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Laser-rf double-resonance spectroscopy of the hyperfine transition between F"'=0 and F'=1 in the
metastable 'S, state of °Li* was performed in 100-keV beam in the storage ring ASTRID. High
efficiency of optical pumping was demonstrated for complex pumping schemes. A broadband (dc-6
GHz) rf device was designed and used for rf spectroscopy in the storage ring. The possibility of obtain-
ing coherent rf signals (Ramsey fringes) from successive interactions with the same field was investigat-
ed. Important limitations for the coherences due to magnetic-field inhomogeneities were observed.
These led to randomization of the atomic polarization during only one turn in the storage ring and com-
pletely prevented observation of Ramsey fringes. This situation is different from the case of fundamental
particles in a storage ring, where the polarization may be preserved for many round-trips. Limits were
put on the demands to beam quality, beam positioning, and magnetic-field quality to overcome the prob-
lem. The effects of the rf device on the external degrees of freedom of the ion beam were investigated. Its
small aperture substantially reduced the beam lifetime, and at very low rf frequencies the electric field in
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the rf device was able to excite external transverse resonances in the beam.

PACS number(s): 32.80.Bx, 29.20.Dh, 32.30.Bv

INTRODUCTION

Since the invention of techniques for rf spectroscopy in
neutral beams in the 1930s [1], continued development
has led to the creation of elegant spectroscopic methods
[2]. In addition to the spectroscopic applications, a
significant number of experiments has been aimed at the
investigation of fundamental properties of nature [3,4] or
toward the construction of extremely accurate clocks [5].

The most frequently used method for high-precision
experiments is to pass a particle beam through two rf
cavities and observe the coherent interactions between
the particles and the rf [6]. For neutral particles the
detection can conveniently be done by passing them
through state-selecting inhomogeneous magnetic fields.
For ions the most direct method is optical detection.
Laser-rf double-resonance techniques have been refined
for this purpose in fast beams [7]. A general problem en-
countered in working with ions in a beam is the space
charge, which causes the beam to diverge within some us,
severely limiting the obtainable coherence time. This
problem has been overcome in rf and penning ion traps,
where infinite coherence times are in principle possible
[3]. There are, however, some limitations to the method.
If very precise measurements are needed, it is necessary
to work with only one ion in the trap. Some types of ions
such as metastable or radioactive species are not easy to
produce and keep in traps. Finally, trap experiments are
not made in field-free space.

Another possibility to control the space charge is to do
the experiments in a storage ring. The idea of returning
the particles to the same rf device several times and
studying their coherent interactions with the rf was origi-
nally suggested by Ramsey in a different context [8]. It
has several advantages compared to single-pass experi-
ments. For instance, it is possible to do detection and op-
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tical pumping in collinear geometry without shifting the
rf resonances due to the ac Stark effect, which is some-
times cumbersome in conventional collinear fast-beam
laser-rf double-resonance spectroscopy [9]. The optical
pumping is efficient, even in cases where the pumping
transition is weak or when several photons of different
frequencies might be needed. Finally, there exists no un-
known phase shift between two rf devices as in the
single-pass experiments.

In principle there are also some advantages compared
to trap experiments. In traps laser cooling is needed in
order to reduce the Doppler width significantly. In the
storage ring longitudinally cold beams of any ion are
readily available due to the velocity compression during
acceleration. Using frequency filters, the Doppler shift
for the fast stored beam enables suppression of noise from
laser light scattered on the chamber walls. This possibili-
ty does not exist in traps.

The present experiments demonstrate several of these
advantages for laser-rf double-resonance spectroscopy of
metastable °Li™" in a 100-keV beam stored in the storage
ring ASTRID. Experience also shows that some disad-
vantages exist for the technique. The main disadvantage
is that the inhomogeneous magnetic fields, needed to
confine the ions transversely, eliminate the coherence.
Our measurements show no evidence of coherent interac-
tions, even after only one round-trip in the storage ring.
We put some limits on the demands to beam size and po-
sition control to improve this situation, and we show that
these conditions might be within reach in the future, but
will demand efficient transverse cooling.

