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1428, ,m=~3), 14°P ,m’= -3) level crossing at
the higher-field crossing point. In this case, the
broadening was due to the electric field penetra-
tion into the screen-anode region from the con-
trol grid, as the electron gun was intentionally
constructed with somewhat coarse screens to
test our prediction of Eq. (3) when f > T (order
of 2-3 GHz), which requires a higher value of the
electric field. This phenomenon will be reported
elsewhere. Since our experimental observation
is based upon Eq. (2), which also explains Bash-
kin’s results, we believe that our experimental
observations give additional support for Profes-
sor Wangsness’ explanation of Professor Bash-
kin’s experiment. Also we believe that this new
method is one of the simplest ways to measure
the Lamb shift in short-lived excited states.

I express my appreciation to Professor Series
for teaching me about the light-beat theory,
through private communications and conversa-
tions in the past. I am also grateful to Professor
Bashkin for his hospitality during my visit to the
University of Arizona, for showing me his ex-
perimental arrangements, and for discussions
which inspired this experiment. The electron

gun was constructed by Wilton Berlund of Law -
rence Radiation Laboratory glass shop, and his
patience in so closely following my electron gun
design is greatly appreciated.
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A strong recoilless resonance absorption was observed for the 6.2-keV level (T,
=6.8 usec) of ¥1Ta. Using sources of 8!W in W-metal and Ta-metal absorbers, a line-
width of 11 times the natural width was obtained, with isomer shifts in the range be-
tween 0.83 and 0.94 mm/sec, depending on the quality of the sources. From the hyper-
fine splitting in a longitudinal magnetic field the magnetic moment of the 6.2-keV level

was determined to be pj =+(5.14%0.15)up.

Ever since the discovery of the recoilless reso-
nance, a considerable effort was devoted to im-
prove the resolution of the method. The 6.2-keV
transition in !®'Ta is one favorite candidate for
this purpose, since the 6.8-pusec half-life of this
level implies an extremely narrow relative line-
width,! [\/E=1.1 10" and the recoil-free
fraction is approximately 1 at room temperature.
On the other hand, the narrow linewidth and the
high spin of the transition renders the resonance
extremely vulnerable even to minor interactions.
Only strongly broadened resonance lines have in-
deed been found by earlier investigators.2™ The

difficulties encountered are presumably due to
the high sensitivity of the 6.2-keV transition
against quadrupole interactions: The '®'Ta nucle-
us exhibits sizable quadrupole moments in both
nuclear states, and it is difficult to produce Ta
metal with a uniform cubic symmetry throughout
the crystal.

We report here on a major improvement in the
measurement of the 6.2-keV resonance in Ta!®!,
With the best source-absorber combinations ab-
sorption lines of about 11 times the natural width
have been achieved; see Fig. 1(a). Such a narrow
width allowed us to determine the magnetic mo-
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FIG. 1. Velocity spectrum of 8!'W in W metal versus
Ta metal absorber. The solid lines represent the best
fit to the data. (a) Field-free case. The dashed line
represents the dispersion contribution. 100% corre-
sponds to 1.31x 108 counts per channel. (b) Source ex-
posed to a longitudinal field of 1445 Oe; 100% corre-
sponds to 2.56 X 108 counts per channel.

ment of the 6.2-keV level.
Velocity spectra were measured by using a
conventional electromagnetic drive.®> An Ar-

filled proportional counter was used to detect the
6.2-keV y rays on the slope of the 8.15-keV Lo
x-ray peak. The 18'W activity was obtained by ir-
radiating 93.19% enriched !*°W metal with a flux of
5x10'" neutrons/cm? sec. The activity was dis-
solved in concentrated HF-HNO,, dried on high-
purity tungsten (99.999 %) or tantalum (99.997 %)
carrier foils, and diffused for some hours at
about 2200°C in high vacuum (8 x10~" Torr). Ta
absorber foils were rolled to a thickness of about
4-5 mg/cm? and thereafter annealed for about & h
at 2000-2200°C in ultrahigh vacuum (3 x10~*°
Torr). Details of source and absorber prepara-
tion will be described elsewhere.®

