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Foils of enriched Zn®* (99.85%) were bombarded with He3 particles with energies of 22.2,
29.5, 37.7, and 43.4 MeV after which y-ray spectra were accumulated from the radioactive
foils with a large Ge(Li) detector and a 4096-channel pulse-height analyzer system. The iso-
topes produced were determined by the B-delayed y rays and their corresponding half-lives.
No chemical separation of the foils was performed.

Cross sections for a particular reaction were determined for each isotope and beam energy.
The resulting excitation functions for the 13 reactions which were detected are presented,
and are compared with similar reactions including those induced by He® on Cu isotopes. Pos-
sible reaction mechanisms are discussed. Direct reactions appear to be the principal reac-
tion mechanism, especially at higher He3-particle energies where cluster-transfer reactions

are common.

INTRODUCTION

The origin of this research was a cooperative ef-
fort between the Nuclear Physics Laboratory of
the University of Wyoming and the Cyclotron Lab-
oratory of the University of Colorado to produce
the unreported isotope Ge®. It was envisioned
that this isotope could be produced by bombarding
a highly enriched target of Zn®* with He® particles
to produce the compound nucleus Ge®”*. If the com-
pound nucleus were produced with sufficient exci-
tation energy, then the emission of three neutrons
to yield Ge® should become one possible reaction.

The first attempts to produce Ge®* revealed vast
gaps in the knowledge of the reactions which are
induced by He® on Zn*. Very little was known
about the type of reaction, direct or compound-nu-

clear, which might take place, the kinds of parti-
cles likely to be emitted, or the cross sections
for these reactions. Thus before a systematic
search for Ge®* could be done, these properties
needed to be defined. The type and cross sections
for the reactions induced and an indication of the
type of reaction induced were found to be some-
what distinguishable by subsequent detection of the
radioisotopes produced.

The use of He® nuclei as accelerated particles
for the study of nuclear reactions has increased
steadily,'~® since a practical means of obtaining
He® has been developed. Owing to the small binding
energy of He® it is possible to produce compound
nuclei with sufficient excitation energy to cause
multiple-particle evaporation at relatively low
bombarding energies. This makes He® particles
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superior to « particles for certain types of experi-
ments. However, as seen in this experiment,

and in similar experiments for He® on copper iso-
topes,*® He® particles are much more likely to
induce direct reactions. This results in the pro-
cess of three-neutron emission becoming much
less favorable than that for reactions which form
compound nuclei.

A considerable amount of work has been report-
ed on the reaction mechanism which takes place
when o particles are used as projectiles on iso-
topes of masses 55-68°7'® and some on zinc iso-
topes.'?'!* The reaction-mechanism studies for in-
cident He® particles have as yet not been as com-
plete,?:3-* and nearly all the results of interest to
this project have been done on copper iso-
topes.***717 Very little has been done with He® on
Zn®*, Only differential cross sections have been
reported for the (He?, @)'®:!° and (He?, d)!°® reac-
tions, both at 18-MeV He® energies.

Recoil-range*® and angular-distribution'®''® mea-
surements of the recoils in copper targets with
statistical theory analysis'*2° of the recoil range
and excitation functions reveal that a-particle-in-
duced reactions proceed almost entirely by com-
pound-nucleus formation and decay, whereas He®-
induced reactions are more likely to proceed by di-
rect reactions, often of the stripping or pickup
type. Saha and Porile*® suggest that at higher en-
ergies both a- and He®*-induced reactions may pro-
ceed by a direct reaction followed by emission of
a second particle by the excited nucleus.

This paper is mainly concerned with the report-
ing of the experimentally determined excitation
functions for 13 reactions which were induced by
He?® particles incident upon a separated Zn® target.
All of these reactions were studied by measuring
the half-life and the characteristic y rays emitted
by the radioactive isotopes produced. The results
obtained are compared with similar reactions re-
sulting from He® on copper isotopes. Since Cu®
has the same number of neutrons as Zn® and only
one less protron, similar reactions and excitation
functions might be expected from incident He® par-
ticles. A discussion of the excitation-function
curves, the probable reaction mechanisms, and
an analysis of experimental errors follow.

