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We have measured excitation functions for production of "Be by d-, ®He-, and a-particle-
induced reactions in carbon using the stacked-foil method. Similar measurements for
protons were obtained earlier. For each particle the data extend beyond 75 MeV. The
"Be yields approach zero, respectively, in the neighborhood of threshold energies for the
0, ®Li), (d, 'Li), CHe, 8Be), and (@, °Be) reactions. The p- and He-induced yields have
similar energy dependences, peaking at roughly 10 MeV above threshold; in contrast, the
maximum cross sections for the d and o curves occur 30~50 MeV above threshold ener-
gies. The maximum yield from 3He-induced reactions (98 mb) is about a factor of 3 larger
than that for p, d, or @. These results suggest that a~particle pickup may be an impor-
tant part of the "Be yield at the lower energy part of the 3He excitation {unction.

NUCLEAR REACTIONS C(d, %), 12C(He, %), 2C(e, x); E ~20-80 MeV; ”g
measured o(E); Ge(Li) detector. Deduced reaction mechanism. B

INTRODUCTION

Nuclear reaction excitation functions depend to
some extent on reaction mechanisms. The isotope
"Be is the only long-lived y-ray emitter of low
mass and consequently excitation functions for its
production in charged particle reactions are easy
to measure. The present work presents the results
of measurements of such excitation functions and
also attempts to draw inferences on reaction mech-
anisms from them.

We have measured excitation functions for pro-
duction of "Be in carbon targets bombarded with
deuterons, ®He, and « particles. Similar mea-
surements were reported earlier for proton-
induced reactions.! The pronounced differences in
the low energy portions of the various excitation
functions suggest that additional reaction modes
are involved in the *He- and proton-induced yields
and appear to be the dominant modes in these en-
ergy regions. Moreover, the low energy enhance-
ment of the *He-induced yield relative to that in-
duced by protons suggests yet an additional mech-
anism for the former reactions. We suggest that
a-particle pickup may be such a mode.

EXPERIMENTAL

Stacked carbon foil targets were exposed to in-
cident particle beams at the Oak Ridge isochronous
cyclotron and the University of Maryland cyclotron.
The target holders were electrically insulated and
served as Faraday cups to monitor the incident
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beams with an accuracy of ~1%. For each bom-
bardment an integrated beam of between 10* and
10*° particles was used. Subsequently y-ray spec-
tra of individual target foils were measured to
determine the "Be yields.

Target foils 15.6 and 24.5 mg/cm? thick were
used. For the higher energy deuteron data thicker
carbon wafers (287 mg/cm?) were sandwiched be-
tween neighboring foils; spectra from the thin
foils were used. The energy of the incident beam
particles at the midpoint of each target foil was
determined from range-energy tables. The un-
certainty of particle energy for each data point is
due to energy spread of the incident beam (+0.2%)
and energy-loss straggling. The latter can be
appreciable for foils deep in the target stack. By
use of a number of bombarding energies for each
particle type the effects of energy-loss straggling
were kept to less than 0.7 MeV.

The Ge(Li) detector used to measure the spectra
was calibrated for efficiency with a number of
y-ray sources of known intensity. Since variation
in detector geometry could be a significant source
of error in the measurements, spectra for each
foil were measured twice, at different times, to
check the reproducibility of the data; variation
was less than 10% in all cases.

RESULTS AND DISCUSSION

The measured excitation functions are presented
in Fig. 1, which also includes the proton data from
Ref. 1. The solid line at the low energy part of
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the ®He data represents measurements reported by
England and Reece, ? and the 100 MeV point in the
a-particle data is from the work of Gauvin.® Al-
though measurements were not made between 66
and 87 MeV for 3He particles, the data shown in
Fig. 1 suggest there is little structure in that re-
gion of the excitation function.

Errors in the absolute cross sections are less
than 10% in the flat portions of the excitation func-
tions. In the steep portions of the curves uncer-
tainties in incident particle energy due to strag-
gling result in errors as large as a factor of 2.
This is most apparent in the deuteron data.

