under these condi
tions requires additional reactivity control. To better 
estimate assembly parameters with all or part of the flux 
trap removed, we made some neutron transport calculations 
that had the Boral, cadmium, and uranium carbide liners in 
place but added various thicknesses of the moderator annu-
lus. Because of these thermal neutron absorbers, any neu
tron moderator inside the cavity was expected to behave as a 
reactivity poison. However, results of the calculations 
(Fig. 8) indicate that this isn't always the case. Clearly, 
the first 5 mm of polyethylene increases reactivity owing to 
simple scattering of fast neutrons. The 14$ increase in 
reactivity predicted for removal of the standard 46-mm thick 
moderator cannot be accommodated by the existing control 
rods. Our early critical experiments have shown that such 
reactivity adjustment is readily accomplished by merely 
replacing a selected fuel disk by one of normal uranium. 
The calculations also show (Fig. 9) the effect of polyeth
ylene moderator in thermalizing the central neutron flux. 
The abundance of neutrons in the "thermal" group (below 
0.1 eV) is plotted on a logarithhmic scale as a function of 
polyethylene thickness. 
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Another application of SKUA in a simulated core 
meltdown experiment was examined in support of a reactor 
safety study. The object is to melt several hundred grams 
of uranium carbide (UC) which would then drop into liquid 
sodium. We selected a thin (1-mm-thick) annular sample. 
160 mm long and 110 mm in diameter with a mass of approxi
mately 600 g. TWOTRAN calculations were used to optimize 
neutron moderation both in the (external) SKUA flux trap and 
inside the sample annulus. Zirconium was used to isolate 
the sample from the moderators. The calculated radial 
fission power distributions (Fig. 10) through different 
horizontal planes show some peaking at the ends of the 
sample. This is because the sample does not extend the full 
vertical length of the flux trap and implies that even 
longer samples could be considered. By comparing the radi
ally averaged fission power at the coldest region in the 
sample to the maximum in SKUA central fuel plate, we find a 
factor of 20 gain in sample energy deposition per gram over 
that in the fuel hot spot. Radial temperature equilibrium 
in the sample will occur in approximately 0.1 s. Assuming 
880 J/g to melt UC (at greater than 2800°C). we calculate a 
hot spot temperature rise of approximately 300°C in SKUA to 
melt the coldest part of the sample under burst conditions. 
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Because thermal radiation will result in heat loss from the 
sample while it is dropping, we calculate that the yield 
must be increased by about 25%. to a burst of approximately 
380°C temperature rise, to maintain sample melt during the 
experiment. This corresponds to approximately 2.5 x 10̂ '̂  
total fissions which is well within the capability of SKUA. 
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THE REACTOR-PUMPED LASER: 
KINETICS EFFECTS ON THE SPR III REACTOR* 

Douglas M. Minnema 
Reactor Applications Division 

and 
David A. McArthur 

Reactor-Laser Systems Division 
Sandia National Laboratories 

ABSTRACT 

The Sandia Pulsed Reactor III (SPR III) is being used as the 
pumping source for evaluation of energy deposition and laser 
physics in gas mixtures for reactor-pumped lasers. The test 
apparatus includes moderating and reflecting materials both near 
and in the glory hole, and occasionally, small quantities of 
uranium deposited on ceramic tubes in the glory hole. These 
materials significantly affect reactor behavior. 

The most prominent change that occurs with moderating material 
in the glory hole is an increase in the effective neutron lifetime 
of the reactor, and a factor of 2 to 3 has been observed in these 
tests. This affects several aspects of the reactor's behavior: 
initial reactor period, pulse width, and yield versus initial 
reactivity insertion. The most significant effect occurs when 
small quantities of uranium (ranging from 0.4 grams to 6 grams 
U3O8) are included in the package. There is an apparent increase 
in lifetime up to a factor of 7 over the normal value, and a large 
change in the pulse symmetry. Investigation suggests that the 
moderating material and uranium behave as a pseudo delayed-neutron 
precursor with a delay time of about 1.6 milliseconds, and an 
apparent yield of 0.00017. This paper provides a detailed 
discussion of these observations. 

1.0 INTRODUCTION 

The Sandia Pulsed Reactor III (SPR III) is being used as a 
pumping source for evaluation of energy deposition and laser 
physics in gas mixtures for reactor-pumped lasers. This paper 
discusses the significant variations that this experiment 

* This work performed at Sandia National Laboratories, which 
is operated for the U.S. Department of Energy under 
Contract number DE-AC04-76DP00789. 
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introduces in the reactor's neutron kinetics compared to its 
standard configuration. 

This series is unique compared to experiments normally 
performed at the SPR Facility due to its complexity and the amount 
of reflecting and moderating material in and near the reactor 
core. The experiment includes large amounts of aluminum material 
surrounding the reactor, a thick aluminum plate just above the 
shroud, and large amounts of polyethylene in the glory hole (in 
some cases as much as 1.3 kilograms). In past studies, moderators 
and reflectors were usually placed external to the reactor, 
resulting in positive reactivity worths (Reference 1). In this 
experiment, the configurations tend to be strongly negative in 
worth, with minor exceptions. Measured worths ranged from $+0.58 
to $-5.80 for various configurations. 

The laser cell consists of a stainless steel pressure cell 
surrounded by cylinders of polyethylene and wrapped on the outside 
with boron loaded silastic. The polyethylene thickness can be 
varied in order to optimize the total energy deposition and 
deposition rate in the cell. The boron loaded silastic was 
intended to enhance the shroud's decoupler in reducing the thermal 
neutron scatter back into the reactor fuel region. 

Two methods were used for converting the thermal neutrons into 
energy deposition in the cell. The first method uses a ceramic 
cylinder coated with fully enriched U3O8 within the cell. The 
high energy fission fragments deposit their energy locally within 
the gas. Early tests used U3O8 quantities of about 6 grams, but 
it was found that this amount created large kinetics problems for 
the reactor. Later it was determined that due to the thickness of 
the coating, self absorption of the fission products in the 
coating was significant, and the total U3O8 mass could be reduced 
by a factor of 2 without significant loss of energy deposition in 
the gas. The U3O8 mass can be reduced by another factor of 5 by 
pumping a smaller volume of laser gas. The second method is to 
mix Helium-3 gas with the laser gas being studied. The ^He 
captures neutrons yielding protons and tritons that deposit their 
energy locally in the gas. In the later tests the ceramic 
cylinders became the main method for energy deposition, with 
quantities of about 0.4 grams of U3O8 for coatings. 

2.0 INSTRUMENTATION 

This report utilizes parameters that are routinely measured 
during a reactor pulse operation. The reactor periods are 
measured using fission chambers with Racal-Dana timer/counters. 
The timer/counters are programmed to measure the time interval for 
one exponential folding time of the reactor power level, providing 
a direct measure of the period. Trigger levels are set for the 
power range of about 50 to 200 watts, so there is negligible 
temperature feedback. The experiment's reactivity worth is based 
on a delayed critical run at 1 watt, and comparison of control rod 
positions with a standard free field value. 

The pulse parameters are measured using 5.25" diameter Pilot B 
scintillators with photodiodes, feeding into the SPR Pulse 
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Analysis System. This computer controlled system records the 
pulse shape, fuel temperatures, and reactor assembly, generating a 
pulse data sheet for the experimenters and plotting the reactor 
assembly on the operations log sheet. A typical pulse data sheet 
is illustrated in Figure 1. The computer calculates several 
parameters of the pulse, primarily the trigger-to-peak time and 
Full Width at Half Maximum (FWHM), and performs a log-linear curve 
fit of the data between the 5% and 15% of peak levels to determine 
a reactor period. The program also calculates several values that 
monitor the pulse symmetry for comparison with theoretical and 
empirical standards. The integral of the Energy-to-Peak is 
ratioed with the total energy, the fall time from peak to 50% 
power is ratioed with the rise time from 50% to peak power, and 
the FWHM is ratioed with the reactor period. These ratios yield 
information as to the effect of experiments on the pulse compared 
with free field data. 

3.0 EXPERIMENTAL CONFIGURATION 

Since the start of the Falcon reactor-pumped laser program in 
August, 1984, over 200 pulse operations have been performed on 9 
configurations. These configurations mainly involve changes in 
laser cell dimensions, polyethylene thicknesses, and neutron 
converters. Changes in gas mixtures and pressures were found to 
have negligible effects upon reactor kinetics except for the ̂ He, 
which will be considered separately. Table 1 lists the 9 laser 
configurations that have been evaluated to the present time. 

Table 1 
Reactor-Pumped Laser Experiment Configurations 

Data 
Set 

Laser Cell 
OD(cm) Content 

Polyethylene 
Thickness(cm) Mass(qm) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

7.00 6gm U3O8 
7.00 6gm U3O8 
7.00 6gm U3O8+50psia 
7.00 50psia ^He 
7.00 SOpsia ^He 
3.60 50psia ^He 
2.54 30-50psia ^He 
2.54 0.4gm U3O8 
2.54 0.4gm U3O8 

'He 

1. 
1. 
2. 
2. 

2.10 
1.04 
1.04 
2.10 

.04-2. 

.60-3. 

.70-3. 
,70-3. 
3.40 

54 
30 
40 
40 

1921 
840 
840 

1921 
840-2436 
869-2051 

1422-2030 
1422-2030 

2030 

Polyethylene length is 32 cm in all data sets, 

4.0 EXPERIMENTAL RESULTS 

The 9 configurations can be grouped into 3 categories for data 
evaluations: (1) variations in polyethylene thickness; (2) use of 
the ^He gas; and (3) use of the U3O8 ceramic cylinders. This 
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evaluation is complicated by the fact that these categories can 
not be completely isolated from each other, since,they occurred in 
conjunction with each other in the tests. However, contributions 
from each category can be evaluated by comparing results for 
different combinations. 

In two cases the main kinetics change is the neutron lifetime 
of the reactor. This change reveals itself in several of the 
parameters: initial reactor period, trigger-to-peak time, FWHM, 
and reactor yield as a function of reactivity insertion. Since 
these all relate to each other through the lifetime, this is 
expected. The U3O8 ceramic cylinders create an additional 
variation that is more unexpected, a broadening of the reactor 
pulse that causes all of the symmetry parameters to deviate from 
their normal response. 

4.1 Standard Reactor Parameters 

Before discussing the experimental data, it is important to 
review the parameters of the SPR III reactor in a normal 
configuration. Figure 2 shows the yield, in temperature change, 
as a function of reactivity insertion. Nominally it requires a 
reactivity insertion of $1.08 to reach a yield of about 300° C. 
When the reactivity insertion is plotted as a function of inverse 
reactor period, the slope yields a neutron lifetime of 15.7 
nanoseconds (Figure 3). 

1.10 

SPR III REACTOR - STANDARD CONFZeURATION 
Reactivity Inaartlon va. Fual Tewpepature Rlae 

1.02 SOO 
Temperature Rlae Pc) 

400 

Figure 2: Reactor Yield in temperature rise as a function of 
Reactivity Insertion for the standard SPR III 
configuration. 
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Figure 3: Reactivity Insertion as a function of Inverse Reactor 
Period for the standard SPR III configuration. The 
slope of the line yields the neutron lifetime. 

4.2 Polyethylene Thickness 

Polyethylene thicknesses were varied throughout the test 
series in attempts to maximize energy deposition in the cell while 
minimizing lifetime changes that reduce the energy deposition 
rate. Also, the cell diameter was varied in order to reduce the 
total mass of polyethylene while maintaining the thickness. The 
polyethylene length was 32 cm, totally within the glory hole. The 
fuel was 40.64 cm long, so the polyethylene did not extend the 
full length of the core; however, at the ends of the cell 
stainless steel flanges acted as axial reflectors. 

In one series of tests, sealed cans were used for measuring 
pressure rise during the shots, rather than the full laser 
configuration. These cans contained either a 7.00 cm or a 3.8 cm 
diameter laser cell pressurized to about 48 psia of ^He, and 
polyethylene sleaves ranging in thickness from 1.0 cm to 3.3 cm. 
These cans could be placed directly into the experiment tube and 
did not require the supporting structure of the other tests. 
These cells contained ^He, but the gas pressure was constant, so 
the effects of the polyethylene changes could be evaluated 
directly for each cell diameter. 
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The reactivity worth of these sealed cans was a strong 
function of the polyethylene thickness. Figure 4 shows the 
experiment reactivity worth as a function of polyethylene 
thickness for both cell diameters. This suggests that the ^HG has 
negligible effects on the worth of the experiment. 

2.20 

REACTOR-PUMPED LASER - SEALED CANS 
Reactivity Worth vs. Polyethylene Thickness 

0.20 

c o 

o 
(O 
Oi 

-1.80 

-3.80 -

Polyethylene Thickness (cm) 

Figure 4: Experiment Reactivity Worth at delayed critical as a 
function of Polyethylene Thickness for two cell 
diameters. 

Figure 5 shows the estimated neutron lifetime as a function of 
the polyethylene thickness for both cell diameters. This figure 
shows that both configurations have increased lifetimes from free 
field, however neither show any real dependence upon the 
thickness. This suggests an asymptotic effect on the lifetime, 
where the effect may occur with a small amount of polyethylene, 
and then after that no further increase is observed. The 
difference between the two cell diameters is probably due to 
geometrical considerations rather than the polyethylene thickness. 
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Figure 5: Estimated Neutron Lifetime as a function of 
Polyethylene Thickness for two cell diameters. 

4.3 Helium-3 Neutron Converter 

Helium-3 has a very high cross-section for thermal neutrons 
of about 5330 barns. Therefore, the gas could have a significant 
effect upon the neutron lifetime in the reactor. A review of the 
data shows that there appears to be an inverse dependence between 
the ^He pressure and the reactor lifetime, however there are 
insufficient data to quantify this relationship. Comparison 
between a few comparable reactivity insertions with different 
pressures suggests that lifetime decreases with increasing ^He 
pressures. This agrees with the theoretical definition of 
lifetime as inversely proportional to the macroscopic absorption 
cross-section (Reference 2). 

The pressure of the ^He has a minor effect upon the total 
worth of the package, as shown in figure 6. However, this 
function is significant in terms of reactivity insertion for a 
pulse, and so the reactor operators are required to monitor the 
pressure to insure that it does not change between the minipulse 
and the design pulse. Another example also illustrates the effect 
of ^He on lifetime. In moving from data set 2 to 3 of table 1, 
the only difference is the addition of the ^He. The next section 
discusses the results with U3O8 in detail, but it is notable that 
the addition of the ^He forced the lifetime to change from 40 ns 
down to 3 0 ns, a very significant drop. 
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Figure 6: Change in Experiment Reactivity Worth as a function of 
the ^He Pressure in the 7.0 cm diameter cell. 

4.4 Uranium Oxide Neutron Converters 

The first series of laser experiments included ceramic 
alumina cylinders coated with 6 gm of U3O8 for converting neutrons 

laser cell. This series provided 
since almost all of the pulse 
from expected values. Figure 7 
the highest yield delivered on the 

broad pulse and the large tail 

into energy deposition in the 
the most confusion initially, 
parameters varied drastically 
shows the pulse data sheet for 
6 gm cylinder. Note the 
contribution, especially compared to a standard pulse (Figure 1) 
The large tail causes all of the symmetry parameters to deviate 
from the expected values, as can be seen in figure 8. This figure 
shows the ratio of the FWHM to initial reactor period for six data 
sets. The Nordheim-Fuchs model predicts this ratio to be a 
constant value of 3.524 (Reference 3), however, at higher yields 
the thermal expansion of the fuel lags the temperature rise due to 
the inertia of the fuel mass. This retarding of expansion results 
in a greater yield for the pulse and the ratio of FWHM to initial 
reactor period is reduced to 2.8. 

The FWHM to period ratio for the 6 gm cylinder increased with 
pulse yield rather than decreased, along with the other 
parameters. Also, the initial reactor period and FWHM both 
suggested an extremely large change in the neutron lifetime of the 
reactor (Figure 9). Initial estimates of yield data showed an 
effective lifetime of about 115 ns, more than 7 times the free 
field value. KENO code runs confirmed the effect of the U3O8 
quantities on the neutron lifetime (Figure 10). 
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Figure 8: Full Width at Half Maximum to Period Ratio as a 
function of the reactor yield in temperature rise 
for free field and three experiment configurations. 
Note the deviation in the 2.1 cm poly & 6 gm U3O8 from 
the other curves. 
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Figure 10: Neutron Lifetime as predicted by the KENO code as a 
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thicknesses and the 7.0 cm diameter cell. 
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The longer lifetime explains the initial reactor period; 
however, the pulse symmetry parameters are normally independent of 
lifetime. Therefore, it was postulated that fissions in the U3O8 
coating were creating a neutron source that acted as a delayed 
neutron precursor group. The delay would be due to the 
thermalization and diffusion of the reactor's neutrons through the 
polyethylene before causing fissions in the cylinder. The fast 
neutrons from the cylinder that penetrate back into the fuel would 
be delayed in time from the initial reactor pulse. If this group 
were fast enough the reactor would deviate from the Nordheim-Fuchs 
model in the manner described. A multiple linear regression was 
performed to fit the pulse data to a two group inhour equation. 
One of the groups would represent the normal six-group average 
delayed precursors, and the second group would represent the 
pseudo-delayed group described here. The fit yielded a neutron 
lifetime of 106.6 ns, a group fractional yield of 0.00017, and a 
group half-life of 1.63 milliseconds. The correlation coefficient 
for the fit was 0.99999 with 15 degrees of freedom. 

Note that when the polyethylene thickness was reduced by half 
in data set 2 of table 1, the lifetime was reduced to 40.7 ns, and 
the symmetry parameters all returned to the normal behavior. This 
is due to the fact that the reduced moderation probably reduced 
the fission yield in the U3O8, reducing the fractional yield, and 
the half-life probably was shortened due to reduced delay time in 
the polyethylene. These two conditions would both contribute to a 
return to more normal kinetics. When the quantity of U3O8 was 
reduced to 0.4 gm in later tests, the lifetime dropped further to 
about 31 ns. Both of these observations are also supported by 
figure 10. 

5.0 CONCLUSIONS 

The reactor-pumped laser experiments provide a unique 
opportunity to evaluate the kinetics effects of large moderating 
experiments in the glory hole of SPR III. Extensive neutron 
lifetime changes can be introduced even when the experiment's 
reactivity worth may not indicate any significant variation from 
free field conditions. The conditions that generate a lifetime 
change may not always be obvious in a complex experiment, and 
separating the contributors is difficult at best. 

The most significant result is the effect of the U3O8 upon the 
reactor. The addition of enriched uranium in a moderating 
experiment creates a pseudo delayed-neutron group which has a 
strong kinetic effect on the system. The large effect that such a 
small quantity of material can have on the reactor illustrates how 
sensitive the relationship is between reactor and experiment. 
This serves as a reminder of the care with which an experiment 
must be examined when considering its kinetics effect upon the 
reactor. 
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Editor's Note: This paper was unavailable for publication. A 
summary is included. 

USE OF NPN BIPOLAR TRANSISTORS 

FOR 

SILICON EQUIVALENT NEUTRON DAMAGE 

Boyce Ahlport 
Don Garrison 

Northrop Electronics Division 
Hawthorne, CA 90250 

With the closing of the Northrop Triga Reactor, Northrop shifted its 
neutron irradiations to the several government Fast Burst Reactors. 
As a control, an inexpensive NPN bipolar transistor was chosen to 
monitor the silicon equivalent damage created by the differing neu
tron spectra. Noticeable biases occurred between the comparisons 
with 1 Mev silicon equivalent dosimetry reported by the several 
facilities and the damage observed in the monitor transistors and 
other semiconductors being irradiated. 

A special effort was committed to automate the measurement of the 
monitor transistors. Their behavior was then studied and quantified 
so that a more precise determination of the neutron fluence could be 
obtained. The techniques needed for accurate read-out of fluences 
from monitor transistors, with supporting data, is presented. The 
variabilities are mostly related to the choice of monitor transistor, 
test conditions, ambient and self-heating, and timing/annealing of 
the measurements. The occurrence of reverse annealing, varying with 
measurement current, is detailed. Also the monitoring of V^^ as a 
thermometer to correct the damage factor to a standard temperature is 
noted. The electrical measurement errors have been made negligible. 

Some preliminary comparisons are given for the several facilities, 
using their historic 1 Mev(Si)/sulfur conversions. These comparisons 
do not include any adjustments for the biases developed by experiment 
positioning or recent changes in the silicon 1 Mev damage equivalence 
curve. 
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Hardness Parameter Studies at the White Sands Missile 
Range Fast Burst Reactor 

T.M. Flanders 
M.H. Sparks 

Nuclear Effects Laboratory, White Sands Missile Range, N.M. 

Abstract 

This is a progress report on a continuing investigation of the 
1 MeV equivalence concept. The Silicon displacement damage cross 
section published in ASTM Standard E722 has been re-examined. The 
original data used to produce the damage cross section was 
obtained in order to verify the average value for the damage cross 
section around 1 MeV. The Standard damage cross section was also 
compared to a damage cross section sometimes used in transport 
calculations for 1 MeV dose. 

The report also presents an early analysis of a comparison of 
silicon displacement damage by fission neutrons and by fusion 
neutrons. Thirty 2N2222A transistors were exposed to fission 
spectrum, 14 MeV, and 3 MeV neutrons. This is the first in a 
series of planned experiments to monitor the 1 MeV equivalence of 
various neutron sources. 

A) Introduction 

Many system designs have neutron hardness requirements for 
semiconductors using spectra that cannot be conveniently 
synthesized in a laboratory environment. Nearly all 
specifications for neutron survivability are in units of 1 MeV 
fluences, whether the spectrum can be reproduced by existing 
neutron sources or not. Also, data which has been obtained with 
different neutron spectra already exist for semiconductors, and 
there can be a significant cost savings resulting from not having 
to retest the semiconductors to new spectrum requirements. Various 
methods have evolved for handling this problem. 

One method measures the relative damage produced by the test and 
reference spectra by experimentally determining the degradation of 
the devices. The parameter commonly measured is gain. The 
relative damage between the two spectra is then used to establish 
a neutron fluence damage ratio. A fission spectrum is commonly 
used as the standard for damage equivalence between two 
experimentally different spectra. 

A second method is completely analytical. A neutron transport 
analysis is made to determine the number of displaced silicon 
atoms for the specified neutron spectrum. The 1 MeV neutron 
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fluence that will produce the identical number of displacements is 
also determined analytically. The ratio of the specified spectrum 
fluence to the 1 MeV fluence determines the damage equivalency of 
the two spectra. The analytical approach is necessary for cases 
where the specified spectrum cannot be reproduced in the 
laboratory. 

The approach generally used is a combination of the two methods. 
The energy spectrum of the source of neutrons is determined 
experimentally and a response function is folded with the spectrum 
to determine the equivalent 1 MeV fluence. ASTM Standard E722-80 
(1) documents this procedure. The standard has currently been 
revised by the ASTM sub-committee on the effects of ionizing 
radiation on materials. This method has been in use since the 
mid-seventies. 

B) Shape of the Damage Function 

A fundamental issue in this problem is the silicon displacement 
damage cross section. This cross section curve has not been 
characterized adequately by experimental means. However, there 
are several theoretical tabulations of this data. The theoretical 
calculations do not all agree in detail on the shape of the cross 
section curve. This has a severe impact on trying to establish 
the equivalent damage of neutrons of one energy relative to 
another energy. 

It is also generally assumed, for a Godiva-type spectrum, the 
useful threshold for damage for Silicon displacement is 10 keV. 
Neutrons with energies below that threshold cause an insignificant 
amount of damage (2). This assumption is dependent on the actual 
shape of the silicon damage function as well as the degree of 
moderation of the test spectrum. 

As an example, admittedly extreme, we have made a one 
dimensional calculation of a FBR spectrum in a spherical cell. 
The Discrete Ordinates Code ANISN (3) was used to calculate the 
change in spectral shape as the source to detector distance 
increases from 16 inches to nearly 25 feet. The source spectrum 
was a calculated leakage spectrum for a bare assembly (4). 
Spherical geometry was used for the ANISN calculation and a 
concrete wall was modeled at about 27 feet from the source. The 
concrete wall was covered by 8 inches of wallboard. the inner 4 
inches of wallboard were loaded with Boron. The configuration 
represents a simple one dimensional mockup of a typical exposure 
cell. The cross sections were from the DNA Few Group Coupled 
Neutron-Gamma Cross Section Library (5). 

The resulting spectra for a few source to detector distances are 
shown in Figure 1. The calculated spectra clearly show that the 
environment in the spherical cell is composed of two components. 
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Component 1 is the slightly degraded fission spectrum, 
characteristic of a FBR. Component 2 is represented by a 
"background spectrum" which is constant regardless of the source 
to detector distance. The background component is represented by 
the flat line on the neutron lethargy plot. As the distance 
between the source and detector increases, the relative 
contribution of the fission portion of the spectrum decreases. 

The results of this calculation are given in Table 1. The 
Silicon damage cross section for this exercise is the function 
distributed with the DNA Cross Section Library. The heritage of 
this curve is rumored to be from someone at TRW (6). The DNA 
Silicon damage cross section is shown in Figure 2 with the damage 
cross section recommended by the E722 standard. A significant 
point which is observed in the DNA damage cross section is that 
the damage curve is given all the way down to thermal energy. For 
the energies below that shown in Figure 2, the damage is the same 
as for 10 keV. The damage curve recommended by ASTM Standard E722 
has no data below 10 keV. 

As the source to detector distance increases, the spectrum gets 
progressively softer, as is expected. There are two columns shown 
in Table 1 for the calculated hardness parameter. The first 
column is the calculated hardness parameter when the full damage 
function down to thermal energies is used. The second column was 
calculated using the method analogous to that specified in 
Standard E722. The lower energy limit for damage is taken to be 
10 keV. There is a significant difference in the two hardness 
parameters at the detector positions most remote from the source 
position. The difference is dependent on the inclusion of the 
damage predicted by the DNA response function for neutrons with 
energies less than 10 keV. 

Distance SI 
(inches) 

16 8.39 
24 8.45 
52 8.80 

121 10.4 
204 13.3 
290 16.2 

Table 1 

Fluence> 10 keV 
N/Source-cm^2 

4.80 E-5 
2.22 -5 
4.99 -6 
1.18 -6 
6.17 -7 
4.93 -7 

Total Fluence 
N/Source-cm^2 

4.89 E-5 
2.31 -5 
5.92 -6 
2.12 -6 
1.56 -6 
1.45 -6 

HPl HP2 

.987 .992 

.978 .989 

.922 .969 

.737 .891 

.573 .796 

.495 .736 
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C) Impact of the Change of D(l MeV) 

An important region of the damage curve is around 1 MeV. In 
this region, there are significant neutron resonances. These 
resonances cause difficulty in determining a suitable average for 
the damage curve around 1 MeV. We have obtained the original data 
(6) used to produce the currently accepted damage function 
tabulated in ASTM Standard E722. We have also regrouped the data 
to match the energy structure of the spectrum unfolding code 
SAND-II. After processing the raw damage data, we calculated a 
new average energy and obtained a value for the damage at 1 MeV 
which is 94. This average is very similar to one which was 
proposed by Namenson et. al. (7) and was subsequently incorporated 
into the ASTM Standard. 

It has been recognized for some time that the neutron leakage 
spectrum from a typical fast burst reactor is very near to that of 
the so-called 1 MeV equivalence. This fact arises because there 
is a significant population of neutrons which do appreciable 
displacement damage to silicon devices in the energy region around 
1 MeV. In the past, the White Sands Fast Burst Reactor has been 
quoted as having a hardness parameter of 1.12. That is to say that 
it would take 1.12 neutrons of energy 1 MeV to produce the same 
amount of displacement damage as a typical reactor neutron. Using 
the newly recommended displacement cross section, the hardness 
parameter for the FBR is effectively 1.0. Appendix A is currently 
being delivered to the contractors who use the FBR. 

D) Ratio of Damage of 14 MeV Neutrons to FBR Spectrum Neutrons 

It has been noted by others that the observed damage ratio, 
caused by 14 MeV neutrons and fission spectrum neutrons, does not 
always agree with the ratio that can be calculated by theoretical 
means. It has been observed by several different groups that 
14 MeV neutrons produce about 2.7 to 3 times as much damage as do 
neutrons having an energy distribution typical of that produced by 
a Fast Burst Reactor (8). The calculated damage ratio, using the 
E722 damage cross section tabulation, indicates that this damage 
ratio should be about 2.2 to 2.3. 

We have exposed 2N2222A transistors at the White Sands Missile 
Range FBR and to fusion neutrons produced by the Lawrence 
Livermore Laboratories Rotating Target Neutron Source (RTNS-1). 
RTNS-1 is capable of producing fusion neutrons near 14 MeV and 
3 MeV, depending on the target materials. All devices were exposed 
to all three environments. The transistors were initially 
irradiated at the FBR. These same transistors were then exposed 
to 14 MeV neutrons and subsequently to 3 MeV neutrons. All 
transistors were then returned to the WSMR FBR and exposed again. 

After each exposure, the gain of each device was measured using 
a curve tracer. The inverse beta of each transistor was plotted 
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versus neutron fluence. Figure 3 shows the gain degradation for 
one such device. Damage ratios for D-T and D-D fusion 
environments were calculated relative to the FBR exposures for 
each transistor. Early analysis of the first set of transistor 
data indicates the average damage ratio of D-T spectrum neutrons 
to FBR spectrum neutrons is 2.29+-0.11. The expected damage 
ratio, based on the damage cross section curve was about 2.3. 

We are continuing to evaluate the data from the exposures from 
the Livermore Deuterium-Deuterium source. The initial data shows 
a higher 3 MeV to FBR damage ratio than is expected. The 
experiment will be be repeated before any conclusions are drawn 
for this ratio. 
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Appendix A 

TECHNICAL NOTE: 1 MeV FLUENCE EQUIVALENCY of the White Sands 
Missile Range Fast Burst Reactor. 

The Dosimetry Section, Nuclear Effects Laboratory will report 
the Hardness Parameter(HP) for the WSMR Fast Burst Reactor as 1.0. 
The previous value reported for HP was 1.12. 

DISCUSSION: 

The ASTM standard which defines the method for determining the 
Hardness Parameter has been revised (Ref. 1). This revision 
results in a re-evaluation of the average damage cross section 
function around 1 MeV (Ref. 2). The previously recommended 
displacement KERMA cross-section for a 1 MeV neutron was either 84 
or 78 MeV-mb. The new value recommended by the standard is 95 H— 
4 MeV-mb. The new HP does not reflect a change in the displacement 
KERMA per unit fluence produced by the FBR. This represents a 
redefinition of the amount of damage a hypothetical 1 MeV 
monoenergetic neutron source would produce. 

IMPACT: 

HP is used to calculate neutron fluence when exposure 
requirements are given in terms of 1 MeV equivalence (Ref. 3). 
The exposure parameter measurable for the FBR is fluence greater 
than 3 MeV. The 1 MeV equivalence is calculated by multiplying 
the reported Sulfur fluence by a factor which contains the HP. 
The factor for converting Sulfur fluence to 1 MeV equivalence is 
6.7. All 1 Mev fluences obtained prior to 1 February, 1986 may be 
normalized to the current value by multiplying by the ratio 
6.7/7.5. 

LIMITATIONS: 

This calculated HP is valid only for free field conditions at a 
distance of 24 inches from core centerline. However, it will 
remain at least approximately valid for most conditions when there 
is no significant scattering, absorbing or neutron sources (other 
than the FBR) in the vicinity of the point of interest. 
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ABSTRACT 

Radiation hardness testing of semiconductor devices has used fast 
burst reactor sources, for example Godiva. Triga or the Sandia 
Pulsed Reactor (SPR). Measurements have been made both in the burst 
and the steady modes of operation. Damage has traditionally been 
correlated with observed effects such as modification of minority 
and majority carrier lifetimes and mobilities. The usual damage 
analysis assumes an infinite medium of silicon irradiated by a neu
tron beam represented by an equivalent monoenergetic beam at 1.0 MeV. 
This assumption is of questionable validity for a number of reasons. 
The energy dependence of the distribution of ionization and displace
ment damage may not be properly included. The effect of feature size 
on the component response is ignored. Finally, the effect of primary 
knock-on atom in a molecular material such as silicon dioxide is 
ignored. In order to improve the state-of-the-art in silicon and 
silicon dioxide damage functions, we have made improved calculations 
to address some of these problems. Using the NJOY nuclear data 
processing code, we predict the neutron radiation damage response 
function of silicon and silicon dioxide. The methodology used 
includes using the Lindhard electronic screening theory to compute 
the distribution of damage between ionization and displacement. The 
variation of those results with primary kock-on atom (PKA) is of 
significance for a molecule such as Si02. The methodology of 
doing such molecular damage calculations is also presented in this 
paper. We have found significant differences between the 1.0 MeV 
damage response functions computed by our method and those values 
widely in use for both silicon and for silicon dioxide. 
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1.0 INTRODUCTION 

This work investigates and reviews the radiation damage effects of 
fast neutrons in silicon and silicon dioxide. Radiation-hardness 
testing of semiconductor devices has used fast burst reactor sources 
such as Godiva, Triga and the Sandia Pulsed Reactor (SPR). Measure
ments have been made both in the burst and the steady modes of opera
tion. Neutron spectra are usually determined by threshold activation 
of foils. A microelectronic component is observed to have a differ
ent characteristic behavior following irradiation. Such changes can 
be correlated with modifications in material properties, such as 
minority or majority carrier lifetimes or mobilities. 

The assumptions of classical radiation damage analyses and the 
correlation of integrated circuit radiation damage effects with dis
placement damage in silicon may not be an adequate approximation. 
Traditional neutron radiation damage analysis (ASTM 1985) assumes 
that the damage in silicon irradiated by a flux of neutrons can be 
represented by infinite medium silicon damage due to a 1.0 MeV 
equivalent neutron beam. The damage produced by this beam then can 
be correlated with effects observed in reactor irradiation of com
ponents (Gover 1985). such as modifications in minority carrier 
lifetime, majority carrier concentration or carrier mobilities. The 
conversion to a 1.0-MeV equivalent basis allows for the inter-
comparison of damage due to different neutron sources. We question 
the validity of this approach. While the relationship probably 
holds for large discrete components based on conventional bipolar 
technology. it is of questionable validity for state-of-the-art 
microelectronic components with micrometer features. Furthermore, 
the approach does not address the effect of damage in molecular 
systems, such as Si02. 

