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A study was carried out of the hyperfine structure and isotopic shift of the 597.1 and 589.6 nm

atomic lines of the radioisotopes'>”~

172 Tm. The measurements were performed by resonance

laser photoionization of atoms in an atomic beam in line with a proton synchrocyclotron. The
magnetic dipole and electric quadrupole moments and the mean square charge radii of nuclei
were determined. A gradual reduction in the deformation of these nuclei with decreasing neutron
number N was found. An irregularity was observed in the dependence of the mean square radius
on Nat N = 94. It was not present in the neighboring even-Z nuclei.

1.INTRODUCTION

Measurements of the magnetic dipole and electric qua-
drupole moments z and Q and the mean square charge radii
(r*) of nuclei belonging to long chains of radioisotopes (up
to 20-30 isotopes), extending up to the limits of proton and
neutron stability have recently become possible because of
the high sensitivity and high resolution of laser spectroscop-
ic techniques.'™ The information obtained by studying the
properties of long chains of isotopes has substantially ex-
tended our ideas on the ground-state structure of the atomic
nucleus. The spins and magnetic moments reflect the struc-
ture of the nuclear Fermi surface, the quadrupole moments
measure the static deformation, and the mean square radii
the deformation and zero-point oscillations of nuclei. Nu-
clear parameters deduced from optical data thus tell us, first,
both about single-particle and collective properties of nuclei
and, second, about both static and dynamic nuclear charac-
teristics.

A “‘two-dimensional chart” of nuclear parameters cov-
ering a wide range of neutron and proton numbers, N and Z,
is now evolving in the region corresponding to the rare-earth
elements.

Isotope chains of the rare-earth elements Eu (Refs. 4—
6), Gd, Dy, Er, and Yb (Refs. 7,8) have recently been inves-
tigated. It was established for even-Z elements that, with
increasing distance from the magic proton number Z = 64 in
a given isotope chain of a particular element, there is a
change in the character of the transition from highly de-
formed to weakly deformed nuclei. For the samarium and
gadolinium isotopes (Z = 62,64), a sharp change in defor-
mation is observed at N = 88-90. For the erbium and ytter-
bium isotopes (Z = 68,70), there is no such discontinuity,
i.e., the nuclear deformation of the isotopes of these elements
varies gradually. For the dysprosium isotopes (Z = 66),
there is an appreciable discontinuity, but its size is much
smaller than that for the europium isotopes.

The nature of the transition region was not investigated
for odd-Z nuclei. In the present paper, we report a study of
odd-Z nuclei in this region, originally begun with a study of
the europium isotopes.*> Preliminary data on the thulium
isotopes were published in preprints.®'°.
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The experiments were performed on the laser-nuclear
complex at the Leningrad Institute of Nuclear Physics, us-
ing resonance layer photoionization of atoms, described in
detail in Ref. 11. The detection sensitivity and spectral reso-
lution were substantially improved as compared with the
apparatus described in Ref. 12. The vacuum chamber con-
taining the atomic beam source was mounted directly at exit
from a mass separator, so that short-lived isotopes with half-
lives up to a few tens of seconds could be investigated.* In
addition, use was made of an optical system allowing multi-
ple crossing of the atomic beam by the laser beam. This re-
sulted in an increase in the isotope detection sensitivity by
more than an order of magnitude. A continuously-operating
tunable single-frequency ring dye laser was used for the first
excitation stage. This substantially increased the spectral re-
solution and enabled us to investigate the hyperfine struc-
ture of atomic lines and to obtain data on nuclear spins and
moments.

The hyperfine structure and isotopic shifts were mea-
sured for two transitions, which made the final nuclear pa-
rameters more reliable.

2. PHOTOIONIZATION OF Tm

The method of stepwise laser photoionization of atoms
was applied to the study of radioactive isotopes in Ref. 12, in
which the radioisotopes of Eu were investigated. The opti-
mum photoionization scheme chosen for thulium was based
on the same considerations as those used for europium.

The first excitation stage consisted of transitions from
the ground state 4f'%6s*> 2F9, to the two states
4'?(°H,)5d;,,65%(6,5/2),,, and 4f(*F9,,)6s6p(*P}).
The wavelengths corresponding to these transitions,
A, =1589.56 and A, = 597.13 nm, lie in the region of contin-
uous generation of the rhodamine 6G dye laser.

