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Structure of Zn and Zn through (p, t) reactions at 35 MeV ~
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Energy levels in g~Zn and g4Zn have been investigated via the (P, t} reaction at 35 MeV.
Many new levels are reported up to an excitation energy of 5.3 NeV, with spin and parity as-
signments determined for most level. s, including the 0+ member of the two phonon triplet in
+Zn at 2,33 MeV. A comparison between the states populated in these bvo reactions is made.
Standard distorted-wave calculations give reasonable agreement with the data. However, 3
and 4+ states cannot be unambiguously distinguished.

NUCLEAR REACTIONS ~Zn(P, t}~Zn, @=35 MeV, «Zno), t}'4Zn, E=35 Mev;
measured o'(E„~};+Zn, 4Zn, deduced levels, J, ~.

I. INTRODUCTION

The nucleus ~Zn has been studied in a rather de-
tailed way only recently, primarily by the (p, t)
reaction at 27.5' and 51.9~ Mev. Less complete
studies of the ('He, n)' and (Li, d)' reactions to
e'Zn, as well as (P, 2sy), ' have yielded additional
information about the low-lying states of this neu-
tron-deficient nucleus. The purpose of this study
was to determine with good resolution the excita-
tion energies, spins, and parities of levels in '~Zn

as seen by the ~Zn(p, t) reaction. As much of the
use of the (p, t) reaction as a spectroscopic tool
rests upon the extraction of spins and parities by
a comparison of the shapes of the angular distri-
butions arith those from states of known J, the re-
action 'eZn(P, t)~Zn was also studied at the same
bombarding energy of 35 Mev. More information
is available on ~Zn as it is amenable to inelastic
scattering studies. However, little information
has been gathered on «Zn via the (p, t) reaction,
since earlier studies were done with poor resolu-
tion. Therefore, new information regarding the
energy levels in "Zn could also be obtained in this
experiment.

The experiment used a beam of 35 MeV protons
from the Michigan State University sector-focused
cyclotron. The outgoing tritone were bent by an
Enge split-pole spectrograph and, when using a
thick (1.0 mg/cm ) self-supporting target, were
incident upon a single-vrire proportional counter
in the spectrometer focal plane. The wire counter

was mounted in front of a plastic scintillator which
allowed gating of the tritons. A resolution of 35 to
40 keV was obtained by this method. Angular dis-
tributions were taken for laboratory angles be-
tween 3 and 90'.

A higher resolution study at several angles for
both nuclei was also carried out by using R thin
(200 p, g/cm') carbon-backed target and Kodak 25

p, m NTB photographic emulsions. The exposed
plates were hand-scanned and 20 keV resolution
obtained. Typical triton spectra from these thin-
target runs are shown in Fig. I for the reaction
"Zn (P, t)"Zn and in Fig. 2 for "Zn(P, t)~Zn.

10

~100'

Ct
~l
CL

10.

c)
1--

1000

035 Me V, 12

u

13

I]
26

20
2N

I, I

1200 1H00
CHANNEL NLIMBEFI

1600

FIG. 1. Spectrum of tritons obtained with a photograph-
ic emulsion plate for the reaction ~4Zn(P, t}+Zn at a lab-
oratory angle of 12' for higher excitation energies. The
peak n~~bers correspond to those listed in Table I.
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HI. RESULTS AND DISCUSSION

A list of the excitation energies determined for
Zn is given in Table I and for 6 Zn is given in Ta-

ble II. The excitation energies were calibrated at
several angles for each nucleus using as reference
peaks the 0.0, 0.95', 1.801, and 3.216 MeV levels
in 62Zn and the 0.0, 0.992, 1.800, and 2.609 MeV
levels in ~Zn. The energies listed are generally
given to +10 kev conservatively, and +20 or +30
keV at higher excitation energies to allow for un-
certainty in extrapolation, as well as for peaks of
weaker intensity. The tables also list the spin and
parity assignments of this work as well as energy,
spin, and parity assignments of other recent work.

FIG. 2. Spectrum of tritone obtained arith a photograph-
ic emulsion plate for the reaction @Zn(p, t)+Zn at a lab-
oratory angle of 15 for higher excitation energies. The
peak numbers correspond to those listed in Table II.