For the purpose of radiation effect analysis, a microelectronic 
system is a mixture of metallic and nonmetallic monoatomic and 
polyatomic solids such as Si. Ge. Au, Al. Si02. GaAs. and GaP. 
The physical dimension of the features of a typical microelectronic 
device are approximately 1 um to 3 v-^ in width and only 10 nm to 
100 nm in depth. 

Neutron radiation damage in solids results from nuclear collisions 
and reactions that produce energetic recoil atoms. The recoiling 
atoms generate electronic excitation, or ionization, in the host 
material and elastic and inelastic collisions that may result in 
displacing additional host atoms from their lattices sites. Thus, 
the two features of such damage are residual ionization and atomic 
displacement damage. The structure of displacement cascades in 
solids can be studied via a Monte Carlo simulation (Robinson 1974 
and 1985 and Mueller 1980) or via a transport calculation. 

Nuclear collisions and reactions are characterized by neutron cross 
sections. or interaction probabilities. These parameters are 
measured experimentally in the range of neutron energies from a few 

-86-



eV to several MeV for most elements in the periodic table and for 
some compound materials. Due to limitations in time and techniques, 
there are regions for which the cross sections are not available 
(MacFarlane 1984 and L. Greenwood 1985). Therefore, theoretical 
analysis of nuclear reactions is an important tool. both for 
evaluating the present measured values and for the interpolation and 
extrapolation of new values. The reactions between the neutron and 
heavy nuclei can be modeled successfully using a phenomenological 
model based on experimental information about the nuclear structure 
and an average potential, the "local optical potential" (Young 1977 
and 1985). 

The cross section for the interaction between a neutron and a nuclei 
in a solid structure is usually of the order of 10~^ A^ and. 
thus, much smaller than the area of the elementary unit lattice 
cell, which is about 5 A^, The mean free path of neutrons is 
large, typically many centimeters, and primary knock-on atoms (PKAs) 
are created uniformly in the solid. The development of a cascade 
started by a PKA is not modified by the presence of other cascades 
until it reaches very high neutron fluences. The probability of 
multiple neutron interactions in silicon integrated circuits has 
recently been measured and modeled (Srour et al.. 1985). 

In this paper the neutron radiation damage is calculated via the 
NJOY computer code (MacFarlane 1977). All nuclear reaction data are 
obtained from ENDF/B-V. distributed by Brookhaven National Labora
tory (Kinsey 1979). and from the theoretical models included in the 
NJOY code. The NJOY code used the Lindhard model to calculate the 
partition of recoil energy between nuclear and electronic effects 
for the recoiling atoms. 

2.0 THEORY 

The probability of displacing atoms from their lattice sites depends 
on the incident neutron energy (E) and cross section (o(E)), the 
primary recoil atom energy (ER). and the partition of recoil 
energy between electronic excitation and atomic displacement 
(P(ER)). The damage function is given by 

D(E) = I 0^(E);dEj^ f|̂ (E.Eĵ )P(Ê ) . (1) 
ic 

where the sum is over all reactions, and f|f(ER) is the proba
bility that a neutron with energy E in a reaction k produces a 
recoil with energy ER; 

E = Incident neutron energy (laboratory system). 
ER = Recoil nucleus energy (laboratory system). 

0|f(E) = Nuclear cross section for reaction at energy E. 

The partition function or "damage efficiency" (P(ER)) is given by 
the relation derived by Robinson (1976). based on the electronic 
screening theory of Lindhard (1963). 
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2.1 Partition of the Recoil Energy: LSS Theory 

Neutron radiation damage in solids results from nuclear collisions 
and reactions that produce energetic recoil atoms. The recoiling 
atoms generate electronic excitation, or ionization, in the host 
material and elastic and inelastic collisions that may result in 
displacing additional host atoms from their lattices sites. A treat
ment of these atomic interactions has been developed by Lindhard 
(1963) based on Thomas-Fermi model of the atoms. This description 
of the atomic collisions is known as the LSS theory. From the LSS 
theory the energy damage partition function is: 

P(E ) = 77T J77- . (2) 

1 + Fr(3.4008c ' + 0.40244e^ ) 

if ER > 25 eV. and P(ER) = 0 otherwise, where e = ER/EL. and 

Ê ^ = 30.724 Z^ Zĵ (Ẑ ^̂  + Z^^^)^^^(Aj^ + A^)/A^ . (3) 

and 

0.0793 Zl'' ZJ'^A^ . A,,^^2 
F = (4) 

''L ,^2/3 „2/3,3/4 .3/2 .1/2 ' ^^' 
^^R "̂  ̂ L ^ ^R ^L 

And Zi and A^ refer to the charge and atomic number of the 
lattice nuclei (L) and the recoil nucleus (R). 
Note that the original paper by Lindhard (1963) treated the deriva
tion of the partition function for the case ZR = ZL thoroughly, 
but presented only an outline for the case ZR = Zĵ . It is 
important to point out that in a series of papers by D. Parkin (1977 
and 1979) and C. A. Coulter (1980). the corresponding Integral 
Equations for the Radiation Effects derived by Lindhard have been 
numerically solved for monoatomic. diatomic and polyatomic systems. 
These equations are treated considering the univeral scattering 
cross section and electronic stopping power formula of Lindhard. In 
this way the damage, partition functions or "damage efficiency" 
functions are generated. These functions then are fitted to 
analytic expressions of the Robinson type, which can be used in the 
NJOY program replacing the Lindhard's damage efficiency proposed by 
Robinson. 
The relationship between neutron energy and recoil energy can be 
described by one general equation derived from conservation of 
energy and momentum in the center of mass system: 

EJ^(E. E^, G) = U3E^ + "i"4^ - ^[KE^U^U^U^]^^^ cosG . (5) 
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where: 

Ex = U2E + Q = total energy. 
Q = Energy-mass conversion in the nuclear reaction. 
G = Angle between the incident neutron direction and the recoil 

atom direction. 

"̂i 
U; = z r~. m = mass, and 1 = 1, 2, 3 or 4 for the neutron, target 
1 m + m 

atom, emitted particle, and recoil atom, respectively. 
The evaluation of the damage cross section for binary materials 
requires knowledge of the damage efficiency for each pair of elements 
(Dell 1980): 

D. .(E) = I cj(E)JdE^ f^E,E^) Pi,j(Eĵ ) . (6) 

An average over all possible pairs weighted by atomic fraction (fr) 
gives an approximation to the damage cross section for the compound: 

< D > = I fr^fr.D^ .(E) (7) 
i . j J • J 

As an example, for Si02. it is necessary to determine the number 
of oxygen atoms displaced by silicon PKAs. which is proportional to 
D(Si.O). as well as by oxygen PKAs. which is proportional to 
D(O.O). The results are then combined according to the atomic 
fraction of each species of PKA. In this case 

frsi = 1/3. and (8) 

fro = 2/3 . 

This methodology is applied to the results generated within the NJOY 
calculation to obtain the corrected values for the molecule. 

3.0 CALCULATIONAL RESULTS 

The results of our NJOY calculations are presented here for both 
pure silicon and silicon dioxide. The multigroup cross-sectional 
set chosen for these results is the 37 group DNA set, which has been 
extensively used in the radiation damage literature. We also have 
performed this analysis for a much finer (30C group) cross-sectional 
set. but for the sake of comparison with published results, the 
results from the 37 group calculation are emphasized here. 

Figure 1 displays the displacement damage in silicon as a function 
of neutron energy on a linear plot. The elastic scattering and 
total cross sections are displayed in two curves. Note that the 
components other than elastic scattering are dominant above 2.0 MeV. 
The same data are plotted over a much larger energy range in a 
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log-log plot in Figure 2. At high energy, both inelastic scattering 
and particle-producing reactions play a significant role in the 
displacement damage cross section. 

The displacement damage cross sections for the components of Si02 
are shown in Figure 3. Note that the oxygen PKA produces lower 
damage than the silicon PKA. Only values for the oxygen-on-oxygen 
(0-0) and silicon-on-silicon (Si-Si) damage are shown in that 
figure. As is apparent from Figure 3, the high energy limit is only 
about 75 MeV-mb. for the 0-0 damage and about 200 MeV-mb for the 
Si-Si damage. The net effect is that there is substantially less 
displacement damage in Si02 than in pure silicon. The difference 
between the Si-Si and the silicon-on-oxygen (Si-0) damage, as well 
as the difference between the 0-0 and the oxygen-on-silicon (0-Si) 
damage, is shown in Figure 4. 

The ionization damage cross sections for Si02 and its components 
are shown in Figure 5. A comparison of the displacement damage 
cross section and the ionization damage cross section for Si02 is 
plotted in Figure 6. On this linear scale, the displacement damage 
is shown to be an order of magnitude smaller at high energy than the 
ionization damage. Figure 6 also includes the Si-Si and 0-0 values, 
from which one can determine the ratio of Si damage to Si02 damage 
at a given energy. 

The summary comparison of the 1 MeV equivalent displacement damage 
response function for silicon is shown in Table 1. in which the 
results obtained using NJOY are compared with results from other 
authors. A caution is in order with respect to using these results. 
The silicon cross section has a resonance in the vicinity of 1.0 MeV. 
Thus, the values obtained from this type of analysis are sensitive 
to the group structure and group averaging scheme used. Values 
obtained from the fine (300 group) calculation are given in Table 2. 
It is noteworthy that the 14-MeV to 1-MeV ratio obtained from NJOY 
with this fine group structure agrees with the best experimental 
values obtained for such damage. Figure 7 displays a plot of those 
fine group values of displacement damage for silicon, indicating the 
resonant structure which makes group averaging such a tenuous 
endeavor. 

4.0 CONCLUSIONS 

The NJOY system provides a consistent and convenient method to 
compute damage cross sections for both single species materials, 
such as Si, and compound materials such as Si02. The computa
tional results presented in this report are the most complete 
available for these materials. They indicate that currently used 
values may be in error by approximately 10 to 20 percent for Si and 
substantially more for Si02. Note that the current results are 
the first effort to use the most up-to-date (ENDF/B-V) cross-
sectional information consistently to compute the ionization and 
displacement damage for Si and Si02. These results should be used 
in place of previous calculations, which were generated with various 
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cross-sectional sets and various model "fix-ups" for tfte molecular 
effects. Results obtained using the NJOY system also assure 
consistency between damage and heating crosss sections for these 
materials. 

The key feature of the application outlined in this report is the 
availability of the most up-to-date cross sections through the 
ENDF/B-V library. This methodology can be applied to other molecular 
materials of interest for radiation damage in microelectronic 
materials. Further work is suggested for materials such as GaAs: 
however, additional effort may be required because the cross sections 
in the ENDF/B-V library might be inadequate. Cross sections 
generated by this method may be used in transport calculations or 
Monte Carlo calculations to determine the actual damage effects in 
the various components of a typical microelectronic device. 
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TABLE 1 . C O M P A R I S O N OF 1-MeV SILICON DISPLACEMENT DAMAGE FUNCTIONS 

E Range 
{McV) 

19.6 - 16.9 
16.9 - 14.9 
14.9 - 14.2 
14.2 - 13.8 
13.8 - 12.8 
12 .8 - 12.2 
12.2 - 11.1 
11.1 - 10.0 
10.0 - 9.05 
9.05 - 8.19 
8.19-7.41 
7.41 - 6.38 
6.38 - 4.97 
4.97 - 4.72 
4.72 - 4.07 
4.07 - 3.01 
3.01 - 2.39 
2.39 - 2.31 
2.31 - 1.83 
1.83- 1.11 
l . I l -0.550 

0.550 -0.158 
0.158-0.111 

0.111 - 5.25E-2 
5.25E-2 - 2A8E-
2A8E-2 - 2A9E-
2.19E-2 - l.OSE-
1.03E-2 - 3.35£;-
3.35E-3 - 1.2SE-
1.23E-3 - 5.S3E-
5.83E-4 - I.OIE-
l.OlE-4 -2.90£;-
2.90E-5 - 1.07ii-

-2 
-2 
-2 
-3 
-3 
-4 
-4 
-5 
-5 

1.07E-5 - 3.06E-* 
3.06E-6 - 1.13E-
IA3E-6-4.14E 

4.14E-7 - 1.00^-

-6 
-7 
11 

NJOY 

2.13 
2.06 
2.01 
2.00 
2.01 
1.99 
1.95 
1.88 
1.85 
1.83 
1.91 
1.68 
1.66 
1.83 
1.57 
1.29 
1.32 
1.15 
1.29 
1.07 

0.914 
0.682 

3.45E-2 
9.64£;-2 
3.09E-2 
2.42£;-2 
1.70£:-2 
7.51E-3 
2.69£;-3 
1.08E-3 
2A7E-A 
2A2E-b 
4.18E-5 
7.32£;-5 
1.30E-4 
2.16E-4 
1.03E-2 

ASTM' 

2.37 
2.31 
2.28 
2.26 
2.25 
2.23 
2.17 
2.07 
2.06 
1.84 
1.89 
1.74 
1.93 
2.03 
1.69 
1.30 
1.73 
1.51 
1.69 

0.926 
0.868 
0.658 
0.041 
0.062 
0.030 
0.019 
0.015 
0.011 
0.011 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

ROGERS'' 

2.25 
2.25 
2.25 
2.25 
2.25 
2.25 
2.12 
2.12 
1.96 
1.98 
1.82 
1.82 
1.93 
1.79 
1.79 
1.30 
1.70 
1.61 
1.63 

0.913 
0.873 
0.578 
0.578 

0.0529 
0.0438 
0.0438 
0.0438 
0.0428 

2.50E-3 
2.50E-3 
4.72E-5 
1.28E-4 
9.75E-5 
1.29E-4 
2.17iE;-4 
3.51E-4 
9.28£;-4 

MESSENGER' 

2.28 
2.28 
2.25 
2.24 
2.23 
2.22 
2.21 
2.18 
2.16 
2.14 
2.11 
2.07 
2.00 
1.94 
1.90 
1.80 
1.65 
1.57 
1.49 
1.25 

0.838 
0.387 
0.148 

0.0899 
0.0425 
0.0257 
0.0777 

7.51£;-3 
2.52E-3 
9.97£-4 
3.78E-4 
7.15E-5 
2.18JE;-5 
7.57E-6 
2.29JS-6 
8.31 E-7 
2.2QE-7 

a From ASTM 1985. 

b From Rogers 1975. 

c From Messenger 1968. 
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TABLE 2. DISPLACEMENT DAMAGE CROSS-SECTIONS FOR SILICON 

(MtV) 

2 250E-05 

3 300JE:-O5 

5 350£'-05 

8 250£'-05 

1 175E-04 

1 450£:-04 

1 900£:-04 

2 400£-O4 

3 150£'-04 

3 875E-04 

4 825£:-04 

6 600£'-O4 

8 025£'-04 

1 n2E-0Z 

1 400£'-03 

1 650E-03 

2 360E-03 

2 860£-03 

4 000£:-03 

4 650£'-03 

6 200^:-03 

8 800£'-03 

9 750£'-03 

1025^-02 

1 075£'-02 

1 125F-02 

1 163£'-02 

1 237£'-02 

1 312£:-02 

1 388^-02 

1 450£:-02 

1 bbOE-02 

1 650£:-O2 

1.7 50 £'-02 

WITH THE FINE GROUP STRUCTURE (300-GROUP) 

(A/eV'-m6) 

3 006£-03 

2 416£-03 

1 924JE;-03 

1 581/:-03 

1 367£'-03 

1 467£'-03 

7 350£:-03 

1 888£'-02 

3 1625-02 

4 261£'-02 

6 227£:-02 

8 190£-02 

1 OSOE 01 

1 437£;-01 

1 752£: 01 

2 270^-01 

2 964£:-01 

3 812£: 01 

4 805£'-01 

6 152£'-01 

8 079£'-01 

9 832£'-01 

1 050£+00 

1 095£+00 

1 140E+00 

1 179E+00 

1 230£-(-00 

1 302£+00 

1 374£+00 

1 439£-|-00 

1 514£+00 

1 606£+00 

1 690£+00 

1 774£-H00 

{McV) 

1 860£-02 

1 960£:-02 

2 050£:-02 

2 160E-02 

2 250E-02 

2 325£'-02 

2 475£:-02 

2 550£-02 

2 700E-02 

2 900E-02 

3 100£-02 

3 300E-02 

3 500E-02 

3 700E-02 

3 875E-02 

4 125E-02 

4 375£-02 

4 625£'-02 

4 875E-02 

5 125F-02 

5 375£'-02 

6 625E-02 

5 850£:-02 

6 150£-02 

6 450E-02 

6 750iE:-02 

7 000£:-02 

7 400£:-02 

7 800£:-02 

8 200E-02 

8 600£-02 

9 OOOE-02 

9 400£:-O2 

9 750£-02 

(MeV-mh) 

1 852E+00 

1 928£'+00 

2 00ir-(-00 

2 077£'+00 

2 134E+00 

2 20G£'-t-00 

2 312E-I-00 

2 392E-1-00 

2 480E-(-00 

2 617E+00 

2 747^+00 

2 878£-l-00 

2 996£'+00 

3 058£-(-00 

3 628E + 00 

3 127£'+00 

2 918Z:+00 

2 673£'-|-00 

2 203£'+00 

1 267£'+00 

3 4G1£'-H01 

2 120£-(-01 

9 212E+00 

7 397£+00 

6 731£'-(-00 

7 326£:+00 

6 718/:-(-00 

6 438£-(-00 

6 203£; + 00 

6 119£'-|-00 

6 925£'+00 

6 713E-(-00 

5 505£-(-00 

SZlOE+00 

[McV) 

1 025F-01 

1 075£'-01 

1 125f:-01 

1 163E-01 

1 238£:-01 

1312£'-01 

1 388E-01 

1 450£' 01 

1 650£;-01 

1 650£ 01 

1 750£'-01 

1 850£' 01 

1 950E-01 

2 0'iOE-Ol 

2 IbOE 01 

2 260£' 01 

2 325£:-01 

2 475£:-01 

2 CSOF-Ol 

2 700£'-01 

2 900Z:-01 

3 lOOS'-Ol 

3 300£'-01 

3 500£'-01 

3 700^ 01 

3 875£'-01 

4 125£:-01 

4 SToE m 

4 625£:-01 

4 87.5£' 01 

5 125£-01 

5 37o£'-01 

5 625£:-01 

5 850£-01 

[MeV mb) 

5 047£'-|-00 

4 649 £"+00 

4 256£+00 

3 732£+00 

2 948r+00 

2 189E+00 

1 619£+00 

1 928£+00 

9 248£-(-00 

3 6S0£-t01 

9 36!£+01 

1 176£-(02 

1 013£-H02 

8 439r+01 

7 362£+01 

6 741£-H01 

G 143£-l-01 

o 615£+01 

5 374£+01 

6 203 £-(-01 

6 088£-(-01 

4 934£-(-01 

4 934£-(-01 

5 014£-(-01 

5 050£-f01 

5 182£-f01 

5 213£ + 01 

5 286£-f01 

5 424£+01 

5 612£-(-01 

7 022£-(-01 

9 353£+01 

1 005£-f-02 

5 612£-f01 
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T A B L E 2. - C o n t i n u e d 

(MeV) 

6 150£-01 

6 450£-01 

6 700£-01 

7 160£-01 

7 400£-01 

7 800£ 01 

8 200£-Ol 

8 600£-01 

9 000£-01 

9 400£-01 

9 500£ 01 

9 600£ 01 

9 700£-01 

9 800£-01 

9 900£-01 

9 950£-01 

1 005£-(-00 

1 010£-(-00 

1 020£-f00 

1 030£-(-00 

1 040£+00 

1 ObOE+00 

1 160£-f00 

1 250£-(-00 

1 350£-f-00 

1 450£-(-00 

1 550£-(-00 

1 G50£-h00 

1 750£-(-00 

1 850£-(-00 

1 950£+00 

2 050£+00 

2 150£-f00 

2 250£-f0O 

(MeV-mb) 

5 158£-l-01 

5 727£-)-01 

6 808£-(-01 

6 108£-(-01 

7 133£-(-01 

1 299£-(-02 

9 796£-l-01 

7 302£-f01 

1 032£-f02 

1 154£-l-02 

1 223£-(-02 

1 230£+02 

1 168£-(-02 

1 075£-l-02 

1 010£-(-02 

9 386£-(-01 

8 836£-(-01 

8 526£-f01 

8 047£-(-01 

8 777£-(-01 

8 0o3£-H01 

6 323£-(-01 

7 131£-(-01 

9 500£-f-01 

9 244£+01 

1 004£-f02 

1 498£-h02 

1 066£-(-02 

1 023£-l-02 

1 339£-(-02 

1 08l£-H02 

1 140£-(-02 

9 944£-(-01 

1 048£-h02 

[MeV) 

2 350£-l-00 

2 450£-(-00 

2 650 £-(-00 

2 650£-(-00 

2 750£-(-00 

2 850£-(-00 

2 950£-(-00 

3 050£-|-00 

3 150£-(-00 

3 250£-f-00 

3 350£-H00 

3 450£-(-00 

3 560£-(-00 

3 650£-l-00 

3 750£-(-00 

3 850£-(-00 

3 950£-f-00 

4 060£-f00 

4 160£-f00 

4 250£-(-00 

4 350£-(-00 

4 450£-(-00 

4 560£-f00 

4 650£-(-00 

4 750£-(-00 

4 850£-(-00 

4 950£+00 

5 050£-(-00 

5 150£-fOO 

5 260£-(-00 

5 350£-(-00 

6 450£+00 

5 550£-l-00 

5 650£-h00 

[McV-mb) 

9 813£-(-01 

1 434£-(-02 

1 209 £+02 

1 09G£+02 

1 269£+02 

1 182£+02 

1 064£+02 

I 308£+02 

1 195£+02 

1 09 l£+02 

1 228£+02 

1 17l£+02 

8 643£+01 

8 422£+01 

1 267£+02 

1 174£+02 

1 336£+02 

1 208£+02 

1 376£+02 

1 462£+02 

1 363£+02 

1 50G£+02 

1 365£+02 

1 677£+02 

1 786£+02 

1 680£+02 

1 427£+02 

1 611£+02 

1 638£+02 

1 312£+02 

1 122£+02 

1 350£+02 

1 465£+02 

1 722£+02 

(McV) 

5 750£+00 

5 850£+00 

6 950£+00 

6 050£+00 

6 150£+00 

6 250£+00 

6 350£+00 

6 4S0£+00 

6 550£+00 

6 650£+00 

6 750£+00 

6 850£+00 

6 950£+00 

7 050£+00 

7 150£+00 

7 250£+00 

7 350£+00 

7 450£+00 

7 550£ + 00 

7 G50£+00 

7 760£+00 

7 860£+00 

7 960£+00 

8 050£+00 

8 160£+00 

8 250£+00 

8 350£+00 

8 460£+00 

8 650£+00 

8 660£+00 

8 750£+00 

8 850£+00 

8 950£+00 

9 050£+00 

(McV mb) 

1 715£+02 

1 480£+02 

1 479£+02 

1 353£+02 

1 509 £+02 

1 679£+02 

1 498£+02 

1 297£+02 

1 21 l£+02 

1 G98£+02 

1 622£ + 02 

1 421£ + 02 

1 561£+02 

1 427£+02 

1 Gl l£+02 

I 717£+02 

1 680£+02 

1 65 IF+02 

1 675£+02 

1 764£+02 

1 745£+02 

1 8G2£+02 

1 795£+02 

1 569£+02 

1 584£+02 

1 599£+02 

1 688£+02 

1 680£+02 

1 662£+02 

1 576£+02 

1 505£+02 

1713£+02 

1 802£+02 

1 653£+02 
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TABLE 2. - Continued 

(McV) 

9 150£+00 

9 260£+00 

9 350£+00 

9 460£+00 

9 650£+00 

9 650£+00 

9 760£ + 00 

9 860 £ + 0 0 

9 950£+00 

1 005£+01 

1 015£+01 

1 025£+01 

1 035£+01 

1 045£+01 

1 056£+01 

1 066£+01 

1 075£+01 

1 085£+01 

1 095£+01 

1 105£+01 

1 115£+01 

1 125£+01 

1 135£+01 

1 145£+01 

1 165£+01 

1 166£+01 

1 175£+01 

1 185£+01 

1 195£+01 

1 205£+01 

1 215£+01 

1 225£+01 

(McV~mb) 

1 509£+02 

1 613£+02 

1 72')£+02 

1710£+02 

1 620£+02 

1 635£+02 

1 681£+02 

1 694£+02 

1713£+02 

1 723£+02 

1 692£+02 

1 732£+02 

1 670£+02 

1 617£+02 

1 644£+02 

1 653£+02 

1 714£+02 

1 718£+02 

1 683£+02 

1 655£+02 

1 652£+02 

1721£+02 

1 760£+02 

1 765£+02 

1 769£+02 

1 769£+02 

1761£+02 

1 762£+02 

1 773£+02 

1 780£+02 

1 7 8 l £ + 0 2 

1 78 l£+02 

(McV) 

1 235£+01 

1 245£+01 

1 255£+01 

1 265£+01 

1 275£+01 

1 285£+01 

1 295£+01 

1 305£+01 

1 315£+01 

1 325£+01 

1 336£+01 

1 345£+01 

1 355£+01 

1 365£+01 

1 376£+01 

1 385£+01 

1 396£+01 

1 396£+01 

1 397£+01 

1 398£+01 

1 399£+01 

1 399£+01 

1 401£+01 

1 40l£+01 

1 405£+01 

1 415£+01 

1 425£+01 

1 435£+01 

1 445£+01 

1 466£+01 

1 4G5£+01 

1 475£+01 

(McV-mb) 

1 781£+02 

1 782£+02 

1 786£+02 

1 791£+02 

1 795£+02 

1 800£+02 

1 803£+02 

1 804£+02 

1 803£+02 

1 802£+02 

1 801£+02 

1 800£+02 

1 798£+02 

1 796£+02 

1 793£+02 

1 791£+02 

1 790£+02 

1 790£+02 

1 789£+02 

1 789£+02 

1 789£+02 

1 789£+02 

1 789£+02 

1 789£+02 

1 790£+02 

1 791£+02 

1 792£+02 

1 793£+02 

1 795£+02 

1 796£+02 

1 798£+02 

1 804£+02 

(MeV) 

1 485£+01 

1 495£+01 

1 505£+01 

1616£+01 

1 525£+01 

1 635£+01 

1646£+01 

1 566£+01 

1 555£+01 

1 676£+01 

1 585£+01 

1595£+01 

1 605£+01 

1 615£+01 

1 625£+01 

1 635£+01 

1 645£+01 

1 655£+01 

1 665£+01 

1 676£+01 

1 685£+01 

1 695£+01 

1 705£+01 

1716£+01 

1725£+01 

1736£+01 

174o£+01 

1755£+01 

1 765£+01 

1776£+01 

1785£+01 

1 795£+01 

(McV-mb) 

1 813£+02 

1 822£+02 

1 824£+02 

1 826£+02 

1 828£+02 

1 830£+02 

1831£+02 

1 833£+02 

1 835£+02 

1 835£+02 

1 838£+02 

1841£+02 

1 856£+02 

1 863£+02 

1 866£+02 

1 866£+02 

1 867£+02 

1 869£+02 

1871£+02 

1 873£+02 

1 875£+02 

1 876£+02 

1 874£+02 

1 872£+02 

1 869£+02 

1 867£+02 

1 865£+02 

1 868£+02 

1 872£+02 

1878£+02 

189l£+02 

1 904£+02 
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ABSTRACT 

Displacement damage in silicon is evaluated for 13 displacement 
kerma models and 12 incident neutron energy-fluence spectral 
distributions. The integrals are performed interactively using an 
adaptive recursive Simpson integration technique in Turbo-Pascal 
which allows for any mixture of analytic and/or multigroup displace
ment kerma factors and spectral distributions. The radiation 
hardness parameter determined from the recent NJOY evaluation is 
compared with other known evaluations. The simulation fidelity, 
which depends on the ratio of the hardness parameter for the 
operational environment to that for the simulation environment, is 
evaluated and compared for these spectra and models. If NJOY is 
assumed to provide the correct neutron fluence ratio for the simula
tion, then the error introduced by using other kerma models is less 
than 10 percent except for the 14 MeV spectra. 
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INTRODUCTION 

Fast burst reactors produce radiation environments which are 
used to evaluate the damage to specimens in comparable operational 
radiation environments (e.g.. a nuclear weapon threat environment). 
For a proper simulation, the relationship between radiation damage 
produced in the reactor and that produced in the threat environment 
must be established accurately. The damage produced by neutrons can 
generally be characterized by a kerma factor. KpCE). which is pro
portional to the damage in the material of interest per unit fluence 
as a function of incident neutron energy. For neutron irradiation 
of silicon bipolar devices, the damage is proportional to the number 
of atomic displacements in silicon. In this instance KD(E) is that 
portion of the energy, deposited by recoil atoms in silicon, which 
goes into atomic collisions (as opposed to ionization and electronic 
excitation). In order to have equivalence between simulation and 
threat, the displacement dose due to simulation. Dsimulation* ^ 
the reactor facility must be equal to (or equal some known multipl 
of. say. a) the threat displacement dose, ̂ threat' 

at 
e 

^ t h r e a t - ^ • Dgiiuuj^at^on 

^threat =/0threat(E) KD(E) dE (1) 

^simulation = / 0simulation(K) KD(E) dE 

where 0(E) is the incident neutron spectrum. 

A useful parameterization for comparison purposes can be made 
in terms of the radiation hardness parameter. HP. Assuming a 
knowledge of the neutron displacement kerma factor. Kj)(E). and the 
incident neutron spectrum. the neutron energy spectrum hardness 
parameter is given bŷ *̂ *-̂  

r max 

E / 0(E) KJ^(E) dE 

HP = 0 (E )/^ = -^^ (2) 

r max 
D o ^^J 0(K) dE K 

E min 

where ASTM^ recommends using K]3(Eo) = 95 MeV-mb at EQ = 1 MeV for 
1 MeV equivalent (Si) fluence. 0eq(l). The denominator terms in 
Equation 2 normalize the neutron spectrum hardness to the reference 
displacement kerma. KJ)(EQ). and the spectral integral. It is 
important not only to quote the value used for KD(EO). and to 
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assure that the same KD(E) is used for the threat and simulation 
environments, but also to assure that the spectral normalization 
integral is performed and included in any analysis. 

If the displacement doses (the 1 MeV fluences) are equal in 
both the threat and simulation environments, then the simulation 
fluence used by the experimentalist can be related to the threat 
fluence in terras of the radiation hardness parameter by 

(h -= (h r HP /HP ^ r 31 
simulation threat ^ threat simulation'̂  

Because KD(E) is used to determine the threat dose as well as 
the simulation facility dose, the validity of the simulation depends 
on the ratio of the respective hardness parameters. Given that the 
threat and simulation neutron environments are well known, the simu
lation will be valid if the shape of Kjj(E) and the normalization 
of KD(EO) used in establishing the threat and facility equiva
lent fluences are the same. A number of different 1-MeV normaliza
tion constants (e.g.. KJ)(EQ) = 78. 84, and 95 MeV-mb) and different 
silicon Kj)(E) functions having somewhat different shapes have been 
in use. Additionally, small errors may also occur because of compu
tational considerations, such as group structure and binning. 

ANALYSIS 

Several authors have previously addressed the determination of 
neutron spectrum hardness in silicon.^~^ In 1984. Griffin. 
Zorabola. and Grange^ reported a review evaluation of the neutron 
displaceraent kerma in silicon. The review indued the KD(E) used 
for a previous Kaman Sciences Corp. (KSC) PKSC^ evaluation. 
ASTM.l New and Old Messenger.4.7,8 Wicklund.8 RSIC.^.IO 
Bendel.^ Rogers.^ and Smith.'̂ -̂ ^ These K];)(E) were given in 
a 37 group format in Table 2 of Reference 4. In 1985, Greenwood and 
Smither^ reported a new analysis with the SPECTER code of a number 
of materials including silicon. Also in 1985, Lazo^^ performed an 
evaluation of the silicon displacement kerma using the NJOY code, 
which we compare with other analyses. 

Messenger suggested an analytic approximation to KD(E) in the 
form 

KD(E) = A*E*(1.0-e-B/E) (4) 

where the parameters A and B were determined by a least squares fit
ting process. For the New and Old Messenger models, these parameters 
have the values4''7.8 (A.B) = (I.10, 2.2) and (1.02, 3,6), respectively. 
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The K-Q values supplied in Table 2 of Reference 4 for Old 
Messenger and New Messenger 37 group structure correspond to these 
analytic fits evaluated at the midpoint of each (37 group) neutron 
energy interval. Additionally. Kj)(E) is available from ASTM2.3 
in a 258 point group format, from an NJOY calculation by Lazo^-^ in 
283 group format, and from a SPECTER 100 group calculation.^ 

The neutron spectra for 14 MeV^-^^, RSIC Thermonuclear.^•^0 
RSIC Fission (238u).4.10 and ENDF/B-V Delayed neutron source 
number fractions were given in 37 group format in Table 3 of 
Reference 4, The Annular Core Research Reactor (ACRR) bare cavity, 
the Sandia Pulsed Reactor (SPR-III) cavity. SPR-III leakage, and 
White Sands Missile Range Fast Burst Reactor (WSMR-FBR) leakage 
spectra used in this analysis were supplied in 621 group format from 
SAND-II calculations by Kelly.^^ 

An analytic Maxwellian fission plus Gaussian 14 MeV spectra is 
available in NJOY^^ in the form (note that in Equation 5 only. E 
has units of eV, not MeV) 

X(E) = 2.32472E-12 E^^^ exp(-E/1.4E6) + (5) 

2.51697E-11 exp(-5,0 [ (E/2 , 5E4 ) "''''̂ -(1. 407E7/2 . 5E4 ) """̂^ ]^ ) 

The neutron spectra for 235u fission and ^^^Ct spontaneous 
fission have been given by Grundl and Eisenhaver^^ in the analytic 
form 

X(E) = M(E)f(E) (6) 

where the Maxwellian is defined by 

M(E) = A (E)l/2 e-BE/C (7) 

with the parameters A, B. and C given in Table 1. 

Table 1 

MAXWELLIAN SPECTRAL PARAMETERS^4 

A B C 

235u 0.7501 1.5 1.97 

252cf 0.6672 1.5 2.13 
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The spectral correction factors, f(E), as determined by least 
squares fitting, are listed in Table 2. 

