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Isotopes of ' '37Cs produced by spallation of lanthanum and separated in mass by the
ISOLDE on-line facility have been transformed into an atomic beam which is illuminated
with a tunable cw dye laser. From the sensitive detection of the optical resonance lines
at 459 nm, the hyperfine structure of ~ ' Cs, ' ~Cs, and ' Cs has been determined,
The interpretation of isotope shifts, in terms of variation of charge radii, is discussed.

A previous experiment' had shown that the the laser is tuned to the frequency of one of the
hyperfine structure (hfs) and isotope shift (IS) D lines, optical pumping will change the popula-
of short-lived sodium isotopes produced by spal- tion distribution between the magnetic. substates
lation could be studied on line by a new mehtod m& =+ & of the ground state of the atoms. This
of Doppler-free optical spectroscopy associated change is detected by means of a magnetic filter
with a mass spectrometer. Recent developments' consisting of a six-pole magnet which focuses
have increased the precision to about 1 MHz and the atoms with m& =+~ and defocuses the atoms
also the sensitivity, so as to reach the very neu- with m& = —&.
tran-rich 26""Na produced by the CERN proton The experimental setup is summarized in Fig.
synchrotron. 1. The 60-keV Cs ions from ISOLDE first have

The purpose of the present Letter is to describe to be converted into the thermal atoms of an
an extension of the method to the determination atomic beam. For that purpose they are implant-
of hf s and IS of mass-separated radioactive ed at a grazing incidence (2 ) in the inner surface
cesium isotopes that are available at the ISOLDE of a tantalum tubular target coated with yttrium.
isotope separator on line with the CERN synchro- Since this is known to.be a low-work-function
cyclotron. ' The same setup- —with further modi- material, upon heating at about 900 C, the im-
fications that are described elsewhere' —has planted cesium should reevaporate largely in the
been used to discover the D, atomic resonance form of neutral atoms. In order to enhance the
line of the element francium. directivity of the atomic beam, the tubular target

In essence, the experiment' rests upon the de- is an assembly of three tubes 40 mm long and 1
tection of optical transitions that occur when a mm in diameter. Tests with stable '"Cs indicat-
tunable-laser beam interacts with a perpendicular ed that the desorption time was 150 msec (half-
collimated beam of the atoms to be studied. If maximum).
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FIG. 1. (a) Schematic vierv of the experiment; (b) de-
tails of the tubular target.

The laser is a commercial cw, tunable dye
laser working in single mode. Its frequency is
controlled and can be varied by steps through a
device based on a Miehelson interferometer (the
"sigma, -meter") that is described elsewhere. '
Because of the present availability of blue light
from stilben and coumarin dyes this first experi-
ment was one on the 6'S-7'P, y, transition at 459.4
nm. Since dyes are now becomirig available in
the proper spectral region, we are considering
to base future work on the 6S-6P transition in the
850-nm region.

An efficient and sensitive detection of the atoms
focused by the six-pole magnet is achieved by
counting them with an electron multiplier after
they are ionized and passed through a mass spec-
trometer. The surface ionizer is a hot tantalum
cone, twisted as seen in Fig. 1. Even though
mass separation of radioactive nuclei is already
achieved by ISOLDE, the mass spectrometer is
still necessary in order to eliminate the high
background of stable impurity ions from the hot
ionizer. The overall efficiency of the apparatus
(counted ions versus ISOLDE ions) stands be-
bveen 10"' and 10"'. From independent knowledge
of the geometric efficiencies of the atomic beam
and mass spectrometer, it is deduced that the
efficiency of neutralization should be around 20%
at present.

Based on the spallation of lanthanum or the fis-
sion of uranium, ISOLDE produces cesium iso-
topes from '"Cs to "'Cs.' With a transmission pf) 10 ', we estima, te from the intensities given in
Ref. 3 that IS can be determined in a string of
isotopes extending from "9Cs tp '4 Cs, crpssing
the Ã = 82 shell closure a,nd two regions of nuclear
deformation. '

We report here, as the results of a first run,

4

TABLE I. Experimental results for the dipole con-
stant of the 7 I', /2 state and for the relative isotope
shifts in the line A, = 459.4 nm.

