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The multiplicity of the y cascades in the 'Cu continuum entering 17 levels populated via the
"Ni('He, py) 'Cu reaction have been measured for iricident 'He energies of 17.0 and 19.5 MeV. A general
trend of increasing multiplicity of side feeding with increasing excitation energy of the entry states is
established. For excitations between 6.0 and 12.5 MeV in 'Cu the side —feeding multiplicities vary between
1.2 and 4.0, while the total multiplicities vary between 4.0 and 6.8. The side —feeding multiplicities from
the 19.5 —MeU experiment are about 0.7 units higher than those from the 17.0—MeV experiment. Detailed
statistical model calculations which include explicitly y —ray competition reproduce the trends and the
magnitudes of the measured multiplicities.

NUCLKAB REACTIONS 5 Ni(e, py}, 17.0 and 19.5 Me&; measured y-ray multi-
plicities vs E*; compound statistical model analysis.

I. INTRODUCTION

The reaction '8Ni(4He, py) 8'Cu has been used
extensively to study both the structure" of "Cu
and the details of the compound statistical model
including y-ray decay."As a consequence of
that work, a highly detailed decay scheme includ-
ing level energies, spin and parity assignments,
branching ratios, and nuclear- level lifetimes ex-
ists for "Cu. In addition, compound-statistical
model parameters have been deduced based on
detailed measurements of cross sections for many
individual levels following the ('He, py) reaction.

In a more recent study' Sarantites and Barker
have reported the lifetimes for y decay of the con-
tinuum states to discrete states in "Cu. From a
measurement of the reduction of the observed
Doppler shift of y rays deexciting levels of known
lifetime, it was concluded' that the multiplicity
of y rays in the continuum decay increased with
increasing excitation energy of the entry states in
the y cascade. The conclusion was based on the
observed increase in the continuum feeding times
as a function of increasing excitation energy of the
entry states in the cascades in the 'Cu nucleus.

Recently several groups~' have reported on the
direct measurement of y-ray multiplicities via a
multi detector y-y coincidence technique. Most
of that work has employed heavy-ion induced re-
actions in the deformed region of nuclei. In the
present work we have extended this type of ex-

periment to light nuclei and have included a co-
incidence requirement with charged particles to
establish a dependence with excitation energy. In
an earlier work Degnan et al.' have reported av-
erage multip1icities for "Cu and other nuclei as a
function of E*. Since that work' did not employ
coincidences with a Ge(Li) detector their results
did not select the level or in some cases the prod-
uct nucleus observed.

In this work a Ge(Li) detector and two Si proton
detectors were employed in coincidence in order
to establish the excitation energy in "Cu fol1owing
the "Ni('He, py) reaction. Two or seven NaI de-
tectors were added and multiple coincidences be-
tween the Ge(Li)-Si pairs and any number of NaI
detectors were recorded. From the latter co-
incidence information the multiplicity of the cas-
cades that start from a given excitation and lead
to 17 states in 'Cu were deduced. The results
are compared with detailed theoretical calculations
based on the predictions of the compound-statisti-
cal model for nuclear reactions.

I

II. EXPERIMENTAL METHODS

Two independent measurements are reported in
this paper. The first is an experiment utilizing a
beam of 20.0-MeV 'He~ from the Washington
University cyclotron and the second is a 17.5-MeV
4He'+ experiment performed at the Uppsala tandem
accelerator.
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T&QLF g. Multiple coincidence probabilities P~& for the Ni( He, py)~ Cu reaction at 19.5
MeV. The underlined numbers are statistical errors and refer to the least significant figures
indicated.

Level p-ray
energy - energy
(keV) (keV)

fold

p 12.5 10.5 8.5

~(e) & (100)

E* Cu (MeV)

6.4

475.0 475

(2 7)

15

20

10 86

1394.1 1394.1

(2-7j

21

86 10

1942.4 632.0

(2=7)

3

10

2295.0 900.0

(2-7)

70

26

10

23

76

22

88 20

562.5

(2—7)

79

20 21

17

352.7

(2-7)

61

23

9

21 18

1 2

1025.8

(2-7)

22 3 19

18

1366.2

(2-7)

, 76

23 18

2583.6 851.1 0

(2-7)

63

33

67

30

67

30

75 19

10

2611.8 669.5 75

26

77

22 .

