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Abstract. Excitation functions of the reactions 6acu[(~t, ,), (6, 2n)+ (~t,pn)] and 6SCu[(~t,n),
(:t, 2,), (ct,3n), (~t,4,)+ (6, p3n)] were investigated up to 50 MeV using stacked foil activation
technique and Ge(Li) gamma ray spectroscopy method. Since natural copper used as the target
has two odd-mass stable isotopes of abundance, 6aCu(69.17~) and 6SCu(30"83%), their
activation in some cases, gives the same residual nucleus through different reaction channels
but with very different threshold energies. In such cases, the individual reaction cross sections
are separated with the ratio of theoretical cross sections. The experimental results were
compared with the predictions of preequilibrium hybrid model of Blann. A general agreement
was found in all reactions using initial exciton number no = 4(4p0h) and also preequilibdum
fraction depends on the incident particle energy.

Keywords. Nuclear reactions; 63'6SCu(~,x.yp); stacked foil activation technique; E ~<50 MeV
preequilibrium emission.
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1. Introduction

The preequilibrium reaction mechanism is being used since the last two decades to
explain high energy continuum of the ejeetile spectrum. The mechanism takes into
account the emission of particles during the relaxation process of the target plus
projectile composite nucleus towards the statistically equilibrated compound nucleus.
The relaxation is assumed to take place through a cascade of two body interactions
and ejectile emitted at any stage of the binary cascade constitute the preequilibrium
spectra. The preequilibrium process has been extensively studied since the exciton
model was proposed by Griffin [1]. The exciton model has been extended and refined
through analysis of many experimental data, and several models have been developed
within the framework of semiclassical or phenomenological approaches [2-10]. On
the other hand fully quantum mechanical theories of preequilibrium processes have
been developed by several groups [11-16], which so far been confined to nucleon
interactions with not more than two emergent particles. Due to the complexity of
computation, for the interaction of complex-particle like an 0t-particle the quantum
mechanical picture is yet to come.
Indeed rather extensive experimental data are available in literature [17-27] for
a-induced reactions on copper, mostly using poor resolution detectors i.e. G M counter,
scintillation detector and proportional counters. Because of the poor resolution of
the detectors there were many inconsistencies in the data. Recently Graf et al [24"1,
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Rizvi et al [25"1 Bhardwaj et ai [26] and Mohan Rao et al [27] have also studied
~t-induced reactions on copper using Ge(Li) detector. In view of the large uncertainties
and mutual discrepancies, a reinvestigation of the above reactions was undertaken
with the two-fold aim of (i) improving the quality of experimental data and (ii) to
test the preequilibrium models with systematic data obtained in the present work.

2. Experimental procedure
The excitation functions of the at-induced nuclear reactions on natural copper were
determined by the stacked-foil technique and Ge(Li) gamma ray spectroscopy method.
The excitation functions were measured in three steps namely 50-20 MeV, 40-10 MeV
and 30-10MeV, using copper foils of thicknesses 23mg/cm 2, 8.9mg/cm 2 and
12mg/cm 2 respectively together with several aluminium degraders of varying
thicknesses to reduce the beam energy to desired levels. These three independent
measurements have large overlapping energy regions which enabled us to check the
consistency of the measurements. The beam spot on the foil stack was always restricted
to 5 mm by a central hole in a 6 m m thick tantalum collimator placed in front of
each stack. No catcher foil is used since recoil distribution is small at this energy and
falls within experimental errors. The ~t-beam is totally stopped in the electrically
insulated foil stack which is itself serving as a Faraday cup. The total ~t-partiele flux
was measured using current integrator. Beam current of the order of 250 nA was
maintained for about 1 h in each irradiation. After accounting for the energy
degradation in M-foils, the energy of the alpha beam at half the thickness of the

Table 1. Nuclear data used for identification of residual nuclei [29].
Q-value
(MeV)

Reaction
63
66
29Cu(~, rl)31Ga

Half-life
(Tt/2)

- 7.5

9-45 h

2693Cu(~,,2n)~Ga

- 16.64

15.2 m

2e93Cu(a,pn)~oSZn

- 12"59

n)31Ga

- 5.85

244d
±0.2
68 m

~Cu(u, 2n)3e~Ga

- 14-1

78"26h
+ 0.07

629SCu(~,3n)~Ga

- 25.3

9.45 h

eSCu(u,4n)6SGa

- 34.37

65
65
29Cu(cz, p3n)aoZn

- 30-42

15.2m
244 d
+ 0"2

Gamma ray
energy
E,(keV)
834
1039
153
752
1115"5
1077
1261
184.5
300-2
835
1039
153
752
1115"5

