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The analog resonances of some low-lying states of 68Zn have been investigated using the
triple-angular-correlation geometry of Goldfarb and Seyler for the reaction ZnI'P, l~y)—
~Zn*(1.08 MeV). Excitation functions for elastic and inelastic protons (0+, ground state; 2,

1.08 MeV; 0, 1.66 MeV; 2+, 1.88 MeV) have been measured at 90, 120, 130, and 160'. The
following spin and parity assignments have been made for the states in 6~Zn: 0.835 MeV
—;0.872 MeV, 2+; 1.634 MeV, 2+; 1.696 MeV, —'"; 2.262 MeV, —'+; 2.403 MeV, 2+; 2.554
MeV, 2+; and 2.669 MeV, ~I+.

I. INTRODUCTION

Goldfarb and Seyler' have proposed a method
for determining the spins of resonant states and
have suggested several types of experiments
where these methods might be applicable, such
as isobaric analog and intermediate-structure res-
onances. Their method involves measurements,
in a particular geometry, of proton-y-ray angular
correlations at incident particle energies corre-
sponding to the resonances of interest. Previous
studies" have been completed at the Van de
Graaff Accelerator Laboratory of The Ohio State
University on some excited states of "Al by the
reaction '4Mg(p, p, 'y)'~Mg*(1. 868 MeV) utilizing
this method. The Goldfarb-Seyler method (GSM)
was proposed, only for isolated resonances, and
the authors took care to warn investigators that
due consideration must be given to any observed
nonresonant yield, by investigating the on- and
off-resonance behavior of the angular-correlation
coefficients. In the 2~Mg+P system, there were
relatively few states in the region of the low-lying
resonances, whereas isobaric analog states in
heavy nuclei are observed as resonant structures
superimposed upon a sea of T, compound-nuclear
states. Since the density of these T, states is nor-
mally very highs one would expect that the off-res-
onance angular-correlation coefficients would
have a slowly varying energy dependence. This
paper reports the measurement of the spins and

parities of some low-lying states in 'Zn by utiliz-
ing the GSM for the spin measurements on the iso-
baric analogs of these states in "Ga.

The region of the zinc isotopes was chosen for
study, since isobaric analog resonances (IAR)
have been observed previously in the zinc isotopes
by several investigators. Gaarde, Wilhjelm, and
Bruun' observed IAR in the """Zn(P, P,) and

(P, P, ) reactions up to Z~=4.2 MeV, and extracted
widths and spectroscopic factors of some low-ly-
ing levels of "'"Zn. Gorodetzky, Bergdolt, and

Bergdolt, ' using the reactions '4""8Zn(p, p'y), ob-
served several of these resonances in the same
energy range by measuring the y-ray yield for the
2' to 0' transitions in the residual nuclei. Vour-
vopoulos and Fox' have investigated the IAR of
"Zn by the (p, p, ) and (p, n) reactions on "Zn.
They obtained the l~ values for the resonances in-
vestigated for E~= 3.9 to 7.7 MeV. Recently, Egan
et a/. ' investigated a previously unresolved dou-
blet at 4.1 MeV and the doublet at 4.9 MeV, by the
"Zn(p, n) reaction populating a number of final
states in 6'Ga, to determine the spins, parities,
and widths of these four resonances. The parent
states in 8'Zn have been investigated by the "Zn-
(d, p) reaction for which l„values and spectro-
scopic factors have been extracted. The present
results for the spins and parities of the low-lying
states of "Zn are compared with those of Ref. 8.

The proton beam used in this experiment was ob-
tained from the CN Van de Graaff accelerator of
The Ohio State University. Target material of
isotopically enriched "Zn (98.5/p) was purchased
from Oak Ridge National Laboratory, Separated
Isotope Division. This material was rolled into a
self-supporting target' and was measured to be
0.68 mg/cm' thick by Rutherford scattering at 2.5
MeV.