Table 2 

SPECTRAL CORRECTION FACTORS f(E)14 

Energy Range 
F • F f_235T7 f_252r'f 
'̂ rain "̂ max i- u i ur 

0.0 0.25 1 + 0,8E - 0.153 1,0 + 1,2E - 0.37 
0.25 0,8 1 - 0,14E + 0,082 1.0 - 0.14E + 0,098 
0.8 1,5 1 + 0,04E - 0,062 1,0 + 0,024E - 0,0332 
1,5 6,0 1 + O.OIE - 0.017 1,0 - 0,00064E + 0.0037 
6.0 00 1,043 exp(-0.06(E-6,0)/l,043) 1,0 exp(-0,03(E-6,0)/I,0) 

For the pararaeter values quoted in Equation 5 and in Tables 1 
and 2, the X(E) definition requires renormalization in order to en-

OO 

sure that ^f X(E) = dE = 1, This spectral renormalization is equiv
alent to including the integral in the denominator of Equation 2 if 
tEmin* r̂aax̂  = CO.*]- ^^^ ^ different [E^in, Ê jâ ] range 
the norraalization would be raodified. Thus, one may redefine the 
0(E) by such a renormalization. oraitting the integral in the 
denominator, or include it. However, it would be incorrect to omit 
the renormalization and also to orait the integral in the denominator 
of Equation 2, 

If the required integrations only involved the 37 group 
structure, as in Reference 4, then the radiation hardness parameter 
would be given by 

%{E^)/0 = E K ^ ' V^o^ .^ ®i («> 
^ 1=1 1=1 

However, the data treated here also involves other group structures 
(37. 100, 258, 283, and 621 groups) as well as analytic expressions 
for the Messenger raodels of KD(E) and the neutron spectra for 
14 MeV. NJOY Fission. 235u. and 252cf, Thus, a raore general 
approach is required. 

The radiation hardness parameter integrals were deterrained 
using a recursive adaptive Sirapson rule integration technique 
recently developed in Turbo-Pascal 3.0 with 8087 raath coprocessor 
support (16 digits, exponent range + 308) on an AT&T 6300 and 
IBM-AT. Typical total CPU tiraes for a specific integral evaluation 
in this analysis were the order of 0,3 to 3,0 min. 
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This integration technique includes options for the Hewlett-
Packard transformation, error indicators on computational signifi
cance loss, and additional automatic spectrum subdivision to sense 
functions defined on a narrow subinterval of the total range. 
Extensive validation 

1. Correctly reproduced a large nuraber of known functions (including 
Bessel functions of the 1st and 2nd kind, exponential integrals 
of order n, incomplete gararaa functions, error functions, airy 
integrals. Sievert and Dawson integrals, and Elliptic integrals 
of the 1st, 2nd, and 3rd kind) frora their kernels; and. 

2. Correctly reproduced raultigroup integral results of product 
functions in raultigroup or analytic forra. defined over different 
group structures. 

Using this Integrator prograra, the results for the 37 group 
KD(E) representations were corapared with the group sura method and 
yielded excellent agreement. The situation of both K^ and 0(E) 
being analytic functions was validated. The case of either overlap
ping different group structure products or products of an analytic 
and group structure form was validated. Automatic subraesh refine
ments were irapleraented to assure that the Integrator prograra could 
successfully deal with a product function, Kj)0, vanishing at both 
end points and being nonzero at only a few selected interior points, 
a characteristic exhibited by sorae products. 

In Table 3 we compare the radiation hardness parameters given 
in Reference 4 with the values obtained by integral evaluation of 
0eq(EQ)/0. which correctly includes the spectral norraalization term 
on the energy range [0. <» ]. These results agree exactly with the 
corresponding group suraraed results. We were only able to exactly 
reproduce group suras of Reference 4 or Integrator values if the 
denominator spectral normalization integral in Equation 2 was omit
ted, which is incorrect, of course. However, the variations are 
only 0,1 percent. 0.04 percent. 0,3 percent and 1,2 percent, respec
tively, for the 14 MeV. 238u^ Thermonuclear, and Delayed neutron 
spectra. These small differences would translate directly into 
additional uncertainties in 0eq(EQ)/0, 
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Table 3 

«>eq(Eo)/0 

Daraage Model 

COMPARISON OF KSC 37 GROUP SUM RESULTS AND 
NORMALIZED SPECTRAL INTEGRATOR 

Neutron Spectrum 
14 MeV U-238 Thermo- Delayed 

Fission nuclear 

ASTM81 
with norm 

RSIC DLC-31 
with norm 

Bendel 
with norm 

Rogers 
with norm 

DNA Smith 
with norm 

New Messenger 
with norm 

Old Messenger 
with norm 

X(E) 
norm factor 

2.260 
2.257 

2.486 
2.486 

1.622 
1.620 

2.256 
2.250 

2.498 
2.496 

2.240 
2.240 

3.237 
3.237 

0.9987 

0.833 
0.833 

0.846 
0.846 

0.756 
0.756 

0.827 
0.827 

0.854 
0.854 

0.855 
0.855 

0.969 
0.969 

0.9996 

0.675 
0.675 

0.733 
0.731 

0.573 
0.580 

0.682 
0.679 

0.690 
0.687 

0.694 
0.687 

0.874 
0.871 

0.9966 

0.578 
0,578 

0.653 
0.646 

0.557 
0.551 

0.590 
0.584 

0.542 
0.536 

0.455 
0.450 

0.440 
0.435 

0.9880 

RESULTS AND COMPARISONS 

In Table 4 we summarize the radiation hardness parameter 
results on the energy range [0.01, 18.0] MeV using the Integrator 
for 13 damage models. These raodels include those of Table 3, and, 
as well, the analytic New Messenger and Old Messenger, and the multi-
group ASTM83, SPECTER, and NJOY models. Several analytic spectra 
are also included: 235u fission and 252cf spontaneous, the NJOY 
fission and 14 MeV spectra. The 621 group ACRR bare cavity, SPR-III 
leakage and cavity, and WSMR-FBR leakage spectra were derived from 
SAND-II calculations.IS The results are ordered in terms of in
creasing radiation hardness parameter for NJOY. The spectra labeled 
"NJOY Fission" and "NJOY 14 MeV" are the corresponding fission and 
14 MeV components of Equation 5. The NJOY Fission results are 
bounded by those of 235u and 252cf. 
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Table 4 

RADIATION HARDNESS PARAMETER OF SILICON FOR VARIOUS DAMAGE MODELS AND NEUTRON SPECTRA 

NEUTRON SPECTRUM 

DAMAGE Delayed ACRR Thermo- '̂ '̂ Û SPRIII HSMRFBR SPRIII "̂ "̂ Û NJOY ^^^Cf J7Grp NJOY 

MODEL bare nuclear Fiss Leak Leak Cavity Fiss Fiss Fiss 14MeV 14MeV 

PKSC 
37 group 

ASTM81 
37 group 

RSIC DLC-3i 
37 group 

Bendei 
37 group 

Rogers 
37 group 

DNA smith 
37 group 

New Messenger 
37 group 

Analytic 
New Messenger 

Old Messenger 
37 group 

Analytic 
Old Messenger 

ASTMtt3-L 
261 points 

ASTMB3-M 
260 groups 

SPECTER 
101 points 

NJOY 2b3 yrp 

0.565 
-1% * 

U.570 
2% 

0.646 
14% 

0.551 
-3% 

U.5ti4 
3» 

U.536 
-6% 

0.450 
-21% 

0.449 
-21% 

0.435 
-24% 

0.434 
-24% 

U.573 
1% 

U.56U 
-2% 

0,561 
-1% 

U,569 

0.802 
17% 

U.747 
12% 

0.762 
12% 

U.b7d 
-U.7% 

U.757 
11% 

0.754 
10% 

0.749 
14% 

0.734 
7% 

0.841 
23% 

0.823 
20% 

U.73b 
8% 

0.72b 
6% 

O.bBo 
1% 

U.683 

0.877 
28% 

0.764 
12% 

0.8U9 
18% 

0.646 
-6% 

0.764 
12% 

0.777 
13% 

0.784 
14% 

0.783 
14% 

0,988 
44% 

0,986 
44% 

U,76U 
10% 

0.755 
10% 

0.694 
1% 

U.b85 

0.948 
24% 

0.833 
9% 

U.845 
11% 

0.755 
-1% 

U.82b 
8% 

0.853 
12% 

0.855 
12% 

0.852 
12% 

0.969 
27% 

0.965 
26% 

U,824 
8% 

U.815 
7% 

0.765 
0,1% 

U.7b4 

0.981 
17% 

U.920 
10% 

U.930 
11% 

0.835 
-U.b% 

U.917 
9% 

0.917 
9% 

0.917 
9% 

0,902 
7% 

1.041 
24% 

1.U22 
22% 

U.9U7 
8% 

0.894 
6% 

0,84U 
0% 

0.840 

0.959 
14% 

0,933 
11% 

U.94U 
11% 

U.84U 
-0.5% 

0,931 
1U% 

0.914 
8% 

0,918 
9% 

0,901 
7% 

1.053 
25% 

1,033 
22% 

U.922 
9% 

U,911 
8% 

0.843 
-0,1% 

0,844 

1.017 
17% 

0.955 
10% 

0.969 
12% 

U.a67 
0.1% 

0.941 
9% 

0.941 
9% 

0.932 
8% 

0.917 
6% 

1.047 
21% 

1.027 
19% 

U.939 
8% 

U.928 
7% 

U.8b4 
-0,2% 

0.866 

1.285 
24% 

1.163 
12% 

1,142 
10% 

1.037 
U.2% 

1,151 
11% 

1,180 
14% 

1.230 
18% 

1,224 
18% 

1,442 
39% 

1.432 
38% 

1.149 
• 11% 

1,135 
10% 

1.038 
0% 

1,035 

1.311 
25% 

1.187 
13% 

1,164 
10% 

1.055 
0% 

1,176 
12% 

1,204 
14% 

1,261 
19% 

1,256 
19% 

1.490 
41% 

1.481 
41% 

1.173 
11% 

1.16U 
10% 

1,057 
0.3% 

1.054 

1.316 
25% 

1.195 
13% 

1,171 
10% 

1.U61 
0% 

1.183 
12% 

1.211 
14% 

1,269 
19% 

1,264 
19% 

1.501 
42% 

1.492 
41% 

1.181 
11% 

1.168 
1U% 

1.062 
U.2% 

1.060 

2,968 
57% 

2,257 
19% 

2.486 
31% 

1,620 
-14% 

2.250 
19% 

2.496 
32% 

2.240 
18% 

2,239 
1B% 

3,237 
71% 

3,236 
71% 

2,260 
19* 

2.259 
19% 

2.02U 
7% 

1.892 

2.989 
58% 

2.258 
2U% 

2.491 
32% 

1,615 
-14% 

2.250 
19% 

2,514 
33% 

2,242 
19% 

2.240 
19% 

3,240 
72% 

3.240 
72% 

2.261 
2U% 

2.261 
20% 

2.021 
7% 

1,888 

* Percentage deviation from NJOY result. 
All results normalized to Kn(Eo) = 95.0 MeV-mb, 



For coraparison purposes the percentage deviation of the vari
ous daraage models from the NJOY results (norraalized to KJ)(EQ) = 
95 MeV-rab) are indicated beneath the radiation hardness pararaeters 
in Table 4. 

The SPECTER (100 group) and NJOY (238 group) results agree 
quite well for all the neutron spectra considered here with a varia
tion of + 1 percent in the radiation hardness parameter, except for 
the 14 MeV spectrum, where there is a maximum variation of 7 per
cent. Even then the agreement between SPECTER and NJOY is better 
than with any other damage model calculated. 

The ASTM83 kerma data given in Reference 2 are presented in 
point format as KD(Ei) vs Ei, 1 < i < 261. Linear interpolation 
between data points would seem to be iraplied and justified. This 
linear modeling is denoted ASTM83-L. It is also feasible to inter
pret the data as in the SAND-II multigroup modeling, matching the 
point data energies with the SAND-II energy boundaries. That model
ing should be in agreement with SAND-II calculated results and is 
denoted ASTM83-M. 

The ASTM83-M radiation hardness pararaeter results in Table 4, 
excluding the 14 MeV spectra, indicate a -2 percent to 10 percent 
variation for the spectra considered when corapared to NJOY results. 
It is noted that the calculated radiation hardness parameters for 
the ACRR. SPR-III Leakage. WSMR-FBR Leakage, and SPR-III Cavity have 
values of 0.726. 0.894. 0,911, and 0.928, respectively. These 
results were obtained using the SAND-II derived spectra-'-̂  and the 
ASTM83-M kerma. The corresponding SAND-II independently determined 
radiation hardness parameters-'-S have values of 0.726, 0,895, 
0,911, and 0.928, respectively. The Integrator results for these 
four different spectra are identical with SAND-II results except for 
the SPR-III Leakage spectrum, where the radiation hardness parameter 
difference is O.OOI, 

The ASTM83-L model uses linear interpolation between the ASTM83 
point kerma data defined on the energy interval [0,01, 18,0] MeV, 
The ASTM83-L results have 1-2 percent larger radiation hardness 
pararaeter values than ASTM83-M. the multigroup model. 

The ASTM81 kerma are a 37 group approximation of the ASTM 
representation. The ASTM81 raodel radiation hardness pararaeters are 
typically 1-2 percent larger than ASTM83-L and 2-13 percent larger 
than the NJOY 283 group results. excluding the 14 MeV spectra 
results. The 14 MeV results differ frora NJOY by about 20 percent. 

Ordering the ASTM raodels as ASTM83-M. ASTM83-L. and ASTM81. the 
radiation hardness pararaeters differ by about 0,01 to 0,016 between 
models for the same spectrum. This represents a 2-3 percent rela
tive difference due to the group structure and modeling assumptions. 

Many of the daraage raodels (except SPECTER) have a deviation 
greater than 10 percent frora the NJOY results for 14 MeV spectra. 
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These variations between NJOY and other raodels for the 14 MeV spec
tra represent an area of potential raodeling concern. Comparing the 
radiation hardness parameter using the 37 group and analytic 14 MeV 
spectrura (the rightraost two columns of Table 4). the results for the 
"14 MeV 37 group" and "14 MeV NJOY" analytic spectra differ by less 
than 1 percent. Thus, the multigroup 14 MeV spectrum approximation 
is probably not the primary cause of any significant variation in 
the results. Rather, the disagreements are more likely due to the 
physics approximations associated with the damage model kerma 
spectra treatment. 

The Bendel and NJOY raodels show good agreement with a variation 
of 6 percent to 1 percent, except for the 14 MeV spectra results 
(-14 percent). The Bendel result for the 14 MeV spectra differs by 
39 percent from ASTM83-M. The Bendel kerraa reported in Reference 4 
had been collapsed to 37 groups frora 61 group kerraa data. 

The ASTM81 and Rogers results are quite consistent, differing 
frora each other by about 1 percent to 2 percent. The Rogers raodel 
has a spectral variation of 3 percent to 12 percent corapared to 
NJOY, excluding the 14 MeV spectrura, where the difference is about 
19 percent. 

The DNA-Sraith results are typically 1-3 percent higher than the 
ASTM81 results and differ frora the NJOY results by 8-14 percent, 
except for the Delayed (-6 percent) and 14 MeV spectra (33 percent). 

The Messenger (New and Old) 37 group and analytic expressions 
agree well with each other, indicating the raultigroup approxiraation 
used for this displaceraent kerraa does not introduce any serious 
errors. However, the deviations frora NJOY are -21 percent to 
19 percent for New Messenger and -24 percent to 72 percent for Old 
Messenger. 

In the radiation hardness parameters reported in Table 4 the 
energy integration range was tE^in. Ejngx̂  = [0.01, 18.0]. If, 
instead, we had used the range [l.OE-11, 18.0] MeV, as in Refer
ence 4, the results for the Delayed, 235u, 238u, 252cf^ and 
14 MeV spectra would be substantially the same because of the small 
spectral contribution in that data below 0.01 MeV. 

However, the situation is not this simple for the Thermo
nuclear, ACRR. SPR-III. and WSMR-FBR spectra. In Table 5 we compare 
the radiation hardness pararaeters (HPg/HPA in Table 5) for 
selected daraage raodels and spectra on two different energy inter
vals: A = [0.01. 18.0] MeV and B = [2.5E-8, 18.0] MeV. The 238u, 
SPR-III Cavity, and 235u spectra have radiation hardness parameter 
variations of less than 0.1 percent for E^in = 0.025 eV and 
0.01 MeV, This indicates very little sensitivity to the specific 
Ejnin value for these spectra. However, the ACRR, Thermonuclear, 
SPR-III Leakage, and WSMR-FBR Leakage spectra on [2,5E-8, 18,0] MeV 
result in radiation hardness parameter changes of 36 percent. 
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Table 5 

COMPARISON OF HARDNESS PARAMETERS AND RELATIVE SILICON 
DAMAGE CONTRIBUTION (R) FOR E^in = 10 keV and 0.025 eV 

NEUTRON SPECTRUM 

DAMAGE 
MODEL 

SAB-1 

ASTM83-L HP^ 

"^B 
HP^/HP^ 

ASTM83-M 

SPECTER 

NJOY 

H P A calculated 
H P B calculated 

ACRR 

0.642 

0.736 

0.472 

0.641 

1.00 

0.726 
0.467 
0.643 
1.00 

0.688 
0.442 
0.642 
1.00 

0.683 
0.439 
0.643 
1.00 

on [0.01. 
on [0.025 

Thermo
nuclear 

0.881 

0.760 

0.670 

0.882 

1.00 

0.755 
0.665 
0.881 
1.00 

0.694 
0.613 
0.883 
1.00 

0.685 
0.605 
0.883 
1.00 

18.0] 1 
eV. 18 

238 

u Fiss 

1.000 

0.824 

0.824 

1.000 

1.00 

0.815 
0.815 
1.000 
1.00 

0.765 
0.765 
1.000 
1.00 

0.764 
0.764 
1.000 
1.00 

MeV 
.0 MeV] 

SPR-III 
Leakage 

0.983 

0.907 

0.891 

0.982 

1.00 

0.894 
0.879 
0.983 
1.00 

0.840 
0.826 
0.983 
1.00 

0.840 
0.825 
0.982 
1.00 

WSMRFBR 
Leakage 

0.970 

0.922 

0.894 

0.970 

1.00 

0.911 
0.883 
0.969 
1.00 

0.843 
0.817 
0.969 
1.00 

0.844 
0.818 
0.969 
1.00 

SPR-III ^^^U 
Cavity 

1.000 

0.939 

0.938 

0.999 

1.00 

0.928 
0.927 
0.999 
1.00 

0,864 
0.863 
0.999 
1.00 

0.866 
0.866 
1.000 
1.00 

Fiss 

1.000 

1.149 

1.148 

0,999 

1.00 

1.135 
1.135 
1.000 
1.00 

1.038 
1.038 
1.000 
1.00 

1.035 
1.035 
1,000 
1.00 

12 percent. 2 percent, and 3 percent, respectively, in NJOY and 
SPECTER. These apparent variations could be significant for some 
applications. 

In order to understand the difference in the hardness parameter 
calculated for two different energy ranges. [Ê jin. E^ja^^' we 
define A = [10 keV, 18,0 MeV] and B = [0,025 eV, 18.0 MeV], and 
rewrite Equation 2 as 

HP 

f Kj^(E)0(E) dE 

Kj^(E^) .>̂ 0(E) dE 
(9) 
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where the range x = A or B. If we define the ratio of the spectral 
integrals as 

•/" 0(E) dE (10) 

,̂  Kjj(E)0(E) dE / ^ Kjj(E)0(E) dE (11) 

then the quantity (1-R) is a measure of the damage contribution from 
neutrons below 10 keV, 

In Table 5 we sumraarize the evaluations of HP,, HP„, HP„/HP_, _, A B B A 
Sĵ _ , and R for the ASTM83-Linear. ASTM83-Multigroup, SPECTER, and 

23 8 
NJOY models in the ACRR, Thermonuclear. U fission. SPR-III Leak
age, WSMR-FBR Leakage. SPR-III Cavity, and 235u fission spectra. 

As a point of reference, we recall that the calculations on the 
energy interval [0.01, 18.0] MeV reported in Table 4 reproduce the 
SAND-II hardness parameter results for the ASTM83-M model and the 
ACRR, SPR-III Leakage, WSMR-FBR Leakage, and SPR-III Cavity, as one 
would expect. 

Clearly, the hardness parameters in Table 5 can soraetimes 
change dramatically due to the minimura energy, Ejnin. of the energy 
interval being reduced frora 10 keV to thermal (0.025 eV). For the 
ACRR spectrum and NJOY damage raodel there is alraost a 36 percent 
reduction effect in the hardness parameter (HPg/HP^ in Table 5), 
whereas for 238u^ 235u. and the SPR-III Cavity spectra there are 
no significant changes. 

Examining the definition of the hardness parameter in Equation 
9, there are two contributing integral factors: the integral in the 
numerator and denominator. As the energy interval is increased, the 
flux integral in the denominator will increase, which will tend to 
reduce the HP. This turns out to be the major effect here. 

Similarly, the flux weighted kerma integral in the numerator 
will increase or reraain constant as the energy interval is increased 
depending on the range of definition of the kerraa. For ASTM83 the 
nuraerator integral reraains constant since Kj) is zero outside the 
energy range [10 keV, 18.0 MeV]. For NJOY and SPECTER, however, the 
kerma is non-zero below 10 keV. and, thus, the numerator terra would 
be increased somewhat (< 0.2 percent) for Ej^i^ = 0,025 eV, 

Taking into account the spectral normalization factors, SJ^B* 
the damage contribution due to this energy interval change, R. is 
essentially negligible, being well below the 1 percent level. Thus. 

^AB = {^^^^ ^^ f 

and 

R = HP,/HP_/S,_ = 
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the main contribution to the reduction of hardness pararaeter in 
changing the lower energy bound from 10 keV to 0.025 eV must be due 
to the denominator normalization integral since the ratio, R. of the 
flux weighted Kp integrals in the HP numerator (Equation 9) is 
essentially unity (1.00) for the cases considered here. 

Thus, although the hardness parameter can change dramatically 
for different E^in. here the entire effect is due entirely to the 
spectral normalization integral and does not imply any significant 
change in the spectral integrated Kp. 

It may not always be or seem appropriate to only use a 10 keV 
lower energy cutoff for all radiation hardness evaluations, 
especially if there is a large thermal spectral component that is 
not experiraentally filtered out. The radiation hardness parameter 
changes resulting from including contributions to the kerma and 
spectra with energies below 10 keV can sometimes be quite large. 
However, these altered results should be examined carefully to 
determine the relative contributions of the spectral normalization 
and the spectral weighted Kp integrals since the spectral 
norraalization integral change could be the dominant effect. 

CONCLUSIONS 

The radiation hardness parameters in Table 4 (the relative 
effectiveness of neutrons in the spectrum producing daraage in 
silicon as compared to 1 MeV neutrons) were compared to those 
obtained with the NJOY calculated KD(E) on [0.01, 18.0] MeV. Sorae 
values in Table 4 differ significantly frora the NJOY values. For 
example: 

RSIC DLC-31 and DNA Smith differ by 18 percent and 13 percent, 
respectively, from the NJOY result for a reference thermonuclear 
spectrum. ASTM83 differs by 12 percent for the thermonuclear 
spectrura and 20 percent at 14 MeV, but otherwise provides 
agreement in the range of 2 percent to 12 percent. It is 
noteworthy that for the same spectra the Bendel raodel differs 
by -6 percent and -14 percent and agrees extreraely well for the 
other spectra. Additionally, the SPECTER results differ by 
1 percent for the therraonuclear spectrum, 7 percent for the 
14 MeV, and by only 1 percent for all other spectra. 

When used with an operational environment spectrum significant 
errors in hardness parameter can affect survivability estimates, the 
estimated range to a specified environment, and the balancing of 
weapon damage criteria. For some of the representative environments 
addressed in Table 4. the uncertainties are large enough to be of 
concern in vulnerability applications,* 
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The usual energy range taken for radiation hardness parameter 
estimates is [0,01. 18,0] MeV, While this energy range is usually 
appropriate and yields satisfactory results for many spectra, there 
are exceptions. The Therraonuclear and ACRR spectra indicate a 
sensitivity to the value chosen for Emin- As shown in Table 5. 
the choice of Ejnin = 0,025 eV (neutron therraal energy) can lead to 
significantly different radiation hardness pararaeter predictions 
(12 percent to 36 percent) for some spectra while others change 
hardly at all. However, as shown for the cases examined here, this 
is a spectral norraalization effect and does not represent any 
significant contribution to daraage from neutrons below 10 keV. 

An error in the hardness pararaeter does not necessarily result 
in a significant error in siraulation testing. Siraulation fidelity, 
which is dependent on the ratio of hardness pararaeters in the opera
tional environraent to that for the siraulation environraent, is ad
dressed in Table 6. where [Ejnin- %ax3 = [0.01. 18.0] MeV. For 
each representation of the silicon KD(E). the ratio of the hard
ness pararaeters of Table 4 is given for various siraulations. The 
ratio at the top of each coluran is to be read as the simulation of 
"numerator environment" with "denominator facility." For example, 
column 3 of Table 6 represents the simulation of a Thermonuclear 
(Th) environment with the Annular Core Research Reactor (ACRR) using 
the given Kj)(E) in establishing the operational and simulation 
environments. Percentages listed under the ratios represent the 
deviations frora the hardness parameter ratio obtained by the NJOY 
calculation. If the NJOY calculated Kj)(E) is assuraed to be 
correct, this percentage is also the error introduced by using the 
"wrong" KD(E). These errors result frora differences in the shape 
of the KD(E) used and not in their normalization. K£)(Eo). The 
data in Table 6 show that, except for the extreme case of trying to 
simulate a 14 MeV environment with a reactor, most daraage raodels 
produce neutron spectrum fidelity to within about 10 percent of 
either the NJOY or SPECTER results. The NJOY and SPECTER results, 
except for the 14 MeV spectra, agree to + 1 percent. This con
clusion assumes that the [Emin* E^ax] = [0.01, 18.0] MeV is an 
adequate representation. 

There are many other potential sources of uncertainty in 
neutron daraage siraulation including uncertainties in dosiraetry which 
are not addressed here. However, errors that raay have resulted from 
the use of different damage functions by users and the facility 
operators can be evaluated with the data of Table 4. Evaluation of 
errors in normalization (e. g., use of a different value for KD(EO) 
at 1 MeV) is straightforward. 
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T a b l e 6 

NEUTRON SIMULATION FIDELITY 
[E 

min» "ma xJ 1 0 , 0 1 , 18 ,Oj MeV 

DAMAGE 

MODEL 

PKSC 

ASTM 81 

RSIC 

Bendel 

Rogers 

DNA-Smith 

New 
Messenger 

Analytic New 
Messenger 

Old Messenger 

Analytic Old 
Messenger 

ASTM83-L 

ASTM83-M 

SPECTER 

NJOY 

Th 

^^^Cf 

0,66 
3% 

0,64 
-2% * 

0.69 
6% 

0.61 
0% 

0.b5 
U% 

0.64 
-2% 

0.62 
-5% 

0.62 
-5% 

0.66 
2% 

0.66 
2% 

0.64 
-2% 

0.65 
0% 

0.65 
0% 

0,65 

Th 

SPR-L 

0.89 
9% 

0,83 
1% 

0.87 
9% 

0.77 
-6% 

0,83 
1% 

0.85 
4% 

0.86 
5% 

0.87 
6% 

0,95 
16% 

0,97 
18% 

0.84 
2% 

0.85 
4% 

0.83 
1% 

U.U2 

238„ 

SPR-L 

0,97 
7% 

0,91 
0% 

0,91 
0% 

0,90 
-1% 

0,90 
-1% 

0,93 
2% 

0.93 
2% 

0.95 
4% 

0.93 
2% 

0.94 
3% 

0,91 
0% 

0,91 
0% 

0,91 
0% 

0,91 

Th 

ACRR 

1,09 
9% 

1,02 
2% 

1.06 
6% 

0,95 
-5% 

1,01 
1% 

1.03 
5% 

1.05 
5% 

1.U7 
7% 

1.18 
18% 

1.20 
20% 

1.03 
3% 

1,04 
4% 

1.01 
1% 

1.00 

235„ 

SPR-L 

1.31 
7% 

1,26 
2% 

1,23 
-0% 

1.24 
U.8% 

1.26 
2% 

1.29 
5% 

1.34 
9% 

1.36 
11% 

1.39 
13% 

1.40 
14% 

1,27 
3% 

1,27 
3% 

1.24 
1% 

1.23 

235„ 

238„ 

1.36 
0% 

1.40 
3% 

1.35 
-1% 

1.37 
1% 

1.39 
2% 

1.38 
2% 

1.44 
6% 

1.44 
6% 

1.49 
10% 

1.48 
9% 

1.39 
2% 

1.39 
2% 

1,36 
0% 

1.36 

2"cf 

ACRR 

1,64 
6% 

1.60 
3% 

1.54 
-0.6% 

1.57 
1% 

1.56 
0.6% 

1,61 
4% 

1.69 
9% 

1.72 
11% 

1.79 
16% 

1.81 
17% 

1.61 
4% 

1.61 
4% 

1.54 
-0,6% 

1.55 

14 MeV 

'̂'̂ Ct 

2,26 
26% 

1.89 
6% 

2,12 
18% 

1,53 
-15% 

1.90 
6% 

2.06 
15% 

1.77 
-1% 

1.77 
-1% 

2.16 
21% 

2.17 
21% 

1.91 
7% 

1.93 
8% 

1.90 
6% 

1.78 

14 MeV 

SPR-L 

3,03 
35% 

2,45 
9% 

2.67 
19% 

1,94 
-14% 

2.45 
9% 

2,72 
21% 

2,44 
8% 

2,48 
10% 

3,11 
38% 

3.17 
41% 

2,49 
11% 

2.53 
12% 

2,41 
7% 

2.25 

14 MeV 

ACRR 

3.70 
34% 

3,02 
9% 

3,26 
18% 

2,39 
-14% 

2.97 
7% 

3.31 
20% 

2.99 
7% 

3.05 
10% 

3,85 
39% 

3.93 
42% 

3,07 
11% 

3,11 
12% 

2.94 
6% 

2.76 

* Percentage deviation from NJOY result. 
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Editor's Note: This paper was unavailable for publication. A 
summary is included. 

A COMPARISON OF TRIGA AND FBR DAMAGE IN 2N2222 TRANSISTORS 

James W. Malloy 
Raytheon Co. 

An independent means of verifying the 1 Mev damage equivalent fluence 
reported by a reactor facility for a neutron exposure was developed, 
using 2N2222 transistors as radiation damage monitors. This 
dosimetry system has been in use for the last 18 months and has 
proven useful in comparing the dosimetry at the reactors used by 
Raytheon for TREE testing. Numerous exposures at the University of 
Lowell and Penn State TRIGA reactors have shown a close correlation 
between the 1 Mev fluences reported by the facility and those 
predicted using the 2N2222 data. Limited data available for 
exposures of the 2N2222 transistors in fast-burst reactors (WSMR and 
Sandia) showed a significant discrepancy between the reported and 
predicted 1 Mev fluences. Based on these data, purportedly 
equivalent fluences reported for exposures in the TRIGA's and FBR's 
disagree by approximately a factor of 2 at lower fluences and -1.5 at 
higher fluences. 
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Editor's Note: This paper was unavailable for publication. A 
summary is included. 

HPRR OPERATING EXPERIENCE AND APPLICATIONS* 

E. G. Bailiff, C. S. Sims, and R. E. Swaja 
Dosimetry Applications Research Facility 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37831 

SUMMARY 

The Health Physics Research Reactor (HPRR) is a small, unmoderated 
fast pulse reactor located at the Oak Ridge National Laboratory 
(ORNL). The HPRR is the principle research tool of ORNL's Dosimetry 
Applications Research (DOSAR) Group. The reactor is described, its 
operating experience is presented, and its major applications are 
discussed. 

Description 

The HPRR core is a right circular cylinder (20-cm diameter and 23-cm 
in height) consisting of 11 nickel-coated enriched uranium (93.14% 
•̂̂ Û) fuel plates held together with fuel bolts. The uranium fuel is 
alloyed with 10% (by weight) molybdenum. The scrammable element is a 
safety block containing about 10% of the core total of 97 kg of ^35^ 
and has a reactivity worth of about 20 dollars. There are three 
control rods: A 235^ mass adjustment rod (worth two dollars), an 
aluminum regulating rod (worth 15 cents), and a ^35^ puise rod (worth 
1.10 dollars). The temperature coefficient of reactivity is about -
0.31 cents/°C. 

The HPRR can be operated at steady-state power levels up to 10 kW and 
can produce pulses of up to lO-'-' fissions. With this variation of 
level and mode of operation and with the various shields (e.g., 
concrete, Lucite) available, the HPRR offers experimenters a wide 
range of radiation parameters from which to choose. The neutron-to-
gamma dose ratio can be varied by a factor of 20 (0.5:1-10:1), the 
pulse width by a factor of 500 (60/ys-30ms) , and the neutron dose rate 
by 15 orders of magnitude (10~^-10^ Gy/s). The maximum fluence from 
a single pulse at an accessible experimental location is about 
8(10l3) n/cm2, 

* Research sponsored by Physical and Technological Research Division, 
RS. Department of Energy, under contract DE-AC05-840R21400 with 
Martin Marietta Energy Systems, Inc. 
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Operating Experience 

The initial criticality of the HPRR occurred on March 30, 1962. By 
the end of FY 1985, the HPRR had been operated on 2,909 different 
days and had achieved criticality about 7,000 times. A total of 
1,010 pulses had been done by the end of FY 1985. The average pulse 
has yielded about 6.3 (lO-'-̂ ) fissions and expended 0.57 kwh of 
energy. The average steady-state operation expended 0.25 kWh of 
energy. The original core is still in use and has "burned up" a 
total of about 100 mg of fuel. 

Applications 

The HPRR is used by dosimeter vendors, government laboratories, 
nuclear power utilities, the military, and universities as well as by 
the ORNL staff for a wide variety of applications. For convenience 
in presentation, these applications have been divided into six 
categories. These six are discussed below: 

Biological Effects Studies. Studies in this category have accounted 
for about 30% of HPRR operations over the past decade. The majority 
of these have involved experiments with mice in attempting to 
correlate low-level absorbed neutron doses with life shortening, 
tumor formation, and incidence of myeloid leukemia. Other studies 
have involved neutron-induced chromosome damage, neuron damage, 
radioprotective drug development, and activation of body elements 
(e.g., blood sodium and hair sulfur). 

