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Recoil range distributions of residues from a+ Co reactions
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The recoil range distributions of 'Cu, Cu, ' Co, Co, ' Co, '"Mn, and Mn residual nuclei pro-
duced in a particle bombardment of Co at 38, 50, 65, and 85 MeV have been measured and
analyzed. Analysis of these measurements, as well as other recently published measurements of
longitudinal linear momentum transfer to residue isobars at energies extending up to =200 MeV, in
the same reaction, shows that calculations based on the exciton model and a realistic description of
the a-nucleus interaction allow a quantitatively correct description of a-induced reactions. Contrary
to recent suggestions, data of this kind do not seem to indicate a change in the general character of
the n-nucleus interaction for incident energies below =50 MeV/nucleon.

I. INTRODUCTION

The value of measurements of the recoil range distribu-
tions of radioactive spallation residues, in nuclear reaction
studies, has been appreciated since the late 1950's.

The velocity distribution of the residue after a reaction
provides an indication of the mechanism by which it was
formed. In fact, the recoil velocity reflects the degree of
momentum transfer from the projectile. The transfer will
be maximum in complete fusion processes and will be cor-
respondingly reduced in direct, preequilibrium, and break-
up processes when a large fraction of the incident momen-
tum is carried off by fast particles emitted at an early
stage of the reaction.

Most of the studies reported in the literature comprise
measurements of the mean recoil ranges of given residu-
als, projected along the beam axis, in thick target-thick
catcher experiments. These data, together with measure-
ments of the velocity distribution of residues by time of
flight techniques and of the correlation of fission frag-
ments in the case of heavy nuclei, indicate that the per-
centage of mean longitudinal linear momentum transfer,
in light ion (A & 20)-nucleus interactions, decreases linear-
ly over the energy range from 0 to =70—80
MeV/nucleon. '

Although this result is of great relevance, it must be
stressed that this experimental information alone is not
sufficient to provide a clear indication of the reaction
mechanism, and theoretical approaches based on various
physical assumptions might lead to similar estimates of
the mean linear momentum transferred, which .may only
be resolved by means of more detailed measurements.

Measurements of differential range distributions of re-
action residues, which provide much more detailed infor-
mation on the reaction mechanism, are quite scarce and
their accuracy has in the past been limited by the nonuni-
formity of the catcher foils used; these were generally
made from aluminum leaf which is known to be extreme-

ly nonuniform.
This paper reports the results of measurements of dif-

ferential projected range distributions, using highly uni-
form thin evaporated aluminum catchers, for a particle
reactions on Co at energies up to 85 MeV. Application
of this technique to a-induced reactions is intrinsically
more difficult than for the heavy ion reactions previously
studied, because the momentum transfer is lower and the
recoil ranges are correspondingly shorter.

The measured recoil range distributions provide a more
detailed test of a model that has previously been used to
reproduce measured excitation functions and emitted par-
ticle spectra for a-particle —induced reactions. 3

These calculations also successfully reproduce recently
published data' on mean recoil momenta of residue iso-
bars from the same reactions at higher energies, implying
that, in contrast to recent suggestions, ' no new process is
required to explain these.

II. EXPERIMENTAL TECHNIQUE

Projected range distributions for seven nuclides ( 'Cu,
Cu, Co, Co, Co, Mn, and Mn) were measured

by irradiating a thin Co target mounted in front of a
stack of typically 20 thin aluminum catcher foils. Subse-
quently, y-ray spectrometry was used to determine the
distribution through the catcher stack of products from
the target.