Excitation curves were measured in steps of 10
or 20 keV for incident protons in the energy range
3.9-6.1 MeV. The scattered protons were ob-
served in surface-barrier detectors placed at lab-
oratory scattering angles of 90, 120, 130„and
160 in a 23-in. -diam scattering chamber in order
to locate the prominent IAH's in, elastic and inelas-
tic channels.

Angular-correlation data were taken using a re-
cently constructed angular-correlation apparatus
that permitted operation at relatively high coin-
cidence rates, and thus enabled us to complete
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this experiment in a reasonable amount of time. A
solid-state detector, which was located at 90',
mas mounted inside a 25-cm-diam spun stainless-
steel hemispherical chamber. y rays were detect-
ed about 19 cm from the target with lead-shielded
10-cm-diam by 12.5-cm-deep Nal(Tl) detectors
that were rotated in a plane perpendicular to the
reaction plane. Much of the data mas taken using
two y-ray detectors mounted on the same rotating
table support in order to collect data more effi-
ciently. Details of this table have been previously
reported. "

The electronics used for the excitation functions
were conventional; that used for the angular-cor-
relation data was designed for particle and y-ray
pulse pileup rejection and measurement, "shown
in Fig. 1. Only the integrated photopeak of the co-
incidence yield was used in the analysis, and this
yield satisfied the following requirements:
(a) A fast-time coincidence must occur between a
particle and a y ray, typically within 0.050 p. sec.

(b) The particle energy must be within a specified
energy window for the reaction.
(c) The pulses from the detectors must not be fol-
lowed mithin 2 p, sec nor preceded by 1 p. sec by
another detector pulse.
(d) An accidental" spectrum was taken concur-
rently with the same requirements as above, ex-
cept the y-ray and particle signals were displaced
by 0.1 p. sec. This spectrum was subtracted from
the total spectrum.
Kith these requirements fulfilled, the subtracted
photoelectric peak was integrated to obtain the co-
incidence yield which was then corrected for par-
ticle and y-ray pulse pileup. In some of the later
correlations, two y-ray detectors were used simul-
taneously, at different angles. In this case, the
y-ray signals mere clipped to a width of 0.1 p, sec
and only the fast coincident y-ray signals were
stretched and amplified. Although the resolution
of the y-ray signals was degraded, the pulse pile-
up was minimal, and no corrections were made
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FIG. 1. Fast and slow electronics block diagram. The blocks indicate plug-in units. Arrows indicate the flow of the
electronic signals that are analyzed for proper energy and pulse pileup rejection. C are the coincidence (total) signals.
A are the accidental signals, UP are the unpiled-up proton signals, and P (in the pileup gate) are the piled-up signals.



1686 W. S. STEINER e t a l.

for y-ray pulse pileup. "
An IBM 1800 on-line computer system" was

used as a multichannel analyzer with 512 channels
for each detector subgroup. 60 to 120 p. C of
charge were collected for each data point of the
excitation curve with a typical beam of 0.1 p,A.
For the correlation data, 400 to 3000 p. C were
collected for each angle of a correlation with a
beam current of 60 to 220 p, A, depending on the
amount of pulse pileup. A maximum correction
factor of 1.20 (that is, the product of proton pile-
up and the y-ray pileup corrections) was set as an
arbitrary limit in order to determine the maxi-
mum allowed beam current. This limitation and
the yield strength caused the actual time for an
angle measurement to be from 40 to 200 min. A
sample of total and accidental spectra is shown
in Fig. 2.

Reduction of the scattering data was accom-
plished on line by the control program SOUTH,

written by J. D. Goes and one of the authors (JRD).
This program follows up to eight peaks, searches
for smooth background regions for each peak, in-
tegrates the peak, and subtracts the background.
SOUTH also allows the operator to choose his own

background, and then recalculates the area of the
peak.