Criticality Alarm Testing. From 1979 through January 1986, six 
different organizations have used the HPRR to help develop 
criticality alarm systems and to test compliance with performance 
criteria suggested by the American National Standards Institute 
(ANSI/ANS-8.3-1979). A total of 71 pulses and 57 steady-state runs 
have been performed in tests to provide dose rates, fission yields, 
and radiation fields consistent with those specified in the 
performance standards. 

Dosimetry Intercomparison Studies. Two types of radiation dosimetry 
intercomparison studies have been periodic events for over a decade. 

1. Nuclear accident dosimetry intercomparison study. A total of 22 
of these studies has been conducted at the HPRR since 1965. 
These week-long studies have attracted participants from 62 
organizations (20 foreign). Participants have made 1,311 neutron 
dose measurements and 978 gamma dose measurements during 69 
simulated criticality accidents. Overall, 67% of the neutron 
measurements and 51% of the gamma measurements meet established 
cri teria. 

2. Personnel dosimetry intercomparison study. Eleven of these 
studies have been conducted sine 1974. A total of 105 
organizations (36 foreign) has participated in these mail-in 
studies and made 4,417 neutron dose equivalent measurements and 
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4,393 gamma dose equivalent measurements. The HPRR has been 
operated 69 times with a variety of shields to provide dose 
equivalents in the 0.50-20 mSv range for these studies. 

Neutron and Gamma Dosimeter Development. The well-known spectra from 
HPRR (both bare and with various shields) are used by the ORNL staff 
and visiting researcheers for dosimeter development. Typically, the 
visiting researchers include health physicists from nuclear power 
utilities, dosimeter vendors, Ph.D. candidates from universities, and 
scientists from government laboratories. 

Simulation of Nuclear Weapon Spectra. The HPRR is being increasingly 
called upon to provide radiation exposure, both in the steady-state 
mode and in the pulse mode, to simulate nuclear weapon environments. 
Recent applications in this category include testing of Army 
personnel battlefield dosimeters, investigation of radiation effects 
on laser materials of interest to the Strategic Defense Initiative, 
and irradiation of Japanese artifacts in an attempt to better define 
radiation doses due to the Hiroshima device. 

Training. The HPRR is used in two basic types of training: 

1. Nuclear engineering training. About 450 students from seven 
universities have received nuclear engineering training at the 
HPRR during the past ten years. Typically, they perform four 
basic experiments involving approach to criticality, rod 
calibration, thermal cycling, and pulse operation. 

2. Dosimetry training. Since 1982, the HPRR has been used in formal 
training courses in personnel dosimetry and in criticality 
accident dosimetry. A total of 130 participants has received 
detailed instruction in practical aspects of neutron and gamma 
dosimetry. 
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Reactor-Pumped Laser Experiments 
in the Sandia SPR-III Facility* 

D. A. McArthur, G. N. Hays, D. R. Neal 
P. S. Pickard and J. K. Rice 

Sandia National Laboratories 
Albuquerque, NM 87185 

ABSTRACT 

Experiments on the excitation of short-wavelength gas lasers have 
recently been performed in the central cavity of the Sandia fast 
burst reactor SPR-III. Small-signal gain coefficients ~ 0.7 %/cm 
were measured in XeF laser mixtures excited with either the 
"^He(n,p)T reaction or with fission fragments emitted from the wall 
of the laser cell. Specialized apparatus helpful in performing 
these measurements is described. Preliminary experiments included 
measurement of radiation effects on cell window materials and 
laser mirrors, and measurement of energy deposition in the laser 
gas as a function of time for various cell geometries and 
polyethylene moderator thicknesses. The optical distortion of the 
laser medium by the energy deposition process was much more severe 
for fission fragment excitation. Fluorescence spectra were also 
measured for XeF laser mixtures with an optical multichannel anal
yzer, and these spectra were consistent with the XeF gain measure
ments . 

1.0 INTRODUCTION 

An analytic and experimental program is being carried out at 
Sandia National Labs to determine the scientific and engineering 
feasibility of high—power, short-wavelength reactor-pumped lasers. 
Reactor-pumped lasers offer the potential for extremely compact 
energy storage, geometrical scaleup of reactor power and energy, a 
range of laser pulsewidths, and a set of technical challenges very 
different from conventional laser technologies. The Sandia 
program includes both reactor design studies, and experiments to 
investigate the reactor-pumping of candidate laser media having 
potential for high efficiency. 

In this paper we report details of the laser excitation experi
ments performed in the central cavity of the Sandia fast burst 
reactor SPR-III. In these experiments, energy and power 

*This work performed at Sandia National Laboratories, Albuquerque, 
NM, supported by the U. S. Department of Energy under contract 
number DE-AC04-76DP00789. 
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deposition in the excited laser medium have been measured as a 
function of laser cell and polyethylene moderator geometry. The 
gas mixtures were excited either by the '^He(n,p)T reaction or by 
fission fragments from thin U30g coatings on the inside of ceramic 
cylinders. Small-signal gain in XeF laser mixtures has been meas
ured for a limited range of gas compositions. Optical distortions 
introduced by energy deposition in the laser medium complicated 
the gain measurements, but a suitable optical system was developed 
to correct the distortions sufficiently well to make the measure
ments possible. 

The peak optical gain coefficient observed with ^He excitation was 
~ 0.7 %/cm, and was approximately the same with fission fragment 
excitation. Gain was observed only at 351 nm with "̂ He excitation, 
but was observed also at 333 and 363 nm with fission fragment 
excitation. Significant differences in the time dependence of the 
gain were observed for the two modes of excitation. XeF fluores
cence spectra observed were consistent with these gain results. 

Section 2 of this paper describes previous Sandia work, sections 3 
and 4 describe specialized apparatus and preliminary experiments, 
and section 5 describes the gain results. 

2.0 PREVIOUS SANDIA WORK 

The first reactor-pumped laser was demonstrated at Sandia National 
Labs in 1974 by pumping low-temperature CO gas with fission frag
ments . -*- In 1977 conceptual designs for large reactor-pumped 
lasers employing specialized nuclear reactor structures were de
scribed.'^ These concepts invoked only moderate extensions of 
current reactor material and control technology. Studies of the 
room-temperature reactor-pumped CO laser, and cooperative laser 
experiments with other laboratories were carried out over the next 
several years."^^^ 

In 1983 the desirability of very large lasers for the SDI program 
resulted in renewed interest at Sandia in defining the limits of 
this technology. Since no short-wavelength, efficient laser had 
been pumped with a reactor, in 1983 a series of experiments was 
defined on SPR-III to investigate the pumping of the ultraviolet 
excimer lasers, emphasizing KrF and XeF. The next section de
scribes the apparatus for these experiments. 

3.0 LASER EXPERIMENT APPARATUS 

Figure 1 shows the overall layout of the reactor-pumped-laser 
experiment at the SPR Facility. The laser cell was located inside 
the central cavity of the SPR-III, at the center of the Kiva. The 
Kiva, a concrete hemisphere of ~ 8.8 m inside diameter with 1.5 m 
thick walls, provides sufficient shielding that ordinary elec
tronic apparatus can operate without difficulty outside the 
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Kiva. Additional shielding was provided by sheets of 1.3-cm-thick 
lead and 2.5-cm-thick borated polyethylene mounted between the 
laser instrumentation trailer and the Kiva. A beam port (10 cm 
inside diameter) allowed optical communication between the laser 
cell and the instrumentation trailer. Although personnel were 
not permitted inside the trailer during an actual SPR-III pulse, 
work could be carried out in the trailer while the reactor was 
cooling between bursts and during the wait period preceding each 
burst. 

The trailer (2.4 m by 10.6 m) was fitted with a positive-pressure, 
filtered air-conditioning system to reduce dust buildup and tem
perature variations that might affect optical apparatus. A 1.2 m 
by 3.7 m optical table was installed on air supports inside the 
end of this trailer closest to the beam port. A probe laser, beam 
alignment apparatus, and a wavelength-selective detector system 
were installed on this table (Fig. 2 ) . 

The beajm path between the trailer and the beajn port entrance was 
enclosed in an insulated temporary building to protect the optical 
beams against weather, dust, and atmospheric turbulence associated 
with temperature differences, and to allow convenient alignment of 
the beams. To eliminate turbulence associated with air flow out 
of the trailer or into the Kiva, good-quality optical windows were 
placed at these boundaries. 

The gas-handling system was placed close to the cell inside the 
Kiva to reduce the length of vacuum lines. To minimize personnel 
exposure to radiation, all valves in this system were remotely 
operated with compressed air. Thus, gas mixtures could be made, 
mixed thoroughly, and admitted to the laser cell without requiring 
personnel entry to the activated Kiva between bursts. After a 
burst, the contaminated gas from the cell was pumped through a 
chemical trap to remove fluorine compounds, through the vacuum 
pump, through an airline filter and finally into the hot exhaust 
of the Kiva. 

Major modifications to the apparatus that involved working close 
to the irradiated laser cell for long periods of time (e.g. in
stallation of new mirrors, alignment of a new optical system, 
absolute intensity calibrations) were usually performed early in 
the work week to minimize personnel dose. 

The SPR-III was initially supported by a hydraulic elevator when 
in position around the laser cell. The polyethylene moderator 
around the cell caused a large negative experiment worth, so that 
if the reactor dropped (moving the cell out of the central 
cavity), a positive reactivity insertion could occur. 

To assure reactivity stability and alignment, a frame to support 
the SPR-III in the raised position (Fig. 3, the SPARLOCK) was 
developed. Two rigid aluminum spars were inserted through support 
pockets on the reactor stand after the reactor was raised, and the 
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Fig. 3: Positive Support for SPR-III ("SPARLOCK") 

reactor was lowered slightly so that the SPR-III rested on these 
spars whenever it was being operated with a laser experiment in 
the central cavity This system completely eliminated any varia
tions in reactivity associated with reactor movement relative to 
the laser experiment. 

4 0 PRELIMINARY EXPERIMENTS 

4.1 Effect of Radiation on Optics 

Previous work^ showed the effect of radiation on laser cell optics 
for several ultraviolet optical materials (7940 fused silica, 
BaF2, MgF2, and sapphire). The permanent absorption induced by 

fast neutrons and the gamma rays from SPR-III was measured^ by 
taxing an absorption spectrum both before and after irradiation. 
The transient absorption was also measured with a probe laser at 
X ^ 257 nm. 

experiments^ showed that these materials were relatively 
litule affected by radiation for wavelengths 300 nm < X < 700 nm, 
but large differences in transmission were noted for X < 300 nm. 
Based on these measurements, 7940 fused silica was chosen to mini
mize radiation-induced absorption, both transient and long-term. 

Detailed measurements were not made 
dielectric coatings, but suppliers 

of the radiation effects on 
were requested not to use 
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specific coating materials having high cross-sections for neutron 
absorption (which presumably would result in enhanced radiation 
damage). Observation of the probe laser beam intensity with an 
evacuated cell did not show any obvious radiation effect on the 
reflectivity of the dielectric mirrors used. It should be noted 
however that long-term exposure to a high-power laser beam in the 
presence of background radiation and the excited laser gas did 
produce a region of lower reflectivity on the lower cell mirror, 
an effect that is not completely understood. 

4.2 Energy Deposition Measurements 

Gas lasers vary widely in the minimum excitation rate that produ
ces efficient lasing (from ~ 50 w/cm^ to > 1 Mw/cm"^, depending on 
laser type, gas pressure, etc.). Existing laboratory reactor 
facilities can produce excitation rates up to ~ 10 kw/cm"^, for 
carefully optimized conditions. To characterize a given laser 
accurately, it is thus very important to know the rate of energy 
input to the laser gas. 

The energy input to the gas was investigated through neutron-tran
sport calculations made for potential laser cell configurations 
and polyethylene moderator geometries. A two-dimensional discrete 
ordinates radiation transport code (TWOTRAN) was used to estimate 
the total energy deposition in the laser gas, Ej. Initial energy 
deposition measurements agreed approximately with these TWOTRAN 
calculations; however, the presence of the laser cell increased 
the reactor pulsewidth by a factor of five to ten (compared to the 
free field pulsewidth for the same yield). 

Therefore, a Monte Carlo code (KENO) was used to estimate both Ê j 
and the neutron generation time Igen (for calculating the width of 
the energy deposition pulse). Most of the reactor pulsewidth 
increase was eventually traced to the presence of several grams of 
enriched uranium in the laser cell combined with polyethylene 
moderator thickness greater than 1 cm. Reducing the uranium mass 
in the experiment to ~ 0.5 g reduced the reactor pulsewidth to 
more normal values and permitted experiments at higher power depo
sition levels, at the expense of reduced laser cell volume. These 
results are discussed further in a related paper in this 
Workshop." 

The time dependence of the energy deposition pulse was measured 
with a cobalt thermal neutron detector wound around the cell in
side the polyethylene moderator. This cobalt detector was com
pared against a •^3ou detector and found to give a nearly identical 
pulse shape for situations involving thick polyethylene moderator. 
Figure 4 shows a typical energy deposition pulse shape ("THERMAL 
NEUTRON PULSE") as indicated by the cobalt detector. 

Although measurement of the energy deposition pulsewidth is rela
tively straightforward, measurements of Ê j are complicated by 
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the fact that Ê j depends both on the amount of energy created in 
the ^3^\] lining the laser cell, and on the efficiency with which 
this energy is transported out of the uranium coating into the 
laser gas. Since the laser gas may be heated nonuniformly by the 
energy deposition process, which in turn will cause gas motion 
during the excitation pulse, the stopping power of the laser gas 
may also be a strong function of time and space during the reactor 
pulse. 

Typical laser mixtures in the experiments reported here have been 
predominantly He, Ne, or Ar. For noble gases it was assumed that 
the input energy was converted completely to heat within a frac
tion of a millisecond. Therefore, the pressure rise in the exci
ted laser gas was measured for each reactor pulse, and the pres
sure rise related to a total energy input (through the gas heat 
capacity). Figure 5 shows typical pressure oscillations measured 
during gain experiments, together with a gas dynamic calculation 
of the pressure signal to be expected for the complex geometry of 
the laser cell. 

Although the time dependence of the pressure signal appears to be 
well understood based on the agreement shown in Fig. 5, the 
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Fig. 5: Measured (squares) and Calculated Pressure 
Rise in Laser Gas 

integrated energy input inferred from these pressure rises was 
significantly lower than that calculated with neutron transport 
codes. This discrepancy is not understood at present, but it may 
be related to the propagation of the pressure pulse from the 
highly-excited laser region to the pressure transducer, or to the 
fission fragment energy deposition path length which causes large 
spatial variations in the gas temperature. 

5.0 LASER EXCITATION EXPERIMENTS 

5.1 Laser Cell Design 

The vertically-oriented cylindrical laser cell (Fig. 6) was sus
pended from an aluminum frame so that when the SPR-III was raised 
from its storage pit, the central cavity of the reactor surrounded 
the cell. The cell consisted of a thin-wall stainless steel cyl
inder with adjustable mirror/window holders at each end. The 
mirrors were located a few cm beyond the intensely-excited portion 
of the laser gas to reduce mirror damage caused by impact of ener
getic charged particles. 

A cobalt thermal neutron detector was wrapped around the stainless 
steel cell to measure the time dependence of the excitation pulse. 
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Fig. 6: Cylindrical Laser Cell in SPR-III Central Cavity 

An annular polyethylene cylinder 3.2 cm in thickness and having an 
outer diameter of 9.5 cm surrounded the cell to provide partial 
moderation of the fast neutrons produced by SPR-III. A thin-wall 
stainless steel cylinder surrounded the polyethylene to contain it 
m the unlikely event that reactor cooling failed immediately 
after a burst and the polyethylene melted. 

The gas was excited either by neutron-induced fission of -^He added 
to the laser gas mixture, or by fission fragments emitted from a 
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U308-coated alumina cylinder surrounding the laser gas. The cyl
inders were 30.5 cm long, with a 1.6 cm inside diameter, a wall 
thickness of 0.31 cm, and a U3O8 coating thickness of ~ 3 /i. They 
were coated by repeating the following process 20 - 30 times:' The 
inside surface was painted with a uranyl nitrate solution, allowed 
to dry thoroughly in air, and the cylinder was then fired to high 
temperature to convert the uranyl nitrate to uranium oxide. 

5.2 Optical System Design 

The beam from a 5-w argon ion laser located in the instrumentation 
trailer outside the SPR Kiva (about 15 m from the laser cell) was 
directed into and back out of the cell through the SPR beatm port. 
Signals were recorded on detectors located in the instrumentation 
trailer. 

The energy deposition in the laser gas varies spatially because of 
either neutron self-absorption or because of the varying energy 
deposition along the path of a fission fragment. The resulting 
variations of temperature and pressure give rise to a density 
profile in the laser gas which acts as a weak lens, distorting the 
input laser beam. This effect was noticeable in excitation by 
^He, and was dominant for fission fragment excitation. 

By restricting the size of the input laser beam at the cell (to ~ 
1 mm diameter), aligning it accurately along the axis of the laser 
cell, and maximizing the angular field of view of the detector 
system optics, these effects could be reduced so that meaningful 
gain signals could be measured. During these experiments, this 
was best accomplished by using beam splitters to separate the 
input and output laser beams, and by using beam-expanding and 
beam-contracting telescopes so that the beam was aligned along the 
axis of the cell and had the desired diameter. 

The return beam from the cell passed through a Pellin-Broca prism 
to separate it into the 333, 351, and 363 nm components, and each 
component was directed onto a separate scatter plate viewed by a 
separate photodiode (the scatter plates were used to eliminate 
signal variations caused by variations in sensitivity across the 
face of the photodiode). 

5.3 Gain Results with ^He Excitation 

When exciting the laser gas with ^He, it was necessary to use 
slow-neutron shielding material (thin Cd sheets) near the laser 
cell mirror and window locations to reduce transient radiation 
damage caused by charged particles from the "^He(n,p)T reaction. 

Figure 7 shows the gain signal measured at X - 351 nm using a 
continuous-wave Ar"*" laser, for "̂ He excitation at ~ 5 kw/cm*^ pump 
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power. The gas mixture was 1500 Torr of "^He, 20 Torr of Xe, and 2 
Torr of NTs- The ~40 percent signal increase at 351 nm corres
ponds to ~0.7 percent/cm gain coefficient, which corresponds well 
with an extrapolation of gain measurements in XeF at the much 
higher pumping rates obtained with electron beam excitation. 
Simultaneous measurements with other laser lines at X = 333 nm and 
363 nm show a slight absorption. The approximately constant sig
nal levels at the nearby wavelengths of 333 and 363 nm show that 
optical distortion of the medium cannot be responsible for the 
signal increase (or gain) at X= 351 nm. 

The ~ 100 fis delay before the appearance of the gain signal at 351 
nm is not understood in detail, but may be associated with some 
optically-absorbing species which is consumed about midway through 
the excitation pulse, or with an increase of gas temperature which 
increases the gain by reducing the population of the weakly-bound 
lower laser level. 

-141-



<̂  

o 
LJ 
> 

3 

NFj PRESSURE (Torr) 

Fig. 8: Dependence of Gain on NF3 Pressure 

The gain signal at 351 nm was also a strong function of the laser 
gas composition, as shown in Fig. 8 for the NF3 pressure (at 1500 
Torr "̂ He and 20 Torr Xe) . The gain signal disappeared whenever 
the Xe or NF3 constituent of the gas mixture was deleted, and a 
fairly narrow range of "̂ He pressures produced gain. 

5.4 Gain Results with Fission Fragment Excitation 

The gain signals in XeF laser mixtures are significantly different 
when fission fragment excitation is used. Figure 9 shows gain 
signals in a mixture of 900-Torr Ar, 10-Torr Xe, and 3-Torr NF3 
when excited by fission fragments. In particular, gain appears 
not only on the 351 nm line, but also on the 333 and 363 nm lines 
of the argon ion laser. The gain also appears early in the exci
tation pulse, and peaks before the peak of the excitation pulse. 
The peak gain is comparable to that observed with ^He excitation. 

Similar dependence of gain 
gases. 

was observed with Ar and Ne buffer 
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5.5 Measurement of XeF Fluorescence Spectra 

The observation of gain at 363 nm is surprising in light of prev
ious XeF laser investigations with more conventional excitation; 
therefore measurements of XeF fluorescence were made with an opti
cal multichannel a.na.lyzer (OMA) . Figure 10 shows a representative 
XeF fluorescence spectrum at 900-Torr Ar, 10-Torr Xe, and 3-Torr 
NF3, when excited with fission fragments. The violet-degraded 
sharply-peaked band at 350 nm is the XeF (B to X) band, and the 
broad, low-intensity band centered near 480 nm is the XeF (C to A) 
band. The relative intensity of these bands was a strong function 
of time during the excitation pulse, and the B to X band showed 
significant intensity at 363 nm. 

The OMA showed very low sensitivity to background radiation noise 
(compared to a photomultiplier), and appears to be a very powerful 
experimental tool for obtaining data in these situations involving 
a very low reactor pulse repetition frequency. 
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Fig. 10: Early- and Late-Time XeF Fluorescence Spectra 
(Data are not corrected for the wavelength-dependent 
response of the detector system) 

6.0 CONCLUSIONS 

This series of experiments on SPR-III has for the first time de
monstrated significant gain in reactor-pumped excimer laser media. 
They represent an important and encouraging first step toward the 
development of an efficient, short-wavelength reactor-pumped 
laser. 

The SPR-III facility can also be used effectively to measure gain 
and fluorescence spectra of reactor-pumped laser media over a 
range of excitation rates similar to those which might be used in 
a large reactor-excited laser system. The data provided by these 
experiments are encouraging for the development of large reactor-
excited lasers. Specialized apparatus developed over the past 
two years has allowed efficient use of time on the heavily-used 
SPR-III facility. 
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HEATING OF ALUMINUM BY SPR-III BURST 

Stephen V. Judd 
C.S. Draper Laboratory 

ABSTRACT 

Real time temperature measurements were made on an 
aluminum cylinder exposed to radiation bursts at SPR-III at 
neutron levels from 10'' cm"• to 4.5x10'* cm"•. Precision 
thermistors and high speed A/D converters were used to measure 
temperature with .0025°C resolution at 20ms intervals following 
the burst. Temperature data is presented as a function of 
neutron fluence-

1. Description 

The goal of a recent test program at CSDL was to obtain 
Ippm diode voltage measurements through neutron bursts at the 
SPR-III facility- One requirement to obtain meaningful data was 
to provide an accurately controlled thermal environment- For 
this purpose, a test fixture was designed using a double oven 
configuration- The test fixture consisted of an inner aluminum 
cylinder, which housed the diodes, an insulation layer, a 1/a" 
aluminum shell, a second insulation layer, and an outside 1/8" 
aluminum shell. (See figure 1)-
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Figure 1 - Temperature controlled diode test fixture. 
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The diodes were mounted in aluminum blocks Vhich were 
mounted in the inner cylinder as shown in figure 2. The cylinder 
was approximately 27 cm long and 4 cm in diameter and had an 
assembled aluminum filling factor of about .64. Both the inner 
and outer ovens were thermally insulated and temperature 
controlled. The resulting thermal time constant of the inner 
oven was approximately 200 minutes. 

ALUMINUM' 
INNER 
ELEMENT 

OIOOE OLOCK 

Figure 2 - End view of test fixture showing diode mounting block. 

The temperatures were maintained on the two ovens by 
strip heaters attached to their surfaces. Precision temperature 
controllers and thermistors were used to regulate the oven 
temperatures. The inner oven was held at 65°C during the 
experiment, with a stability of better than ±-01°C/day, the 
outer oven was kept 5° cooler. 

Sensing thermistors were attached to the outer face of 
the inner cylinder in two places using a thermal epoxy. A 
precision bridge measurement scheme was used in conjunction with 
a high speed A/D converter with a resolution equivalent to 
. 0025''C. The resulting thermistor thermal time constant was 
approximately 1 second. 

An external probe was used to calibrate the system both 
45 minutes before and 1 hour after each shot. A four wire 
measurement technique was used in the external probe so that 
wire resistance did not affect the measurement. The external 
probe was in turn calibrated using three temperature reference 
baths: water triple point, gallium, and succhino nitrile- The 
net absolute temperature accuracy is estimated at better than 
+.01OC. 

Pre to post thermistor shifts were less than -005°C on 
all but the shots over 10'• n/cm*. The maximum shift was .024°C 
at 4-4x10'* n/cm" which was small compared to the radiation 
heating-

Data sampling by the A/D converter started upon 
receiving the reactor trigger. The data rate was adjusted such 
that each thermistor was sampled every 20ms from t=0 to t=l 
second, every 50ms from t=3 to t=5 seconds, every 500ms from t=5 
to t=30 seconds, then every 500ms from t=30 seconds to t=65 
minutes. A two second gap after t=l second resulted from 
changing the operation mode of the A/D converter. 

Both neutron and gamma dosimeters were attached around 
the outside of the fixture. Sulfur pellets and TLDs were used. A 

THERMALLY CONDUCTIVE 
SILICONE RUBBER PAD 
3 PLACES 
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transfer ratio between doses inside and outside of the fixture 
was determined in earlier experiments by placing dosimeters in 
several locations inside and out. The inside dose was roughly 
905i that measured on the outside for both IMev equivalent 
neutrons and gamma. Calculated doses are expected to be within 
10% to 20% of the actual dose. 

2. Experimental Results 

Both the gamma dose and neutron fluence were calculated 
for each shot at each thermistor. The ratio of gamma dose to 
neutron fluence was found to be roughly linear with a ratio of 
about 3x10"'• rads/neutron cm"* (see figure 3). 
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Figure 3 - Measured gamma dose vs. neutron fluence. 

A typical temperature time profile is shown in figure 4. 
The reactor trigger is received at t=0- The temperature 
typically peaked within about 100ms. It then decayed with a time 
constant expected for the thermistor for the first couple of 
seconds- The decay rate then assumed that expected for the inner 
cylinder- Qualitatively, all of the tnermis^ors indicated a 
similar behavior- Variations in peaking and decay times were 
attributed to variations in thermistor mounting and wiring. Gaps 
in the data are from dead time during which the A/D converter 
changed modes-

The temperature peak near t=0 was due to heating in the 
thermistor itself- Heating in the tnermistors was expected to be 
higher than in the aluminum due to the presence of nickel, 
manganese, and copper within the device-

Following the decay of the initial peak, the slope 
becomes approximately that expected for the aluminum cylinder-
The temperature rise in the aluminum at t=0 was therefore 
calculated by projecting the y intercept from the t=i0 second 
temperature, based on the thermal time constant for the fixture. 
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Data was collected from 8 test fixtures in a total of 16 
bursts to levels from 1x10'^ to 4-5x10'* neutrons per cm*. The 
temperature peak measured on these shots is plotted in figure 5 
as a function of neutron fluence- The temperature rise in the 
aluminum at t=0 is plotted in fiaure 6-
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Figure 6 - Temperature rise in the aluminum block at t=0+. 

Calculations 

During the early phases of the experiment planning, the 
unavailability of temperature data necessitated the development 
of a quick guess technique for estimating radiation heating in 
various materials. Based on many assumptions, an analytic 
solution was found for the energy deposition by neutrons and 
gamma in a slab geometry. The heating predictions made using 
this technique were within 20X of the measurements. 

The analytic solution was based on the following 
assumptions: Free field gamma energy deposition in rads is 
converted directly to heat. A mass absorption coefficient was 
used, assuming 2 Mev monoenergetic gamma photons, to estimate 
the energy deposition as a function of distance. The removal 
cross section for a fission neutron spectrum was used, and it 
was assumed that all neutrons removed, were captured. It was 
then assumed that gammas were emitted by the capturing nuclei 
in 5 energy ranges with known probabilities. Each point in the 
target was then considered a gamma source. An average mass 
absorption coefficient, for each energy range, was used to 
calculate the attenuation and absorption between the source and 
observation points. The kinetic energy of the neutrons was 
ignored. 
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The following discussion outlines the derivation of the 
solution. A one dimensional geometry is assumed such that 
material fills the space from x=0 to L. Neutrons are incident 
from the -x direction. The gamma source strength is estimated by 
multiplying the derivative of the neutron fluence by the 
probability and energy of gammas produced in any energy bin at 
X, 

-E„ X 
S, (X) = P. Ei I„oe 

where Pi is the probability of emitting a photon of energy Ei, 
E« is the neutron removal cross section, and !„„ is the neutron 
fluence. At any point, Xo, the gammas seen from the source at x 
can be expressed as 

-E • 1 x-x. 
r(x,Xo ) = %Si (x) e 

Eg i is the gamma absorption cross section for the i*" energy. 
The 56 appears since only Y> of the photons travel in the 
direction of the observer. The energy deposited at x„ is found 
by from the derivative of F with respect to x, . The total energy 
at Xo is then found by summing the contributions from all 
sources through the target. 

I = 
p<- d 

dx F(x, Xo ) 
dxc 

This expression can be integrated to yield the energy deposited 
per unit length. 

K X o )=54P, El InoEnE, 

- ""*-9 1 X o "i-n 5Co 

e - e e 
+ — 

-E„x„ -E„L -E, i<L-Xo) 
- e e 

E. . E„ + E, 

The energy deposited by the incident gamma flux is then 
calculated as 

*-g X« 

I, <Xo ) = I a 

where I,« is the incident gamma dose in rads. I,(Xo) is then 
added to I(Xo) to find the total energy deposited. 

A simple computer program was written to calculate this 
expression for various slab thicknesses and materials. Figure 7 
shows the predicted temperature rises at the the center of a 1cm 
thick slab of several materials as a function of neutron 
fluence. The measured neutron to gamma ratio was used to include 
the expected gamma dose. 
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an expected 3x10'* rad gamma dose. 

Conclusions 

The temperature rise in a cylindrical aluminum test 
fixture was measured at about .55°C per 10'* (1 Mev equiv) 
neutrons/cm^ and associated gamma in an SPR-III burst. This rise 
was estimated within 20% using an approximation technique for 
slab geometries. This agreement may be coincidental. Future 
experiments are planned to test the predictions for temperature 
distributions in other geometries and materials. 
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COMPARISON OF DOSIMETRY RESULTS FROM THE 

SANDIA SPR-III REACTOR FACILITY 

W. Sallee, D. Vehar(*), C. Heimbach{+), J. Meason, T. Luera(*) 

Nuclear Effects Laboratory, White Sands Missile Range, NM 

ABSTRACT 

Due to reported inconsistencies in results from neutron 
damage studies on electronic piece parts, a series of neutron 
exposures at the three fast burst reactor facilities which 
are principally involved in the studies has commenced. The 
purpose of these exposures is to determine the calibration 
consistency between the three facilities. Of primary 
importance in this study is the consistency of neutron 
fluence data as determined by the principal monitoring 
system, the sulfur fluence monitor. Results from the first 
and second exposures in this series indicate that agreement 
between the three reactor facilities is fair. The results 
vary by less than 16% between laboratories. 

1.0 INTRODUCTION 

Historically, three pulse reactor facilities have been used 
for the majority of the testing of electronic piece-parts to the 
neutron radiation environment. These reactor facilities are: 
the White Sands Fast Burst Reactor Facility, the Sandia SPR 
facility, and the Aberdeen Pulsed Radiation Facility. Some 
questions have recently arisen concerning the consistency of 
dosimetry practices between these three facilities (as well as 
several other facilities used less frequently for this type ol: 
testing). In order to determine if these apparent 
inconsistencies are due to dosimetry calibration errors and to 
quantify and document the degree of agreement or disagreement 
between dosimetry results provided by these three facilities, a 
series of neutron exposures of dosimeters at each of these 
reactors have been planned. The first and second exposures in 
this inter-laboratory dosimetry comparison were performed at the 
Sandia SPR-III reactor on 25 Jul 85 and 18 Feb 86, respectively. 
In this paper, the dosimetry results of the first exposure will 
be detailed and a discussion of the experimental arrangement and 

* Sandia National Laboratory, Albuquerque, NM 
+ Aberdeen Pulsed Reactor Facility, Aberdeen Proving Ground, MD 
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exposure conditions will be presented. And, while the analysis 
of all the data from the second exposure is not yet complete, the 
sulfur results are available and will be presented. 

2.0 EXPERIMENTAL 

The principal dosimeter used to monitor the neutron fluence 
at each of these facilities is the sulfur pellet (reference 1). 
Accordingly, the dosimetry sections for each of these facilities 
provided sulfur pellets to the Sandia Dosimetry Laboratory. The 
Sandia Dosimetry Laboratory mounted these dosimeters along with 
nickel foils from White Sands and Sandia on three fixtures for 
irradiation at 17 inches and 72 inches from the core centerline 
and in the reactor's glory hole. Figure 1 is a line drawing 
indicating the relative locations of the fixtures. The 
dosimeters at 17 inches (4 inches from the core surface) were 
mounted on a curved aluminum plate. While, the dosimeters in the 
glory hole were mounted on a cardboard cylinder. The dosimeters 
at 72 inches were mounted on a flat cardboard plate. Dosimeters 
from the various laboratories were mounted so as to intermix the 
sulfur pellets across the face of each of the mounting plates 
(see figures 2 through 4). Thus, if there was any non-uniformity 
in the exposure, all the various organizations would have been 
equally affected. For the 18 Feb 86 exposure, only the 17 inch 
location was used. 

For each exposure, all the dosimeters from the participating 
laboratories were exposed at one time. On 25 July, a five minute 
power run was used, while the 18 February exposure was a 301 
degree burst operation. In each case the dosimeters were then 
returned to their respective dosimetry sections for analysis. 
There the foils were counted using the standard procedures 
developed by the staff of each organization. All three 
laboratories utilize standard beta proportional counting 
techniques which follow ASTM standards E 265-82 and E 181-82 
(references 1 and 2). The results were tabulated in terms of the 
fluence greater than 3 MeV. 

