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On-line Excited-State Laser Spectroscopy of Trapped Short-Lived Ra"™ Ions
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As an important step towards an atomic parity violation experiment in one single trapped Ra™
ion, laser spectroscopy experiments were performed with on-line produced short-lived 21%:213:214Ra+
ions. The isotope shift of the 62D3/2 - 72P1/2 and 62D3/2-72P3/2 transitions and the hyperfine

structure constant of the 72P1/2 and 6 2D3/2 states in 2'*Ra

T were measured. These values provide

a benchmark for the required atomic theory. A lower limit of 232(4) ms for the lifetime of the
metastable 62D5 ,2 state was measured by optical shelving.

The radium ion, Ra™, is a promising candidate for an
atomic parity violation (APV) experiment with one sin-
gle trapped ion [IH4]. APV experiments [IHI0] are sensi-
tive probes of the electroweak interaction at low energy.
APV is due to the exchange of the Z° boson between the
electrons and the quarks in the atomic nucleus. Its size
depends on the mixing angle of the photon and the Z° bo-
son, which is a fundamental parameter of the electroweak
theory. The APV signal is strongly enhanced in heavy
atoms [II] and it is measurable by exciting suppressed
(M1, E2) transitions [12]. The predicted enhancement in
Ra™ is about 50 times larger than in Cs atoms [4} [13] [14],
for which the most accurate measurement has been per-
formed [6l, 7, [15]. However, laser spectroscopy on trapped
Ra™ ions has not been performed yet, and certain spec-
troscopic information, needed to test the required atomic
many-body theory, is lacking [4]. For instance, the life-
times of the 62D3/2 and 6 2D5/2 states, which are impor-
tant quantities for a single-ion APV experiment, have not
been measured yet. These states are also relevant for a
potential Ra™ optical clock [16HI8].

Up to now, accurate experimental information on the
optical spectrum of Ra™ (¢f. Fig. was only available
from measurements at the ISOLDE facility at CERN,
where the isotope shift (IS) and hyperfine structure
(HFS) of the 72S;,5, 7°Py/5, and 7?Pjy/, states were
obtained by collinear spectroscopy over a large range of
isotopes [19, 20]. The only absolute measurement of the
relevant wavelengths dates back to arc emission spec-
troscopy performed on 2?Ra™ in 1933 [21]. We present
here the results of on-line excited-state laser spectroscopy
experiments of trapped, short-lived 212:213:214Rat ions,
obtained at the TRIpP facility [22] of the KVI in Gronin-
gen. IS and HFS measurements were performed to con-
strain the atomic theory: HF'S is a sensitive probe of the
atomic wave functions in the nucleus [23], the accuracy
of which is important for APV, while experiments on dif-
ferent isotopes serve to cancel remaining uncertainties in
the atomic theory [4].

Radium isotopes were produced in inverse kinematics
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FIG. 1: *"*Ra™ level scheme with wavelengths from Ref. [21]
and branching ratios and lifetimes calculated by Ref. [17].

by bombarding an 8.5 MeV /nucleon 2°Pb beam of typi-
cally 3x 10 particles/s from the AGOR cyclotron on a 4
mg/cm? diamond-like carbon foil, and emerged from the
fusion-evaporation reactions 2°°Pb + 2C — 218-7Ra, in
which = neutrons were liberated. The isotopes 2'2Ra,
213Ra, and 2'“Ra were separated from the primary beam
and fission products in the magnetic separator [24]. They
were stopped and re-ionized to Ra™ in a Thermal Ionizer
(TT) [22] with a transmission efficiency of 8%. Rates of
800 212Ra™ /s, 2600 213Ra™ /s, and 1000 214Rat /s were
extracted as an ion beam with an energy of 2.8 keV. The
Ra™ isotopes were passed through a Wien Filter (which
eliminated contaminants from the TI), and electrostat-
ically decelerated upon injection in a (Ng or Ne) gas-
filled Radio Frequency Quadrupole (RFQ) cooler [25],
operated at a frequency of 500 kHz with a peak-to-peak
RF voltage of Vgr = 380 V applied between neighboring
rods; the opposite half-moon-shaped electrodes had a tip
distance of 5 mm. For on-line optical spectroscopy, the
ions were trapped at the end of the RFQ by suitable axial
potentials (Paul trap); cf. Fig. [2| Typically 10° 2'2Rat,
10% 2B8Rat, and 10% 24Ra™ ions could be stored. The
storage time was of order 100 seconds at a residual gas
pressure of 10~® mbar (the lifetimes for radioactive decay
are 13 s, 164 s, and 2.5 s for 2'2Ra, 2!13Ra, and 2!“Ra,
respectively). A Ny or Ne buffer gas was used to aid ef-
fective catching and trapping of the radioactive particles
from the beam in the RFQ. This gas dissipated the large
(eV) energies of the ion beam, compressed the trapped
cloud, and also enhanced the storage time. The buffer gas
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FIG. 2: Schematic overview of the experimental setup behind
the RFQ cooler.