The energy level scheme of thulium is relatively simple
and many of its states have now been identified (Fig. 1).!34
However, there are no published data that can be used to
select the most efficient transitions for the second and third
excitation stages. Autoionizing transitions from excited
states have not been investigated, with the exception of Ref.
15. The oscillator strengths for transitions from the ground
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FIG. 1. Electron configurations and the transitions in the Tm atom that
were employed (4, = 589.565 nm, 4, = 571.242 nm, A; = 575.5 nm).

and low-lying states have been measured in Refs. 16-18. No
such data are available for transitions that could be used for
the second and third excitation stages. We have therefore
carried out an extensive study of wavelengths and cross sec-
tions corresponding to transitions from excited states to au-
toionizing states and have measured the cross sections for
transitions between excited states.

The measurements were performed with the laser
spectrometer described in Ref. 12. The relative efficiency of
different three-stage photoionization schemes was deter-
mined for laser pulse energies below the saturation energy,
using the formula

Sern=KIvv;vs/gA0,0,E,E,E;, (1)

where K is a constant, I is the amplitude of the photoion
signal in relative units, v; are the transition probabilities, g,
is the statistical weight of the ground state, 4, is the prob-
ability of transition from the ground to the first excited
state,'®!® E, are the energies of the laser pulses, and o, is the
cross section for the second transition. The cross section o,
was determined from the excitation saturation curve, using
the method described in Ref. 20. We examined about one
hundred transitions to autoionizing states from different in-
termediate states. We selected only those transitions that
resulted in the most efficient ionization of the thulium atoms
by the radiation produced by dye lasers pumped by copper-
vapor lasers. Table I lists the most effective transition se-

quences. Schemes Nos. 1 and 2 were used to investigate the
radioactive isotopes.

3.APPARATUS

The radioisotopes were produced in a 14-g tantalum
target, using spallation reactions initiated by 1-GeV protons
accelerated in a synchrocyclotron. The separation of the iso-
topes according to their mass was performed by the mass
separator of the IRIS complex. The 30-keV ions at exit from
the mass separator were intercepted by a tantalum cylinder
and were imbedded in the bottom of the cylinder (Fig. 2).
The cyclinder was used to convert ions to atoms. When the
cylinder was heated to 1500 °C, the isotopes diffused out of
the tantalum into the vacuum, and left the cylinder in the
form of a collimated atomic beam propagating against the
isotope beam from the mass separator. The length and diam-
eter of the cylinder were 45 mm and 5 mm, respectively.

The atomic beam was crossed with the laser radiation at
a distance of 54 mm from the edge of the cylinder. The laser
beam was perpendicular to the atomic-beam axis in order to
reduce Doppler broadening. Photoions produced as a result
of the three-step photoionization of the isotopes were ex-
tracted by a constant electric field of 100 V/cm at right-
angles to both the atomic and laser beams, and were detected
by a secondary-electron channel multiplier. A set of metal
diaphragms with alternately accelerating and retarding po-
tential differences was placed between the cylinder and the
interaction region, and was used to remove electrons and
thermal ions and thus reduce the number of background ions
reaching the photoionization region from the hot cylinder.

The photoionizing laser beam was formed from three
beams with different frequencies tuned to resonance with the
three successive transitions taking the atom to the autoioniz-
ing state. The photoion yield was increased by allowing the
laser beam to cross the atomic beam several times, using two
parallel mirrors. The effective number of transits of the laser
beam through the atomic beam was 10-12. The width and
height of the laser beam at entry to the multiple-transit opti-
cal system were 1 mm and 5 mm, respectively. This beam
geometry was achieved by focusing the laser beam with a
cylindrical lens (focal length 2 m). The beam diameter on
the lens was 5 mm.

A Spectra Physics 380 continuously-operating single-
frequency dye laser, pumped by the M2020 argon laser, was
used to produce the first excitation stage in Tm. These are
strong transitions, readily saturated by the continuous dye
laser. Nevertheless, the radiation from the continuous dye
laser was amplified by a pulsed dye laser pumped by pulses
from a copper-vapor laser. This converted the continuous
radiation into pulsed radiation, in which the pulse length
and repetition frequency were determined by the corre-

TABLE I. The sequence of three quantum transitions resulting in the resonance ionization of the

Tm atom from the ground state to the autoionizing state with energy E, .