EXPERIMENTAL APPARATUS
AND PROCEDURES

The material for the targets consisted of highly
enriched (99.85%) Zn®** foil** of about 14-mg/cm?
thickness. The targets were cut to about 1 cm? in
area. Only one piece of target foil was bombarded
in each run. The major contaminant in the target
material was Zn®® of the order of 0.14%. All other

contaminants were less than spectrographic detec-
tion limits which were generally 0.02%.

The mounted target and target holder were
placed in the bombardment facility of the 52-in.
fixed-field alternating-gradient cyclotron®® at the
University of Colorado facilities at Boulder, Col-
orado. The cyclotron is equipped with a He® recir-
culation system which makes He® operation eco-
nomical.

Immediately after bombardment each radioac-
tive target was transported by aircraft to the Uni-
versity of Wyoming at Laramie as quickly as pos-
sible. Unlike most other experiments of this type
no radiochemical separation of the isotopes was
performed, but instead the target was used as a
radioactive source as it was. No source of error
was introduced by chemical -separation procedures.
The average time from end of bombardment to be-
ginning of radioactive counting was about 13 h.

The target (source) was placed at reproducible
distances from the front face of the detector. The
incoming y rays were detected by a 22.6-cm?®
Ge(Li) coaxial crystal. These pulses from the
crystal were fed into a preamplifier, from there
to a linear amplifier, and finally into a 4096-chan-
nel pulse-height analyzer (PHA). Once a suitable
spectrum was accumulated, the contents of the
memory of the PHA were recorded on magnetic
tape for further analysis using a computer.

EXPERIMENTAL DATA, CALCULATIONS,
AND RESULTS

The interaction of an incoming He® particle and
a Zn® nucleus often results in a final nucleus
which can undergo B decay. It makes no differ-
ence whether the reaction took place by compound-
nucleus formation or a direct reaction, the result-
ing nuclei undergo B decay which takes them near-
er the line of stability. In our case the resulting
nuclei are proton-rich, so they usually undergo g*
decay or electron capture.

When a nucleus undergoes 8 decay, the resul-
tant daughter nucleus may be left in an excited
state, which then emits a y ray or rays, finally
reaching the ground state. It is these y-ray ener-
gies and half-lives which are used to identify the
quantity and type of each isotope present.

Spectra were accumulated from each target
(source) for times ranging from about 1 h up to
13 yr after bombardment. The accumulation or
counting period varied from 400 sec to about 24 h
depending upon the length of time after bombard-
ment. The counting period was kept short imme-
diately after bombardment so as to have several
points to determine the half-life for the short-half-
life isotopes, and the counting periods were gradu-
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TABLE I. Beam current and target properties.

Total integrated

He3-particle He’-particle

Bombardment Target density beam charge energy energy corrected
code name (mg /cm?) (nA/sec) (MeV) (MeV)
NINA 12.6 7500 22.2 21.1
PIMA 14.6 3060 29.5 28.7
ROSE 15.3 2340 37.7 37.0
SUE 14.5 2400 4343 42.8

ally lengthened as the shorter-half-life isotopes de-
cayed away. In all, about 50 spectra were accumu-
lated for each target bombardment.

Figure 1 is a plot of a spectrum taken as soon as
possible after bombardment. Most of the y lines
present are due to the short-half-life isotopes
which decay quickly, namely Ge®, Zn®®, and Cu®.
This particular spectrum was from the bombard-
ment for 37.7-MeV He® particles. A spectrum tak-
en some hours after bombardment (4-20 h) reveals
the intermediate -half-life isotopes (Cu®, Zn®,
Cu®*, Ga®®, Ge®®) with the y lines of Ga®® being es-
pecially prominent at higher energies (>1 MeV).

In a spectrum taken later (>50 h) after bombard-
ment, the long-half-life isotopes become evident.
These are Ni%", Co%", Co®®, Zn®®, and Ga®.

The activity of the sample from a particular y
ray was determined from the area under the peak
of interest by a computer code. This was done for
each y ray over the total number of spectra in
which this y ray appeared. For each bombardment,
this consisted of analyzing about 50 peaks, from
as few as five spectra to as many as 35 spectra.
Wherever possible y rays of at least three differ-
ent energies from each isotope were analyzed so
as to give a check on the consistency of the data.
Only 50 peaks were completely analyzed in each
bombardment, but over 150 peaks in all had to be
accounted for.

