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Cross sections are reported for the formation of Be? in interactions of C, Al, Cu, Ag, and Au with protons
of energies between 1 and 3 Bev. They are compared with previous data at 0.34-Bev proton energy. The
carbon cross section is strikingly constant at 11 to 14 mb from 0.1 to 3.0 Bev. The other cross sections rise
with increasing proton energy and are all in the neighborhood of 10 mb at 3 Bev. Beryllium-7 may be con-
sidered as a spallation residue from carbon, and the same mechanism probably accounts for at least a large
part of its formation from Al. However, Monte Carlo calculations show that this mechanism predicts much
too low cross sections from the higher Z targets. Other mechanisms must be invoked, the most promising
being the evaporation of Be” nuclei discussed in the following paper.

INTRODUCTION

HE production of lithium and beryllium nuclei in

high-energy nuclear reactions has been investi-
gated by various methods at energies up to cosmic-ray
energies.'—® The rapid decay of Li® to Be® which then
decays immediately into two a particles requires the
use of nuclear emulsion or coincidence counting tech-
niques for the determination of Li® formation cross
sections. Formation of Be’, which has a 53-day half-
life, may be studied by usual radiochemical techniques.
Marquez and Perlman! have determined the formation
cross sections of Be” from a number of targets bom-
barded with 335-Mev protons. They conclude on the
basis of these results and of indirect evidence for forma-
tion of Li® nuclei with energies >40 Mev, that these
light nuclei must be considered as ejected fragments
rather than spallation residues when formed in the
irradiation of targets such as copper, silver, and gold
with 335-Mev protons.

In the investigation of copper® and aluminum?®
spallation reactions induced by 2.2-Bev protons, it was
again noted that the formation cross sections for Be’
were higher than would be expected if Be’” were a
spallation residue. In copper interactions with 2.2-Bev
protons, for example, the yield of Be’ is higher than
that of any other nuclide investigated in the range
10< A4 <40. Furthermore, the cross sections for Be’
formation from aluminum and copper were found to
be higher at 2.2 Bev than at 335-Mev by factors of
about 8 and 20, respectively. The present investigation
was undertaken to obtain additional data on Be’
formation in irradiations of various elements with pro-
tons of kinetic energies between 1 and 3 Bev, and thus
perhaps to shed some light on possible mechanisms for
the production of light fragments in these interactions.

* Research performed under the auspices of the U. S. Atomic
Energy Commission.
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TARGETS AND IRRADIATIONS

Pure foils of polystyrene (166 mg/cm?), aluminum
(21 mg/cm?), copper (46 mg/cm?), silver (138 mg/cm?),
and gold (166 mg/cm?) were irradiated with 1.0 to
3.0-Bev protons in the circulating beam of the Cosmo-
tron. Targets were prepared as shown in Fig. 1. Recoil
loss of Be” and cross contamination of one target foil
with Be” produced in another were minimized by the
thickness of the target foils, the use of guard foils, and
the arrangement of the foils with respect to the proton
beam. Details of the irradiation procedure have been
described previously. Irradiations of two to five hours’
duration at beam intensities between 10° and 10%
protons/sec yielded Be” samples with sufficiently
high counting rates for positive identification and
measurement.

Absolute cross sections were based on a value of
10.740.6 mb for the Al*’(p,3pn)Na®* monitor reaction
between 0.4 and 3.0 Bev.” Since Na* can also be made
in high yield by the (#,0) reaction on aluminum,
secondary neutron production in thick targets leads to
erroneously high Na* yields in the aluminum monitors.
In the actual target stacks used, this secondary effect
was shown to raise the Na* yields by about 209, at
any energy between 1 and 3 Bev, and the observed
Na? cross sections were corrected accordingly. The
measurements of this secondary effect were based on
the use of another monitoring reaction which is not
sensitive to low-energy secondaries. This is the pro-
duction of 4.1-hour Tb* from gold which has a thresh-

(CHp), Al Cu  Ag Au
)

DRI B Z
e L
b
| |
< | PROTONS
ERD -—
F16. 1. Arrangement of KR
target stack. AR
50
|
a1
Al Cu Ag
CATCHERS

( 7 5Cumming, Friedlander, and Swartz, Phys. Rev. 111, 1386
1958).