influenced the level lifetimes of the ions because of op-
tical quenching and (hyper)fine-structure mixing of the
metastable states. Based on Ref. [26] it was expected
that Ne had the smallest influence on the level lifetimes.

Home-built Extended Cavity Diode Lasers (ECDLs)
were used to drive the optical transitions (¢f. Fig. [1]).
Light to drive the 72S;5-72Py s transition at wave-
length A\; = 468 nm came from NDHA210APAE1
laser diodes from Nichia; the 62D3/2 —72P1/2 transition
at wavelength Ay = 1079 nm was driven with light
from a LD-1080-0075-1 diode from Toptica; the 6 2D3/2 -
72Pg /2 line at wavelength A3 = 708 nm was excited with
light from a HL7001MG diode from Opnext. The laser
light was delivered to the ion trap with single-mode op-
tical fibers. The beams were overlapped with polariz-
ing beam splitters and a dichroic mirror and sent axi-
ally through the trap to minimize scattered light. They
were focussed to 1 mm diameter at the trap location.
Typical laser beam powers P at the trap center were
P(A\1) = 300 uW, P(X\2) = 600 pW, and P(A3) = 150
uW. The wavelengths were monitored with two High-
Finesse Angstrom WS6 VIS and IR wavelength meters.
Absolute frequency calibration for light at A, was pro-
vided by an absorption line in Tey at wavelength 468.3185
nm (no. 178 in Ref. [27]) through linear absorption in
a Tey glass cell at 450 K. Light at A3 was calibrated
by linear absorption at the P(146)(2-8) resonance in I
in a cell at 500 K. Since for wavelength Ao no similar
reference was available, it was determined with the IR
wavelength meter. The IR wavelength meter was contin-
uously cross-referenced with a high-finesse cavity. The
transitions in Rat were detected through fluorescence
light from the 72S;/5-72Py transition at wavelength
A1. Because of the 10% branching into the metastable
62Dy /2 state, this fluorescence was only observed when
both the 7 281/2 -7 2P1/2 and 6 2D3/2 -7 2P1/2 transitions
were resonantly excited. The fluorescence light was im-
aged with a single lens of focal length f = 30 mm inside
the vacuum through a low-pass filter with 80% trans-
mission for wavelengths shorter than 500 nm (Thorlabs
FES0500) onto the photocathode of a photomultiplier
(Hamamatsu R7449). The collection solid angle was 0.4
ST.

To study the HF'S of the 6 2D3/2 - 72P1/2 transition in
213Rat the wavelengths of the light from two diode lasers
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FIG. 3: HFS of the 6 2D3/2 -7 2P1/2 transition in 2**Ra™. The
solid line represents a fit of three Voigt profiles to the data.
One parameter is used to fit the Gaussian widths of the three
resonances, which yields a FWHM of 181(20) MHz. The
Lorentzian widths (FWHM) are 245(20), 368(70), and 147(9)
MHz (left to right). The different Lorentzian widths are due
to saturation effects. The fit has a reduced x* = 1.1 at 62
degrees of freedom.

TABLE I: HFS constants A [MHz] of the 7°P;,and
62D3/2 states in 2!3Ra*. The most recent theoretical val-

ues were converted to >**Ra™ by using the magnetic moment
measured at ISOLDE [20].