Bombardments were performed using He®-parti-
cle energies of 22.2, 29.5, 37.7, and 43.4 MeV.
The beam current striking the target was kept in
the neighborhood of 1 uA. Bombardments with
higher beam currents had been tried, but damage
to the targets resulted. Therefore data for these
runs were not used. Table I is a summary of inci-
dent beam particle energies, average beam parti-
cle energies corrected for energy loss in the tar-
get,? target densities, and total integrated beam
current. The corrected He®-particle energy value
used was the incident particle energy minus half
the average loss of He® particles traversing the
target.

The isotopes, y rays, activities of the target,
and measured half-lives from these y rays for
each bombardment are given in Table II. The half-
life for each isotope as stated in the literature is

given in parentheses below the isotope. Note that
the activities (Cyo) as given in Table II are not the
total activity of the target due to a given isotope.
These listed activities have not yet been corrected
for detector efficiency or for the number of times
per 100 decays of the isotope that it will decay by
emitting a y ray of that particular energy.

The cross section for the production of the iso-
topes associated with the detected y rays could
now be calculated. Table III is a summary of the
v rays analyzed and the cross sections of the iso-
topes associated with each y ray. The average
cross section for each isotope for each bombard-
ment is also given.

In addition to the y rays listed in Table II, sever-
al other y rays were detected which could not be
associated with any known isotope. These y rays
and their activities and half-lives as measured by
the detector are given in Table IV. These activi-
ties are not corrected for detector efficiency or
for branching ratios of the nucleus leading to a
y ray of that particular energy. This correction
was impossible, since the latter quantity is not
known. Therefore, the cross sections associated
with these unknown y rays could not be calculated.

The computation and inclusion of errors had to
be done in three different phases of the data anal-
ysis. First, for each bombardment, the determin-
ation of the half-life of an isotope produced is only
dependent upon the statistics of counting of a par-
ticular energy y ray and an indeterminate experi-
mental error. The activity of the target as mea-
sured due to a particular y ray is also dependent
upon these sources of error. The uncertainties of
the half-lives and y-ray activities expressed in
Tables II and IV include these sources.

Secondly, experimental errors associated with
the intensity and detector efficiency for each y ray
must be included. The values of the cross sections
given for each y ray in Table III take these sources
into account.

Finally, the quoted value for the average cross
section (Table III) for the formation of any given
isotope is found by the method of weighted aver-
ages. The total error for each cross section mea-
sured includes the uncertainties in the integrated
beam current.
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TABLE II (Continued)

42.8 MeV

37.0 MeV

28.7 MeV

21.3 MeV

Cryy Ty/y

(counts/sec)

Ty

C70
(counts/sec)

Tya

CVO
(counts/sec)

Ty

CYO

y ray

Isotope

(h)

()

()

()

/sec)

(keV) (counts

(half-life)

2.41+0.05 234 +10 2.43+0.06 66.5+ 9,5 2.33+0.20 51.6+4.6 2.50+0.10

109 407 +12

GeGS

156 +23 2.42+0,22 70.2+13.4 2.47+0.28

182

(2.23 h)
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2,25+0.,17 67.3+13.6 2.58 +0.33

127 +13

190

30.4+2.9 2.23+£0.10

1.69+0.15

53.8+8.6

253+11 2.23+0.07 138+ 6

382

2.28+0.,06

2.49+0.21

12.3+2.2

55.0+ 5.1

471

2.2210,13

2.44+0.12 254 +2.6 2.04+0.14

39.8+3.1

537

9.1+2.8 2.3940.44

2.26+0.10

706

28,1+1.6

79.1+1.4

1.76+0.03 84.7+2.3 2.25+0.04

78.2+1.2

93 15.8+0,17 78.5+1.5 7.87+0.07

Ga®’

83.8+4.4

0.728+0.020 90.7+4.2 0.890+0.039

84.2+1.1

185 5.83+0,17 69.7+3.6 2.73+0.03

(78 h)