A (7 I', /2)
(MHz)

g pi 33,&

(MHz)

j23C

124C s
12 5C

f26Cs
127Cs
"'Cs
"'Cs
130Cs

130mC a

131C

132Cs
7Cs

341(12)
90(7)

348(11)
103(7)
369(11)
131(7)
392(11)
192(9)

17(2)
183(4)
144(4)
103(3)

259(12)
261(6)
152(11)
208(7)

94(13)
155(6)
53(9)
56(8)
83(12)

—9(6)
60 (15)

—104(6)

From relative intensities of the two negative res-
onances there is a preference for the positive sign of
the magnetic moment of the I = 5 isomeric state in
130Cs

the isotope shift in the line X = 459.4 nm (6s 'S,~,
—7P 'P, y, ) of 11 Cs isotopes and the isomer shift
of '" Cs. This was done by scanning the two
hyperfine components (E =I++~-+'=I+ &) of the
line by a step-by-step advance of the laser fre-
quency by increments of 3.75 MHz. Simultaneous-
ly a fluorescence signal from a "'Cs reference
beam was recorded. Using the known spins and
hyperfine splittings of the atomic ground state
of the investigated isotopes'"' and the hyperfine
splitting pf the excited sta, te of "'Cs,' the mag-
netic dipole hyperfine constants A(7'P, i,) and the
isotope shifts were obtained. Including these re-
sults, which are given in Table I, the isotope
shifts of the isotopes "' "'Cs and the isomer
shifts of '" ""Cs are now known. ""

Our values of the isotope shift are in good agree-
ment with previous work on '"'"'"""""Cswith
an uncertainty which is already smaller than in
previous work and that we think we can still sub-
stantially decrease.

Changes in nuclear charge radii are proportion-
al to the field shift which is obtained by subtract-
ing the mass-dependent effects from the optical
isotope shift. While the normal mass effect (nms)
is readily calculated from the reduced mass, the
specific mass effect (sms) depends on details of
correlations between electronic moments which
are difficult to evaluate. A- discussion of theoret-
ical calculation and experimental data on neigh-
boring elements lead Ullrich and Otten" to
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FIG. 2. Relative isotope shifts &v, -4v„~, with re-
spects to '3~Cs. The values for '34'3~' '36Cs are taken
from Ref. 11, the value for ~34 Cs from Ref. 12.

v —0.2-

choose

sms = ( ~ ) nms ~

Figure 2 gives the field shift with respect to "'Cs
the assumption of these authors and adopts &v,
=0. We point out, however, that in the case of
sodium the sms was found to be larger than theory
had predicted by a large factor, so that caution
should be exercised in adopting an assumption
based on present theories. The question can only
be solved eventually when high-precision meas-
urements of isotopes shifts of electronic or mu-
onic x rays become available.

Using the range of plausible assumed values for
the sms, and the field constant E given in Ref. li,
and assuming further that the screening factor is
the same for the 6S-6I' and 6S-"IP transitions, we
obtain the changes in nuclear radii & (r') plotted
in Fig. 3. The experimental errors lead to an
uncertainty in the 5(r') values of only -5 X 10 '
fm' (except for '"Cs), while neglecting the spe-
cific mass effect may result in much larger un-

certaintiess.

As can be seen from Fig. 3 the values for 5(r')
differ by about a factor of 5 from those expected
for a uniformly charged sphere. This behavior
has been explained" by assuming that away from
closed-shell ",,'Cs» there is a steadily increasing
contribution to the isotope shift from a deforma-
tion term. Adopting the numerical values of
Ref. 11 in this two-parameter analysis, i.e. ,

5(r'), , = 0.55(r') "„"f'+0.4(r') „5(p')„„„
one finds that the deformation (p')' ' is still in-
creasing between '"Cs and "'Cs. In our two
limiting assumptions for the sms we find for "'Cs

0.20 ~ (P2)"~ 0 2 V

For a systematic discussion in terms of nuclear
deformation and nuclear shell effects, an exten-
sion of the isotope-shifts measurements to other
Cs isotopes and also measurements of nuclear
electric quadrupole moments are necessary.

Lv -03-

—0.4—
I I I I I I I L
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FIG. 3. Differences of charge radii for Cs isotopes
derived from optical isotope shifts for different values
of the specific mass effect. Middle curve, sms = 0;
upper curve, sms = —1.2 times the nms; lower curve,
sms = + 1.2 times the nms. The dashed line gives the
charge of the nuclear radius for a uniformly charged
sphere of radius R= 1.2A' 3 fm.

These experiments are in preparation. The pos-
sibility of determination of quadrupole moments
from the hyperfine structure of the 'P, y, state has
alreadly been tested during the present experi-
ments. The quadrupole interaction constants
&(7P 'P,g,) found for '"""Csare in very good
agreement with the values known from optical
double-resonance measurements. " By improving
the experimental conditions the accuracy on the
determination of the transition frequencies should
become high enough to determine the B factors
also in those Cs isotopes in which the quadrupole
interactions is smaller than in ""'"Cs.

It is a pleasure to acknowledge the able techni-
cal assistance of C. Vialle, R. Fergeau, J. F.
Kepinski, M. Jacotin, J. Bidermann, and G. Le
Scornet. The authors are indebted to the mem-
bers of the ISOLDE group at CERN for their con-
tinual support and hospitality.

