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Qo=—2506 keV with a standard deviation of 3 keV.
Since the average value for Qo may still contain system-
atic uncertainties such as flight path, the position of
the y-ray peak for the determination of zero time in the
flight-time measurements, proton energy, and target
thickness, we have adopted an error for Qp which is
typical of that for an individual determination. Thus
we deduce Qo= —506+7 keV. However, the errors in
the excitation energies of Table I are smaller because
«certain systematic errors tend to cancel.

Our value for Qo disagrees with that of —5294-10
keV quoted by Chasman et al.® Their value was derived
from the Q value for the first excited state (Q=—660

=410 keV) which was measured by Johnson and quoted .

by Mattauch ef al.'% and from the measurement of the
energy of the first excited state by a Ge(Li) y-ray

16 J. H. E. Mattauch, W. Thiele, and A. H. Wapstra, Nucl.
Phys. 67, 73 (1965).
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detector. Since our excitation energies agree with those
of Chasman et al.,® the disagreement then arises from
the Q-value measurement of Johnson. We also disagree
with the value of —5344-15 keV given by McMurray
et al.” The value given by Mattauch ef al.' in their
systematic analysis of nuclear-reaction energies for
the determination of masses (Qo=—493+12 keV) is
in good agreement with the present determination.
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The Coulomb fragmentation of Zn®I, molecules was utilized as the means of producing v rays which
are resonant with the 1.116-MeV level in Cu®. A study of the resonant self-absorption led to a mean life-
time 7= (3.800.25)X 1071 sec for this level. From the angular distribution of the resonant radiation,
the mixing amplitude & for the M14E2 1.116-MeV ground-state transition was determined as 6= —0.437

+0.015.

I. INTRODUCTION

HE situation with regard to the lifetime of the
1.116-MeV level in Cu® and the multipole
mixing of the 1.116-MeV ground-state transition has
been summarized in a paper! which reported resonance-
fluorescence results obtained through the use of gaseous
sources of Ni®, A disturbing aspect brought out by
that summary was the discrepancy between the £2/M1
mixing amplitudes reported on the basis of the angular
distribution of v rays following Coulomb excitation®3
and the mixing amplitudes obtained from studies of
the angular distribution of resonant v rays! or from a
comparison! of the best B(£2) and B(M1) values. The
Coulomb-excitation angular distribution measure-
ments?? led to an average 6= —0.22+£0.06. The other
experiments combined to give 6=—0.5140.03. The
ratios 62 of the £2 and M1 transition rates, derived from
T This work was supported by the U. S. Atomic Energy Com-
mission.
1 G. B. Beard, Phys. Rev. 135, B577 (1964).
2B. Elbeck, H. E. Gove, and B. Herskind, Kgl. Danske
Videnskab. Selskab, Mat. Fys. Medd. 34, No. 8 (1964).

3R. L. Robinson, F. K. McGowan, and P. H. Stelson, Phys.
Rev. 134, B567 (1964).

the two sets of experiments, thus differed by a factor
of about 5. This difference, in turn, made the total
lifetime deduced from the Coulomb-excitation experi-
ments? approximately 5 times shorter than the lifetime
estimated on the basis of Doppler shift* and resonance-
fluorescence! studies.

The short half-life (2.56 h) of the radioisotope Ni%
made it difficult to improve over the accuracy obtained
in the previous resonance-fluorescence experiment! as
long as this isotope had to be used. However, a marked
improvement appeared to be feasible if an efficient way
of obtaining resonant 1.116-MeV « rays from the long-
lived (245-day) isotope Zn® could be found. The recent
observation® of the large velocities resulting from the
Coulomb fragmentation of the Cu®Cl, molecule fol-
lowing K capture in Zn® indicated a way of producing
resonant v rays from gaseous Zn® compounds. The
suggested analysis® of the Zn%Cl, experiments made it
probable that Zn%I, sources would provide an even
larger fraction of resonant v rays. It was, therefore,

4 M. A. Eswaran, H. E. Gove, A. E. Litherland, and C. Broude,
Nucl. Phys. 66, 401 (1965).
5 F. R. Metzger, Phys. Rev. Letters 18, 434 (1967).
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F16. 1. Geometry used for the self-absorption experiment.

decided that a ZnI, source should be prepared and its
effectiveness as a source of v rays resonant with the
1.116-MeV level of Cu® determined. In view of the
discrepancy in the reported § values and of the advan-
tages of Zn®-halide sources for accurate resonance-
fluorescence experiments, the previous! self-absorption
and angular distribution studies were repeated. In what
follows, the study of Zn%I, as a source of resonant
1.116-MeV v rays will be described first. Then a report
will be given on the self-absorption and angular dis-
tribution measurements carried out with this new
source. Finally, the results of these studies will be in-
terpreted in terms of the lifetime of the 1.116-MeV
level in Cu® and of the mixing in the M1+ E2 ground-
state transition.