% Abundance (0,)
6.06
38 + 2
5.98
5.49
50"75
+0.10
3-0 + 0"3
0.09
23-56
19-00
+ 1.39
64)6
38 + 2
5.98
5.49
50"75
_+0.10

Error is shown only for those characteristic 3,-rays which is used for the
evaluation of cross-section.
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experimental foil was calculated from range-energy tables of Williamson et al [28].
After the irradiation the induced gamma activities in each foil were observed with a
high resolution 95cc Ge(Li) detector (FWHM 2keV at 1332keV) coupled with a
pre-calibrated 4 k channel Canberra 88 analyser. The residual nuclei were identified
using their characteristic ~,-rays as mentioned in table 1 [29]. Several spectra were
taken at suitable intervals to enable the identification of the half-lives of residual
nuclei. The efficiency calibrations of the detector were performed with a calibrated
152Eu source obtained from the Radio-Chemistry division at VECC. The extended
source geometry correction has been applied.
2.1 Cross-section determination
The formula used in the cross-section calculation was reported in our earlier papers
[30, 31].
ArAsm 2
a = - (1)
~ O r P r W i P i N a v ( 1 -- e-~,,)e- ~,w(1 _ e- ~t~)
where a is the cross section for the reaction (mb), Ar is the photopeak area of the
characteristic gamma ray of the residual nucleus, Asm is the gram atomic weight of
the target element, 2 is the disintegration constant of the residual nucleus (s- 1), ~ is
the flux of the incident particle (No. of particle/cm 2 s), wi is the weight per unit area
of the target foil (g/cm 2), Pi is the fractional abundance by weight of the target isotope
of interest, 0r is the fractional abundance of characteristic gamma ray emitted per
decay of the residual nucleus, Pr is the photopeak efficiency of the gamma ray, N,v
is the Avogadro's number, ti, tw and t¢ are the periods (s) of irradiation, waiting and
counting respectively.
The measured cross-sections for the reactions 63Cu(~, n), 63Cu(~, 2n) + 63Cu(~, pn),
65Cu(~, n), 6SCu(~, 2n)and 63Cu[(n, 2n) + (~,,pn)] + 6SCu[(~, 4n)+ (n, p3n)] have been
listed in table 2. The total error in the experimental cross-section is contributed by
photopeak area (1-5%), photopeak efficiency (4-5%), uniformity of the foil thickness
(1-2%) spectroscopic data (0.08-8%), the beam current (2-3%). The overall projected
error of our measurement is thus between 8-13% for various reactions. The excitation
functions for the above reactions are shown in figures 1-4. The horizontal bars show
the estimated total energy loss in the actual thickness of the foils, while the vertical
flags shown on the cross-sections show the overall error in the measurement.
3. Results and discussion

Consequent on the use of natural copper target which has two odd-mass isotopes of
abundances 63Cu(69"17%) and 65Cu(30.83%), the isotopic contributions arise in the
production of a given final nucleus through different reaction channels, for example
66Ga is formed in 63Cu(ct, n) and 65Cu(ct, 3n) reactions and 65Zn is formed in
63Cu(~, pn) and 65Cu(~t,p3n) reactions respectively. However, more often than not, it
turns out that at a given energy only one of the two reaction channels is predominant
and the other is a small contribution. One of the two vanishes, if the energy happens
to be less than the threshold energy for that reaction. On this basis the experimentally
measured weighted average cross sections can be easily interpreted using the formula

(~) = ~ P/ ~
\ A1

+ P2 o'2 ~

(2)

A2 /
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,b.

i

I,o

11-6 4- 1-6
12.1 4-_I.I
14"3 ,-,14)
16"4 ,-,1.2
17.3 --,2.3
20-2 4- I.I
21-5 +_2-0
22"6 4- 0-7
23"5 + 0-9
25"1 + 1"7
26-5 ,-, 0-9
28-4 + 1-6
29-0 + @6
31-6+ 1"5
34.5 --, 0-5
37" 1 + 1-3
39"6 --, 1"2
42.1 + 1-3
44"5 + 1"1
46"7 + 1"2
49.0 + 1.0

31"0,-,4"1
18-0 --, 2-4
8-0 __ 1-1
6"2 --, 0-8
4"8 + 0-6
3"2 --, 0-4
2'4 ,-, 0-3
2"0 + 0-3