The determination of the half-life and the initial
activity of the target due to a y ray of particular
energy was done by the method of a least-squares
fit to the log,, of the activities vs time. The un-
certainty in the half-life and the initial activity
(CYo) from a y ray of given energy were found by
the method outlined by Jaffey.?* The count rate,
uncertainty in the count rate, and the effect of
background count rate for each y ray were used
for this computation. In a few cases, the uncer-
tainties in the half-lives as determined from sev-
eral y rays of different energies from the same
isotope were not sufficient to give agreement on
half-life values. To compensate for this an inde-
terminate experimental error was introduced, us-
ing criteria given by Beers?® and the y? test as de-
fined by Jaffey.?? In almost all cases a 1% indeter-
minate error was used; in no case was more than a
2.5% error needed. Some of the sources of this in-
determinate error could be the uncertainties in the
positions of the target (source) and the value of the
time after bombardment.

In the second phase of error analysis, the main
sources of error which were accounted for were
the quoted uncertainties in the absolute intensities
of the emitted y rays and the absolute efficiency of
the detector. The latter was taken to be 5% for all
y-ray energies. These sources of error were com-
bined with the statistical errors outlined above by
the rules for combining independent errors.?%:26
The results are shown in Table III in the columns
labeled cross sections.

Finally, the uncertainty in the total integrated
beam current was included. This was done after
the cross section for formation for each isotope
had been calculated by the method of weighted aver-
ages®® from the cross sections determined by each
y ray associated with a given isotope. The inte-
grated beam current was assumed to be known to
within +10%. This uncertainty was included as an
independent error. The final error values for the
cross sections measured are given in Table III in
the columns labeled Ave.

INTERPRETATION AND DISCUSSION
OF EXPERIMENTAL RESULTS

For the ease and convenience of plotting the data
and for helpfulness in the discussion of experimen-
tal results, the reactions will be treated as He® +
Zn®* forming a Ge®” nucleus with subsequent emis-
sion or evaporation of particles by the highly ex-
cited nucleus. However, it is emphasized here that
several of the reactions are much more likely to
proceed directly, often by a stripping or pickup re-
action, and that a composite nucleus is not formed
in these cases. The reactions are also presented
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in the usual manner, that is, it is assumed that
the particles given off are neutrons, protons, or «
particles. The data will be discussed in terms of
mass-one, -two, -three, and higher-mass emis-
sions. However, one reaction is likely to be due
to the impurity Zn® in the target.

In general the data will be compared with simi-
lar He® reactions on Cu® and Cu® wherever possi-
ble. Literature on He® reactions on Cu isotopes is
more abundant and has been acquired more recent-
ly than a-induced reactions on Zn%, but it seems
more realistic to compare results with other He®
experiments, since the type of reaction caused by
He® as opposed to « particles is quite different.*:°

One-Particle-Emission Reactions

The three reactions of interest here are Zn%*-
(He®,n)Ge®, Zn®(He?, p)Ga®, and Zn*(He®, a)Zn®®.
The excitation functions for these reactions are
plotted in Fig. 2. Also plotted in the same figure
are curves from other works which are similar in
nature and which partially cover the same energy
range of He® particles.

The long, high-energy tails of the (He®, ») and
(He?, p) curves of Fig. 2 for Zn® suggest the mech-
anism for these reactions must be at least partial-
ly a direct two-particle-transfer reaction. The
work by Saha and Porile* with recoil ranges of the
final nucleus for He® on copper nuclei indeed sup-
ports the direct-reaction mechanism hypothesis.
Further work by Fujiwara and Porile'® on the angu-
lar distributions of the reaction products for the
(He®,n) reaction on Cu®, and distorted-wave Born-
approximation calculations confirm the two-parti-
cle-transfer reaction.

The curves of Fig. 2 show that the He® particle
is far more likely, by about a factor of 10, to
transfer a neutron and a proton to the Zn® nucleus
than it is to transfer two protons. This result is
supported by Golchert, Sedlet, and Gardner (GSG)®
for the (He®,n) on Cu®® reaction, and by Bryant,
Cochran, and Knight (BCK)* for the (He®, p) on Cu®
reaction. The comparable excitation functions for
Cu and Zn bombarded by He® particles with two-
particle transfers are almost identical in both
shape and magnitude. It was necessary to use two

different Cu isotopes here for comparison, since
the (He3, p) reaction on Cu®® yields the stable iso-
tope Zn%.