The reduction of the correlation data was also
accomplished on line, by the program DUHAI,

written by two of the authors (JRD and WSS). This
program essentially stores the total and acciden-
tal spectra and sealer readings on disk, calcu-
lates the correction factors for pulse pileup and
dead time, allows the operator to pick four chan-
nels for background subtraction of the photopeak,
and outputs the data on cards. These cards are
used as inputs to other programs used off line to
analyze the angular-correlation data. Details for
the data reduction and analysis have been reported
previously. "
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FIG. 2. Sample of total and accidental spectra. The
peak of interest (1.08 MeV) is clearly seen in the total
spectrum at about channel 310 and is not appreciably
seen in the accidental spectrum. The peaks at channels
150 and 662 are the 0.51-MeV annihilation y ray that re-
sults from the competing 6 Zn(p, n)6 Ga reaction.

III. RESULTS AND ANALYSIS

A. Proton Scattering

Excitation curves were obtained for scattering
to the ground state (0') and several low-lying ex-
cited states of "Zn: the 1.08-MeV (2'), 1.66-MeV
(0'), and 1.88-MeV (2') states. At the lower en-
ergies, the cross sections for exciting the 1.66-
and 1.88-MeV states were generally too weak for
observation. Gape in the 1.08-MeV (2') excitation
curve are due to the "C and ' 0 impurity peaks
obscuring the peaks of interest. The excitation
curves are shown in Figs. 3-6.

The data points for elastic scattering at the four
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FIG. 3. Zn(p, po) elastic scattering curves. The data
points are represented as crosses, whose statistical un-
certainty is less than the size of the points. The solid
curves are the calculated yield functions as obtained from
the computer code JULIUS. The parameters entered in
the code are listed in Table I. The data points have been
normalized to the optical-model potential calculations us-
ing the smooth region from 4.2 to 4.7 MeV.
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observed angles covering the range from 3.9- to
6.1-MeV incident energy are shown in Fig. 3 as
crosses. The data agree quite well with that of
Vourvopoulos and Fox.' This yield was compared
with the calculation obtained from a version of the
computer code JULIUS, written by Zaidi and Dar-
modjo' using the S-matrix formalism of Weiden-
muller. ' The S matrix elements for elastic scat-
tering from IAR may be given as '

(g) sopt +sres

where S,P' denotes the optical-potential scattering
by the T& background states, and S,",' denotes the

2-5 —-
i

2.0

resonance scattering which is modified by the
presence of T& states and depends on the micro-
scopic structure. The off-resonance cross sec-
tion was calculated, using the code JULIUS, with
a set of optical-model parameters obtained from
the paper by Becchetti and Greenlees. " Once this
behavior was satisfactorily fit, parameters for
Breit-Wigner resonances mere introduced into
JULIUS, and the program calculated the elastic
cross sections. These calculations are shown in
Fig. 3 as a solid curve, and the resonance and op-
tical-model parameters are listed in Table I. The
quantity ~, as defined in Ref. 15, was used in the
present case as an arbitrary phase to obtain the
best visual fit to the data.

The spectroscopic factors, also shown in Table
I, are defined as".
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where R and Z are the numbers of target neutrons
and protons, F~ is the proton elastic scattering
partial width, and I'„ is the penetration factor as
defined by Thompson. " The spectroscopic factors
were obtained using our data and the results of
Thompson" for the penetration factors. These re-
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FIG. 4. 6 Zn(p, p&) Zn* (1.08 MeV, 2 ) inelastic-yield
curve. The statistical uncertainties are indicated at var-
ious points in the spectra. The solid lines are shown
merely to guide the eye, and are not theoretical fits to
the data. The data points have been normalized using the
factors obtained from the elastic scattering data.
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FIG. 5. Zn(p, p2) Zn* (1.66 MeV, 0+) inelastic-yield
curve. See caption for Fig. 4.
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suits are compared with those found by von Ehren-
stein and Schiffer' in the reaction ~'Zn(d, P)"Zn.
The agreement is fairly good, although the spec-
troscopic factors ar4 not model independent, as
pointed out by Clarkson, von Brentano, and Bar-
ney. "

B. Proton y-Ray Angular Correlations

1. General Remarks

The geometry suggested by Goldfarb and Seyler
for triple angular correlations provides a model-
independent method for determining the spins of
resonant states. In this geometry the z axis is de-
fined as the out-going particle direction, and the
y ray emitted Qy the final state in proton scatter-
ing to the first excited state is detected in a cone
about this z axis. The complexity z of the correla-
tion obtained by varying the y-ray detector angle
on the surface of the cone is limited by the various
angular momenta involved. In particular, if the
cone angle is 90, then- the correlation yield is giv-
en by