The results of our measurements are listed in
Table I together with data reported earlier by
other groups. The line in Fig. 1(a) shows a dis-
tinct asymmetry which is characteristic of all
our spectra. The analysis of the data required
the introduction of two contributions: a disper-
sionlike component and an asymmetric compo-
nent. The latter one is due to a weak quadrupole
interaction caused by deviations from cubic sym-
metry at the source or absorber atom. The
physical significance of a dispersion component
is less well understood. It is most likely due to
an interference between Rayleigh and Mdssbauer
forward scattering which here appears in an ab-
sorption spectrum. Such an interference has
previously been observed only in scattering ex-
periments”»®; however, since '8!Ta has a large
Z, a high Debye temperature, low-energy y
rays, and 100% abundancy, the observation of the
interference term may become feasible for sin-

Table I. Summary of y-resonance results for the 6.2-keV transition in 181,

Source Absorber Effect Linewidth Isomer shift Ref.
(uncorr.) (mm/sec) (mm/sec)
181, .

Win W K'I‘aO3 no effect (2)
81y snw TaC 0.6 % 0.056 0.0 )
HHW in Baz(:awo6 TaC no effect (2)
1SIW in Pd Ta possible eff. (3)
V81he in HEC TaC no effect 3)
1SIW in W TaC no effect (3)
8y o w Ta 4,5 % 0.26 +0,9 3
:::w in W Ta 1.1 % not defined +2.7 (c.g)® (3)

W in Ta Ta 2,0 % 1.0 +0.9 (ceg.) (3)
181y in Ta Ta 0.8-4,0 § 0.6-1.1 +(0.2-0.6) 4)
181y in Ta Ta 1.0 % 0.4 +0,04 pres.work
””w in W Ta 4,7 % 0,091 +0,86 pres.workb)

aCenter of gravity spectrum.
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bResults of spectrum in Fig. 1(a).



VoLUME 21, NUMBER 14

PHYSICAL REVIEW LETTERS

30 SEPTEMBER 1968

gle-crystal absorbers even in transmission. X-
ray studies revealed indeed a preferential orien-
tation of (110) planes parallel to the extension of
the foil. Further investigations to check the
source of this dispersion-type component are in
progress.

Fitting the experimental data in Fig. 1(a) with
a single Lorentzian split by a quadrupole inter-
action and allowing for a dispersion contribution
yields a total linewidth of

A =0.091 + 0.003 mm/sec.
exp

This has to be compared with twice the natural
width of 2I';=0.0066 mm/sec. A broadening by a
factor of 1.27 is expected due to absorber thick-
ness. Thus the intrinsic broadening of our source
and absorber is about 11 x2T,. Judging from the
asymmetry of the line, this broadening presum-
ably is due to quadrupole interactions. Typical
values of the resonance effect for several source
and absorber combinations were 4-6 %, uncor-
rected by a factor of 2 to 3 for background.

Although the velocity range shown in Fig. 1(a)
is fairly narrow, we did scan up to 10 mm/sec.
In contrast to the results of Steyert, Taylor, and
Storms?® we only observed the one line at 0.9
mm/sec. Various combinations of W sources
and Ta absorbers show positive isomer shifts be-
tween 0.83 and 0.94 mm/sec. Such large shifts
are unusual for metals and suggest a consider-
able change AR in the nuclear charge radii asso-
ciated with the y transition. Both the ground
state and the 6.2-keV level are intrinsic proton
states of the strongly deformed '®'Ta nucleus
with Nilsson assignment [404] and [514], respec-
tively. From the Nilsson model® one expects for
these levels a sizable change of A(R%*)=0.079
fm?. Using wave functions of a deformed Saxon-
Wood potential'® one obtains instead A(R? =0.109
fm?. Relying on the latter value and on the mea-
sured isomer shift one derives for the difference
in electron density

[wTaz(O) —szz(O) ]=0.78 x10%* cm 3.

Sources of '8!'W dissolved in Ta metal gave
poor resonances of about 1% strength and line-
widths between 0.4 and 0.8 mm/sec. Again, the
lines were asymmetric and showed small posi-
tive isomer shifts of 0.04 (narrower width) to
0.15 mm/sec (broader width). This indicates a
connection between linewidth and isomer shift;
i.e., isomer shifts vary with impurity content
and should vanish for very pure samples.