The Zn**(He?, @)Zn® curve in Fig. 2 is more dif-
ficult to interpret. Both GSG® and BCK® obtained
curves for (He®, @) on Cu®® which are somewhat
similar in shape to the (He®, @) on Zn® curve, but
they attribute the increase in cross section with
increasing He®-particle energy to the reaction Cu®®-
(He®, a2n)Cu®, since their targets were not highly
enriched in Cu®. However, since the targets used
in this study were 99.85% Zn®* and only about 0.14%
Zn®, the possibility of the reaction Zn®(He?, a2n)-
Zn® becoming a factor is very remote; this would
require a cross section of the order of tens of
barns. Saha and Porile* measured the Cu®®(He?, a)-
Cu® excitation function, the shape of which is sim-
ilar over the same energy range to the Zn®(He?, o)-
Zn® curve of Fig. 2. Their sample was highly en-
riched in Cu® so that the possibility of another re-
action mechanism contributing was also remote.

If an argument is applied to (He®, @) on Zn®* simi-
lar to that advanced by Saha and Porile* for

(He®, @) on Cu®, the curve of Fig. 2 may be ex-
plained as follows: The lower-energy portion
(20-30 MeV) is due to the reaction Zn®(He®, a)Zn®
and the higher-energy part (30-45 MeV) is charac-
terized by either a (He®, He®z) or (He®, 2p2n) type
reaction. The @ values for these reactions are
9.0, -11.6, and -19.3 MeV, respectively. Thus,

as higher He® energies, the latter two reactions
could very likely contribute. For «-induced reac-
tions!?:*® in Zn®, the (a,n) cross section is much
higher, by about a factor of 20 at 30 MeV, than is
the He®*-induced reaction. Also, Porile’s'? (a,n)
cross section falls off much faster with increasing
energy, indicating compound-nucleus formation
rather than direct reaction. However, his curve
for the (a, p) excitation function is very similar to
ours in magnitude and slope, thus suggesting that
some of the (a, p) reaction may be partially direct.

Two-Particle-Emission Reactions

The reactions of interest here are: Zn%(He®,np)-
Ga%, Zn*(He? 2p)Zn®®, Zn®(He?, an)Zn®; and Zn®-

TABLE IV. Experimentally determined intensities and half-lives of y rays from unidentified isotopes.

T
y-ray 21.3 MeV 28.7 MeV 37.0 MeV 42.8 MeV Weigiklxied
energy OV Ty C),0 Ty CYo Ty C)’o Ty average
(keV)  (counts/sec) (h) (counts /sec) (h) (counts/sec) (h) (counts /sec) () (h)

136 33.2+7.5 249+0.40 30.0+7.2 2.39+0.24 2,42+0.21
326 11.8+6.0 2.5 £1.2 9.5+3.5 3.09+0.52 3.0 +0.5
636 . .. 1.0+0.7 6.5 +4,0 6.5 +4.,0
685 3.47+0.72 7.52+0.67 2.18+0.32 7.57+0.47 0.27+0.11 9.5 2.0 0.60+£0.31 5.7 1,5 7.5 0.4
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(He?, 2n)Ge®5, Zn®(He®, ap)Cu®, Zn**(He®,2a)Ni%*.
The excitation functions of the first three are plot-
ted in Fig. 3. Similar reactions for He® on Cu iso-
topes are also plotted in the same figure in order
to be able to compare the results of other workers.

Because of the short half-life (1.5 min) of Ge®®,
any Ge® activity would have decayed to Ga®® by the
time counting of the sample was begun, so that the
excitation function for the reaction Zn*(He?, 2n)Ge®®
was not determined. Thus the curve for Ga® in-
cludes both the 2n and np contributions.

Other possible two-particle-emission reactions,
given below the dashed line, were not observed or
detected for the following reasons. The reaction
Zn*(He®, ap)Cu® yields a short-half-life isotope
(9.8 min) which usually decays directly to the
ground state of stable Ni® without emission of
characteristic y rays. Two-a-particle-emission
results in the isotope Ni*® which decays to the
ground state of stable Co® without emission of any
y rays.

