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The distribution of the total energy and multiplicity of gamma rays feeding the yrast transitions
has been measured for ' ' Er, ' Ce, and " "Te, which are produced in several heavy-ion fusion
reactions. The observed shape of the distribution feeding discrete yrast states varies with the spin of
the yrast transition. However, the differences are small, especially for heavier-ion induced reactions.

I. INTRODUCTION

The compound nucleus formed in a heavy-ion-induced
fusion reaction usually has a large amount of excitation
energy (E) and angular momentum (I). The emission of
particles proceeds immediately and brings the nuclear ex-
citation energy down to about one neutron binding energy
above the yrast line. From there, y-ray decay removes the
rest of the excitation energy and angular momentum. The
point at which y-ray emission begins is called the "entry
state" and it has a wide distribution both in angular
momentum and excitation energy. The y rays emitted in
the early stages of the decay are from regions of high level
density, and many decay pathways are possible. There-
fore, these transitions appear as a continuum of y rays.
Eventually, all the decay pathways feed into yrast states
and, subsequently, decay along the yrast line. These yrast
transitions can be observed as discrete lines when enough
intensity is accumulated.

The pathway of y decay determines the correlation be-
tween the entry point and the feeding point. This path-
way is mandated by the nuclear properties such as collec-
tivity, moment of inertia, branching ratios, etc. There-
fore, the variation of entry distribution with the spin of
the yrast line may be used to study the nuclear properties
in regions of high spin and temperature. Furthermore,
this knowledge of entry point and cooling route is essen-
tial for the selection of the interesting decay pathways.
Experimentally, this selection can be accomplished by gat-
ing on a particular region of (E,I) space. For example, if
large differences exist in entry distributions between the
low spin and the high spin states, then it should be possi-
ble to enhance the population of high spin states for
discrete line spectroscopy by appropriate (E,I) gating.

The spin distribution of the entry state can be derived
from y-ray multiplicity measurements. Earlier experi-
ments' have been able to characterize only the first and
the second moments of the shape of the multiplicity dis-
tribution. Also, the distribution of excitation energy has

been measured ' by using a y-ray sum spectrometer. In
general, it has been found that there is a fractionation of
the angular momentum in (heavy ion, xn) reactions such
that the channel emitting the least number of neutrons has
the highest average angular momentum and excitation en-
ergy. Using the Spin Spectrometer, Sarantites et al.
measured the detailed shape of the entry-state distribution
for each residual nucleus in several fusion reactions. In
each case, the measured distributions agreed with the pre-
dictions of the statistical model. Additionally, studies '

of the distribution of the entry states that feed specific
yrast states of a given nucleus have also been carried out
recently. In the present paper we report on our systematic
study of several heavy-ion fusion reactions, done in the
hope that we could obtain a more detailed understanding
of the relation of the entry-state distribution and the pop-
ulation of the yrast states. A preliminary account of this
work has been presented in Ref. 6.

II. EXPERIMENTAL PROCEDURES
AND DATA ANALYSIS

We have studied the nuclei produced in the reactions
Sm(' C,xn)' ' Er with a 65-MeV ' C beam,
Mo( S,4n) ' Ce with a 144-MeV S beam, and

Zn( Ti,xn)" '" Te with a 170-MeV Ti beam. The
beams were from the HHIRF tandem accelerator facility
at the Oak Ridge National Laboratory. The y rays from
the compound nuclei were detected by using the Spin
Spectrometer, a 4m multielement y-ray detector system
which has been described in Ref. 8. Use of thin targets
(about 1 mg/cm ) allowed the compound nucleus to recoil
out of the target with almost uniform velocity and decay
in flight. The Doppler shift was corrected for each detec-
tor by utilizing the known recoil velocity and the detector
angle. In the experiment, two of the 70 NaI elements of
the Spin Spectrometer were replaced by large volume
(25% efficiency) high-resolution Ge detectors. data were
recorded when there was a coincidence between either of
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FIG. 1. The y-ray spectrum obtained from the reaction
Sm(I2C, xn)I5s, I59Er with a 65 MeV &2C beam. Yrast transi-

tions from states of '"Er (integer spin) and from "Er (half-
integer spin) are shown.
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FIG. 3. The y-ray spectrum obtained from the reaction
Zn( Ti,xn)" '" Te with a 170 MeV Ti beam. Yrast transi-

tion from states of "Te (integer spin) and from '"Te (half-
integer spin) are shown.
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FICx. 2. The y-ray spectrum obtained from the reaction
Mo(' S,4n)' Ce with a 144 MeV ' S beam. Transitions from

yrast states are labeled with their spin values.

