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Abstract

We report on the measurement of optical isotope shifts for 327 Ar and for *¢ Ar from which
the changes in mean square nuclear charge radii across the N = 20 neutron shell closure are
deduced. The investigations were carried out by collinear laser spectroscopy in fast beams
of neutral argon atoms. The ultra-sensitive detection combines optical pumping, state-
selective collisional ionization and counting of [-radioactivity. By reaching far into the
sd-shell, the results add new information to the systematics of radii in the calcium region
(Z = 20). Contrary to all major neutron shell closures with N > 28, the N = 20 shell
closure causes no significant slope change in the development of the radii. Information
from the hyperfine structure of the odd-A isotopes includes the magnetic moments of
BAr (I =1/2) and *Ar (I =7/2), and the quadrupole moments of *Ar, 37Ar (I = 3/2)
and *°Ar. The electromagnetic moments are compared to shell-model predictions for the
sd- and fp-shell. Even far from stability a very good agreement between experiment and
theory is found for these quantities. The mean square charge radii are discussed in the
framework of spherical SGII Skyrme-type Hartree-Fock calculations.

Keywords: NUCLEAR STRUCTURE 32-40:46 Ay: measured isotope shifts, hfs; de-
duced hyperfine constants, spins /, magnetic dipole moments p, electric quadrupole mo-
ments @, mean square charge radii (r?); Collinear fast-beam laser spectroscopy, collisional
ionization and (-detection; shell model (sd-, fp-shell).
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1 Introduction

The systematics of the mean square charge radii of nuclei in the calcium region is de-
termined by several proton and neutron shell closures. Measurements on the six stable
calcium isotopes (Z = 20) cover the 1f;/,-shell between the doubly magic nuclei 0Ca
(N = 20) and *®Ca (N = 28). The charge radii of these calcium nuclei have been stud-
ied by muonic X-ray spectroscopy [1, 2|, by electron scattering [3]| as well as by optical
isotope shift measurements [4, 5]. Several theoretical attempts towards a quantitative
interpretation of these data have been made [6, 7, 8, 9, 10]. In the vicinity of this region
the information about radii is rather scarce. Isotope shift measurements on 3¥~47K [11]
just include one nucleus of the sd-shell (Z, N < 20). The corresponding 3*Ca has been
investigated recently [12], and a similar collinear laser spectroscopy experiment on *°Ca
has extended the calcium data into the 2p;/,-subshell beyond N = 28 [13]. With the
present investigation of argon (Z = 18) isotopes with neutron numbers between N = 14
and N = 28 we contribute to a more global systematics of the charge radii in the region
around the N, Z = 20 and the N = 28 shell closures.

Another solid piece of information is obtained from the measurement of hyperfine
structures of the odd-A isotopes. Magnetic moments and electric quadrupole moments
of nuclear ground states (far from stability) can be derived from these. The nuclear
moments, being experimentally and theoretically well defined properties, provide a test for
any quantitative nuclear theory. For nuclei with A = 17— 39, the shell-model calculations
of Brown and Wildenthal [14] using the full sd-shell (2s1/5, 1ds/2, 1d3/2) as the active
model space together with the W (USD) interaction [15] have been remarkably successful
in predicting a large variety of nuclear properties. One of the disagreements of these
theoretical sd-shell calculations with experiment is for the Gamow-Teller 3-decay strength
in the upper part of the sd-shell, in particular as measured in the decay of the neutron-
deficient Ar [16] and Ca [17] isotopes. Theoretically there appears to be too little strength
at medium excitation energy, which is probably related to the centroid of the Gamow-
Teller resonance being predicted several MeV too high compared to experiment [18].
However, the predictions of the W-interaction for the Gamow-Teller decay to low-lying
states [17, 19], as well as for the ground state moments which we will discuss in this paper,
are in good agreement with experiment. The Gamow-Teller matrix element is related to
the isovector part of the magnetic moment by isospin invariance. Thus the determination
of the magnetic moment of 3*Ar is highly desirable for a check of the validity of the
shell-model calculations far from stability.

Optical investigations of radii and moments of nuclei with Z < 20 require partic-
ularly high experimental resolution because of the atomic properties of light elements.
The isotope shift is a superposition of two contributions, namely the field shift and the
mass shift. For light elements, the field shifts from which the changes in mean square
charge radii are derived, appear as a small effect. This is a consequence of the low elec-
tron density probing the charge distribution of the nuclei. Moreover, the isotope shift is
dominated by the mass shift arising from the change in the recoil energy of the nucleus
as a function of the mass. Despite these peculiarities the main experimental challenge of
such optical investigations far from stability is the extreme sensitivity required due to the



low production yield coming along with very unfavourable background conditions.

These experimental requirements are met by the method of collinear fast-beam laser
spectroscopy combined with a selective and ultra-sensitive resonance detection technique.
This technique based on optical pumping, state-selective collisional ionization and obser-
vation of the #-decay of collected ions is described in Section 2.1. The specific effort that
was made to calibrate the large Doppler shifts encountered with beams of light nuclides is
discussed in Section 2.2. The results are presented in Section 3, and the measured nuclear
moments and radii are discussed in Section 4.

2 Experiment

2.1 Ultra-sensitive laser spectroscopy on argon

The hyperfine structure and isotope shift of 3270 Ar and *®Ar in the transition 4s[3/2],—
4p[3/2]y (A = 764 nm) of the atomic spectrum of argon were measured by collinear laser
spectroscopy [20]. The experiments were carried out on-line at the new ISOLDE mass
separator at the CERN PS-Booster synchrotron [21].