60-0 _ 7"8

206-0--- 25-0

337"0 +_40-9

315-0,-_ 38-2
615"0,-, 74.5
7600 __.92-4
790-0 __ 95"8
580-0 __ 70-3

762-0+76-2
560-0 --, 56-0
380-0 --, 384)
254.0 + 25-4
1834) +- 18"3
140-0 -I- 14-0
108'0 + 11'6
83-0 + 8"9

8600 +- 86.0
930-0,--93-0
1032-0 + 10-3
943-0 -I-94"3

72-0 4- 7-8
475.0 +_ 47.5
542.0 + 54-2

15-0

6SGa

6-2

eTGa

6SCu
(~, n)

Target
nucleus
reaction
Product
nucleus

Threshold
Energy (MeV)

6SCu
(~ 2n)

(rob)

(mb)

___16-4
__+34-6
__.40-7
+_ 42-3

1814)-t- 15"1
126-0 _ 10-5

327-0 + 27"2

197-0
417-0
490-0
510-0

45.4 __.3-8

84)

e6Ga

110-0 + 9-2
276-0 + 22.9
360-0 + 30-0
390-0 + 32-4
350"0 + 29-0
2924} + 24.2
266-0 +__22.0
216"0 + 17-9

8"0, 26.9

e~Ga

6SCu + 6SCu

(~, n) + (~, 3n)

(a, n)

(nab)

63Cu

(mb)

Cross sections of the ,,-induced reactions on 63'6SCu.

E,(MeV)

Table 2.

64.O +- 5-2
260-0 _ 2ff8
530-0 4- 42.4
653.0 +_ 52-3
789.0 _+ 63-2
905.0 _+ 72.4
1013-0 4- 81.0
1040-0 _+ 83.2
1085.0 +- 86.8
960-0 _ 76.8
780-0 +- 62.4
554-0 + 44.3
437-0 + 35-0

13.4, 17.7

eSZn + 6SGa

390-0 +- 31-2
452.0 _+ 36-2
530.0 _ 42.4

13.4, 17.7, 32.3, 36.6

6SZn + eSGa

63Cu + eSCu

[(~, pn) + (a, 2n)]
+ I'(',, p3n) + (',, 4n)]

6SCu

(rob)

(~ pn) + (',, 2n)

(rob)
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Figure 1. Excitation function of 6SCu(0~n) reaction.
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where/] is the average atomic weight of copper, P~, A~, and P2, A2 are the percentage
abundances and mass numbers of the two isotopes of copper in respective order
and 0-~,0-2 are the individual cross-sections for 63Cu(~,n) and 65Cu(~, 3n) reactions
respectively. The two contributions can be separated out accurately using either the
known ratio of cross-sections from theory [26, 32, 33] or by subtracting out the
contribution with enriched isotopes [34].
We have separated the individual contributions of the reactions employing the
first method and using the theoretical ratio of cross-sections in formulae [32].
0-1 ~ 0-~¢3n)

A,2
p63
F
| ~

p6510-65 / 0 -63 ~
-I
i " (,,3n)/ (.,n)/th©o. l~OrPrwtN.v( 1 _ e - ~ " ) e - ~ " ~ ( 1

L A F" +

-e-a,,)

J
(3a)

(7 - - 1765
2 -- (~,3n)

A,2
--

LA65 +

--I

" ~a,n)tO{cz,3n)]theo.

A63

~OrP, wIN,~( 1 - e-~,,)e- ~,-(1 _ e-~t,)

(3b)
where the cross-section ratio (0-65
t
and its inverse are taken from the
(a,3n)//O"63
(a,n)ltheo.
theoretical calculations based on pre-equilibrium model prediction, which predicts
shape and absolute value of the excitation functions.
Below the threshold energy of 6SCu(u, 3n) reaction, the value of 0-6s
(~,3n) will be zero
and hence the second factor in the square bracket will be zero, therefore (3a) reduces
to formula (1), (i.e. original formula).
Consequent on the use of natural copper as the target, two reactions are involved,
in the production of the residual nucleus 66Ga. Therefore, the experimental crosssection (0-) in this case gives the weighted average cross-section, for the two reactions
63Cu(u, n) and 6SCu(~, 3n). Below the threshold of 65Cu(u, 3n) reaction (i.e. 26-9 MeV),
the measured excitation function is due to 63Cu(u, n) reaction only. The contribution
of 63Cu(~, n) and 65Cu(~, 3n) reactions, beyond 26.9 MeV, was separated at each energy
using formulae (3a) and (3b). This method for separating the two activities is justified,
since the excitation function, for the reaction 63Cu(#, n) and for 6SCu(u, 3n) (figure 5),
so resolved, are reproduced individually by theoretical calculation using the same
set of parameters.
More often than not, nuclear reactions in which two genetically related product
nuclei (e.g. isobars or isomers) are formed with comparable half-lives and one of
them, the daughter nucleus being continuously fed by the parent for example, 6SZn
#+
is produced by (i) 63Cu(~, pn)6SZn and (ii) 63Cu(~, 2n)eSGa----* 65Zn. This is because
65Ga decay with a relatively small half-life (15min) into 65Zn which in turn decays
with a half-life of 244 days. In the present measurements a comparatively longer time
was allowed between the end of the irradiation and the beginning of the counting
and therefore the short-lived activity of 6SGa was not observed separately.

