PHYSICAL REVIEW C

VOLUME 22, NUMBER 4

Entrance and exit channel phenomena in d- and *He-induced preequilibrium decay

H. H. Bissem, R. Georgi,* and W. Scobel
L Institut fiir Experimentalphysik, Universitdt Hamburg, Hamburg, Federal Republic of Germany

J. Ernst, M. Kaba, J. Rama Rao, and H. Strohe
Institut fiir Strahlen- und Kernphysik der Universitat Bonn, Bonn, Federal Republic of Germany
(Received 24 January 1980)

Activation techniques were used to measure more than 30 excitation functions for single and multiple nucleon
and/or a particle emission for d + %%Zn, ¥Y with E, =9-26 MeV and *He+***Cu, **Nb with E(*He)=10-44
MeV. The excitation functions are generally in agreement with the results of a combined equilibrium and pre-
equilibrium hybrid model calculation applying initial exciton numbers 7,=3 for d and n,=4 for *He reactions.
The composite system *Ga has been produced via d + %Zn and *He+*Cu at excitation energies between 22
and 36 MeV. An entrance channel dependence shows up in the yields for single p- and n-emission when
compared in the double ratio R = [¢(He,p)/o(He,n))/[0(d,p)/0(d,n)]. It approaches a value of about 2,
indicating enhanced p emission for the *He-induced reaction. This value disagrees with the equilibrium isospin
formalism and is best reproduced by initial particle exciton numbers n,, =n,, =1.5 for d and no, =2.5, no, =1.5
for *He projectiles, indicating conservation of charge asymmetry in the entrance channel. Isomeric ratios have
been measured for ¥Y(d,27)*Zr and **Nb(He,xn)***Tc (x = 1,2,3). Calculations with a full statistical model fail
to reproduce o, /0, as well as o, and o,, for reasonable values of the spin cutoff parameter. Inclusion of a pre-
equilibrium decay mode improves the fit, in particular if the angular momentum depletion of the composite
system due to preequilibrium decay is increased over that of the equilibrium decay at the same channel energy.

NUCLEAR REACTIONS ®:$6zn, 8y (q, xnypza), E;=9-26 MeV, ®:8Cuy,

93Nb(3He,xnypzoz), E; =10-44 MeV, x <4, y<1, z<2; measured ¢(E) by acti-

vation, enriched targets. Statistical model analysis including preequilibrium

decay, deduced reaction mechanism, charge asymmetry conservation, spin de-
pletion.
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I. INTRODUCTION

In recent years, the study of proforn and alpha
induced reactions was the main source of infor-
mation for preequilibrium (PE) phenomena in
nuclear reactions. For their interpretation a
variety of reaction models have been developed*
which well account for the hard component of
the continuous energy spectra of nucleon and
complex particle emission, the strongly forward
peaked angular distributions, and the high energy
tails of excitation functions for nucleon emission.
The validity of these models for reactions in-
duced by loosely bound projectiles like the d and
3He particle has been less intensively investigated
since for these projectiles transfer and breakup
reactions have to be considered, too.

In a first independent and later on joint effort,
the present authors at the Bonn and Hamburg
cyclotrons aimed to close this gap by studying
excitation functions for d- and ®He-induced reac-
tions on some medium weight nuclei between
A~60and 90.2”* The experimental procedure is
described in Sec. II. Essentially three lines
were followed in the analysis of the data:

(1) General behavior of the measured excitation
functions. We study in Sec. III to what extent
the simple Weisskopf-Ewing (WE) and a more de-
tailed Hauser-Feshbach (HF) model describe
the data for the reactions °*%Cu, °Nb+°He,
and ®Y +d without and with the inclusion of PE
nucleon emission.

(2) Entrance channel phenomena. Inspired by
the historical experiment of Ghoshal® investigat-
ing the decay of the composite system **Zn*
formed through the entrance channels ®*Cu +p
and *°Ni+ o, we looked for a similar system for
d- and 3He-induced reactions: Its decay should
yield radioactive daughter nuclides following the
emission of a single proton or neutron. The rath-
er unique composite system fulfilling this condi-
tion is ®*Ga*. It can be formed by the entrance
channels ®*Zn+d (S;=10.85 MeV) and ®*Cu +°He
(S3He =13.07 MeV). We observed the decay of
56Ga* between 22 and 36 MeV excitation energy
where the emission of a single nucleon is dom-
inated by noncompound processes. In Sec. IV we
investigate to what extent the relative branching
of the total reaction cross section to the final
evaporation residues depends on the entrance
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channel, how much proton emission is enhanced tion on the spin distribution in the residual system
over neutron emission in the *He-induced reac- due to the nonequilibrium processes involved

tion, and whether or not this is related to the dif- (Sec. V).

ferent charge asymmetries in the 3He and d

Nonequilibrium contributions to the excitation
functions under consideration are not necessarily
due to PE decay, although PE decay models may
include direct interaction contributions!'®; there-
fore a short section (Sec. VI) is devoted to the
question of further competing reaction mechan-
isms. The conclusions drawn from this work are
presented in Sec. VII.

projectiles.
(3) Isomevic crvoss section ratios. The prox-

imity of the (1g,,,m) and (2p,,,m) states near

A =90 leads to longlived isomers in many of the
residual nuclei which were reached by the *Y +d
~and ®Nb +3He reactions. The study of isomeric
ratios with a Hauser-Feshbach model extended to
include a PE decay mode should reveal informa-

TABLE 1. Reactions under investigation and v lines used for identification. The laboratory
(BN or HH), number N of data points of the excitation function, maximum projectile energy
E, and maximum energy degradation AE are given in the last columns.