The radioactive argon atoms were formed in the CaO target of ISOLDE by spallation
reactions of the type 4Ca(p, 3p Xn)A=2=XAr. These reactions were induced by the
incidence of 1 GeV protons from the PS-Booster. Proton pulses containing typically
2 x 10'3 protons with a pulse length of 2.4 us are impinging on the target approximately
every 2.4 s. Since the target material was of natural isotopic abundance (97 % of 1°Ca),
the production of neutron deficient argon isotopes with A < 38 was strongly favoured.
1 Ar (produced from *Ca) was the heaviest argon isotope accessible. A cooled transfer
line connected the target to a plasma ion source from which the ions were extracted
and accelerated electrostatically to 60 keV. Although the cold transfer line suppresses
the contamination of noble gas beams by less volatile isobars, huge amounts of stable
isobaric gaseous molecules present all over the mass region enter the ionization volume.
These isobaric contaminations are not separated from the isobaric radioactive ion beams
by the GPS (general purpose separator) magnet of ISOLDE which has a resolving power
of m/Am = 2400. For instance, the beam of mass m = 32 a.m.u. contained less than 10°
short-lived 3?Ar ions per second on a background exceeding 10® ions per second.

The experimental setup is shown schematically in Figure 1. The mass-separated ion
beam is superimposed collinearly on a cw laser beam. The ions are then neutralized by
charge exchange in a potassium vapour cell. This charge exchange reaction favours the
population of the 5p>4s states in atomic argon at a binding energy of 4.2 eV because of the
quasi-resonant electron transfer from a potassium atom which has an ionization energy
of 4.3 eV (see Figure 2). Assuming a population distribution according to the statistical
weights, roughly 40 % of the argon atoms should be formed in the metastable 4s[3/2],
state. Atoms in this state can be resonantly excited by the laser light to the 4p[3/2], state
which decays either back to 4s[3/2], or cascades via 4s[3/2]; or 4s[1/2]; to the 3p° 'S,
ground state (see Figure 2).

An electrostatic variation of the beam energy by a computer-controlled electrical
potential applied to the charge exchange cell is used to tune the optical frequency in the
rest frame of the atoms. As the total Doppler shift is about 700 GHz, a few hundred
volts are sufficient to cover all hyperfine structures and isotope shifts (see results), but



isotope shift measurements over up to 8 mass numbers require =7 keV changes of the
beam energy because of the large differences in the Doppler shifts (see section 3.2). The
optical resonance signals can be detected by counting the fluorescence photons from the
decay of the 4p[3/2], state. This traditional method has been applied for argon beams
with intensities exceeding 10° ions/s. A drawback of the optical detection scheme is the
low counting efficiency for fluorescence photons of about 104, arising from the solid angle
of the collection optics and the quantum efficiency of the photomultiplier. Moreover, a
constant background from stray laser light is inherent to this technique.

The much more efficient collisional ionization detection [22] takes advantage of the
state dependence of the cross-sections for electron stripping in atomic collisions. Down-
stream of the optical excitation region the atomic beam passes through a Cl, gas target.
Here the neutral argon atoms are reionized in collisions with the Cly molecules. The
created ions are separated from the remaining atomic beam in an electrostatic deflector
and counted by secondary electron detection. For the argon atoms in the loosely bound
high-lying metastable 4s[3/2], state, the ionization cross-section is about 3 times larger
than for those in the ground state. At resonance in the transition 4s[3/2]s — 4p[3/2]s,
the metastable state is depopulated into the ground state by optical pumping. This leads
to an appreciable drop in the ion count rate.

The pressure of the target gas was optimized during an off-line test on stable 36Ar,
in order to obtain an optimum signal-to-noise ratio for the resonance detection. Off
resonance, the argon atoms were ionized with an efficiency of ¢;,, = 0.09 at a pressure of
1.3 x 107! Pa equivalent to a target density of 3.5 x 10'* molecules per cm?. The relative
signal depth for the resonance in 3¢Ar (I = 0) was S = 0.25. For isotopes with spin I # 0,
this signal strength is distributed over several hyperfine structure components.

Although this technique provides a detection efficiency superior to the fluorescence
photon counting and does not suffer from background due to the stray laser light, its
application is restricted to rather pure beams. It has been pointed out that this condition
is by far not fulfilled in the argon mass region. The purification of the contaminated
beams by the specific neutralization and collisional ionization processes turns out to be
rather poor. Hence an isotope-selective detection of the argon ions is the conditio sine
qua non of the resonance detection for isotopes far from stability.

For short-lived isotopes, this selectivity is achieved by detecting the radioactivity.
The reionized fraction of the beam is guided into a (-ray detection system consisting of
a tape transport and a scintillation counter (see Figure 1). The detector consists of two
plastic scintillator plates (NE102, 1 mm thickness, 30 cm? surface) mounted on a light
guide with a photomultiplier readout. A 14 mm wide tape is placed between these two
plates. The ion beam is implanted into the tape through a hole in the front scintillator.
The (-activity of the implanted nuclei is detected in situ with a solid angle of about 70 %
of 4.

The total efficiency for the detection of short-lived argon ions produced by the
ISOLDE separator is approximately 2-3 %. Apart from the limited efficiency for the
collisional reionization of argon atoms, transmission losses, incomplete neutralization and
the solid angle of the -detection determine this number.

