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The cross section for fusion of heavy ions below the Coulomb barrier can

be orders of magnitude larger than the predictions of models that are quite

successful above the barr ier .2 Recent studies of y-ray mu l t i p l i c i t y 3 " 6 have

shown that the average % of the part ial waves part icipat ing in subbarrier

fusion is much higher than expected. The discrepancies become larger as the

mass asymmetry of the project i le and target decreases.

We have used the Spin Spectrometer in coincidence with ident i f ied prod-

ucts from two reactions leading to the same compound nucleus, 16ltYb, to study

entry-state angular-momentum effects. The reactions were 6itNi + i°°Mo and

I6o + 1<t8Sm; the conditions of bombardment are l is ted in Table 1. The 0 + Sm

energies were chosen to match two of the Ni + Mo compound-nucleus excitat ion

energies. Exit channels were ident i f ied by known y-ray lines from the res i -

dual nuclei observed in six Compton-suppressed Ge detectors which replaced a

l i ke number of pentagonal Nal units of the Spin Spectrometer. Recording of

events was triggered by detection of a "clean" Ge pulse ( i . e . , no y ray

detected in i t s surrounding Compton shield).

The cross sections l is ted in Table 2 are based on the observed yields of

the 2+ + 0+ t ransi t ion in 162Yb (2n channel), i&QYb (4n), and i58Er ( ^ n ) ,

and the 17/2+->• 13/2+ plus the 9/2" + 5/2" transit ions in leiyb (3n).

Corrections Were made for internal conversion and angular d is t r ibut ion

effects. No signif icant y ie ld of I63yb (In channel) was observed at any

energy except 215 MeV, where i t was < 1% of the 162Yb 2+ y i e l d . Small

amounts of 161Tm (p2n), 157Er (<x3n), or other channels mignt have been pre-

sent at the level of a few percent each of the tota l cross section. Fission

is unl ikely to contribute at these bombarding energies. Thus the fusion

cross section shown in Table 2 was obtained by increasing the sum of the four

measured cross sections by 5-10%, an estimate confirmed by the s t a t i s t i c a l -

model calculations described below. The points in Fig. 1 show 0fus for both

reactions as a function of energy. The fu l l lines represent calculations7

which incorporate effects of coupling to excited states in both project i le

and target;8 a l l inelast ic couplings with the ground states were included
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with the appropriate B\ taken from experiment. The good agreement of the
predicted and measured ofus as a function of energy is very encouraging.

Near the barrier the predicted z distributions extend to much higher %
values when couplings to inelastic channels are included. Examples are
shown in Fig. 2 (dashed lines). When such distributions are used as input to
the statistical model, the predicted relative cross sections of the various
exit channels (dashed lines in Fig. 3) are in reasonable agreement with
experiment at the higher energies but not for the lower energies. The
experimental absence of the In channel is well reproduced: in no case did the
calculation predict a In cross section as large as 1% of ofus.

These calculations were carried out with the program PACE2S9 using the
following assumptions for the residual nuclei: (1) a = A/8.5, (2) giant-
resonance El shape with strength = 100% of classical sum rule, (3) collective
E2 strength = 100 W.u., (4) default values of other y-ray strengths, and (5)
yrast lines that provide a realistic representation of the known yrast lines
of nuclei near A = 164. The calculations are rather insensitive to reaso-
nable variations in (1) - (4), but can show large discrepancies with experi-
ment i f unrealistic yrast lines are adopted.

We now turn to the information obtained from the Spin Spectrometer in
coincidence with characteristic lines of 16*Yb (2+ •»- 0+), 161Yb (17/2+ *
13/2+), 160Yb (2+ * 0+), and I58£r (2+ + o+). The raw data were processed
as follows:10 (1) The Nal pulse heights were corrected for energy response
and pulses due to neutrons were excluded. (2) (H,k) arrays in coincidence
with each identified Ge peak (and neighboring background) were generated
[H = sum of corrected Nal pulse heights, k *= number of responding detectors],

(3) (E,M) arrays were obtained by iterative unfolding of the net (H,k) arrays
using the measured response function of each detector in the Spectrometer
[E = entry-state excitation energy, M = entry-state •y-ray mul t ip l ic i ty ] .
(4) Corrections to the (£,M) arrays were applied for the gating transition irs
the Ge, internal conversion, and angular-distribution effects. In addition,
distributions for 161Yb were shifted by 3V4 units in M to account for the
angular momentum tied up in the 13/2+ band head. I t should be pointed out
that the high background -for low-k events causes loss of information for
k ^ 4. Examples of the E, W entry-state distributions are shown in Fig. A in
comparison with statistical-model calculations.



The calculations give a good account of the Ni + Mo data down to E-j . *
220 MeV. Below this energy the most probable M is underestimated (compare
Fig. 4e with 4a), and as already noted the predicted 2n yields are too small

•at low energies (Fig. 3, dashed lines). The source of these discrepancies
may be: (a) the input to the model describing the compound system and its
decay products (level densities, yrast lines, gamma decay strengths), (b) tie
entrance-channel partial-wave distribution (a ), and/or (c) a fundamental

At

failure of the statistical calculations to account properly for physical
effects that might influence the decay (e.g., a long-lived superdeformed
state of the composite system which is preferentially populated in a near-
symmetric entrance channel6).