E E AE

Reaction T2 (ke%/) L Lab N (Mev) (MeV)
83Cu(®He, 2)%°Ga 15.2 min 115;153; 752 0.532;0.087;0.08 BN 5 24.8 11
\ ) HH 14 31.7 0
8cu(®He, n +p)%Zn 243.8 d 1116 0.498 BN 5 24.8 11
83Cu(®He, 27)%Ga 2.6 min  809; 992 0.14; 0.46 HH 15 35.0 )}
8Cu(®He, 32 +p21)%%Zn  38.8 min  670;962 0.0883; 0.0695 BN 5 248 11
HH 17 42.5 ()}
83cu(®He, an)®1Cu 3.41h 283;656 0.13;0.096 BN 5 24.8 11
8BcuHe, 2)%8Co 71.3 d 811 0.994 BN 5 24.8 11
%5 cu(®He, n)%"Ga 78.0 h 93.3 0.70 HH 16 43.8 9
8 cu(®He, 21)%Ga 9.4 h 834;1039 0.059; 0.373 HH 23 43.8 9
%Cu(®He, 31)%Ga 15.2 min 115;153 0.532;0.087 HH 20 41.4 0
85Cu(®He, 4n)%Ga 2.6 min 992;1387 0.46;0.14 HH 4 41.7 0
®47n(d, n)%Ga 15.2 min 115;153;752 0.532;0.087;0.08 BN 7 26.7 15
®zn(d, n +p)*°Zn 243.8 d 1116 0.498 BN 6 26.7 16
#7n(d, 2n)%Ga 2.6 min  809;992 0.14;0.46 BN 6 23.9 14
#7n(d, 3n +p2n)%%Zn 38.4 min  670;962 0.883;0.0695 BN 7 258 14
#7Zn(d, an)®1Cu 3.41h 283; 656 0.13;0.096 BN 6 23.9 14
#7n(d, 20)%8Co 71.3 d 811 0.994 BN 5 25.8 15
86Zn(d, 22)%¢Ga 9.4 h 834;1039 0.059; 0.373 BN 5 25.8 5
867Zn(d, 31)%°Ga 2 15.2 min 115;153;752 0.532;0.087;0.08 BN 3 25.8 3
®zn(d, 3n +p2n)%Zn? 243.8 d 1116 0.498 BN 3 25.8 5
89y d,p)0y™ 3.19h 203;483 0.965; 0.90 BN 8 25.9 15
8y d, 22)¥zr 78.4 h 909 0.99 BN 10 25.9 20
8y, 22)8Z ™ 4,18 min 588 0.93 BN 8 25.9 15
89y d, 32)8zr 85 d 393 0.97 BN 8 25.9 6
8y (d,p2n )8ty 107 d 1836 0.994 BN 4 25.9 6
8y d,p3n)8y™ 14 h 381 0.74 . BN 3 25.9 2
¥y d,a)d'Sr™ 2.8h 388 . 0.83 BN 8 25.9 15
BNb(®He, n)?5Tc™ 61d 204 0.803 BN 11 30 21
%Nb(®He, n)%T cf 20 h 766 0.94 BN 10 30 21
HH 12 42.8 9
BNb(°He, 21) 4T c™ 52 min 871 0.94 HH 15 42.8 9
®Nb(°He, 2n) 94T cf 293 min 703;850; 871 '0.998;0.977;1.0 HH 15 42.8 9
BNb(°He, 31) 93T ™ 43.0 min 390 0.63 HH 16 42.8 9
BNb(®He, 31)%3Tcf 2.75 h 1363;1521  0.67;0.25 HH 13 42.8 9
BNb(*He, 4n)?Tc - 4.4 min 148 0.55 HH 7 428 0

2 Used to correct for the #Zn impurity in the %Zn target (see Table II).
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II.. EXPERIMENTAL PROCEDURE

The excitation functions listed in Table I were
measured with activation techniques. The irradia-
tions were performed at the Bonn (BN) and the

Hamburg (HH) isochronous cyclotrons, respective-

ly. Self-supporting metallic foils of high purity
and isotopic enrichment (see Table II) were ac-
tivated in most cases in combination with energy
degrading foils (of aluminum, and of yttrium for
8Y +d) as foil stacks. Projectile energies and
the maximum energy degradation AE within a
stack were calculated from the tables of Wil-
liamson et al.” The uncertainty in energy after
degradation of *He from 25 to 10 MeV, for ex-
ample, was calculated® to be about £0.95 MeV
full width at half maximum (FWHM). Single foil
activation was applied to reactions leading to
residual nuclei with short half-lives (7', < 40
min) either by tuning the cyclotron to the pro-
jectile energy under consideration or with a fixed
projectile energy by placing the target behind an
energy degrader. These irradiations were per-
formed with currents in the order of 200 nA
extending over ~5 min, whereas the longer half-
life components were activated for 2-10 h.

In both experiments the irradiations were per-
formed in reaction chambers designed to allow
the direct determination of beam current by inte-
gration of the charge collected in a Faraday cup.
In cases where the total irradiation time was
comparable with the half-life of a nuclide under
investigation, the variation of the current in time
was accounted for by a technique developed for
neutron activation.’

After irradiation the samples were placed in
front of a coaxial Ge (Li) detector of 77 cm®
(69 cm?®) active volume and a resolution of 2.43
keV (2.3 keV) at E,=1332 keV. Signals were
handled with conventional electronics and ac-
cumulated into 4000 channel analyzer arrays.
The pulse height spectra were stored on mag-
netic tape mostly 3—4 times per half-life and
sample. A reference pulser was fed into the
signal line for accurate dead-time correction.
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FIG. 1. Experimental excitation functions for the
%Cu(°He, xn) reactions (x=1-4) and comparison to those
of the literature (Refs. 14 and 15).

The peak integrals were obtained from the pulse
height spectra with multiple line fit programs
including linear background and exponential tail-
ing corrections.?”* Additional corrections for
recoiling residual nuclei that leave or enter the
target foil were not applied, because their ranges
are in the order of 300 pg/cm and less,'? i.e.,
small compared with the thickness of the target
foils. The half-lives and v energies used for
identification as well as the branching ratios I,
are given in Table I and are collected from,'t "3

The efficiencies of the detectors were deter-
mined by means of calibrated y sources (BN:
SSCO, 60C O, 88Y, 152Eu, 182Ta; HH: 22Na, 54Mn, 57C0,
80Co, 137Cs). The calibration points were used to
interpolate best fitting efficiency curves n(E,)
from a logn vs logE, presentation (BN), and from
Monte Carlo calculations performed on the basis
of the geometrical data of the x-rayed and y-
scanned detector (HH).

In Fig. 1 the resulting excitation functions for
the %°Cu +%He reaction are compared with pre-
vious measurements by Bryant ef al.'** and Gol-
chert et al.'® Within the experimental errors the
data are in agreement except for the case of

TABLE II. Target specifications.

Thickness Enrichment Major impurities
Target (mg/cm?) (%) (%)

8Cu 4.95-10.37 99.9 85Cu(0.1)
85Cu 5.41-11.14 99.8 63Cu(0.2)
#7Zn 9.54-11.18 98.6 6671(0.8), 44Zn(0.5)
8670 9.64—10,47 96.9 #7n(1.5), 3Zn(0.9)
89y 11.10 and 47.14 100
%Nb 4.62,11.0, and 22.4 >99.9 Ta(0.05), Fe(0.01)
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FIG. 2. Measured excitation function for the
9Nb (*He, x) % ~* Te™ € reactions (x=2, 3) and compari-
son with the work of Flach (Ref. 10).

%5Cu(®*He, 21) where we find a yield twice as
large. A similar discrepancy is observed for
the case of the ®Nb(*He, x1)%'%*Tc™* reaction
with respect to the data of Flach'® which re-
mains unexplained since the same spectroscopic
data were used (Fig. 2). The other excitation
functions will be presented in the next section.
Their absolute values show errors of +8—-10%
(BN) and +10-20% (HH). These quotations in-
clude uncertainties due to counting statistics,
photo peak integration, target thickness, current
integration, recoiling residual nuclei, and de-
tector efficiency, but not those of the vy spec-
troscopic data given in Table I. All excitation
functions are available in tabular form on
request.