After each measuring interval corresponding to one channel of the spectrum, long-
lived activity is transported out of the detection region by moving the tape via a stepping
motor drive, and the optical excitation frequency is changed by setting an appropriate
retardation voltage for the next channel. The implantation and the 3-counting is triggered



by the impact of the PS-Booster pulse on the ISOLDE target. The duration of the
implantation and 3-counting is adapted to the specific half-life and background conditions
found for a certain isotope. For instance, in case of **Ar (T}, = 98 ms) the implantation
was stopped 300 ms after the proton impact, while the (-decay was observed for 500 ms.
This ensures a reduction of isobaric background activity from N;gNy4 molecules [23] (77,
= 630 ms) to a level of about 35 % (see Figure 3a). An optical resonance on **Ar could
be detected with a signal-to-noise ratio of 7 within a total integration time of 6 min per
channel (see Figure 3b). In this ultimate case the *?Ar yield from the separator was about
300 ions per second which is close to the sensitivity limit of the technique.

The applicability of the radioactivity detection scheme obviously depends on the
half-life of the isotope under investigation. The (-detection technique was applied in
measurements on **~3>Ar (T}, = 0.1 — 1.8 s) and on *®Ar (T, = 7.8 s). For isotopes with
longer half-lives the sensitivity is considerably reduced. In order to avoid the influence of
long-term instabilities or laser frequency drifts during an individual scan of the spectrum,
the scanning has to be fast enough (< 10 s/channel), which involves the incomplete
observation of a slow -decay. Already for half-lives of a few minutes the efficiency of the
radioactivity detection decreases to 107* — 10~3. This is comparable to the conditions
obtained with the standard fluorescence detection scheme. Consequently, the fluorescence
detection was used for measurements on the long-lived or stable isotopes 3" ~%°Ar.

2.2 Data taking and frequency calibration

Before and after the measurement on a radioactive isotope, resonances of two stable
reference isotopes, 3¥Ar and 30Ar or °Ar, were recorded using the fluorescence detection
scheme. The voltage U corresponding to the resonance of 3®Ar serves as a reference for
the determination of frequency differences (Av) arising from the hyperfine structure or
the isotope shift in the rest frame of the atoms. The resonance of the second reference
isotope as well as changes in the 3¥Ar resonance position provide an on-line test for the
stability of the laser frequency and the high voltage. At constant laser frequency 14 the
frequency difference Av is determined from the change in beam energy (~ AU) required
to tune the Doppler shifted laser frequency to the resonance of an isotope of mass m+ Am
with respect to the reference voltage at mass m = 38 a.m.u. To first order it is given by

Am  AUYN | eU
AVNVO(m_U> 2mc? (1)

Thus the accuracy of the frequency calibration is limited by the accuracy of the high-
voltage dividers employed for the measurement of the acceleration and the post-accelera-
tion voltages. An accuracy of 10~ is specified for both these dividers (Ross Engineering
Corp. VD75-10-BDL-PB-M/F and Julie Research kV-10R). However, the correct extrac-
tion potential from the plasma ion source is not accessible to a direct measurement. From
indirect information about the shifts produced by changing the ion source parameters one
can conclude that it is close to the anode potential of the source. This problem would
be solved by measuring accurately the large Doppler shift (Avpeppier & 1o Bm = 700
GHz) of the resonance absorption frequency of stable 9°Ar in the fast beam. As such a
measurement would involve a complicated absolute wavelength calibration, we chose an
alternative which is based on the compensation of the differences in the Doppler shifts




and in the resonance frequencies for the stable rubidium isotopes 3*%"Rb. This calibra-
tion measurement is performed by collinear laser spectroscopy in the atomic transition
5s 281/2 — 5p 2P3/2 [24]. If the atomic resonances occur at about the same beam energy
(AU = 0), it follows from eq. (1) that the difference between the Doppler shifts of the
two isotopes (first term of the right-hand side), and thus the acceleration voltage U, is ex-
clusively determined by the atomic masses and the frequency difference in the rest frame
(Av). In the case of ®8"Rb the well known hyperfine structure and isotope shift [25, 26]
compensates the Doppler shift difference within a beam energy interval of less than 60
eV for a particular group of three hyperfine structure components of each isotope (see
Figure 4). The relative position of these six resonances provides an independent measure-
ment of the total acceleration voltage. The calibration of the post-acceleration voltage
is verified by the additional information from the positions of the remaining hyperfine
structure components. This procedure proofs that the systematic errors of the voltage
measurements are of the order of, but never larger than the specified accuracy of 10~*
which therefore will be used for the evaluation of the isotope shifts.

3 Results

3.1 Hyperfine structure and electromagnetic moments

For the odd-A argon isotopes the magnetic dipole and the electric quadrupole hyperfine
interaction constants A and B were determined from the observed hyperfine splittings
of both states, 4s[3/2]y and 4p[3/2]s, using a least square fitting procedure. They are
compiled in Table 1 and Table 2. Earlier hyperfine structure data for 37Ar and 3°Ar
obtained from Doppler limited optical spectroscopy [27, 28] are much less accurate than
the present results.

Values of the magnetic moments were deduced from the A-factors of the 4s[3/2],

state with reference to the NMR measurement on 3"Ar performed by Pitt et al. [29)],
according to the relation .
%7 — (- = o (2)
The magnetic moment of 3" Ar was preferred as a reference to the more precisely known
moment of *Ar [30], since the A-factor of the former isotope was determined more ac-
curately in the present experiment. A calculation of the hyperfine anomaly A*37 based
on the theoretical decomposition of the magnetic moments into spin, orbit and polariza-
tion contribution compiled in Table 4 (see Section 4.1.1) predicts negligible corrections
of A%3" ~ 1 x 107* for all cases [31, 32]. The moments derived from relation (2) and
corrected for diamagnetic shielding [33] are included in Table 1.