The target consisted of a layer of about 100 pg cm of
cobalt deposited by evaporation in vacuum onto a self-
supporting aluminum foil about 100 pgcm thick; the
catchers used were self-supporting aluminum foils pro-
duced by evaporation of aluminum onto glass slides in
vacuum. The thickness of aluminum deposited was first
monitored using a crystal oscillator deposition monitor
mounted alongside the slides, then a more accurate deter-
mination was achieved by measuring the energy lost in
traversing each aluminum foil by 5.806 MeV a particles
from a Cm source.
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The catcher foils were mounted on annular tantalum
holders with an inside diameter of 15 mm, and the target
and typically 20 catchers were stacked in a close geometry
inside a Faraday cup on the end of the beam line, with the
cobalt target layer downstream of the aluminum support
foil. Further details of the experimental technique may be
found elsewhere. The stack of foils was irradiated with
an e beam extracted from the Harwe11 Variable Energy
Cyclotron, collimated to a spot diameter of 5 mm with a
divergence of less than 0.5'. In different irradiations, a
particle energies of 38, 56, 65, and 85 MeV were used. In
order to avoid overheating the stack, the beam flux was
limited to 50 particle nA. Each activation lasted typically
4—6 h, and involved a total fluence of approximately 1000
particle pC.

The counting of the activity induced in the catcher foils
and the target commenced within half an hour of the end
of irradiation, each foil being counted for, typically, 200 s.
After the first sequence of counts, the foils were recount-
ed in turn for typically 400 s, to study products with
half-lives of a few hours. They were again recounted
within the next few days. The final count commenced
several weeks after irradiation and involved counting each
catcher for typically 24 h. Since the yield of the activities
of interest was necessarily small, due to the use of a thin
target and the fact that the products were spread over
several catchers, the foils were counted resting on the cas-
ing of a 25% efficient vertical coaxial Ge(Li) detector, to
achieve the maximum counting efficiency.

In this close counting geometry, there is a significant
probability that the Ge(Li) will detect more than one of
the radiations emitted in rapid succession by a particular
radioactive nucleus (electron/positrons and one or more y
rays) and will not be able to resolve them as distinct
events, so that they become summed and events are lost
from the measured y-ray photopeaks. The effective pho-
topeak efficiency is thus extremely sensitive to the precise
details of the decay scheme of the radioisotopes being
counted, and it is certainly not possible to use a universal
curve of efficiency vs y-ray energy for all radioactive
products. For this reason, no attempt was made to obtain
absolute cross section data directly in this study.

The distribution of the products of interest through the
catcher stack was determined by selecting, for each prod-
uct, a characteristic y-ray energy (see Table I) that could
be unambiguously attributed to this product and counting
the relative intensity of this photopeak in each catcher.
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The relative uncertainty in the yields measured within
each range distribution is estimated to be =5—10% and
is mainly due to the uncertainty in catcher thickness.

The absolute cross sections were obtained by normaliza-
tion of the integrals of the measured distributions to the
values obtained in previous thick target measurements of
the corresponding excitation functions. 3'

This normalization procedure would give incorrect re-
sults if some of the yield of a particular product was not
collected in the stack. The most likely reason for this
would be if the recoil ranges were so low that some prod-
ucts did not emerge from the target layer, or if indeed the
recoil velocities were opposed to beam velocity. Even in
this case it is almost certain that the recoil velocity would
be so low that any product would stop in the support layer
before the target. Thus, in order to achieve correct nor-
malization, it was, in general, necessary to count the ac-
tivity induced in the combined support/target foil as well
as in the catchers, and to include any yield found in this

TABLE I. Half-lives of radioactive nuclei studied in this
work and energies of y rays utilized for their identification.

l

I

0
I

0.5 1.0
R (mg/cm')

Isotope

61Cu

"Cu
58CO

"Co
56Co
'4Mn

Mn

Half-life

3.41 h
23.2 min
70.8 d

270.9 d
78.8 d

312.5 d
5.59 d

E~ (keV}

283
1332
810
122
846
835
744

FIG. 1. Comparison between measured (continuous line his-
tograms) and calculated {dashed line histograms) projected range
distributions of 'Cu, Cu, Co, and Co residues in o. particle
bombardment of ' Co at 38 MeV. Here arid in the following
three figures, the contribution of processes involving the pre-
equilibrium emission of an a particle is given by the dotted his-
tograms and the arrows indicate the expected value of the mean
recoil range in a purely compound nucleus process.
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FIG. 2. Comparison between measured (continuous line his-
tograms) and calculated (dashed line histograms) projected range
distributions of 'Cu, Cu, Co, 7Co, ' Co, and '4Mn residues
in a particle bombardment of ' Co at 50 MeV. In the case of

Co and Mn, emission of a preequilibrium a particle gives a
rather small contribution to the range distribution, never exceed-
ing 15—20% of the calculated yield.
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FIG. 3. Comparison between measured (continuous line his-
tograms) and calculated (dashed line histograms) projected. range
distributions of 'Cu, ~Cu, Co, 7Co, and Co residues in a
particle bombardment of 5 Co at 65 MeV.

foil in the total yield. In Figs. 1—4, the yield in the com-
bined supportltarget foil is shown in the first bin of each
histogram (recoil range & 0).

