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Temperature-Dependent Electric Quadrupole Interaction of 6'Zn in Zinc Metal
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By means of time-differential observation of perturbed angular distributions of y ra-
diation following the nuclear reaction Zn(d, p), the electric quadrupole interaction fre-
quency of the isomeric 7 state of Zn in zinc metal has been measured as a function
of temperature. At room temperature the frequency was determined to be ed@/h =45.5(4)
MHz. The temperature dependence is compared with previous results for ~~~Cd in cad-
mium.

%'e have investigated the electric quadrupole
interaction of " Zn in zinc. The aim of the ex-
periment was to study the temperature dependen-
dence of the electric field gradient (EFG) in this
hcp metal, and to estimate the quadrupole mo-
ment of the excited —", state of "Zn (F. = 605 keV,
T,„=33S nsec), which was used as t e probe nu-
cleus. The measurement was performed by time-
differential observation of perturbed angular dis-
tributions of y radiation following the nuclear
reaction "Zn(d, p).

Recently, several investigations of the electric
quadrupole interaction in cadmium, which is the
second hcp metal of the IIB group, have been
reported. ' ' Using the isomeric 2' state of "'Cd
as a probe, some of them' ' were carried out by
the time-differential perturbed angular correla-
tion method with radioactive sources, while two
of them" were performed via recoil implantation
techniques, which additionally yield information
about relaxation effects caused by radiation dam-
age. The quadrupole interaction, which can be
influenced by the measurement process, was
found to have the same strength with both methods
except for the low-temperature region, where
radiation-damage effects cause slight differenc-
es. ' The variation of the quadrupole interaction
frequency with temperature has been found to be
a strong effect. However, no explanation of the
temperatur e dependence of the Cd EFG has been
presented up to now. An extension of these mea-
surements to zinc should be useful for a better
understanding of the EFG's in hcp metals.

A pulsed deuteron beam of the 7-MV Van de
Graaff accelerator of the Hahn-Meitner-Institut
Berlin was used to populate the —", state of "Zn
(pulse width b, t = 10 nsec, repetition time T = 2

ILtsec, deuteron energy E = 6.4 MeV, deuteron
current i = 30 nA). The target, an isotopically
enriched (99%) polycrystalline "Zn metal disk

of about 30 mg, was mounted on a metal finger,
which could be heated electrically to tempera-
tures between 300 K and the melting point. The
temperature was measured by a thermocouple.
The target was fixed in a chamber, which was
separated from the accelerator vacuum system
by a thin Havar foil. A hydrogen gas stream, at
a pressure of about 100 Torr, flowed through the
chamber to prevent oxidation of the zinc surface.
The y radiation was detected by two 2 x 1.5 in. '
Nal(Tl) scintillators arranged at angles 8 = 0'
and 90 with respect to the beam axis.

The time-dependent y-ray distribution is de-
scribed by' W(8, t) = 1+A,G,(t)P,(cos8), neglect-
ing terms with k & 2. The modulation amplitude

G,(t) = Q s,„cos(n(u, t)
n=O

is the spin-dependent perturbation factor for an
axially symmetric field gradient in a microcrys-
tal; it is a function of the basic modulation fre-
quency ~, =e'qQ/248. After removal of the nu-
clear decay factor e ', the experimental time-
distribution patterns were analyzed by least-
squares fits of the difference of the counting
rates:

The spin precession spectra for different tem-
peratures and their fits are shown in Fig. 1.

Before we discuss the experimental results
some remarks concerning the final positions of
the probe nuclei and their surroundings should
be made. There exists evidence from in-beam
experiments4"' that a high percentage of recoil-
ing nuclei reach substitutional lattice sites, prob-
ably by replacement collisions, within the exper-
imentally unresolved time interval after the beam
pulse. This in confirmed in our experiment by
the fact that each spectrum, even the measure-
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FIG. 1. Time-differential perturbed angular-dis-
tribution spectra of ~Zn(T ) in polycrystalline zinc
metal for different temperatures. The solid curves
are least-squares fits, assuming EFG's with axial
symmetry,

