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This research demonstrates the feasibil
ity of using homogeneously-generated fission 
fragments to simulate hlgh-fluence fusion 
neutron damage in niobium tensile specimens. 
This technique makes it possible to measure 
radiation effects on bulk mechanical prop
erties at. high damage states, using conven
iently short irradiation times. The primary 
knock-on spectrum for a fusion reactor is 
very similar to that produced by fission 
fragments, and nearly the same ratio of gas 
atoms to displaced atoms is produced in 
niobium. He compare the damage from fission 
fragments to that from.fusion neutrons and 
fission reactor neutrons in terms of exper
imentally measured yield strength increase, 
transmission electron microscopy (TEH) obser
vations, and calculated damage energies. 
INTRODUCTION 

It 1s generally recognized that the eco
nomic, as weM as the technological, feasi
bility of Dower producing fusion reactors 
will depend strongly on the properties and 
lifetimes of the first-wall material. In 
particular, designers of CTR's need to know 
the bulk mechanical properties of candidate 
first-wall refractory materials subjected 
to high fluences (10 2 1-10 2 2 n/cm2} of DT 
fusion neutrons. 

The present Rotating Target Neutron Source 
(RTHS-IJ at tte Lawrence Livermore Laboratory 
is capable of producing a practical maximum 
DT fusion neutron fluence of ohout 10 
n/cm . The University of California-Davis 
Isochronous Cyclotron appears to be capable 
of a comparable or somewhat larger fluence 

of Be(O.n) neutrons, and is currently being 
utt1i2ed for radiation damage studies. The 
higher flux fusion neutron sources, such as 
RTNS-II and the Intense Neutron Source (INS), 
as well as the Li{D,n) stripping source, are 
not yet operating. It will be several years 
before they are built and operated for vimes 
long enough to obtain the highest fluences 
of interest. 

In the face of these neutron source limi
tations, efforts are currently being made to 
simulate fusion neutron radiation damage 
effects with conventional fission reactor 
and high-energy ion irradiations. Fission 
reactor irradiations are capable of produc
ing high neutron fluences, but their energy 
spectra are quite different from that cal
culated for a fusion reactor.* ' Recent 
research* ' indicates that the atom dis
placement damage effects produced by fission 
reactor neutrons are different in several 
respects from those produced by fusion neu
trons. In particular, radiation strengthen
ing appears to bo only about half as large 
for fission reactor neutrons on the basis of 
equal damage energy. TEM observations of 
copper samples irradiated with fusion and 
fission-reactor neutrons, respectively, 
reveal damage structures which cons^t of 
the same kinds of primary structural defects, 
i.e., vacancy and interstitial point defect 
clusters, and small Frank and prismatic dis
location loops, but the number-densities, 
size, and spatial distributions of the 
defects are significantly different. 
Multiple clusters of defects are found in 



the fusion neutron irradiations but 
not in the fission reactor 
neutron irradiations. Also, the lattice 
parameter changes^ ' in Mo are about a fac
tor of four larger for fusion neutrons than 
for fission reactor neutrons at the same 
damage energy. These observed differences 
make one reluctant to extrapolate fission 
reactor neutron effects to the fusion reac
tor case at our present level of under
standing. 

In addition to these differences in dis
placement effects, fission reactor neutrons, 
except in materials containing large amounts 
of nickeP , are unable to simulate gener
ation of helium in amounts produced by (n,a) 
reactions in the fusion reactor environment. 
Thus, the synergistic effects of the two 
major components of fusion neutron damage 
cannot be adequately simulated In refractory 
metals by fission reactor neutron irradia
tions. 

The use of bombardments by high-energy 
ions to generate bulk mechanical property 
data for CTR simulation also suffers from 
some serious problems. Chief among these 
are the followinc- (1) it is difficult to 
produce uniform damage in specimens thick 
enough for determination of bulk mechanical 
properties; (2) simultaneous generation of 
helium and displacement damage is not simu
lated by ion bombardment unless a second 
accelerator is used to inject helium ions; 
(3) the method is not amenable to the bom
bardment of large numbers of samples at 
once; (4) it is difficult to remove heat and 
control temperature; and (5) the necessarily 
thin samples are very fragile and difficult 
to nandle. 