No. A nm A2, nm 0, 10-12, cm? A, M S, Eg.cm™!
1 589.565 571.242 11 575.5 1600 51 829
2 597.128 600.299 <0.6 552.4 >370 51 495
3 589.565 567.026 <0.6 584.4 >40 51 686
4 597.128 600.299 <0.6 551.8 >34 51 495
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FIG. 2. Laser photoionization spectroscopy of radioisotopes: 1—copper-
vapor laser; 2—copper-vapor amplifiers; 3—pulsed dye lasers; 4—single-
frequency continuously operating dye laser; 5—pulsed dye laser; 6—sec-
ondary electron channel multipliers.

sponding parameters of the copper laser (7, ~16-18 ns,
f=10000s""). The amplification factor could be taken up
to 10* or more. The power per amplified pulse was a few kW.
The spectral width of the amplified radiation was largely
determined by the pulse length, and was 20-30 MHz.

A pulsed laser is more convenient for the first excitation
stage than a continuous laser for the following reasons. It is
well-known that the instantaneous width of the spectrum
generated by a single-mode dye laser is <1 MHz. This
means that, when this radiation interacts with the atomic
beam, only a small fraction of atoms, equal to the ratio of the
laser width to the Doppler width (in our case, 150 MHz),
will be excited. On the other hand, when pulsed amplifica-
tion is used, the spectral width is much greater and so the
number of excited atoms is also greater.

The power per laser pulse is high enough to saturate the
absorption throughout the Doppler-broadened line, which
alsoincreases the number of excited atoms. Thus, practically
all the atoms undergoing the chosen transition in the atomic
beam are excited. However, the spectral resolution is still
determined by the Doppler width of the exciting line. In the
absence of saturation, the intensities of the weak and strong
hyperfine-structure components of the spin-1 Tm isotopes
are approximately in the ratio of 1 to 20. This means that,
when low-intensity beams of radioactive isotopes are em-
ployed, the weak components are practically undetectable.
When saturation sets in, the intensity of the weak compo-
nents becomes greater because it is then almost entirely de-
termined by the population of the initial state and not by the
excitation probability. In our experiments, the intensity ra-
tio of the above components was 1:4, which significantly fa-
cilitated the interpretation of the spectra and the identifica-
tion of the hyperfine-structure components.

Finally, pulsed radiation enables us to eliminate the
phenomenon of optical pumping, which occurs when atoms
with fine and hyperfine line structure are pumped by contin-
uous radiation. The excitation of atoms by continuous radi-
ation in the interval between ionizing laser pulses reduces
the number of atoms in the initial state and, corresponding-
ly, the number of atoms undergoing resonance ionization.

The transversely-pumped dye amplifier was assembled
as follows. The amplifying cell through with the dye solution
was passed (the cell design is the same as in the LZhI-504
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laser®') was located at a distance of 6 m from the continu-
ously-operating dye laser. The laser beam to be amplified
was focused in the cell by a lens with a focal length of 1 m is
such a way that the beam neck lay at the center of the cell.
The copper-vapor laser beam was focused in the cell by a
cylindrical lens with a focal length of 12 cm. The parameters
of the amplifier were as follows. For a mean pump power of 2
W, the mean power of the amplified radiation and the con-
tinuous radiation between the pulses was 0.1 W. The super-
radiant power and the power carried by the continuous radi-
ation between the pulses was 10-20 mW. The
continuous-radiation output power sufficient to saturate the
amplification was 10-50 mW. The spectral contrast, i.e., the
ratio of amplified radiation power to the superradiant power
in a spectral band equal to the bandwidth of the amplified
radiation was at least 10°. The temporal contrast, i.e., the
ratio of the mean power carried by the pulsed radiation to
the continuous radiation power transmitted by the cell was
greater than 10%.

For the second and third excitation stages, we used the
LZhI-504 dye lasers,?! producing a spectral width of 25-30
GHz, which was definitely greater than the hyperfine width
and the isotopic shift of the corresponding atomic transi-
tions. All these lasers and the amplifier were pumped by
three copper-vapor lasers, whose GL-202 active elements
were supplied by three thyratron oscillators, gated simulta-
neously by a single electrical pulse through adjustable delay
lines. One of the copper lasers was the master oscillator (Fig.
2). Its resonator consisted of a plane-parallel glass plate and
a dielectric mirror with 50% reflectance. Radiation reflect-
ed by this mirror was directed into two copper-vapor ampli-
fiers. The oscillators feeding these amplifiers were similar in
design to those described in Ref. 22. The copper-vapor laser
power on the side of the glass plate was 2 W and the power at
exit of each amplifier was 6-8 W. The mean power produced
by the pulsed dye lasers reached 0.8 W.