W(6& = —,w, Pz) = g A, cosr&Qz .
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v ~ mini(2c), (21), (2l,), (2b -'1),„j, (4)

where c is the spin of the y-emitting state, l, is
the orbital angular momentum of the incoming par-
ticle, I. ~ is the multipolarity of the deexcitation
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FIG. 6. Zn(p, p3)6 Zn* (1.88 MeV, 2") inelastic-yield
curve. See caption for Fig. 4.

TABLE I. Elastic scattering parameters used in code JULIUS.

(MeV)

Optical-model parameters (Ref. 17)
(MeV) (F) (F)

VR = 59.768
Wv=0 O

W~ = 13.312

&so=6 2

VER = 0.32
gEs=O 25

'1 s17

VI 1.32
= 1.01

&c=1 2O

aR =O.75
0.59

a, =0.75

l value

Resonance parameters
I'p r

(MeV) (keV) (keV) (keV)
"zn(p, p, )
(this work)

68zn(y, p)
(Ref. 8)

Spectroscopic factors
(2J +1)S

&ex
(MeV)

1
2
2

0
(1)

0
2
2

0

4.070
4.105
4.865
4.945
5.065

5.498
5.650
5.805
5.910

2.0
1.1
2.2

20.0
2.0

4.0
4 0
2.3

24.0

30
30
30
60
30

40
30
30
50

30
—100
—40
205

0

50
—25
—20
140

0.28
0.73
0.55
0.47
0.05

0.08
0.52
0.27
0.43

0.835
0.872
1,634
1.696
1.831

2.262
2.403
2.554
2.669

O.37/O. 53
0.72/0. 99
O.45/O. 61
0.19/0.21
o.o4/o. o5

O.O3/O. O3

0.33/0.43
(0.07) /(0. 1)
0.15/0. 16
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y ray, and b is the spin of the resonance in the
compound system.

Since "Zn has a 0' ground state, for the yield to
the 2' first excited state, we have c =2, I. = 2,
and l, is the orbital angular momentum of the res-
onance. Therefore, using this formulation, one is
able to obtain the results shown in Table II for the
present case.

Angular -correlation measurements were taken
at and near energies corresponding to IAR. An ex-
ample of angular correlations taken over one of
the resonances is shown in Fig. 7. The results of
the least-squares fit is shown by the solid curve,
and the A, coefficients are indicated. The plots of
the coefficients are shown in Figs. 8-10, and are
discussed below for the various IAR in "Ga whose
parent states were observed by von Ehrenstein
and Schiffer' in the reaction "Zn(d, P)"Zn.

Z. 4.Or- and 4.~05-~eV Doublet

Figure 8 shows the results for this doublet which
corresponds to the 0.835- and 0.872-MeV states
in "Zn. This doublet was resolved by Egan et al.'
in the eeZn(P, n) reaction. The 4, coefficient sharp-
ly resonates at 4.07 MeV, but the A., coefficient
shows no similar behavior there. Even though the
weak state at 4.105 MeV is only indicated by the

asymmetry at the high-energy side of the yield
function, the A4 coefficient shows a small peaking.
The strength of this effect can be estimated by sub-
tracting an off-resonance background from the A4
coefficient obtained in the vicinity of the 4.105-
MeV resonance. As stated before, the background
is assumed to be a smoothly varying function with
energy, and from the correlations investigated at
3.91, 4.03, 4.20, and 4.27 MeV, it appears to be
constant in this region. Table III lists the A, 4 coef-
ficient and n, the number of standard deviations
above the assumed constant background. Not only
is the peak position almost 3 standard deviations
above background, but the nearby values show the
peaking effect.