The limitations of these alternative tech
niques have led us to seek a better method 
for obtaining the needed information, and 
the internally-generated fission fragment 
approach seems very promising. 

DESCRIPTION OF THE METHOD =j „ 
In this technique, U 1s alloyed with 

the metal to be damaged, and tensile speci
mens are fabricated from the alloy. The 
specimens are Irradiated with thermal neu
trons to cause fissions. The recoiling fis
sion fragments produce randomly-distributed 
damage cascades throughout the specimens. 
The specimens are then tensile tested, gamma 
ray counted directly for dosimetry, and exam
ined by TEH. The radiation damage effects 
at low doses are to be correlated with fus
ion neutron effects. The fusion neutron 
effects will then be extrapolated to the 
higher close regime made accessible by the 
fission fragments. 
THEORY 
Fusion Reactor Neutron Damage 

The neutron spectrum at the first-wall of 
a D-T fusion reactor consists of a 14 MeV 
component from the plasma, which amounts to 
about 12% of the total, and a lower energy 
continuum backscattered from the blanket sur
rounding the plasma. These neutrons will 
interact with nuclei of the first wall to 
produce primary knock-on atoms (PKA's). The 
energy spectrum of the PKA's has *een calcu
lated for Nb by Logan, et al*7* for * typi
cal fusion reactor design, and is shown in 
Figure 1; note that the spectrum ranges up 
to hundreds of keV. In fission reactjrs, on 
the other hand, there are (typically) few 
PKA's above a few tens of keV in materials 
of medium atomic mass. A pure fission spec
trum, which is harder than a fission reactor 
spectrum, is shown in Figure 1 for comparison 
(The scale 1s adjusted to make the curves 
coincide at low energies.) The higher 
recoil energy in the fusion reactor results 
from two factors: Firrt, the neutron has 
higher kinetic energy to start with and, 
second, high energy neutrons often interact 



by non-elastic procures, such as inelastic 
scatterfng, (n,?nj, {n.O, and (n,p) reac
tions. At high neutron pf>ergfes, elastic 
scattering produces lower energy recoils, 
on the average, than non-clastic processes. 

The PKA's lose energy by interacting with 
electrons and the nuclei of other atons in 
the material. In metals, the interaction 
with electrons does not produce any surviv
ing damage, but interaction with other 
nuclei produces atomic displacements which 
can survive as radiation damage. About 70S 
of the energy of a 100 keV PKA fn fJb goes 
fnto producing atonic displacements. Fig
ure 2 shows the fraction of displacements 
produced by recoils of less than a given 
energy. Because of the high energy of the 
PKA's produced by fusion neutrons, the dis
placements form in large cascades, which 
arc often made up of several subcascades. 
Evidence from transmission electron micro
scopy (TEM)' * 3' and computer modeling'8' 
indicates that these subcascades spontan
eously collapse to form clusters and multi
ple clusters of defects in Au, Nb, and Fe. 

In addition to displacement damage, the 
high-energy neutron component Mill also gen
erate large quantities of helium. The 
resulting concentrations can be two or three 
orders of magnitude greater than that pro
duced by fission reactor neutrons of the 
same flucnce. 
Fission fragment Damage 

Hben a I! nucleus undergoes thermal 
neutron fission, it produces two fission 
fragments (ternary fission occurs less than 
one time in 10 events). It also produces, 
on the average, about 2.4 prompt neutrons 
and 7.5 prompt ganma rays. The fission 
fragments have ? range of masses and eti?r-
gies, but can be divided roughly into two 
groups. The heavier fragments have an aver
age atomic mass of 139 and an average energy 
of 70 HeV. The lighter fragments have an 

average a tori (c mass of 9& and an average 
energy of 100 KeV. 