In addition to sulfur dosimetry, Sandia and White Sands also 
provided nickel foils for exposure in order to check gamma ray 
counting techniques. Both organizations use the threshold foil 
techniques of ASTM standards E 720 and E 721 (references 3 and 4) 
to determine the neutron spectra at their respective reactors. 
These techniques rely heavily on the gamma ray counting. 
Additionally, nickel can be used in lieu of sulfur to monitor the 
neutron fluence greater than 3 MeV (reference 5). The nickel 
foil activities were tabulated in terms of Becquerels (Bq) per 
gram of 58-Nickel. 
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3.0 RESULTS AND DISCUSSION 

Each laboratory performed an independent evaluation of the 
fluence greater than 3 MeV for each location based upon their 
sulfur monitors. For example, for the July 86 exposure, Sandia 
obtained a value of 7.671 Ell for the 17 inch location. White 
Sands obtained a value of 7.23 Ell and Aberdeen obtained a value 
of 7.17 Ell. The average of these fluences greater than 3 MeV is 
7.36 Ell. For the purpose of comparison, this average fluence 
greater than 3 MeV has been tabulated as a function of exposure 
location and exposure date. Table 1 gives the results of the 
comparisons for the sulfur data relative to this average at each 
location for both exposures. In comparing the results from the 
July 85 exposure. White Sands and Aberdeen obtained very similar 
results (differing by only 3% at 72 inches), while Sandia was 
approximately 7% higher than the other groups at all locations. 
Based upon estimated error bars of 5 to 7% for sulfur dosimetry, 
the results are in good agreement even though each laboratory 
utilized the spectrum average cross section appropriate for their 
respective reactor's environment. But in February 86, the 
agreement is not as good with Sandia and White Sands differing by 
10%, Sandia and Aberdeen differing by 15%, and Aberdeen and White 
Sands differing by 5%. 

The reason for this marked difference between the results of 
July 85 and February 86 is at present unexplained. However, 
Sandia believes that an adjustment to the spectrum average cross 
section of the SPR-III free field spectrum needs to be made. 
This would result in a systematic lowering of their stated 
fluence by approximately 12%. Such a change would result in a 
substantial improvement in the agreement of the results. 

What is not shown in Table 1 is the very good internal 
consistency of the data for each laboratory. The standard 
deviation of the mean at each location for each laboratory was no 
more than 3%, usually much less. This indicates that potential 
foil placement errors were quite small. 

All three organizations utilize the same techniques in 
calibrating their respective dosimetry systems. Thick foils 
relative to the average beta energy are employed. White Sands 
uses a 0.75 inch diameter by 0.25 inch thick sulfur pellet 
exclusively. Sandia typically uses a 0.25 inch diameter by 0.20 
inch thick pellet. Aberdeen typically uses two sizes of 
dosimeters, 0.25 inch thick by either 0.25 inch or 1.00 inch 
diameter. Calibration is accomplished according to the 
procedures in paragraph 8.1.1 of ASTM standard E 265-82, i.e., 
irradiation with a source of neutrons for which the neutron 
spectrum is well characterized and for which the total fluence 
has been accurately determined. Usually, a 252-Cf facility is 
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Table 1 
Comparison of the Sulfur Dosimetry 

Per Cent Difference 
Average 

Location Fluence > 3 MeV Sandia WSMR APG 

(neutron/cm"2) (%) (%) (%) 

25 Jul 1985 

Glory Hole 1.39 E13 + 5.32 

17" C-CL 7.36 Ell + 4.23 

72" C-CL 4.08 ElO + 5.71 

18 Feb 1986 

17" C-CL 2.66 E12 + 8.53 - 1.50 - 6.77 

2 . 8 8 

1.77 

4 . 4 1 

- 2 . 8 8 

- 2 . 5 8 

- 0 . 9 8 

Table 2 
Comparison of the Nickel Activation 

Nickel Activation Per Cent Difference 
Relative to 

Location Sandia WSMR Sandia's results 

(Bq/gm-Ni-58) (%) 

Glory Hole 7.469 E3 7.340 E3 -1.73 

17" C-CL 3.910 E2 3.741 E2 - 4.32 

72" C-CL 2.303 El 2.026 El - 1.20 
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employed for this purpose because the free field 252-Cf and a 
fast burst reactor spectra are very similar. Further, because 
the facilities are used for government testing, the source 
calibration must be traceable to the National Bureau of 
Standards. To date, only the NBS 252-Cf facility and the 
University of Arkansas' SEFOR Calibration Center (also a 252-Cf 
facility) meet the traceability requirement. Aberdeen's 
calibration was confirmed by an exposure at the NBS facility in 
August 1985. The White Sands calibration was last confirmed in 
the spring of 1983 using the SEFOR Calibration Center. And, 
Sandia's calibration is based upon data collected at NBS in 
approximately 1979-1980. 

The results of the comparison of nickel counting are 
tabulated in Table 2. Both Sandia and White Sands follow the 
standard gamma counting practices outlined in ASTM standard 
E 181-82. The agreement is obviously very good considering that 
the estimated calibration error is approximately 4% based upon 
the information provided by the suppliers of gamma ray 
calibration sources. Both laboratories use standard gamma ray 
point sources to obtain the absolute counting efficiencies for 
each of their gamma ray detectors and for each geometry used. 
These standard sources were either obtained from the NBS or have 
certificates of traceability to the NBS. 

4.0 CONCLUSIONS 

The overall results from the first and second exposures in 
the inter-laboratory dosimetry comparison indicate fair agreement 
between the three reactor groups which participated. There is, 
however, room for improvement and areas of improvement are being 
actively investigated. The propos-ed change in the spectrum 
average cross section for SPR-III data is one such area which 
will greatly improve agreement between the three laboratories. 
The importance of obtaining agreement which is as good as 
possible has lead to an informal arrangement to continue these 
comparisons on a regular basis for at least the next several 
years. The next exposure is currently scheduled for the summer 
of 1986. 

The questions concerning dosimetry practices at the three 
facilities arose from electronic piece part damage studies 
conducted by various experimenters which have used all three of 
the fast burst reactor facilities and three TRIGA reactor 
facilities (references 6 and 7). These damage studies indicate 
differences in the damage to devices of the same type for the 
same reported 1 MeV equivalent fluence from the different 
facilities which are as high as 50% (reference 7). Differences 
of this magnitude clearly cannot be attributed to inconsistencies 
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in the sulfur calibrations or counting practices at the three 
laboratories. This is not to say, however, that inconsistencies 
do not exist. This inter-laboratory dosimetry study does not 
address the issues which arise from the application of ASTM 
standards E 720, E 721 and E 722 (references 3, 4, and 8, 
respectively) which are used to calculate the 1 MeV Equivalent 
Damage Fluence in piece parts. Nor does this study address 
potential errors which may arise from placement of piece parts 
around the reactors. This study should be viewed as only the 
first step in addressing this critical issue. Studies of other 
aspects of this problem are underway. 
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USE OF THE FOIL ACTIVATION METHOD WITH ARBITRARY 
TRIAL FUNCTIONS TO DETERMINE NEUTRON ENERGY SPECTRA* 

John G. Kelly and David W. Vehar 

Sandia National Laboratories 
P. 0. Box 5800 

Albuquerque, NM 87185 

ABSTRACT 

Neutron Spectra have been measured by the foil activation method in 
thirteen different environments in and around the Sandia Pulsed 
Reactor (SPR III), the White Sands Missile Range FBR, and the 
Annular Core Research Reactor (ACRR). The unfolded spectra were 
obtained by using the SANDII code in a manner which was not depend
ent on the initial trial. This altered technique is, therefore, 
better suited for the determination of spectra in environments that 
are difficult to predict by calculation, and it tends to reveal fea
tures that may be biased out by the use of standard trail functions. 

1.0 INTRODUCTION 

Accurate determination of the responses of materials and electronic 
devices to neutron irradiation in a variety of environments is 
becoming increasingly important because of the accelerating interest 
in nuclear and space radiation effects. Furthermore, devices often 
must be tested in radiation fields which do not duplicate the envi
ronments for which they are intended. For example, components to 
be used in satellites may be tested at a nuclear reactor. It is 
imperative therefore, that the radiation spectrum of the test source 
at the location of the device under test be determined so that 
models to calculate its response can be confirmed and used to pre
dict responses in the intended environment. 

The foil activation method, together with suitable spectrum unfold
ing codes, have become very effective in determining neutron energy 
spectra in a wide variety of environments. Some of the unfolding 
codes still in use are SANDII,^ STAY'SL,^ and FERRET.^ The latter 
two provide completely determined solutions but require full knowl
edge not only of the values of the appropriate trial functions, the 
activities of the foils, and the cross sections for each reaction, 
but also of the errors and correlation functions of each of the data 
sets. The SANDII procedure uses only the values of the trial 

*This work performed at Sandia National Laboratories which is 
operated for the U.S. Department of Energy under contract number 
DE-AC04-76DP00789. 
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functions, activities, and cross sections. However, in this case 
the solutions are underdetermined (fewer activity values than flux 
values in the solution), and the code must iterate on a trial 
spectrum shape until the calculated activities are within some 
acceptable standard deviation of the measured values. For the k^^ 
iterated spectrum the activity of isotope number i is calculated by 
equation 1. 

ff.(E) *"(E) dE (1) 

where A^ is the activity, a^ is the reaction cross section of 
isotope i, and <|>̂ (E) is the differential fluence. The decay 
constant for the reaction product is X. Since a spectrum that 
satisfies the activity set within the specified standard deviation 
is not unique, one can only call it an "appropriate" solution. All 
of these codes have required a reasonable trial spectrum to start 
with (as they have been used in the past). This requirement imposes 
some practical difficulties. Calculated trials can be expensive to 
obtain, and the models may have to overly simplify features that may 
be important. Also, trials based on previous measurements may not 
be appropriate in a new environment. 

The objectives for this work were to develop a method of determining 
acceptable spectra which are less dependent on the shape of the 
trial function and to investigate how well these spectra are deter
mined by the activity and cross section values by means of foil sets 
that exhibit adequate sensitivity over a broad energy range. 

2.0 THE PROCEDURE 

The procedure we have developed for the SANDII code is very simple 
in principle, but does require careful activity measurements and the 
application of knowledge about the reaction response functions. 
Generally the code cannot iterate directly from an arbitrary trial 
to an acceptable solution, but it will provide very important clues 
as to how a better trial function can be constructed. One then 
iterates the code using simple criteria based on physical principles 
until he is satisfied with the spectral shape and standard 
deviation. Our experience, with a broad range of environments, is 
that the reasonable solutions are indeed quite well determined. 

The example to be discussed first illustrates the progression from a 
flat trial spectrum to one which the SANDII code finally accepts as 
a converged solution without trying to make significant changes in 
the final trial. The activities obtained from a foil set exposed 
17" from the centerline of the Sandia Pulsed Reactor (SPR III) are 
listed in Table 1. Beside each reaction are listed the filter 
cover, its thickness, and the activity at the end of the irradiation 
period. The activity determinations are not discussed in this 

A^ = X 
1 
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Table 1 

Foil Activities from the SPR-III 17" Free Field Leakage Spectrum 

Reaction 

Aul9''(n, Y)AU198 

Aul97(n,^)Aul98 

Mn55(n,Y)Mn56 

Mg24(n,p)Na24 

'"'(n.pjMnSe 

(n,p)Mn54 

Fe56 

Fe54 

A L 2 7 

A L 2 

Ni58 

•7(n,p)Mg2"' 

''^(n,a)Na24 

Ni-'8(n,p)Co58 

Na23(n,Y)Na24 

Zr90(n,zn)zr89 

s32(n^p)p32 

lnll5(n^Y)Inl^6 

Inll5(n^n,)Inll5 

Inll5(n,Y)lnll6 

Inll5(n r,, )inll5 

Ni58(n,p)Co58 

u235(n,/)F 

u238(n,/)F 

Pu239(n^j^)P 

Np237(n,/)F 

Reaction 
Name 

AU197G 

AU197G 

MN55G 

MG24P 

FE56P 

FE54P 

*AL27P 

AL27A 

NI58P 

NA23G 

ZR902 

S32P 

*IN115G 

*IN115N 

*IN115G 

*IN115N 

*NI58P 

U235F 

U238F 

P0239F 

NP237F 

2, 

-

2. 

2. 

2, 

2, 

2. 

2. 

2. 

2, 

2. 

-

-

-

2. 

1. 

4. 

4. 

4. 

4. 

4. 

Cover (atoms/barn 

.587-3 

.587-3 

.587-3 

.587-3 

.587-3 

.587-3 

.587-3 

.587-3 

.587-3 

.587-3 

.587-3 

.587-3 

.705-3 

.705-3 

.705-3 

.705-3 

.705-3 

cadmium 

-

cadmium 

cadmium 

cadmium 

cadmium 

cadmium 

cadmium 

cadmium 

cadmium 

cadmium 

-

-

-

cadmium 

cadmium 

cadmium 

cadmium 

cadmium 

cadmium 

cadmium 

0, 

0. 

0, 

0. 

0. 

.101 

.101 

,101 

.101 

.101 

) 

boron 

boron 

boron 

boron 

boron 

(d 

if 

Activity 
is/sec. nucleus) 

1.094-16 

1.275-16 

3.490-17 

2.067-19 

9.104-19 

2.486-20 

5.159-17 

1.034-19 

1.402-19 

2.033-19 

2.476-21 

4.680-19 

5.363-15 

1.069-16 

2.992-15 

1.076-16 

1.400-19 

Activity 
issions/nucleus) 

2.326-11 

3.406-12 

3.085-11 

1.640-11 

•Reactions not used in the unfold procedure. 

paper. The reactions marked with an asterisk were not used in the 
SANDII unfolding process for the reasons that will be discussed 
below. This set of reactions was chosen because it provides 
responses over a very broad energy range, and in our experience has 
demonstrated that reasonable solutions are obtainable in all spectra 
measured thus far. 

The reactions marked by asterisks were left out of the analysis for 
the following reasons. 

1) AL^'(n,p)Mg27 _ jn almost all of the spectra measured thus far 
the calculated activity for spectra compatible with the other 
activities is 20 to 50% low. For this reason the reaction has 
usually been left out of the unfolding procedure. The cause of 
this discrepancy has not yet been identified. 
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2) Ni^^(n,p)Co^^ inside the boron ball containing the fission foils 
- The exponential attenuation of the fluence in the boron as 
applied by the SANDII code is not adequate to account for the 
measured free field nickel activity to boron ball nickel 
activity ratios. The ball reduces the induced nickel activity 
by more than the code calculates. 

3) INl^5(n,Y)IN11^ - The reaction threshold is at 1 eV and for the 
foil thicknesses presently available severe self shielding has 
been observed. 

4) IN-̂ -'-5(n,n' )IN̂ -'-5 - The threshold for this reaction is at 1 Mev. 
The activity always appeared to be higher than the calculated 
value. Wes Sallee from the White Sands Missile Range^ has sug
gested to us that the metastable state in the reaction product 
can also be produced by Y/Y' reactions. This explanation is 
supported by the fact that the activity acquired by In in a 
cadmium cover is often greater than that induced in the bare 
foil. 

Other reactions have been rejected in some of the other spectra 
measurements, but serious efforts have been made to fit in all 
reactions for which no satisfactory explanation for disagreement can 
be found. 

The graphs in Figure 1 show some of the stages in the generation of 
a solution for this SPR III 17" leakage spectrum. Figure l.a shows 
the SANDII solution obtained with a flat trial and 22 normal SANDII 
iterations. 

On the graph are marked some of the principle resonances of certain 
reactions in the foil set. It is obvious that the solution is not 
physically realistic in many regions because one of these tiny foils 
cannot alter the fluence by orders of magnitude. Clearly the code 
attempts to obtain agreement with the measured activities in the 
fastest way possible - by changing the spectrum where the reaction 
responses are the highest. In this example the Au foil clearly 
shows that the trial function fluence should be higher at the Au 
resonance (5ev) and the Mn and Na foils indicate that the spectrum 
should be lower at 3x10"^, l.OxlO"^, and 3x10"^ Mev. A new trial 
was constructed that passed in a sensibly smooth manner through the 
points where the foil set has high response. The SANDII result ob
tained with this second trial is shown in Figure l.b. The improve
ment is dramatic even though only a very simple rule has been 
followed - draw a trial through SANDII solution values where the 
response is high. The case l.b indicates that the trial would be 
even more successful if it were yet slightly higher at 5ev and lower 
at 3x10"'^ Mev. 

Further improvements may require a little more experience on the 
part of the analyst. Sodium, for example, not only responds at 
thermal energies but also at 3xl0~^ Mev, 3x10"^ Mev, 5x10"^ Mev, 
and higher. SANDII will try to fit the activity by changing the 
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spectrum in all high response regions even if the error in the trial 
is only at one location. The two small dips in Figure l.b at 3 and 
5xl0~2 Mev can be eliminated with a trial having a slightly lower 
value at 3x10"^ Mev. The validity of this maneuver is supported by 
the fact that the dips induced by the Na are not compatible with the 
flux level required in that region by the U^^^ and Pu^^^ fission 
reaction responses. Incorporation of this type of reasoning along 
with simple smoothing procedures led to the spectrum shown in Figure 
I.e. This final result is essentially the same as that obtained 
with SANDII using a trial calculated with the MORSE Monte Carlo Code 
by Ray Sartor.^ This clearly shows that the solution is very insen
sitive to the initial trial. The standard deviation of measured-to-
calculated activities in this result was 0.8%. 

The success of the procedure just illustrated is very dependent on a 
number of factors. First, the cross section set must be accurate. 
With the set originally supplied with the SANDII code, reasonably 
smooth solutions did not result from the unfolding procedure, and 
standard deviations of less than 5% were difficult to obtain. For 
example, the sulfur and nickel activities obtained with the solution 
spectrum typically disagreed by 15%. (The sulfur activity indicated 
the fluence greater than 3 Mev should be 8% higher and the nickel 
indicated it should be 7% lower.) When the latest cross section set 
from RSIC" was placed in the cross section library, the improvement 
in solution compatibility and smoothness was dramatic. Now sulfur 
and nickel measured activities usually agree within 3% with the 
activities calculated with the final spectrum. 

Second, it is very important that all activities be accurately 
determined. This means care must be taken that the foils are ex
posed to the same fluence (or can be accurately normalized), and 
that the counting process provides adequate counting statistics on a 
number of different, but properly calibrated detectors. A suf
ficiently compatible set of data provides not only much smoother 
spectrum results, but also permits the identification of much more 
subtle spectrum details. 

Third, the more reactions there are in the foil set the better for 
defining the solution spectrum as long as the cross sections are 
accurate. Clearly, with more reactions to match, the unfolding 
process is more difficult, and small experimental or counting errors 
will lead to incompatibilities that no physically reasonable spec
trum can quite resolve. Sensitivity studies that have been carried 
out have shown that very little departure from the solutions found 
by this procedure are allowed. Furthermore, solutions settle to 
values with characteristics that are very close to what one would 
expect in the geometries where the foils were exposed. For example, 
a spectrum was measured inside a boron and lead liner in the ACRR 
cavity. There were two expectations for this spectrum. First, the 
thermal end of the spectrum should be depressed by the boron. 
Second, the high energy neutrons should be strongly attenuated by 
inelastic scattering in the lead. The comparison between the ACRR 
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free field spectrum and the PB-B liner spectrum are shown in 
Figure 2. The curves are normalized at 3 Mev. 

ENERGY IMEVI 

Figure 2. ACRR Cavity Spectra 

The attenuation at the thermal end is easily discerned, but on this 
logarithmic scale and where the curves fall swiftly, the attenuation 
of the fast neutrons is not so evident. However, if one uses the 
definition of spectral index (SI) (which is the ratio of the fluence 
above 10 keV to that above 3 Mev), the difference is more obvious. 
For the free field case Sl=12.1+0.5 and for the PB-B liner case it 
is 16.8+0.5. There is little flexibility in either of these values. 

Another case shows how an unbiased approach to trial functions has 
led to the discovery of a new feature in the SPR III central cavity 
spectrum which had been calculated to drop away as E at low 
energies. Figure 3 shows the spectrum generated with such a trial 
spectrum calculated by WSMR personnel for SPR III in one dimensional 
cylindrical geometry. Also included is the spectrum arrived at by 
the present procedures of allowing the activities alone to define 
the spectrum. To fit the gold foil activity the trial spectrum had 
to be raised by 8 orders of magnitude at thermal energies. The WSMR 
calculation did not account for thermal neutrons that could leak in 
from thfe top and bottom openings in the cavity. 

A fifth example of the unfolded spectra is that obtained from the 
WSMR Fast Burst reactor. The foil set exposed there and counted at 
Sandia Laboratories produced the spectrum shown in Figure 4. The 
17" leakage spectrum from SPR III is shown in the same figure for 
comparison since they are both produced in fast burst reactors. The 
spectra look quite similar, but have significantly different spec
tral indices. SPR III is softer, with SI-7.6, while the WSMR FBR 
SI-6.7. The former value compares with the 7.25 previously used at 
Sandia Laboratories for SPR III, and the latter agrees with the 
spectral index used by White Sands as their spectral index and meas
ured independently by them. These curves are also normalized at 
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3 Mev. The differences between the SPR III and the WSMR FBR result 
from the external reflectors of SPR III and differences in room 
return radiation. 

Figure 3. SPR III Cavity Spectra 
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Figure 4. Fast Burst Reactor Leakage Spectra 

To provide some data that others may use to test codes and to deter
mine quantities that depend on neutron spectra, tables of the 
activities and the spectra for the five environments discussed in 
this section are presented in the appendix. 

3.0 RELATIONSHIPS OF SPECTRA WITH SULFUR DOSIMETRY AND SILICON 
DAMAGE FUNCTIONS 

Experimenters testing electronic devices frequently wish to relate 
the fluence measured with sulfur dosimeters to the displacement 
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damage induced in silicon devices. This is not in general possible 
unless the neutron spectrum irradiating the devices is known. To 
make the proper connections between sulfur dosimetry and silicon 
damage, some additional quantities must be introduced. The spectrum 
averaged cross section of sulfur is defined by equation 2. 

\ <f.(E)a^(E)dE r 4.(E)cT^(E) 
JQ s JQ s dE 

00 

f <I'(E) 
''t 

dE *(E>t Mev) 

(2) 

Here the lower limit t stands for the threshold energy of the reac
tion (generally taken to be 3 Mev for sulfur). The quantities a(E) 
and <|>(E) are the S^2(n,p)p32 reaction cross sections and the neutron 
differential fluence respectively. The $(E>3 Mev) is the integral 
fluence above 3 Mev. From equations 1 and 2 the flux greater then 3 
Mev fluence is given by 

$ (E>3 Mev) = 
s 

XCT 
(3) 

One has to know the spectrum and the sulfur cross section to deter
mine CTg. Using the spectral index one finds the fluence above 10 
keV which is important for the determination of damage in silicon. 

*e(E>10 keV) = SI'*e(E>3 Mev) (4) 

The displacement damage in silicon is calculated by use of the 
definition below. 

OS 

D . . r 
^^ lO-'kev 

(|)(E)k(E)dE $(E>10 kev)k_ - * (E>3Mev)'Si' 
R S 

k ^ 
•̂R 

1°1J 
D, (5) 

The k(E) is the damage function 
we have used the function publi 
The quantity, D^, is the averag 
is taken to be 95 Mevmb as rec 
Thus if the analyst has determi 
the quantities needed to calcul 
provides the sulfur pellets to 
SANDII printout provides the in 
*(E>10 kev) so that the SI is d 

vs energy in si 
shed in the ASTM 
e damage caused 
ommended by the 
ned a spectrum, 
ate the damage o 
be read from the 
tegral fluences 
etermined. The 

licon. For this work 
standard E722-85.6 

by 1 Mev neutrons and 
same ASTM standard. 
he can generate all 
nee the experimenter 
experiment. The 
*(E>3 Mev) and 
ratio k^/Di (defined 
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as the hardness parameter) is calculated by integration of the 
fluence with the damage function 

*^^)^^^)^i^) -95 Mev.mb ' 

Then the calculated damage will be 

D . » $ (E>3 Mev)'SI'h -D, (6) 
SI s ' p i 

Once the spectrum is known, the last 3 factors are fixed, and the 
damage can be determined when the counting laboratory provides the 
*s(E>3 Mev). 

The subscript "s" on the fluence #(E>3 Mev) has been purposely left 
in place because there are two important situations in which this 
number may not agree with the $(E>3 Mev) provided directly by the 
SANDII code. First, if the activity. A, does not agree exactly with 
the activity calculated by SANDII with the solution spectrum, then a 
normalization error may be introduced by the amount of that disa
greement. Usually we assume that the statistical variations in the 
sulfur pellets account for this disagreement and that the spectrum 
determined activity will be the correct one on the average. The 
difference is usually less than 3%. The second source of error in 
the determination of *g(E>3 Mev) is the spectral averaged cross sec
tion in the denominator of equation 3. The Wg used by the counting 
laboratory must be the same as that which is calculated from the 
spectrum provided by the unfolding code. We had noticed in 1985 
that the fluence reported by the counting laboratory from sulfur 
measurements was on the average approximately 10% higher than the 
SANDII results obtained with the same sulfur activity together with 
the rest of the foil set. Investigation revealed that the spectrum 
averaged cross section then in use by the laboratory was 287 mb for 
the SPR III free field leakage system. This is the same value one 
calculates with the SANDII solution and the "old" SANDII cross 
section library. The RSIC cross section library used now yields 
320.5 mb. The correction to the counting laboratory fluence 
reported in the past for this reactor environment based on Eq. 3 is 
therefore the following. 

a 
f (E>3 Mev) = — # (E>3 Mev) n — o 

a n 

«= .895* (E>3 Mev) 

where n and o refer to new and old values respectively. 

r k. 

1 ) 
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with this change in reported fluence the Sandia sulfur fluences 
agree within 5% with those determined by WSMR and Aberdeen Proving 
Ground personnel measured at SPR III simultaneously and with their 
own sulfur dosimeters and counting systems. This interlaboratory 
comparison is reported on more thoroughly by Wes Sallee and C. 
Heimbach in these proceedings.'^ 

Each spectrum of course yields its own ag so that the laboratory 
must use different constants to determine #(E>3 Mev) for each envi
ronment. This is why it is dangerous to assume values for "ag, SI or 
hp for environments in which spectra have not been measured. TABLE 
II lists these three parameters for the five spectra that have been 
discussed in this paper. 

TABLE II 

Parameters Derived from the Neutron Spectra 

Calculated 
Spectrum Spectrum Averaged Spectral Silicon Hardness 
Environment Sulfur Cross Section (ag) Index (SI) Parameter (hp) 

SPR III Bare Cavity 

SPR III 17" Leakage 

WSMR FBR Leakage 

ACRR Bare Cavity 

ACRR PB-B Lined 

325.0 mb 

320.5 

316.3 

341.1 

352.2 

8.78 

7.57 

6.65 

12.14 

16.84 

.924 

.872 

.916 

.726 

.659 

4.0 SUMMARY AND CONCLUSIONS 

A procedure has been outlined which yields satisfactory neutron 
energy spectra with the foil activation technique in a manner that 
is insensitive to the form of the initial trial spectrum. The 
method is most useful if the foil set has good coverage over all 
energies of interest, and if the activities are accurately 
determined. The best reaction cross sections must be used in the 
analysis. A few of the most important spectra and the parameters 
derived from them have been discussed. For those experimenters who 
test silicon devices subject to neutron induced displacement damage, 
the means to estimate this damage based on the fluence measured with 
sulfur dosimeters has been reviewed. The variations of these para
meters exhibited in TABLE II indicate the risk involved in making 
damage predictions before satisfactory spectrum measurements have 
been made. We have made additional spectrum measurements (not 
included here) in a wider variety of configurations. These geome
tries include polyethylene filters, cadmium loaded polyethylene 
walls and within other neutron shielding structures. This extensive 
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library of spectra has revealed consistent deviations of measured to 
calculated activities that point to potential errors in the cross 
section files and to the possibility of identifying additional real 
structural details in the spectra. Experimenters using these 
facilities are advised to consult reactor personnel as to the most 
recently determined parameters for environments that are relevant 
for their tests. 

5.0 ACKNOWLEDGEMENTS 

The authors wish to express their appreciation to the operating per
sonnel at the reactor facilities for their patience and very helpful 
assistance. They also are grateful to C. Holm in the counting 
laboratory for his accurate activity determinations. T. Luera and 
G. Cano provided the essential encouragement and advice. 

6.0 REFERENCES 

1. S. Berg and W. N. McElroy, "A Computer-Automated Iterative 
Method for Neutron Flux Spectra Determination by Foil 
Activation," Atomics International, Tech. Rep. No. AFWL-TR-67-
41, Sept. 1967. 

2. F. G. Perry, "Least Squares Dosimetry Unfolding: The Program 
STAY'SL," ORNL/TM-6062, ENDF-254, Oak Ridge National Laboratory 
(1977). 

3. F. Schmittroth, "FERRET Data Analysis Code" HEDL-TME 79-10, 
Hanford Engineering Development Laboratory, Richland, WA (Sept. 
1979). 

4. W. Sallee, D. Vehar, C. Heimbach, J. Meason, T. F. Luera, 
"Comparison of Dosimetry Results from the Sandia SPR-III," Fast 
Burst Reactor Workshop, Albuquerque, NM, April 2-9, 1986. 

5. R. F. Sartor, Texas A&M University, November 1985, private 
communication. 

6., American Society for Testing and Materials (ASTM) Standard E722-
85. 

7.0 APPENDIX 

For each of the spectra referred to in the text, two tables are 
included in this appendix. The first lists the reactions and their 
activities and the second lists the fluence values at 50 energies. 
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Table A.l 

Foil Activities from the SPR-III Cavity Free Field 

Reaction Cover (atoms/barn) 
Activity 

(dis/sec. nucleus) 

AU197G 
AU197G 
MN55G 
MG24P 
FE56P 
FE54P 

*AL27P 
AL27A 
NI58P 
NA23G 
ZR902 
S32P 
*IN115G 
*IN115N 
*IN115G 
*IN115N 
*NI58P 

U235F 
U238F 
PU239F 
NP237F 

2 
-
2 
2 
2 
2 
2 
2 
2 
-
2 
-
-
-
2 
2 
4 

4 
4 
4 
4 

587-3 

587-3 
587-3 
587-3 
587-3 
587-3 
587-3 
587-3 

587-3 

587-3 
587-3 
705-3 

705-3 
705-3 
705-3 
705-3 

cadmium 
-
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
-
cadmium 
-
-
-
cadmium 
cadmium 
cadmium 

cadmium 
cadmium 
cadmium 
cadmium 

0 

0 
0 
0 
0 

101 

101 
101 
101 
101 

boron 

boron 
boron 
boron 
boron 

2.170-16 
2.277-16 
1.504-16 
4.092-18 
1.778-17 
4.481-19 
1.056-15 
1.972-18 
2.863-18 
2.207-18 
5.874-20 
9.554-18 
1.704-14 
2.147-15 
1.698-14 
2.185-15 
2.465-18 

Activity 
(fissions/nucleus) 

5.397-10 
7.129-11 
7.003-10 
4.052-10 

'Reactions not used in the unfolding procedure. 

Table A.2 

SPR-III BARE CAVITY SPECTRUM 

(normalized to t(E>10~2 Mev) - 1.00) 

E(Mev) 

1.0-9 
2.0-9 
5.0-9 
1.0-8 
2.0-8 
5.0-8 
1.0-7 
2.0-7 
3.0-7 
5.0.7 
7.2-7 
1.0-6 
2.0-6 
3.0-6 
5.0-6 
7.2-6 
1.0-5 
2.0-5 
3.0-5 
5.0-5 
7.2-5 
1.0-4 
2.0-4 
3.0-4 
5.0-4 

Differential 

9.719 
1.867+1 
4.131+1 
6.745+1 
8.991+1 
6.739+1 
4.825+1 
3.482+1 
2.992+1 
2.351+1 
1.961+1 
1.667+1 
1.130+1 
8.815 
6.155 
4.685 
3.504 
1.933 
1.296 
8.064-1 
5.761-1 
4.196-1 
2.061-1 
1.411-1 
8.345-2 

Integral 

1.001 

1. 

' 
• 
' 
' 
• 

DOO 
1 

t 

E(Mev) 

7.2-4 
1.0-3 
2.0-3 
3.0-3 
5.0-3 
7.2-3 
1.0-2 
2.0-2 
3.0-2 
5.0-2 
7.2-2 
1.0-1 
2.0-1 
3.0-1 
5.0-1 
7 2-1 
1.0-0 
1.5-0 
2.0-0 
3.0-0 
4.0-0 
5.0-0 
6.0-0 
8.0-0 
10.0-0 

Differential 

5.882-2 
4.318-2 
2.301-2 
1.963-2 
2.135-2 
2.573-2 
3.415-2 
6.645-2 
9.704-2 
1.729-1 
2.747-1 
4.215-1 
8.269-1 
9.205-1 
7.848-1 
4.844-1 
2.911-1 
1.657-1 
1.299-1 
7.878-2 
3.863-2 
1.775-2 
1.106-2 
1.874-3 
4.464-4 

Integral 

1.000 
ti 

" 
" 
" 
" 
" 

9.995-1 
9.987-1 
9.961-1 
9.913-1 
9.819-1 
9.187-1 
8.311-1 
6.589-1 
5.191-1 
4.083-1 
2.935-1 
2.183-1 
1.139-1 
5.616-2 
2.871-2 
1.426-2 
2.706-3 
6.385-4 

File #BAR247 Date: 11-13-84 

Standard Deviation for 15 foils 
Spectral Index 
Total Fluence per MJ 
Total Energy in Core 
Total Neutrons 
Fluence per MJ > 3 Mev 

Reactor Shot #3436 

2.99% 
8.78 
6.882xl0l3 n/{cm2-MJ) 
6.55 MJ 
4.508x10^'' n/cm2 
7.838x10^2 n/(cm2-HJ) 
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Table A.3 

Foil Activities from the SPR-III 17" 
Free Field Leakage Spectrum 

Reaction 
Name 

AU197G 
AU197G 
MN55G 
MG24P 
FE56P 
FE54P 
*AL27P 
AL27A 
NI58P 
NA2 3G 
ZR902 
S32P 
•IN115G 
*IN115N 
•IN115G 
*IN115N 
*NI58P 

Cover (atoms/barn) 

2.587-3 cadmium 

Activity 
(dis/sec. nucleus) 

2 
2 
2 
2 
2 
2 
2 
2 
2 

587-
587-
587-
587-
587-
587-
587-
587-
587-

cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 

2.587-3 cadmium 
1.587-3 cadmium 
4.705-3 cadmium 0.101 boron 

1 
1 
3 
2 
9 
2 
5 
1 
1 
2 
2 
4 
5 
1 
2 
1 
1 

094-
275-
490-
067-
104-
486-
159-
034-
402-
033-
476-
680-
363-
069 
992-
076-
400-

-16 
-16 
-17 
-19 
-19 
-20 
-17 
-19 
-19 
-19 
-21 
-19 
-15 
-16 
-15 
-16 
-19 

U235F 
U238F 
PU239F 
NP237F 

4.705-3 
4.705-3 
4.705-3 
4.705-3 

cadmium 
cadmium 
cadmium 
cadmium 

101 boron 
101 boron 
101 boron 
101 boron 

Activity 
(fissions/nucleus) 

2.326-11 
3.406-12 
3.085-11 
1.640-11 

•Reactions not used in the unfolding procedure. 