879.3 10
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TABLE L. {Continued)

Level
energy
(keV)

. l

2626.8

p-ray
energy
(keV)

1316.4

fold

p

(2-7)

22

12.5

12 78

21

I ~»~' x (100)

F.* S~Cu (MeV)
10.5 8.5

79

19

6.4

2923.9

3015.6

1191.4

1705.2

{2-7)

0

(2-7)

79

16

77

21

30 76

0

81

83

81

18

13

10

77

23

19

23

3259.6 647.8

(2-7)

79

19

10

28

1527.1 0

(2—7)

66

20

98 89

3739.4 1444.4 0

(2-7)

20

10 73

25

87

13 31

23

12

3942.4 1222.2

(2-7)

21

10 77 10

4081.8 1361.6

(2-7)

27

73

25

68

29

10

A. 19.5-MeV experiment

The basic scattering chamber and associated
electronics mill be described in detail in a forth-
coming paper"; only the essential features will be
presented here. The multicoincidence arrange-
ment involved a Ge(Li), two charged particle de-
tectors, and seven NaI detectors. A Ge(Li) de-
tector (7% efficient for 1332 keV relative to a
7.6-cmx 7.6-cm NaI detector at 25 cm) was located
8.5 cm fr'om the target at 90 to be beam. Here
we use a spherical polar coordinate system" with
its origin at the target, its axis (8 =0') coinciding
with the beam, and the azimuthal angle P taken

to be 0' for the horizontal plane containing the ~

Ge(Li) detector. Two charged particle detectors
(300 mm' area by 1000 gm thick) were located
4 cm above and below the target (8, = 8, = 90;
=90; and pa=270). The seven 5.1-.cm diam. by
7.6-cm long NaI detectors were placed at a dis-
tance of 10 cm from the target, each with its
symmetry axis passing through the target. Four
of these were located in the reaction plane at (8, P)
of (50', 0'), (140', 0'), (225', 0'), and (315', 0'). Two
of the remaining three were above the reaction
plane at (8, Q) of (69; 139') and (111,139'), and
the last one below the plane at (8, p) of (69', 221').
Th'e Ge(Li) and NaI detectors were inserted in two
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specially cast Pb shields that insured a minimum
of 2 cm of Pb between adjacent detectors. This
was sufficient to reduce crystal-to-crystal scat-
tering to a negligible amount.

The target was a uniform 5.0-mg/cm' self-sup-
porting Ni foil enriched to 99.9+0 in "Ni. This
thickness gave a target-center energy of 19.5 MeV
for the incident beam of 20.0-MeV 'He~.

An external logic module' constructed upon the
overlap coincidence technique processed the dis-
criminator signals derived from the Ge(Li) and
NaI detectors. It provided digital address infor-
mation corresponding to the order of observed
coincidence for zero, one, two, and three or more
fold, depending whether zero, one, two, and three
or more NaI detectors fired in coincidence with a
Ge(Li)-Si coincidence pair. This information along
with the linear signals from the Ge(Li) and the
charged particle detectors were stored in the
event-by-event mode as 24 bit words on the mag-
netic tape with the aid of a Nuclea, r Date 50/50
analyzer interfaced to a PDP-8/L computer. Cali-
brations of the system are described in detail in
Ref. 8. Ge(Li) y-ray spectra selected according
to order of multiplicity and proton-energy window
were created off line. These spectra were then
analyzed for individual peak areas from the var-
ious coincidence folds. The results of this pro-
cedure are summarized in Table I as the prob-
abilities P ~~) for each transition defined by

C(cx)
(1)

p c'"&
p=o

where Cp is the peak area obtained for the zth
y ray in the spectrum corresponding to a p-fold
coincidence. The results are presented as four
proton-energy groups 2 MeV wide centered on ex-
citation energies of 12.5, 10.5, 8.5, and 6.4 MeV
in 6'Cu.

B. 17.0-MeV experiment

This experiment involved a four parameter ar-
rangement. It consisted of a l(P~ Ge(Li) located
7.3 cm from the target directly along the beam
axis; a single annular charged-particle detector
(200 mm' area by 1000 p, m thick) located coaxially
with the beam and 0.9 cm upstream from the tar-
get and two 12.7-cm diam by 15.2-cm long NaI
detectors located at 14 cm at angles of +55'in the
reaction plane. Again lead shielding was utilized
to reduce crystal to crystal scattering to a neg-
ligible amount. The beam was stopped in 0.5-mm
Ta absorber in front of the Ge(Li) detector.

The target was a uniform 5.0-mg/cm' self-sup-
porting Ni foil enriched to 99.95% in 'Ni. The

center-target energy in this experiment was of
17.0 MeV for an incident energy of 17.5 MeV 4He~.