The "Be yields approach zero, respectively, in
the neighborhood of the threshold energies for the
(p,°Li), (d,7Li), (*He,®Be), and (a, °Be) reactions
in '2C. The proton and 3He curves are similar in
shape and peak roughly 10 MeV above threshold
energies. The d and ¢ curves rise more gradually
with maximum yields of "Be at 30 to 50 MeV above
threshold energies. The maximum yield from
3He-induced reactions is a factor of 3 or more
larger than that for p-, d-, or a-particle-induced
reactions.

Cochran and Knight* have measured the excitation
function from threshold to 24 MeV and England and
Reece® have further investigated the excitation
function and the angular distribution and energy
spectra of "Be produced by *He bombardment of
2C at energies below 30 MeV. The authors of Ref.
2 have proposed that the "Be is produced principal-
ly in a three-body reaction i.e., the reaction may
take place through formation of an *0 compound
system which evaporates two a particles, or
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FIG. 1. Excitation functions for production of "Be by
proton-, deuteron-, 3He-, and c-particle-induced
reactions in carbon. The proton data are from Ref. 1;
the solid line in the 3He data is from measurements
reported in Ref. 2, and the 100 MeV a-particle datum
is from Ref. 3.

through a neutron pickup reaction where the 'C
residual nucleus decays by a-particle emission to
“Be. In Ref. 2 the authors did not consider the
mechanism of a-particle pickup by the incident
3He particle.

In Fig. 2 the measured excitation function for
3He incident particles is compared with calculated
a-particle emission probability for the *He +2C
compound system.® The shapes of the two yield
curves are similar at incident particle energies
larger than ~45 MeV but very different at lower
energies, especially near the peak of the "Be
yield. It thus appears that emission of two « par-
ticles from the *0 compound system is not the
dominant mode for production of "Be near the peak
of the excitation function. We note that the pre-
dicted a-particle yield in Fig. 2 resembles that of
the "Be yield curves for deuteron and a-particle-
induced reactions (Fig. 1), indicating that a-
particle evaporation may well be an important
mechanism in those reactions.

The similarity in shape of the excitation func-
tions for proton- and *He-induced "Be production
reactions suggests there may be a similarity in
the dominant reaction modes, especially for the
lower energy parts of the yield curves. One such
mechanism would encompass reactions that yield
1C with enough excitation energy to emit an «
particle and leave a residual "Be nucleus. The
reactions (p, d) and (*He, o) on '2C both produce
1C. It is well known, however, that (p,d) reac-
tions have small cross sections, especially for
high excitation of the residual nucleus. The reac-
tion 2C(p, pn)"C would result in a higher relative
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FIG. 2. Excitation function for production of "Be
by 3He-induced reactions in carbon compared with
calculated a-particle emission probability for the
3He +12C compound system. The curves are normalized
in the flat portions for comparison.
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yield of 'C with enough excitation to emit an «
particle.

The 2C(p, pn)'C cross section has been mea-
sured over a wide range of energy.’*” In Fig. 3
we compare the excitation function for production
of "Be by proton-induced reactions in carbon with
that for production of *C by 2C(p, pn) reactions.
Calculated yields of both reaction products obtained
from intranucleon cascade followed by evapora-
tion® are also shown for a few energies: The cal-
culations do not include reaction thresholds. The
calculated yields follow the general trend of the

excitation functions at energies above the maximum ,

yields with substantially better agreement with
measurements of ''C yields. The similarity of the
shapes of the yield curves for 'C and "Be and the
magnitudes of the relative cross sections suggest,
we believe, that a-particle evaporation from C
is an important mode for production of "Be by
proton-induced reactions in carbon targets, with
the population of levels in 'C occurring via either
direct knockout or neutron evaporation.