ment at 300 K, could be fitted assuming a sharp
frequency; we may therefore assume that in
each case the excited nuclei experience a unique
EFG. Furthermore, in the temperature region
above 400 K no significant damping of the mod-
ulation amplitude was observed, and hence one
can exclude possible radiation-damage effects
such as vacancies or interstitials in the immed-
diate surroundings of the probe nucleus, which

could lead to frequency distributions. Only in
the measurement at room temperature does the
perturbation amplitude appear to be strongly re-
duced within the first 50 nsec after the beam
pulse. This appears to indicate that the dynamic
process causing such a relaxation of the nuclear
alignment takes place during the (temperature-
dependent) time interval which is required for the
regeneration of the surrounding lattice after the
stopping process. There are, however, some un-
explained deviations from the theoretical curves.
As they cannot be fitted by the introduction of an
asymmetry parameter y} = (q„„—q» )/q„, we see
no reason to revise the original assumption of
axial symmetry for the EFG.

In Table I the experimental results are sum-
marized. The data are analyzed under the fol-
lowing aspects: (1) determination of the quadru-
pole interaction frequency and estimate of the
quadrupole moment, (2) temperature dependence
of the interaction frequency.

(1) The spin of the isomeric state can be de-
duced from the spin rotation pattern to be I= -,'
in agreement with a previous (d, P) reaction ex-
periment, ' and the measurement of the magnetic
moment. ' The quadrupole interaction frequency,
graphically extrapolated to T = 0 K, is e'qQ/h
= 49.5(15) MHz. However, no reliable determin-
ation of the electric quadrupole moment is pos-
sible because of the unknown EFG in zinc. A
very rough indication of the strength of the EFG
can be taken from investigations of the quadru-
pole interaction of impurities in zinc and cad-
mium' which lead to the same EFG's for both
metals within an accuracy of about 30%. There-
fore, taking the quadrupole moment of the ex-
cited z' state of '"Cd to be IQ I = 0.5 b, given also

TABLE I. Experimental results and semiempirical calculations.

Temperature
(K)

Perturbation
amplitude'

e2qQ/8

(MHz)
~q lac

b
8qel

C

(10i3esu/cm3)

300(10)
400(10)
490(15)
560(15)
630(15)

0.063(7)
0.127(10)
0.147(13)
0.138(9)
0.133(13)

45.5(4)
44.0(3)
42.6{3)
41.4(3)
39.3(4}

-49.3
—51.2
—52.5
—53.5
—54.3

363
354
346
339
325

~A2G2(t) at t = 2yfN/~0.
"Calculated using the formula q &~ =2(1+y }[0.0065-4.3584(c/a —1.633)l

xa (Refs. 11,13}.
'q„=q,„-q~~, calculated under the assumption lQ(Zn))=0. 2 b; the

values for q«were taken from the smoothed experimental curve A in
Fig. 2.
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FIG. 2. A, temperature dependence of the experi-
mentally determined E FG in reduced coordinates.
The values for Cd are taken from Ref. 5. The solid
lines are hand drawn. B, temperature dependence of
the semiempirically obtained conduction-electron con-
tribution (see text) .

in Ref. 3, we obtain from the ratio of the quad-
rupole interaction frequencies of 'i'Cd (137.5
MHz)' and "Zn (49.5 MHz) at 0 K the value I@I
= Q. 18 b for the quadrupole moment of "Zn. This
value can be wrong by a factor of 2, which is
mainly due to the large uncertainty of the Cd
moment. A calculation of the Zn moment using
the core polarization theory" yields a value of
Q =0.2 b.

(2) The temperature dependence of the quadru-
pole interaction frequency, i.e. , of the EFG, ob-
served by the "Zn probe in zinc, together with
the values for "'Cd in cadmium (taken from Ref.
5), is plotted in Fig. 2, curves A. For compar-
ison the coordinates are reduced, using for arbi-
trary normalization the melting temperatures
[T (Zn) =693 K, T (Cd) = 594 K] and the interac-
tion frequencies at T/T =0.432, i.e. , 300 K for
Zn and 257 K for Cd. The solid lines are drawn
by hand to smooth the experimental values. Both
curves show a similar behavior, though the tem-
perature dependence of the EFG in zinc is less
pronounced.

