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High purity copper foils were irradiated with 14.8-MeV neutrons from 
the rotating target neutron source facility at LLL. The average energy 
of the neutrons was 14.75 * 0.1 HeV, and the average fluence was 

l fi ? 7.0 " 10 n/cm . After irradiation each foil was heated to the melting 
point and the released helium was measured by a mass spectrometer of spe
cial design. Isochronal heating was carried out on several samples to 
establish the type and temperature of maximum release. Calculated cross 
sections from the literature for the (r.,x) and (-.,n'a) nuclear reactions 
were used, and the predicted amount of helium was consistently about 0.5 
of that actually measured. Because there is very little data on helium 
generation in netals irradiated with high energy neutrons, tliese results 
are important and will be related to potential CTR materials. 

This work was performed under the auspices of the U.S. Energy 
Research & Development Administration, under contract No. W-7405-Eng-48. 
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INTRODUCTION 

Because helium atoms are not very soluble in metals and a l l oys , 
they tend to form bubbles as the temperature increases. These bubbles 
play an important ro le in such destruct ive processes as void-swel l ing 
and embritt lement of materials subjected to neutron i r r a d i a t i o n . Numer
ous studies have deal t with the d i f f us ion of helium as a funct ion of 
temperature. However, the e f fec t o f vo id -swe l l ing , embrit t lement, and 
re la ted phenomena cannot be completely understood u n t i l the amount of 
helium produced fo r a known neutron fluence can be predicted. 

2 
Recent information about helium production at the low neutron 

energies (1 to 3 MeV) charac ter is t i c of f i s s i on reactors emphasizes the 
need fo r the same data at higher energies. Unfortunately, very l i t t l e 

data is avai lab le on helium generation in mater ial exposed to T1.8-HeV 
neutron bombardment. There are ind icat ions that helium generation in 
cer ta in metals during th i s high energy bombardment can be 1000 times 
greater than that observed in f i s s i on i r r a d i a t i o n . 

The atomic f rac t ion of helium produced during neutron damage is 
re lated to neutron energy through the to ta l cross section of the various 
nuclear reactions according to the re la t ion 

H e ( a t . f rac t ion ) = V ' 

where 4 is the neutron fluence (n/cm ) and CTT is the sum of all cross 
sections of neutron reactions that generate helium, such as (n,r<) and 
(n,n'a)> times their respective isotopic fraction. For a given fluence, 
the helium content is proportional to the total cross section a_. By 
measuring the helium content and the neutron fluence, the total cross 
section can be calculated and compared with values measured by activation 
techniques or computed from theoretical data. In some metals the helium 
content can be precisely determined by counting those radioactive species 
produced along with the helium. This method is not applicable when 
nuclear reactions produce only stable isotopes. 
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In such cases, direct mass spectrometric measurements of the amount 
of helium resulting from 14-MeV neutron bombardment would be useful. 
Copper, because of its well-characterized physical properties, was chosen 
for this preliminary study in which we developed equipment and procedures. 
Subsequent to this study, helium generation in refractory metals such as 
niobium, vanadium and molybdenum are planned. 

EXPERIMENTAL METHODS 

Disks, 12.7 mm in diameter and 0.05 mm th i ck , were cut from Marz 
grade copper f o i l s . These samples were ca re fu l l y cleaned w i th methyl 
alcohol before loading in to the target holder o f the ro ta t ing ta rget 
neutron source (RTNS) at ILL. The i r r a d i a t i o n procedure and beam char
a c t e r i s t i c s are reported elsewhere. A f te r i r r a d i a t i o n , the samples were 
gamma-ray counted to determine the amount of Co produced from the Cu 

(n,a) Co react ion. The amount of helium was measured by heeting each 
4 

disk to the melt ing point i n a spec ia l l y designed mass spectrometer. 
This low-reso lu t ion, h igh -sens i t i v i t y mass spectrometer can reach pres-

-9 10 
sures lower than 0.13 yPa (10 Torr) and detect as f tw as 10 atoms of 
helium. To maximize the amount o f information gained from th is study, 
e i ther an isochronal or an isothermal mode of heating was used p r i o r to 
the f i n a l mel t ing o f the sample. The samples were held at the mel t ing 
point fo r a period of time (-15 min) s u f f i c i e n t to release a l l the helium. 
Several uni r radiated disks were run to es tab l ish that the background 
level o f helium was neg l ig ib le . 

RESULTS 

The amount of helium varied from 1.8 • 10 to 5.5 x lo atoms, 
more than enough to accurately measure the cross section. Five copper 
disks were irradiated simultaneously and had an average fluence of 
7.0 x 10 n/cm . Another copper sample was irradiated to a fluence of 
1.08 x 1 0 1 7 n/cm2. 
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Figures 1 and 2 show tyoical isochronal and isothermal release of 
helium from copper. The helium is tenaciously held within the solid 
until nearly 0.5 of the melting temperature is reached (Fig. 1). The 
isothermal release is similar to that of other metals. There is an ini
tial accelerated outgassing followed by a rapidly decreasing rate of 
release. The isothermal curves do not fit those expected from the out-
gassing of a disk with an initial homogeneous distribution of helium. 
So, even at these low concentrations ( 2 to 3 at. ppb), the release is 
apparently influenced by the formation of slow moving bubbles. 