Pramana - J. Phys., Vol. 42, No. 4, April 1994

357

N L Singh et al

io3t

-.\

//

\ \
\

\.~

\
~ .

\

\ \x
\ \x
\
\
\
\
\
\

A

.Q

E

\

b

\

Experimental
Hybrid model
no= 4(&poh)
Weisskopf' Ewing
est= matzs (W.E.)

\
\

\
W.E.

!0

20

30
E,< ( MeV )

40

Figure 5. Experimental and theoretical excitation function of
65Cu(,,, 3n) reactions.

50

63Cu(ff.,n) and

3.1 Comparison of present and previous experimental results
Figures 1-4 show the present experimental results together with the previous
measurements. Most of the work on this element performed during 1956-1975, was
carried out employing GM counter, scintillation detector, proportional counter as
well as 47r flat energy response graphite sphere detector.
During the past twenty years, semiconductor radiation detector has become one
of the principal tools in studies requiring high resolution measurements of gamma
rays. There have been several Ge(Li) measurements of cross-sections but in limited
energy regions [24-27]. It may be observed in figures 1-4 that while there is a fair
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agreement between the present measurement and those of Graf et al, Bhardwaj et al
and Mohan Rao et al, there are some disagreements between the present results and
those of Rizvi et al.
It is appropriate to mention that the present experimental study adds nine new
energy-point cross-sections in 65Cu(~,n), four new energy-point cross-sections in
63Cu(~, n) + 6SCu(~, 3n) and three new energy-point cross-sections in 6aCu[(~t, 2n) +
(o~,pn)] + 6SCu [(~, 4n) + (~,,p3n)] reactions in the high energy region.