A. Distorted-wave calculations

Distorted-wave Born approximation calculations
(DWBA) were carried out using the code DwUGK72. '

TABLE I. Levels in +Zn.

Peak
No.

Present vrorh.
g cfog~„/dQ

(MeV) J» (pb/sr) N

(p, t) (Ref. 1) ( p, f) (Ref. 2) (SLi, d) (Ref. 4)
E

(Me V) J» (MeV) (Me V) J"

1
2

3

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

0.0
0.957
1.801
2,18+0.01
2.33+ 0.01
2.75+ 0.01
2.81+0.01
2.89+ 0.01
3.06+ 0.01
3.16+0.01
3.216
3.35+ 0.02
3.47 + 0,01
3.59+ 0,01
3.64+ 0,01
3.73 ~ 0.01
3.83 + 0.01
3.92 + 0.01
4.00+ 0,01
4.09 ~ 0.01
4.22+ 0.01
4.33 ~ 0.02
4.38 ~ 0.02
4.44+ 0.02
4.50*0.02
4.62+ 0.02
4.68+ 0.01
4.81 + 0.03
4.86 ~ 0.03
4.91+ 0.03
5.05 ~ 0.03
5.19+0.03
5.24+ 0.02

Q+

2+
2+
4+
o+
4+
2+
2+

2+
2+

3
(1 )
2+
2+
2+

(4', 3 )
2+

(4+, 3-)
0+

(4+)

(3 )
2+

«+)

(0+)
4+

(4+

(2')
(2+}

911
150
19
2.6
1.5

23
43
16
4.3

11
39
2.0

19
5.6

1.9
13

6.1
3.8

11
4 3
3.3

10
4.3

3.9
5.6

49O O. O O+

197 0.957 2+

23 1.801 2

15 2.17+0.01 4+

0.7 2.34 + 0.02
130 2.74+ Q.02 3
49
18 2.88+ 0.02
4.9

13
3.216

21 3.44+ 0.01 2+

6.1
4.8 3.69+0.02 2'

1.5 3.98+0.02 0'

4.17+0.01 4+

4.32 + 0.02

4.57~0.0a 0'

4.76+0.02 2'

4.86+0.02 2+

5.05+0.02 2'

5.37+0.02 4'

Q. p

0.95
1.80
2.19
2.38
2.75
2.80
2.87

0+

2+

2'
4+
p+

(3 .4')
(2')

3.22 3

3.44 2+

3.78 (1,2+)

3.93 0+

4.00 (0+)
4.16 (0,4 )

4.32 3

4.75
4.86

5.Q2 4+

5.09

4.60 (0+, 4+)

0.0 0
0.96 2+

2.17 4

3.18 3

3.87
4 Q4

4.53
4.95
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TABLE II. Levels in 4zn,

Peak
No.

Present work
do,„/dO

J" (pb/sr) N

(P,P') (Ref. 11)
g

(MeV) J"
(n, 0.') (Ref. 12)

(MeV) J"

6

8
9

10
11
12
13
14
15
16
17
18
19
20

21
22
23
24
25

0.0
0.992
1,800
1.94 + 0.01
2.31~ 0.01

2.609
2.75~ 0.01
2.81 + 0.01
3.02 ~ 0.01
3.11~ 0.02

3.24+ 0.02
3.30 + 0.02
3.34+ 0.01
3.41 + 0,01
3.50 + 0.01

3.60+ 0.01
3.78+ 0.01
3.92~ 0.01
3.96+ 0.01
4.01 + 0.01

4.12 + 0.01
4.23 ~ 0.02
4.29+ 0.02
4.34+ 0.02
4.38 + 0.02

0+

2+

2+

Q+

4+

0+

4+
2+

3
4+

0+

2+

2'
(2')

(0 )

2+

3,4+

3,4

30

7.3

36

2.7
5.7

26

5.5
22
9.1

S35 453
210 240

20 21
5,0 1.6
3.0 11

16 4.7
63 210

120 110
39 230
44 150
11 3.7

0.0 0
0.992 2+

1.SOO 2
1,911 0
2.31 4+

2.609 0
2.74
2.79
2.98 3
3,00

3.07
etc.