The spectroscopic quadrupole moments ()s were calculated from the B-factors of
the 4s[3/2]y level following the procedure outlined in [34] for the corresponding level in
krypton. The electric field gradient is derived from the magnetic hyperfine structure
constant a,3;» = 419 MHz of the p3/; hole according to a Breit-Wills analysis performed
for the 4p°5s configuration [24]. This yields the calibration factor

B(4s[3/2],)/Q, = —1.01 MHz/mb (3)

with an uncertainty of approximately 10 % including the estimated error of a,3/» and an
additional uncertainty covering the possible range of a Sternheimer correction. Since no




Table 1: A-factors and magnetic moments of odd-A argon isotopes. The magnetic mo-
ments are obtained with reference to the value for 3" Ar and corrected for diamagnetism
[33]. Hyperfine anomaly corrections are negligible compared to the errors of the magnetic
moments given by the statistical errors of the A-factors and the error of the reference
moment.

I | A(4s[3/2]2) | A(4p[3/2],) Iz pt

[MHz] [MHz] [N ] [N ]

BAr [ 1/2 ] -912.3(4.0)" - -0.723(6) -
BAr|3/2| 266.0(1.8) | 149.6(1.5) | 0.633(7) | 0.633(2) ¥
STAr | 3/2 | 482.1(0.3) | 271.6(0.4) | reference | 1.145(5) "
OAr | 7/2 | -286.1(1.4)" - -1.588(15) | -1.6(3) ©

*) Analysis using A(4p[3/2])/A(4s]3/2];) = 0.5634(9) from 37Ar.
) ref. [30]; ) ref. [29]; @ ref. [28].

value for the Sternheimer shielding factor has been published for argon, the correction
is neglected following the arguments of the corresponding analyses for krypton [34] and
xenon [35]. It should be pointed out that the ratios of quadrupole moments obtained
from relation (3) are free from these systematic uncertainties. The final results for the
spectroscopic quadrupole moments are included in Table 2.

Table 2: B-factors and electric quadrupole moments of odd- A argon isotopes with I > 1/2.
The additional error of 10 % applied to the quadrupole moments (in square brackets)
accounts for the uncertainties in the evaluation of the electric field gradient and should
include the missing Sternheimer shielding correction.

I | B(4s[3/2]) | B(4p[3/2]>) Qs
[MHz] [MHz] mb]
TAr | 3/2 | 848(7.2) | 45.2(5.2) -84(7) [8]
STAr [ 3/2 | -77.0(1.6) | -41.1(1.6) | 76.2(1.6) [7.6]
¥Ar | 7/2 | 118(20) - -117(20) [12]

*) Analysis using B(4p[3/2]»)/B(4s[3/2]5) = 0.535(24) from 37 Ar.

3.2 Isotope shifts and nuclear mean square charge radii

Isotope shifts in the transition 4s[3/2]; —4p[3/2], were measured for 3*7*°Ar and *SAr.
They are compiled in Table 3, where the errors in parentheses are purely statistical and
the ones in square brackets are systematic errors, arising here from the voltage calibration.
This error notation will be followed throughout the paper. The statistical errors arise from
the determination of the resonance position (even-A isotopes) or the position of the center
of gravity (odd-A isotopes) with respect to the reference position. They are mainly due
to counting statistics and contain a small digitizing error of the post-acceleration voltage
readout.

For light elements the isotope shift is small compared to the difference in the Doppler
shifts, and thus the voltage difference between the resonances of two isotopes at constant



laser frequency essentially compensates the Doppler shift difference. This means that
AU/U ~ Am/m (4)

holds in good approximation. The isotope shift appears as a small effect on top of this
large difference, and it has to be calculated from the voltages and masses using the
relativistically correct formulas for the Doppler shift. It turns out that the relative errors
of the high-voltage measurements enter here with the factor AU/U multiplied with the
absolute Doppler shift. This means the large Doppler shift difference determines the error
of the much smaller isotope shift. We shall see below that this systematic error can be
eliminated in the procedure of evaluating the differences of mean square nuclear charge
radii.

Starting from eq. (1) the systematic error of the isotope shift (e (6v3%4)) can be
expressed by two parameters, ky and kap, accounting for the uncertainties of the accel-
eration and the post-acceleration voltage calibrations:

€ (6U°%Y) = (ky + kaw) Ma = Tas

(5)
Here, for the sake of convenience, the mass term Am/m has been written in the form
appearing in the expression for the mass shift (see eq. (7)). Assuming a calibration
uncertainty of 1 x 10~ for the acceleration and the post-acceleration voltages the values
of the constants ky and kA were determined to be

mamsg

|ky| = 1324(2) MHza.m.u.;  |kay| = 1319(1) MHza.m.u. . (6)

Both parameters were obtained by calculating the isotope shifts from the experimental
data and varying the measured voltages independently within their error limits. Within
the standard deviations (given in parentheses) ky and kap are constant over the whole
chain of isotopes. The systematic errors of the isotope shifts in Table 3 are based on these
values.