II. COULOMB FRAGMENTATION OF
Zn%I, MOLECULES

A. Source Preparation

Approximately 3.5 mg of high specific activity (5
mCi/mg) Zn% metal and 50 mg of elemental iodine
were heated together in a quartz-Pyrex system, and
the resulting Znl, was sealed into a 5-cm® quartz
ampoule after the excess iodine had been removed by
distillation. By scanning the ampoule with a Pb slit
it was ascertained that all the activity was in the
gaseous phase, provided the temperature was above
~730°C. The resonance-fluorescence experiments were
performed with the source at 760°C. Experiments
carried out two weeks and many room-temperature~
to-760°C cycles apart indicated that less than 19
change, if any, occurred in the fraction of resonant v
rays emitted by the source; i.e., apart from the radio-
active decay of Zn®, there was no deterioration of the
source.

B. Determination of F(E,) for the Znl, Source

The usefulness of a given source for resonance-
fluorescence studies is measured by F(E,)=N(E,)/
Niota1, the fraction of the emitted v rays falling into a

F. R. METZGER

171

unit energy interval at the position E, of the absorption
line. If the same isotope serves as the source and as the
scattering material, E, differs by AE,=E,2/Mc* from
the energy of the center of the emission line, where
M¢c? is the rest energy of the resonating nucleus. For
the 1.116-MeV level in Cu®, this energy difference is
AE,=20.6 eV. If the natural width of the level is known,
F(E,) can be determined via a resonance-scattering
experiment. The number N, of v rays resonantly
scattered by a thin slab of material may be written® as

Nsc=C/N(E)a(E)dE, 1)

where C is a factor describing the geometry, N (E) is
the spectrum of the incident v rays, with S'N(E)dE
= Niotal, and o (E) the scattering cross section® for which

/ o (E)dE=gi\T, 2)

where g= (2l exc+1)/(2I4+1) is the ratio of the sta-
tistical weights of the excited state and the ground
state, A the wavelength of the v radiation, and T' the
total width of the level. In arriving at Eq. (2), I'o/T=1
was assumed.

If N(E) is slowly varying compared with ¢(E), Eq.
(1) may be replaced by

Nu=CN(E) f o(E)E=CN(E)GNT  (3)

or

Noo/ Niotar=C-F(E.)gINT . (4)

For a thick scatterer, Eq. (4) still holds, but C will
depend on the width I' because of the self-absorption
in the scatterer material.

Scattering experiments were carried out with the
ZnI, source and also with a newly prepared Zn metal
source in the geometry used previously® for Zn and
ZnCl, sources. This geometry was similar to the one
depicted in Fig. 1. The results for all three types of
sources are summarized in Table I. The counting rates

TaBLE I. Influence of the chemical form of the source on the
resonance scattering yield. The counting rates given in column 2
are normalized to the same source strength (=~15 mCi). The
fractions listed in column 3 are based on the value I'=1.73X 103
eV for the width of the 1.116-MeV level in Cu®s,

Resonant
Resonance effect fraction F(E,)
Source (counts/min) (eV1)
Zn 1.44-0.6 3 X107
ZnCl, 54 +3 1.2X1073
Znl, 268 +8 6.2X1073

6See, e.g., F. R. Metzger, in Progress in Nuclear Physics,
edited by O. R. Frisch (Pergamon Press, Inc., New York, 1959),
Vol. 7, p. 54.
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given in column 2 of this table were normalized to the
same source strength, namely, the strength of the ZnI,
source. The small, but finite, effect observed with the
Zn metal vapor source is attributed to the presence of
Zn, molecules in the Zn vapor.” To calculate the F(E,)
values from the observed scattering effects, the width
I'=1.73X10"% eV, determined in the self-absorption
experiment (see Sec. III), was used. The value F(E,)
given in Table I for the ZnCl, source differs from the
previously quoted result® by more than a factor of 2.
This difference is not the result of new experimental
evidence, but is the consequence of a 409, increase in
the width used to evaluate the data and of a more
accurate evaluation of the scattering geometry.