0.0 0+

0.99 2

1.81 2+

2.32 4+

2.78 4+

3.02 3
3.08 4+

3.72 3

3.95

4.19 5

26
27
28
29
30

31
32
33
34
35

4.41 + O.Q2

4.4S + 0.02
4.58+ 0.02
4.66 + Q.03
4.70+ 0.03

4.78+ 0.03
4.81 + 0.03
4.S4 + 0.03
4.93+ 0,03
4.98 + 0.03

3
(0')

6.3
7 4

41 4.37 3

4.76

36
37
38

5.07~ 0.03
5.16+ 0.03
5.22+ 0.03 2'

5.04

TABLE III. Optical model parameters for Zn(p, t).

V
(NeV) (fm) (fm)

~vol ~sUIf

{MeV) {MeV)
a&

(fm) Ref.

Proton
parameters: 44.6 1.17 0.75 3.8 1.32 0.554 7

Triton
parameter
set No. 160.7

164.7
175.8
114.0
120.0

1.20 0.72
1.16 0.752
1.14 0.737
1.14 0.842
1.14 0.702

31.5
21.7
18.3
18.4

1.5

18.6

1.40
1.498
1.553
1.619
1.278

0.84 14
0.817 15
0.780 16
0.793 17
0.805 18
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FIG. 3. Angular distributions for 0+ states populated
in the reaction 64Zn(p, t)@Zn at 35 MeV. The lines are
DWBA calculations normalized to the data, for I =0
transfers.

The Becchetti-Greenlees' proton optical-model
parameters were used, and several sets of triton
optical-model parameters were tried. These are
listed in Table DI. It was found that triton sets 1,
2, or 3 all yield angular distributions that are very
similar in shape for each angular momenta trans-
fer I. considered. Triton sets 4 and 5, which are
characterized by a smaller real well depth and

which were obtained by extrapolating from 'He
e1.astic scattering results at 70 MeV, gave poor
fits for the l =0 and I =2 angular momenta trans-
fers. Consequently triton set 1, the generalized
optical potential for mass 3 projectiles of Becchet-
ti and Greenlees, was used for all D%BA calcula-
tions shown.

The form factor for L=O, 2, and 4 transfers
was calculated using simple neutron single particle
wave functions of configurations (f-,')', (P ~)', or a
combination of these. The angular-distribution
shapes are quite insensitive to the wave functions
used, but the magnitudes are not. The wave func-
tions were calculated for a Woods-Saxon potential
with ro= 1.25 fm, a = 0.65 fm and a binding energy
taken to be one-half the sum of the two-neutron
separation energy and the excitation energy. A
finite-range parameter of 0.69 was used (although
no noticeable difference in either magnitude or
shape of the angular distributions could be seen
when using a value of 0.0) and a range of P= 1.6
fm' was employed. '

B. Zn(p t) Zn

The spine and parities of the states listed in Ta-
bles I and II were determined by a comparison
with angular distributions of known J" and with
D%'BA predictions for a particular I transfer. As
seen in some of the following examples, however,
the certainty behind some assignments is dimin-
ished due to difficulty in distinguishing between
L =3 and I.=4 transfers and by the marked differ-
ence between angular distributions for several
known 2' states.