The shapes of the (He?, 2n) + (He®,np), (He?,2p),
and (He®, an) excitation-function curves for He® on
Zn® resemble the (He?,2p) and (He®, an) measured
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FIG. 1. A y-ray spectrum taken 1.34 h after end of
bombardment of Zn® by 37.7-MeV He? particles. The
short-half-life isotopes are prevalent.

cross sections® for He® on Cu®, and also resemble
the (He®, 2n) curves® for He® on Cu®, for the ener-
gy range of He® particles measured in common.
However, unlike the one-particle-emission curves
above, there is a considerable difference in the
magnitude of the measured cross sections for sim-
ilar reactions using either Zn® or Cu®-® for tar-
get material.

The greatest cross section for this work was
found to be the 2p-emission reaction, which agrees
with the results of King et al.?” for He® on Si*® and
of GSG? for He® on Cu®®. The Zn®* cross section is
about twice as great as the Cu® value. Conversely,
our value for (He®, an) on Zn® is about half the val-
ue measured for the reaction Cu®*(He®,an)Cu®.2 It
is more difficult to compare the 2n-emission reac-
tion, since our value is the sum of the 2n +np emis-
sions. However, our value for the sum is about 5
times as great as the 2z emission from He® on Cu®
as measured by GSG.?

A comparison of the magnitudes of the cross sec-
tions of Figs. 2 and 3 reveals that two-particle
emission (2p, 2n+np, and an) is generally favored
over one-particle emission. This is quite reason-
able from energy considerations, since the excita-
tion energy for the composite Ge®” nucleus ranges
from 31.9 to 52.5 MeV for the incident He® bom-
bardments which were made.

Another comparison between Figs. 2 and 3 re-
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FIG. 2. He® on Zn® excitation functions for
one-particle emission.
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veals that the excitation curves for two-particle
emission decrease with energy somewhat more rap-
idly than do the curves for single-particle emis-
sion; compound-nucleus reaction mechanisms are
thought to be more prevalent. Direct reactions un-
doubtedly still contributed, but not as strongly as
for single-particle emission.

The mechanism for the reaction Zn®(He?, 2p)Zn®®
is likely to be predominantly a single-particle
stripping reaction. The significantly larger cross
section for the (He®, 2p) reaction than the (He?, np)
+(He®, 2n) reactions suggests an additional mecha-
nism must also be operating here. GSG,? who ob-
tained similar results for He® on Cu®®, considered
the Oppenheimer-Phillips process as one possibili-
ty. In this process, the He® particle is assumed to
be oriented by the Coulomb repulsion such that the
neutron of the He® particle is nearer the Zn® nucle-
us. Thus the neutron may be attracted by nuclear
forces while the two protons remain outside the
range of the nuclear forces. This mechanism is a
possibility because of the small binding energy of
Hed.

From the measurement of the recoil range of
Ga®® for the reaction Cu®s(He?, 21)Ga®, Saha and
Porile* deduced that this reaction took place main-
ly by compound-nucleus formation. The excitation
curve, Fig. 3, for the (He®, 2n) + (He®,np) reactions
on Zn®* does not decrease quite as rapidly with in-
creasing He®-particle energy as the curve' used by
Saha and Porile for reference. This suggests that
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FIG. 3. He? on Zn®! excitation functions for
two-particle emission.

the (He®,np) contribution to the curve may be par-
tially due to direct reactions. The stripping of a
proton from the He® particle is a likely reaction
mechanism.

The (He®, an) reaction excitation function is
shown in Fig. 3, which is compared with a similar
type of reaction for He® on Cu®® done by GSG.* Ex-
cept for a difference in magnitude, the curves
agree very well over comparable He® energies.
However, the curve for He® on Zn®*® reveals an in-
crease in the cross section for the (He®, an) reac-
tion for He® energies above 37 MeV. A possible ex-
planation is that the (He®, He’2n) reaction channel
is opened at higher He®-particle energies. The @
value for this latter reaction is —20.8 MeV.