When released in solid cnetaH. fission 
fragments have ranges on the order of a few 
micrometres. At the beginning of their 
paths, the fregments lose energy primarily 
to electrons. At the end of their paths 
(when the energy is below about 1 KcV for 
fib), collisions with nuclei of other atom* 
in the crystal become the dominant process, 
and atomic displacements *re the rosull. 
The amount of energy per fission which goes 
into producing displacements (damage energy) 
can be estimated with the LS5 theory/ 9' 
We have done this fn two ways: i'frst by con
sider inn the entire distribution of fission 
fragments, and second by treating them as 
two discrete groups as described above, 
for both cases, we obtained a damage energy 
of 6.84 KeV/fUsion. 

We have also calculated the PKA spectrum 
for fission fragments in Kb, and this is 
compared with the others in Fig. 1. It can 
be seen that the fission fragment; give a 
closer simulation of the fusion reactor 
spectrum than do the fission neutrons, at 
least in the energy range shown. However, 
ft must be noted that the fission fragments 
are capable of producing recoils of ener
gies up to about 100 KeV, and these are not 
shown on Fig. 1. The significance of these 
higher energy recoils can be estimated from 
Fig. 2, where it can be scan that only 
about IS of the displacements are caused by 
PKA's of energies greater than 10 KeV, 
whereas about 84" are produced by PKA's of 
energies less than 1 HeV. This Is a con
sequence of the fart that higher energy PKA's 
lose energy primarily to electrons, as men
tioned ahove. It is thus seen that although 
a few recoils of much higher energy are pre
sent with fission fragments, their contri
bution to atomic displacements 1s small. 
One goal of the TEH work (to be described 



below) was to sec If any differences could be 
observed in the character of the da~tag? pro
duced «s a result of these higher enttri)/ 
PKA's, and, as will be seen, rone were 
observed. 

An Important aspect of fission fra<j--ent 
damage is that ft 'introduces two Impurity 
•tons into the -ruerial for each fission 
wh*Ch occurs. About 25* of the fissions 
produce gas atoes* principally Xc and Kr. 
Fortuitously, the nur-bcr of gas atcrss intro
duced per £*onlc displacement using fission 
fragments is comparable to the nuxber of 
the atoms produced by (n,a) reactions per 
unit of damage energy when Nb Is bombarded 
by a fusion reactor neutron spectrun. (The 
fission frogscnt technique produces one gas 
atom per 27,4 KcV of dacjge energy. A pure 
DT fusion neutron spectrin produces one He 
atttt per 28.€ KcV of dixage energy, assuming 
a He production cross section of 10 rbarns. 
The value for a fusion reactor spectrum will 
depend on blanket desic,n.) It should be 
noted, however, that although Xc and f.r are 
noble gases and rill have the saae chestlcal 
behavior as He, they nay not interact in the 
same way with other defects because of the 
S 1 K difference. 
CKftRlKEHTS 

In order to test the performance of this 
simulation technique, we carried out sc*e 
preliminary experiments using available 
materials .»nd enuip-ent. An alloy with the 
composition fib* 1.1 at. ' U was cade from 
niobium of about 99.3° purity and oralloy 
(U enriched to M.' ? 3 5 U ) . The alloy was 
canned in tantalim shett and hot-rolled into 
a strip. Oil diffusion pumped vacuum sys
tems were used because of the desire to 
avoid U contamination of vac-ion punped 
systems. Six fUt tensile specimens were 
•achined from th«» strip. The dimensions of 
the gage sections were nominally 2.4 x 0.51 

x J.71 rp long. After nathintrrj, the speci
mens were annealed for ) hour at 1300"C. In 
a vacuun of I.J nPa (10* torr). Optical 
microscopy showed that the grain* were 
elongated parallel to the long axis of the 
gage sections* and (hat there were a large 
number of grains in Che cross section. A 
few snail inclusions «re observed. Elec
tron eilcroprobe analysts tnd':tted that the 
U was uniformly distributed In the nitrU, 
as predicted by the phase diagram. 