The elastic-yield curves for the 4.07- and 4.105-
MeV resonances were fitted with l = 1 and l = 2, re-
spectively (where l is the orbital angular momen-
tum of the resonance), which are consistent with
the maximum z = 2 and 4 from the correlation
yields. Therefore, assignments of J' = —,

' and —,
"

are made for the 0.835- and 0.872-MeV states in
"Zn, respectively.

3. 4.865- and 4.945-Me V Doublet

Figure 9 shows the results of the angular-corre-
lation measurements at these energies. The peaks
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FIG. 7. Angular correlations. Six angular correlations taken over the 5.65-MeV resonance. The data points are
shown with statistical uncertainties. The solid curves are the least-squares fit to the data, ' and the coefficients are
listed asAO, A2, andA4.
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TABLE II. Corxespondence between the complexity of
the correlation function 5'(0 =~~g, ~II)& }governed by g

and the spin 5 of the resonance in the compound system.

TABLE III. Number of standard deviations above back-
ground forA 4 coefficient neax' 4.105 MeV. The notation
Used ls

n(i) = [A (i) I))-/[(r2{A4) +0 2(B)1~~2,

where B=background, g4) = -0.138 +0.038.

0 R4)

are analogs of the 1.634- and 1.696-MeV states in
"Zn. Both the A~ and A, coefficients peak at the
4.865-MeV resonance and then decrease to back-
ground. The coefficients show no resonance be-
havior for the A, or A., coefficients across the
4.945-MeV resonance. The elastic-yield curves
were fitted with /=2 and 1=0, respectively. There-
fore, assignments of J"=—,

"and —,
' were made for

Ee~ (~9zn ) MeV

.7 0.8 0.9
l

'
l

5K=1 ~,
)

)=2

4.09
4.105
4.12
4.135

—0.289
—0.382
-0.335
-0.376

0.096
0.075
0.068
0.ill

1.47
2.90
2.55
2.02

the 1.634- and 1.696-MeV levels in 89Zn, respec-
tively.

Figure 9 also shows the angular-correlation co-
efficients for the very weak 5.065-MeV resonance
which is the analog of the 1.831-MeV state in 69Zn.

The A, and A~ coefficients do not increase over
background at the peak of the resonance, and there-
fore, this resonance is consistent ~th J = —,'. Since
the l value obtained by von Ehrenstein and Schif-
fer' was /= i, a tentative assignment of 8' = (—,') is
made for the 1.831-MeV level in 89Zn.

E,„(69Zn) MeV

l.9
(/)

I I

~ use g ~

4.9 5.0
E

p
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FIG. 8. The angulax-correlation coefficient A.„ in the
region of the 4.07- and 4.105-MeV 89Ga IAR of ~9Zn pax'-
ent states. The solid curve is a superposition of the 68Zn-

(p,p&) yield in arbitrary units. The coefficients are plot-
ted on the same relative scale, and the statistical uncex'-
tainty is indicated if it is larger than the size of the data
points. The bottom scales show the labox'atory proton
bombarding energy. The top scale shows the excitation
enexgy of the parent states in ~~Zn. The arrows indicate
their locations as detexmined in 8 Zn(d, p), and the l val-
ues from this reaction are shown.

Q»: I
I ) I l

-I—
FIG. 9. The angular-cox'relation coefficients in the re-

gion of the 4.865-, 4.945-, and 5.065-MeV 69Ga IAR of
69Zn paxent states. See caption of Fig. 8.
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5. 5.65-Me V Resonance 6. 5.805-Me V Resonance

Figure 10 shows the angular-correlation coef-
ficients over the 5.65-MeV resonance which is the
analog of the 2.403-MeV state in "Zn. The A4 co-
efficient peaks at this resonance and the elastic
scattering data were fitted with l = 2.