Excitation function curves!?+!® for the (a,np) re-
action on Zn®* are not similar to the (He3,np)
+(He?, 2n) curve. The a-induced-reaction curves
are monotonically increasing up to the limit of mea-
surement (25 MeV) whereas the He®-induced-reac-
tion curve is decreasing over the same energy
range. The difference in excitation energy between
incidence for He® and « particles is so large that
the reaction mechanisms are probably not the
same. In this energy region, compound-nucleus
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FIG. 4. He® on Zn® excitation functions for
three-particle emission.
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formation is dominant for « particles,* while He®
particles induce direct reactions.®

Three-Particle-Emission Reactions

Expressed in terms of n- , p- , and a-particle
emission, the reactions below qualify as the three-
particle type. As for two-particle emission, the
first group of reactions are observed, while those
in the second group are not. The reactions are:
Zn®(He®, 3p)Cu®, Zn®(He?, a2n)Zn®, Zn%-

(He®, anp)Cu®, Zn®(He?, 2ap)Co™; and Zn®-
(He®, 3n)Ge®™, Zn®(He®, 2np)Ga®, Zn%(He®, 2pn)-
Zn®, Zn*(He®, a2p)Ni®, Zn®(He?,2an)Ni®, Zn®-
(He®, 3a)Fe®®. The excitation functions for the ob-
served reactions are plotted in Fig. 4. Also plot-
ted in the same figure are excitation functions for
similar types of reactions induced by He® on Cu®®.

In general, the magnitudes of these excitation
functions are considerably smaller (except for
Cu®) than those for one- or two-particle emission.
From energy considerations alone, this is to be
expected. However, the cross sections for these
reactions are increasing very rapidly with increas-
ing He® incident energy so that three-particle emis-
sion would probably become the dominant reaction
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FIG. 5. He® on Zn® excitation functions for
higher-mass emission.

mechanism at slightly higher energies.

The production of Cu®* was quite important in all
the bombardments as revealed by the large cross
section. The amount of Cu®* measured was due to
the two reactions Zn%(He®, @2r)Zn® and Zn®-
(He®, apn)Cu®. Because of its short half-life (89
sec), any Zn® formed would have decayed to Cu®
by the time counting of the target was begun.
Since the @ value for production of Zn® is much
more negative than for production of Cu®, as dis-
cussed below, it is likely that most of the Cu®*
measured is produced directly.

If the mechanism for production of the Zn® or
Cu® were the evaporation of three particles, a2n
and anp, respectively, the @ values for these re-
actions would be -12.8 and -6.6 MeV. Since other
reactions with @ values near this do not have
cross sections approaching that for the production
of Cu®, it appears quite unlikely that Cu® is pro-
duced by this mechanism. Instead, the emission
of a single particle, He® to produce Zn®, or Li®
to produce Cu®, requires @ values of -11.8 and
-2.9 MeV, respectively. Large cross sections
for the (He®, Li®) and (He®, He®) reactions for He®
particles on nuclei for isotopic masses up to 30
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FIG. 6. Excitation function for production of Ga®’ from
He® on Zn®® impurity in foil.
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have been definitely established.?®

The excitation function for (He®, a2r) on Cu®®
from GSG? is plotted in Fig. 4. The @ value for
this reaction is —8.1 MeV which is approximately
the same as for the (He®, anp) reaction of Zn%,

The curves are very similar.

One of the most interesting reactions which re-
sulted is the (He®, 3p) reaction (see Fig. 4). The
detection limits for the measurement of the y ray
emitted by Cu® in decaying to Ni®** were such that
only bombardments with He® particles above 28.7
MeV produced sufficient quantities of Cu® to be
detected. Two possibilities exist for the reaction
mechanism involved in 3p emission. The most prob-
able process is a neutron stripping reaction from
the He® particle followed by emission of a proton.
By the same reasoning neutron stripping followed
by neutron emission should be almost equally as
probable. However, the residual nucleus is Zn%
again, so that there is no means of detecting this.