The isotope shift (6234 = v4 — /%) can be decomposed into the field shift 61/;’8’A
and two terms accounting for the finite mass of the nucleus, the normal and the specific
mass shift 62354 and 6v3%4:

mg — M3ag

58N = 633 4 638 4 5BA = 59 4 (M, + Mj). (7)

M AT3s

The normal mass shift constant is given by M, = vm, with the transition frequency v
and the electron mass m,. The specific mass shift constant M, accounts for correlations
of the electron motion. It is notoriously difficult to calculate, and in case of argon there
is no prediction for M; available. Therefore the separation according to eq. (7) has been
based on independent information about the field shifts 5V?8’36 and 5V?8’40 which is given
by nuclear radii extracted from muonic X-ray spectroscopy data [2] for the stable isotopes.

Taking advantage of the similar mass dependencies of both the mass effect and the
systematic (voltage) error of the isotope shift, the voltage calibration uncertainty can be
eliminated in the evaluation of the field effect of the radioactive isotopes. By adding a
correction of the form of eq. (5) to eq. (7) accounting for the possible miscalibration of
the voltage, one obtains the experimentally determined isotope shift

A 38,A , 1A — M3g
Svgmt = ovp " + Erv— (M, + M, + ky + kav) . (8)



Here k, and kapy are unknown constants whose maximum absolute values should be of
the order of ki and kap as assigned in eq. (6). They disappear if the voltage calibration
assumed for the evaluation of isotope shifts is exactly correct. Multiplying eq. (8) with
the inverse of the relative mass difference one obtains

— g3t AT a0 (9)
my — Ma3g
The constant C' now contains the specific mass shift and a contribution due to the uncer-
tainty of the voltages.
The field shift is related to the change in electron density at the site of the nucleus
occurring in the optical transition, A|®¥(0)[?, the function f(Z) being sensitive to the
course of the Dirac wave function at the site of the nucleus [36] and a nuclear parameter

A384 which is — due to the low Z — practically identical with the change in mean square
charge radius §(r?)*%4 [37],

AT (0)[*
61/;’8’A = FABA x F§(r?)4 = ra 7 F(Z)6(r?)38A (10)
Two values for the changes in nuclear mean square charge radii §(r?)***% = —0.082 fm?

and 6(r?)3%% = 0.171 fm? are obtained from the model dependent nuclear charge radii
compiled by Fricke [2]. For both values a systematic error of 10 % accounting for the
model dependency is assumed in analogy to the case of calcium where a comparison of
model dependent and model independent differences of radii is possible [2]. We assume an
additional statistical error of 12 % for the former and 6 % for the latter value in accordance
with the relative statistical errors of the model independent Barrett equivalent radii given
in [2]. Having two independent values for 6(r?)3%4 and the measured isotope shifts 513836
and 613840 one obtains from egs. (9) and (10) both the constant C' and the electronic
factor:

C = —26.5]2.1] GHza.m.u., (11)

F =101[37] MHz / fm?. (12)

The errors arise almost exclusively from the estimated errors of the radii deduced from
muonic X-ray data, and by the definition of the constant C' the voltage calibration error
of the isotope shifts has been eliminated from the field shifts.

A further reduction of the errors is achieved by an independent evaluation of the
electronic factor F' following the well established semi-empirical approaches outlined in
[34]. From the magnetic hyperfine structure, neglecting screening effects and assuming
the conventional 10 % error, one obtains in good consistency with eq. (12)

F = 104[10] MHz / fm* . (13)

With this semi-empirical electronic factor the average of the two possible solutions of
eqs. (9) and (10) — using the isotope pairs 38, 36 and 38, 40, respectively — yields an
improved value for the constant C"

C = M+ ky + kay = 26.3[1.2] GHza.m.u.. (14)

Here again the error is exclusively determined by the uncertainties of the muonic radii
and the semi-empirical electronic factor. The dominating experimental systematic error



arising from the voltage measurement only affects the (specific) mass effect. Of course, the
specific mass shift constant according to eq. (7) is numerically identical with the constant
c,

M = —26.3[2.6] GHza.m.u., (15)

but it contains the additional error of the isotope shifts which is due to the voltage cali-
bration. With the knowledge of C' the separation of the field shift from the experimentally
determined isotope shift by means of eqs. (9) and (10) is possible for each isotope, inde-
pendent of the actual composition of this constant. The values of §(r?)*»4 compiled in
Table 3 have been derived using the scaling factors (13) and (14)).

Table 3: Isotope shifts and changes in mean square nuclear charge radii. Errors in paren-
theses are purely statistical. The errors quoted in square brackets are systematic errors.

Al 684 [MHz] | 6(r?)®84 [fm?]
32 | -881.5(4.0)[13.0] | -0.375(38)[96]
33 | -703.2(2.1)[10.5] | -0.395(21)[87]
34 | -552.6(0.7)[8.2] | -0.251(6)[62]
35 | -394.4(2.7)[5.9] | -0.263(26)[53]
36 | -265.4(0.4)[3.9] | -0.082(4)[26]
37 | -124.2(1.1)[1.9] | -0.081(9)[17]
38 0 0

39 | 122.4(7.0)[L.8] | 0.044(67)[12]
40 | 229.5(0.4)(3.5] | 0.169(4)[33]
46 | 835.2(2.3)[12.1] | 0.237(22)[78]

4 Discussion

4.1 Nuclear moments far from stability: A test of the shell
model

4.1.1 sd-shell

The electromagnetic moments of the radioactive argon nuclei **Ar, ** Ar and *"Ar can be
discussed within the framework of shell-model calculations for the sd-shell by Brown
and Wildenthal [14]. This model assumes an inert '°0O core and the valence nucle-
ons distributed over the full sd-shell. The model-independent effective interaction (W-
interaction) is constructed from a complete set of single-particle energies and two-body
interaction matrix elements adjusted to experimental binding energy data in a least-square
fitting procedure [15]. As usual a renormalization of the free-nucleon operators is required,
accounting for the effects of excluded configurations and sub-nucleonic degrees of freedom.
The effective M1 and GT operators for a single-particle wave function for instance are
expressed in terms of corrections involving the three general rank-one operators s, 1 and
p = (8m)Y2[Y® @ s]V and the use of empirically determined effective g-factors [14].
Both the empirically determined W-interaction and the effective g-factors are fairly well
reproduced by calculations starting from more fundamental considerations [14, 38]. The



predictions for the magnetic moments and quadrupole moments are compiled in Table 4.
A graphical comparison between experiment and theory is given in Figures 5 and 6.