Figure 5 shows that this resonance also appears
in the P, (1.66 MeV, 0') channel. An angular dis-
tribution of the protons populating the 1.66-MeV
(0') state was measured at 5.65 MeV. The angu-
lar distribution was fitted with the expression

The resonance observed at 5.805 MeV corre-
sponds to a closely spaced doublet in "Zn, having
components at 2.554 and 2.567 MeV. These states
were assigned I=2 and l= (1), respectively, in the
"Zn(d, P) reaction. ' The present elastic scatter-
ing results, as well as those of Vourvopoulos and
Fox, ' show definite evidence only for an l = 2 res-
onance at 5.805 MeV. The A4 coefficient in the an-
gular correlationpeaks at 5.805 MeV, also. There-
fore, an assignment of J"=—,

"is made for the
2.554-MeV level of "Zn, while no conclusion can
be made regarding the 2.567-MeV level.

IV. DISCUSSION AND CONCLUSIONS

2.5

E«(eeZn ) MeV

2.4 2.5 2.6
I

'
I

4—

CL
I—

CLa

where the B~'s are the coefficients of the even
Legendre polynomials, P~(8), and have been cal-
culated. ~e The least-squares analysis of the angu-
lar distribution is given in Table IV. Even though
the B4 is nonzero for the resonance, it does not
clearly approach the theoretical value predicted
for a —,

' resonance. Nevertheless, a J"=&' assign-
ment is made on the basis of the strength of the A,
coefficient and the fits to the elastic scattering
data.

Triple angular-correlation measurements were
performed to investigate various IAR in the "Zn
+P compound system from 3.91 to 5.90 MeV. Pro-
ton scattering to the first four states in "Zn be-
tween 3.9 and 6.1 MeV was investigated. The anal-
ysis of the scattering to the ground state provided
the l-value determination, and the triple angular
correlations involving the 2,' state were used to
determine the J value. These two measurements
generally provided us with enough information for
model-independent assignments of the J' values
for the parent states in "Zn listed in Table V. The
results are consistent with the results obtained by
von Ehrenstein and Schiffer' from "Zn(d, P), as
well as with those from the 'SZn(p, n) IAR study of
Egan et al.' Since the GSM of assigning spins of
resonances holds only for isolated resonances, the
effect of interferences with T& states and nonres-
onant yield was uncertain. The fact that our re-
sults are consistent with previous studies lends
greater confidence for the use of this method for
the actual experimental conditions present for IAR. .
Also, the method has even yielded meaningful re-

a
CL
I—
CQ
CLa

5.6 5.7 5.8 5.9
E

&
(MeV)

TABLE IV. Angular-distribution coefficient gt&) for
inelastic protons scattering through IAR for Jj»t=J fj~$
=0+ and J&R-J.

Theoretical coefficient (Ref. 16)
B2 B4 B6

1.000

1.142

1.190

0.857

1.051 0.758

.—. 2—
Ep (MeV)

Experimental values
B2 B4

FIG. 10. The angular-correlation coefficient A „ in the
region of the 5.65- and 5.805-MeV eoa IAR of Zn par-
ent states. See caption of Fig. 8.

5.65 0.789
+0.039

0.146
+0.051

0.004
&.066
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TABLE V. Summary of results.

Eex
(MeV)

0.0

0.438

0.531

0.835

0.872

J7f

(Ref. 8)

1-
2

2

(2)

(~2)'

Parent states
+Zn(d, p)69Zn

l„
(Ref. 8)

68Zn+ p
Ep (lab)

(MeV)

4.07

4.105

lp
(Ref. 6)

lp
(this work)

(2)

Energy levels of 6~Zn

Analog
68Zn(p pp)

resonances
»(P, P'y) Zn(P, n) Assignment

J J7I J ft

(this work) (Ref. 7) (this work)

1
2

1.634

1.696

1.831

1.968

2.262

(5)+

1+
2

T'2
f
2 ' 2

4.865

4.945

5.065

5.498

) 5
2

2.403

2.554

2.567

2.669

(~~)+

($)'

(T p)

5.65.0

5.805

5.910

)2
2

)2
2

suits for the case of closely spaced doublets.
As indicated in Table V, not all of the IAR's

were observed for 88Zn(P, P, ) or (p, p, ) reactions.
This is not entirely surprising, since the l value
and spectroscopic factors indicated by von Ehren-
stein and Schiffer imply quite different intensities
for the various resonances, in addition to the de-
creased yield caused by the Coulomb-barrier pen-
etration factor. For these reasons, the IAH of the
ground state (I= 1), 0.438-MeV state (l=4), and
the 0.531-MeV state (l.= 3), were not seen apprecia-
bly above background.