4.EXPERIMENTAL METHOD

The efficiency of detection by resonance photoioniza-
tion, i.e., the ratio of the number of recorded photoions to the
current of mass-separated ions when the radiation from all
three dye lasers is tuned to resonance is largely determined
by three factors. First, not all the atoms leaving the crucible
reach the region of interaction with the laser radiation. The
distance between the crucible and the laser beam is 54 mm.
The size of the interaction region is 5 X 12 mm. When atoms
escape from the crucible by effusion, the fraction of atoms
reaching the interaction region should be determined by the
geometric factor 77,,, = 0.001. However, the long, hot cylin-
der collimates the beam of atoms leaving it, so that the frac-
tion of atoms reaching the interaction region is actually
7geo = 0.03. The collimating properties of the cylinder were
investigated by evaporating calibrated radioactive speci-
mens onto a foil. 2> Second, some of the atoms cross the inter-
action region in the intervals between pulses. The fraction of
illuminated atoms is determined by the transit factor
N = mbf /v, where m is the number of times where the laser
beam crosses the atomic beam, b is the thickness of the laser
beam along the atomic beam, v is the thermal velocity of the
atoms, and fis the repetition frequency of the laser pulses. In
our experiment, 7,, = 0.2. Finally, the photoion yield due to
the three-stage photoionization in a single exposure to the
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three pulses (4,,4,,4;) was 7, = 0.05. This photoioniza-
tion efficiency is determined, in the first instance, by the
small cross section for the third transition to the autoioniz-
ing state (0, =10~ '® cm?), which needs a dye laser pro-
ducing 2-3 W for saturation, and this we did not have at our
disposal. Thus, the total efficiency of detection of the Tm
atoms implanted in the tantalum cylinder was
7 = Ngeo X M X Npn = 0.0003.

The sensitivity of the system was determined both by
the atom-detection efficiency and the background. Our ap-
paratus suffers from a number of sources of background.
First, there is the thermal-ion background due to surface
ionization of different impurity elements in the atomic beam
source. This background was suppressed by an electric
screen placed in front of the photoionization region. At the
temperature of the tantalum crucible (1500 °C), the ther-
mal-ion background was less than 0.1 s~'. Second, there is
the radioactive background due to the decay of radioisotopes
accumulated in the various components present in the vacu-
um chamber. The magnitude of this depends on the time at
which the measurements are performed and on the radioac-
tive properties of the isobars of the isotope under investiga-
tion. At worst, this background is less than 10 s~'. Third,
there is the background due to the ionization of the residual
gas in the vacuum chamber by the high-energy ion beam
from the mass separator. This background was suppressed
for 10 us before the appearance of the laser beam by cutting
off the beam from the mass separator for 20 us. This time was
sufficient for the ion cloud in the photoionization region
between the extracting electrodes to spread out to a concen-
tration at which the background was about 3 s~ ' for a mass-
separator beam current of about 10’ s~ '. Under these condi-
tions, the minimum isotope flux sufficient for measurements
to be carried out was about 10* s~ for a measurement time
of about 2 h. This sensitivity was achieved for 1*®Eu (Ref. 5)
and '"?Tm.

The lifetimes of most of the isotopes examined were
longer than the laser frequency scan time (1 min). We there-
fore employed the following device. The isotopes under in-
vestigation were accumulated in a cold crucible. The cruci-
ble was then rapidly, heated, and the accumulated isotopes
were evaporated in a few laser frequency scan cycles. The
beam of mass-separated ions was cut off during this process.
This procedure produced an improved signal-to-back-
ground ratio because the evaporation time could be made
much shorter than the accumulation time. Moreover, in
many cases, this method increased the quantity of the iso-
topes under investigation due to the decay of parent nuclei in
the cold crucible. In the present case, these were the nuclei of
ytterbium, for which the isotope flux corresponding to mass
numbers 4 = 160-167 was much greater than the thulium
flux with the same mass numbers. Moreover, in some cases,
the accumulation and storage of the isotopes in the cold cru-
cible enabled us to dispose of short-lived nuclear isomers,
which was very important in the interpretation of the spectra
because the hyperfine splitting of most of the thulium iso-
topes was small.