III. ANALYSIS IN TERMS OF EQUILIBRIUM
AND PREEQUILIBRIUM MODELS

A. Equilibrium emission models

Before discussing the effects of preequilibrium
particle emission it is interesting to compare
part of the data with existing equilibrium model
predictions. The WE approach'® is incorporated
in the widely used code OVERLAID ALICE.Y Lt

allows computation of the emission of up to 20
nucleons in a deexcitation cascade. The following
input parameters were used: (i) The particle
separation energies were taken from the tables
of Wapstra and Gove!?; (ii) reaction cross sections
and inverse cross sections were calculated from
optical model (OM) transmission coefficients.
For p, n, and 3He particles the OM parameters of
Becchetti and Greenlees'®'2° were used, for «
particles those of McFadden and Satchler?!; (iii)
the level density expression p(U)=const
X U~ exp[2(aU)"?] with @ = (Aguger +A projectic )/
8 MeV ™! was applied to all nuclei in the decay
cascade. No pairing corrections were introduced.
In Fig. 3 the WE calculations are compared with
the experimental data for Cu+3He. For the 2n
emission and the sum of the 3» and p2n emis-
sions, the rising parts of the excitation functions
as well as the height of the maxima are quite
well described. Also shown are curves computed
with the separation energies of Myers and
Swiatecki®® which are calculated from the liquid
drop model including shell corrections without
pairing. Since the reaction thresholds are gen-
erally less well reproduced, this option was
abandoned further on. Also shown in Fig. 3 as
well as in Figs. 5 and 6 are the predictions of
the more sophisticated statistical code of Uhl?®
taking full account of angular momentum effects
and y-ray competition. In addition to the input
data (i) and (ii) this code applies a back~shifted
Fermi-gas level density (for details see Sec. V).
Generally, these calculations reproduce reaction
thresholds well and predict a somewhat flatter
decrease of the yield to higher energies. How-
ever, the absolute height of the excitation func-
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FIG. 3. Measured excitation functions for the ®Cu+3He
reactions and comparison with the full statistical model
of Uhl (Ref. 23) and two Weisskopf-Ewing calculations
(Ref. 16) using the code OVERLAID ALICE, (Ref. 17) with bind-
ing energies of Myers and Swiatecki (Ref. 22) and those
of Wapstra and Gove (Ref. 18) (see text).
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tions is reproduced with about the same degree
of accuracy as with the simpler WE model.
Neither approach can explain the flat high energy
tails. Here, a mechanism for a fast cooling of
the primary composite system is needed: the
emission of more energetic preequilibrium
particles.

B. Preequilibrium emission

For the investigation of PE phenomena the
hybrid model®** was used. It has been success-
fully applied to a variety of light particle in-
duced reactions and should serve as a good ap-
proximation of an overall estimate of nonequi-
librium processes (see Sec. VII). Differences
between this and other approaches e.g., the
exciton model of Gadioli ef al. are noted in Ref.
25 and are explicitly discussed in Refs. 26 and 27.
All calculations were performed with the OVERLAID
ALICE code.!” Multiple preequilibrium emis-
sion was not taken into account. In addition to
the input parameters specified in Sec. III A the
following quantities enter into the PE part of
the program: (iv) The nucleon-nucleon collision
rate was calculated from the mean free path of
nucleons in nuclear matter; (v) the density of
particles per MeV in an n-exciton state contain-
ing p particles and h holes was calculated from
the expressions of Ericson,?® however, modified
for a limited potential depth of 40 MeV 7
Starting with an initial exciton number n,=p,+%,
the exciton number is increased by 2 in each step
of the deexcitation cascade. The depletion due to
PE emission of previous stages is taken into
account. Any charge asymmetry of the projectile
may be reflected in different initial particle num-
bers p,, and p, for protons and neutron, re-
spectively. Their value is increased in éach step
of the relaxation process by 0.5. Hence the only
free set of fit parameters are the initial exciton
numbers #,(pgny Pop) With po=pg, +bg» and by =n,
-0

In Figs. 4-7 the experimental excitation func-
tions for ®%5Cu, **Nb +°He, and *Y +d are com-
pared with the theoretical predictions for the
indicated sets of #ny(py,, D). In Fig. 4 the curves
for ®*Cu +3He clearly demonstrate the improve-
ment obtained by the inclusion of PE emission.

In particular, the flatter falloff of the high en-
ergy tails for » and 2z emissions is better re-
produced than by the equilibrium code (cf. Fig.
3). At the high energy end the n,=5 curves tend
to decrease steeper than do the experimental
data. Yet it is apparent that only the excitation
functions for one or two nucleon emission are
sensitive enough to the choice of n, while for
more nucleons an extended projectile energy
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FIG. 4. Comparison of the experimental excitation
functions ®¥Cu+3He with the hybrid model (Ref. 24) using
the code OVERLAID ALICE (Ref. 17) for the initial exciton
numbers (P, p o) indicated.

range is needed. From the %'%°Cu data alone, no
definite conclusion on the best initial proton to

‘neutron ratio can be drawn, though the single

neutron emission seems to be most sensitive (see
Sec. IV). For %He particles the generally adopted
set is 4(1.5,2.5). Corresponding curves for the
case of ®Nb+3He are displayed in Fig. 6; it also
contains the results of a geometry dependent hy-
brid model (GDH) calculation''!” where the
average nuclear density along classical projectile
trajectories is taken into account. In individual
calculations for each partial wave, this I-de-
pendent density enters into the single particle
state density, the Fermi energy, and the nuclear
collision rate. In further analysis we stick to the
simpler hybrid model, since in the present cases
the GDH calculations do not improve the fit to
the experimental data. '

The strong discrepancy of all theoretical curves
for the ®*Nb(*He, 41)*Tc reaction originates from
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FIG. 5. Same as Fig. 4 for Ccu+ 3He.
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FIG. 6. Same as Fig. 4 for ¥Nb+%He. In addition, the
predictions of the geometry dependent hybrid model
(GDH) are shown as well as those of the full statistical
model of Uhl (Ref. 23). The GDH calculation with pairing
for the (3He, 4n) reaction is explained in the text.

the neglect of pairing and shell effects in the level
density calculation. Since the separation energy
of the fourth neutron from the closed shell (N =50)
nucleus #Tc is especially high (12.8 MeV) while
the proton separation energy is rather small

(4.1 MeV), the population of the doubly odd nu-
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FIG. 7. Same as Fig. 4 for ¥Y+4d. The experimental
yields are connected by smooth curves to guide the eye.
The data points marked » and ¢ were taken from Ref.
29.

0.1

cleus ®Tc is considerably affected by this neglect
of pairing effects.

The inclusion of pairing corrected separation
energies for the emission of a fourth particle
removes this discrepancy (see Fig. 6). However,
taken as a general recipe, this procedure leads
to unphysical shifts of subsequent reaction thres-
holds.

Similar observations can be made for the d-
induced reactions on %Y (Fig. 7). The experi-
mental results are compared with hybrid model
calculations using the initial exciton numbers
3(1.5,1.5). At the evaporation peak the (d, 2n)
curve is overestimated by the theory by nearly
a factor of 2, the (d, 3n) curve by about a factor 3,
while the (d, p2n) reaction is much stronger than
predicted. Also here the population of the doubly
even nucleus ®Zr is overestimated in contrast
to the doubly odd nucleus ®Y. Again, the exciton
number dependence of PE decay shows up strong-
ly only in the theoretical curves for single nu-
cleon emission i.e., for the #Y(d, p)°*°Y excita-
tion functions with n,=2 and 3 in Fig. 7. At
higher energies the data for populating the 7
isomer in °°Y are reproduced quite well by the
curve with n,=3. At our bombarding energies the
high spin isomer should be populated much more
than the 27 g.s. However, as found by Riley
et al.?® the g.s. of °°Y is fed about one order of
magnitude more than is the isomer, a fact which
is explained by the dominance of stripping reac-
tions to mainly low spin states (see Sec. V). The
low spin isomer of ®’Sr™(3”) is less strongly
populated and shows a flat high energy tail
while the theoretical curve falls off steeply due
to the neglect of preequilibrium « emission in
the OVERLAID ALICE code.