As seen in Figs. 8-10, the off-resonance values
for the A, and A~ coefficients of the angular .corre-
lations are slowly varying functions of energy as
expected from the continuum of T& states that form
the background for the IAR. This allows one to
subtract a smooth background from the angular-
correlation coefficients in order to obtain their
variation over IAR.

The spectroscopic factors calculated using the
results of Thompson" are. accurate to about 25~jo

(taking into account Thompson's calculations,
about 15% and the extracted I"~, about 2(Pp),
which is not greatly different from the accuracy
of the values obtained from the (d, P) stripping
with which they are compared. The,spectrescepic
factors are a measure of the single-yarticle char-
acter of the resoaances. Since gp.ZQs.g doe8 Got

have 3, closed neutron shell, one would not expect
extreme single-particle behavior, which is in
agreement with our results.

The GSM was pushed to its extreme limit when
the IAR of the 1.831-MeV state was investi. gated;
no unambiguous assignment could be made. This
result was not unexpected, since the peak-to-
background ratio of the "Zn(p, p~) yield was about
1.3 to 1. On the other hand, the —,

"resonance at
4.86 MeV and the 2" resonance at 4.945 MeV were
clearly assigned for peak-to-background ratios of
about 2.5 to 1. The ultimate usefulness of this
method appears to be about 1.3 to 1 (peak-to-back-
ground ratio), since the IAR of the 2.797-MeV res-
Onance jn Zn was determined with this ratio.
In the ~Zn data, the yiel'd strength above back-
ground was 1.7 mb/sr compared to 0.15 mb/sr for
the 1.831-MeV resonance in "Zn, . So it appears
that the usefulness of this method is limited by the
peak-to-background ratio, and by the yield strength
above background for efficient spin deters. enation.
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Doppfer Shifts with Gas Backings; Mean Lives in 0, Mg, and Fe~
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Measurements of Doppler shifts of y rays from nuclei recoiling in gas are described. Mean
Bves of the 0.87-MeV state in 70, of the 0.58- and 0.97-MeV states in Mg, and of the 0.41-,
0.93-, 1.32-, and 1.41-MeV states in 5~Fe produced by (d,P) reactions were obtained from
these DoppIer shifts. The effect on these mean lives of a variation in the deuteron current
has been investigated. Finally, the known mean lives of the. 0.87-MeV state in 0 and the
0.58-MeV state in 25Mg were used, together with the measured Doppler shifts, to obtain infor-
mation concerning the srowing down of ~O and Mg ions in krypton gas.

I. EN'XRGBUCTION

The Doppler-shift-attenuation method has proved
to be a powerful tool with which to study mean
lives of excited states of nuclei. As generally
used, that is ~fh IIcIei in excited states recoib.ng
in a solid medium, the method is applicable to
mean lives in the range from about IO "to 5 xlo-"
sec. Many nuclear states have mean lives from
sxIO '~ to IO ' see, and it is of great interest to
be able to make measurements in this range. The
so-caIled "plunger, "or recoil-distance method, "
can be used for measurements in this range and, '

has been extensively applied. In this paper we
use another method which will allow measure-
meats of mean lives greater than about: 5 xlo '
sec. In thie method, nucIei in excited states re-
eoi1 through a gas, and Doppler shifts af the y rays

emitfed by the state are measured as a function of
gas pressure. ' ~ %'e discuss some aspects of the
method in detail and describe its application to
the measurement of mean lives of states in "0,
'Mg, and "Fe. The mean lives of the state in ' 0

and one of the states in 2'Mg are well known, and
our measnrements on these states afford some in-
formation about the stopping power of krypton gas
for ' 0 and "Mg ions.

For the work described here, the experimental
Doppler-shift-attenuation factor for a particular
transition is given by the equation

(E,(v)),—E,