Table A.4 

SPR-III 17" LEAKAGE SPECTRUM 

(normalized to •(E>10 kev) - 1.00) 

E(Mev) 

1.0-9 
2.0-9 
5.0-9 
1.0-8 
2.0-8 
5.0-8 
1.0-7 
2.0-7 
3.0-7 
5.0.7 
7.2-7 
1.0-6 
2.0-6 
3.0-6 
5.0-6 
7.2-6 
1.0-5 
2.0-5 
3.0-5 
5.0-5 
7.2-5 
1.0-4 
2.0-4 
3.0-4 
5.0-4 

Differential 

3.620+3 
6.951+3 
1.539+4 
2.512+4 
3.346+4 
2.479+4 
1.239+4 
6.198+3 
3.956+3 
2.156+3 
1.453+3 
1.003+3 
5.082+2 
3.430+2 
2.147+2 
1.452+2 
1.147+2 
6.028+1 
4.230+1 
2.539+1 
1.834+1 
1.334+1 
6.567 
4.684 
2.594 

Integral 

1.018 I 
" 
" 
" 
" 

1.017 
1.016 
1.015 
" 

1.014 
" 

1.013 
" 

1.012 
" 

1.011 
" 

1.010 
1.009 
" 

1.008 
" 

1.007 
1.006 

E(Mev) 

1 7.2-4 
1.0-3 
2.0-3 
3.0-3 
5.0-3 
7.2-3 
1.0-2 
2.0-2 
3.0-2 
5.0-2 
7.2-2 
1.0-1 
2.0-1 
3.0-1 
5.0-1 
7.2-1 
1.0-0 
1.5-0 
2.0-0 
3.0-0 
4.0-0 
5.0-0 
6.0-0 
8.0-0 
10.0-0 

Differential 

1.719 
1.238 
6.742-1 
5.190-1 
4.654-1 
4.487-1 
4.530-1 
5.136-1 
6.582-1 
8.374-1 
1.080 
1.159 
1.118 
8.910-1 
4.995-1 
2.862-1 
2.149-1 
1.726-1 
1.362-1 
7.699-2 
4.471-2 
2.550-2 
1.475-2 
2.237-3 
5.647-4 

Integral 

1.005 
1.005 
1.004 
1.003 
1.002 
1.001 
1.000 
9.952-1 
9.892-1 
9.742-1 
9.531-1 
9.218-1 
8.081-1 
7.065-1 
5.696-1 
4.850-1 
4.140-1 
3.161-1 
2.370-1 
1.320-1 
7.158-2 
3.678-2 
1.658-2 
3.311-3 
7.694-4 

File #SLEAK21 Date: 2-18-86 

Standard Deviation for 15 foils 
Spectral Index 
Total Fluence per MJ 
Total Energy in Core 
Total Neutrons 
Fluence per MJ > 3 Mev 

Reactor Shot #4328 

0.811 
7.58 
3.029x10^2 n/(cm2.MJ) 
6.66 MJ 
2.017x10^3 n/cm2 
3.926x10^1 n/(cm2-MJ) 
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Table A.5 

Foil Reactions for WSMR FBR Leakage Spectrum 

Reaction 

AU197G 
AU197G 
MN55G 
NI58P 
S32P 
HG24F 
FE56P 

*FE54P 
NA23G 
NA23G 

*NI115G 
*NI115N 
*NI58P 
*NI58P 

U235F 
U238F 
PU239F 
NP237F 

Cover (atoms/barn) 

2.587-3 cadmium 

2.587-
2.587-

3 cadmium 
3 cadmium 

587-3 cadmium 
,587-3 cadmium 
587-3 cadmium 
,705-3 cadmium 

2.587-3 cadmium 
2.587-3 cadmium 
4.705-3 cadmium 0.101 boron 

4.705-3 cadmium 
4.705-3 cadmium 
4.705-3 cadmium 
4.705-3 cadmium 

0.101 boron 
0.101 boron 
0.101 boron 
0.101 boron 

Activity 
(dis/sec. nucleus) 

6.463-17 
8.579-17 
2.311-17 
5.906-20 
2.076-19 
7.695-20 
3.921-19 
1.293-20 
1.057-19 
4.032-19 

1.415-15 
4.543-17 
5.620-20 
5.981-20 

Activity 
(fissions/nucleus) 

8.693-12 
1.343-12 
1.184-11 
6.467-12 

•Reactions not used in the unfolding procedure. 

Table A.6 

WSMR FBR LEAKAGE SPECTRUM 

(normalized to *(E>10 kev) - 1.00) 

E(Mev) 

1.0-9 
2.0-9 
5.0-9 
1.0-8 
2.0-8 
5.0-8 
1.0-7 
2.0-7 
3.0-7 
5.0.7 
7.2-7 
1.0-6 
2.0-6 
3.0-6 
5.0-6 
7.2-6 
1.0-5 
2.0-5 
3.0-5 
5.0-5 
7.2-5 
1.0-4 
2.0-4 
3.0-4 
5.0-4 

Differential 

7.816+3 
1.501+4 
3.322+4 
5.423+4 
7.223+4 
5.348+4 
2.679+4 
1.336+4 
7.843+3 
4.075+3 
2.466+3 
1.728+3 
7.778+2 
5.330+2 
3.564+2 
2.386+2 
1.736+2 
9.196+1 
6.430+1 
4.407+1 
3.137+1 
2.389+1 
1.314+1 
9.907 
5.728 

Integral 

1.032 1 
" 
" 
" 
" 

1.030 
1.028 
1.026 
1.025 
1.023 
" 

1.022 
1.021 
1.020 
1.019 
" 

1.018 
1.017 
1.016 
1.015 
1.014 
1.013 
1.012 
1.011 
1.009 

E(Mev) 

1 7.2-4 
1.0-3 
2.0-3 
3.0-3 
5.0-3 
7.2-3 
1.0-2 
2.0-2 
3.0-2 
5.0-2 
7.2-2 
1.0-1 
2.0-1 
3.0-1 
5.0-1 
7.2-1 
1.0-0 
1.5-0 
2.0-0 
3.0-0 
4.0-0 
5.0-0 
6.0-0 
8.0-0 

10.0-0 

Differential 

3.982 
3.169 
1.298 
8.699-1 
5.934-1 
4.709-1 
4.070-1 
3.609-1 
3.867-1 
5.269-1 
7.315-1 
9.778-1 
1.073 
9.046-1 
5.624-1 
3.060-1 
2.177-1 
1.642-1 
1.321-1 
8.118-2 
4.988-2 
3.058-2 
2.051-2 
2.004-3 
4.830-4 

Integral 

1.008 
1.007 
1.005 
1.004 
1.002 
1.001 
1.000 
9.962-1 
9.925-1 
9.835-1 
9.700-1 
9.462-1 
8.424-1 
7.423-1 
5.960-1 
5.026-1 
4.283-1 
3.316-1 
2.564-1 
1.503-1 
8.503-2 
4.497-2 
1.878-2 
2.904-3 
6.850-4 

File #WHSL25 Date: 8-9-85 

Standard Deviation for 13 foils 
Spectral Index 
Total Fluence per MJ 
Total Energy in Core 
Total Neutrons 
Fluence per MJ > 3 Mev 

Reactor Shot # 
2.50% 
6.65 

n/(cm'''BJ) 2.f 
MJ 

7.828x10^2 n/cm2 
n/(cm2.MJ) 
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Table A.7 

Foil Activities for the ACRR Bare Cavity Spectrun 

Reaction 
AU297G 
AU197G 
MN55G 
FE54P 
FE56P 
*AL27P 
AL27A 
NI58P 
HG24F 
ZR902 
S32P 
NA2 3G 
C059G 

Cover (atoms/barn) 

2 
2 
2 
2 
2 
2 
2 
2 
2 

587-
587-
587-
587-
587-
587-
587-
587-
587-

-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 

cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 

2.587-3 cadmium 

Activity 
(dis/sec. nucleus) 

3.113-14 
2.799-14 
5 435-15 
9.764-20 
2.888-18 
1.846-16 
3.832-19 
5.910-19 
7.768-19 
1.682-20 
1.927-18 
1.058-16 
1.397-18 

*FE58G 
*IN115G 
*IN115N 
*IN115G 
*IN115N 
*C063G 
*NI58P 

2.587-3 cadmium 
2.587-3 cadmium 
2.587-3 cadmium 

4.705-3 cadmium 0.101 boron 

582-18 
642-13 
985-16 
188-12 
935-16 
643-18 
964-19 

U235F 
U238F 
PU239F 
NP237F 

4 
4 
4 
4 

705-3 
705-3 
705-3 
705-3 

cadmium 
cadmium 
cadmium 
cadmium 

0.101 boron 
0.101 boron 
0.101 boron 
0.101 boron 

Activity 
(fissions/nucleus) 

1.850-10 
1.741-11 
2.002-10 
9.633-11 

•Reaction activity not used in the unfolding procedure. 

Table A.8 

ACRR BARE CAVITY 

(normalized to *(E>10 kev) 1.00) 

E(Mev) 

1.0-9 
2.0-9 
5.0-9 
1.0-8 
2.0-8 
5.0-8 
1.0-7 
2.0-7 
3.0-7 
5.0.7 
7.2-7 
1.0-6 
2.0-6 
3.0-6 
5.0-6 
7.2-6 
1.0-5 
2.0-5 
3.0-5 
5.0-5 
7.2-5 
1.0-4 
2.0-4 
3.0-4 
5.0-4 

Differential 

1.225+5 
2.352+5 
5.206+5 
8.499+5 
1.133+6 
8.396+5 
4.194+5 
2.097+5 
1.408+5 
8.893+4 
6.339+4 
4.661+4 
2.380+4 
1.543+4 
9.239+3 
6.418+3 
4.540+3 
2.058+3 
1.227+3 
6.854+2 
4.682+2 
3.136+2 
1.571+2 
1.038+2 
7.142+1 

Integral 

1.579 
" 

1.578 
1.575 
1.565 
1.533 
1.503 
1.473 
1.456 
1.433 
1.416 
1.401 
1.367 
1.347 
1.323 
1.306 
1.290 
1.260 
1.243 
1.224 
1.212 
1.201 
1.178 
1.165 
1.148 

E(Mev) 

7.2-4 
1.0-3 
2.0-3 
3.0-3 
5.0-3 
7.2-3 
1.0-2 
2.0-2 
3.0-2 
5.0-2 
7.2-2 
1.0-1 
2.0-1 
3.0-1 
5.0-1 
7.2-1 
1.0-0 
1.5-0 
2.0-0 
3.0-0 
4.0-0 
5.0-0 
6.0-0 
8.0-0 
10.0-0 

Differential 

5.427+1 
3.999+1 
2.314+1 
1.624+1 
1.088+1 
8.454 
6.590 
3.964 
3.022 
2.129 
1.653 
1.340 
7.776-1 
5.698-1 
3.845-1 
2.999-1 
2.348-1 
1.697-1 
1.306-1 
7.525-2 
2.804-2 
8.955-3 
3.779-3 
1.528-3 
3.614-4 

Integral 

1.134 
1.120 
1.089 
1.070 
1.043 
1.021 
1.000 
9.490-1 
9.139-1 
8.625-1 
8.208-1 
7.785-1 
6.766-1 
6.090-1 
5.143-1 
4.386-1 
3.625-1 
2.595-1 
1.831-1 
8.024-2 
3.379-2 
1.339-2 
7.235-3 
2.221-3 
5.417-4 

File #ACRRCF28 Date: 10-1-84 

Standard Deviation for 15 foils 
Spectral Index 
Total Fluence per MJ 
Total Energy in Core 
Total Neutrons 
Fluence per MJ > 3 Mev 

Reactor Shot #2172 

1.95% 
12.14 
2.022x10^3 n/(cm2-MJ) 
10.0 MJ 
2.022x10^^ n/cm2 
1.027x10^2 n/(cm2.MJ) 
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Table A.9 

Foil Activities for NEW PB-B Liner in ACRR Cavity 

Reaction Cover (atoms/barn) 
Activity 

(diE/sec. nucleus) 

AU197G 
AU197G 
MN55G 
NI58P 
*AL27P 
AL27A 
HG24P 
FE54P 
FE56P 
NA23G 
NA23G 
S32P 
ZR902 

*IN115G 
*IN115N 
*IN115G 
*IN115N 
*FE58G 
*NI58P 

U235F 
U238F 
PU239F 
*NP237F 

2.587.3 
-
2.587-3 
2.587-3 
2.587-3 
2.587-3 
2.587-3 
2.587-3 
2.587-3 
4.705-3 

-
2.587-3 

2.587-3 
2.587-3 
-
-
2.587-3 
4.705-3 

4.705-3 
4.705-3 
4.705-3 
4.705-3 

cadmium 
-
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 
cadmium 

-
cadmium 

cadmium 
cadmium 
-
-
cadmium 
cadmium 

cadmium 
cadmium 
cadmium 
cadmium 

0 

0 
0 
0 
0 

101 

101 
101 
101 
101 

bo 

bo 
bo 

ron 

ron 
ron 

boron 
boron 

6.431-15 
7.299-15 
8.732-15 
1.879-18 
5.719-16 
1.028-18 
2.127-18 
2.924-19 
9.563-18 

l-]ll:[]] low therm 

6.208-18 
3.459-20 

1.013-131 
1.859-151 low therm 
1.014-13J 
1.838-15 
2.669-18 
1.631-18 

Activity 
(fissions/nucleus) 

7.398-10 
6.165-11 
7.876-10 
3.288-10 

•Reaction not used in the unfolding analysis. 

Table A.10 

ACRR PB-B LINED CAVITY SPECTRUM 

(normalized to •(E>10 kev) - 1.00) 

E(Mev) 

1.0-9 
2.0-9 
5.0-9 
1.0-8 
2.0-8 
5.0-8 
1.0-7 
2.0-7 
3.0-7 
5.0.7 
7.2-7 
1.0-6 
2.0-6 
3.0-6 
5.0-6 
7.2-6 
1.0-5 
2.0-5 
3.0-5 
5.0-5 
7.2-5 
1.0-4 
2.0-4 
3.0-4 
5.0-4 

Differential 

1.466 
2.933 
7.332 
1.466+1 
2.933+1 
7.331+1 
1.355+2 
2.280+2 
2.803+2 
3.450+2 
3.882+2 
4.182+2 
4.468+2 
4.404+2 
4.010+2 
3.797+2 
3.421+2 
2.599+2 
2.177+2 
1.757+2 
1.417+2 
1.181+2 
8.803+1 
7.332+1 
5.017+1 

Integral 

1.166 1 

" 
1.165 
1.164 
1.163 
1.162 
1.159 
1.157 
1.153 
1.150 
1.146 
1.136 
1.128 
1.] L16 

E(Mev) 

1 7.2-4 
1.0-3 
2.0-3 
3.0-3 
5.0-3 
7.2-3 
1.0-2 
2.0-2 
3.0-2 
5.0-2 
7.2-2 
1.0-1 
2.0-1 
3.0-1 
5.0-1 
7.2-1 
1.0-0 
1.5-0 
2.0-0 
3.0-0 
4.0-0 
5.0-0 
6.0-0 
8.0-0 
10.0-0 

Differential 

3.930+1 
3.031+1 
1.752+1 
1.229+1 
9.093 
7.251 
5.999 
4.059 
3.172 
2.349 
1.964 
1.629 
9.782-1 
6.611-1 
4.012-1 
2.805-1 
2.077-1 
1.617-1 
1.157-1 
4.670-2 
1.849-2 
9.796-3 
5.782-3 
8.432-4 
2.014-4 

Integral 

1.106 
1.096 
1.073 
1.058 
1.037 
1.019 
1.000 
9.508-1 
9.140-1 
8.586-1 
8.108-1 
7.601-1 
6.342-1 
5.521-1 
4.471-1 
3.719-1 
3.028-1 
2.090-1 
1.373-1 
5.939-2 
2.821-2 
1.426-2 
6.448-3 
1.227-3 
2.953-4 

File »LBACRR12 Date: 11-4-85 

Standard Deviation for 16 foils 
Spectral Index 
Total Fluence per MJ 
Total Energy in Core 
Total Neutrons 
Fluence per MJ > 3 Mev 

Reactor Shot #2607 

3.5% 
16.84 
1.233x10^3 n/(cm2.MJ) 
50 MJ 
6.166x10^^ n/cm2 
6.280xl0ll n/(cm2-MJ) 
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Radiation Environment for the White Sands Missile 
Range Fast Burst Reactor in Outdoor Operations 

T. M. Flanders 
J. L. Meason 
M. H. Sparks 

Nuclear Effects Laboratory, White Sands Missile Range, N.M. 

ABSTRACT 

The White Sands Missile Range Fast Burst Reactor (FBR) can be 
operated outdoors to provide a reasonable simulation of nuclear 
weapon radiation environments which require air-ground interface 
interaction components and "sky shine" components. In this 
operational mode, the FBR can produce measurable radiation 
environments up to 1 kilometer away. Transport calculations have 
been performed in order to characterize the FBR produced radiation 
environment. To complement these calculations, a number of 
measurements have been carried out with the aim of measuring both 
spectral characteristics and total dose levels of the radiation 
environment. This paper will address, in some detail, the 
transport calculation results and make comparisons to an 
experimental measurement of the neutron spectrum obtained at a 
distance of 170 meters from the FBR. 

Transport calculation results indicate good agreement with 
experimental results when the DNA library of cross-sections is 
used but only limited agreement when the EPR-based library of 
cross-sections was used. One calculation was performed in which 
the resulting radiation environment passed through approximately 
12 inches of a wood platform. The effects of wood on the 
resulting neutron spectrum are very apparent. 

Finally, neutron environments at 170 meters from the FBR are 
compared to experimental measurements performed at the Aberdeen 
Pulse Reactor also at 170 meters from the reactor. Reasonable 
agreement between the two sets of data are observed, especially 
when one considers the difference in the physical environments 
between White Sands and Aberdeen. 

INTRODUCTION 

Straker and Mynatt (1) considered the effects of the air- ground 
interface on the neutron environment produced by a fission source. 
For this work they used the two dimensional transport code DOT. 
The calculations were compared with dose data from the BREN 
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experiment (2). It was noted at this time, that the effect of the 
interface depends strongly on the amount of water present in the 
ground, with the largest differences appearing in the thermal flux 
distribution. 

In 1967, a seminar-workshop on "The Discrete Ordinates Sn Method 
for Radiation Transport Calculations" was held at Oak Ridge, 
Tennessee. Straker et. al. (3) studied the effect of cross 
section treatment on calculations. It was suggested that few-group 
calculations should be sensitive to the type of flux weighting 
used in the collapsing run with ANISN. The weighting spectra 
studied were an infinite air medium spectrum and a zone-dependent 
spectrum. The second weighting spectrum accounts for a relatively 
large spectral change with the spatial parameter. It was found 
that the calculated thermal flux distribution, using the infinite 
medium weighted and zone weighted cross sections, agreed within 5% 
when 22 energy groups were used. Straker's summary concluded that 
the importance of zone-weighting the cross sections appeared to be 
small or nonexistent if a proper group structure is used. The 
proper group structure, in this case, means that consideration is 
given to the medium which perturbs the basic fission spectrum. The 
agreement of two dimensional calculations varied by factors of two 
or three at some ranges, but the causes for disagreement could not 
be accounted for. 

Sandmeier et.al. (4) used the Los Alamos Scientific Laboratory 
(LASL) discrete ordinates program TWOTRAN-FC (5) to calculate the 
neutron transport from a 14.1 MeV neutron source in an air over 
ground geometry. This program provided a substantial improvement 
over the regular LASL TWOTRAN (6) program in that it was capable 
of generating a volume distributed first collision source. This 
method was thought to essentially eliminate ray effects (7). For 
a source height 100 meters above ground they found that the ground 
acts as an absorber over the whole range. 

Straker (8) had earlier noted that for short ranges the ground 
acts as a reflector, but at large ranges the ground behaves as an 
absorber. The difference between the Straker and Sandmeier et. 
al. work may be due to the source height. For both neutron and 
photon dose there was essentially no difference between the 
detector height at 100 meters above the source and infinite air 
results. For Silicon dose, which emphasizes high energy neutrons 
and gammas, the effect of the ground was minimal. They verified 
the small difference, from a calculational standpoint, between 
infinite air and air over ground as found by Straker. 

We have recalculated the environment produced by the FBR when 
operated at it's new outdoor site. The calculations have been 
performed to provide spectral information as well as neutron dose 
data. The spectra produced by some of the very early calculations 
were also used as the initial guess for unfolding experimental 
data at 170 meters from the reactor. The resulting unfolded 
spectrum shows essentially an identical shape to the later 
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calculations which were made using a different cross section data 
set. 

CALCULATIONAL PROCEDURE 

The infinite air calculations were done using the ANISN one 
dimensional transport code (9). The ANISN calculations used 16 
angles. The simulation of the air over ground geometry was 
effected using the DOT-III code(lO). The geometry was a 
cylindrical coordinate system (R,Z), with the axis of symmetry 
through the reactor position. The two-dimensional DOT 
calculations used 48 angles. The spatial grid was of variable 
mesh size with cells smallest near the source, increasing in size 
as the distance from the source increased. The Z-axis included a 
lower zone of ground approximately 30 centimeters deep. A vacuum 
boundary was used on the bottom. The height of the source 
position was 5.63 meters above the ground plane, supported by a 
wooden platform 12 inches thick. The detector positions are 
represented by the spatial cells centered at 10 cm, 2 meters and 
10 meters above the ground plane at radial positions of 1, 10, 
170, 600, and 1000 meters. 

Two cross section libraries were used during the course of the 
calculations. The early ANISN and DOT-III runs used the EPR 
library obtained from Oak Ridge (11). The 100n-21g library was 
collapsed to 34 neutron groups using ANISN. As the calculations 
progressed, it was suspected that this cross section library was 
producing questionable results. A comparison for identical 
geometrical configurations using the DNA Few Group Coupled 
Neutron-Gamma Cross Section Library (12) and the EPR-based library 
was made. The sources for these comparison calculations were a 14 
MeV source and the standard FBR source. The DNA library appeared 
to give results more consistent with other calculations and with 
experiments. The older 34 group EPR based library produced much 
higher group fluences in the energy region from about 10 keV to 
800 keV. 

The cross section library used for the most recent calculation 
was the DNA Few Group Coupled Neutron-Gamma Cross Section Library. 
This structure has 37 neutron groups and 21 gamma groups. The 
group structure is presented in Table 1. The air density for all 
calculations was taken to be 4.96 E-5 atoms/b-cm. The ground was 
assumed to contain less than 5% water. 

Harvey (13,14) has done extensive calculations and measurements 
of the neutron leakage spectrum of the the FBR. Therefore, it was 
not necessary to include the explicit details of the FBR in the 
modeling process. The source, when treated in this manner, takes 
the form of a distributed source located within some volume 
element. The leakage spectrum utilized in this work is for the 
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FBR located in its' old outdoor experimental site, which is 
situated on a concrete pad (15). The source spectrum was 
regrouped to fit the DNA cross section energy grid (16,17). In 
order to minimize ray effects, the first collision source code 
GRTUNCL (18) was used. Ray effects occur in two dimensional 
geometries when point or isolated sources are present in a weakly 
scattering medium. GRTUNCL determines the uncollided fluence and 
first collision scattering source moment distribution throughout 
the calculational geometry. 

EXPERIMENTAL 

The neutron spectral shape has also been determined by 
experimental methods at 7 and 170 meters. A total of 36 
individual activation detectors were placed on styrofoam boards 
and mounted 5 feet above ground 170 meters from the reactor 
position. The reactor was operated at 4 kilowatts for 5 hours. In 
a separate experiment, 17 foils were placed 7 meters from the 
reactor position. The reactor power output was 29 kW-hrs. 

The activation foil data was unfolded using SAND-II. The trial 
spectra for the unfolding runs were based on early transport runs 
done at the University of Arkansas. These runs utilized a 34 
group cross section structure which was derived from the EPR cross 
section library. The transport calculations utilizing the 34 
group cross sections and the experimental determinations of the 
spectral shapes predate the 37 group transport calculations by 
about 2 years. 

RESULTS 

The results of the calculation are presented in Tables 2 and 3. 
Table 2 shows the differential fluences for two positions 2 meters 
above ground level for groups 9 through 37. These groups 
correspond to energies from 10 MeV to thermal. For the leakage 
spectrum of the FBR, source neutrons having energies outside this 
range account for approximately 0.1% of the total fluence. 

The detectors at radial ranges of 1 and 10 meters show similar 
spectral shape with the exception of the detector at 10 cm above 
ground level and 1 meter ground range from the core surface. The 
increased moderation of this spectrum is due to the fact that this 
detector must look at the source position through several inches 
of wood. Figure 1 clearly shows the effect of the wooden support 
ramp on the spectrum at the detector position 10 cm above the 
ground. Further investigation of the neutron field at very close 
ground ranges may be necessary due to the complexity of the 
environment in the immediate vicinity of the FBR. 
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The fluence distributions at the more distant detectors show the 
expected moderating effects of air. As the penetration depth 
increases, the characteristic peaks due to oxygen and nitrogen at 
about 2.3 MeV and 4.8 MeV become more prominent. Table 3 
summarizes the data obtained from the DOT-III calculation 
utilizing the DNA Few Group Cross Sections. 

The data for the detector position at 170 meters, 2 meters above 
ground, may be compared to the experimental data of Harris (19). 
In his work, Harris determined the neutron spectrum 170 meters 
away from the FBR in its' outdoor experimental configuration. The 
spectrum was determined by unfolding activation foil data. The 
SAND-II code (20) was selected as the unfolding routine and the 
trial spectrum was calculated at the University of Arkansas (21). 
It is important to note that the trial spectrum used for unfolding 
was somewhat different from the current calculations and a 
different cross section data base (11,12) was used in calculating 
the trial spectra. 

The spectral index (fluence > 10 keV divided by fluence > 3 MeV) 
obtained by Harris for the 170 meter position was 28.6. The 
present DOT-III calculation yields a spectral index of 29.5. This 
is excellent agreement between the two techniques. Figure 2 shows 
the two spectral shapes to be nearly identical. The comparison of 
integral quantities is dependent on a normalization factor which 
relates the number of leakage source neutrons to the power level 
of the reactor. Harvey (23) has reported the neutron output of 
the FBR at 12 and 20 inches from the core surface. However, these 
measurements were made with the reactor inside the exposure cell 
where there may be some wall return effect. Harvey pointed out 
that the transport calculations seemed to overestimate the effect 
of the wall return neutrons. In particular, he pointed out that 
as the distance between the point of interest and the core surface 
decreased, the spectral parameters (based on transport 
calculations) became harder. The experimental data showed that, 
within experimental error, the spectral index remained essentially 
the same. It is noted that the same experimental data at 12 
inches and at 20 inches form the core surface would lead to 
(different normalization values. In particular, the more distant 
measurement leads to a higher value, as if wall return neutrons 
were also contributing to the "source" neutron population. 

Thus, one must be cautious about interpreting the agreement 
between integral quantities of experimentally and theoretically 
calculated data. A normalization of about 1.15 E17 source 
neutrons per kilo-watt hour has been used for the experimental 
configuration. Keeping in mind the above considerations, the 
present transport calculation gives the total fluence greater than 
10 keV as 5.18 E-10 neutrons/cm"2-source. The experimentally 
determined value is 4.65 E-10 neutrons/cm''2-source. This 
represents good agreement considering the uncertainties involved 
in normalizing the two methods. 
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Kazi et. al. (24,25) have reported data for measurements made at 
170 meters at The Army Pulse Reactor Facility. Figure 3 shows the 
experimental measurements at each facility to have similar 
spectral shapes. This represents remarkable qualitative agreement 
when one takes into account the distinctly different experimental 
techniques involved. The APRD data was based on a NE-213 unfolded 
spectrum above about 800 keV and on Boron-Triflouride data for the 
epithermal range. The total number of neutrons in the spectrum 
was 8.70 E-10 Neutrons/Source Neutron. The fluence greater than 3 
MeV was 1.87 E-11 Neutrons/Source Neutron. Folding the Rindi dose 
function with the reported spectrum, the neutron dose is 7.97 E-19 
Rad/Source Neutron. This represents very good agreement with the 
WSMR determined value of about 8.17 E-19 Rad/Source Neutron. 
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Table 1 

DNA ENERGY GROUP STRUCTURE 

Group 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

iper Energy 
(ev 

1.96 
1.69 
1.49 
1.42 
1.38 

1.28 
1.22 
1.11 
1.00 
9.05 

8.19 
7.41 
6.38 
4.97 
4.72 

4.07 
3.01 
2.39 
2.31 
1.83 

') 

E+7 
7 
7 
7 
7 

7 
7 
7 
7 
6 

6 
6 
6 
6 
6 

6 
6 
6 
6 
6 

oup 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 

Upper Energy 
(ev) 

1.11 
5.50 
1.58 
1.11 
5.25 

2.48 
2.19 
1.03 
3.35 
1.23 

5.83 
1.01 
2.90 
1.07 
3.06 

1.13 
4.14 
1.00 

E+6 
5 
5 
5 
4 

4 
4 
4 
3 
3 

2 
2 
1 
1 
0 

0 
-1 
-5 
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TABLE 2 
DOT-III Calculated Spectra - FBR Source 

(Neutrons/cm'^2-MeV-Source) 

Ground Range 170 M Ground Range 1000 M 
iroup 

9 

10 
11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 

H = 2 

1.32 

2.58 
4.29 
9.31 
2.27 
4.47 
4.16 

8.10 
2.18 
3.23 
3.39 
6.47 

1.73 
3.44 
7.57 
9.98 
1.71 

2.61 
3.39 
7.53 
1.99 
4.62 

1.30 
5.83 
1.72 
4.68 
1.34 

3.18 
2.28 

.0 M 

E-13 

-13 
-13 
-13 
-12 
-12 
-12 

-12 
-11 
-11 
-11 
-11 

-10 
-10 
-10 
-10 
- 9 

- 9 
- 9 
- 9 
- 8 
- 8 

- 7 
- 7 
- 6 
- 6 
- 6 

- 5 
- 4 

H = 2 

5.15 

1.28 
1.60 
5.45 
1.34 
4.65 
1.83 

1.93 
8.66 
1.89 
1.36 
2.13 

6.81 
1.18 
2.53 
3.60 
6.42 

9.91 
1.37 
3.26 
9.03 
2.21 

6.62 
3.14 
9.70 
2.71 
8.07 

1.95 
1.33 

.0 M 

E-17 

-16 
-16 
-16 
-15 
-15 
-15 

-15 
-15 
-14 
-14 
-14 

-14 
-13 
-13 
-13 
-13 

-13 
-12 
-12 
-12 
-11 

-11 
-10 
-10 
- 9 
- 9 

- 8 
- 7 
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TABLE 3 
DOT-III Calculation FBR Source 

Fluence > 

h = 0.10 
2.0 

10.0 

Fluence > 

h = 0.10 
2.0 

10.0 

Fluence > 

h = 0.10 
2.0 

10.0 

IC 

m 
m 
m 

1 

m 
m 
m 

3 

m 
m 
m 

1 
1 keV 

MeV 

MeV 

1.33 
8.19 
4.19 

4.15 
3.85 
1.98 

8.70 
8.91 
4.61 

m 

E-
-
-

_ 

— 
-

.... 

-
-

7 
7 
7 

8 
7 
7 

9 
8 
8 

10 

1.13 
1.25 
9.66 

4.64 
5.12 
4.14 

9.75 
1.07 
9.05 

m 

E-
-
-

_ 

-
-

_ 

-
-

7 
7 
8 

8 
8 
8 

9 
8 
9 

170 m 

5.47 
5.18 
5.46 

1.26 
1.15 
1.21 

1.91 
1.75 
1.82 

E-10 
-10 
-10 

-10 
-10 
-10 

-11 
-11 
-11 

1000 

1.89 E-
1.91 
1.97 

4.27 
4.34 
4.40 

7.38 
7.25 
7.38 

m 

-13 
-13 
-13 

-14 
-14 
-14 

-15 
-15 
-15 

KERMA 

h = 0.10 m 2.35 -16 2.31 -16 8.31 -19 2.90 -22 
2.0 m 1.82 -15 2.55 -16 8.01 -19 2.92 -22 

10.0 m 9.35 -16 2.03 -16 8.03 -19 2.97 -22 

1 MeV Equivalent Fluence 
(Equivalent 1 MeV Neutrons/cm^2-Source) 

h = 0.10 m 1.04 E- 7 1.01 E- 7 3.87 E-10 1.39 E-13 
2.0 m 7.88 - 7 1.11 - 7 3.58 -10 1.40 -13 

10.0 m 4.05 - 7 8.84 - 8 3.73 -10 1.42 -13 
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TABLE 4 

Comparison of Calculations and 
Experimental Data at 170 Meters 

ANISN DOT-I'II/UA DOT-III/DNA SAND 

Fluence > 10 keV 
> 1 MeV 
> 3 MeV 

1.02 E- 9 
1.58 -10 
2.69 -11 

1.01 E- 9 
1.29 -10 
2.35 -11 

5.18 E-10 
1.15 -10 
1.75 -11 

4.65 E-10 
1.08 -10 
1.62 -10 

Spectral Index 

KERMA 
Henderson Dose 
Rindi Dose (22) 

37.8 

1.15 -18 
1.60 -18 

43 

1.03 -18 
1.51 -18 

29.6 

8.01 -19 
9.74 -19 
9.86 -19 

28.6 

8.17 -19 
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Editor's Note: This paper was unavailable for publication. A 
summary is included. 

PIN DIODES FOR MEASUREMENT OF THE GAMMA DOSE RATE 
PRODUCED BY THE FAST BURST REACTOR OPERATING IN 

THE GAMMA ENHANCEMENT MODE 

J. L. Meason and E. H. Hayth 
Nuclear Effects Laboratory 
White Sands Missile Range 

New Mexico 

BACKGROUND: The Fast Burst Reactor (FBR) is operated in the gamma 
enhancement mode to produce long pulses of gamma radiation for 
special test requirements. In this particular mode of operation, 
varying thickness of cadmium and dysprosium loaded polyethylene are 
used to enhance the gamma radiation environment of the FBR. In 
principle, the polyethylene thermalizes the fast neutron component of 
the FBR, the thermal and epithermal neutrons are captured by the 
cadmium and dysprosium which, in turn, results in a strong capture 
gamma ray environment. 