the Ge detectors and the Spin Spectrometer, with the ad-
ditional requirement that four or more NaI detectors must
fire. A total of about 30 million events were acquired for
each of the experiment. Figures 1—3 show the Ge spectra
from the three reactions employed here.

In the off-line analysis, the total pulse height (H) and
coincidence fold ( k) for each event were deduced from the
pulse height of the individual NaI detectors after energy
and time calibration and the removal of neutron pulses by
time of flight. Next, the two-dimensional distribution of
(H, k) was obtained by sorting events in coincidence with
discrete transitions and by correcting this distribution for
background under the gated peak with data from several
background regions of the Ge spectra. Since these distri-
butions do not include the gating y ray observed in the Ge
detectors, each distribution is shifted down in H by an
amount proportional to the decay of this y ray. In addi-
tion, not having this y ray causes a reduction in k equal
to its energy-dependent trigger efficiency. Since the gat-
ing y rays have energies varying from 0.2 to 0.8 MeV, this
exclusion creates appreciable distortion of the ( H, k ) dis-
tribution, especially when changes in the distribution are
examined as a function of spin. To correct for the trigger
bias effect it is necessary to include the missing y ray in
the (H, k) distribution. This was accomplished by first
obtaining the (H, k) response function for the missing y
ray based on the calibration with y-ray sources. Then, the
total distribution was obtained by convoluting this single
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y-ray distribution with the measured (H, k) distribution
from the Spin Spectrometer. These corrected data give
the distributions of entry states which feed the observed
yrast states.

The entry distributions for the lowest excited states of
the nuclei studied are shown in Figs. 4—6. In heavy-ion-
induced fusion reactions, almost all the y-ray decay goes
through the lowest excited states. Thus, these distribu-
tions are assumed to represent the complete entry distribu-
tion of the corresponding reaction channels. It can be
seen that these distributions are quite different in shape,
but a common feature is the positive correlation between
0 and k. This correlation can be described by the two re-
gression curves, defined as H(k), the mean values of H as
a function of k, and k(H), the mean values of k as a
function of H. These regression curves are also plotted in
Figs 4—.6. The slopes of the two curves dkldH(k) and
dk(H)ldH at the peak of the distribution are listed in
Table I. These two slopes are generally different, and
only the former is likely to be parallel to the yrast line, be-
cause H for a given k is about one neutron binding energy
above the yrast line. Since the values of the two slopes are
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FIG. 5. Entry-state distribution obtained by gating on the
2+~0+ transition of "Ce. The two regression curves of the
distribution are also shown.
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FIG. 6. Entry-state distributions obtained by gating (a) on the
2+~0+ and 4+~2+ of" Te and (b) 2 ~ z

of" Te. The
two regression curves of the distribution are also shown.
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TABLE I. Slope of the two regression curves of the entry-state distribution of the lowest yrast transi-
tion at the peak of the distribution (see Figs. 4—6) ~

Slope (MeV ')
dk /dH(k) dk(H) /dH

158Er

159E

130ce

'"Te

117T

17
2

15
2

13
2

11
2

1 ~ 84(0.31)

1.68(0.26)

1.04(0.06)

1.47(0.20)

1.29(0.13)

0.87(0.07)

0.62(0.06)

0.68(0.03)

0.72(0.05)

0.56(0.04)

quite different, it is important to use the correct curve for
the determination of the nuclear moment of inertia.