III. ANALYSIS
OF EXPERIMENTAL DATA

The measured recoil range distributions are shown in
Figs. 1—4.

Excitation functions for production of 14 radioactive
residual nuclides and the emitted proton and a particle
spectra have already been measured, for a energies
varying from 10 to 170 MeV„and analyzed in the frame-
work of the exciton model. These studies indicated the
importance of preequilibrium processes in a-nucleus in-
teractions. The present data confirm these conclusions

and perhaps allow a more direct separation between pre-
equilibrium and compound nucleus processes.

If all the residues were produced in compound nucleus
processes, all the range distributions would be approxi-
mately symmetrical around a mean recoil range that
would be approximately the same for all residues (the
range corresponding to the recoil velocity of the com-
pound nucleus). The width of the distribution arises from
the evaporation from the compound nucleus. Emission of
a particles causes a greater perturbation of the recoil velo-
city, and therefore a greater width in the range distribu-
tions, than emission of individual nucleons. This effect is
seen, for example, in. the case of Co; at the lower ener-
gies where evaporation of an a and a neutron is most im-
portant, the intrinsic width of the compound nucleus
component of the range distribution is greater than at 65
and 85 MeV where evaporation of five separate nucleons
occurs.
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mental results in elucidating the nature of reaction pro-
cesses. From the excitation function for production of

Co at this energy (see Fig. 5) the contribution, to the
measured cross section, of the reaction path involving the
emission of a high energy preequilibrium a particle is not
obvious, whereas it is clearly apparent from the measured
recoil range distribution.

At 6S and 8S MeV the mean recoil range characterizing
the 'Cu and Cu distributions is considerably smaller
than the center of the broad peak in the Co distribution
which, as already explained, corresponds to compound nu-
cleus processes. This indicates that at least one of the
neutrons emitted during the deexcitation process produc-
ing the 'Cu and Cu nuclei has been emitted during the
preequilibrium phase. The lack of symmetry of the ~7Co

and Co distributions at 65 MeV also indicates the im-
portance of preequilibrium decay.

As mentioned above, the excitation functions for the re-
actions considered here have already been quite success-
fully reproduced by exciton model calculations, using the
code OMEGA. This theoretical approach has been dis-
cussed in detail in Refs. 3, 6, and 7 and further improve-
ments were described in Ref. 8. To summarize, this cal-
culation considers several distinct initial interaction
modes for the a particle. In order of importance these are
the following:

100—

050-
I

L

Mn

(a) two-body interaction of the incident a particle with
nucleons of the target,

(b) dissolution of the a into four captured nucleons, in
the field of the target nucleus,

(c) binary fragmentation with capture of one fragment,
(d) inelastic scattering with excitation of low-lying col-

lective states and giant resonances.

0.5 1.0
R (mgjcm')

FIG. 4. Comparison between measured (continuous line his-
tograms) and calculated (dashed line histograms) projected range
distributions of 'Cu, Cu, 'Co, Co, Co, ' Mn, and Mn
residues in a particle bombardment of ' Co at 85 MeV.