The data from this experiment were acquired as
four parameter spectra with the aid of an. on-line
computer and were stored in the event-by-event
mode on magnetic tape. Spectra corresponding to
selected coincidence folds and energy windows for
the protons were generated off line. The resulting
spectra were then analyzed for the desired peak
areas. The results of this procedure are presented
in Table II for three proton-energy groups 1.65-
MeV wide centered ori excitation energies of 9.95,
8.3, and 6.67 MeV. The seventh column gives the
results for spectra obtained with a gate on the
entire proton. spectrum from 4.6 to 11.9 MeV of
excitation.

III. ANALYSIS AND RESULTS

The probabilities P Np reported in Sec. II are
related to the multiplicity of the y cascade. The
probability for a coincidence between the Ge(Li)-
Si event pair and one or more of the NaI detectors
is related to the number of y rays available in the
cascade. The detailed relationship between P ~~
and the multiplicity M have been discussed else-
where. " Utilizing the notation of Ref. 10 the
probability for p our of N detectors firing in co-
incidence with a gating event n (deexciting the ith
bound. state and populating the' jth state below and
coincident with a proton of a given energy) is I ~g~~.

Following the A method of Refs. 8 or 10, one adds
the experimental P ~~ values to obtain

~(~) ~(~) & ' ~(~) (2)
A=p P

The quantity Bp, so defined, represents the
probability for observing a p-fold coincidence if
only p NaI detectors were present.

One can readily show that

8', ' =P (-1)" (I —kh)" ff ',~'lf', "'"'&, (8)
&=0

where

8'& =1

Z ~;& = (1 —kn„), . . . , Z &~'

= Q bq, (I —kQ, ,)K~/&,

ff',"'"'& = (1 —kn„,„,)'.
The term K~~~& of Eq. (3a) represents the contribu-
tion to the coincidence probability from known
cascades below the gating transition. In the re-
currence relation (Sa) the ground state is labeled
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TABLE II. Multiple coincidence probabilities P&&~ for the Ni( He, pp)6 Cu reaction at 17.0 MeV.
The underlined numbers are statistical errors and refer to the least significant figures indicated.

Level
energy
(keV)

475

'Y-ray

energy
(keV)

475.0

fold

p
0 91

9.95

P,', ' x (100)
S* "Cu (MeV)

8.30 6.67

90 91 3

(4.6».9)

10

1394.1 1394.1 0

1-2 12

89 91 89

2

1732.5 1732.5

1-2 3

88

12

88 88

12

762.4

1-2 16 18 16

421.8

1-2
85

16 16

84

16 3

3

2295.0 984.6

1-2
gl

10

87

13 12

88

12

562.5

16

84

15

85

15

1-2 14 3

2611.8 879.3 85

15

85

15

669.5

1-2 18

83

18

85

13 17

2626.8 1316.4

1-2 15

86 86

12

2720.2 1409.9

1-2 15 13

987.6

1-2
84

15

85

3015.6 1705.2

1-2
86

15 12

88

12

87

13

3259.6 1527.1 0

1-2 18

10 86

15

85

647.8

1-2 22 3

80

18

80

20

4081.8 1361.6 8

5

83

17
85
16
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TABLE GI. &-ray multiplicities (Mi~„"(E*))for the incoming cascades, and/or (Ms~+ (E*)) for the side feeding as a
function of E* following population via the Ni( He, py) Qu reaction at 19.5 MeP.

Level
energy
(keV)

Side-feeding
fraction

FsF

p-ray
energy
(keV) 12.5 10.5

(M(i)(E+)) pr (M(i)(Eg))
(Me@)

8.5 6. 13.5-5.4

4081.8

3942.4

3739.4

3259.6

3015.6

2923.9

2626.8

2611.8

2583.6

2336.2

2295.0

1942.4

1394.1

475.0

2

ii
2

ii
2

9
2

ii

9
2

9 m

2

7

2

5
2

1.0
1.0
1.0
1.0

1.0
1.0
1.0
0.69

1.0

0.50

0.49

0.47

0.51

3.2
3.0

2.4

2.6

2.1

2.5

2.5

2.0

2.2

2.0

1.0

1361.6

1222.2

1444.2

647.8

1527.1

Avg.

1705.2

1191.4

1316.4

669.5

879.3

Avg.

851.1

1025.8

1366.2

Avg.