IV. ENTRANCE CHANNEL PHENOMENA

The composite system ®%Ga* was formed
through the entrance channels ®*Zn +d and %Cu
+3He (see Table I) at excitation energies where
the preequilibrium emission dominates the emis-
sion of the first particle out. The (2n) decay of
%8Ga* formed in the reactions ®Zn+d and °°Cu
+3He (see Table I) was studied in a similar way.
For a better comparison, the experimental and
theoretical evaporation residue yields were nor-
malized to the optical model reaction cross sec-
tion; thus the influence of the Coulomb barriers
of the respective entrance channels is removed,
and entrance channel effects show up more
clearly.

A. Decay of 6658 Ga*

The normalized excitation functions as a func-
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tion of the excitation energy in the composite
systems %-%8Ga* are displayed in Figs. 8-11.
If isospin effects and small differences in the
angular momentum distribution in the entrance
channel are neglected, both kinds of projectiles
should lead to the same normalized yields, as-
suming a pure compound nucleus reaction. In
preequilibrium processes the influence of dif-
ferent initial exciton numbers for d- and 3He-
induced reactions should show up.

For single nucleon emission yields this feature
is clearly observed (Fig. 8). The » and (n +p)
curves follow quite well the hybrid model pre-
dictions with n,(d) =3 and n,(*He)=4. The re-
maining deviations are attributed to the simplify-
ing assumptions entering the hybrid model code
as already discussed in Sec. III. It is to be noted
that, different from input (ii) in Sec. IIT A, the
inverse cross sections were computed from a
subroutine provided with the OVERLAID ALICE
code.'”

For single nucleon emission, improved fits are
obtained while the theoretical yields for multi-
nucleon emission are hardly changed (cf. Figs.
4, 8and 9 and Figs. 5 and 10). For %Zn+d the
theoretical curves for » and (z +p) emission de-
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FIG. 8. Comparison of experimental and calculated
normalized yields for » and (p+#) emission from the
composite system %6Ga* formed in the reactions #Zn+ d
and ®Cu+°He. The (*He,n) data points marked 3 are
taken from set BN (cf. Table I).
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FIG. 9. Same as Fig. 8 for the 2z and (3n+ p2x) emis-
sions from ®Ga*. For the 2z process also the predic-
tion of the Weisskopf-Ewing (WE) model is displayed.

viate from the experimental ones by a constant
factor while for low excitations the experimental
%Cu+°%He curves rise less steeply than the OM
calculated branchings. One reason for this may
be the too large reaction cross sections at low
bombarding energies (20 MeV excitation in %Ga *
corresponds to 7.5 MeV) while the uncertainties
of OM predictions do not enter in the theoretical
curves. The optimal splitting of the initial par-

F T T T T T E
ofF znd,2n § — 7
cL GSCu(aHe,Zn) 3 Exp. 4
L Y Hybrid 3(15,15) — -
o | : \ 405,25) -~
0.1F ~ i e
=2
0.01
20 30

Eexcl®8Ga)(Mev)

FIG. 10. Same as Fig. 8 for the 2% emission from the
composite system $8Ga*,
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FIG.11. Same as Fig. 8 for the (an) and (2a) emis-
sions from %Ga*. For the (an) process the prediction
of the Weisskopf-Ewing model is also given.

ticle exciton number p, into initial proton and
neutron numbers p, and p,, cannot be deduced
from the quality of individual fits alone since
curves for different ratios po/po,, are almost
parallel (see Figs. 4 and 5). A more sensitive
procedure is developed in Sec. IVB, The optimal
initial exciton numbers are indicated in Figs.
8-11. Both curves for n» emission and (n +p)
emission differ from the hybrid model pre-
dictions by about the same factor in each case.
While » emission is overestimated, p emission
is clearly underestimated.
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For two-particle emission [e.g., (2z) in Figs.
9 and 10, and (ax) in Fig. 11] the influence of the
initial exciton number is already rather weak.
Hence, the reduced yields for d- and *He-induced
reactions nearly coincide and cross at about the
same excitation energies as the theoretical
curves. The initial exciton number dependence
shows up only at the high energy tails; e.g., in
Figs. 9 and 10 the (CHe, 2%) data rather follow
the curves for n,=4 than those for n,=3.

From the systematics of binding energies and
Coulomb barriers it is deduced that for the pop-
ulation of ®*Cu by the (@,n) process, firsta
preequilibrium neutron is emitted followed by an
equilibrium @ particle. Only at the higher bom-
barding energies might first chance preequi-
librium « emission play a more important role.
This seems to be indicated in Fig. 11 by an ex-
perimental falloff which is flatter than shown by
the theoretical (an) curves, which do not include
preequilibrium « emission. As deduced from @
value arguments, the only reaction leading to
%8Co which is energetically allowed is the (2a)
emission. As shown in Fig. 11, the two experi-
ments differ more strongly from each other than
the theoretical curves for pure equilibrium «
emission, indicating a stronger nonequilibrium
process for d than for 3He-induced reactions..

Finally, the emission of three nucleons is ob-
served as the sum of the (3#) and (p2#) reac-
tions leading to #Zn (Fig. 9). At the high exci-
tation energies the data actually coincide with the
model predictions, but below 30 MeV excitation
the theory underestimates the experiments by
more than an order of magnitude. Apparently,
reactions having lower @ values [e.g., inelastic
processes like (d,dn), breakup reactions like
(*He,dn), and transfer and charge exchange reac-
tions like (d,¢) and (He, t)] do contribute (cf.
Sec. VI).

B. Conservation of projectile charge asymmetry

1. General considerations

As shown in Sec. IIIB, the excitation functions for single nucleon emission are the most sensitive
probes for determining not only the initial exciton number n,, but also the initial number of protons
Do and neutrons p,,. The ambiguities in fitting these data are minimized by comparing not single

excitation functions, but the calculated double ratio

R(E..)=0(CHe, p)/o(*He,n): o(d, p)/o(d,n)

with the corresponding experimental value

®

R[Eexc (GGGa *)] =

0(®He, p +n)— 0(He,n) = o(d,p +n) - o(d,n)
o(*He,n) : a(d,n) :

@)
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Naively, one would expect that the ratio o(*He, p)/
0(He,n) is much larger than the corresponding
ratio o(d,p)/o(d,n), since the initial (active) ex-
citon particles stem from the projectile, and the
proton to neutron ratio is two for the 3He pro-
jectile but only one for the deuteron. The sym-
metry of the deuteron and the charge symmetry
of the nuclear force demand symmetric particle
numbers (pqp/Pon =1) in the deexcitation cascade.
For %He this ratio is less well fixed a priori.
Assuming a charge independent nuclear interac-
tion in the first collision of a ®He nucleon with
the target, one would expect n,=4, p,,=2.5,

and p,,=1.5, i.e., the excited additional nu-
cleon is equally likely to be a proton or a neu-
tron. Assuming charge symmetry only with
omp):0mn): a(pp)=3:1:1 one would get the
particle configurations 2 X [3(p)2(n)? + (p)n)*]
and [(p)(n)? +3(p)*®n)'] following the interactions
of the protons or the neutron of *He, respectively.
Hence, almost the same result is obtained, p,,
=2-2.42 and p,, = =1.58. On the other hand,
one could argue that a quasiequilibrium holds

in each stage of the relaxation process, i.e.,
initially all possible n,=4 exciton states are
excited and py, =p -

Hence, within the framework of current PE
models!*2%*27 one may try to answer this question
by investigating which initial exciton numbers
fit the data best (method A).