It is clearly seen that several of the distributions cannot
simply be accounted for by evaporation from the com-
pound nucleus. For instance, even at 38 MeV, the Co
distribution shows a peak at a range considerably smaller
than the mean range characterizing the other distribu-
tions. At this energy, although the main contribution to
the cross section for production of this isotope is evapora-
tion of one a particle and a neutron, the low energy peak
reveals the presence of noncompound processes. This
peak dominates the Co distribution at 50 MeV (where
compound nucleus processes do not strongly populate this
product). At the higher incident energies, compound nu-

cleus processes again become important with the evapora-
tion of individual nucleons. The low range component
may easily be explained in terms of preequilibriurn emis-
sion of high energy a particles, in the deexcitation process
producing the Co radioactive residual. The 85 MeV dis-
tribution is a clear example of the value of such experi-

Each of these initial interaction modes initiates an in-
tranuclear deexcitation cascade during which preequilibri-
um emission of a particles and nucleons may occur. Fig-
ure 6 shows the estimated contributions, to the total o.-
nucleus reaction cross section, of the cumulative cross sec-
tions of processes initiated by these four interaction
modes. These estimates do not practically differ from the
ones previously reported in Ref. 3 and are shown here
only for the sake of completeness. They are obtained
through a detailed comparison of model predictions with
independent experimental data as discussed in Refs. 7 and
8. For instance, the total cross section for a particle frag-
mentation to four nucleons is deduced from the yield of
the highest energy part of experimental inclusive proton
spectra; the total cross section for processes initiated by
a-nucleon interactions may be estimated from the analysis
of the medium energy region of the inclusive spectra of
inelastically scattered n particles.

Our estimate of the contribution of different a-nucleon
interaction modes is rather different from that of other
authors. For a comparison of the present approach with
other theoretical models we refer to Refs. 7 and 8.

As previously mentioned, the range distribution data al-
low a further detailed check of our calculations and also
an extension of the model used.

In fact, the previous OMEGA calculations, concerned
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TABLE II. Compound nucleus formation cross section for
interaction of 38, 50, 65, and 85 MeV a particles with ' Co.

{MeV)

38
50
65
85

0CN
{mb)

1011
912
755
524

Carlo approach by simulating the deexcitation cascade
typically 20 000 times.

At the end of a cascade, the range of each fragment was
calculated from a parametrization of the range/energy
values reported by Northcliffe and Schilling' for the
range of that element in aluminum, applying mass scaling
to obtain ranges for isotopes other than that listed.

In the construction of the final distribution, the recoils
were assumed to originate with equal probability from all
depths in the cobalt target. Allowance was made for the
experimental effects of range straggling, beam energy
spread, and catcher nonuniformity, by adding to the final
projected range, r, a perturbation randomly selected from
a Gaussian distribution with standard deviation equal to
a+br. As suggested in Ref. 2, values of 0.08 mgcm
and 0.025 were used for the constants a and b.

The other parameters used in the OMEGA calculation
were exactly the same as reported in Ref. 3.

The previous conclusions, from analysis of excitation
functions and angle integrated emitted particle spectra for
reactions induced by 0, particles with energy up to = 170
MeV on 2=59 nuclei, were that: (i) the code OMEGA
provided a realistic and satisfactory description of the
preequilibrium phase of the reaction, but (ii) the use of
average parameters to describe the evaporation from the
compound nucleus and the approximations introduced to
speed up and simplify this part of the calculation prevent-
ed an accurate estimate of the cross section of processes
with a predominant compound nucleus contribution, for
nuclei as light as the ones considered in this work.

Because of (ii) we decided, in the present analysis, to
evaluate the cross section of purely compound nucleus
processes with the standard version of the code CAS-

CADE, " using for the fusion cross sections the values for
compound nucleus formation cross section estimated with
the OMEGA. code. These cross sections are estimated by
evaluating the percentage of events in which the initial in-
cident a particle energy is distributed among a large num-
ber of excitons ()22), without previous emission of a
preequilibrium particle.

For the four incident u particle energies considered in
this work, the estimated compound nucleus formation
cross sections are listed in Table II.

As shown in Fig. 5, an accurate reproduction of the ex-
perimental excitation functions is achieved. Comparison
of the present results with those of Ref. 3 shows that the
excitation functions of the reactions leading to the forma-
tion of 'Cu, Cu, Co, and Co are now better repro-
duced, while the excitation function for production of

Co is slightly less accurately fitted.