7°P1)s 6°D3 o
This work 1542(7) 523(5)
ISOLDE [19] 4525(5) -
Theory M 4555° 543°
Theory [14] 4565 541

“The theoretical uncertainty is at the %-level [29] [30].

at A1 were kept close to the resonances 7281/2 F=1 -
72P1/2 F’=0 and 7281/2 F=0 - 72P1/2 F’:l The fre-
quency of the laser light at Ay was scanned over the
resonances. For this measurement Ny buffer gas was
used. Collisions admixed the two hyperfine levels of
the 62D4 /2 level, ensuring that no significant shelving to
the metastable 6°D3/, F=1 (F=2) state occurred when
the 62D3/2 F=2 (F=1) was depopulated by the reso-
nant laser light at As. The frequency was calibrated with
the IR wavelength meter. The measured line shapes are
shown in Fig. The different Lorentzian line-widths
are due to saturation effects related to various relaxation
rates [28], here introduced by the buffer gas. The mea-
sured HFS splitting 4542(7) MHz for the 7 2Py /; state is
within 2 standard deviations of the value 4525(5) MHz
obtained at ISOLDE [19]. For the 62D/ state the HFS
splitting is measured as 1055(10) MHz; the extracted
7?Pypand 62D/ HFS constants A are given in Ta-
ble [Il The theoretical predictions [4, [14] are in good
agreement with the experimental values.  The IS for
the 62D3/2 - 72P1/2 transition of Ra™ was obtained with
light from two lasers kept close to wavelength A;. One
of these laser beams excited the 7281/2— 72P1/2 transi-
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FIG. 4: 62D3/2—72P1/2 resonances in 2'?Rat and 2'“Rat.
The solid line represents a fit of two Voigt profiles to the
data. One parameter is used to fit the Gaussian widths of the
two resonances, which yields a FWHM of 436(40) MHz. The
Lorentzian widths (FWHM) are 201(50) MHz and 145(60)
MHz (left to right). The fit has a reduced x* = 0.92 at 22
degrees of freedom.

tion in 2'2Rat, while the other one accessed either the
72S1/2-7%Py 5 transition in 2'*Ra*t or the 728/, F=1
- 72P1/2 F'=0 transition in 2'3Rat. The frequency of
the laser light at )\ was scanned over the 62Ds /2-
72P, s2resonances of the isotopes under investigation.
A typical spectrum of the 62D3/2 - 72P1/2 resonances of
212Rat and 2'"Ra’ is shown in Fig. 4} The IR wave-
length meter was used for frequency calibration. In order
to minimize the influence of the buffer gas on the reso-
nance line shape, only Ne was used. The measurements
were performed at gas pressures 3 x 1074, 3 x 1072, and
2 x 1072 mbar to study the influence of the buffer gas on
the resonance line shapes. No significant effects on the

measured IS were found. The resulting IS are summa-
rized in Table [Il

To determine the IS of the 6°Dy/5-7?Pj, transition
the lasers operating at A1 and Ao were kept close
to resonance of a particular Ra™ isotope. This cre-
ated a fluorescence cycle. The frequency of the laser
light at A3 was scanned over the resonances. Near
resonance the ions were pumped to the 72P3/2 state,
from which some 10% decayed to the 62D5/2 state
(¢f. Fig. [1)). In this metastable state the ions were
shelved and did not participate in the fluorescence cy-
cle. This caused a dip in the fluorescence signal, the
position of which was calibrated against the P(146)(2-
8) single-pass absorption resonance in molecular Iy at
Viodine=423, 433,720 MHz. The scan linearity was veri-
fied with a high-finesse cavity. We found for the 6 2D5 /2-
72P3/2 transition vo19=V10dine +568(42) MHz for 212Ra™*
and Vo14=VIodine + 1269(23) MHz for 24Ra™. For
213Rat the fluorescence cycle was established by pump-
ing on the 72S; /5 F=1 - 7?Py 5 F'=0 transition and re-
pumping on the 62D/, F=1 - 7?Py /5 F'=0 transition.
This left the 6 2D3/2 F=2 state largely depopulated. The
frequency of the laser light at A3 was scanned over the

TABLE II: IS [MHz] of the 6°Dj/5-7°Pi/pand 6°Dy)s-
72P3/2 transitions in Ra™ isotope pairs. The measured HFS
for the 6 °D3,» state and a value extracted from Refs. [19] [20]
for the 72P3/2 HFS were used to obtain the IS with respect
to the center-of-mass of the resonances in 2**Ra™*.