It would be instructive to know if the helium content is a linear 
function of fluence. As there are only two data points for fluence, we 
used the Co count from each of the five disks. The Co count should 
be directly proportional to the neutron fluence, and therefore propor
tional to the amount of helium generated. In Fig. 3, the amount of 
helium released is plotted vs the Co count. In each case, the Co 
was measured with a precision of approximately 0.2' . The absolute accu
racy of the measurement is estimated to be -5 . Even with the scatter 
in Fig. 3, the linear relation seems valid. 

Table 1 shows the helium content of each disk with the calculated 
total cross section. The five disks have an average cross section of 
54 iiib. This value is very close to 55 mb for the specimen irradiated to 
a slightly different fluence. The overall uncertainty of these results 
is estimated to be ±10 . The important comparison is that of the average 
experimental value (54 mb) to the value obtained by activation techniques. 
The main source of helium will be the (r,,r.) reactions, because the 
(n.n'o) cross section is too low to be significant. The (n,a) cross 63 sections determined by activation are 34 mb for Cu and approximately 

65 5 21 mb for Cu. Taking the isotope fraction into account, the total 
activation cross section should be about 30 mb. Obviously, the amount 
of helium experimentally measured is a factor of 1.8 higher than that 
computed from activation cross sections. We believe the experimentally 
derived value to be valid because our recent measurements of helium 
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Table 1. Helium content and calculated total 
cross section of copper disks. 

Sample 
no. 

Type of 
anneal 

Amount of 
helium (ppb) Fluence 

"T 
(mb) 

1 isochronal 4.7 7.0 x 1 0 1 6 67 
2 isochronal 4.8 7.0 x lO 1 6 68 
3 isothermal 3.1 7.0 x lO 1 6 45 
4 isothermal 2.8 7.0 x 1 0 1 6 40 
5 isothermal 3.4 7.0 x 1 0 1 6 49 
6 isothermal 5.9 1.08 x 1 0 1 7 

Average 
55 isothermal 5.9 1.08 x 1 0 1 7 

Average 54 
Uncertainty -10 

fjfneraf'on in aluminum agree very well with that predicted by the activa
tion cross sections. Aluminum occurs as a single isotope, and its (',0 
cross section is the best known in this energy range. 

A possible explanation of the discrepancy in copper might be the 
presence of impurities within or on ti.e surface of the metal. Host 
elements in the parts per million range will not increase the helium 
content significantly. Nevertheless, there are certain elements such as 
carbon and boron with (",:•) cross sections large enough (-1 b), that 
when present in parts per million, may make a significant contribution 
to the inventory of helium. For this reason several copper disks were 
examined by spectrograph^ and combustion analysis-mass spectrometry 
techniques to determine whether boron, carbon or nitrogen might be 
present In amounts large enough to account for the excess helium. 

The analyses are qiven in Table 2. The carbon contamination might 
12 be suspected as a source of helium, because the C(i,n')3ii reaction has 



- 8 -

Table 2. The impur i ty analysis of copper disks (ppm). 

Detected Not detected ( l i m i t s o f detect ion) 

Ag 6 U >105fi 
Si >6 As, Th >600 
Ca 3 Ca. Na "-400 
Al 1 Ba, Cd, Hg, I n . P, Sb, An 100 
Hg >1 B i , Ge, Sb, Sn ^40 
Be >1 Ga, Co, Cr, Mn, Ho. Mb, V, Sr 15 
C 86 a B, T i , Fe -4 

Ni 3 

This analysis was by combustion analysis - mass spectrometry. 

a cross sect ion of 0.28 b: e f f ec t i ve l y 0.8 b in terms of helium produc
t i o n . However, the bulk carbon ana lys is , 86 ppm weight (4FiO a t . ppm), 
could only cont r ibute 0.025 ppb helium from a fluence of 7.0 - 10 cm" , 
which is a few percent of the amount ac tua l ly measured. Other low-Z 
elements have cross sections in the 1-b range, but t he i r concentration 
also appears to be low. We did not determine i f surface contamination 
is a source of helium. Surface carbon for example, might be a source o f 
helium in jected in to the metal to a depth of up to 10 ;.m. To contr ibute 
to the helium ac tua l l y measured however, the carbon layer would have to 
be over 1 urn t h i ck , much more than expected a f t e r our p re i r rad ia t i on 
clean-up procedure. This seems to negate the p robab i l i t y of impur i t ies 
con t r ibu t ing to the excess helium generated in the copper. 

The discrepancy remains unresolved. The consequence of t h i s pre l im
inary study of helium generation in metais by 14.8-HeV neutron bonfcardment 
is to point out the p o s s i b i l i t y o f e r ro r in pred ic t ing atomic f rac t i on 
o f helium using ac t i va t ion cross sections and to emphasize the importance 
o f high p u r i t y , especia l ly low-Z elements, when considering mater ials i n 
the design of fusion reactors. 
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FIGURE CAPTIONS 

Fig. 1. An isochronal plot of helium release from ,i < opper -lisi. 
The time at each temperature was 15 min. 

Fiq. 2. An isothermal plot of the helium release from a copper 
disk at 810°C. 

Fig. 3. The measured helium released from • ach disk is plotted .is 
a function of the 6"Co count that is directly proportional to the 
neutron fluence. 
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