1319



1320

old of 600 Mev.? About 2 hours after irradiation, the
Tb'*® o activity can be measured in unseparated gold
targets without interference from other activities and
thus provides a convenient relative monitor for pri-
mary high-energy protons. A measurement of the
ratio of Na? activity in aluminum to Th'¥ activity in
gold in a target similar to that shown in Fig. 1, but
with an additional 0.0005-in. gold foil on the upstream
side of the stack served to measure the secondary con-
tribution to the Na* production, when this ratio was
compared with a similar ratio determined in a target
consisting only of a 0.0005-in. gold foil and a 0.003-in.
aluminum foil.

SEPARATION AND MEASUREMENTS

No chemical separation of beryllium was necessary
from the polystyrene foils since only Be’ activity was
discernible in the foils after the decay of the 20-min
CU activity.

The only interfering activity in the aluminum targets
was Na®. A procedure was developed to measure the
intensity of the 480-kev gamma ray of Be” in the
presence of the 510-kev annihilation v rays of Na? by
y-ray spectroscopy. The relative intensities of the
0.51-Mev and 1.28-Mev v rays of Na?? were measured
with a Na?? standard. On the basis of the 1.28-Mev peak
observed in the v spectrum of the aluminum target foil,
it was then possible to subtract the contribution of Na??
annihilation radiation from the combined 480-510-kev
peak of the complex spectrum to yield the 480-kev
photopeak of Be’”. When a chemically pure beryllium
fraction was desired, beryllium and aluminum were
separated from sodium by precipitation of beryllium
and aluminum hydroxides with ammonia. The bulk of
the aluminum was than precipitated as AlCl;-6H2O by
the addition of ether and HCI (gas). Beryllium was then
purified by the extraction of basic beryllium acetate
with chloroform.

To separate beryllium from copper, silver, and gold
targets the targets were dissolved in the appropriate
acid and Be(OH), was precipitated a number of times
with ammonia. The final precipitate was dissolved in
concentrated hydrochloric acid and the solution was
passed through a Dowex A-1 ion exchange column. A
ferric hydroxide scavenging precipitation with NaOH,
followed by an acetylacetone extraction of the beryllium
ethylene diammine tetraacetic acid complex at pH 4-5
completed the separation. All chemically separated
beryllium samples were finally converted to BeO which
was weighed to determine the chemical yield of the
purification steps. The BeO was used for the activity
measurements.

The only readily detectable radiation of Be” is a
0.48-Mev gamma ray emitted in 119, of all Be” dis-
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integrations.® Thus absence of 8 radiation and decay of
the v rays with a 53-day half-life were used as criteria
for the radiochemical purity of the samples. Scintillation
counters employing NaI(Tl) crystals were used to
detect the v radiation. When sufficient Be” activity was
present, a gamma-ray spectrometer was used to check
the purity of the v radiation. Even when the initial
counting rate was too low for the detection of possible
contaminating « rays at other energies, the scintillation
counter was used in conjunction with a dual discrimina-
tor set to count only pulses in the region of the 0.48-
Mev photopeak. This method not only discriminated
against possible contaminants, but also appreciably
increased the ratio of counting rate to background over
that achieved without pulse-height analysis. The de-
tection efficiencies of the scintillation counters for 0.48-
Mev v rays were measured by means of a Na% source
of known disintegration rate. The small difference in
photopeak efficiencies for 0.51-Mev and 0.48-Mev
rays was neglected.

RESULTS AND DISCUSSION

The counting rates of the beryllium samples, cor-
rected for decay, chemical yield, counter efficiency, and
the 119, abundance of the 0.48-Mev gamma ray, were
converted to Be” disintegration rates at end of bombard-
ment. These disintegration rates, together with the
Na? disintegration rates in the aluminum monitors,
yielded the formation cross sections of Be”. The results
are listed in Table I, together with the data of Marquez
and Perlman! at 0.34 Bev. The cross sections deter-
mined in the present work are estimated to be accurate
to £-259,. In the few instances where duplicate deter-
minations were made, the agreement obtained tends to
corroborate this estimate.