To determine the magnetic moment of the 6.2-
keV state the splitting of the resonance in a lon-
gitudinal magnetic field was measured. As the
6.2-keV transition is of pure E1 character and
has a spin sequence of ¥~ Z, the resulting spec-
trum in a longitudinal field consists of 16 hyper-
fine components with intensity ratios 36:28:21:15
$10:6:3:1:1:3:6:10:15:21:28:36. The source was
fastened onto the surface of a cubic-shape fer-
rite which produced the magnetic field. This as-
sembly was mounted upon the drive. The field
strength was 1445+ 40 Oe, where the inhomoge-
eity of the field across the source is included in
the error. The stray field at the absorber was
less than 10 Oe. Fig. 1(b) shows the split spec-
trum measured with the same source and ab-
sorber as in Fig. 1(a). The spectrum is poorly
resolved and not quite symmetric, again indicat-
ing a weak quadrupole interaction. A least-
squares fit of the data gave g,/g,=+1.72+0.05
and @,/Q,=+0.74 £ 0.30 for the ratios of the g
factors and quadrupole moments, respectively.
With ground state moments of pg=(2.35+0.01)
Xupn't and @,=3.9%0.4 b*® the corresponding ex-
perimental values for the 6.2-keV level are 11
=(+5.20£0.15)up and Q,=+2.9£1.2 b. The er-
rors contain the statistical uncertainty and sys-
tematic errors in velocity calibration, magnetic-
field calibration, and inhomogeneity. @, is not
very reliable due to the poor resolution.

The large isomer shift and the large magnetic
moments make a “Zeeman drive” experiment
feasible in which one observes the hyperfine
components at zero relative velocity as a func-
tion of the applied magnetic field. Such an ex-
periment is of interest since it provides a check
of the quality of the drive at these low velocities
and is not dependent on any velocity calibration.
We did measure in a longitudinal magnetic field
since the outermost components are most in-
tense. The field ranging up to 2.5 kOe was gen-
erated by an electromagnet with an inhomogene-
ity of about 1.5% across the source. Figure 2
shows the results. The - £ and %~ § compo-
nents are clearly resolved and the beginning of
the % - £ transition is indicated. By fitting the
spectrum with three Lorentzians we obtained a
linewidth of 222 Oe or 0.086 + 0.010 mm/sec, in
agreement with the value of 0.091 mm/sec mea-
sured with the single line for the same source
and absorber combination. The data in Fig. 2
yield a ratio g,/g,=1.62+0.09, corresponding to
a moment of 11=(4.9+0.3)uy, and an isomer
shift of 0.74+0.08 mm/sec, which is consistent
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FIG. 2. Outer two components of the magnetic hyper-
fine spectrum of W source versus a Ta absorber, mea-
sured at zero relative velocity as a function of a longi-
tudinal magnetic field. 100% corresponds to 0.996
x 10® counts per channel.

with the result obtained in Fig. 1. The slight dif-
ference has to be attributed to the fact that two
absolute calibrations are involved. A weakness
of the Zeeman-drive method is that the magnetic
splitting can be falsified by small quadrupole in-
teractions. In our case the correction would
amount to about 1.5%, which does not change the
magnetic moment within the limits of error.

As a final result for the magnetic moment we
give the weighted average obtained in the two
measurements. Applying a paramagnetic cor-
rection of 1.1 %, which is known from Knight-
shift measurements,’? together with a diamag-
netic shielding correction of -0.85 %,* we obtain
the following values:

£,/8,=+1.10£0.05

and

u1=+(5.14io.15)uN.

The 6.2-keV state of !8'Ta has been classified!®
as the same Nilsson state as the 206-keV state in
187Re, for which the magnetic moment has been
measured twice: (5.02+0.06)u zr*® and (4.71+0.14)
X .Y The first value agrees well with our re-
sult. It is also consistent with the theoretical
prediction of the Nilsson model® which is, for a
deformation parameter 6=0.23, u3 =5.08pupn-
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For this calculation we have used a rotational g
factor!® of g, =0.31 and an effective proton g fac-
tor of gpeff =0.713gfree 1o
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