The important features of the (H, k) distribution are the
position of the centroid and the width. These parameters
can be extracted from the distribution by using the vari-
ous moments of the distribution defined as

M,J. = p H, k H'k~dK dk,

where p(H, k) is the normalized entry state distribution
and is given by

jp(H, k)dH dk = l .

The two first moments are the mean values of H and k,
respectively, i.e., Mo& ——(k ) and M &0

——(H ). The values
of the first moment for the yrast states measured in the
present work are shown by the points in Figs. 7—9 for

Er, ' Ce, and " '" Te, respectively. These values
are obtained by averaging the results from the two gating
Ge detectors. Inelastic excitation of the target nuclei and
decay of the radioactive residual nuclei produce low mul-
tiplicity background events. Since the subtraction of
background leaves large fluctuations in the low-k region,
this region was excluded from the moment calculation.
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FICx. 7. The average values of k and H (the first moments of
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text.
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the entry distribution) for ' Ce as a function of the initial spin
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moment) in k and H for "Ce as a function of the spin of the
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The low-k cutoff value is four for the Er data and six for
the Ce and Te data. The cutoff has very little effect on
the results, since there are very few counts below these k
values.

For higher moments it is more convenient to use the
moments about the mean:

The first moments about the mean are equal to zero by
definition. The second moments M20 and Mo2 are the
mean-square widths o.H and o.I, of the distribution pro-
jected on the H and k axes, and M» is a measure of the
correlation between H and k. The root-mean-square
widths ~~,o.k are shown in Figs. 10—12. A different way
to represent the second moments is to rotate the axes
around H =(H) and k =(k) by angle 8, to set M~~ ——0

TABLE II. Values of the width of the entry state distribution in the principle coordinates, and the
angle of the principle axis.

C7v

158E

2

4
6

8

10

12

16

18

20

4.09(0.13)

4.11(0.14)

3.86(0.08)

3.66(0.05)

3.74(0.05)

3.53(0.04)

3.72(0.07)
3.49(0.09)
3.70(0.09)

1.90(0.01)
1.84(0.02)

1.83(0.01)
1.77(0.02)
1.81(0.01)
1.71(0.02)

1.70(0.03)
1.69(0.04)

1.68(0.06)

37.6(0.3)

37.1(0.2)

38.0(0.2)

39.3(0.3)

42.7(0.2)

43.3(0.2)

39.5(0.8)

45.1(1.5)

45.5(0.5)

159E

17
2

21
2

25
2

29
2

33
2

4.39(0.11)

4.30(0.06)

4.54(0.09)

3.74(0.08)

4.25 (0.19)

2.19(0.04)

2.16(0.02)

2.09(0.02)

2.04(0.04)

2.05(0.03)

44.8(0.2)

46.7(0.2)

47.3(0.2)

47.8(0.5)

52.2(0.4)

130C

2

4
6

8

10

12

14

16

6.86(0.16)

6.67(0.14)

6.58(0.15)

6.48(0.13)

6.97(0.12)

5.90(0.08)
5.88(0.29)

6.74(0.18)

2.43(0.02)

2.36(0.02)

2.37(0.02)

2.26(0.04)

2.27(0.04)

2.36(0.05)
2.27(0.05)
2.26(0.06)

50.7(0.4)

50.1(0.3)

49.8(0.3)

50.2(0.2)

51.3(0.3)

52. 1(0.2)

50.8(0.5)

5 1.1(0.4)

116T

2,4
6

8, 12

10

14

4.86(0.12)

4.71(0.10)

4.87(0.07)
4.87(0.04)

4.80(0.10)

2.20(0.03)
2.14(0.03)
2.16(0.03)
2.16(0.02)

2.13(0.02)

45.55(0.40)

44.84(0.24)

49.07(0.15)

49.11(0.18)

49.56(0.20)

15
2

19
2

23
2

5.08(0.14)

5.24(0.50)

4.50(0.40)

2.25(0.02)

2.28(0.02)

2.14(0.09)

50.83(0.40)

53.62(0.50)

44.89(5.4)
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TABLE III. Comparison of moments of experimental and calculated entry state distributions (see the
text of definitions of variables).