Magnetic moments: A remarkably good agreement between theory and experiment
is found for the magnetic moments of all neutron deficient argon nuclei including the new
value of 3*Ar (see Figure 5). In particular the moment of **Ar appears to be sensitive to
the choice of the effective g-factors. The latest adjustment [39] was preferred to the one
in [40] (yielding p = —0.831 uy for **Ar) which was based on rather poor empirical data
defining the quenching for the 2s;/, orbital. Though the Schmidt (single-particle) limit
(psp = 1.148 puy for a d3/2 neutron and pis, = —1.91 py for a s/ neutron) is almost reached
for 3 Ar, the results for **Ar and 3*Ar deviate strongly from the Schmidt limit. The case
of short-lived **Ar (T, = —3/2) fits perfectly to the overall trend of good consistency
observed for the upper sd-shell nuclei closer to stability (see Figure 5).

Quadrupole moments: Since the experimental values of quadrupole moments have
larger errors and often the absolute calibration (depending on atomic properties) is subject
to uncertainties of about 10 %, the comparison between theory and experiment is less
quantitative than for the magnetic moments. The quadrupole moments were calculated
using the shell model with the standard effective charges of 1.35 e for the proton and
0.35 e for the neutron [14] and with harmonic-oscillator radial wave functions (hw =
45A73/2 — 25A~1/3). The predictive power of the shell model for quadrupole moments
is excellent — for the radioactive argon nuclei (see Table 4) as well as for other nuclear
ground states all over the sd-shell (see Figure 6). Even the cases of considerable ground
state correlation, indicated by quadrupole moments of several single particle units, are
quite well reproduced. Contrary to the magnetic dipole operator, the electric quadrupole
operator is rather sensitive to higher-order configuration mixing (2hw-admixtures).

Table 4: Predictions for orbit-, spin- and tensor-components of the magnetic moment
[39], the resulting magnetic moments, and the quadrupole moments of argon nuclei in the
sd-shell model and of *Ar with a mixed sd-fp configuration [42].

I [ oq [pn] [ as [un] | ap fun] | @7 Tuon] | g Jpn] | Q™ [mb] | Q%7 [mb]

BAr | 1/2 | 0.038 | -0.716 | -0.062 | -0.739 | -0.723(6) - -

3Ar|3/2| 0161 | 0.368 | 0.160 | 0.688 | 0.633(2) | -88.7 -84(7)[8]
STAr | 3/2 ] 0270 | 0.713 | 0.172 | 1.155 | 1.145(5) 76.1 | 76.2(1.6)[7.6]
B9Ar | 7/2 | -1.847 | 0.104 - 1436 |-1.588(15) | -128 | -117(20)[12]

4.1.2 fp-shell

For 3°Ar the calculation is based on an effective interaction developed for the nuclei
with mixed sd-fp configurations [42]. Employing the free-nucleon g-factors the magnetic
moment of 3°Ar is obtained to be pu = —1.743 uy (g = 0.104 uy, o = —1.847 puy).
The result obtained using the effective sd M1 operator from [39] and the effective fp M1
operator from [43] is —1.436 uy. The experimental value lies in between the free and
effective operator results. It is interesting to note that the experimental **Ar and *'Ca
magnetic moments are nearly equal, —1.588(15) uy and —1.595 uy, respectively. The
calculated quadrupole moment of -128 mb (obtained with the standard effective charges



of 1.35 e for the proton and 0.35 e for the neutron) is in good agreement with experiment,
too.

4.2 Nuclear shape and radii

Within the statistical errors the evolution of the mean square charge radii of argon isotopes
as a function of the neutron number (see Figure 7) is characterized by:

(i) an almost linear increase of the radii of even isotopes between N = 14 and N = 22;
(ii) a "normal” odd-even staggering effect for the sd-shell nuclei;

(#ii) a slope change in the increase of the charge radii within the f7/,-shell indicated by
the fact that the radii of “*Ar (N = 22) and *SAr(N = 28) are almost the same.

These features are insensitive to the calibration uncertainty affecting only the overall
scale of the changes in the radii. The most striking characteristic of the argon data is
the absence of any shell effect at the N = 20 shell closure. This is in contrast to the
observation of pronounced changes in the N-dependence of the mean square radii at all
spherical shell closures with N > 28 [44, 13, 34] — from a small decrease or increase below
to a steep increase above.