352.7

562.5

900.9

Avg.

632.0

1394.1

3.9 9

3.4 12

2.8 15

2.8 16

5.9 10

5.0 11

4.1 11

4.4 33

(4.2 8)

6.1 11

5.1 16

5.4 13

5.8

(7 1 17)

5.5 13

5.9 6

(4.'9 16)

4.0 16

3.9 18

5.1

4.9

(4.4 11)

6.4 14

4.0 10

4.5

3.1 6

2.6 10

3.0 9

4.2 6

3.8 12

4.1 5

3-2 7

3.4 18

3.5 6

3.6 9

4.2 6

4.0 5

(3.5 8)

5.3 9

4.3 7

4.2 5

4.2 4

(4.2 5)

3.7 10

3.3 13

4.4 10

3.8 8

(3.4 16)

4.3 8

4.8 5

(4.8 14)

4.7 14

33 7

0.9 30

3.6 10

3.6 10

2.6 10

2.2 18

3.0 6

3.3 10

3.5 7

3.4 6

(2.9 9)

4.9 13

3.5 7

2.8 6

3.1 5

(3.0 5)

2.8 18

3.2 10

4.3 13

3.5 7

(3.4 1O)

2.6 11

4.6 6

(4.v 14)

3.4 7

3.4 10

2.8 21

2.5 15

0.9 40

2.3 14

0.7 50

2.7 16

3.2 8

2.3 14

2.2 12

2.2 9

(1.8 14)

3.0 18

2.1 15

2.2 8

2.2 7

(2 2 9)

2.2 15

. 2.0 21

1.8 26

2 111
(o.v 2v)

4.9 17

2.6 9

(2.1 23)

2.8 7

3.4 7

2.4 12

2.9 12

3.7 6

5.0 4

3.9 5

3.2 9

3-1 21

3.6 7

3.5 9

4.1 7

3.9 6

(3.5 9)

5.4 12

3.8 6

37 7

3.8 5

(3.v 6)

3.4 7

3,6 11

4.5 9

3.9 8

(3.6 18)

4.3 11

(3.4 23)

4.9 6

(4.9 15)

3.7 11

(1.6 22)

0. The transitions j—q have known integral Mat:

efficiencies 9&,. The branching ratios b&, for the
transitions j -q satisfy $~&-iy

Dq=o jq
The &,"'"' term of Eq. (3b) represents the con-

tribution to the coincidence rate due to response
of the NaI detectors (efficiency Q...t) to x neu-
trons emitted. Of course, for the (4He, 'p) reaction
studied here, 'the neutron multiplicity x is zero
and thus ~(" " ) = y

Expanding now Eq. (3) in powers of Q gives

P )(u)~(i) -g(+) (1+)(J))

where

) {j) Q ( 1)Am' P pre (()
u

with

X(„"=(M (M —1).. . (M —r+. 1)Q.".

(4)

(4a)

(4b)
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TABLE IV. 'Y-ray multiplicities (M&~„'~(E*)) for the incoming cascades and/or (M(i&(Eg)) for
the side feeding as a function of excitation energy E* following population via the

Ni( He, P&) Cu reaction at 17.0 MeV.

Level
energy
(keV)

4081.8

3259.6

3015.6

2720.2

2626.8

2611.8

2336.2

2295.0

1732.5

1394.1

475.0

ii
2

ii
2

9+
Y'

ii
2

9 m

2

g
w

2

9 w

2

i
2

Side-feeding
fraction

+sr

1.0
1.0

1.0
0.64

1.0
0.73

0.94

0.54

0.41

0.91

0.78

3.0

2'.4

1.8

2.1

2.5

2.0

2.2

1.4

1.0

p-ray
energy
(keV)

1361.6

647.8

1527.1

Avg.

1705.2

987.6

1409.9

Avg.

1316.4

669.5

879.3

Avg.

1366.2

562.5

984.6

Avg.

421.8

762.4

1732.5

Avg.

