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Abstract

Collinear laser spectroscopy was applied to measure the hyperfine structure of '33~137Pr at
ISOLDE/CERN. Combined with measurements of the stable isotope 4! Pr at the TRIGA-
SPEC setup in Mainz we were able to determine the magnetic moments of the neutron-
deficient isotopes '33Pr, 13Pr and '37Pr for the first time.

Keywords Hyperfine structure - Laser spectroscopy - Magnetic moments - Electron
capture decay - Collinear laser spectroscopy - Praseodymium

1 Motivation

Properties of nuclear decays caused by the weak interaction can differ significantly for
nuclei in highly charged ions compared to those embedded in the corresponding neutral
atom [1, 2]. The isotope 140pr (7 = 59) decays to 140Ce via an allowed Gamow-Teller
decay (A¢ = 1, no parity change) [3]. Thereby a proton is converted into a neutron either
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via three-body BT -decay or via two-body electron-capture (EC) decay (p +e~ — n + ve).
A measurement of the electron-capture decay constant of hydrogen-like '“Pr3%+ ions in
the experimental storage ring (ESR) found this value to be increased by a factor of 1.49(8)
compared to helium-like *OPr >’ [4]. This is counter-intuitive since one would expect the
He-like charge state to decay more rapidly because the electron density at the nucleus is roughly
twice as large as in H-like Pr [5]. This observation was explained by taking the conservation
of total angular momentum into account [6—8]. However, this argument relies on a positive
nuclear magnetic moment of 140pr which has so far not been measured but is deduced from
the magnetic moments of neighboring nuclei [4]. Similar enhancement has been measured
in hydrogen-like '*?Pm%%* ions [9]. Suppression of the EC decay rate has been seen in
hydrogen-like 22172 jons as compared to the helium-like charge state [10]. In the latter
case the quantum numbers of the involved states confirm the hypothesis formulated in [6-8].

The observation offers also interesting opportunities for laser spectroscopy at the ESR:
EC from the upper hyperfine state in the hydrogen-like ion is hindered by angular momen-
tum conservation, hence, laser excitation from the lower to the upper hyperfine state should
result in a considerable increase of the nuclear lifetime in the storage ring. Moreover, opti-
cal pumping with circularly polarized light could be used to orient the nuclear spin parallel
or antiparallel to the direction of movement. Due to the parity violating weak force, the
neutrino emission can occur only in one direction after polarization.

This can be studied with the improved Schottky diagnosis system at the ESR. As demon-
strated in Fig. 1 [11] the change in revolution frequency immediately following the EC decay
can be used to detect the direction of the neutrino emission. The distribution of emission
angles should change considerably after optical pumping with circularly polarized light.

A prerequisite for such experiments is the precise knowledge of the magnetic moment 4/
of the OPr nucleus, which can be determined from the hyperfine splitting using collinear
laser spectroscopy. If the magnetic moment has about the expected size, the transition wave-
lengh of the M1 hyperfine transition would be of the order of 1 um and laser spectroscopy
with resonance fluorescence detection would be possible as it has already been demon-
strated at the ESR for cases with similar large splittings [12, 13]. Therefore, the magnetic
moment of *OPr was proposed to be measured at ISOLDE/CERN by laser spectroscopy of
the singly charged ion. The 4 f36s °1; — 4 f36 p >Hj transition from the ground state of the
ion was identified to be suitable. First measurements of the corresponding hyperfine struc-
ture (hfs) in the stable isotope '*!Pr were performed at the TRIGA-LASER beamline [14,
15] at the Institute for Nuclear Chemistry in Mainz to serve as a reference for the on-line
work. Results from both activities are presented.

2 Off-line spectroscopy of '4'Pr at TRIGA-LASER
2.1 TRIGA-LASER beamline

The ion beamline at the TRIGA research reactor is depicted in Fig. 2. It is supposed to
receive ions either from the online connection to the TRIGA research reactor [14, 16, 17]
with an energy of 30keV (not shown in the figure) or from an offline ion source. The off-
line ion source, which was used for the Pr measurements consists of a resistively heated
graphite tube which can surface ionize alkaline elements, earth-alkalines and some lan-
thanides. Extraction optics are used to shape the ion beam to a nearly collimated beam. The
ion source is installed on a high-voltage platform that can be raised to about 20 kV against
the beam line at ground potential. A 10° electrostatic deflector is used to superimpose the
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Fig. 1 Time excursion of the Schottky Spectrum of electron-cooled hydrogen-like '*>Pm®+ and fully-
ionized '“?Nd%* ions measured in the ESR. The time runs from bottom to top starting from injection of
just two hydrogen-like '*>Pm®+ ions into the ESR. At about 12 s after injection, one from two ions decays
through EC decay turning into *>Nd%+ ion. The time of disappearance of the parent ion and the time of the
appearance of the daughter ion are clearly seen and are correlated. The velocity of the daughter ion is mod-
ified due to the neutrino emission, which is seen by the offset in frequency. The electron cooler cools this
velocity difference away, which is seen by the curved “cooling” tail. Since the optics of a storage ring aver-
ages away any transverse component of the recoil (stability condition of a ring inevitably requires particles
to have phase advance), the seen frequency difference corresponds directly to the longitudinal component of
the recoil and thus the direction of the neutrino emission can be deduced. The second EC decay occurs at
around 14 s. Figure taken without changes from [11]