The other possibility is compound-nucleus forma-
tion with subsequent emission of three protons. If
this were the mechanism, then two-proton emis-
sion followed by neutron emission, or proton emis-
sion followed by two-neutron emission (or tritium
emission) should be approximately as probable.
This would yield the isotopes Zn®* and Ga®*, respec-
tively. Because of its short half-life, Ga® would
not be detected if it were produced, and, of course,
Zn* is stable. Three-neutron emission would be
yet another three-nucleon-emission possibility,
but this reaction has a threshold energy of about
21 MeV. If this reaction did occur, it would yield
the isotope Ge®, which has not been reported in
the literature. In order for us to detect this iso-
tope, its half-life would have to be about 15 min
or greater. Also if it were produced, and assum-
ing a half-life greater than 15 min, then the y rays
from Ga® should also be detected. This has not
been the case. Further work has been done on the
search for Ge®*, which is discussed in more detail
elsewhere.?®

The excitation function of Cu®® for (He?, 3p) from
GSG® is also plotted in Fig. 4. Over the same en-
ergy range the curves for (He?, 3p) are similar in
slope but differ in magnitude by nearly a factor of
100.

The (He®, 2ap) reaction for Zn® is detectable
only at He3-particle energies of 37 MeV and above.
The excitation function for this reaction as well as
for a similar reaction® induced in Cu®® is plotted
in Fig. 4. Once again, as for the three-proton
emission above, the cross section for this reac-
tion in Cu® is much less, by about a factor of 25,
than it is for Zn®. It is possible the emission
mechanism here is a single entity, 3 Be?, rather
than two « particles plus a proton. Thus the reac-

tion would be Zn®(He®, Be®)Co%.

A reaction which should be nearly as probable as
the (He?, 2ap) reaction is Zn®*(He?, 2an)Ni%*®. This
cannot be observed, since Ni* is stable. Another
three-particle reaction which is not observed is
Zn®*(He3, 3a)Fe®. There are no y rays emitted in
the decay of Fe®®.

Higher-Mass-Emission Reactions

The reactions which will be discussed in this cat-
egory are Zn%(He®, Li")Cu®, Zn%(He®, Be'°)Ni®",
and Zn®*(He®, B'°)Co®". These reactions are not ex-
pressed in terms of emission of neutrons, protons,
and « particles, since it is improbable that they
take place in this manner. Instead a single,
higher-mass entity is more likely to be emitted.
All of the above reactions were observed only for
the higher He® bombardment energies. This is
shown by the excitation functions plotted in Fig. 5.

The conclusion that higher-mass emission takes
place by emitting a single entity is substantiated
in part by GSG® for higher-mass emissions from
He® on copper isotopes. They were actually able
to chemically separate Be” from one of their tar-
gets. Other workers3®°:3! have observed direct re-
actions using He® particles with emissions of Li’
and Be”. In our case Be’” emission leads to the sta-
ble nucleus Ni®°,

Other Reactions

The detection of y rays from the isotope Ga®’
poses an interesting problem. If the Ga®” were
produced from the Zn®*, then the reaction must be
Zn®%*(He?, y)Ge®", where the Ge®” then undergoes g*
decay to Ga®’. If this were the reaction mecha-
nism, the y rays from the decay of Ge®” should be
detected, since the half-life of Ge®” is 19 min.%?
This was not the case.

Another more likely possibility exists. The
small amount of Zn®*® impurity (~0.14%) is suffi-
cient to give the reaction Zn®(He?, np)Ga®’. If the
cross section is calculated using the stated amount
of Zn®, the resulting excitation function is plotted
in Fig. 6. This excitation function is indeed large
when compared with similar reactions for He® on
Zn* (see Fig. 3). Since no other explanation
seems feasible, this is assumed to be the reaction
which takes place.

Other reactions involving He® on Zn®® are not
likely to take place often enough to produce a suffi-
cient quantity of any radioactive isotope to be de-
tected. The (He®, ap) reaction on Zn® to produce
Cu® would require a cross section of several
barns to compete with the (He?, 3p) reactions on
Zn®*. The highly probable reaction Zn%(He3, 2p)
leads to the stable nucleus Zn®’, which cannot be
detected.
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CONCLUSIONS

This study has shown that the direct reactions in-
duced by He® particles incident on a Zn%* target
dominate compound-nuclear formation in the same
entrance channel. One consequence is that the pro-
duction of proton-rich isotopes by (He3,xn) reac-
tions for x > 1 is not favored over similar
[a,(x+1)n] reactions, despite the more favorable
@ values. This technique of cross-section extrac-
tion by means of radionuclide detection has proven
to be a valuable and economic tool in reaction-
mechanism studies.
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