One of thy specimens was tested fn the 
unirradiated condition, and exhibited para
bolic yield behavior at a stress of 170 MPa 
(2S.O0O psl) (0.2: offset). The ultimate 
tensile strength was 280 MPa (40,000 psi) 
and the uniform elongation was ?1.. Ductile 
failure was observed. (This behavior is 
comparable to that of Nb-IZr* 1 0*). 

The other five spec loans were irradiated 
to different themal neutron flwcnces in the 
graphite west thermal col inn of the Liver-
nore Pool Type Reactor (LPTfl). The speci
mens were encapsulated in specially-
designed flat Al capsules and held in good 
thermal contact to the graphite, the temper
ature of which did not exceed H0*C. 

The doses in terns of the number of fis
sions per gram of specimen were determined 
by gamma ray counting the specimens them
selves, correcting for decay and self-
absorption, and applying a fission yield of 
6.S" to the 2r observed. The results were 
in good agreement when other major fission 
products were used. The doses in terms of 
the number of fissions per gram arc esti
mated to have an overall uncertainty of 
*1M. 

The damage energy per atom was calculated 
for each specimen using these results and 
the calcuiated damage energy per fission dis
cussed above. These results arc subject *o 
the uncertainties inherent in the use of the 



LSS electronic Hopping theory* ' at high 
energies. 

The spcttaons Ki>rc allowed to decay (In 
some cases Tor several rronths) and were then 
tensile tested, using gloved hands, a 
specially-designed jig to minimize deforni-
tion during handling, «nd an Instron ruch-
Inc. The crosshead speed for all tests was 
.OS rn/oln, and the temperature was about 
?S*C. The crosshead Rovcnenl was used as 
the SArcplc extension. The results arc 
Shown in Figs. 3 and 4. fig."3 also shows 
previously reported data for "punr" Kb 
spectrins irradiated witn OT fusion neutrons 
and fission reactor neutrons. The diraage 
energies for these specimens were calculated 
on the sane basis. 

T(H observations were made on thin foils 
prepared frc-n ihe tabs at the ends of Ihc 
speclncns. fig. $ is a photomicrograph 
from the specimen which received a damage 
energy of 0.38 eV/atom. It was determined 
by stereo and 2-1/2-D* ' techniques that the 
general character of the damage (I.e., 
vacancy and interstitial loops) was the sane 
as that previously observed in OT fusion 
neutron damaged Hb. ' No new types of 
defects were observed. 

Alloys of If with V, Ho, and stainless 
steel were prepared and examined by e'ectron 
•icroprobe to treasure th? amount of U dis
solved. V dissolved about 0.7 at. S, Ho 
dissolved about 0.9 at, <, and stainless 
steel dissolved «J very small amount. 
DISCUSSION 

It can be seen in Fig. 3 that the func
tional dependence of the increase in yield 
strength with displacenent ttenage energy is 
similar for fission reactor neutrons, DT 
fusion neutrons, and fission fragments. It 
is also apparent that the fission fragment 
approach achieved a ouch higher damage 
energy than the others. (For comparison. 

tne highest fusion neutron point required 60 
hours of RTNS use. while the highest fission 
fragrant point required about 80 hours In 
the IPTR thermal column. Positions closer 
to the IPTR core would give a still nore 
striking difference in damage rate.) 

fig. 3 indicates that the yield strength 
increase is saturating at the highest damage 
state. Since this state corresponds to 
about 0.2 displacements per atom. It Is prob
able that overlap of the cascades resulting 
in reduced effectiveness of the dislocation 
barriers formed by the damage 1s the explan
ation for this. 