Another, less empirical approach would be to
check if the well developed theory of isospin
conservation in compound nucleus reactions®®
may be extended to PE reactions. Suggestions
and calculations along this line have been pro-
posed by Chevarier et al.?! and Kalbach-Cline
et al.®® In the next subsection we review this
approach (method B). Finally, it is worth men-
tioning that a more thorough treatment of iso-
spin in PE reactions has recently been published
by Feinstein®*; however, at present this theory
does not allow computation of residual nucleus
yields.

2. Model calculations of R(E . )

exc

Method A (chavge dependent initial exciton num -
bers). In R(E¢x:) theoretical uncertainties in the
optical model reaction cross section cancel
and uncertainties in level densities due to pair-
ing and shell effects should be diminished, leav-
ing only a dependence on the exciton numbers.
With the well established choice of n,(d) =3 and
n,CHe) =4, R(E..) in Eq. (1) strongly depends
on the charge asymmetry of the initial exciton
numbers p,, and p,, for *He-induced reactions.
From arguments of charge symmetry we put
DPon=Pon=1.5 in the deuteron. Hence—in short

notation—we get

GP(4’pqg;pm)o.n(3, 1.5, 1.5) (3)
0,(4, Pony Pop)95(3, 1.5, 1.5)

Method B (isospin formalism withp ou/P,)-
The basic ideas of the compound nucleus isospin
formalism are illustrated in Fig. 12. The excita-
tion energies AEr, for the T~ g.s, were taken
from Ref. 34. Assuming strict isospin conserva-
tion in d-induced reactions, one may only form
T< states in *®Ga* due to the isospin Clebsch-
Gordan coefficients C%(d, <)=1 and C%(d,>)=0.
For the %He projectile, the corresponding coef-
ficients are C*(°He, <) = + and C?(He,>)=+. The
isospin Clebsch-Gordan coefficients for p, n,
and a particle emissions from the 7< and 7>
states in ®%Ga* are indicated in Fig. 12, For a
pure PE reaction populating only 7° states in the
residual nuclei ®°Zn and %°Ga (see Fig. 12) we get,
with T, being the g.s. isospin of the residual nu-
cleus **Ga - p =%5Zn,

RY (Eexe) =RSE[1+(2T,)720,><(4, 2, 2)/0,<<(4, 2, 2)].
(4)

Here, the 0,>< (0,«) indicate PE transition yields
from initial 7> (7<) states to the final T isospin
states in the residual nuclei for the *He-induced
reaction with C?2=1, starting with equal proba-
bility for exciting protons or neutrons in the in-
itial exciton state (py, =pg,=2). The term in
brackets gives the enhancement of the *He-in-

RSE (Eexc) =

~duced reaction due to isospin conservation. In

PE emission to the low lying states under con-
sideration, the first stage contributes most, and
any difference in depleting proton or neutron
states due to isospin effects may be neglected.
Hence, the ratio 0,></0,<<~ (1 = Eg>/Eex) "0t

30
MeV
20+ .
- E&u.
10 L 61Cu:<;:on
0 -

FIG. 12. Decay modes of the T< (thick arrows) and T>
(thin arrows) states in $6Ga* at 30 MeV excitation ener-
gy. The respective isospins of the nuclei involved as
well as the squares of the Clebsch-Gordan coupling co-
efficients are indicated. The shaded areas in ®*Ga and
%Zn correspond to the region of excitation where fur-
ther particle decay is prohibited.
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with 7, =4 does not depend very much on the ex-
citation energy, and the enhancement will be
strongly damped by the (2T,)"? dependence.

The double ratio RN (Eex.) for a pure compound
nucleus reaction with strict isospin conservation
is derived to be

RgN (Eexc) =1+ (ZTQ)-2N<(Eexc)/N> (Eexc - AET>) .
(5)

J

N</N>=N$/N?

1+ QT o+ 1) (02N} /NS = o)/ og

Here, the quantities N and N> are defined as
the sums N<=3; C¥<, /)Ty and N~ =3 C2(>, f )Ty
of the transmission coefficients for all decay
channels f; they may be calculated from isospin
dependent compound nucleus decay codes.3°:32

It may be interesting to note for codes not con-
taining isospin conservation that the ratio N/N”
can be expressed as

where all terms on the right hand side of Eq. (6)
can be calculated by setting C*>=1 and separately
treating the decay of both isospin systems to

T< or T levels of the corresponding residual
systems. The quantities 0, 0,, 05, and 0, are
the resulting total cross sections for p and »
emission, and 0g =0,+0,+0,. The ratio N;/N;
can be approximated by the ratio of level den-
sities for » emission from both isospin systems,
respectively, using the expression (iii) given in
Sec. Il A; it is found that the result does not de-
pend strongly on this ratio since the relation
N</N>= (2T, +1)05/05 =1 holds in the limit
N§/N>>1.

3. Comparison of theory and experiment

The experimental double ratio R[Eex.(**Ga*)]
was determined according to Eq. (2). It is fairly
insensitive to potential systematic errors (re-
sulting e.g., from target thickness, charge col-
lection, y detector efficiency, and branching
ratios). The targets were separately irradiated
in short (°*Ga) and long (®3Zn) periods. In some
cases different excitation energies were reached.
Hence for calculating R(E..), neighboring data
points were linearly interpolated. Experimental
error bars were derived from a maximum un-
certainty of 9% in each data point. Experimental
results and theoretical curves are plotted in
Fig. 13.

The dotted curve represents the results for a
pure compound nucleus mechanism conserving
isospin [Eqgs. (5) and (6)]. At 10 MeV *He energy
it is R~ 1.4 and it decreases with increasing
energy. For Esﬂe >14 MeV the equilibrium con-
tributions to 0, and 0, are smaller than 20% and
the PE model predictions have to account for the
large double ratio observed. The thin full curve
gives the results of the isospin conserving PE
model [Eq. (4)] with #,=4(2, 2). It is only slightly
larger than the corresponding dash~dotted curve
for the isospin nonconserving calculation accord-
ing to Eq. (3), and does not reproduce the high

©1-2(2T,+3)7 %0, /05 = (2T, +1) X0, = 0;Ns /NJ)/og’

(6)

experimental value of (R(26-36 MeV)) =1.92
+0.19. This strong enhancement is only matched
by PE calculations with asymmetric initial ex-
citon numbers for protons and neutrons. The
shaded areas at low excitation energies give the
uncertainty due to the influence of the compound
nucleus reaction. The lower boundaries for the
curves with n,=4(1.5, 2.5) and 4(1.75, 2.25) and
the upper boundary for n,=4(2, 2) result from
combined PE +CN calculations without isospin
conservation. The calculations to some extent
depend on the effective Coulomb barrier for p
emission from °Ga (cf. Fig. 12). Increasing it
from 2 to 3 MeV would lower the curve for n,
=4(1.5, 2.5) from R =2.36 to 2.06 at 34 MeV exci-
tation in ®®Ga*. With this theoretical uncertainty
in mind, the experiment justifies the usual
choice®'*3% p.. =1.5 and p, =2.5 for 3He-induced
reactions, thus confirming the conservation of
charge asymmetry in preequilibrium processes

26 E3p (MeV)
—

]

4{150,2:501]

R(Eexc)

_40175,225) ]

420,200

PR VAN VRN SHT U RN VA NN VNN VORN SN S NN S SO T S B

25 30 35 40
Eexd®Ga)(MeV)

FIG. 13. Comparison of the different theoretical pre-.
dictions for the double ratio R(E..)=0(*He,p)/
o(3He, n) : 0(d, p)/o(d, n) with the experimental values
(error bars). The dotted curve represents the prediction
of the compound nucleus theory with full isospin conser-
vation. The thin full curve corresponds to the isospin
conserving PE reaction with symmetric initial exciton
numbers 4(2, 2) for the *He-induced reaction. The dash-
dot, dash-dash, and the thick full curves give the re-
sults of the usual PE model with *He initial exciton num-
bers equal to 4(2,2), 4(1.75,2.25), and 4(1.5,2.5), re-
spectively. For the d-induced reaction the initial con-
figuration 3(1.5,1.5) was kept fixed.
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initiated by these loosely bound projectiles. How-
ever, this result is still subject to the uncertainty
produced by possible direct transfer contributions
which are discussed in Sec. VI.