The isotopic shift of the atomic lines of the radioactive
isotopes was measured against the stable reference isotope
1$9T'm during the frequency scan of the laser used for the first
excitation stage. A fraction of the radiation from the dye
lasers was removed to a vacuum chamber isolated from the
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mass separator, and a macroamount of the stable isotope was
introduced into the atomic-beam source located in this
chamber. To calibrate the frequency scale, we used a spheri-
cal interferometer with a baseline of 20 cm. Three spectra
were thus produced when the continuous dye laser was fre-
quency-scanned: The photoionization spectrum of the iso-
tope under investigation, the photoionization spectrum of
the stable isotope, and the transmission spectrum of the in-
terferometer, consisting of equidistant lines used as frequen-
cy markers (Fig. 3). The separation between these markers
was determined against the known position of hyperfine
structure components of the stable isotope and was 371 MHz
on average. The width of the frequency markers, determined
by a convolution of the laser line profile and the instrumental
line profile of the interferometer, was 50 MHz. The frequen-
cy of the dye laser used for the first excitation step was varied
in the range 15-25 GHz in 1 min. The resolution of the spec-
tral lines was determined by the residual Doppler broaden-
ing and by the degree of saturation of the first transition. It
was found to be 150-300 MHz.

In most cases, the resolution was sufficient to enable us
to measure the isotopic shift and the hyperfine splitting. The
precision of our measurements was lower than that in experi-
ments using collinear laser excitation of the fluorescence
from fast atoms.?* However, the precision of the nuclear pa-
rameters (especially the mean square radius and the quadru-
pole moment) deduced from the experimental data is usual-
ly limited not by experimental uncertainties, but by
uncertainties in atomic calculations or in calibration data
used to determine the required parameters.?

5.RESULTS OF MEASUREMENTS AND THEIR ANALYSIS

The spectra obtained in the above way were analyzed as
follows. We first determined the center of gravity of all the
lines observed in the hyperfine structure spectra of a given
isotope. The least-squares method was applied to these data
to calculate the hyperfine structure constants that deter-
mined the position of the hyperfine structure components.
The position of the hyperfine structure component vy, —vp,
corresponding to the transition from the level with total an-

lﬁSTm
lﬁng
~—1—L— 371 MHz 90 MHz
L 1 ] i 1 L I ! )
0 7 y G v, GHz

FIG. 3. Excitation spectra of the stable '**Tm isotope and the radioactive
1$5Tm isotope. The transmission bands of the spherical interferometer are
shown under the spectra (4f'26s**F$,,—4f"*(®H,)5s5,,65*(6,5/2)1,3;
A =589.565 nm).
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TABLE II. Hyperfine structure constants and isotopic shifts of the initial state of Tm, calculated from the spectra recorded for the lines 4 " = 597.13

[4136522F9,,-4f 6s6p(7/2,0),,,] and A @ = 589.56 nm [4"65> 2F2,,—4f'25d 652(6,5/2)5,,].

AMM=597.13 nm A()=589.56 nm
A 1
a, MHz by, MHz Av, MHz a, MHz b, MHz Av, MH:
157 12 760(20) 0 11 131(80) 778(30) 0 —13 220 (6
158 2 17(8) —1009 (200) 10 205(80) 14(12) —950(250) —12 080 (1
159 5/2 1103(7) —2610(100) 8 650(35) 1105(10) —2652(90) —10 145 (6
160 1 123 (10) —813(60) 7 538 (40) 138(20) —760(80) —8 790 (4
161 7/2 554(3) —3960 (100) 6 428 (30) 557(5) —3968(90) -7 421 (3
162 | 54(6) —940(50) 5 460 (50) 56(7) —934(40) —6280 (40
163 1/2 { —131(3) 0 4101 (20) —130(5) 0 -
—133,4(1,5) * - - - — —3 993 (4
164 1 1919 (15) —972(70) 3 520(60) 1920(15) —955((70) —2805(3
165 1/2 [ 220 0 2534(20) —225(5) 0 —4 570(4
—224,4(3,0) * - - - — -
166 2 { 36,6 (3,0) —2894(70) 2128(30) - — —-2380(1
37 1(5) * - - - - -
167 1/2 - - —-316(5) 0 —1420(3
{ -318,5 8) b - = - — —
168 3 61(3) —44006 (100) 855 (40) 60(30) —4400 (400) —1 050 (1
169 1/2 37414 * 0 0 37414 * 0 = 0
170 1 { 195(13) —1012(71) —487(50) _ _
200(3) * —-1010(15) * - — — —
171 1/2 —361(12) 0 —1335(60) - — 13601
{ —372(6) * - - - - —
172 2 — - - - - 1650(3