The enhanced gamma environment is used for selected nuclear 
survivability tests. In addition to the total ionizing dose 
(measured by thermoluminescent detectors), the gamma dose rate and 
rate profile is of prime importance. In fact, the peak gamma dose 
rate is most often the desired quantity. PIN diodes have proven a 
very useful method for measuring the instantaneous dose rates from 
the FBR gamma enhanced mode of operation. This presentation will 
describe results nd characteristics of these diodes for making such 
measurements along with calibration methods and long term stability 
of the diode calibration. 

FBR CONFIGURATION FOR GAMMA ENHANCEMENT: Only two of many gamma 
enhancement shield configurations will be described in this 
prese'ntation. These configurations represent those of most common 
usage. Figures 1 and 2 provide the schematic diagram of those 
configurations. Figure 1 is representative of a test environment 
produced over the top of the FBR while Figure 2 is representative of 
the test environment produced to the side of the FBR. Dose rates 
range upward to 1.5E8 rads(Si)/sec for both configurations. 

PIN DIODES AND DATA ACQUISITION SET-UP: Diodes that have been found 
suitable for measuring gamma dose rates are Quantrad 125 and 250 and 
Texas Instruments 8015A and 8121A. These diodes have demonstrated 
linearity between 5E5 and lEB rads(Si)/sec. The data acquisition 
set-up and software used in the data acquisition has been reported 
elsewhere (1). Typical data output from the PIN diode data 
acquisition system is shown in Figure 3. 
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TOTAL DOSE CORRELATION WITH TLD DATA: Diodes are calibrated relative 
to TLD's. TLD's are calibrated in a cobalt-60 environment using 
National Bureal of Standards calibrated ion chambers. PIN diodes are 
calibrated in the FBR enhanced gamma environment. Extensive studies 
have been performed between PIN diode data and TLD data (2). A 
typical correlation plot is shown in Figure 4. An additional 
discussion on the correlation studies will be given in this 
presentation. 

REFERENCES 
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2. Gamma Dose Rate Measurements at the Nuclear Effects Laboratory 
Fast Burst Reactor, Dosimetry Technical Report Number 86-1, E. H. 
Hayth, October 1985. 

-202-



TEST CIRCUIT 

1'CdO-POLY 
DISKS 

r C d O - P O L Y 
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FULL CdO POLY SHIELD CONFIGURATION 

OPERATION NUMBERS FOR THIS CONFIGURATION 

TABLE 

9932 
9933 
9950 
9952 

9953 
9954 
9955 
9956 

9957 
9958 
9959 
9961 

FIGURE 1 . SCHEMATIC OF CONFIGURATION TWO 
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8' CdO-POLY 

8 ' 

J-.-2' 
I . I 

DIODES 

TABLE 

For FBR operations 10319 through 10320 one CD POLY bat was reiaoved 
and the shield was placed 7 1/2" from the core surface. 

FIGURE 2 . SCHEMATIC OF CONFIGURATION FIVE 
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SANDIA PULSE REACTOR 
PERSONNEL DOSE REDUCTION PROGRAM* 

Jeffrey S. Philbin 
Sandia National Laboratories 

P. O. Box 5800 
Albuquerque, NM 87185 

ABSTRACT 

A personnel dose reduction and facility modernization program has 
resulted in a new appearance and new methods of operation at the 
Sandia Pulse Reactor (SPR) Facility. By making improvements in many 
diverse areas-the facility, facility support systems, the reactor 
stand, and administrative policies--a significant reduction (60%) 
in the overall personnel dose has been achieved. New support sys
tems include a remotely controlled, chain-driven experiment 
retrieval device and a movable, 1.75-inch thick, lead shadow shield. 
The shadow shield attenuates the radiation field by factors of 10 
or higher at normal positions occupied by personnel performing the 
tasks. 

1.0 INTRODUCTION 

In 1982 Sandia National Laboratories initiated the Dose Reduction/ 
Facility Modernization Program at its Sandia Pulse Reactor (SPR) 
Facility. The Dose Reduction Program (as it became known) identi
fied and implemented changes to the facility, the reactor, and 
administrative procedures that were necessary for reducing personnel 
dose and increasing experiment throughput. These changes fell into 
five major categories: 

1) Modifications to the reactor building, 
2) Modifications to the SPR-III reactor stand, 
3) Procurement of a remotely controlled forklift, 
4) Design, fabrication and use of a personnel maintenance shield, 

and 
5) Administrative changes. 

The SPR Facility consists of an instrumentation building, a control 
building and a dome-shaped reactor building (or Kiva). Two bare, 
fast burst reactors, SPR-II and SPR-III. are operated from the 
elevator stand at the center of the Kiva on an interchangeable 
basis. Funding for the Program was identified in January 1982. A 
project team was formed in February 1982 to study the dose issue at 
SPR and make recommendations. All major construction items were 

*This work was ^supported by the U. S. Department Of Energy 
under contract number DE-AC04-76DP00789. 
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completed by September 1983. Fine-tuning of the modifications 
(primarily on the reactor stand) continued, however, for another 
6-12 months to improve repeatability of performance. The capital 
cost of the Dose Reduction Program was $871K. 

2.0 BACKGROUND 

SPR-III, a 258-kg fully enriched, all-metal, externally reflected 
reactor, is routinely operated for experimenters who wish Uo use 
the 6.5-inch diameter by 14.5-inch high internal cavity or leakage 
neutrons adjacent to the core. SPR-III can be removed from its 
operating position in the center of the Kiva by forklift and 
replaced by SPR-II. SPR-II is a 106-kg fully enriched Godiva-type 
reactor, for experimenters requiring narrower pulses or higher dose 
rates than those achievable by SPR-III. SPR-II has been opera
tional since 1967 and SPR-III since 1975. Maintenance requirements 
have increased over the years as a result of wear and the hostile 
thermal stress and radiation environments. Additionally, utiliza
tion of the reactors increased substantially in the late 1970's and 
remains at a high level (723 operations in 1985). As a consequence, 
there was a gradual increase in the doses received by operations 
personnel in operation and maintenance activities during the late 
70's and early 80's. The highest annual whole body exposure for 
the SPR staff was 20 man-rem. Usually, a few individual doses each 
year would be in the 3.5 to 5-rem range. In 1979, for example, 
Sandia accounted for 2 of the 13 exposures greater than 4 Rem among 
all DOE contractors. These facts were the focus of discussions 
between Sandia management and DOE/AL in Spring, 1981. Recommenda
tions eventually led to the formation of a Dose Reduction Project 
team in February 1982 to study the issues and implement plans to 
reduce personnel doses. 

The goal of the program was to reduce the total radiation exposure 
of personnel in the operation and maintenance of the reactor by 33 
percent. 

3.0 KIVA MODIFICATIONS 

The modifications to the Kiva were extensive. These included: 

1) Replacement of the existing flooring with boron-loaded concrete. 
2) Installation of chain-driven, remotely controlled experiment 

retrieval device (ERD). 
3) Installation of a positive indexing feature at the top of the 

reactor lift stroke. 
4) Modernization of the nitrogen cooling system. 
5) Installation of an adjustable maintenance platform for elevation 

of the reactor above the normal operating position. 
6) Installation of 220 volt power to the reactor stand for a new 

pulse element drive system. 

Some of these changes are shown in the photograph. Figure 1. 
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4.0 REACTOR STAND MODIFICATIONS 

The modifications to the reactor stand were also extensive. Every 
system was examined and changes were made in those systems and com
ponents that most frequently required maintenance. This resulted 
in the following major changes and several minor ones: 

1) Installation of a forklift-actuated release mechanism to auto
matically uncouple the reactor from its elevator stand. 

2) Addition of a lead shielding layer in the aluminum table plate 
of the reactor. 

3) Simplified control element, burst element, and safety block 
packages for easier installation and maintenance. 

4) Improved coolant distribution. 
5) Improved accessibility and adjustment of fasteners, limit 

switches, and instrumentation devices. 

5.0 MAINTENANCE OPERATIONS AND THE MAINTENANCE SHIELD 

Members of the Health Physics staff at the SPR facility collected 
data on personnel doses to determine which job functions resulted 
in the highest doses. The job functions were divided into three 
general categories that typify personnel exposures at SPR. These 
categories were: reactor maintenance, reactor changeouts (replacing 
one of the SPR reactors with another), and normal operations (mostly 
experiment setup and recovery). 

This informal study was conducted over a 5.5 month period from the 
end of Aug. 1981 to the middle of Feb. 1982. No statistical analy
sis of the data was attempted nor was any correction made to corre
late the frequency of job functions over this test period with 
observed frequencies of those same job functions over longer periods 
of time. All measurements were made using pocket dosimeters rather 
than TLD badges for simplicity and convenience. Furthermore, the 
dosimeters provide output in Roentgens rather than rem. The offi
cial dose values in man-rem were slightly lower than the values 
reported. The results for the test period are given in Table 1. 

Table 1. SPR Personnel Exposures by Job Function, 
Aug. 1981 to Feb. 1982 -- Roentgen (% of total) 

REACTOR REACTOR REACTOR 
MAINTENANCE CHANGEOUT OPERATIONS TOTAL 

11.9 (64.5%) 2.5 (13.5%) 4.1 (22%) 18.5 (100%) 

Reactor maintenance operations dominate the dose as expected since 
these operations are carried out in closest proximity to the reac
tor. This information supported the decision to expedite the design 
and construction of a 1.75-inch thick lead shield having an annular 
shape with a 110°sweep. The movable shield can be rotated around 
the periphery of the reactor by the person performing the mainte
nance. See Figure 2. 
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During the course of some maintenance operations, such as changing 
thermocouples, it is necessary to work around the edge or above the 
shield, hence exposing the head. Head-to-whole body dose ratios of 
2 were deduced from gamma-field measurements and noting the relative 
positions of the head and body during lower stand maintenance on the 
bare reactors. These ratios may increase as body doses are sharply 
reduced with efficient use of the shield. The lower whole body 
doses may lead to a false sense of protection in this case thereby 
increasing the importance of monitoring the head doses separately. 
It was this realization that led to the practice (at SPR) of moni
toring both eye dose and whole body dose. TLD doses both with and 
without the maintenance shield are given in Table 2. The highest 
elevation (60") is slightly above the shield and is representative 
of dose to the eyes. The maintenance shield reduces whole body dose 
on some maintenance operations by a factor of 10 or more. 

Table 2. TLD Measurements With And Without 
The Maintence Shield 

Total Exposure Time = 16 Hrs 

Location 1 Location 2 
Elevation Unshielded Shielded Reduction 
(inches) {R} (RJ Factor 

24 9.04 0.72 12.6 
50 34.6 1.03 33.6 
60 34.6 7.32 4.7 

6.0 ACTIVATION STUDIES 

Activation studies were conducted to assess the relative background 
that could be expected from existing and proposed shield materials 
for the reactor building floor modification. Individual samples of 
neutron and gamma shield materials were irradiated at SPR (fast 
spectrum) to obtain activation signatures at 1 hr and 1 day follow
ing irradiation. The background dose from these materials on a "per 
gram" basis, see Table 3, is one way to rank the materials, although 
this ranking does not take into account the relative thickness or 
cost required to use this material as shield. 

Table 3. A Ranking Of Test Materials In Order Of 
Increasing Specific Activation By Fast Neutrons 

Rank Material 
1 Graphite 
2 Boron-loaded (5%) Poly 
3 Hemlock Wood 
4 Plywood 
5 Gypsum 
6 Silicon-based, Boron-loaded (2%) Neutron Shield 
7 Lead 
8 Aluminum 
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Activation gamma sources were calculated using the Gammon Activation 
Library to assess the combined shielding and activation character
istics of the existing and proposed floor designs. The distributed 
gamma sources were then used in a radiation transport code to cal
culate the gamma flux and gamma dose rate in the reactor room as 
functions of irradiation time and time after shutdown. After care
ful consideration of all criteria (including cost) the design 
selected was three inches of boron-frit-loaded concrete (2.0 w/o 
boron) over the existing base concrete floor. Based on calculated 
results, the borated concrete would probably rank between 6 and 7 
on the above chart. 

7.0 ADMINISTRATIVE CHANGES 

The following administrative changes were instituted to aid in the 
dose reduction: 

1) Steady-state power operations are scheduled near the end of a 
week to permit decay of radiation levels over the weekend. 

2) SPR-II was placed in serairetirement and is used only when 
necessary. 

3) Auxiliary equipment not directly related to operating the reac
tor was removed from the Kiva to reduce the room background 
radiation. 

4) A new light-weight portable stand is available so experiments 
can be set up outside the Kiva and carried inside for final 
positioning. We have also encouraged the use of quick discon
nect cabling, standardized interchangeable experiment packages, 
and prepackaged dosimetry cards in order to minimize setup and 
retrieval times within the Kiva. 

5) The SPR-III mockup is used to test maintenance procedures prior 
to performing the work on the reactor. 

6) Additional maintenance assistance is being drawn from support 
groups and from the Annular Core Research Reactor operations 
staff. 

8.0 RESULTS 

Eye dose and whole body doses for the operations staff at SPR from 
1982 through 1985 are shown in Figures 3 and 4. The bar charts 
show the accumulation by quarter. Figure 5 shows the operational 
activity at SPR over the same time period. A higher number of 
operations would typically indicate higher radiation levels and a 
higher number of maintenance operations. The 1985 whole body and 
eye exposures are both ~40% of their 1982 levels, a reduction of 
about 60%. 
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9.0 COST OF DOSE REDUCTION EQUIPMENT AND MODIFICATIONS 

The cost of new equipment and modifications is given in Table 4. 

Table 4. Cost Of New Equipment And Modifications 
Associated With The Dose Reduction Program 

Item Description Cost($K) 

Maintenance Shield 6 
Remote Fork Lift With Crane And Accessories 35 
Rebuild Reactor Stand (plus spare parts, mockup) 400 
Building Mods and Construction (includes A&E fee) 430 

Total 871 

10.0 SUMMARY 

By making improvements in many diverse areas--the facility support 
systems, the reactor stand, and administrative policies--a signifi
cant reduction (60%) has been achieved in the overall personnel dose 
at the SPR facility since 1982. The reduction on specific mainte
nance operations has been quite substantial (factors of 10 or 
higher) with the use of a movable, 1.75-inch thick lead personnel 
shield. The capital cost of the Dose Reduction Program was $871K. 
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A REMOTE MAINTENANCE ROBOT SYSTEM FOR A PULSED NUCLEAR REACTOR* 

S. Thunborg 
Sandia National Laboratories 

Intelligent Machine Systems Division 
Albuquerque, New Mexico 87185 

ABSTRACT 

This paper presents a remote maintenance robot system for use in a 
hazardous environment. The system consists of turntable, robot and 
hoist subsystems which operate under the control of a supervisory 
computer to perform coordinated programmed maintenance operations on 
a pulsed nuclear reactor. The system is operational and the oral 
presentation will include a videotape of the system in operation. 

1.0 INTRODUCTION 

Sandia National Laboratories currently maintains a fast-burst 
nuclear reactor as a laboratory tool to study how various materials, 
components, and systems respond to nuclear radiation. Sandia Pulse 
Reactor III (SPR III) produces bursts of neutrons and associated 
gamma radiation that reach power levels of 118,000 MW and last only 
fractions of a second. If the reactor and its room are allowed to 
cool down for several days after a burst, the residual radiation 
becomes low enough to allow hands-on maintenance on the reactor by 
operating personnel. However, such maintenance does result in 
occupational radiation exposure (ORE) for some operating personnel. 
Allowing the reactor to cool down also results in a loss of 
operating time increasing test costs. 

Guidelines recently established for ORE specify that exposure should 
be "As Low As Reasonably Allowable" (ALARA). In conformance with 
these guidelines, Sandia has developed a Remote Maintenance Robot 
(RMR) System for use in the SPR III facility. The RMR should reduce 
occupational radiation exposure by a factor of four and decrease 
reactor downtime. 

Other goals include developing a technology base for a more advanced 
pulse reactor and for the nuclear fuel cycle programs of the 
Department of Energy (DOE) and the Nuclear Regulatory Commission 
(NRC). 

2.0 SYSTEM TASKS 

SPR III is shown in Figure 1. The reactor is 72-inches high and 32-
inches wide by 25-inches deep. The reactor core consists of 
eighteen 11.7-inch diameter cylindrical rings of bare, enriched 
uranium fuel. These are fastened into two parts of nine rings each. 

*Work supported by the U. S. Department of Energy at Sandia National 
Laboratories under Contract DE-AC04-76DP00789. 
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Figure 1. SPR III 

The rings are enclosed in a cooling shroud containing a 6.5-inch 
diameter cavity that extends into the core. This cavity is the 
primary experiment cavity. Four control elements reflect neutrons 
back into the uranium rings to establish criticality. One of the 
elements, the burst element, is closed last and extremely fast to 
trigger the nuclear burst. The control elements contain electric 
motors, potentiometers, switches, etc., that require routine 
maintenance as a consequence of the radiation environment. Figure 
depicts a typical control element. 

The fuel rings contain small thermocouples that also must be 
frequently replaced because of thermal shock. The uranium fuel 
rings are subject to microcracks after long use and a periodic 
inspection is required. The following tasks were established for 
the RMR system. 

2.1 Initial Tasks 

o The removal and replacement of shroud 

o The removal and replacement of the control element drive 
assemblies (3 ea) 
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Figure 2. Control Element 

o The removal and replacement of the burst element drive 
assembly (70 lb) 

o Adjustment of the control element-limit switch 

o Replacement of the fuel-ring thermocouples 

2.2 Future Tasks 

o Removal and replacement of upper fuel-ring assembly (400 lb) 

o Removal and replacement of the lower-fuel ring assembly 
(400 lb) 

All tasks in the initial category have been demonstrated; 
development on the other tasks is planned. 
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An additional task for the system is to handle unplanned events 
through a computer-supervised, error-recovery process or by manually 
operating all system components in a teleoperator mode. More 
flexibility for unplanned events is provided by an automatic or 
manual tool-changing capability for the robot. 

3.0 OVERALL SYSTEM DESCRIPTION 

The RMR has five major subsystems: 

o A chain-driven cart that delivers the system into the 
reactor room 

o A programmable turntable that orients the manipulator to any 
of the reactor's four sides 

o A robotic manipulator that performs dextrous operations 

o A programmable overhead hoist that handles reactor 
components weighing up to 400 lbs. 

o A supervisory control console for system operations 

Figure 3 is a schematic of the turntable, hoist, and robot systems 
in position around the SPR III reactor. Once the system is in 
position at the reactor, it performs the required tasks in a 
preprogrammed, closed-loop fashion. The operator is there only in a 
supervisory capacity. 

4.0 CART SUBSYSTEM 

The chain-driven cart system that transports the RMR system to the 
reactor is an already-existing system that also transports 
experiments to the reactor. The cart runs on rails permanently 
installed in the reactor room; Figure 4 shows it in its storage 
location outside the reactor room. 

5.0 TURNTABLE SUBSYSTEM 

When mounted on the cart, the turntable provides mobility for the 
system. The reactor's control elements are located on all four 
sides of the reactor, and the turntable, with its 300° of rotation, 
allows the robot access to all sides. 

The SPR III reactor is mounted on a hydraulic elevator that allows 
the reactor to be stored in a well below ground when not in use or 
raised up into the reactor room for experiments or maintenance. 
During maintenance, the RMR is positioned over the well and the 
reactor is raised up through the center of the turntable. The 
turntable system contains four air-operated support bars that are 
positioned under the reactor. The reactor is then lowered on these 
support bars thereby providing a more rigid support for robotic 
operations than is available with the reactor's hydraulic lift 
system. 
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Figure 3. System Drawing 

Figure 4. Cart 
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The following are some basic features of the turntable system: 

o Stepper motor drive with radiation-hardened, resolver-
position indicators 

o Forty-nine-inch-OD ball bearing on which the robot system 
rotates 

o An air supply across the rotating bearing's interface with 
the rotating mounting plate to supply the robot end effector 
with air 

o Air driven system that moves the reactor support bars 

o Safety features that monitor the position of the support 
bars and the condition of the air-supply pressure 

o To change robot end effectors, a tool-changer rack with 
acknowledge switches 

o Remotely operated zoom-lens. TV camera with pan and tilt 
features 

o Audio system that allows the operator to listen to the 
operations 

o Storage stand, with acknowledge switches, for reactor 
components 

6.0 ROBOT SUBSYSTEM 

Initial studies revealed that access to the required areas in the 
reactor was maximized with a revolute-joint-type of robot; we 
selected the Puma 560 robot with 6 degrees of freedom. 

Geometric locations for maintenance operations to be performed by 
the robot are in the robot memory but they are in relation to a 
given point on the reactor. At the start of each maintenance 
operation, the location of this point in relation to the robot 
coordinate system may not be known to the accuracy required. The 
positioning and holding capability of the SPR elevator system is 
less than that required for robotic operations. A touch-off 
procedure whereby the robot "feels" 6 points on the reactor to 
determine the XYZ axis of the reactor has been developed. This 
procedure requires the use of a force sensor on the robot. The 
force sensor controls the robot through a logic branching program in 
conjunction with the Val II REACT command to determine when contact 
has been made with the reactor. The computer program then reads the 
robot's position encoders and uses the information to calculate the 
reactor's location relative to the robot. The sensor also measures 
the torque applied to the reactor's control-element bolts and helps 
mate electrical connectors. 
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The force sensor is also an important safety check during 
maintenance. Since it is continuously monitored by the supervisory 
computer, if unusual or unexpected forces are detected, the system 
stops programmed operation and waits for the operator to intervene. 

The Puma 560 has brakes to maintain position during a power failure 
on the first 3 joints, i.e.. Joints 1, 2, and 3. However, it does 
not have brakes on Joints 4, 5, and 6. A power failure resulting in 
gravity movement of the robot while the robot is engaged with the 
nuclear reactor could have potentially dangerous results. 
Consequently, a brake system for Joints 4, 5, and 6 was designed, 
tested, and installed on the RMR system robot. These brakes were 
tied in electrically with the Joint 1, 2, and 3 brakes and a power 
failure activates all brakes simultaneously. 

To facilitate teaching of the robot a program has been developed 
using the force sensor to allow the robot to be hand led to given 
features on the reactor and the location of reactor features 
committed to robot memory. Sensor driven control of the robot is 
accomplished by using the force sensor output and the Val II ALTER 
command. In essence, the robot maintains zero force on the force 
sensor by moving in the direction of any applied force. 

The robot's tasks are usually performed in a preprogrammed, closed-
loop fashion. However, the operator can manually control the system 
in the event of an unexpected situation. 

Multifunction end effectors have been designed for each task so a 
tool change during routine operations is not required. However, the 
ability to change end effectors for special situations has been 
provided. 

7.0 HOIST SUBSYSTEM 

Maintenance operations on the reactor require handling up to 400 lbs 
(Fuel Ring Assembly) which is well beyond the capabilities of a 
reasonably sized robot system. Consequently, a 3 degree of freedom 
programmable hoist system was designed to operate in conjunction 
with the robot (Figure 5). It is a polar coordinate system that is 
radiation hardened since it is permanently in the reactor room and 
is subject to the reactor burst. 

Two application requirements result in several unique features for 
the hoist system. The first is a requirement for a low head room 
system as a result of the low ceiling height in the reactor room. 
The second is a requirement to monitor push and pull forces during a 
vertical lift. 

Both these requirements were met through the use of a semirigid 
vertical mast lift system. The mast is a flat 11-foot-long 
stainless steel spring 0.010-inches thick and 5.5-inches wide and 
formed to be an open sided cylinder 2 inches in diameter and 11-feet 
long. When being retracted the cylindrical mast is flattened out 
and rolled up on storage drums thereby minimizing overhead clearance 
problems. 
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Figure 5. Hoist 

The rigid mast allows the use of a 2-axis force sensor on the end of 
the mast. The force sensor is monitored at all times by the 
supervisory computer and, if unusual forces are detected, the system 
stops and waits for the operator to intervene. 

Locations for programmed operation are taught to the hoist 
controller through a teach program provided the operator. Since the 
hoist hook accommodates a 3/8-inch tolerance when engaging, it does 
not require a "touch-off" procedure to determine the precise 
location of the hoist to the reactor. 

Routine hoist system tasks are performed in a programmed, closed-
loop fashion in conjunction with the robot. 

The operator can manually control the system by using a pendant 
located at the system control console. 

Some basic features of the hoist subsystem are as follows: 

o 400-lb lift capacity 

o 5-ft radius operating area 

o 11-ft vertical reach 

o Stepper motor drive with radiation-hardened resolver 
position feedback (3 axis) 
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o Gear ratios 

9 drive 191/1 
R drive 5/1 
Z drive 60/1 

o Worm gear drive on Z axis to prevent load release at power 
failure 

8.0 SUPERVISORY CONTROL SUBSYSTEM 

A master controller and two slave controllers provide overall 
control of the system. The master controller is the LSI-11 
microcomputer; one slave is the Unimate robot controller, and the 
other slave is the motor controller for the hoist and turntable. 
The master controller communicates with the operator, establishes 
the sequence of tasks required for a particular operation, 
continuously monitors the force sensors, checks for error 
conditions, responds to emergency interrupt conditions, and 
establishes the protocol for recovering from errors. 

For programmed operation, the master controller software is broken 
into two levels. The first level consists of the Supervisory 
Program written in Macro-11 assembly language. The second level 
consists of several Pascal programs that control specific operations 
of the robot, the hoist, and the turntable and which communicate 
directly with their respective slave controllers. 

The Supervisory Program has two modes of operation: the program and 
manual. The program mode executes programmed sequences of tasks. 
The manual mode is used to provide the operator with manual control 
of the robot, hoist, and turntable. Most of the time the system is 
operated in the program mode to perform the automatic maintenance 
tasks with the operator in a supervisory function only. Programmed 
operations for a typical system task require up to 3 0 minutes to 
complete. The manual mode is available if the operator desires to 
perform an operation that is not part of the programmed menu or if 
an error occurs in the program mode. 

A control hierarchy schematic of the control system is shown in 
Figure 6. The operations control console is shown in Figure 7. 

A key feature of the supervisory control system is its error 
recovery capability. Considering the hazardous environment and the 
complexity of the tasks, provisions for error recovery that do not 
require human entry to the hazardous environment must be made. When 
there is an indication of error, the supervisory program halts 
operations and notifies the operator to move the system robot or 
hoist manually to a safe position. It then gives the operator three 
choices, i.e., 

o Abort 

o Continue with present subtask 

o Redo last subtask 
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Selecting either of the latter two options commands the supervisory 
program to resume operations and complete the subtask specified. 
The supervisory program has a starting point location in memory for 
each subtask and if a selection is made to continue or redo a 
subtask the supervisory program automatically moves the robot or 
hoist from the safe position manually selected by the operator to 
the subtask starting point. From there the supervisory program 
continues the subtask in a routine manner. 

Following are some of the key features of the system: 

o Supervisory Controller 

- Allows operator interaction at appropriate times 

o Programmed and manual modes 

- Allows operator control, if necessary 

o Continuous force monitoring 

- Excessive forces immediately halt all motion 

- Force thresholds are task dependent 

o Operator intervention 

- Operator can stop motion in emergency situations 

o Battery backup computer memory 

- System can determine when power up follows an abnormal 
power loss 

o Error recovery 

- Operator manually moves components to safe, neutral 
positions before proceeding 

- Operator may choose method for recovery 

o Status confirmation 

- Confirms status of the system's acknowledgement switches 

o Multiple TV monitoring of all operations 

- Turntable camera 

- Reactor room cameras (stationary) 

- Reactor room camera (on mobile cart) 

- Camera end effector for robot 
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More complete details on the operation of the control system have 
been presented in a paper by M. Moya, et al, "Sensor-driven, Fault-
tolerant Control of a Maintenance Robot." 

9.0 CURRENT STATUS 

At the time of fabrication of the SPR III, a duplicate reactor was 
fabricated using aluminum fuel rings instead of uranium fuel rings. 
This unit is used to test all proposed changes or additions to the 
reactor and to confirm experiment hardware compatibility before 
actual installation or use on the radioactive SPR III. All Initial 
Tasks specified herein have been successfully and repeatedly 
performed using the aluminum ring mock-up reactor. 

A training area for the RMR system is being installed at a 
nonradioactive location adjacent to the reactor room. Using the 
actual RMR system and the SPR mock-up the readtor operators can 
become familiar with the equipment and gain confidence in all 
maintenance operations before their actual use in a radioactive 
area. Development of the fuel ring removal tasks specified 
previously will be accomplished in the training area by the reactor 
operators. Initial operations in a radioactive environment are 
currently scheduled for the spring of 1986. 

10.0 CONCLUSION 

The RMR program has demonstrated the feasibility of a robotics 
system to perform the relatively complex tasks associated with 
routine reactor maintenance. The RMR was designed specifically for 
use with the SPR III reactor, however, the technology developed such 
as sensor driven control, computer hierarchy, error recovery, etc., 
could have widespread application in the development of other remote 
maintenance or inspection systems in hazardous environments. 
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SENSOR-DRIVEN, FAULT-TOLERANT CONTROL OF A MAINTENANCE ROBOT* 

Mary M. Moya - William M. Davidson 
Sandia National Laboratories 

Intelligent Machine Systems Division 
Albuquerque, New Mexico 87185 

ABSTRACT 

A robot system has been designed to do routine maintenance tasks on 
the Sandia Pulsed Reactor (SPR). The use of this Remote Maintenance 
Robot (RMR) is expected to significantly reduce the occupational 
radiation exposure of the reactor operators. Reactor safety was a 
key issue in the design of the robot maintenance system. Using 
sensors to detect error conditions and intelligent control to 
recover from the errors, the RMR is capable of responding to error 
conditions without creating a hazard. This paper describes the 
design and implementation of a sensor-driven, fault-tolerant control 
for the RMR. Recovery from errors is not automatic; it does rely on 
operator assistance. However, a key feature of the error recovery 
procedure is that the operator is allowed to reenter the programmed 
operation after the error has been corrected. The recovery 
procedure guarantees that the moving components of the system will 
not collide with the reactor during recovery. 

1.0 INTRODUCTION 

Using robots to do tasks in a hazardous environment can remove human 
workers from that environment and can significantly reduce human 
exposure to the hazard. As a result, robots can be particularly 
useful for maintaining nuclear reactors, since the environment 
around the reactor is radioactive and potentially dangerous to human 
operators. Sandia National Laboratories owns and operates a pulsed 
nuclear reactor, which applies a calibrated burst of radiation to 
microelectronic components to test them for radiation hardness. 
This reactor is called the Sandia Pulsed Reactor (SPR). The SPR is 
maintained by human operators. Before beginning a maintenance task, 
these operators allow the radiation in the reactor room to decay for 
several days after a burst before entering the reactor room. To 
reduce the exposure of the operators to the radioactive environment, 
Sandia established a project to develop a robotic maintenance system 
for the SPR. The Intelligent Machine Systems Division at Sandia has 
designed and constructed a Remote Maintenance Robot (RMR) for this 
purpose. The RMR is scheduled to be installed and to begin 
operation in the reactor room in the spring of 1986. 

The key to a successful design for the RMR system was making it work 
safely and reliably and making it easy to use. In designing 
equipment to work on and around a nuclear reactor, safety and 

*Work supported by the U. S. Department of Energy at Sandia National 
Laboratories under Contract DE-AC04-76DP00789. 
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reliability were extremely important considerations. It was also 
important to incorporate an effective operator/machine interface, 
because if the operator finds the system difficult to use, he may 
choose to ignore it in favor of executing the maintenance task 
himself, regardless of the radioactivity. These considerations were 
given high priority in the design of the system, and they led to the 
following set of specific system design goals: 

1) The RMR system shall be easy for the operator to learn and to 
use. It shall be menu-driven and interactive. The RMR shall 
minimize the amount of remote manipulation that the operator has 
to do. Once the operator starts the programmed operation, the 
system shall operate autonomously without further directions or 
guidance from the operator unless an error occurs. It shall 
provide for operator intervention at any time and facilitate a 
return to the programmed operation when the operator chooses to 
do so. 

2) The RMR system shall operate in the safest possible manner. It 
shall be sensor-driven so that it can detect error conditions 
and potentially dangerous situations should they occur. When 
something goes wrong, it shall stop immediately and allow the 
operator the opportunity to correct the error before proceeding. 
Under no circumstances shall any component of the system contact 
the reactor in an uncontrolled manner. 

3) The RMR system shall provide the capability to recover from 
error conditions and return to the programmed operation. 
Specifically, the system shall begin to pick up programmed 
operations where it left off rather than starting at the 
beginning. 

4) Even if an unrecoverable error occurs, the operator shall be 
able to withdraw the RMR system from the reactor room. Errors 
shall not handicap the system so much that human operators have 
to be sent into the reactor room to retrieve the RMR. 

Therefore, the control system for the RMR was designed to 
incorporate the aforementioned features. The purpose of this 
project was not to do research in the area of robot control, nor was 
it intended to develop any new robot technology. Instead, the 
project was intended to demonstrate a real application of sensor-
driven control. The objective was to incorporate commercially-
available sensors into a commercially-available robot system and to 
create a general control structure which would make them operate and 
respond as a single system and which would make the system capable 
of intelligently responding to error conditions. The technical 
challenge came in designing the system control to react safely, 
reliably, and in real time. 

2.0 GENERAL SYSTEM DESCRIPTION 

Following are concise descriptions of the SPR and the RMR systems. 
More detailed descriptions of both systems are contained in 
reference 1. 

-234-



The SPR consists of a set of uranium rings and a set of four 
reflector plates. To start a critical reaction, the reflector 
plates are driven vertically so that they are adjacent to the 
uranium rings and can reflect neutrons back into the uranium. The 
assembly that contains the reflector plate, the mechanical drive 
gear, the drive motor, and the associated wiring and connectors is 
called the drive assembly. The drive assembly also contains limit 
switches that regulate the upper and lower limits of motion of the 
reflector plate. There are four drive assemblies, one on each side 
of the reactor, and each can be completely removed from the reactor 
for repair and maintenance. During operation, the reactor is 
covered with a large, cylindrical shroud, which moderates the 
neutrons. The reactor and its shroud are shown in the center of 
Figure 1. 