V. ISOMERIC CROSS SECTION RATIOS

For the systems (Table III) and projectile en-
ergies under investigation, the population of the
residual nuclei at low excitation energies is sig-
nificantly determined by PE decay modes. There-
fore, the determination of the ratio o, /0, of cross
sections for the population of ground and iso-
meric state, respectively, with a method simi-
lar to that of Huizenga and Vandenbosch,®*® needs
some modification,® because 0,/0,, now also re-
flects the spin distribution following an initial PE
emission mode. The model applied here will
be presented next, followed by a comparison of
its results with our experimental data.

A. The model

The statistical model formulation applied to
calculate the influence of the initial and inter-
mediate angular momentum distribution on isomer
yields is that of Uhl.®® The initial distribution is
assumed to be that of the compound system, i.e.,

Sp*Sy L.
: 21+1

P() =mn? E Z —_—  __T(E

2 s=1sp=s 1 14T a (25p+1)(2S 7 +1) i(Ep)

(M
with the de Broglie wavelength X, the projectile
(target) spin Sp (Sr), the projectile energy Ep,
and the transmission coefficient T;(Ep) for the
orbital angular momentum / in the entrance
channel.

The sequential decay of this system is de-
scribed by fully taking into account conservation
of parity, angular momentum, and energy. The
competing exit channels are those of %, p, d, «,
and y cascade emission. Equilibrium (EQ) tran-
sitions to the states of the corresponding residual
nuclei are treated individually at low excitation
energies (typically for the first 10-12 discrete
levels, with the spectroscopic information taken
from Ref. 39), whereas for the continuum region

the level density formula of the back-shifted
Fermi gas model has been used:
P, 1) =p(0) g 2+ Dexp [ L]
(8)
() = 1 1 exp{2[a(U -2)]"2}
122)% 0a™ ~ ([U-a+1)7"

Here, ¢ is the thermodynamic temperature given
by

U-A=at?=t; (9)

a and A are level density parameter and fictive
ground state position, respectively, and were
taken from Ref. 40. The spin cutoff parameter
o related to the momentum of inertia via

0% = g?t
is referred to as Og;, if the rigid body value is
taken for © (with 7,=1.25 fm).

Particle decay widths are calculated with optical
model transmission coefficients,'®"2"'% decay
widths for E1 radiation from y absorption cross
sections by using the Brink-Axel parametrization
of the E1 giant dipole resonance,® those of radia-
tion with higher multipolarity (L < 3) from the
Weisskopf model normalized to the E1 value. PE
emission precedes the first step of the sequential
EQ evaporation and depletes the compound nu-
cleus formation. None of the PE decay models
now used conserves angular momentum. We
assume that (i) the spin and parity population
do(E",U)/dU at excitation energy U of the residual
nucleus is that of the EQ population, do®9(I",U)/
dU, and that (ii) the fractional PE depletion is the
same for each partial wave in the entrance chan-
nel.®'#* This leads to®®

(10)

] . EQ/ ;1
%;_[_]_) =[1-fpg (EP)]dL—dL[I]—I_U—)

EQ/yr
do™(1°,v)

doFE(U) av
au doEQ('™ 1)
e dU

(11)

TABLE III. Spins and parities of nuclei involved (Ref. 12).

Reaction I (Target) I, (Residual nucleus) I, (Residual nucleus)
¥y, p)*y + 2- 7
y(d, 20)¥Zr + ¥ 3
%Nb(*He, n)*Tc 3 3 3
BNb(He, 22) ¥ Tc # 7+ @*
®Nb(*He, 3n) **Tc ¥ ¥ +




22 ENTRANCE AND EXIT CHANNEL PHENOMENA IN d- AND...

In Eq. (11), dofE (U)/dU denotes the energy dis-
tribution after PE emission of particles x. The
fraction of interactions leading to nucleon PE
emission of type x is

. _ 1 Uk qgPE () _
Tee (EP)_OR(Ep)fo ag U, x=mp
(12)

with 05x(Ep) being the optical model reaction
cross section. Complex particle PE emission
will be neglected so that fpg (Ep) =f3; (Ep)

+f3; (Ep). The PE component has been calculated
in the framework of the hybrid model** with the
parameters given in Sec. IIL

B. Comparison with experiment

The experimental results obtained for the re-
actions %Y (d, 2n)®Zr™¢, **Nb(*He,n)%*Tc™*
®Nb(*He, 22)**Tc™*, and ®Nb(*He, 31#)®Tc™* are
shown in Figs. 14 and 15. All three reactions
have in common that the ground state is the high
spin state (cf. Table III). Therefore, the ratio
g,/0,, is expected to increase with projectile
energy if Eq. (7) fully applies. The experimental
data, however, approach a constant value already
at fairly low projectile energies, indicating only
a moderate preference of high spin state popula-
tion. This can be traced back to the PE contribu-~
tion.

1. >Nb(*He,2n)**Tc

At low projectile energies the spin population
of the initial compound system is almost centered
around the target spin [Fig. 16(a)]. The spins of
ground state (7") and isomeric state (2%) of the
residual nucleus differ by the same amount from
the target spin *;’: and we therefore expect an
isomeric ratio close to 1 at these energies. The
ratio will come out closer to 1 the narrower the
initial spin distribution, i.e., the smaller the
spin cutoff parameter 0, is. The calculations
shown in Fig. 14 confirm these considerations.
For projectile energies up to 20 MeV the PE
contribution is small (fpe < 0.2); best agreement
is obtained with 0=0.705z . A similar reduction
has been deduced from **Nb(x, 27)Nb™* (Ref.
45) and from the **Nb(z, @)°°Y angular distribu-
tion.*¢

At higher projectile energies, however, the
pure EQ mechanism with 0= 0.505g overestimates
the isomeric ratio, although the radius param-
eter 7, has been given a fairly low value. On the
other hand 0 is expected to approach 0, , be-
cause at high excitation energies, effects due to
pairing correlations vanish. This discrepancy
is reduced by introducing the PE decay mode. A
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FIG. 14. Excitation functions and isomer ratios for
9Bpesm HMpeem and Tcém production in reactions of
3He with ®Nb. Experimental results: this work. Cal-
culations: pure EQ mechanism with o/crﬂg= 1.0 (thin
solid line), 0.7 (thick solid line), 0.5 (dash-dotted); PE
competition included with 0/0,,,=1.0 and the spin dis-
tribution of Eq. (11) (long dashed line), or enhanced
angular momentum depletion (short dashed).

considerable fraction of the nucleons emitted
(fpe = 0.5 for E;, =40 MeV) then populates ®5Tec
at low excitation; the emission of high energy
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FIG. 15. Same as Fig. 14 for °y®m and ¥zrém pro-
duction in reactions of deuterons with %Y. Data for
¥y (d,p) are from Ref. 29.

neutrons removing several units of angular mo-
mentum [compare Figs. 16(a) and 16(b)] is en-
hanced and so is the relative yield for the low
spin isomer. A similar shift is obtained by a
substantial reduction of o [cf. Fig. 16(c)].