It Is apparent also fro* Fig. 3 that the 
increase in yield strength 1s not a unique 
function of damage energy fur the three 
types of irradiation. This could be due to 
the uncertainties in damage energy calcula
tion, differences In sample material, or to 
fundamental differences In distribution of 
damage clusters. As noted above, the damage 
energy was calculated In the same way for 
all the specimens, so relative errors should 
be Minimized. As for sample differences, 
the fission fragment samples certainly con
tained more impurities, and the effect of 
these should be to Increase the radiation 
strengthening 1n this material over the 
others, according to Loomis aid Gcrber. ' 
which would tend to rove the curves closer 
together. It therefore seems that the 
eiplanation must lie in the distribution 
of the damage clusters. It was not possible 
to do a detailed analysis of this because 
of the nature of the samples and the time 
available. An accurate correlation must 
wait for such work to be performed. How
ever, an empirical correlation can be 
obtained by simply sliding the fission frag
ment curve over to the fusion neutron curve. 
On this basis, one might expect to see 



saturation effects at a fusion neutron 
flucnce of about 10 n/cm . 

fig. 4 shows the drastic reduction in 
ductility whi„h occurred with fission 
fragment damage, as well as the simultaneous 
Increase in ultimate strength. In essence, 
the yield strength rose until It coincided 
with the ultimate strength at the highest 
dose, and reduced the uniform elongation to 
zero- Data of this type are not available 
for fusion neutrons, because the doses 
achieved thus far are too small. However, 
an empirical correlation based on the yield 
strength data indicates the behavior to be 
expected. The implications for ductility 
of a fusion reactor wall made from Nb 
could be quite serious. Elevated temperature 
fission fragment irradiations would be 
required to observe the effects under 
proposed operating conditions. However, it 
1s worth emphasizing that our results at 
about 80°C yield a zero value of uniform 
elongation at a dose of only about 0.2 dna. 

As mentioned above, the TEH results 
showed similar damage character for fission 
fragments and fusion neutrc-iis in niobium. 
This situation seems to be true also in 
gold: A comparison of the TEM observations 
of Chaddertcn and Torrens' ' of fission 
fragment damage to those of Merkle with OT 
fusion neutron damage, both in gold, shows 
nearly identical cluster size distributions 
and average sizes, and both clearly show 
multiple clusters. 

The nicroprobe results with V, Ho, and 
stainless steel Indicate that the dissolved 
235 

V approach may be useful for the first 
two. A powder metallurgy approach may work 
for the third. 
CONCLUSIONS 

1. Internal fission fracrent bombardment 
offers many advantages for simulating high-
fluence neutron effects iif niobium, and 

possibly vanadium, molybdenum, and stain
less steel: 

a. High damage rate (10 dpa in 170 
hours at a thermal neutron flux 
of 2 x 1 0 1 3 n/cm2 sec) 

b. Uniform irradiation 
c. Thick samples 
d. Similar PKA spectrum and damage 

structures 
e. Simultaneous gas production in 

proper amounts 
f. Simple, accurate dosimetry 
g. Only available technique which 

combines a through f for 
refractory metals, and does it 
coit-effectlvely 

2. There are still some questions to 
be answered: 
a. How will Xe and Kr behave as 

compared to He? 
b. Are the damage structures 

similar enough that a valid 
"first principles" correlation 
can b* made? 

3. The technique holds sufficient 
promise that further work is called 
for. 
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FIGURE .1 . Primary Recoil Spectrjro in 
fcdobium for Three Types of I r radiat ion 
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FIGURE ?• The Fraction of Atomic Displace
ments Pfcduced by Recoils tf Less Than a 
Given Energy for Three Types of irradiation 
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FIGURE 3. Comparison of Radiation 
StronfCIien'ing of Niobium by Fission 
Reactor and Fusion Neutrons, {MttcheU, et 
alt 5)) to »tr&np. .ienlng by Fission 
Fragments 

/.' 

sf- <•; 

* " w°'"r- • - ' • • * — - * 

FIGURE 5. Dark Ffel<t Transmission Electron 
Micrograph Showing Uniformly Distributed 
Point Defect Clusters JWhlte Spots) Produced 
by Fission Fragment Irradiation of Nb-1.1 
«t .! 2 3 5 U to a Damage Energy of 0.3B eV/ 
At<». I • [001], g • [220]. 
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FIGURE 4. Effect of rissior Fragments on 
Ductility ami UltlMte tensile Strength 