1394.1

475.0

9.95

~i„(~sF)
E* (MeV)

8.3 6.67

2.9 7

3.2 8

3.1 5

2.8 6

3.2 6

2.9 4

2.9 3

2.5 5

2.4 6

2.4 4

2.1 4

2.6 5

2.5 3

2.5 2

2.0 7

23 7

2.1 5

2,0 5

1.8 5

2.3 4

21 3

2.8 5

2.6 6

2.3 4

2.4 3

23 3

2.5 4

2.5 3

2.5 3

2.0 4

1.3 5

2.2 4

1.9 4

(1.8 12) (2.1 10) (1.3 11)

2.7 5 2.5 3 2.1 4

(2.6 11) (2.4 9) (2.1 9)

2.9 7

1.6 4

1 9

3.1 4

31 7

3.6 3

33 2

3pl

2.6 5

22 3

23 3

3.0 3

3.5 5

3.1 2

31 2

2.9 3

23 7

2.0, 4

2.1,4
3.1 3

3.2 5

3.0 3

31 2

2.4 3

2.'5 4 2.6 3

(3.0 14) (2.3 12) (1.7 13)

11.9-4.6

1.5 3

2.3 4

2.6 4

2.5 3

2-2 3

2.4 3

2.6 3

2.5 2

(2.6 9)

2.3 3

2 1 3

2.4 3

2.2 2

(1.7 7)

233
(2.2 5)

2.6 4

1.9 3

2.1 3

3.1 2

3.3 4

322
312
2.8 2

(2.6 5)

2.5 2

(2.5 9)

Setting the limit in the sum of Eq. (4) equal to a
sufficiently large value p,„permits one to solve
the system of Eqs. (4) for X~'~ with r = 1, 2, . . . ,
p,„, and thus obtain (M ) from Eq. (4b). The
higher amounts of the M. distribution can also be
computed. "

The values for 0 in Eqs. (4) are given by

version, and Q, is the integral efficiency of the
Ge(Li). The last factor in Eq. (5) corrects the
multiplicity' for coincidence summing effects in
the Ge(Li). For the incoming cascade, the aver-
age y-ray energy (Z~'~) which corresponds to 0
and (MI'l(E*)) are obtained by requiring that they
satisfy simultaneously

n =a„(I+~,)-'(I —n, )-', (5)

where 0„ is the integral detection efficiency (full
energy and Compton distribution) of one Nai de-
tector for ay-ray energy E&, z~ is the total con-

and

X "= (M "(E*))n

(@(5))—(@e @(I) )/(M(f)(@&c))

(6)
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8 I I I I I I I I I I I I I I I I I I I

3260 keV (II/2-)6—
il

4

3015 keV (I I/2-) 2924 keV
— (9/2-)

I I I

56 8
W

4082

4—

IO 12
I I I I I

keV (II/2 )

6 8 10 12
I I I ) I I I I

3942 keV

I I I I I I I

6 8 10 12
I I I I I

—3739 keV
(I I /2-)

2—

0~i
6 8

~i-
I I I I

10 12 6 8 10 12 6 8 10 12

E (Mev)

FIG. 1. Comparison of side-feeding multiplicities
(Ms z (E*)) measured in this work to compound nucleus
calculations. The closed circles refer to the 19.5-MeV
experiment, the triangles to the 17.5-MeV experiment.
The solid curves are theoretical predictions. Note the
agreement in both the trend as a function of excita-
tion energy E* and the magnitude.

where E„'„,
&

is the energy of the level which is
deexcited by the gating transition.

In the preceding discussion it has been assumed
that there are no corrections for angular correla-
tion effects. Estimates of the magnitude of this
correction have been made in the same manner as
Ref. 8. For the geometries chosen in these ex-
periments the correction factors are essentially
unity and therefore this correction was not made.

Tables GI and IV summarize the results of the
19.5- and 17.0-MeV experiments, respectively.
It must be noted that in all cases (MII&(E*)), the
multiplicity of the incoming cascade, has been
measured. The first two columns in Tables III
and IV give the level energy in keV and its J'
value. The third column gives the fraction of side
feeding to each level defined as Eisi& =I -Q I /

The fourth coluinn gives multiplicity M,„,
of the y cascade out of the level in question. The
fifth column gives the energy of the gating y ray.
Columns six through nine give the deduced multi-
plicity (MI'&(E*)) for the four excitation energies
indicated. Second entries given in parentheses
refer to the multiplicity (h1 sI&(E*)) of the side-
feeding cascade. The side-feeding cascade refers
to the y cascade which terminates in the level of
interest without passing through a known higher
lying discrete level. It is the cascade normally
calculated via the compound statistical model and
differs from the incoming cascade which includes
all incoMing y rays without regard to their path.
Clearly, if EI~ =1 then (Msi„(E*))=(M! (E*)).