Part of this effect is usually attributed to changes in the shape of the nuclei. In the
uniform-density sharp-surface approximation the mean square charge radius is given up
to the lowest order in deformation [3; by

1) = o (14 500 (10

i

Thus the quantity (r?) probes contributions of both static and dynamic multipole de-
formations of the nuclear surface of multipolarity ¢ > 2. The mean square quadrupole
deformation ((8%) = (2)) is considered to be the dominant contribution [9, 44, 34]. The
finite range droplet model [45, 46] provides a globally good description of the dominant
spherical (volume) contribution ((r?),,) to the mean square charge radii. Assuming
nearly constant shape for the sequence of argon isotopes, the droplet model line in Figure
7 reproduces well the increase of the radii up between N = 14 and 22, but it obviously
fails for the f7/»-shell between N = 22 and N = 28.

In the microscopic view discontinuities in the volume contribution (r?),, arise from
a monopole polarization of the proton core by the additional valence neutrons. Just
above a closed neutron (sub-)shell the radii of the valence neutron orbits are larger than
the average radii of the filled proton and neutron orbits. Due to the attractive proton-
neutron interaction, the energy is minimized when neutrons and protons overlap as much
as possible, which is achieved by a ‘pulling out’ of the core protons. Another way in
which the addition of valence neutrons changes the proton density is when the neutrons
are added in an orbital which has an interior node (such as the 2s and 2p orbitals). In
this case the saturating effect for the mean field forces the entire density (all protons and
neutrons) to expand in order to keep the interior density approximately constant. Both of
these types of monopole polarization come out of a Skyrme-type Hartree-Fock calculation
because of the self-consistency between the density and the potential [9].



In the present case the spherical Hartree-Fock calculations for the mean square radii
were carried out with the SGII Skyrme interaction [47]. This interaction reasonably well
reproduces the single-particle energies near *°Ca and their mass dependence up to *8Ca.
In particular, it is known that the 1ds/; and 2s;/; single particle spacing changes from
2.5 MeV in *K to -0.36 MeV in *’K, and this cross-over is reproduced by the SGII
interaction. Without a residual interaction, the two sd-shell proton holes in the argon
isotopes change from two holes in the 1dj/, orbital in 3Ar to two holes in the 28172
orbital in %Ar. With a residual interaction, the two holes in 3¥Ar are still mainly in the
1ds/» orbital because of the large 1ds/s - 2815 single-particle energy gap. But in *®Ar the
two holes are split between 1ds/» and 2s;/; - a shell-model calculation for the two-hole
spectrum of *6Ar indicates that there is approximately one hole in 1ds /2 and one hole in
2s1/2. Thus we have carried out the Hartree-Fock calculations with the constraint on the
two-proton-hole occupancies obtained from a linear interpolation between 3¥Ar and *6Ar.
The proton orbit occupancies affect the Hartree-Fock radii in a subtle way related to the
interplay between the saturation properties of the Skyrme interaction and the difference
in the radial structure of the orbits. It turns out that moving the proton hole from 1ds/,
to 281, has the effect of increasing the radius. The relatively larger change from **Ar
to *Ar compared to the change from “°Ca to *®Ca (see Figure 9) appears to agree with
the calculations. The results for the potassium isotopes are intermediate to those for the
argon and calcium isotopes with the difference that the proton hole occupancy changes
abruptly from one hole in the 1dz/; to the one hole in the 2s,/, at about NV = 27. In
addition to these spherical effects, the deformation effects will enlarge the mean square
radii away from the *°Ca and **Ca closed shell as indicated by equation (16).

Beyond N = 28 the spherical Hartree-Fock calculations show a jump which is related
to the neutron occupancy of the 2ps/; orbital. The reason for this is that between N = 20
and N = 28 the neutrons occupy the 1f;/, orbital whose density is concentrated at the
surface, whereas between N = 28 and N = 32 the neutrons start to occupy the 2ps/,
orbital which has an interior node. Due to the (density) saturation property, this interior
node has the effect of pushing out all of the nucleons including the core protons which
are responsible for an increase of the charge radii.

Other mean-field calculations for the mean square charge radii have recently been
reported by Werner et al. [49]. Their results with the SIII interaction are similar to the
SGIT results discussed above. Their relativistic mean field results give a smaller increase
as a function of neutron number which is inconsistent with the present data. (We also
note that the experimental data for the argon isotopes used in ref. [49] should be replaced
by the present results.)

Part of the remaining discrepancy between theory and experiment can be attributed
to quadrupole core polarization which for the even-A argon nuclei is considered by a
semi-empirical shape correction of the form (16) to the HF prediction ((r?)s,,). The ratio
between the reduced transition strength B(E2;0" — 271) (taken from [50]) and the mean
square charge radius (taken from Table 3 in combination with [2]) may serve as a measure
for the root mean square quadrupole deformation ((3?)'/?). The approximate relation
51

e dr [B(E2;0° — 2)]1/2




suggests (3%)1/2 ~ 0.2 for N = 16,18 and 22, while a minimum of (3?)'/? ~ 0.14 is
reached at N = 20. The corresponding shape correction to spherical (HF) radii implies a
rather small shell effect at the N = 20 shell closure and results in an almost quantitative
agreement between theory and experiment (see Figure 8).

For the odd-A nuclei a relation between the spectroscopic quadrupole moment (@)
and the static intrinsic quadrupole moment ((Q)y), measuring the static nuclear deformation

(62) by [51]

<52> =

involves the introduction of a model specifying the coupling between nuclear single-particle
and collective motion [52]. A simple relation only holds in the strong coupling limit
for a permanently deformed, axially symmetric nucleus. However, the relatively small
quadrupole moments (Q)s in Table 2) indicate near-spherical equilibrium shapes for the
ground states. This is confirmed by the success of the spherical shell-model calculation
presented in Section 4.1. Moreover, the experimental information about the strength of
collective quadrupole (E2) vibrations required to specify the non-permanent quadrupole
deformation is not available, which means that no semi-empirical shape correction to the
radii can be derived for the odd-A argon isotopes.