The shapes of the recoil range distributions for purely
compound nucleus processes were calculated by means of
a Monte Carlo approach, described in Refs. 2 and 4, in
which the emission of the prescribed number and type of
particles with the appropriate Maxwellian distributions is
simulated. Each evaporated nucleon is assumed to have
an isotropic angular distribution in the c.m. system of the
decaying nucleus; for evaporated a particles, equal contri-
butions from isotropic and planar distributions with

o(8,$)= 1

2m ssnO
(2)

IV. OTHER RECENT MEASUREMENTS
QF MOMENTUM TRANSFER
IN a-INDUCED REACTIONS

Jastrzebski et aI,.' have recently reported recoil studies
of the same entrance channel at energies extending consid-
erably higher (up to 200 MeV) than the measurements
described in the previous two sections. For each radioac-
tive product, they measured only the mean recoil range, as
opposed to the full distribution, in a thick target/thick
catcher experiment, and deduced the corresponding mean
projected recoil momentum, p, from range/energy rela-
tions. ' They also measured the total yield for each prod-
uct mass (using in-beam y spectrometry to establish yields
of stable products).

Figure 7 shows the results obtained by these authors at
40, 66, 127, and 149 MeV for p/pew and the total mass
yield, as a function of b,A, the difference between the
mass of the compound nucleus (CN) and that of the prod-
uct.

The estimates for these quantities calculated by the

were used. ' In this case also the result of the calculation
does not greatly depend on the assumed shape of the an-
gular distributions. The use of second-order Legendre
polynomials to reproduce the forward and backward
peaking is expected to lead essentially to the same results.

As shown in Figs. 1—4, the measured recoil range dis-
tributions are well reproduced both in shape and absolute
value, except in the case of Cu and Co at 85 MeV,
where the calculation provides cross section values sub-
stantially greater than the values reported in Ref. 3.
However, in considering these discrepancies, one should
remember that there is significant uncertainty in the abs'o-

lute value of the measured cross sections, which is reflect-
ed in the differences between values measured in different
experiments. '

Overall, the agreement between the calculated and mea-
sured distributions, in Figs. 1—4, must be considered re-
markably good. These figures also show, in the use of re-
actions where an a particle may be emitted, the contribu-
tion of processes involving the emission of preequilibrium
o. particles. These results confirm that the exciton model
calculations based on a realistic description of the a-
nucleus interaction, which had previously correctly repro-
duced excitation functions and particle spectra, do indeed,
with the same set of bas&c parameters, prouide a quantita
tiuely covrect description also of the various veaction paths
that contribute, at these energies, to each reaction.
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FIG. 7. Production cross sections of residue isobars and percentages of mean longitudinal linear momentum transferred to residue
isobars in a-particle —induced reactions on ' Co at 40, 66, 127, and 149 MeV. The experimental results (Ref. 1) are represented,
respectively, by the continuous line histograms and black dots with error bars; the results of the present calculation are represented by
dashed line histograms and open dots. p represents the mean longitudinal linear momentum of the residue isobars, pcN the initial a
particle momentum, which would correspond to the mean longitudinal linear momentum transferred to each residue in a pure com-
pound nucleus process. AA is the difference between the compound nucleus mass and the residue isobar mass.

QMEGA exciton model code are also shown in this figure.
For these calculations, the code (modified as described in
Sec. III) was used even for the purely compound nuclear
processes, since the approximations discussed in Sec. III
have little effect on the calculation of mass yields or recoil
ranges, being important only in determining the relative
yields of individual isobars.

As can be seen, the calculation satisfactorily reproduces
the observed mass dependences, practically the sole excep-
tion being the value for hA =3 at an incident a energy of
66 MeV.

In this particular case, it is quite surprising that the
measured mean recoil momentum for AA =3 is less than
for AA =2, since the contribution of preequilibrium pro-
cesses is expected to be less in the first case than in the
second. The drop in measured values for still lighter
products is due to the importance of a emission in their
production and demonstrates, as did the experimental
recoil range distributions, the great influence of deep in-
elastic cx particle scattering in reducing the mean linear
momentum transferred to residual nuclei. At 66 MeV
this drop does not occur for hA =-4, as at the other ener-
gies, bemuse at this particular energy the yield is dom-
inated by evaporation of just four nucleons which masks
the preequilibrium emission of a single cx particle.