ion beam with the laser beam. Subsequently, an x-y deflector pair allows one to control
the ion beam direction and a quadrupole doublet is used for further collimation. Adjustable
apertures are located in the beamline in front and behind the fluorescence detection region
(FDR) to optimize the overlap between the ion and the laser beam. The shape and intensity
of the ion beam can be investigated using the beam diagnostics unit at the end of the beam-
line including a Faraday cup (FC) to measure the total beam current and a multichannel
plate (MCP) combined with a fluorescent screen, on which the transversal shape of the ion
beam can be observed with a camera. Laser beams are transported from the laser laboratory
to the reactor hall via a pair of 180-m long single-mode fibers. Coupling into the beamline
is achieved in either collinear or anticollinear geometry through viewports that are mounted
at Brewster angle. Fluorescence spectra are recorded with the laser stabilized at a fixed fre-
quency through Doppler-tuning the laser frequency in the rest frame of the ions using a
variable voltage applied to the FDR. This scanning voltage is generated by amplifying the
output of a =10V 16-bit DAC card with a Kepco BOP500 voltage amplifier (amplification
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Fig.2 Layout of the TRIGA-LASER beamline [14]. Ions are delivered from an off-line surface ion source
mounted directly at the 10°-deflector. The laser is superimposed collinearly with the ion beam and resonance
fluorescence is detected in two photomultiplier tubes (PMT). The beam diagnostics unit at the end of the
beamline consists of a Faraday cup (FC) and a multichannel plate (MCP) combined with a fluorescent screen.
For more details, see text

factor 50). An additional offset voltage of up to £10kV can be applied with a Heinzinger
PNChp10000 high-voltage power supply.

2.2 Laser system

The setup of the frequency-doubled master-oscillator power-amplifier (MOPA) system is
depicted in Fig. 3a: a diode laser in Littrow design operated at 782 nm delivered about
30 mW of light that was subsequently amplified in a tapered amplifier (TA) to about 1.4 W.
The laser light was mode-matched to the resonantor’s fundamental mode of a Tekhnoscan
FD-SF-07 frequency doubler. Even though the output beam of the TA has an elliptical beam
profile, an aspheric lens for mode-matching into the frequency doubler was sufficient to
achieve hundreds of milliwatts in the second harmonic. After beam shaping using two cylin-
drical lenses, the UV light was coupled into a single-mode fiber (Nufern S405HP) and a
transmission of about 40% towards the collinear beamline in the reactor experimental hall
was obtained.

The diode laser was stabilized to a HighFinesse WS7 wavelength meter. While the wave-
length of the light is determined only with a relative precision of 10~7, frequency excursions
of the laser can be suppressed to a large extent. This was demonstrated by recording the
lasers frequency stability with a Menlo Systems frequency comb FC1500. The result is
shown in Fig. 3b as a histogram of the beat frequency between the diode laser and the near-
est mode of the frequency comb, which was tuned to be 30 MHz off. The frequency was
measured over about 15 minutes with each measurement averaged for 1 s. The distribution
is well represented by a Gaussian profile with a full width at half maximum (FWHM) of
350 kHz. A negligible drift of 180 kHz was observed. Recording a spectrum of stable 14! Pr
takes only a few minutes and laser drifts can therefore be neglected for the extraction of the
hyperfine parameters.

2.3 Laser spectroscopy of 41Prt
A typical spectrum of the hyperfine multiplet of *!Prt is depicted in Fig. 4. The ion

beam current was about 400 pA and the laser beam attenuated to 900 uW. Fitting a mul-
tiple Voigt function to the hyperfine multiplet (green line) is performed by calculating the
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Fig.3 a Setup of the master-oscillator power-amplifier (MOPA) system with a frequency doubler. The diode
laser (DL) is protected against back reflections by an optical diode (OD). The elliptical output beam of the
diode laser is transformed into a circular beam shape with an anamorphotic prism pair (AP). Two mirrors
are used to couple the light into the tapered amplifier (TA). A second optical diode protects the TA against
undesired back reflections. The amplified output beam is coupled into a second harmonic generator (SHG). b
Frequency excursions of the extended-cavity diode laser built for the spectroscopy of Pr™ at 793 nm measured
with a frequency comb over a period of 15 min. Details see text