~ ~Presently at Gesellschaft fur Schwerionenforschung,
D 6100 Darmstadt 1, Germany.

+~On leave from University of Bonn, Bonn, Germany.
~'~On leave from Service de Physique atomique, Cen-

tre d'Etudes Nucleaires, Saclay, France.
'G. Huber, C. Thibault, R. Klapisch, H. T. Duong,

J. L. Vialle, J. Pinard, S. Liberman, P. Juncar, and
P. Jacquinot, Phys. Bev. Lett. 34, 1209 (1975).

461



VOLUME 41, NUMBER 7 PHYSICAL REVIEW LETTERS 14 AUGUsT 1978

G. Huber, F. Touchard, S. Biittgenbach, C. Thibault,
R. Klapisch, H. T. Duong, S. Liberman, J. Pinard,
J. L. Vialle, P. Juncar, and P. Jacquinot, to be pub-
lished.

H. L. Ravn, S. Sundell, and L. Westgaard, Nucl.
Instrum. Methods 123, 131 (1975).

'S. Liberman, J. Pinard, H. T. Duong, P. Juncar,
J. L. Vialle, P. Jacquinot, G, Huber, F. Touchard,
S. Buttgenbach, C. Thibault, R. Klapisch, and A. Pes-
nelle, to be published.

5P. Juncar and J. Pinard, Opt. Commun. 14, 438
(1975).

E. Marshalek, L. %'. Person, and R. K. Sheline,
Revs. Mod. Phys. 35, 108 (1963).

VV. S. Shirley, and C. M. Lederer, in Hype+inc
Interactions Studied in Nuclear Reactions and Decay,

edited by E. Karlsson and R. Wapplirg (Almquist and
W'ikse11 International, Stockholm, New York, 1975),
and references therein.

W. Markowitz and R. G. Hall, Phys. Rev. Lett. 1,
105 (1958).

~C. Ekstrom, S. Ingelman, G. Wannberg, and
M. Skarestad, Nucl. Phys. A292, 144 (1977).' D. Feiertag, A. Sahm, and G. zu Putlitz, Z. Phys.
255. 93 (1972).

'

'S. UIIrich and E.-W. Otten, Nucl. Phys. A248, 173
(1975),
' R. Marrus, E. C. Wang, and J. Yellin, Phys. Rev.

177, 122 (196'9).
H. Huhnermann and H. Wagner, Z. Phys. 199, 239

(1967).
~ A. Schenck, Z. Phys. 224, 461 (1969).

Production of Positive Pions from the Bombardment of 9Be and '2C

with 200-MeV Polarized Protons

E. G. Auld, A. Haynes, R. R. Johnson, G. Jones, T. Masterson, E, L. Mathie,
D. Ottewell, and P. Walden

Department of Physics and TR1UMF, University of British Columbia,
Vancouver, British. Columbia V6T gW5, Canada

and

B. Tatischeff
Institut de Physiq'ue Xucleaire, Orsay, Ilrance

(Received 13 June 1978)

Differential cross sections and analyzing power for reactions C(p, n") and Be{p,n")
leading to discrete final states in the residual nuclei have been measured in the angular
range from 35 to 135 using 200-MeV polarized protons. The shape of the angular dis-
tribution of analyzing powers is essentially independent of the residual nuclear state, in-
dicating a strong dependence upon reaction mechanism rather than nuclear structure.

The (p, m) reaction has attracted considerable
interest since the pioneering studies of Dahlgren,
Hoistad, and Grafstrom, ' in which individual nu-
clear states were resolved. The possibility of
extracting interesting nuclear structure informa-
tion has been the primary motivation for studying
such reactions involving large momentum trans-
fers. To make possible the extraction of such
nuclear structure information, several models' '
for the reaction mechanism have recently been
discussed.

With a single exception' all previous work in
this area has been done with unpolarized proton
beams. The (p, n) program a.t TRIUMF has em-
ployed a polarized beam' to permit measure-
ments of the analyzing power of the pion produc-
tion reaction as a function of production angle,
as well as the differential cross sections which
are normally used to test the reaction-mechanism

models. Measurements of pion production asso-
ciated with the bombardment of "C and 'Be by
200-MeV protons are presented in this Letter.

Pions having energies up to 100 MeV were de-
tected with a broad-range, 0.5-m-radius Browne-
Buechner magnetic spectrograph. The detection
system consisted of a 24-element scintillation
counter hodoscope on the focal plane. An aper-
ture counter and three additional scintillation
counters above the focal plane provided timing
and dE jdX information essential for reduction
of background. "

Both the beam polarization and intensity were
monitored during the runs using the (p, p) elastic
scattering reaction occurring at a thin CH, tar-
get located downstream of the pion production
target. A monitor count corresponded to the
coincident detection of a proton scattered at 26
to the left (right) with respect to the beam direc-
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