The fact that linear triatomic molecules were in-
volved makes a quantitative analysis of the breakup
difficult. Qualitatively, the large increase observed in
the resonance effect in going from ZnCl; to Znl; is in
line with the conclusion® that the 1/e width of the
emission line for ZnCl, is smaller than the separation
of emission and absorption lines. If the charge sharing
is not very different for ZnI, from what it is for ZnCl,
molecules, a broader emission line and thus a larger
value for F(E,) are expected for Znl,, since in the
heavier molecule a larger fraction of the available
fragmentation energy will go into the kinetic energy
of the copper ion.

III. SELF-ABSORPTION EXPERIMENTS

To determine the level width in the absence of infor-
mation concerning the shape of the y-emission line, a
self-absorption experiment®8 had to be performed. The
geometry used for the self-absorption studies of the
1.116-MeV level in Cu® is shown in Fig. 1. Cu absorbers,
0.498 and 1.008 in. thick, were used. Ni plates of com-
parable thicknesses served as the nonresonant com-
parison absorbers. Of course, the Zn®1, source was used
throughout.

In addition to measurements with the Cu scatterer
in which the Cu and Ni absorbers were alternated,
experiments using a matched Ni scatterer, and alter-
nating the Cu and Ni absorbers, were carried out. The
purpose of these runs was not only to determine the
nonresonant background, but to ascertain that the Cu
absorbers did not resonantly scatter some 1.116-MeV
v rays into the 3)X3-in. Nal detector. Once it had been
established that no such scattering-in took place, it
was a simple matter to calculate the resonant attenu-
ations from the measured counting rates. In Table II,
these attenuations, corrected for the mismatch of the
absorbers, are listed in column 2.

To obtain the width T' from the attenuations, use
was made of the fact that as long as the absorption line
has the Doppler form,® ¢ (E)=K exp{—[(E—E.)/AT},
resonant absorption reduces the scattering from a given

7J. G. Winans, Phil. Mag. 7, 555 (1929).
8 F. R. Metzger, Phys. Rev. 103, 983 (1936).
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TasLE II. Results of the self-absorption experiment.

Path length
in Cu absorber Resonant Radiative width T"
(cm) attenuation (eV)
1.26 0.91340.006 (1.6240.13) <1073
2.56 0.8094-0.014 (1.89+0.15) X 1073

volume element of the scatterer by a factor

w (—1)"(nK)™
W)= 3 UKD (5)
m=0 m!(m-+1)12

where ! is the path length of resonant material that has
to be traversed by the incoming v rays, # the number of
resonant nuclei per cm?, and K the peak cross section
K =gNT (4712A)L, In the expression for K, A= E,(2kT/
M2 is the Doppler width of the absorption line,
being Boltzmann’s constant and T the effective tem-
perature® of the absorber.

For the measurement with the comparison absorber,
] is, in general, not zero, because the incoming beam
has to traverse I, cm of scatterer material. If the path
length in the absorber is denoted by I,, the attenuation
A, for the vth volume element is

Av=M(lav+lsv)/ﬂ(lsv) . (6)

The attenuations measured in the experiment, and
listed in Table IT, are the averages over the attenuations
4, of the individual volume elements of the scatterer.
Using Eq. (6), the attenuations 4, were calculated for
15 volume elements of the scatterer for selected values
of the width T, and the average attenuations obtained
from these calculations were compared with the experi-
mental values. This comparison led to the widths T
listed in column 3 of Table II and to the mean value

I'=(1.7340.10)X 102 eV,
which corresponds to a mean lifetime

7= (3.802£0.25) X 107" sec
for the 1.116-MeV level in Cu®.