Fortunately, the first two possibilities can be investigated in a direct
and independent fashion. Concerning point (a), we have found that although
extreme variation in the level-density parameters or unrealistic choices of
the yrast lines can increase the 2n fraction at low energies, it is not
possible in this way to obtain agreement with the experimental M
distributions. Our study of point (b) was facilitated by the fact that for
these systems, the sum of the M distributions is simply related to the
entrance-channel spin distribution and can thus be used to construct an
"experimental" a distribution. This was done with the usual expression

X

Z = 2(M-<Ms>) + <Als><Ms> + <In><x> + I Q ,

where the f i r s t three terms represent, respectively, the angular momentum

carried away by the emission of col lect ive y rays, s ta t i s t i ca l y rays, and

neutrons, and I i s the spin of the band head. The average mu l t i p l i c i t y of

the s ta t i s t i ca l y rays <M> and the neutrons <x>, and the average angular

momentum carried away per s ta t i s t i ca l y Tay <AIS> or neutron <Aln>, were

taken from the statistical-model calculations. The weak a2n channel was

ignored. Examples of the result ing vt d istr ibut ions are shown by the f u l l

l ines in Fig, 2« At 235 MeV, the general features of the ^ deduced from

experiment agree well with those frorc the channel-coupling r^de l , 7 a fcig

improvement over tnodels without, coupling. However, at low energies the

channel-coup!ing model badly -underestimates the contribution of the higher

part ia l waves (Fig- 2a) even though i t predicts the energy dependence of tn~

to ta l cross section ( i c ) very well (Fig. 1), Inclusion of transfer

channels3 does not change the er d is t r ibu t ion .



These experimentally-deduced c distr ibut ions were taken as input to

PACE2S to search for effects of type (c) ; assumptions ( l ) - (5 ) were not

changed. To compensate for the experimental losses at low k, the f u l l curves

•o f Fig. 2 were f i l l e d out on the low side as shown by the dash-dot l ines.

The result ing exit-channel f ract ions, shown by the f u l l curves in Fig. 3,

reproduce the measurements remarkably we l l . Furthermore, the E, H arrays

are in good agreement with experiment (compare Fig. 4a and 4c). Thus the

decay of the composite system produced in the Ni + Mo reaction appears to

proceed precisely according to s ta t i s t i ca l expectations.

The decay of i6!*Yb formed by the 0 + Sm reaction is also well reproduced

by the same assumptions ( l ) - ( 5 ) ; i t does not matter whether the 0 are taken

from the channel-coupling model or from the experimental M d is t r ibut ions.

Figure 5 compares the k distr ibut ions for the two reactions at matched exci-

tat ion energies. I t can be shown that the suppression of the high-k yields

in the 0 + Sm reaction is due ent i re ly to i t s entrance-channel spin d is t r ibu-

t i o n . The co-pcjnd-nucleus decay is therefore completely s ta t i s t i ca l for

both reactions. We conclude that effects such as superdeformed states pref-

erent ia l ly populated by the more symmetric system play no role in the

reactions we have studied.
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Table 1. Bombarding conditions. Energies are in MeV. E]at> is
the bombarding energy halfway through the target. £cm is the mean
center-of-mass energy in the target weighted according to the variation
of y ield with beam energy. EQN* is the weighted mean excitation energy
in the compound nucleus 161fYb.
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Table 2. Cross sections h'n mb) for the four dominant exit
channels. Energies are in MeV. Uncertainties are about +15%. The
column labeled cf u s is an estimate of the fusion cross section.

S * s t e m Ebeam

6*Ni + l°°Mo 210

215

220

225

235

i s ? + 1*8 ST. 71

81

2n

0.

1.

3 .

6.

1 1 .

22 .

6.

25
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3

0

2
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3n

<0.07

0.78

4.19
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72.7

208.9

4n

-

-
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0.9

18.1

1.5

165.3

a2n Sam

0.26

2.21

7,46

21.4

2.3 7G,7

r..s : o i , «

35.7 417.2

at us

0.273

2.34

8.0

23.1

77.3

110.0
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Figure Captions

Fig. 1, Fusion cross sections as a function of energy. ECN* is the com-
pound nucleus excitation energy. The center-of-mass bombarding energy is also
shown for each reaction. The points are from experiment. The f u l l curves are
from the channel-coupling model.7*8 The dashed curve shows the prediction of
the Bass model, a typical model without coupling.

Fig. 2. Calculated cross sections as a function of entrance-channel angu-
lar momentum. The dashed curves are predictions of the channel -coup]ing
model .859 The fu l l curves are based on experimental M projections, as described
in the tex t . The dash-dot l ine compensates for experimental data missing at
low k.

Fig. 3. Fractional yields of the four principal exit channels as a func-
t ion of compound-nucleus excitation energy, (a). Reactions of 6"Ni + 100Mo.
(b) . Reactions of 160 + l t f 85m. The points are experimental. The dashed and
f u l l curves are from a statistical-model calculation using as input the dashed
and f u l l (+ dash-dot) curves, respectively, of Fig. 2.

Fig. 4. Contour maps of the entry-state populations in E,M space for
64 Ni + ioo"Mo at 215 MeV ( l e f t ) and 235 MeV ( r i gh t ) . The successive contours
represent intensi t ies of 0.8, O.fi, 0.4, 0.2, and 0-1 of the maximum {central
point) for each exit channel, (a, b) . Expori.Tiental maps unfolded from the
measured H, k arrays, (c, d ) . Predictions of the s ta t is t i ca l model with the
experimental curves of Fig. 2 as input for a£. (e, f ) . Same as c, d except
that the dashed curves of Fig. 2 were taken as input for 0^.

Fig. 5. Projections of the experimental H, k distr ibut ions onto the k
axis for the two reactions at matched compound-nucleus excitation energies.
(a) . I60 + i t s S m a t 71 Mev. (b) . 1*0 + lk8Sm at 81 MeV. (c ) . ^Ui + i°°Mo at
220 MeV. (d) . 6 i tNi + 100Mo at 235 MeV. The reactions plotted on the l e f t
( r ight ) are for E*N = 40.4 (49.4) MeV.
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