(k&
ok

&H)

Expt.

10.6
3.5
7.4
2.9
4.1

1.9
38

158Er

Calc.

9.9
2.9
7.4
1.9
3.2
1.3

28

Expt.

12.7
3.5

11.6
3.5
44
2.2

45

159E

Calc.

14.3
3.5

12.5
2.5
4.1

1.5
32

Expt.

19.0
4.7

17.3
5.5
6.9
2.4

51

130C

Calc.

19.4
3.7

19.3
3.3
4.7
1.8

41

in the new coordinate system. The axes of the new coor-
dinate system (u, v) are the principal axes of the second
moment. It can be shown that

2Mii
tan20=

Mp2 —M2p
(4)

III. DISCUSSION

The entry state distributions for the evaporation resi-
dues can be calculated from the statistical model. Calcu-
lations were made using the program FAcE2 (Ref. 9) for

Ce and ' ' Er. The calculations were done with a
level density parameter a =3/8. 5, an electric dipole gam-

(X10 )

17.5

15.0
13pce

12.5

Z.'
Z'.

10.0

Z
7.50

O
2'

12

In the (u, v) system, the width of the distribution can be
characterized by the diagonalized width o.„and cr„. The
diagonalized width o.„,o., and the angle 0 between the k
and u axes are listed in Table II.

ma ray strength function reflecting the systematics of the
giant dipole resonance, and an initial spin distribution ob-
tained from the Bass potential. ' The (E,M) distributions
from these calculations were then convoluted with the
response of the Spin Spectrometer to generate (H, k) dis-
tributions. Table III compares the moments of these
(H, k) distributions with the moments of the experimental
distributions. The first moments (k) and (H) are well
reproduced by the calculation, but the experimental
widths are in general 20—30% larger than the calcula-
tion. While no attempt was made to vary parameters of
the calculation to improve the agreement with data, the
failure to account for widths, other than hark, is a chronic
deficiency" of statistical calculations which do not in-
clude details of nuclear structure, such as distribution of
collective E2 gamma strength well above the yrast line. A
principal motivation for including this comparison is to
illustrate the value of moments with respect to the princi-
ple axes of the (E,M) distributions in providing a concise
description of the distributions.

The variation of the entry distribution as a function of
the spin of the yrast transition is the primary point of in-
terest in the present work. As can be seen in Figs. 7—9,
the values of (k ) and (H ) increase at high spin as ex-
pected from the simple picture that high-spin yrast states
are fed mainly from the high-spin and high-excitation en-
ergy region of the entry state. The above picture can be
better understood in terms of a simple model which as-
sumes that a yrast state with spin I is fed from the entire
entry region of this reaction channel with spin )I and
that the nucleus decays mainly through stretched E2 tran-
sitions. Thus, it allows us to calculate the expected (k)
and (H) values for any state from the measured (H, k)
distribution of the lowest excited state by using a higher
value of k cutoff according to

5.0

2.5
TABLE IV. Channel resolution of H and k distributions.

10
I

15
I

20
I

25 30 35

158Er
159E

hH /o. (R )

1.91
1.48

Ak /o. k(R )

0.53
0.54

FIG. 13. The k projection of the entry distribution of the 2+
and 12+ states of ' Ce.

116T
117T

1.70
1.55

1.13
1.24
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TABLE V. Sensitivity in selectively populating high spin
states.

58Er
130C

'"Te

d(H)
dI/2 o.H

0.052
0.0
0.037

d(k)
dI/2 o.k

0.089
0.0
0.050

k;„(I)=k;„(Ii ) + (I I t )/2 .—
where I& is the spin of the first excited state and k;„(I,)