Figure 1. Remote Maintenance Robot (RMR) System 
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The reactor usually operates in the burst mode, which means that a 
tremendous amount of energy and radiation are generated in a short 
time. Consequently, there are several components on the drive 
assemblies that are subject to failure and that need to be replaced 
periodically. The RMR system has been programmed to repair and 
maintain the drive assemblies on all four sides of the reactor. The 
RMR system will remove the reactor shroud, remove the drive assembly 
in need of repair, and place it on a stand so that it can be taken 
out of the reactor room. In addition, the RMR system can replace 
the drive assembly and the shroud and adjust the locations of the 
limit switches. 

Figure 1 shows the components of the RMR system surrounding the SPR. 
A programmable turntable can move around the reactor to all its four 
sides. The turntable is mounted on top of a remotely operated sled, 
which runs on a track extending out of the reactor room. The SPR is 
mounted on hydraulic supports, which can raise and lower the reactor 
out of and into its storage pit located in the floor. During 
maintenance operations, the sled is positioned over the storage pit. 
The reactor is then raised up from its storage pit through the 
center of the sled and turntable. On completion of maintenance 
operations, the reactor is lowered into its pit and the sled is 
wheeled out of the reactor room. The other major components of the 
RMR include the programmable six-degree-of-freedom robot arm and the 
programmable three-degree-of-freedom hoist. The robot arm and 
several storage stands are mounted on top of the turntable. The 
storage stands are used to store the reactor shroud, a drive 
assembly from the reactor, and various lifting adapters used in the 
maintenance operations. The hoist is attached to the ceiling of the 
reactor room, and it remains in the reactor room at all times. The 
RMR is controlled from a system control console, which is located 
outside the reactor room. 

During a maintenance operation, the robot arm does tasks such as 
mating connectors and fastening and unfastening bolts. The robot 
arm cannot, however, lift more than five pounds. Thus, the 
programmable hoist is available to lift and maneuver the heavier 
reactor components, which include the shroud and drive assemblies. 
The robot arm has a six-degree-of-freedom force sensor mounted 
between its last link and its end effector. The arm force sensor 
can resolve applied forces into three components along orthogonal 
axes and can resolve applied moments into three components about 
those axes. The hoist has a one-degree-of-freedom force sensor 
mounted between the end of its extension tube and its end effector. 
The hoist force sensor detects forces applied along the vertical 
axis only. Additional components in the system include a variety of 
verification switches and limit switches located on the storage 
stands and on the moving components of the system. 

Figure 2 shows that the robot arm and the hoist are each controlled 
from a dedicated slave controller. The overall control for the 
system is provided by the supervisory computer, which communicates 
with each of the slave controllers over a serial data link. In 
addition, the force sensors located on the hoist and on the robot 
arm interrupt the supervisory computer every sixtieth of a second to 
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provide new force information. The supervisory computer also has 
constant access to the states of all the verification and limit 
switches. This sensory information makes the system capable of 
working autonomously without sacrificing safety and reliability. A 
description of how this sensory information is used in the system 
control is given in the next section. 

3.0 SYSTEM CONTROL 

The control of the RMR system has been designed to have an 
intelligent operator interface and to provide a high degree of 
safety and reliability. The system is easy to use because the 
intelligent software control makes the separate components in the 
system function as a single unit. In addition, the supervisory 
computer is menu-driven and interactive. Its operation is 
semiautonomous; that is, once the operator sets up the system and 
initializes the programmed operation, the system will operate 
without further directions or guidance from the operator, unless an 
error occurs. The supervisory computer can also respond to inputs 
in real time without delay. Thus, the operator can intervene at any 
time. Under most circumstances, regardless of when the operator 
intervened, it is possible to return to the programmed mode of 
operation. 

REACTOR MAINTENANCE ROBOT (RMR) SYSTEM 
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FORCE SENSOR 
ELECTRONICS 

' 
SUPERVISORY 
CONTROLLER 

k 

MOTOR 
CONTROLLER 

HOIST FORCE 
SENSOR 

TURNTABLE 

ROBOT 
CONTROLLER 

FORCE SENSOR 
ELECTR DNICS 

ROBOT 
ARM 

FORCE 
SENSOR 

Figure 2. Control Structure for RMR System 
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The RMR system must operate with a high degree of reliability and 
safety. To accomplish this, it must be tolerant to error 
conditions. It uses one of two strategies for handling errors. The 
first strategy is to anticipate error conditions and make special 
accommodations for them. This strategy will be described in more 
detail in the following paragraphs. The second strategy is designed 
to cope with unexpected error conditions that cannot be anticipated. 
The strategy involves not trying to prevent an error, but letting it 
occur, and then monitoring for such error conditions and 
facilitating the recovery from the error. As will be demonstrated 
in the discussion to follow, both these strategies rely on the 
availability of sensory data. Therefore, the control is necessarily 
a sensor-driven control. 

3.1. Anticipating and Accommodating Error Conditions 

One way of dealing with potential errors is to anticipate when and 
where they might occur and adjust for those in one of two ways: 
either, to build appropriate tolerances into the system or to 
program conditions into the system that accommodate the errors. 
This concept of error anticipation and accommodation is incorporated 
into the following strategies for avoiding errors. 

3.1.1. Mechanical Tolerances - One potential source of errors, 
particularly in the operation of the hoist, is in the positioning 
and precise placement of objects. To accommodate these errors in 
the hoist, mechanical guides were built into the system. The hoist 
end effector and lifting adapters were designed so that positioning 
could be within plus or minus 3/8-inch. Thus, the system has 
mechanical tolerances built in that are large enough to cope with 
the anticipated errors in the system. 

3.1.2. Sensory Verification and Task Modification - The positioning 
and precise placement of objects can also be a significant problem 
in the operation of the robot arm. Usually, the operations of the 
robot arm require such precise positioning that mechanical guides 
are not helpful. Examples of this include the mating of a 19-pin 
connector and the placement of a wrench on a bolt head. The problem 
is compounded by the slight repositioning of the reactor each time 
it is lowered into its pit and raised again. One way of 
anticipating such error conditions is to use the sensory capability 
of the system to check for potential errors, and then based on the 
outputs of the sensors, modify the operation to accommodate them. 
Two methods were developed to correct the errors introduced into the 
system by the repositioning of the reactor. The first is called 
"touch-off", and is a method for recalibrating all the previously 
learned positions that the system has stored in its memory. The 
second method is a spiral search, which uses force feedback 
information to search for the position of a connector. 

3.1.2.1. Touch-Off - When the robot arm is initially taught all the 
positions that it needs to assume during the operation, it is not 
taught these positions in an absolute sense, but in a relative 
sense. That is, all the points are taught relative to some index 
point on the reactor. Therefore, when the reactor moves relative to 
the robot, it is not necessary to reteach every point in the 
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operation, it is only necessary for the robot to learn the one index 
point on the reactor. All the other points are already known 
relative to the index point. The process by which the_robot learns 
where the index point is located is called "touch-off", and it is a 
process that interactively uses the force sensor to detect the 
position of the reactor in three-dimensional space. The touch-off 
process is similar to the procedure that a blind person uses to find 
the location and orientation of a table. The blind person feels 
around until he locates the plane of the table, and then he feels 
for the edges of the table to establish where the corner is. The 
robot uses its force sensor to "feel" for the planar surface of the 
reactor. It slowly moves downward until it detects the contact 
force from the reactor surface. It then records this position. It 
executes this procedure three different times in three different 
locations to give three data points, from which it can establish the 
plane surface of the reactor. The robot arm then moves to each side 
of the reactor and slowly moves perpendicular to each side until its 
force sensor detects a contact force with the edge of the reactor. 
It also records the location of these points on the reactor. Using 
the six data points that it collects by sensing points on the 
reactor surface, it can determine the plane of the reactor top, a 
line along one of the reactor sides, and the location of the corner 
point of the reactor. The reactor corner point is then used as the 
new index point. Each time the RMR system begins a new operation, 
it executes the touch-off procedure. Thus, the system has used the 
robot arm and its force sensor to learn where the corner of the 
reactor is located. This procedure is a good example of how the 
system anticipates position errors in the operation of the robot and 
uses its sensory information to modify the task and compensate for 
the errors. 

3.1.2.2. Spiral Search - Using the touch-off procedure at the 
beginning of every operation significantly improves the ability of 
the robot arm to locate objects in space precisely. However, there 
is still one operation that could not be done using dead reckoning 
alone. That operation is the mating of two 19-pin connectors. 
Mating the two connectors requires precise positioning to align the 
pins correctly. To accomplish this, the robot uses dead reckoning 
as a first guess to try to mate the two connectors. Sometimes this 
first guess works, and the connectors mate right away. Other times, 
the connectors are displaced by a small amount, and they will not 
push together. The computer anticipates this possibility and is 
constantly monitoring the force sensor to detect high forces 
indicating this condition. If an abnormal force occurs, it will 
stop the robot from trying to push the two connectors together and 
begin executing a spiral search in small increments. After each 
increment, it stops and again tries to push the connectors together. 
It continues searching until it detects the force reading that 
indicates that the two connectors have mated. This procedure, then, 
is an example of one in which the RMR system expects an error 
condition and uses its force sensor to search for the correct 
position. 

Both techniques discussed above demonstrate ways in which the RMR 
system uses sensors to anticipate potential error conditions and to 
modify the operation to accommodate them. The techniques rely not 
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only on the availability of sensory data, but also on the 
predictable nature of the errors that are avoided. However, there 
are some errors that cannot be predicted. Methods for dealing with 
unpredictable errors are described in the next section. 

3.2. Coping with Unexpected Error Conditions 

In dealing with an unpredictable error, even though it is possible 
to monitor for its occurrence, the system will have no idea what 
caused the error and, therefore, will not be able to make 
accommodations to avoid or to correct the error. When an 
unpredictable error occurs, the objective of the system should be to 
minimize the effect of the error on the operation of the system and 
to correct it or get around it if possible. Since the system does 
not know the cause of the error, it can only accomplish this error 
recovery with the assistance of the operator. The procedure that 
the RMR system uses to cope with the unexpected error condition is 
as follows. The system must first detect the existence of the error 
condition. Once the error is detected, the RMR stops all movement 
of the robot arm, the hoist, and the turntable. It then turns 
control over to the operator either to correct the error or to 
complete that part of the task in the manual mode. Finally, the 
operator returns control to the computer which will recover from the 
error mode and complete the task in the programmed mode. The 
mechanisms implemented in the RMR control for error detection and 
error recovery are discussed in the following sections. 

3.2.1. Error Detection - There are three ways in which the RMR 
system can be made aware of an abnormal error condition: 1) sensory 
monitoring, 2) hard-wired interrupts, or 3) operator supervision. 
The RMR control makes use of its sensory inputs to monitor for error 
conditions. Each time an operation is executed, the control checks 
the appropriate verification switch to confirm that the operation 
was completed as expected. The RMR system also continuously 
monitors the force sensors on both the hoist and the robot arm. It 
compares these force readings against preprogrammed force 
thresholds, which change as the task changes. If the force 
threshold is exceeded, then an error condition is assumed to exist. 
If any of these sensors gives an unexpected value, then the 
supervisory computer will notify the operator of the error condition 
and prepare for manual operation and error recovery. 

The RMR system has several hard-wired interrupt lines, which 
indicate different specific error conditions. These interrupt lines 
are connected to various switches such as the pressure switch in the 
nitrogen line, which supplies pressure to operate the gripper 
functions. If the pressure falls below 60 psi, an interrupt is 
triggered. If any of these interrupts is triggered, then the system 
will warn the operator and stop all motion of the system. A couple 
of the interrupts are also connected to buttons, which the operator 
can use to intervene and stop all movement in the system. 

Finally, since the sensors and interrupts will not be able to 
recognize every possible error condition, the system relies on 
operator supervision to detect error conditions that the system 
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would otherwise miss. The operator can intervene at any time by 
pressing any of the buttons that generate an emergency interrupt to 
the supervisory computer. 

If any of the aforementioned error conditions occur, the system 
immediately stops all motion in the system and turns control over to 
the operator. The system is designed so that if the operator can 
correct the error condition, then it will always be possible to 
recover from the error and return to programmed operation. 

3.2.2. Error Recovery - Error recovery begins after the error has 
been detected and after the operator has corrected the underlying 
error that caused the problem in the first place. Error recovery 
includes the procedures that have been developed to allow the 
operator to return control of the system to the programmed mode and 
have it restart the task again at the point specified by the 
operator. The error recovery described in this paper is operator-
assisted; it is not automatic. 

The key problems in designing the error recovery procedure are the 
following. It is difficult to design the system to stop at any 
point in the operation and start again at any other point. An added 
complication is that the operator is allowed to move the system 
components to any location in the manual mode to correct the error. 
Thus, the system has to cope with moving the system components from 
an arbitrary location to the exact location required to begin the 
operation. To accomplish this automatically without operator 
assistance, it would be necessary for the system control to include 
a three-dimensional model of the robot and reactor "world." The 
control would also have to implement path planning to avoid 
collisions in the process of moving the components from one 
arbitrary point to another. 

Instead of programming a complicated world model and a path planner, 
we added a couple of restrictions to the system control to make the 
job of error recovery much more straightforward. The restrictions 
that were added were the following: first, during error recovery, 
programmed operation can restart only at the beginning or ending of 
a predefined subtask; and second, the error recovery procedure must 
be assisted by the operator who manually guides the system 
components to safe positions to avoid collisions. 

The first restriction requires that reactor maintenance tasks be 
broken down into specific subtasks. The subtasks are strategically 
chosen to be as elemental as possible so that if operation stops in 
the middle of a subtask, the operator does not have to do a 
significant amount of work in the manual mode to get back to a 
position where he can reenter the programmed mode. Thus, a typical 
subtask consists of an approach, an action, and a withdrawal. If 
the system is stopped during the approach, before the action is 
completed, then the subtask must be redone after the system has been 
returned to the programmed mode. If the system is stopped after the 
action is completed, during the withdrawal, then the subtask may be 
skipped and the programmed mode should start again at the beginning 
of the next subtask. If the system is stopped right in the middle 
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of the action (for example, just as the hoist is engaging a device 
to be picked up), then the operator has the choice about whether to 
proceed forward or back up. That is, in moving the components to 
correct the error and restart the system, the operator will have to 
decide whether it is easier to finish engaging the device in the 
manual mode or whether it is easier to back off and leave the device 
where it was. The operator's decision at this point will then 
determine whether the current subtask needs to be repeated or 
skipped. Therefore, the selection of the subtasks within a task 
will determine how easily the operator-assisted error recovery will 
proceed. If the subtasks were chosen to be too large, then the 
operator would have to do several complicated maneuvers before 
backing up or proceeding to a point where programmed operation could 
continue. 

In the error recovery procedure, the operator may choose to redo the 
previous subtask or skip to the next subtask. However, the computer 
cannot start either of these tasks given arbitrary initial positions 
of the robot arm and turntable. This is the reason for the second 
restriction that was added to the error recovery procedure. This 
restriction guarantees that the robot and the hoist will safely 
return to positions from which either the previous or next subtask 
can be started. The procedure consists of the following. First, 
the computer instructs the operator to move the system components to 
"safe" positions using the manual mode. A "safe" position for the 
hoist or the robot is defined as one in which the component is out 
and away from the reactor and can move freely. Then the operator 
returns control of the system to the supervisory computer. The 
computer automatically moves the components of the system from their 
safe positions to points called the "neutral" points. A "neutral" 
point is defined for each component for each pair of subtasks. The 
subtask is designed so that it may start operation from the neutral 
point without colliding with any other objects. Thus, after the 
error recovery procedure, either the current subtask or the next 
subtask may begin execution from the neutral point. 

In summary, the error detection and recovery procedure begins as 
soon as the error is detected. The motion in the system is 
immediately terminated. Control of the system is turned over to the 
operator, the operator uses the manual mode to attempt to correct 
the error and to place the hoist and the robot in safe locations, 
and the operator authorizes the computer to return to the programmed 
mode of control. The computer then moves the robot and hoist from 
the safe positions to the neutral positions where they are ready to 
redo the current task or proceed with the next task. The computer 
then gives the operator a menu of options. The operator may choose 
to repeat the current subtask, skip to the next subtask, or abort 
the operation. 

4.0 IMPLEMENTATION OF CONTROL MECHANISMS ON AN LSI-11/73 
MINICOMPUTER 

The ideal environment for the control mechanisms previously 
described would be a multi-tasking system that contains real-time 
support. Thus, the first choice for the kernal and programming 
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language was Micro-Power Pascal. This package contains both a 
Pascal compiler with built-in real-time support and a small custom 
configurable real-time, multi-tasking kernal. Real-time support is 
important to allow easy interface with the several sensors in the 
system and to manage the data from the sensors. Multi-tasking is 
desirable so the large task of control can be broken into several 
small, well-defined tasks. This package was also attractive because 
the robot arm and hoist control programs which were developed 
independently of the control program were written in Pascal. Unfor
tunately, because of an approaching deadline and limited manpower, 
there was not enough time to learn a new operating environment and 
its idiosyncrasies and to modify the robot arm and hoist control 
programs for the different compiler and run-time environment. 
Because of familiarity with RT-11 and some expertise with its 
internals, a choice was made to write the supervisory program to run 
under RT-11 and to interface with the existing robot arm and hoist 
control programs. 

4.1. Problems Using RT-11 

Even with the expertise with RT-11, there still were a few obstacles 
to overcome. 

o Upon delivery, RT-11 is a single user, single-tasking operating 
system. Multi-tasking is available but the system calls are 
awkward to use. 

o There are four distinct tasks that make up the control system: 
the control portion of the supervisory program, the interrupt 
service routine portion of the supervisory program, the hoist 
control program, and the robot arm control programs. The task 
that contains the interrupt service routines has to be resident 
in memory at all times to respond to interrupts. A method to 
allow any of the remaining three tasks to run at any time had to 
be developed. 

o The control system had to share a limited amount of memory. 
Regardless of the amount of installed memory available, RT-11 
basically limits the amount of memory it can use to 56K bytes. 
If all controller programs were loaded simultaneously, the total 
amount of memory required (not including the operating system or 
the supervisory program) would be over 256K bytes. 

o The supervisory program needed to give commands to and receive 
error status from the controller programs. Also, the controller 
programs needed the ability to store parameters that could be 
retained through controller program swaps and power failures to 
allow easy recovery. 

o The robot arm and hoist control programs were initially 
developed on stand-alone computers to run independently. 
Because of limited manpower, these programs had to'be used with 
few or no alterations. 
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4.2. Solutions 

The problem with RT-11's difficult multi-tasking feature was 
overcome by not using it at all. Since the task management was 
minimal, the management was included in the supervisory program. As 
each part of an operation needs to be done, the supervisory program 
starts the appropriate controller program. If an error occurs, the 
supervisory program's priority is raised and allowed to run to 
handle the exception. A communication mechanism was developed to 
allow commands to be passed to the controller programs and task 
completion status information to be returned back to the supervisory 
program. To store parameters for the controller programs, an 
abstract data type was created for both programs. This data 
structure was included with the interrupt service routine module so 
as to be available at any time, regardless if the controller program 
had been swapped out. CMOS memory with battery backup was used to 
retain information through a power failure. 

The memory limit obstacle was defeated with a swapping routine built 
into the supervisory program. Since part of the supervisory program 
is required to remain in memory at all times to respond to 
interrupts, a swapping routine was added to it to load any of the 
remaining tasks when needed. The problem could have been solved 
with overlays. This solution would have required combining all of 
the tasks into one program and then analyzing it to determine an 
overlay strategy. However, this would have required considerable 
modification of the controller programs. With the swapper routine 
resident in the supervisory program, the controller programs 
required no changes to get them to swap in and out. 

5.0 SUMMARY 

The RMR system provides the reactor operators with a tool for doing 
routine maintenance on the reactor. The control system for the RMR 
relies on sensory information to gain updated knowledge of its 
environment. It uses its sensors to anticipate and prevent possible 
errors, and if an unexpected error occurs, it relies on its sensors 
and on the human supervisor to detect the error condition. Once the 
error has been corrected, the RMR control can safely recover from 
the error and return to the programmed mode of operation. 

With these features, the system is much more tolerant to error 
conditions. Consequently, the design goals have been achieved: the 
system is easy to learn and to use, it is safe to use on the 
reactor, and it is more reliable because even if an unexpected error 
occurs, it is possible to restart the programmed operation. 
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ABSTRACT 

Reading outline of presentation given at the Fast Burst 
Reactor Workshop Banquet. The visual accompaniment is 
not included. 

1.0 INTRODUCTION 

Two noteworthy events have nicely coincided at this meeting: the 
official recognition of Lady Godiva as an ANS Nuclear Historic 
Landmark and the rescue of the Smithsonian Lady Godiva Replica from 
an unbecoming end. The Godiva Replica is now on its way to the 
National Atomic Museum here in Albuquerque where, with luck and hard 
work, it will become the centerpiece of a demonstration/display 
designed to show nuclear energy in all of its — I should say facets, 
but I will say - glory. 

It is my purpose this evening to outline the unique characteristics 
of Lady Godiva for such a museum display under the title "Pursuing 
Public and Professional Perception of Nuclear Energy with the 
Smithsonian Lady Godiva Replica and Demonstration/Display." 

2.0 LADY GODIVA AND THE PERCEPTION OF NUCLEAR ENERGY 

2.1 Aston's Mass Spectrometer at the University of Chicago 

A beautifully crafted instrument: important for the advancement of 
our knowledge of the nature of matter. As a potential display 
piece, however, it is visually encumbered and operationally 
complicated: sources, slits, electric and magnetic fields etc. 

Nuclear isotopes: their significance is subtle and without obvious 
impact in the real world. 

2*2 Lady Godiva; A Unique Artifact of Science 

The Device that first brought the fast-neutron fission chain and all 
of its varied behavior into the laboratory 

A milestone of science! 
• (No physicist would agree that Godiva was in the same league with 
Aston's mass spectrometer, but physicists are not the whole world 
even if they have done as much as anyone to remake it.) 
I moan iqiJestones of science as perceived by the public. 

-249-



• In this sense, I would suggest that the neutron fission chain, as 
a natural phenomenon uncovered by science, has become embedded in 
the public mind — where it is known as nuclear energy — more 
deeply than any other achievement of physical science since 
relativity at the turn of the century. 

(You are looking at a bronze sculpture of Einstein, the only 
monument on the grounds of the National Science Foundation in 
Washington.) 

Lady Godiva is a laboratory device which can exhibit the fascinating 
behavior of the neutron fission chain with visual elegance and 
classic simplicity. It is also rich with historic significance. 

• It doesn't look like the usual gadget of science: levers, lights 
and gauges on the outside, nuts, bolts and connections on the 
inside. No artificial environment is involved — no vacuum, inert 
atmosphere, screens or shields. It is nothing but 110 pounds of 
uranium metal setting out in the world like the rest of us. 

The rest of us is the public: the curious, the concerned, and even 
the professionals of nuclear technology. 

• What, and how, do they think about nuclear energy? This question 
is necessary if a Godiva display is to be more than a tinker toy 
with sound. 

2.3 The Question of Public and Professional Perception of Nuclear 
Energy 

There is a broth of opinion regarding public perception of nuclear 
energy — what it is, and how to deal with it. 
Let me call out two examples: 

• Reston Symposium in 1981: a highbrow, multi-discipline meeting 
sponsored by a perplexed federal agency called FEMA, the Federal 
Emergency Management Agency. These are the people who are there 
in a disaster — the good guys. The Nuclear Regulatory Commission 
had just dumped on this unsuspecting agency one of their leading 
headaches: radiation control in an emergency. 

— The one participating journalist called the Symposium a 3-day 
mystery story. 

— As the lucky one asked to organize a controversial Session on 
Public Information and Training, I had to brave the negative 
views of some, including an important past mentor at Los Alamos, 
regarding the wisdom of combining nuclear power and nuclear 
attack emergencies in the same gathering. Yet it was a natural 
connection for FEMA, and also for the National Council on 
Radiation Protection which sponsored the meeting. 
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• NRC and the nuclear power industry: a too-common approach is 
"We're OK, you're OK!" 

— You can see results of this approach at the NRC Document Room in 
Washington. In a bulging file, a letter from a 3rd grade school 
teacher near Harrisburg, Pa. reveals in the hasty handwriting 
her anger and frustration during the TMI radiation scare. "What 
should I tell the children?" she asks. "After all, a meltdown 
is forever." 

A Godiva display — precisely because it can embrace so much of what 
nuclear energy is, and how it got that way — needs a consistent 
viewpoint and purpose. 

2.4 Notions of Public Perception Among Lady Godiva Replicators 

The view of public perception that guided the Godiva replicators 
remains valid, I believe. They have held up in my experience. From 
organizing Open Houses at Los Alamos, to working tough crowds at two 
New Mexico State Fairs, on through to Ralph Nader at a radiation 
effects Symposium at NIH, and especially the Reston Symposium which 
was a comedy of cross talk, not much has changed. 

Here are the perceptions which motivated the developers of the 
Godiva display, unvarnished and without any of the qualifications 
which might be necessary to defend them: 

In the Public Mind, 

o Nuclear energy is a creation of science — remote and incomprehen
sible 

o Nuclear radiation is unnatural 
(like tofu and papaya juice, or for those who must be serious, 
like leprosy or poison gas) 

o Nuclear energy is never really disassociated from nuclear weapons 
(recall connection of weapons fallout and reactor containment 
failure) 

o Taking chances is judged largely by familiarity. 

The belief that Lady Godiva offers unmatched capabilities to engage 
an audience and widen its perceptions of nuclear energy stands or 
falls on the validity of the third item — that the peaceful and 
violent facets of nuclear energy are embedded together in the public 
mind — and deeply so. 

Resisting this fact of life by making technical distinctions only 
invites suspicion. (What would any of us think of someone who 
harped on the difference between the flame of a candle and the 
flames of a forest fire?) 
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2.5 The Neutron Fission Chain: Complete Embodiment of Nuclear 
Energy 

Whatever public perception has become, in fact, I believe it is too 
late to change it. It can only be enlarged upon. I would submit 
that the game, now, is perspective and engagement. And one 
attractive way to play the engagement game is to use the neutron 
fission chain itself. And I do mean a game: something with inherent 
fascination and interest. Certainly not a soft pitch for nuclear 
energy — I used to talk that way. 

The neutron fission chain is a tangible and comprehensive focus for 
exhibiting all of the elegance and ambiguities of nuclear energy. 
It is simple in fact and it is simple to imagine — just right for 
the casual viewer. Yet, it has underlying subtleties which can 
challenge the more curious and will even hold the attention of 
sophisticated professionals. 

3.0 THE LADY GODIVA REPLICA AND DEMONSTRATION/DISPLAY 

3.1 The Foucault Pendulum at the Smithsonian 

Thece was, and is another elegant and subtle device of science at 
the Smithsonian: The Foucault Pendulum. It never fails to draw a 
crov'cl by its simple visual attraction coupled with its challenge to 
our perception of a whirling earth. People watch it like a campfire 
.̂'hile trying to explain it to their companions. 

It is not nearly as easy to explain as the neutron fission chain in 
Lady Godiva, which sat in grand isolation right around the corner 
from the giant pendulum. The difference was that the fascinating 
realities of Godiva could not be displayed or demonstrated at the 
Smithsonian. 

I would note with some hope in this regard that the National Atomic 
Museum here in Albuquerque labels itself as "Free, Factual and 
Fascinating." Just the ticket for a revival of the Godiva 
Demonstration/Display. 

3.2 Nuclear Radiation from the Replica's Natural Uranium Sphere 

The realities of Godiva begin with the nuclear radiations from its 
natural uranium sphere: Alpha particles come out a finger's length 
before being absorbed in air; beta particles come out about an arm's 
length, and the gamma rays reach the viewer. He is engaged. Can he 
be fascinated? 

Perhaps, because the Godiva sphere also emits about 1000 neutrons 
every second from spontaneous fission in natural uranium. [This is 
many more, by the way, than come the from the uranium-235 of the 
real Lady Godiva, a fact that can be exploited in a good display 
narrative.] 
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Thus, even in the replica the neutron fission chain exists, and not 
trivially either. One spontaneous fission in six born in the 
natural uranium sphere leads to a short neutron fission chain. Most 
are only 2 or 3 fissions long, but once every second there is a 
chain that is 6 fissions long. 

If the burst reactor professionals in the audience are not impressed 
by this nascent show of nuclear energy in the Godiva museum piece, 
let me tell you, or remind you, that in the real Godiva at delayed 
or prompt critical, 60% of the neutron fission chains are fewer than 
4 fissions long! 

3.3 Refined Image of the Neutron Fission Chain 

Of course, it is the fully developed fission chain and the 
prodigious energy generation associated with it that must be the 
focus of a Godiva display. 

In simple natural steps the Lady Godiva demonstration/display 
represents 
--the curious features of the neutron fission chain when it is not 

self-sustaining (e.g. Godiva is devoid of neutrons 99% of the 
time when average chains are 100 fissions long) 

—the peaceful behavior at delayed critical when the neutron 
fission chain is self-sustaining and controllable — the boon of 
nuclear power 

—the violent multiplication of a single neutron fission chain 
which ended a great war and changed the face of world politics. 

Here is a short segment of the narration that accompanied the 
original demonstration of delayed critical: 

"The simple act of bringing 107 pounds of uranium-235 to a 
near-spherical shape allows myriads of short neutron-fission-
chains to form within the material, each one lasting but an 
instant. The mere existence of this configuration of uranium 
spawns these chains which together yield about ten thousand 
fissions per second. These brief flashes of nuclear energy 
would continue indefinitely. 

To multiply this trifling production of energy, one need only 
add 3 more pounds of uranium-235 to the sphere. Now the 
neutron-fission-chains may increase in length and number until 
after a few minutes the heat generated expands the uranium metal 
sufficiently to prevent further chain growth. The delicate 
neutronic balance achieved, called "delayed critical", would 
occur with the reactor generating about two hundred watts of 
heat energy (equivalent to two common light bulbs). If left 
entirely alone, Godiva would still be generating one hundred 
watts of energy 4000 years later, and in that time would have 
depleted less than 1% of the available nuclear energy in the 
uranium." 
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3.4 Abundance of Anecdotal History 

Every good museum display should have stories behind it. The lore 
of Godiva is extensive. Just one story this evening: 

The idea of building Godiva at all in 1950 was a matter of some 
reluctance because of its sensitivity to its surroundings. The 
subsequent proposal, however, to take the device into the prompt 
critical realm, where there are no mechanical methods of shutdown, 
was not everyone's notion of the way to go with an already sensitive 
reactor. (Richard Feynman had earlier called such investigations 
"tickling the dragon's tail.") 

In addition, the theoretician of neutron fission chain behavior at 
the time did not feel there was that much to be learned. One man, 
the leader of the Critical Assemblies Group, Hugh Paxton, with the 
intuition of the experimentalist, took the responsibility of saying 
let's have a look anyway. 

The difference of opinion regarding the building of Godiva in the 
first place showed similar predilections. Edward Teller, the famous 
theoretical physicist, was against it in spite of his reputation for 
aggressive innovation; Hans Bethe, on the other hand, a sober 
laboratory physicist of many talents, thought it was a worthwhile 
project. 

3.5 Display Options 

Casual vs in-depth presentations; history and tales vs neutron 
fission chain behavior and nuclear technology 

The elegance, the realities, and the historic background of Lady 
Godiva combine well for another purpose. Museum visitors come with 
broad interests and available time. They may be off-the-street 
clock watchers looking for a gee whiz diversion, or they may be 
specialized groups, students, or professionals, brimming with time 
and curiosity. 
Whatever, I believe the Lady from the kivas of Pajarito Canyon can 
satisfy them all. I am sure she can do so if, as originally 
intended, alternative, well-thought-out visuals and narration become 
a part of the exhibit. 

I have mentioned that the gamma rays and the neutrons in the replica 
are real. Thus, even the casual viewer has something to think 
about. And every viewer is invited to think of the inevitability of 
having to deal with nuclear energy when they hear the clack of the 
simulated neutron counter representing the flash of a prompt neutron 
fission chain — a given of nature. 

For others who have time to be intrigued there are matters like 
prompt burst delay to be taken up. A remarkable story goes with 
this arresting behavior of the device. 
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It was known when the Godiva prompt burst program began that fission 
chain lengths fluctuated wildly near critical. However, the signifi
cance of these fluctuations for Godiva when a delayed neutron source 
is absent was underestimated. It was a surprise at the time, and it 
is a wonder still, to assemble Godiva to prompt critical and then 
wait for nature to play an extraordinary game of chance for as long 
as a few seconds before hearing the crack of a single neutron fission 
chain that lasts less than 1 thousandth of a second. This single 
chain, beginning with one neutron-induced fission, develops a peak 
energy generation rate greater than the electrical power consumed in 
any one of the United States except New York or California. 

For professionals of technology, like you here at this meeting, there 
is much else to tell about basic reactor physics measurements, and 
about the irradiation of mice, monkeys and two burros, of silicon and 
sidewinders, and of a burst that never happened because a customer 
casually retracted his sample by remote control when the burst rod 
went in. And of course, there is the burst that ended Godiva's 
useful life, also because something moved. What moved was an 
experiment held together with duct tape, the modern fastener of 
choice for physicists in a hurry. It is worth remembering that even 
in 1957 the switchboard at Los Alamos was jammed when the accident 
was announced. The calls included one from the San Francisco 
Examiner asking, "How big was the mushroom cloud?" 

Let me wind down, now, by reminding you that Lady Godiva of Coventry 
was a crusader for tax reduction in the 11th century and today is a 
namesake for fashionable chocolates. A broad career! My purpose 
this evening has been to show that the opportunities for exhibiting 
the Lady of nuclear energy are equally wide open. At the same time, 
I believe the display challenge for this brand new "ANS Nuclear 
Historic Landmark" remains what it was in the beginning: to pursue 
public and professional perception of nuclear energy by telling a 
good story. 

At heart, perhaps, I'm just an old-fashioned sideshow hustler. 

4.0 Images 

As such, one is sometimes in places like this: 
(Slide: Open House at Pajarito Site in Los Alamos) 

One really likes to see this: 
(Slide: Children gathered around Pinocchio, the neutron 

fission chain simulator also destined for the 
National Atomic Museum) 

And sometimes one catches people like this: 
(Slide: Sen. Humphrey at Pinocchio) 
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It really all started with Tennyson, of course: 

Lady Godiva 

Then she rode forth, clothed on with chastity. 
The deep air listened round her as she rode, 
And all the low wind hardly breathed for fear. 
The little wide-mouthed heads upon the spout 
Had cunning eyes to see; the barking cur 
Made her cheeks flame; her palfreys foot-fall shot 
Light horrors thro' her pulse. . . 
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