3.2 Comparison with pre-equilibrium model predictions
The excitation functions have been calculated theoretically using the statistical model
with and without the inclusion of preequilibrium emisson of particles using code
ALICE/85/300 [35]. The forerunner for this model is the idea of Griffin [1] called
as the statistical model of intermediate structure, to qualitatively explain the observed
non-Maxwellian structure of continuous particle spectra. This model has been later
quantified by deriving the unknown value of the matrix element for binary collision
through various means. There are versions called exciton models in which the matrix
element obtained semi-empirically [36] or through a picture of particle-hole
interactions in a Fermi sea [5] or by simply treating it as a fit parameter [37]. An
attempt to derive it from free nucleon-nucleon scattering cross-sections or from the
imaginary part of the optical potential [4] resulted in what are popularly known as
the hybrid model versions.
A short description of the option chosen is given below:
The nuclear masses were calculated from the Mayers and Swiatecki [38] mass formula
considering the liquid drop without shell and pair corrections i.e. the level density
pairing shift absorbed in binding energies. The inverse cross-sections were calculated
by an optical model subroutine included into the code which uses the Becchetti and
Greenless [39] optical model parameters. The equilibrium part was calculated using
standard Weisskopf and Ewing [40] formalism. The mean-free-path was kept constant
(i.e. K = 1.0). The mean free path, which is a kind of free parameter, was introduced
by Blann [3] to account for the transparency of nuclear matter in the lower density
nuclear periphery. A level density parameter of A/8 MeV- s was used.
A crucial parameter in the model is the initial exciton number no, defined as
no = Po + ho with Po = P~ + P,, where Po and ho are initially excited particles above
and holes below the Fermi sea, and p~ and p, are the number of protons and neutrons
among the excited particles. It is customary to use the initial exciton number no(poho)
as a fit parameter to match the theoretical predictions with the experimentally
observed shape of spectra and excitation function. The initial exciton number governs
the entire cascading process of binary collisions and thereby influences the shape of
the hard component in the particle spectra. A good guess would be the number of
nucleons in the projectile or an additional particle/hole or both. For the incident
~c-particle used in the present work a reasonable choice for the initial exciton number
is no = 4, 5 and 6 using different initial exciton configurations such as (4p0h), (Sp0h)
and (Splh) respectively [3, 41, 42]. We performed the calculations using the above
exciton configurations and it was found that no = 4(4p0h) gives by far the best results
than the other two configurations. The prediction of the n o = 5 (Sp0h) and no = 6(Splh)
configurations were lower than those obtained with no = 4(4p0h). Figures 1, 2 and 5
show the comparison of experimental results with no = 4(4p0h) and Weisskopf-Ewing
estimates.
Pramana - J. Phys., VoL 42, No. 4, April 1994
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Figures l, 2 and 5 show the (~t,xn) type of reactions on 63Cu and 65Cu; the
experimental excitation functions of 65Cu(at, n), 65Cu(~t, 2n), 63Cu(ct, n) and 6SCu(ct, 3n)
reactions with the theoretical calculations based on the Weisskopf-Ewing estimates
giving compound nucleus contributions as well as pre-equilibrium hybrid model
prediction using n o = 4(4p0h). The agreement between the experimental and the
theoretical excitation functions can be judged from their peak positions and widths.
It is observed that Weisskopf-Ewing estimates accounted fairly well for the lower
energy compound nucleus dominated part of the excitation functions, but failed to
account for the observed cross-sections at high energies where non-equilibrium effects
predominate beyond a few tens of MeV of bombarding energy.
As can be seen from figures l, 2 and 5 there is a slight shift in the energy of the
compound nucleus peaks between the theoretical and experimental values. Generally
such shifts are prescribed due to the complete neglect of angular momentum effects in
the Weisskopf-Ewing theoretical calculations of the compound nucleus contribution.
Compound systems attained with incident particles of different masses have
appreciably different angular momenta when excited to the same excitation energy.
This, in principle, can lead to differences in the excitation function. If, in the last
stages of nucleon de-excitation, high angular momentum inhibits particle emission
more than it does gamma ray emission, then the peak of the excitation function,
corresponding to the particle emitting mode, will be shifted to the higher energy side.
Such a shift could also be produced if the mean energy of the evaporated particles
increases with increasing nucleon spin. The order of magnitude of this shift can be
obtained from nuclear-rotational energy [43, 44]. More elaborate computations, using
Hauser-Feshbach theory may bring about a better agreement. However, since the
calculated inverse cross-sections depend critically on the optical model parameters
and since there is no unique set of such parameters, a certain amount of uncertainty
is inherent in the theoretical cross-sections.
In the case of (ct,pxn) type of reactions, there are more complications due to isotopic
contributions for a natural copper target. For example the long-lived 6~Zn(TI/2 = 244d)
is formed not only in 63Cu(at, pn) and 65Cu(~t,p3n) reactions but also by the 8 + decay
of the 15 min 6SGa. Which, in turn, is formed in 63Cu(0t, 2n) and 6SCu@t,4n) reactions.
No attempt has been made in this case to separate out the isotopic contributions
and to compare them with theory.
4. Fraction of pre-equilibrium particle emission

The present studies clearly show considerable pre-equilibrium contribution in ainduced reactions (figure 6). Pre-equilibrium fraction (fPe) is a measure of the relative
weights of the pre-equilibrium and equilibrium components needed to reproduce an
experimental excitation function. It is defined as the integral pre-equilibrium neutron
cross-section plus the pre-equilibrium proton cross-section divided by the total
compound nucleus cross-section. This quantity is designated by fp~. The calculated
fPe for 63'65Cu are shown in figure 6 as a function of bombarding energy (E,). It was
found that fp~ increases very fast as the energy of the ~t-particle increases. Furthermore,
the threshold for pre-equilibrium emission is higher for the lower mass number and
fPe is higher for the system of higher mass number at a given ~t-particle energy [45].
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5. Conclusions

From an overall comparison of the experimental results and theoretical predictions
based on compound nucleus Weisskopf-Ewing estimates as well as hybrid model,
one can infer as in other works that the Weisskopf-Ewing estimate accounted well
for the low energy compound nucleus dominated part of the excitation functions but
failed to account for the observed cross-sections at higher energies, where nonequilibrium effects predominate beyond a few tens of MeV of bombarding energy.
The basic tenet that only a small number of degrees of freedom is excited in preequilibrium reactions is amply borne out by the consistently good agreement observed
between the experimental results and the pre-equilibrium predictions for an initial
exciton number n o = 4(4p0h). The physical interpretation of no = 4(4p0h) is that, only
four excitons initially share the excitation energy and that these are particles above
a completely filled Fermi-sea (i.e. pure particle state). The pre-equilibrium fraction
(fp~) for 63Cu and 6SCu has also been calculated. It is found that the pre-equilibrium
reaction increases fast with the increase of incident a-particle energy. The threshold
for pre-equilibrium emission is higher for lower mass number. It is also observed
that the value of fPE is higher for the system of higher mass number at a given
a-particle energy.
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