If F sIF &I then (M's'„'(E*)) can be deduced from
(MI.' (E*)) and accurate cross section information

I I I I I I I I I I I I I I

8 — 2584 keV (9/2-) - 2336 keV (9/2-) 2295 keV
(9/2-)

I

2-
I I I I I I I

5 6 8 10 12
LID

I I I I I

2720 keV(9/2 )

2—

0 I ''I I I I I I

6 8 10 12

6 8 I 0 12
I I I I I I I

2627 keV(l I/2-)

I I I I I I I

6 8 10 12

E (MeV)

~k
il

I & I I I I I I I

6 8 10 12
I I'

I I I I I I

2612 keV (9/2-)

I~I I

lk

I I I I I I I I

6 8 IO 12

14

14

FIQ. 2. Comparison of side-feeding multiplicities
0M s"F (E*)) measured in this work to compound nucleus
calculations. The closed circles refers to the 19.5-MeV
experiment, the triangles to the 17.5-MeV experiment.
The solid curves are theoretical predictions. Note the
agreement in both the trend as a function of excita-
tion energy E* and the magnitude.

as:;

where E s„ is the side-feeding fraction to the ith
state and f, is the fraction that comes, by way of
the mth higher lying state. Clearly EisI&+Q ' „,f I
=1. When P'„&& 1.0 and no value is given in
parentheses in Tables III and IV then the errors
in (M,' (E*)) and/or the cross sections were too
large to give a meaningful value for (Ms„(E*)).For
the cases where several y rays deexcite the same
level, only their average (M. (E*)) and E ' values
are used to calculate (M,'&(E*)).

The last column in Tables III and IV gives (M&.'&),

the multiplicity of the incoming cascade averaged
over E*, the excitation energy in "Cu, reached
in the 19.5- and 17.0-MeV bombardments.

Total multiplicities (M It,'~&(E*)) can be obtained
from the experimental (MII&(E*)) values of Tables
111 a.nd IV as (MI.I&(E*))+M.„,.

The results given in Tab1es GI and IV are illus-
trated in Figs. 1 and 2. The circles and triangles
give the values of (Mis'F&(E*)) from the 19.5- and
17.0-MeV experiments, respectively. It appears
that for the region of overlapping excitation energy
the values of (M s„(E*))to the same level from the
two experiments are in agreement within experi-
mental error. The values from the 19.5-MeV ex-
periment, however, reach higher excitation en-
ergies and indicate a continuing increase of the
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FIG. 3. Average y-ray energies (E„',sp(E*)) the
side-feeding cascades. The circles refer to the 19.5-
MeV experiment, and triangles refer to the 19.5- and
17.0-MeV experiments, respectively. The solid curves
are the theoretical predictions.
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multiplicity (M(I„,(E*)) with increasing energy E*
of the entry states.

The average y-ray energy (E ~„' »(E*)) for the
side-feeding cascade to each level was also ob-
tained in these experiments utilizing Eq. (7). The
results are shown in Fig. 3 for some of the levels.

It is seen that the ave rage energy increases from
1.0 to 3.0 MeV when the energy .of the entry states
increases from 6.0 to 12.5 MeV.

The side feeding multiplicities (M(3Iri) averaged
over excitation energy for each level j are plotted
in Figs. 4(a) and 4(b) as a function of the level
energy for the 17.0- and 19.5-MeV bombardments.
The 19.5-MeV results suggest a decrease in (Ms(I&)

with increasing level energy. The total multiplicity
(MI(III) =(M('i) +M,„, is plotted in Figs. 4(c) and 4(d)
vs. the level energy It.is seen that (M I(IIi) rises
slightly with increasing energy of the level i.

IV. COMPARISON WITH THEORY

The compound statistical model has been used
successfully to explain detailed y- ray yield in-
formation following n bombardments on "¹i.' ~ '
The details of the computer code COMPETITION

were presented in Ref. 3. The code generally
follows the procedures of Grover and Gilat;"
however, the code was constructed in such a way
that it allows the history of decay to a particular
level to be preserved. The code has now been
modified to calculate exp1icitly the side-feeding
multiplicity of the y cascade to each individual
discrete level as a function of excitation energy of
the entry states .