214R, 212R, 218R, 212R, 2l4R, 213R,4

62D3/2— 72P1/2
62D3/2— 72P3/2

1032(5) 318(11) 714(12)
701(50) 248(50) 453(34)

-

] 2145+ v
5 — \/’"—‘—
S osgp
= [t
ST
a 21394+
g 09 F=2-P=1
s 7 F=1-F=1
) 1
2120+
[ Ra
S o9
o
0.8f
0.7

7500 3000 3500 4000 4500 5000 5500 6000
Laser Frequency - 423,430,400 [MHz]

FIG. 5: Scans of the 62D3/2—72P3/2 transitions. The solid
lines represent fits of Voigt profiles to the data. The fits
have reduced x?’s of 0.81, 0.81, and 0.88 for 2!?Ra*, 213Ra™,
and 2'"Ra™, respectively, at 18, 26, and 17 degrees of free-
dom. The corresponding Gaussian and Lorentzian widths
(FWHM) are 655(12) MHz and 243(10) MHz, respectively, for
212Ra™, 363(30) and 144(23) MHz for the F=2 - F'=1 tran-
sition in 2"®*Ra™, and 451(270) MHz and 581(300) MHz for
21Rat. The different -temperature related- Gaussian widths
are due to different neon buffer gas pressures. The different
Lorentzian widths are caused by saturation effects which vary
with gas pressure and laser power.

resonances (cf. Fig. . A rate equation model of the sys-
tem that explicitly takes the (hyper)fine structure mix-
ing caused by the Ne gas into account shows that a small
mixing rate already causes several resonances to appear.
The 62D3/2 F=1 - 72P3/2 F'=1 resonance is deformed
by the close-lying 62Dy /s F=2 - 7%P3 /5 F'=2 transition.
We use the 62Dj/5 F=2 - 7?P3/5 F'=1 resonance to de-
termine the IS. The measurements were carried out at
gas pressures 3 x 1074, 2 x 1073, and 2 x 1072 mbar.
The power of the laser beam at A3 was varied between
50 and 150 uW; no significant changes were found. We
found v913=VIodine — 64(13) MHz. The measured isotope
shifts are summarized in Table Ref. [2I] measured
the absolute frequency of the 62D3/2-72P3/2 transition
in ?2Ra™ as 423,437,660(570) MHz. The value mea-
sured here for 212Ratis 423,434,288(42) MHz. This in-
dicates an IS of 3.4(6) GHz between the two isotopes.
The demonstrated shelving to the 6 2Dj /2 state by access-
ing the 6 2D5 27 2p, /2 transition also enables a measure-
ment of the lifetime of this metastable state. The lasers
at A\ and Ay were kept close to resonance in 22Rat,
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FIG. 6: Lifetime measurements of the 2'2Ra* 6 2D5/2 state at
a neon buffer gas pressure of 4 x 107° mbar. The solid line
represents a fit of an exponential function to the data. The fit
yields a lifetime of 232(4) ms with a x* = 0.83 at 87 degrees
of freedom.

while the laser light at A3 was pulsed with 170 ms on-
periods and 670 ms off-periods by a mechanical chopper
wheel. The laser light at A3 was kept on resonance to
populate 62D5/2 via the 72P3/2 state. When the laser
light at A3 was switched off, the 62D5/2 state depopu-
lated and the ions re-entered the fluorescence cycle with
a time constant equal to the lifetime of the 6 2D5/2 state
(¢f. Fig. @ However, the neon buffer gas caused a re-
duction of the lifetime of the metastable state by quench-
ing it to the ground state. To estimate the effects of the
buffer gas, measurements were conducted at different gas
pressures ranging from 1072 to 107° mbar. The buffer
gas was shown to have a strong influence on the opti-
cal lifetime. However, no detailed theory for this sys-
tem is presently available to extrapolate the lifetime to

zero pressure. A lower bound on the radiative lifetime
of the 62Dj 5 state was found to be 232(4) ms; it corre-
sponds to the lifetime measured at the lowest pressure
of some 4 x 107° mbar. Corrections for the radioactive
lifetime of 2'2Ra and for the replacement time can be ne-
glected. Theoretical predictions are 297(4) ms [I7] and
303(4) ms [I4]. Our experimental result is an important
confirmation that the 62Ds /2 state is indeed long-lived.
This is a necessary property in view of the long coherence
times needed in APV experiments with a single trapped
ion [1].

In conclusion, for the first time on-line excited-state laser
spectroscopy was performed on short-lived trapped ions.
HFS measurements are suited to test wave functions at
the origin, whereas the measurement of radiative life-
times test them at larger distances. IS measurements
probe atomic theory and yield information about the
size and shape of the atomic nucleus. These measure-
ments test the atomic theory, the accuracy of which is
indispensable for upcoming single-ion APV experiments
aiming at an improved low-energy determination of the
electroweak mixing angle [4]. For the refinement of this
test, Ra offers a chain of isotopes, where no measure-
ments have been made and where theory is challenged to
provide unbiased predictions.
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