2. 93 Nb(’ He,3n)°3 Tc and %3 Nb(> He,n)** Te

The ground state spin value for STc is identical
with that of the target (% ) and exceeds that of
the isomeric state by four units of Z. Therefore,
the isomeric ratio for (*He, 3#) will generally be
higher than that for the (*He, 2#) reaction. At
projectile energies E; <20 MeV the ratio is es-
sentially determined by the individual discrete
level sequence in the residual system, because
the reaction threshold is at 13.3 MeV and the
first excited state populating the isomeric state
isat 1.4 MeV. These features are well repro-
duced by the model calculation applying ¢ =0.705
and PE competition.

For (*He,n) the spin situation is the same as
for (*He, 3n), cf. Table III. One might therefore
expect well above the reaction threshold a similar
energy dependence of the isomeric ratios. Fig-
ure 14, however, shows that the ratios differ by
more than a factor of 2, In addition, the EQ cal-
culations for (*He, n) fail to reproduce the ratio

T LN R B s S S S S S L S B R R S e
+ 4
s~ 3He + *Nb N
L o E, 13 Mev
i o 31 MeV 1
}_ . 43 MeV
ool .
L o J
// ‘/%\ i
‘/A/ C\ A\‘ 4
005~ - NN -
[ o SN
g J
L SN 15N) AN :
A
A & e,
Y I SR B P [
- 0 S 10 15 20 25
- Spin I of compound nucleus *°Tc"
o LA B S [ S B S B BN N N B B B B R B B N B S S |
W= L ]
= L TN He + b -n i
— oo / ‘/lq\ E, " 43 MeV 7
a I'd e 4 6/6,,:10 1
c B Ve N O /64 =05 1
s T / A\ 1
5w [/ N ’
R R \ 1
8_ - a/‘/ (\ \A\ q
L " J
E ¥ / \0\ \\A b
% 0 o Loy 130y TRy,
0 5 10 5 20 25
[ .
E Spin I of residual nucleus *Tc* (U=14 MeV)
= S
< L 3., 93
ot o C/o-—b\o\ He+>Nb-n -n ;]
F / ey E,, 7 43 Mev R
L // A/A & 0/0, Rig =1,n0 PE 1
- d A U/U =1, PE
L / A/ \ o o/, o =05, noPEj
7 4 N
005 |
F 1™ 1e) % 4 \ \ 1
I ;/AQ“"TC’ \\'\ ]
— | No A e
0 B T S I T S S B MA\‘P\M
"0 5 10 5 2

Spin I of residual nucleus % Tc* (U-7,5 MeV)

FIG. 16. Normalized populations of (a) positive parity
states of the initial compound system *He+ ®Nb for dif-
ferent projectile energies [cf. Eq. (7)]; (b) the same
system (for E; —43 MeV) after emission of one neutron
with the spin dlstnbutlon given by Eq. (11); (c) the re-
sidual system *Tc* after sequential neutron (and gam-
ma) emission at U=7.5 MeV, i.e., below the neutron
emission threshold (S,=8.6 MeV).

and exceed the experimental result considerably.
Inclusion of the PE decay mode improves the cal-
culation in shape, but not in absolute values.

Due to lack of spectroscopic information on
93Nb(*He, n) to low lying states in %Tc, no ex-
planation can be offered for the increasing dis-
crepancy below E; = 10 MeV, where the PE
fraction fpy is well below 0.1, except a possible
contribution of the (®He,n) stripping reaction to
low spin states (see Sec. VI).

3. 8Y(d,2n)®° Zr and ¥ Y(d,p)*° Y

Here the initial population of the compound sys-
tem due to the low target spin value of 3 and the
light projectile, is concentrated at low spin



values for very low projectile energies E,, favor-
ing the transition to % Zr in the (d, 2n) reaction.
With increasing E,; the spin distribution extends

to higher spins and the isomeric ratio therefore
increases too. At highest projectile energies the
introduction of PE deexcitation again improves the
model calculation, but still fails to reproduce the
shape of the isomeric ratio at high energies,

cf. Fig. 15.

In contrast to the isomer ratios discussed so
far, the reaction #Y(d,p)*°Y™* shows a strong
preference for the low 'spin state. The production
cross section for the 7 isomer remains almost
constant up to E; =25 MeV (Fig. 15). Therefore,
the isomer ratio is not expected to change in this
energy range by more than one order of mag-
nitude, which is necessary to make experiment
and calculation (Fig. 15) comparable. This ob-
servation was interpreted by Riley ef al.?® with
a dominant stripping mechanism. Indeed, Lins
et al.*” have shown that in ®#*Y(d, p)°°Y the neutron
predominantly is transferred to low spin states
(S1py g oy A5 ) that populate the 27 ground state
by y deexcitation.

4. Spin distribution after PE decay

What is the origin of the discrepancies remain-
ing at high projectile energies, in particular for
the isomeric ratios for the (*He,n), (*He, 2rn), and
(d, 2r) reaction? If, for the moment, the angular
momenta of the second and third neutron evapora-

tion may be neglected, it must rest on a difference

in the dominant reaction mechanism for the emis-
sion of the first neutron. The insert in Fig. 14
emphasizes that the isomeric ratio for (He,n)
almost exclusively reflects the spin distribution
after direct and PE neutron emission. In agree-
ment with the tendency observed for (*He, 2r) and
(He, 37), we must conclude that the PE (and di-
rect, if present) decay modes favor low spin
states even more than assumed in Eq. (11). What
then could replace assumption (i) of Sec. 5A -
leading to this equation?

Here we suggest® implementing one feature of
nucleon PE emission, namely its forward peaked
angula.r dlstrlbutlon to glve an estimate of the
spin i= SP+ST+1,> —S —1 remaining in the resid-
ual system Forward peaking means that lp is
parallel to l,,, so that approximately I =lp -1,
if the spins of the particles involved are neglect-
ed. Herein [, is calculated from I and the linear
momenta of projectile pp, and neutron p,, as-
suming a fixed impact parameter: 1.%/pp
=L7i/p, or l,=1pp,/pp. The spectral distribution
of p, calculated from dof®f (U)/dU determines the
spectral distribution of /,. Assumption (ii) of
Sec. V A remains unmodified.
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The resulting isomeric ratios and excitation
functions are shown in Figs. 14 and 15, too. Con-
siderable improvement is obtained in the regions
where PE decay plays an important role. This
indicates that the assumption of a spin distribu-
tion for PE emission identical with that of an
evaporation process may be wrong due to re-
strictions on the accessible residual states and
therefore in favor of too much angular momentum
remaining in the system that cannot be carried
away by subsequent particle evaporation.