The calculations performed to analyze the pres-
ent data are the same with those indicated in Ref.
4. Two different level densities were employed.
In the first case level densities derived by a com-
binatorial technique employing single partic1e
levels obtained from the Wood-Saxon potential
were utilized. The calculation of these level den-
sities is discussed in Ref. 13. In the second case,
Fermi- gas model level densities were obtained
via the expression

0
2.0

I i I I I ( I I I I I I « I I I

3.0 4.0 2.0 3.0 4.0
I I

(
I I I I (

& I I I I ( I I I I i
I I

@2 3/2 a l/2(2g+ 1)
12 2I (0+I-E )'

x exp{2[a(U —E„)]' 2), (9)

I

0
2.0

(c ) E~= 17.0 Me V (d) E = 19,5 MeV

I I ( I I I I I I ( I i

3.0 4.0 2.0 3.0 40

I(U) =I [1-0.7 exp(-0. 69. 3Ujd)] .
The emission rate for y rays was taken as a sum
of contributions from multipoles of order L ac-
cording to

(10)

where the level spacing parameter a and the thermo-
dynamic temperature t are related by the equation
of state U - b, = et' - t. The moment of inertia was
parametrized as

ELEVEL(

FIG. 4. Side feeding (MsIIFI) and total multiplicity
(MIIOI|) as a function of level energy (a) and (c) from the
17.0-Me& experiment and P) and {d) from the 19.5-MeV
experiment, respectively. The solid curves are the pre-
dictions of the theory.

Z(m EV )ds =g ~""«, (»)
C (oI ) p(m)

where &(oI.) sre reduced transition probabilities,
p(E'J') and p(EJ) are the final and initial level
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densities, and C(oL) are constants given by'»

L[(2I + 1)))]2 @2(L+1)c2L+1

8n'(L+ 1) e
4

The reduced transition probabilities are para-
metrized as [W.u. (Weisskopf units)]

(12)

B(E1)=B„(E1)[0.001+b„(E—4)]

(6 —Eg) +q I'y
B(M1)=B„(M1)[0.033+b„,(E —4)] (W.u. ),
B(E2) = B, (E2)[10—5 (E —4)] (W.u. ),
B(E3)=B,, (E3) (W.u. ),

(13)

(15)

(18)

with B,„(E1)/C(E1)=1.588x10" MeV 'sec ',
B„(MI)/C(Ml) =3.149xlO" MeV 'sec ', B„(E2)/,
C(E2) =1.748x10" MeV 'sec ', and B„(E3)/
C(E3) =1.263x10' MeV 'sec '. The last factor
of Eq. (13) accounts for the giant-dipole-resonance
effect. ' This parametrization allows the reduced
transition probabilities to vary from their experi-
mentally determined' bound state values to single
particle estimates at high excitation.

Figure 5 shows the results of eight calculations
for the 3015.6-keV level using different sets of
parameters. In Fig. 5(a), the solid curve was

—(b)
I I I & I & 1

2—
—- —- —l7.O MeV

.5 MeV- d=5
d=3

—-—--d= 7

I I I I I I I I I I

6 8 I 0 12 14

E (MeV)

I t I I I I I I

8 10 12 14

E (MeV)

FIG. 5. Theoretical side-feeding multiplicity as a
function of E* for a typical level (E&,ve&

= 2295.0 keV) for
bombardment energy of 19.5 MeV. (a) Combinatorial
level densities were employed. The solid curve utilizes
the best fit values for the parameters bz&, bz&, b~
[see Eqs. (13)—(15)]. The dashed curve has bz& arbi-
trarily multiplied by 10. The dash-dot-dash curve
repeats the best fit parameter calculation but for a
projectile energy of 17 MeV. (b) Best fit parameters
for b@), b~g, b@2 were utilized along with Fermi gas
level densities. The solid line refers to d= 5, the dashed
curve to d = 3, and the dash-dot-dash curve to d = 7
(see Eq. 10).

calculated with the parameters that gave the best
fit to the yield data of Ref. 4. Combinatorial level
densities were employed in this calculation and
the slopes of the reduced transition rates were
g» =0.0041, g~ =0.037, g» —-0.0039. The dashed
line corresponds to increasing 5» to 0.04. The
lines corresponding to b~ = 0.27, and g„,= 0.039
are not drawn, but they lie between the two other
lines. It should be noted that changes of this mag-
nitude in the parameters had effects on the cross-
section ratios up to 100'%%u~ but only small effect on
the calculated multiplicity. The dash-dot-dash
curve corresponds to a calculation using param-
eters that gave the best fit for the 17.0-MeV ex-
periment. The difference is again seen to be
quite small. Figure 5(b) shows a comparison be-
tween various choices of the parameter d of Eq.
(10). Note that the choice of d=3 MeV yields a
moment of inertia approaching rapidly the rigid
rotor value. Again it is seen that the calculated
multiplicities are quite insensitive to the choice
of d. This observation runs counter to the pro-
posal of Ref. 9 that the multiplicity is a sensitive
function of the spin cut-off parameter. In Figs.
1 and 2 the solid lines show the calculated multi-
plicities for those levels for which (M,'F(E*))
could be measured. The theory reproduces not
only the observed trend but also the magnitude of
the measured multiplicities. In the calculations
shown in Figs. 1 and 2 the combinatorial level
densities along with the parameters that gave the
best fit in Ref. 4 were employed. Theoretical
values for the average energy (E~z ~s„(E*)) of the
y rays in the side-feeding cascade were obtained
as (E*—E„„„)/(MJ~F~(E*)) These a. re compared
with the experimental values in Fig. 3. It is seen
that the trend is well reproduced.