It should also be noted that the values of p obtained by
Jastrzebski et al. are probably systematically high, by
perhaps 5% in some cases, due to the method of obtaining
the mean recoil velocity from a value of mean range for
an extended distribution.

The dependence, on the incident a particle energy, of
the longitudinal linear momentum transfer averaged over

1.0—

o~ o*5

ICL

OO
I I

IQ 20 30 40 50
E/& (MeV/nucleon)

FIG. 8. Percentage of the mean linear momentum transfer in
the reactions induced by a particles on Co as a function of the
incident energy/nucleon. Black dots with error bars represent
the experimental values (Ref. 1), the open dots represent the re-
sults of the present calculation. p is the longitudinal linear
momentum averaged over all final residues, pcN is the incident
linear momentum.

all final products is also satisfactorily reproduced, as seen
ln Fig. 8.

As a result of this comparison, we find no evidence to
support the conclusion of the authors of Ref. I, that their
data imply that the general character of the a-nucleus in-
teraction changes quite abruptly at an energy correspond-
ing approximately to 23 MeV/nucleon. We agree rather
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with previous suggestions that there is no change in the
general character of the light ion-nucleus interaction at
energies up to =70 MeV/nucleon. '

V. CONCLUSIONS

Since this description accounts, uniformly across the ener-

gy range considered, for the experimental data, there are
no grounds to support the suggestion of a change in the
character of the alpha-nucleus interaction at incident en-
ergies below about 50 MeV/nucleon.

Differential recoil range distributions have been mea-
sured for residual nuclei produced in reactions of alpha
particles with Co, at alpha energies between 38 and 85
MeV. These distributions show contributions that reflect
the full momentum transfer in fusion/evaporation and the
lower net momentum transfer resulting from various
direct and preequilibrium processes.

The measured distributions are generally well repro-
duced, both in shape and in absolute cross section, by ex-
citon model calculations, in which the possible initial in-
teraction modes of the alpha particle with the target nu-
cleus are all explicitly considered, using the same parame-
ters as in previous calculations which successfully ac-
counted for the product cross sections. This shows that
these calculations correctly reproduce not only the cumu-
lative cross sections, but also the balance of the various
processes contributing to formation of each product.

These calculations also agree with the values of mean
recoil range for these reaction residues measured by Jas-
trzebski et ah. up to about 200 MeV in alpha energy.
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APPENDIX

Analysis of the angular distributions of nucleons emit-
ted in reactions induced by cx particles up to about 140
MeV, on nuclei with A =60, shows that one can assume
an isotropic angular distribution for nucleons with energy
smaller that 10 MeV. If their energy exceeds 10 MeV, one
can assume an angular distribution of the type given by
Eq. (1), with the function A given by:

A(E;„„E,„,) = ', E;„,& 55 MeV,
750.

750.
E,„,—(0.0541E;„,—2.9755)

(Al)

All the energies are given in MeV.
There is some indication that the angular distributions should somewhat flatten below = 10, and to simulate this oc-

currence, we have assumed

cr(8,$)=0(8;„,P)

for 8 & 8;„.However, a variation of 8;„from 0' to 10' has a small influence on the calculated recoil range distributions.
The analysis of angular distributions of emitted a particles prompted us to assume an isotropic angular distribution if

the incident a energy is smaller than =32 MeV; for higher incident energies, an isotropic angular distribution was as-
sumed for a particles emitted with less than 15 MeV, while, for higher emitted energies Eq. (1) was used, with the func-
tion A given by

A(E;„„E~„,) =(1150.+17.5E;„,)e '"', 15 &E,„,&25 MeV,
400. +7.4E;„, E,„,)25 MeV . (A3)

Here again, for 0 & 0;„one has assumed the validity of
(A2). In the case of alpha fragmentation, it has been as-
sumed, for simplicity, that the heavy fragments (d, t, and
He) are emitted in the direction of the incident a parti-

cle, since in our approach the cross section for this pro-

cess gives a minor contribution to the total reaction cross
section and the calculation is rather insensitive to the an-
gular distribution of emitted particles for very forward
emissions.
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