' VI. COMPETING REACTION MECHANSIMS

The analysis of excitation functions for loosely
bound projectiles so far has been performed in
terms of equilibrium and preequilibrium pro-
cesses., However, the analysis is not unique due
to the presence of other direct or nonequilibrium
mechanisms such as inelastic scattering of the
projectile, particle transfer reactions, etc.,
some of which show up in “subthreshold” cross
sections of (particle, xnyp) reactions i.e., in the
emission of complex particles having lower @
values (see e.g., Fig. 9). The observed high
energy tails in excitation functions for @ emis-
sion (Figs. 7 and 11) also clearly show the im-
portance of preequilibrium emission of complex
particles—yet codes accounting for it in multi-
particle decay cascades are still lacking. How-
ever, complex particle emission should play a
minor role above the threshold for the corre-
sponding multinucleon emission processes.

Another mode of multinucleon emission reac-
tion must also be discussed—the inelastic
breakup of the projectile. Hereby, one of the
breakup partners (e.g., a neutron) is-absorbed
by the target nucleus. The excited secondary
composite system may further decay by neutron
or proton emission and thus contribute to the
(particle, xn) as well as (particle, pxn) excita~
tion functions. Hence, the inelastic breakup
bumps observed in particle spectra do contribute
to excitation functions in a smooth way while the
elastic part reduces the flux into other nonelastic
channels. In recent investigations of d- and *He-
induced breakup reactions*®*° it was found that
this inelastic breakup mode normally dominates
over the elastic one by a factor of 3 to 5. In the
d-induced breakup this incomplete fusion mode
accounts for about 5% of the total reaction cross
section at A =60-90, i.e., it may contribute 200
to 300 mb to (d, pxn) reactions if we neglect
further charged particle emission. In the mea-
surements of Ref, 48 it was also found that the
inelastic (d,d’X) reaction sums up to about 200
mb at 25.5 MeV bombarding energy. Thus, a
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considerable part of the relative large °Y(d, p2n)
yield may be due to inelastic scattering and
breakup of the projectile and might explain part
of the discrepancy between theory and experi-
ment for the (d, 3n) and (d, p2n) reactions (cf.
Sec. III and Fig. 7). The inelastic breakup of the
3He projectile is more difficult to deal with since
the noninteracting particle(s) may be one of the
following six fragments: d, p, n, 2p, pn(T =0),
pn(T =1). Up to now only the (*He, dX) reaction
has been investigated*® showing an inelastic con-
tribution of the same order of magnitude as in the
case of the (d,pX) breakup.

" Competitive reactions to single nucleon pre-
equilibrium emission are transfer reactions to
bound states. In particular, neutron transfer
reactions occur already below the Coulomb bar-
rier of the projectile so that for lower bombard-
ing energies this mode may dominate. An ex-

“ample is the #Y(d, p)°°Y™* reaction as discussed
in Secs. III and V. For the %*Cu+3He and **Zn +d
reactions the Coulomb barriers are lower, and
the preequilibrium emission of charged particles
(i.e., protons) should be considerably enhanced as
compared to the A =90 mass region. In this con-
text the question has to be discussed to what ex-
tent the isospin conserving direct transfer reac-
tions alone could give rise to the observed en-
hancement of 0(*He, p)/0(*He,n) as compared with
the ratio o(d,p)/o(d,n). As demonstrated in Fig.
12 practially only T° states in ®>Ga and °°Zn con-
tribute to the observed reactions. The T~ states
in both nuclei, which can be populated by the *He
induced reaction, decay to the T states of ®*Zn
by isospin allowed proton and first forbidden neu-
tron transitions, respectively. Still, the (®He,p)
reaction to 7'< states in ®*Zn may proceed via
stripping of a proton-neutron pair in the relative
T =1or T=0 state in comparison to the T'=1
transition in the (*He,n) reaction. However, the
normalization of both (*He, p) transition ampli-
tudes by the factor 212 (cf. Ref. 52) prevents a
relative enhancement of the (3He, p) to the (He, n)
reaction regarding a specific two-particle state
with spins.j, and j, coupled to the total spins J.
Nevertheless, one strong statistical argument
remains in favor of the (*He, p) reaction: . The
T =0, S =1 transition may reach even and odd J
states of a two-particle multiplet whereas from
purity arguments only even 07 odd J states are
excited in the T =1, S =0 transitions of (®He, p)
and (He,n) reactions. Therefore, it cannot be
excluded that direct reactions could also explain
the large double ratio R as defined in Eq. (2),
though their dominance over usual preequilibrium
reactions would rather show up in initial exciton
numbers n,(d) =2 and n,(*He) =3, i.e., the number

of particles in the projectile, in contrast to the
experimental findings in Secs. III and IV.

On the whole, the extracted numbers of the
initial degree of freedom are consistent with
the results of analyses of continuous nucleon spec-
tra in d- and *He-induced reactions near A =60,3!3°
Yet it is obvious that these determinations of
initial exciton numbers take care of some of the
direct reaction modes mentioned in an averaging
way and hence should not be taken too literally.

VII. CONCLUSION

The present work contains a systematic survey
on reactions induced by the loosely bound d and
3He projectiles for targets in the A =60-90 mass
region. From the analysis of the measured ex-
citation functions by equilibrium and preequilib-
rium models the following general conclusions
can be drawn:

(1) In comparison to the simple Weisskopf-
Ewing model, the inclusion of y-ray competition
and angular momentum conservation only slightly
improves the agreement with the data. Using
ekperimental separation energies, both approaches
well describe thresholds and maxima, but the
high energy tails for few particle emission pro-
cesses are only explained by preequilibrium
decay.

(2) The study of the decay of ®®Ga* formed by
d- and *He~-induced reactions similarly shows that
typical entrance channel effects are smeared out
as more particles are emitted. The charge dis-
tributions of the initial exciton particles in both
entrance channels can only be determined from
the comparison of single proton and neutron
emission yields. From the hybrid model analysis
of all data, the initial set of exciton numbers
No(Dons Pop) Were found to be 3(1.5, 1.5) for d-, and
4(1.5, 2.5) for *He-induced reactions.

(3) Near A =90 for both types of projectiles,
the pure Hauser-Feshbach calculation only ac-
counts for the observed isomeric ratios where
emission from an equilibrated system dominates.
The inclusion of PE emission—assuming the same
spin distribution as calculated for equilibrium
emission—considerably improves the overall fit.
The remaining discrepancy indicates that PE
particles carry away more angular momentum
than equilibrium particles. This feature could be
accounted for in a simple and qualitative approach
and should be taken care of in more refined
models of PE emission.

(4) Improved codes should also contain pairing
and shell effects in level density calculations.
This neglect of the present preequilibrium codes
may explain the observed over and underestima-



tion of yields for even-even and doubly odd re-
sidual nuclei, respectively.

(5) At present, it seems difficult to include
coinpeting direct reaction modes in the analysis
of excitation functions (cf., however, Ref. 51).
With respect to processes involving complex par-
ticle emission, they are dominant below and near
thresholds for respective multinucleon emission.
Hence, in the analysis of initial exciton numbers

from excitation functions as well as from particle

spectra, it is not possible to clearly distinguish
preequilibrium processes from other direct
reactions.

On the whole one might say that also for loosely
bound projectiles at bombarding energies up to

45 MeV, the simple Weisskopf-Ewing approach to
equilibrium and preequilibrium nucleon emis-

22 ENTRANCE AND EXIT CHANNEL PHENOMENA IN d- AND... 1483

sion—as represented by the OVERLAID ALICE
code—yields reasonable fits to a large variety of
excitation functions with rather few input pa-
rameters.
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