Data from Ref. 26




gular momentum F, to the level with the total angular mo-
mentum F, is given by the well-known formula

'VF,—»F,=’V0+WF,‘— VVF,,

Ci 8/‘0‘ (C(+1)'—I(I+1)J| (J|+1)
= i’_‘+ bi ’ 2
We =y 21(21—1)7,(21:—1) (2)
where
ei=FFA1)—T.(J+1) =1 (I+1), F=I+J, i=1,2,

J; is the total angular momentum of the electron shell of the
atomin the ground (i = 1) and excited (i = 2) states, I is the
nuclear spin, a; and b, are the magnetic and quadrupole
hyperfine splitting constants, and v, is the frequency of the
unsplit transition. The measured nuclear spins of all the iso-
topes under investigation are reported in Refs. 26 and 27.

When the quantities v, a,, a,, b;, b, defining the posi-
tion of the lines were determined, the ratio a,/a, for the
589.56-nm line was fixed in accordance with the known
magnetic splitting constants of the stable isotope '**Tm
(Ref. 26 and 28). Since, in this transition, the configurations
have no unpaired s,,, and p,,, electrons, the hyperfine
structure anomaly is small, i.e., a,/a, is constant for all the
isotopes. For example, in dysprosium, the hyperfine struc-
ture anomaly for a transition of this type is less than 0.017%
of a,/a, (Ref. 29).

The constants b, and b, were determined separately
from the spectra of isotopes with well-resolved hyperfine
structure. For the 589.56-nm transition, the ratio of these
constants, found by analyzing the spectra of the isotopes
159.161Tm is b,/b, = 0.51(2). For the 597.13-nm transition,
this ratio was determined from the spectra of the isotopes
161,159.162.166Tm and was found to be b,/b, = 0.79(4). The
value of a, for 'Tm (Ref. 26) was used to calibrate the
frequency scale.

Table II lists the values of a,, b,, and Av for the 597.13
and 589.56 nm lines of the isotopes '*"~'7*Tm. Our data are
in good agreement with the values of @, and b, measured in
Ref. 26 for some of the isotopes. For '"*Tm, the intensity of
the weak hyperfine-structure components was so low that
we were able to determine only the isotopic shift.

6. CHARGE RADII AND MOMENTS

The isotopic shift Av*4 of an optical line accompany-
ing the transition from an isotope with mass number 4 to an
isotope with mass number 4’ is related to the change
A{”)* in the mean square charge radius by the formula®’

. , . A=A
AvAA =Avpt 4 + Avy 44 =FA(r?) 44 +M——A—A,—, (3)
where Av, and Av,, are, respectively, the field and mass
shifts and F, M are constants depending on the structure of
the wave functions.

These constants can be determined relatively readily for
s—p transitions, using standard semiempirical formulas.>®
The 597.13-nm transition belongs to this type. The electron
factor Fis given by

F=E.{(Z) (4)
where E ¢, = (wa3/Z) |¢)s, (0)|* was calculated by two gen-
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erally adopted semiempirical methods, using the Goudsmit-
Fermi-Segre formulas method (GFS method) and the data
on the magnetic hyperfine structure constant of the valence
s-electron (HFS method). In the GFS method we used the
data from Ref. 30 and in the HFS method the data from Ref.
31. The average value was E ;, = 0.421. The screening factor
¥ was calculated by the Hartree-Fock method. According to
Ref. 32, y = — 0.73. The factor f{Z) was usually deter-
mined from the tables compiled by Babushkin.>* However,
the values for thulium are not present in these tables and we
therefore used an interpolation because the dependence of f
on Z was quite smooth. In accordance with Ref. 34, we in-
cluded the factor (n/N)?, where n is the principal quantum
number in the nonrelativistic approximation and A is the
relativistic “principal quantum number.” Taking this factor
into account, we found that f(69) = 33.5 GHz/fm% The
electron factor F for this transitionis F = — 10.3 GHz/fm?.
The uncertainty in Fis about 5%. The specific mass shift was
assumed equal to zero.