600004 |
N
1 |2
o
()
40000 - 8 8
o o o 2 & 8
= B & =
20000 T o S
= S
= g o
- I
1 S o
JL‘L:M P
T T T T T T T T T T T
10000 5000 0 -5000 -10000 -15000

v-v, [MHz]

Fig.4 The hyperfine multiplet of the investigated 4 365 1, — 4 £36p >Hj transition in stable #1Prt (grey).
The change of the angular momentum J in the J = 4 — J’ = 3 transition and the nuclear spin / (**!Pr) =
5/2 results in a total of 15 hyperfine transitions, which are labelled with the respective ' quantum numbers.
They were fitted by a multiple Voigt profile (green) to extract A- and B-factors of the hyperfine structure
(see Table 1). The frequency of the x-axis is given relative to the center of gravity of the hyperfine structure

relative positions of the individual peaks based on the A and B factors of the upper (u)
and lower (1) states. Optimal parameters are determined by a y2-minimization varying
Ay, By, intensities, linewidth parameters and baseline offset. The Voigt profil shows a
FWHM of wy, = 54(1) MHz for the Lorentzian part and wg = 95(1) MHz for the Gaussian
contribution.
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Table 1 Hyperfine structure parameter of the 4 f36s 514 ground state and the 4 f36p SHj excited state of
141 p+
Pr

41365714 4£36pSH;

A1 (MHz) B (MHz) Ay (MHz) B, (MHz) Reference

—239.7(N[1] 8.1(53) 1030.0 (8)[3] —29(5) this work

—231.8(67) 891(17) [18]
1031.6 (22) 12.2(66) [19]
1030.9 (18) 14 (10) [20]

Our result is listed with the statistical uncertainty in parantheses and the systematic uncertainty due to the
uncertainty of the voltage amplification factor in brackets and compared to literature values

The extracted A and B factors of the upper and the lower states are listed in Table 1
and compared to literature values. The systematic uncertainty of 2.5 x 10™* arises from
the estimated uncertainties of the high voltages and the amplification factor of the Doppler-
tuning voltage. Its contribution is negligible for the B factors. Our A factors agree with the
two more recent literature values but have uncertainties improved by a factor of 10 and 2
in the ground and excited state, respectively. It should be noted that there is a misprint in
[18], where an A-factor of —7.3 mK (= 219 MHz) is given for the ground state but using
the hyperfine splitting of W = —174 (5) mK (5.22(15) GHz) provided in the same table, an
A-factor of —7.73 (22) mK (= 231.8(67) MHz) is calculated in good agreement with our
result. The A factor of the upper state in [18] is even more than 15% off but disagrees also
with the other results reported in [19, 20]. The B-factor of the upper state is of opposite sign
and clearly larger than those reported previously.

3 Spectroscopy of 135~137pr at ISOLDE/CERN
3.1 Isotope production

Neutron-deficient Pr (Z = 59) isotopes were produced by spallation of Ta (Z = 73) com-
bined with surface ionization of the Pr atoms at the general purpose mass separator (GPS)
at ISOLDE. The measured production rate of '3Pr was about 3.7 x 107 ions/uC (which
corrsponds to about the same number of ions per second under standard production con-
ditions during the beamtime). A direct measurement of the production rate of “OPr was
unfortunately not possible since this isotope exhibits only a weak y-line, but even with a rate
two orders of magnitude smaller than that of 3°Pr, laser spectroscopy should still be feasi-
ble. However, the vast amount of radioactive isobars that cannot be separated by the mass
separator led to an accumulation of radioactivity along the beamline that repeatedly caused
alarms in the ISOLDE hall and proton beam intensity had to be reduced. Therefore, spectra
of OPr could not be recorded. Only the lighter isotopes 133136 137pr were investigated.

3.2 Experimental setup

Detailed descriptions of the COLLAPS setup at ISOLDE are provided in [21-23]. Here, we
will only briefly introduce details that are specific for the beamtime on Pr: A Coherent 899
titanium-sapphire laser was used to produce light at 781.2 nm. The laser was stabilized to a
Fabry-Pérot interferometer which was again locked to a frequency-stabilized helium-neon
(He:Ne) laser. A Bristol wavelength meter, calibrated with the stabilized He:Ne was used to
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determine the laser wavelength. Frequency doubling was performed with a Spectra Physics
Wavetrain and the UV beam (™! = 25600.808 cm~!) was superimposed with the 50-keV
ion beam in the COLLAPS beamline. Due to the large size of the hyperfine structure, the
Kepco BOP500 voltage amplifier that is usually used at COLLAPS for Doppler tuning sim-
ilar to TRIGA-LASER (see Section 2.1), was replaced by a model BOP1000, which covers
a tuning range of £1000 V. To determine the amplification factor, a voltage ramp was reg-
ularly applied to the detection region and the applied voltage recorded with a high-voltage
divider (Kepco scan). While the scans looked linear at first sight, closer inspection in the
off-line analysis revealed a nonlinearity much larger than ever observed with the BOP500
model. This nonlinearity changed considerably with time, which strongly limited all trials to
correct for it in the analysis. We could, nevertheless, extract the magnetic hyperfine splitting
factor A with uncertainty at a level of a few percent. The systematic uncertainty caused by
the nonlinearity was estimated by analyzing a spectrum of the stable isotope in connection
with measurements of the Kepco amplifier output voltage over the same scanning range.
It should be noted, however, that the systematic uncertainty is not correlated between the
different isotopes as it is usually the case in collinear laser spectroscopy for the calibration
uncertainty of absolute voltages.