The calculated multiplicities for individual lev-
els averaged over the excitation energy of the
entry states are compared with experiment in
Fig. 4. The overall trends in the experimental
values for (M s~) and (MI', ~g as a function of the
energy of the level i are well reproduced for both
bombardment energies. It is seen that the average
multiplicities from the 19.5-MeV experiment are
higher by 0.5-1.0 from those of the 17.0-MeV
experiment.

The measured multiplicities (M~s'„~(E*)) refer to
levels with J"values ranging from~2 to ~2 . The
experimental values of (M~'„~(E*)), however, do
not exhibit a noticeable correlation with the J
values of the populated level.

The data of Table III have been averaged over
all levels for a given E* using the observed yields
as weights to give (M„,(E*)). These are presented
as open circles in Fig. 6. In the same figure the
results of Ref. 9 are represented by another dashed
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FIG. S. Average total multiplicity (M«&(E+)) for all
cascades starting at excitation energy E* and ending in
the ground state. The open circles refer to the 19.5-
MeV experiment. The dashed curve is from the values
of Ref. 9. The solid line is from theory. The closed
circles are the values for some of the known discrete
states below 4100 keV excited in these experiments. A
smooth continuation is apparent.

curve drawn through the data points. The error
bar on the dashed curve represents the scatter in
the data from Ref. 9. Within the large scatter, '
reasonable agreement is observed although the
results from the present work show systematically
larger multiplicities at all exciations. In the work
of Degnan et al.' comparable bombardment ener-
gies were employed but the present work permitted
multiplicity values to be unambiguously extracted
for higher excitation energies due to the selectivity
of the Ge(Li) detector.

The solid line in Fig. 6 gives the theoretical
curve for (M„,(E*)) which is in good agreement
with the present results and shows a continuing
increase with rising excitation energy. The multi-
plicities from the continuum at low excitation
should merge smoothly with the values from the
decay of known discrete states. The latter are
shown as closed circles in Fig. 6 substantiating
the expected smooth continuation.

V. CONCLUDING REMARKS

The results of the present experiments, as illus-
trated in Figs. 1-4 show that the compound sta-
tistical model is capable of detailed predictions
of the multiplicity of the y pays involved in the
deexcitation of nuclei formed at energies below
= 20.0 MeV. The good agreement between the mod-
el predictions and experiment lend further strength
to the belief that the compound statistical model is
describing the reaction correctly. Within the con-
text of this model one can draw conclusions about
the details of the (4He, p) reactions and subsequent
y decay. A comparison of the data for the two
bombarding energies in Figs. 1 and 2 leads to the
conclusion that the shape of the spin distributions
for the same residual excitation energy are not
greatly different for these two bombarding ener-
gies. This is based on the observation that the
multiplicities from the two bombarding energies
show essentially the same dependence on excitation
energy of the entry states. Obviously the magni-
tude of the populations need not be the same. As
expected the 19.5-MeV bombardment reaches
higher excitations at which the spin distributions
extend to higher J values as evidenced by the con-
tinued increase of (Ma'„(E*)) with increasing ex-
citation. The lack of sensitivity of the calculated
values of (MI,'„(E*))to the choice of parameters
controlling the theoretical y strength can be under-
stood in terms of the fact that the number of so-
called statistical y rays depends only on ratios
'of level densities at different excitations and it is
thus unaffected by the absolute transition rate for
a given multipole. For excitation energies reached
in this work, the yrast cascade is rather .short and
includes only a few of the y rays in the cascade.
The small number of yrast transitions alsoaccounts
for the insensitivity of (M Jp(E*)) to the exact lo-
cation of the yrast line, i.e. , the insensitivity of
(M a„(E*)) to the moment of inertia.
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