The other transition used for the first stage of excitation
is an f~d-transition (589.56 nm) for which the values of F
and M were calculated with lower precision than those for
the s—p-transition. Data obtained for the 589.56-nm transi-
tion were used to monitor the validity of the measured isoto-
pic shifts on the King graph. It follows from (3) that the
reduced isotopic shifts

A,m(A-169) ( 169—167 )

—Av: (5)
8=Avi™ \150—a) \ 169-167

for the two optical lines are linearly related. The constants in
this linear expression were determined by the least-squares
method: &,=af, +B, where o= — 1.404(27),
S = 381(42) MHz. Itis clear from Fig. 4 that the agreement
between the isotopic shifts obtained for the two lines is good.

Table III lists the changes in the mean square radius,
calculated from the known constants F and M. The uncer-
tainties indicated in the table are experimental. The experi-
mental values of §; and the corresponding calculated values
(straight line) are shown in Fig. 4. It is important to note
that there is good agreement between the experimental and
calculated values, which suggests that the approach used to
calculate the atomic parameters for the f~d- transition was
correct.

t,, GHz
1.2 14 15 1.8
1 1 T S S
1yl N 165
B &\753
i 164 +‘+ 166
I
50\
~ 167
18 N, 161
. 160
i N\, 159
2,0 \
157
= 166 —+\
2.2 |

FIG. 4. King graph for the Tm lines. 597.13-nm line: £,, GHz = Av{"'®°
(A:169/169-4) (169-167/169-167). 589.56-nm lines: £,, GHz = Av;"'®®
(A4-169/169-4) (169-167/169-167).
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TABLE III. Change in the mean square charge radii of nuclei, magnetic moments, and electric
quadrupole moments (spectroscopic and internal calculated from them) for the isotopes

|57-—l72’rm'

A A (r3y4, 169, fm? M, n.m Qg barn Qo barn
157 —1.093(8) 0.475(15) 0 -

158 -1.002(8) 0.042(20) 0.74(15) 2.6(5)

159 —0.850(4) 3.41(3) 1.93(7) 5,4(2)

160 —0.741(4) 0.156 (18) 0.58(4) 5.8(4)

161 —0.632(3) 2.39(2) 2.90(7) 6.2(2)

162 —0.537(5) 0.068(8) 0,69 (3) 6.9(3)

163 —0.404(2) 0.082(1) 0 -

164 —0.347 (6) 2.37(2) 0.71(5) 7.1(5)

165 —0.250(2) 0,139(2) 0 -

166 —0.209(3) 0.092(1) 2.14(3) 75(1)

167 —0.126 (4) 0.197 (2) 0 -

168 —0.084(4) 0.226 (11) 3.23(7) 7.75(18)

169 0 0.231(2) 0 7.46 (16) [38]
170 0.048 (5) 0.247 (4) 0.74(2) 7.4(2)

171 0.131(6) 0.230(4) 0 -

172 0.154(30) <0.8 - -

The most important result that follows from Fig. 4 is
that the measured values of the isotopic shifts are correct.

The constants a and b are proportional to the magnetic
dipole and spectroscopic quadrupole moments of the nu-
cleus (uand Q; ):

a=—pH(0)/1], b=—e*Qu{V2z(0)>(1—R), (6)

where H(0) and ¥V, (0) are, respectively, the magnetic
field and electric-field gradient produced by the electron
shell at the nucleus, and R is the Sternheimer correction.

The magnetic moment of '**Tm was measured indepen-
dently by the atomic-beam method.?® The nuclear magnetic
moments of the other isotopes of thulium can therefore be
calculated from the formula

Ha= (aAIA/ausIus)Hus- @)

In this calculation, we neglect the hyperfine structure anom-
aly, which is usually less than 0.3%. An analogous relation is
valid for the quadrupole moments:

(QA)A=(bA/bAo)(Qu)A01 (8)

where b, and (Q, ), are the value of the constant b and of
the quadrupole moment of the isotope under investigation,
and b,, and (Q,),, are the corresponding values for the
reference isotope. Unfortunately, independent measure-
ments of Q,, using mesic atoms, have not been carried out for
the thulium isotopes. As indicated in Ref. 35, theoretical
estimates of the Sternheimer correction are not accurate. Its
magnitude for the thulium atom was therefore determined
using experimental data for the neighboring rare-earth ele-
ments and then, as in the case of the analysis of isotopic
shifts, the results were adopted for thulium. The validity of
this procedure is thus confirmed by the fact that, according
to the theory of the Sternheimer effect, the correction R, is
approximately constant for electrons in a given shell in dif-
ferent atoms.*® Using the average value of R,  for er-
bium?®** and holmium,?**’ and the quantities b, and
(V22 (0)) for "°Tm reported in Ref. 26, we found that
(Q,) 170 = 0.74(2). The values of ¢ and Q;, calculated from
(7) and (8), are listed in Table III. The internal quadrupole
moments Q, were calculated from the spectroscopic mo-
ments Q,, using the standard strong-binding model:
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0s=0, (I+1) (2I+3) /I (2I—1). 9)

7.DISCUSSION OF RESULTS

Figure 5 shows the mean square radius as a function of
the mass number. As in the case of the even-Z isotopes of Er
and Yb (7), this turns out to be a gradual variation for the
odd-Z element Tm. The discontinuity found for nuclei near
the magic number Z = 64 (Sm, Eu, Dy, and Gd) is absent
from this dependence when N = 90. Figure 6 shows the dif-
ferences between the mean square radii of neighboring even-
even isotopes of Er, Yb, Dy, Eu, and Tm. They are actually
equal to the slope of the mean square charge as a function of
N. For the odd-Z nuclei, this dependence is typically differ-
ent from the dependence for the neighboring elements Yb
and Er. For example, when N = 94, there is an irregularity in
the behavior of the mean square charge as a function of the
neutron number, and a break appears on the curve. This
irregularity is correlated with the irregularity in the behav-
ior of the spins and magnetic moments (Table III). Our
measured magnetic moments indicate that there is an irregu-
larity in the filling of the proton states when NV < 94. We note
that the possible uncertainty in the atomic constant has no
effect on the overall form of the data shown in Figs. 5 and 6.
It is clear from Table III that the internal quadrupole mo-
ment Q, and, consequently, the deformation of the nuclei of

4(r?), fm2
02

IFb————— — -

-0.4

-0.8

1T U T T T T 7T

-1.2 [N U S B A B B B N i A |
! 159 53 167 171 A

FIG. 5. Change in the mean square radius as a function of the atomic
number for the thulium isotopes.
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5r2Yy v, fm2
0.6 "

04+

0.7

FIG. 6. Differential change in the mean square charge radius as a function
of the number of neutrons in the even-even isotopes Dy (), 6Er(O),
0Yb(O) (Ref. 7) and the odd-odd isotopes (;Eu(A) (Ref. 6) and
6o IM(®).

the Tm isotopes decreases quite smoothly with decreasing N,
but the reduction is accelerated somewhat for N < 94.

The change in the mean square charge and the quadru-
pole moments of the Tm isotopes that we have investigated
were calculated by the Hartree-Fock method with the effec-
tive Skyrme interaction and the macrosocpic-microscopic
approach. Good agreement was obtained with the quadru-
pole moment. A considerable descrepancy was noted be-
tween the discription of the mean square radius as a function
of N, obtained for S 3 and SkM '. In contrast to S 3, calcula-
tions with the SkM ' forces provided a satisfactory descrip-
tion of this dependence for N>94, and qualitatively repro-
duced the break found experimentally at N =94. The
discrepancy between theory and experiment for the “softer”
nuclei (N < 94) is probably due to an increased contribution
of zero-point oscillations that are not taken into account in
either the Hartree-Fock or the macroscopic-microscopic
theory. These nuclear parameters were also calculated by
two other methods, namely, the liquid-drop model and the
deformed Hartree-Fock method. the methodology and re-
sults are reported in detail in Refs. 10 and 39.

The nuclei '*’Tm and '*®Tm are of particular interest.
The quadrupole moment @, decreases sharply, between
15°Tm and '**Tm and this should lead to a jump in A{7?).
However, this was not observed. This fact can be explained
by assuming that the nuclei *’Tm and '*®*Tm are oblate or
highly nonaxial. This interpretation of the experimental
data is in agreement with the explanation of the nuclear spin
of "’Tm (equal to }) in terms of its nonaxial nature,” and
with the interpretation of the Tm isotopes in the transition
region as nonaxial.*’
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