Figure 3 shows angular distributions for a num-
ber of states in ~'Zn thought to be O'. The ground
state angular distribution displays characteristic
diffraction-like structure and is fitted quite well
by the D%BA calculation. The state at 2.33 MeV
is peaked at forward angles and shows the same
structure as the ground state, so it is most likely
the 0 member of the two phonon triplet. The in-
tegrated cross section for this 0' state is compa-
rable with the 4' member of this triplet (2.18
MeV), but is 8 times smaller than the 2' member
(1.801 MeV). However, for ~Zn, where the state
at 1.94 MeV is the 0' member of the two phonon
triplet, the same trend in cross-section ratios is
found. The centroid of this triplet in 'Zn is at
2.10 MeV, while it lies at 2.01 and 2.23 in "Zn
and ~IZn, respectively; all three nuclei have one
phonon 2' states at approximately 1 MeV. The 0'
state at 4.00 MeV in Zn is strongly structured
and is fitted quite well by a L, =O D%BA calculation.
The states at 4.62 and 5.24 MeV are probably 0'
due to their peaking at forward angles.
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The 2' states are characterized by a secondary
maximum at 35' and a forward peaked differential
cross section. Many states fall into this category
and are fitted fairly well by I.=2 DWBA calcula-
tions, except that the data are less structured than
the theory. Figures 4 and 5 show angular distribu-
tions for several of these states; note the dissimi-
larity in shapes for the 2' states at 0.957 and
1.801 MeV. The state at 3.35 MeV (Fig. 5) is ten-
tatively assigned 1 due to its observed decreasing
cross section at forward angles.

Angular distributions for 3 and 4' states are
shown in Figs. 6 and V. It is difficult to distinguish
between 3 and 4+ states in "Zn in this analysis,
which is one of the reasons for studyi~ the 6'Zn-

(P, t)~Zn reactions, as known 3 states are popu-
lated. The octupole state in "Zn at 2.74 MeV of
Ref. 1 is seen with better resolution to be a doublet

of 2.75 (4') and 2.81 MeV (2'). Kusakari et al. '
assign a possible 3 to the 2.75 MeV state, yet the
decreasing cross section at forward angles and the
similarity to the known 4' state at 2.18 MeV make
the 4' assignment the most probab1e (see Fig. 8).
The strongly populated states at 3.22 and 4.22 MeV
are characterized by rather flat angular distribu-
tions out to 35'. They are not fitted well by either
an I =3 or L, =4 angular momenta transfer. Com-
parison with the 3 state in "Zn at 3.02 MeV (see
Fig. 1.0) seems to confirm the 3 assignment given
here for these two states, although the shape dif-
ferences seen between the two 4' states in ~Zn at
2.31 and 2.75 MeV tend to make this assignment
uncertain. Kusakari et al.' also conclude that the
3.22 MeV state is 3 . Recent "Ni('Li, d)"Zn stud-
ies' suggest a 3 state at 3.18+ 0.02 MeV, although
quartet model calculations' predict a 4' state at

I
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FIG. 4. Angular distributions for 2+ states populated in the reaction 4Zn0), t)6 Zn. The D%'BA calculations shown are
for L =2 transfers, except where noted. Energies from 0.96 to 3.16 MeV.
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this energy. The 3 collective states in the other
zinc isotopes are located at 2.99 MeV (64), 2.79
MeV (66), 2.76 MeV (68), and 2.85 MeV (VO), so
3 state at 3.22 MeV in "Zn is not unlikely. The
DWBA calculation for L=3 shown for this state in
Fig. 6 used the (g+ f+) configuration, although
the shape remains the same for a (ga2, p~) wave
function. The spins and parities given in Tables I
and II in parenthesis indicate not enough informa-
tion is available to be certain of the assignment.

v s v

Zn(p, t) Zn, E& = 35 Mev

IO=

The possible 4' states at 3.92 and 4.09 might be
the 2.8V and 4.04 MeV states seen in ('Li, d)' and
assigned J ~» 4

Transition strengths N for many transitions are
listed in Table I. The cross section for the (P, t)
reaction is given by"

d0 9.72'
d Q (2Z+ 1)

where oD~ is the cross section calculated by the
code DNUCK72, J is the spin of the final state, and
the constant 9.72 arises from our choice of 1.6
fm' for the range parameter. N is obtained by
comparing the data with ao~ at the first maximum.
These values are listed in Table I. The trans-
ferred neutrons configuration is assumed to be
(1f2+)' for all I =0, 2, and 4 transfers, and

64Z ( ))62Z

L=5,4

Ep= 55 MeV

JD

&io—

bioo'-
c5

QIO—
a

~Q

l00—

IO

I 1 I I I I I

IO 20 30 40 50 60 70 80 90

I s I I
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FIG. 5. Axq~lar distributions for 2' states populated
in the reaction ~4zn(p, t)@zn. The DACHA calculations
shown are for L =2 transfers, except where noted. En-
ergies from 3.35 to 3.83 MeV.