The data of Table I show several striking features.
The cross section for Be” formation from carbon is re-
markably constant over the entire energy range.
Dickson and Randle! have investigated this process at
lower energies and found that it has a threshold at 32
Mev and that its cross section levels off at about 14 mb

TasLE I. Formation cross sections (in mb) of Be’.

Proton energy (Bev)

Target 0.34# 1.0 1.4 1.8 2.2 3.0
c 12 106 11.5 108 11.1
Al 14 76>  83b 12.6b, 9.1b 11.7v
Cu 06 50,37 9.2,'13.0, 13.0° 11.9
Ag 01 29 22 11.3 12.1
Au 001 17,10 5.9 8.4

y 1

a Data of Marquez and Perlman, reference 1.

b Previously reported in reference 6, but recalculated with the revised
values (reference 7) of the Al(p,3pn) monitor cross section.

¢ Previously reported in reference 5, but recalculated with the revised
value (reference 7) of the Al(p,3pn) monitor cross section.
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in the energy range from 100 to 140 Mev. This re-
action which can probably be interpreted largely as a
C2(p,3p3n) or a C2(p,apn) process with Be’ as a
residue, thus furnishes another example of the rela-
tively simple light-element reactions with cross sections
which are almost energy independent in the range from
a few hundred to a few thousand Mev. Other such
proton-induced reactions reported earlier are the forma-
tion of C! from carbon,” ! of F!® from fluorine,'? of F!8
from aluminum,® and of Na* from aluminum.®’ It
appears that this energy independence is a rather gen-
eral phenomenon which to date has not been adequately
explained in terms of any model.

Turning attention to the target elements other than
carbon, one sees that in all these cases the cross sec-
tions for Be” formation increase with increasing proton
energy. However, the magnitude of this increase is
very different for the different target elements. Whereas,
at 0.34-Bev bombarding energy, the cross section was
found to drop rapidly with increasing Z of the target
(by a factor of 10% from Al to Au), at 3 Bev all the cross
sections are nearly equal to each other, and equal to the
carbon cross section.

As discussed before,® the formation of Be’ from
aluminum is likely to result, at least in part, from
processes in which Be” is the residue of cascade and
evaporation steps. Such a spallation reaction would
require, on the average, the deposition of about 200 to
300 Mev of excitation energy in the aluminum nucleus,
or rather in the end product of the fast cascade, and
such deposition energies are quite probable at Bev
bombarding energies, as indicated by recent Monte
Carlo calculations.”® The results of these calculations,
for the interaction of Al?” with 1.84-Bev protons, when
taken together with an estimate of 17 Mev for the
average de-excitation per mass number in the evapora-
tion process, lead to a cross section of 12 mb for the
production of nuclei of 4="7. It is not unreasonable to
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assign about half of this cross section or 6 mb to Be’.
A similar analysis for 0.46-Bev protons incident on
Al*" leads to a predicted cross section of <0.3 mb for
formation of Be” as a spallation residue. In view of the
very approximate nature of the calculations one can
conclude only that this mechanism probably con-
tributes significantly to the formation of Be? from
aluminum, but it is not clear whether it can account
for the entire cross section.

In the cases of copper, silver, and gold it is quite
clear that a spallation mechanism with Be7 as residual
nucleus cannot account for the observed cross sections.
This can again be seen by comparison of the experi-
mental data with the Monte Carlo cascade calcula-
tions." The calculated mass-yield curve for the products
resulting from interactions of copper with 2-Bev pro-
tons agrees reasonably well with experimental data for
products of 4> 20, but is at least an order of magnitude
too low at mass 7. At lower bombarding energies, and
from heavier target nuclei, Be” is of course even less
likely to result as a spallation residue.

Other mechanisms must thus be invoked for the
formation of Be” from heavy nuclei, as was already sug-
gested by Marquez and Perlman.! One possibility is the
fragmentation mechanism proposed!!® to account for
the production of other light nuclei from heavy-element
targets. Another possible mechanism, suggested by
J. M. Miller, is the direct evaporation of Be” nuclei,
in competition with evaporation of neutrons, protons,
helium nuclei, etc., from excited nuclei. Evaporation
calculations which are reported in the following paper'®
have shown that this mechanism can, indeed, account
for the approximate magnitudes of the cross sections as
well as for the shapes of the excitation functions for
Be” production from copper, silver, and gold in the
energy range studied.
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