is the k cutoff value discussed before. This procedure is
justified for the Spin Spectrometer data because the value
of the fold k is quite close to the y-ray multiplicity M for
10(k(20. (See Ref. 8.) Results of the model predic-
tions, which provide only an upper limit, are shown as
solid lines in Figs. 7—9. Several interesting features are
obvious in these figures. First, for ' Ce the (k ) and
(H ) values do not increase with spin as predicted by the
model. This effect may be due to the high degree of mix-
ing of the decay pathways in the high-spin and high-
excitation-energy region. Such mixing could wash out the
spin correspondence between the entry state and the yrast
state. However, the data from ' Er and "Te more near-
ly follow the general behavior of the model predictions.
This may indicate that the nuclear properties of ' Ce in
the entry region are different from ' Er and "Te. A
second effect is observed in ' Ce which exhibits an in-
crease in the (H ) and (k ) values at the spin 12 state im-

mediately above the backbending. Figure 13 shows the k
projection of the entry distribution of the 2+ state and
12+ state of ' Ce. It is clear from the comparison that
the 12+ distribution has a reduction in the low-k com-
ponent. Detailed discrete line y-ray spectroscopy results'
do not show discrete line side feeding into the 12+ state.
This may be due to the fact that the ground-state band
and bands with similar moments of inertia extend into the
high-spin and high-excitation-energy region. These bands
have steeper slopes than the yrast line and therefore they
channel their decay from above the backbending region
through pathways leading into region below the backbend.
The states just above the backbending will be fed mostly
from the higher spin region. As seen in Figs. 7 and 9, this
effect is not observed in Er or Te. On the contrary, they
follow the prediction of the simple model rather closely,
except for the high spin states in ' Er. These high spin
points lie below the model predictions, probably as a re-
sult of having reached the maximum values of angular
momentum of the reaction.

The measured widths of the (H, k) distributions for the
nuclei studied here are plotted in Figs. 10—12. In general,
the width becomes smaller for the higher spin states. This
indicates that the higher-spin states are fed from a nar-
rower entry region. The simple calculations reproduce the
general behavior rather well. The reduction of the width
for a given spin is smaller for the reaction channel with

higher (H) and (k) values. This has most likely the
same cause as the low sensitivity of the (H ) and (k )
values. On the other hand, for ' Er, due to a larger
spread in H in the high-k region, the width o.H increases
for high spin states. This is also in agreement with the
predictions of the simple model discussed above.

In certain spectroscopy experiments the values of H
and k are used as a selection parameter to separate dif-
ferent reaction channels. In such an application, the abili-
ty to enhance a given reaction channel depends on the
separation of the centroids of the distributions (b,H and
hk) and the width of the channel to be rejected
[cJH (R ),o k (R )]. The ratio of these numbers, i.e.,

bH/crH(R) and bk/crk(R), are the important parameters.
The larger these ratios, the easier it becomes to enhance
the desired reaction channel. The values for ' ' Er and" '" Te are shown in Table IV. It is obvious for the cases
shown here that the total pulse height H is a more effec-
tive parameter for separating reaction channels. This may
be because H is proportional to I, while k is proportional
to I.

If one is to utilize the (H, k) gating for selecting high-
spin yrast states of a given nucleus, it is necessary to have
a significant difference in the (H, k) distribution for high-
and low-spin states. The sensitivity of this method de-
pends on the change of the (H) and (k) values as a
function of spin. This sensitivity can be defined as

d(H) 1 d(k)
dI /2 o.H dI /2 o.k

In Table V, we have shown these ratios for ' ' Er,
Ce, and " '" Te obtained by averaging over all the

transitions. As can be seen, the sensitivities are very
small, indicating this method is not very effective in
selecting high spin states.

In conclusion, the measured shapes of the entry-state
distribution from the present experiment change slowly
with the spin of the gating yrast transition. It appears
that in the formation of a compound nucleus, the channel
formed with higher angular momentum has lower sensi-
tivity of entry state population on the spin of the yrast
transition. This is mainly due to the lack of direct feeding
and the mixing of the nuclear decay pathways between the
entry region and the yrast line. With the low sensitivity
observed in the present experiments, it would be very inef-
fective to attempt to use H and k selection to enhance the
population of high-spin states in these nuclei. On the oth-
er hand, the separation of reaction channel can be
achieved efficiently. Whether these features are true in
general has to be determined from the study of many
more reaction systems.
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