3.3 Results
135pr: According to the known nuclear spin of I = 3/2 [24], we expect nine hyperfine lines
inthe J = 4 — J' = 3 fine structure transition. During the beamtime two spectra were
recorded, one of them shown in the top left of Fig. 5, exhibiting the four strongest transitions.
The five missing resonances are expected to appear between the four strongest components
with the strongest of them at an intensity of about 7% of the F = 11/2 — F' = 9/2
transition.

136pr: With a nuclear spin of I = 2 [24], twelve hyperfine lines are expected. Again, only
the 4 strongest resonances were observed and only a single spectrum that could be analyzed
was recorded. It is shown on the top right in Fig. 5. The weakest observed line is enlarged
in the inset. The missing components have much smaller intensities and are not expected to
be observable at this noise level.

137pr: This isotope has the same nuclear spin as the stable isotope *!Pr [24] and 15 hyper-
fine lines are expected similar to the spectrum shown in Fig. 4. Here, the ten most prominent
lines were observed but the complete hyperfine structure could not be recorded in a single
scan. Instead, it was distributed across three scan regions as depicted in the lower part of
Fig. 5.

141pr; The stable isotope was also measured at ISOLDE using a reservoir for a stable iso-
tope (mass marker) at ISOLDE. However, the strong nonlinearity of the amplifier caused
very large uncertainties for all hyperfine parameters since the resonances were distributed
across a large voltage range similar as in the case of '37Pr. Therefore it is not at all
competitive with the investigations performed at TRIGA-LASER.

The TRIGA-LASER measurements of '“'Pr were used as a reference to extract the
nuclear magnetic moments of the three unstable isotopes, according to

AT

W= thref (D
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Fig. 5 Hyperfine structure in the 4 f36s 14 — 4 f36p SH; transition of 33136.137pr a5 a function of the
Doppler-tuning voltage. Only the strongest components of the 9, 12, and 15 expected hyperfine resonances
for the isotopes with nuclear spin of I = 3/2, 2, and 5/2, respectively, are observed. For details see text

Table 2 Magnetic moments of the short-lived Pr isotopes studied at ISOLDE

Isotope 1 wr (UN)

135py 32 2.00(1)[12]
136p,. 2 1.76 (DH[11]
137py 512 3.67(6)[22]

The nuclear spins are taken from Ref. [24]. Numbers in parentheses are the statistical uncertainties while
those in brackets reflect the systematic uncertainty caused by the nonlinearity of the amplifier (see text)

with ftef = 4.2754 (5) un [25] and our value Ar = —239.7 (7)[1] MHz from Table 1.
The results are listed in Table 2 and have uncertainties that are by far dominated by the sys-
tematic uncertainty of the Doppler-tuning voltage caused by the nonlinearity of the Kepco
amplifier (given in brackets). Hence, accuracy is limited on a level of approximately 6%,
which is unusual for collinear laser spectroscopy. However, these are the only magnetic
moments available for those isotopes so far.

4 Conclusion

We have performed collinear laser spectroscopy of the stable isotope '“!Prt at the TRIGA-
LASER setup in Mainz and of '33~137Pr+ at ISOLDE/CERN. The magnetic moments of the
neutron-deficient isotopes were determined for the first time but are afflicted with a rather
large uncertainty due to a nonlinearity of the voltage amplifier applied for Doppler-tuning,
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limiting the uncertainty to about 6%. The nuclear magnetic moment of the neutron-deficient
isotope '*°Pr remains to be measured. It is required to facilitate laser spectroscopy on the
hydrogen-like ion #OPr>3+ in the ESR storage ring at GSI. Additionally, the explanation
of the observed enhanced EC rates in hydrogen-like "“Pro8+ as well as 142Pm®°* ions and
suppressed rate in 12212+ relies on the calculated magnetic moments. Here, the understand-
ing of mechanisms of the decays of hydrogen-like ions may be important for modelling of
stellar nucleosynthesis, in which the involved nuclei can be highly ionized [26, 27]. Further-
more, the results obtained for hydrogen-like ions affect the predicted decay characteristics
of lithium-like ions [28].
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