(18)

5 Conclusion

The hyperfine structure and isotope shift measurements on 32=%9Ar and %6Ar are the first
optical high-resolution investigations of argon, and they cover a whole series of radioactive
isotopes. The study of isotopes far from stability has become possible due to the ultra-
sensitive resonance detection technique combining optical pumping and state-selective
collisional ionization with an isotope-selective detection of the ions based on the (-decay.

The results comprise magnetic dipole and electric quadrupole moments of the odd-A
isotopes which were employed as a test of shell-model calculations for the sd- and fp-shell.
A very good agreement between the experimental results and the shell-model predictions
(including those for 33Ar) is found.

Since the dominating isovector part of the M1 operator is related to the GT op-
erator via isospin rotational invariance, there is a strong similarity between the gross
features of magnetic moments and the Gamow-Teller decay properties. In case of 33Ar
the experimental Gamow-Teller sum strength was found to be at variance with the shell-
model calculation [16]. However, our direct measurement of the magnetic moment of
3 Ar — the first one for an sd-shell nucleus with 7, = —3/2 — is in excellent agreement
with the shell-model prediction. As mentioned in the introduction, the problem with the
Gamow-Teller strength distribution appears to be concentrated in the centroid energy of
the Gamow-Teller giant resonances [18]. In spite of this, the W-interaction does quite
well in reproducing the magnetic moments.

The magnetic moment is known to be particularly sensitive to details of the nuclear
interaction. The additional information provided by magnetic moments was recently em-
ployed for an empirical determination of the effective interaction for the 1p-shell [53]. Thus
we conclude that the systematics of the electromagnetic moments proves the good predic-
tive power of the sd-shell calculations of Brown and Wildenthal with the W-interaction
for short-lived nuclei in the upper sd-shell.



Further results comprise the changes in mean square charge radii of argon isotopes
between N = 14 and N = 28. For the even-A isotopes between N = 14 and N = 22
an almost linear increase of the radii is observed. The odd-even staggering effect in this
region has the usual sign and magnitude.

The disappearance of the shell effect in the radii across the N = 20 shell closure is
explained by a cancellation of the monopole polarization and the quadrupole polarization
of the proton core under successive addition of valence neutrons. The effect of monopole
core polarization was calculated using a (SGII) Skyrme-type HF model. Quadrupole core
polarization was considered by a semi-empirical correction based on the properties of the
lowest 2*-states of the doubly-even isotopes.

The present data on argon may serve as a cornerstone for a more global systematics
of the nuclear radii in the region of calcium (see Figure 9). A suitable production target
should make it possible to extend the measurements of radii to the neutron-rich argon
nuclei in the 1f;/5- and 2ps/,-shell. This should allow the study of several shell closures
and a comparison to the existing data on potassium and calcium. There is already a
remarkable and so far unexplained difference in the parabolic gross behaviour and the
odd-even staggering between the radii of the Ca and the K isotopes in the f7/-shell
(20 < N < 28).

Further investigations will have to be devoted to the role of higher-order core po-
larization [10] and/or particle excitation from the sd- to the fp-shell [8, 9], which has
been suggested to contribute considerably to the parabolic N-dependence of the radii of
calcium isotopes.
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Figure 2: Partial atomic level scheme of argon, optical pumping cycle and ionization
energy of the charge exchange medium potassium.
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Figure 5: Experiment versus theory for magnetic moments in the upper sd-shell. Shown
are the odd-Z nuclei *3Cl, *°Cl, 3K, *K, the odd-N nuclei **S, 3*Ca and the marked
argon isotopes. The solid line representing a linear regression to all nuclei except 33Ar
indicates perfect agreement between theory and experiment (slope m = 0.99(2)). The
dashed lines correspond to the 1o confidence band of the regression.
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Figure 6: Experiment versus theory for quadrupole moments in the sd-shell. Shown are
the ground states of the odd-Z nuclei ''F, 22Na, 27Al, 3°Cl, 37Cl and *°K, the odd-N nuclei
170, 2'Ne, Mg, 338, %S, and the marked argon isotopes. Earlier calculated values are
from ref. [41]. For Ar isotopes only the statistical errors of the experimental values are
indicated.
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Figure 7: Changes in mean square charge radii (6(r?)3®4) versus neutron number (dots)).
The error bars correspond to the statistical errors only. The results obtained by changing
the calibration within the error limits are indicated by the up and down triangles. The
prediction of the finite range droplet model ((3%)!/2 = 0) is given by the solid line.
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Figure 8: Comparison between experimental §(r?)*4 - values (dots) and a spherical
Skyrme (SGII) Hartree-Fock calculation (squares). For the even-A isotopes a semi-
empirical correction for quadrupole core polarization has been based on B(E2) data
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12,5 T T T T T T T T T

12,0 K -' -

11,5

<r®> [fm?]

11,0 | -

10,5 A B B B B
12 16 20 24 28 32

Neutron number N

Figure 9: Mean square charge radii of calcium, potassium, argon and sulphur nuclei versus
neutron number. Absolute radii are from ref. [2], differences within a sequence of isotopes
have been evaluated from isotope shifts (refs. [4] for 10~*Ca, [13] for °Ca, [12] for **Ca,
48] from the data of [11] for **~*"K, and this work for 3>~*°Ar and “6Ar).