We briefly turn to discuss the theoretical at-
tempts to calculate the EFG's of metals. It has
become usual to attribute the EFG to two main
sources, namely, the lattice contribution q&, and
the conduction-electron contribution q,~, so that

q4t+qel. While the lattice contribution can be
calculated by straightforward summation over the
ionic sites of the crystal, "the conduction-elec-
tron part requires a detailed scanning of the oc-
cupied Fermi volume. Recently, "an evaluation
of q, i at T = 0 K has been reported for cadmium,

using the pseudopotential approximation for ob-
taining the energy bands and band wave functions
in the entire Fermi volume. As an important re-
sult of that work the sign of q, i was found to be
positive, opposite to that of q~, . Up to now, no
similar treatment exists for zinc. We therefore
calculated only the lattice contribution q~, from
the lattice parameters c/a and a, varying with
temperature. "'3 The results are given in column
4 of Table I. With the aid of these values and
the estimated quadrupole moment, the semiem-
pirical values for eqei, shown in column 5, are
derived. The sign of e'qQ/h was assumed to be
positive in order to obtain a positive sign for
eq, &, in analogy to the cadmium case. We find
the ratio tq&, /q, iI=1/7 at T/T =0.43. The same
calculation for cadmium' with tQ(Cd) I =0.5 b
(Ref. 3) yields for the absolute value of this ratio
the value 1/6. 5.

The normalized conduction-electron contribu-
tion is plotted in Fig. 2, curves B. From this
semiempirical treatment it can be seen that the
temperature behavior of the EFG is mainly gov-
erned by the conduction-electron part, slightly
enhanced by the lattice contribution. This result
remains valid if the considerable uncertainties
of the quadrupole moments are taken into account.
Furthermore, it turns out that it is also the con-
duction-electron contribution which is mainly
responsible for the discrepancy between Zn and
Cd.
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We present data on electroproduction of K mesons off protons. Measurements were
made at data points with nominal (Q', W) values of (0,6, 2.67}, (1.2, 2.67}, (2.0, 2.67),
and (1.2, 2.15) in (GeV, GeV). The virtual photoproductiou cross section for E++ MM is
studied as a function of missing mass, &', I'&, Q, and g. The data show that the E+&
cross section falls more rapidly than the K ~ cross section as Q increases.

This paper reports measurements made at the
Wilson Synchrotron Laboratory of the electropro-
duction of K' mesons from a proton target.

In what is now standard notation, ' electropro-
duction is treated as photoproduction by a virtual
photon. The square of the proton's mass —Q',
energy ~, direction, and polarization e are
tagged by the scattered electron. The hadronic
cross section is a function of the virtual-photon
variables and the variables describing the pro-
duced hadron in the virtual-photon-proton center-
of-mass system, 8*, y, and (MM)'. The virtual
photoproduction cross section can also be written
in terms of the scaling variables x' and I'&' de-
fined in Bebek et al. 2 %e have analyzed the in-
clusive data in terms of the cross-section differ-
ential in (MM)R and of the invariant structure func-
tion

E d~o 1 1 E* do

Here o„, is the total virtual photoproduction
cross section for the total energy W and Q2 of the

reaction. The value of a,„,was taken from a fit
to the Stanford Linear Accelerator Center-Mas-
sachusetts Institute of Technology measurements
of vW2 made with the assumption os/vr —-0.18.s

Two magnetic spectrometers were used to de-
tect the scattered electron and the electropro-
duced hadron. The combination of a Cherenkov
counter and a lead-acetate shower counter iden-
tified the electrons. Pions were identified by a
threshold gas Cherenkov counter when their mo-
mentum was greater than 1.8 GeV/c and by their
time of flight when their momentum was 1'ess
than that, Kaons were separated from protons
by their time of flight.

Data were taken at the points in the (Q', v) plane
shown in Fig. 1. Points 1, 3, and 7 comprise a
QR scan at fixed W; points 6 and 7 lie on the same
v line and give a test of scaling; points 3 and 6
give a W scan at fixed Q'; and points 2, 4, and 5

give an angular scan with the hadron arm which
extends the aperture in I'~. The acceptance of
the apparatus is such that at each datum point the
S'distribution is approximately 0.6 GeV wide and
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