IV. ANGULAR DISTRIBUTION OF
RESONANCE RADIATION

Scattering experiments were carried out for scat-
tering angles of 90°, 105°, 120°, 135°, and 146°, again
using the Znl, source. The front face of the 3X3-in.
Nal detector was placed at a distance of 6 in. from the
center of the 3)X2.5X0.75-in. scatterer. Typical pulse-
height distributions are reproduced in Fig. 2. Although
the experiments were carried out in a low-background
room,? the counting rates observed with the Ni com-
parison scatterer were mainly due to room background
and were thus almost independent of the source

9C. P. Swann, V. K. Rasmussen, and H. O. Albrecht, J.
Franklin Inst. 268, 226 (1959).
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F16. 2. Zn®I, source, 135° geometry. Pulse-height distributions
of the v radiation scattered from Cu (circles) and from Ni
(crosses), measured with a 3X3-in. Nal detector. The region from
0.93 to 1.31 MeV is depicted.

strength. The geometrical factors [C in Eq. (1)] for
the five geometries were calculated using 25 sub-
divisions of the scatterer and taking into account the
self-absorption corresponding to a width I'=1.73XX1073
eV.

A first analysis, in which the coefficients 4, and A4
in the angular distribution function W(6)=1+4,
X Py(cosf)+A44Ps(cosf) were treated as independent
parameters, led to an upper limit for 44: 44,<0.05.
This restricted |8| to values |8| <0.7. Using the theo-
retical relationship® between the coefficients 4, and 44
for a spin sequence $-3-3, the best fit to the experimental
data, after correction for the finite angular resolution,
was obtained for

A45=0.960.02,

the corresponding 44 value being 4,=0.013.

These values of the coefficients of the Legendre
polynomials restrict the £2/M1 mixing amplitude 8
for the 1.116-MeV transition in Cu® to the range

6= —0.437£0.015.

V. DISCUSSION
The mean lifetime 7= (3.8020.25)X 108 sec de-
duced from the self-absorption study agrees quite well

071, C. Biedenharn and M. E. Rose, Rev. Mod. Phys. 25, 729
(1953).
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with the result 7= (4.44-1.1)X10~% sec reported by
Beard,! but disagrees with the lifetime 7= (5.3_0.5+%%)
X107 sec reported* on the basis of a Doppler-shift
experiment, and with another self-absorption result!
[r=(6.541.6) X107 sec . The disagreement with the
latter is not considered to be serious in view of the
rather large error assigned to it. In this connection it
is worth mentioning that the ratio of resonant scattering
to background in the present experiment was approxi-
mately 20 times better than it was in the experiment
reported in Ref. 11. This is, to a considerable extent,
due to the use of Zn® rather than Ni® as the source of
the resonant v rays.

As far as the resonance-fluorescence angular distri-
bution experiments are concerned, our reanalysis of
the data of Ref. 1, using not freely varying 4, and A,
coefficients but coefficients related via the theoretical
expressions!® for a §-3-3 spin sequence, led to a range
A2=1.0340.06, which overlaps with our result,
A2=0.9620.02. The E2/M 1 mixing ratio corresponding
to 4,=0.96 is #?=0.1914-0.013. If this value for the
mixing ratio is combined with the observed mean
lifetime, a partial E2 lifetime 7(E2)=(2.374-0.21)
X 1072 sec is obtained. The corresponding reduced £2
transition probability is B(£2)|= (1.98-£0.18)X10~%
¢? cm?, The Coulomb-excitation studies??121 led to an
average value B(FE2)|=(1.924-0.14)X107% ¢ cm*
The good agreement of these two results is in marked
contrast with the disagreement between the §% value
deduced above from the angular distribution of the
resonance radiation and the value §2=0.048_.s57%%®
which follows from the studies?? of the angular distri-
bution of the Coulomb-excited v rays. Because of the
good agreement of the B(E2) values noted above, one
is inclined to conclude that the 6 value obtained from
the angular distribution of the Coulomb-excited v rays
is low and that the errors assigned to it are too
optimistic.

1P, K. Kaipov, R. B. Begzhanov, A. V. Kuz’minov, and Yu.
K. Shubnyi, Zh. Eksperim. i Teor. Fiz. 44, 1811 (1963) [English
transl.: Soviet Phys.—JETP 17, 1217 (1963)].

(11925(6})' M. Temmer and N. P. Heydenburg, Phys. Rev. 104, 967

13 K. I. Erokhina and I. Kh. Lemberg, Bull. Acad. Sci. USSR
Phys. Ser. 26, 205 (1962).