We now consider whether similar reaction modes
can account for the low energy part of the *He-
induced excitation function. First of all, we note
that even if the "Be production results from o de-
cay of ''C, the population of those levels at the
lower incident energies cannot proceed via neutron
knockout, since the threshold for 2C(®He, *He n)''C
g.s. is 23.4 MeV (lab). Figure 4 compares the
excitation function for "Be by *He -induced reac-
tions in carbon with that for **C. The ''C yield
below 30 MeV was reported by Brill® and is due to
(®He, @) reactions. The !'C yield above 40 MeV
is from the work of Crandall ef al.'® and is largely
the result of **C(*He, *He n) reactions. We note
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FIG. 3. Excitation functions for production of !C
and "Be by proton-induced reactions in carbon. The
¢ data are from Refs. 6 and 7 and the "Be data are
from Ref. 1. The points shown as triangles and circles
are calculated values described in the text.

that the shape of the ''C yield curve, for energies
below 30 MeV, is very different from that cal-
culated for a-particle emission from the 3He +2C
compound system (Fig. 2). The *'C yield peaks at
10 MeV with a cross section of 260 mb and falls
to a value near that for "Be at 20 MeV; at higher
energies the yields of *C and "Be are comparable.
A comparison of the yield curves in Fig. 3 with
those in Fig. 4 suggests that o -particle emission
from reactions that lead to 'C cannot be as im-
portant a mechanism for forming "Be in *He-
induced reactions as it is for those induced by
protons. While the *'C yield does peak significant-
ly at low energies, by 18 MeV the yield has drop-
ped to less than a factor of 2 greater than that of
"Be; from Fig. 3, we see that roughly a factor of
5 is required if !'C is to be regarded as a princi-
pal “source” of "Be.

We now consider the possibility of a direct reac-
tion mechanism leading to production of "Be. The
two possible modes in this category would be the
“direct pickup, ” the formation of "Be through
pickup of °Li, °Li, *He, and °*He, by p, d, °He,
and @, respectively, and the so-called “exchange
pickup” with the incident projectile picking up a
5He cluster from the target and leaving behind a
"Be core. The latter mode seems a doubtful can-
didate, as appreciable *He cluster substructure in
the target seems to be unlikely.

By a similar argument, one might expect that of
all the direct pickup reactions, the (*He, "Be) would
be the most likely, with a-particle cluster sub-
structure appearing to be more likely than ®Li,
°Li, or ®He. Evidence of a-particle substructure
has in fact been seen in other reactions.® !* More-
over, such a direct reaction mode would be ex-

4
N,
l/ \\
2 1 \HC
/ \ 3
/ \ He ON CARBON
2 H \
10 4
> / S
o
€ / AN —==="T1
® T
4
Be S
2 - I
6 L
o} 10 20 30 40 50 60 70

INCIDENT PARTICLE ENERGY (MeV)

FIG. 4. Excitation functions for production of 'C and
"Be by *He-induced reactions in carbon. The 'IC data
below 30 MeV are from Ref. 9 and above 40 MeV are
from Ref. 10.
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pected to become less important at higher ener-
gies, !? as the angular momentum mismatch be-
comes more severe; this is consistent with the

reduction in the enhancement of the *He-induced
yield of "Be at higher energies.

CONCLUSIONS

Induced yields of "Be by *He and proton bom-
bardment show peaking at energies slightly above
threshold, whereas those of d and @ bombardment
show gradual rises to energies roughly 20-50
MeV above threshold. The latter yields are con-
sistent with evaporation processes, a mechanism
which is also adequate to explain the higher en-
ergy portions of the 3He- and p-induced yields.
The proton-induced "Be yields are consistent with
population of a-unstable levels in 'C, possibly
via the 2C(p, pn)'*C* reaction. While population of
a-unstable levels in ''C could conceivably occur

in the 3He-induced reactions, the low energy en-
hancement of the 3He-induced yield relative to

that of protons suggests a “unique” mechanism for
the former, for which we suggest a likely candidate
is the reaction 2C(®He, "Be)®Be. The reduction in
enhancement of the *He-induced yield with energy
is also consistent with the enhancement being due
to a direct reaction mechanism. (Unexplained as
yet is the apparent persistence of roughly 25%
enhancement for the *He-induced yield at higher
energies, which appears to be somewhat larger
than that which can be attributed to errors in
normalization of absolute cross section.) Pursuant
to our speculation, it would be interesting to per-
form the 2C(®He, "Be)®Be reaction in the neighbor-
hood of E,,, =20 MeV to see if in fact the con-
jectured increase in direct-reaction cross section
does occur.

The authors are indebted to H. W. Bertini for a
number of stimulating discussions.
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