FIG. 6. Angular distributions for 3 or 4' states
populated in the reaction 64ZnjP, t)@Zn. The DWBA cal-
culations shown are for I- =4 transfers, except where
noted as being for L =3. Energies from 2.18 to 3.22
MeV.
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This shift is produced by all of the triton parame-
ter sets listed in Table III. In spite of less com-
plete data, the weakly excited states at 4.01 and
4.48 MeV mere also assigned 0' since they are
forward peaked. The population of all 0' states
observed in ~'~Zn have integrated cross sections
1-2% of that of the ground state.

Many states mere identified as 2' because of the
observed maximum at 35' and level or slightly

peaked cross sections at the more forward angles,
Most of these 2' assignments could also be made
on the basis of good L, =2 DWBA fits, as seen in
Fig. 9. The 2' states at 0.99 and 1.80 MeV have
some dissimilar features, such as more structure
in the second 2' angular distribution; this feature
is similar to that observed in ~Zn(p, t)~'Zn and
may be associated with the two phonon character
of the 1.80 MeV state. 2

I I I
I

I I I I

~Zn(p, ~}~Zn, Ep =55 MeV, L=2

10.—

IOO.—

IQ—

IOO.—

5.50 MeV

IO
IOO ~

b
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IO

IO—

4.I2 MeV

IO

IO.—
MeY

I

I 0 20 30 40 50 60 70 80 90
8c.m.

40 50
8,

I I I

IO 20 30 60 70 80 90

FlG. 9. Angular distributions for 2+ states populated in the reaction SZn(p, t) Zn. The DNBA calculations shown

are for L, =2 transfers.
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FIG. 1O. Angular distributions for 3 or 4+ states populated in the reaction +Zn(p, t) 4Zn. The DWBA calculations
shown are for L =4 transfers, except where noted as being for L =3.

The state at 3.02 MeV is known from (p, p' ),
"

('Li, d), 4 and (a, a')'~ work to be 3 . its angular
distribution is characterized by a broad maximum
out to about 40', as seen in Fig. 10, and it is not
fitted by DWBA calculations very well. These
features are unlike the I,=3 pattern seen in Ti(P, f)
reactions at 2V MeV. ' Using the 3.02 MeV state
as a sample for a 3 state, the assignment of 3
was made for the level at 4.41 MeV. The 4.41 MeV
state is assigned 3 in (a, a') work" and is fitted
well here by an I =3 curve. The 4.23 MeV state
could be the 4.14 MeV state seen in (p, P') studies
at 26 MeV, "where a I.=3 transfer was assigned.
The 4' state at 2.31 MeV has a shape characterized
by a broad first maximum out to only 25'. The
state at 2.V5 MeV has a minimum at 0', and is
typical of higher excited 4' states.

Transition strengths N for the states in "Zn are
given in Table II and were extracted in the same
way as for ~'Zn. The strengths are comparable for
similar states in the two nuclei. Again, too large
a cross section is predicted for the 0' excited
states in both nuclei.

IV. CONCLUSION

The results of this study have been to establish,
in more detail than previous work, level schemes
for the nuclei '*Zn and ~Zn as seen via the (P, &)

reaction at 35 MeV. Using the argument that the
shape of the angular distributions is determined
by the angular momentum transfer, spin and par-
ity assignments were made for most states up to
an excitation energy of 5.3 MeV by comparing to
angular distributions for known states in "Zn and
O'Zn. Several new 0' levels were determined, in-
cluding the 0' member of the two phonon triplet in
6~Zn at 2.33 MeV. DWBA calculations were per-
formed that fit the data satisfactorily, except in
the cases of 1.=3 and I =4 angular momentum
transfer. The slight differences in shapes bebveen
I =3 and I.=4 transfers, as well as differences in
shapes among transitions to 4+ states themselves,
make assignments of J" difficult. However, sev-
eral new 3 assignments for states in 82Zn and
' Zn were made, including the state at 3.22 MeV
in 62En, in agreement with recent heavy ion work.
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