A substantial reduction in the beam intensity and life-
time was observed when the rf device was inserted. This
did not have any influence on the rf excitation, which
takes place in a few turns, but it made the detection more
difficult because of the reduced signal strength. The
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transverse electric field in the rf device only had influence
on the external degrees of freedom of the beam at fre-
quencies below 100 MHz, far from the 3 GHz used for
spectroscopy.

EXPERIMENTAL SETUP

Figure 1 shows a schematic diagram of the storage ring
ASTRID. The ring has a circumference L, of 40 m
and it is kept at a pressure of 3X 10~ !! Torr. The mag-
netic lattice, which confines the ions, consists of four
pairs of bending magnets and 16 quadrupole magnets.
For fine adjustments of the beam position the ring is
equipped with 16 correction dipole magnets. The beam
position can be measured with 16 electrostatic pickups.
The ion beams are produced in a 200-keV accelerator,
which supplies a high-density, low-divergence beam with
a ripple below 1 V on a several-second time scale. The
beam is chopped with an electrostatic chopper to match
the ring circumference and is injected into the ring with a
magnetic septum and an electrostatic kicker. Up to 10°
singly charged ions can be stored this way when the rf de-
vice is not inserted.

Inside the ring two lasers are overlapped with the ion
beam in two different straight sections. In one of these
straight sections detection takes place through a window
looking transversely at the beam. The emitted light is
collected by a telescope and detected by a photomulti-
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FIG. 1. Schematic diagram of the storage ring ASTRID, the
200-keV ion accelerator producing the ion beams and the laser
and rf equipment used for the laser-rf double-resonance experi-
ments. The timing and data acquisition system is also shown.
The lasers can be modulated on or off with acousto-optic modu-
lators and the rf can be modulated directly at the source.
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plier (PMT). A narrow interference filter with a full
width at half maximum of 0.6 nm discriminates against
stray light from the laser, which is Doppler shifted 3.0
nm relative to the laser-induced fluorescence for 100-keV
®Li* ions. The velocity of the ions can be changed in
front of the detector using a postacceleration tube. This
significantly increases the freedom to excite different lines
with the same laser.

The rf device is situated in the same straight section of
the ring. It is a traveling-wave device, which consists of
an inner rectangular conductor and an outer conductor
of a rather complex shape, as shown in Fig. 2. The
design is a further development of a more simple con-
struction by Sen, Goodman, and Childs [10]. This shape
optimizes the strength and homogeneity of the field at the
position of the beam and ensures perfect matching to 50
Q from dc to 6 GHz. The length of the rf device L ¢ is
304 mm, and it has 5X 8 mm? apertures at each end. It is
connected to standard subminiature amphenol (SMA)
connectors through special UHV feedthroughs mounted
transversely in each end. Our 50-Q rf source, which con-
sists of an Ailtech frequency synthesizer (dc—4 GHz) and
a 20-W traveling-wave tube (TWT) amplifier, is connect-
ed to one end and a 50-Q termination to the other. In
this way only a traveling field in the TEM mode is able to
interact with the beam. The magnetic field is linear po-
larized in the horizontal plane. The propagation direc-
tion can be chosen freely with the outside connections
and the whole system can be translated in or out of the
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FIG. 2. Cross section of the rf device showing the inner rec-
tangular conductor and the complicated cross section of the
outer conductor. The inner conductor has a length of 304 mm
and is mounted directly to SMA feedthroughs with a connec-
tion pin in each end.
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FIG. 3. 14-GHz scan of the 3§, —3P, transition in °Li* with
laser 1 performed on a dc beam to reduce the linewidth. The
postacceleration was set at U =500 V to reduce optical pump-
ing.

beam. When the rf device is inserted into the beam, it is
only possible to store approximately 3% of the original
beam intensity (3 X 107 particles) for more than 100 us.

The °Li™ ions are produced with a hot plasma ion
source, which predominantly produces ground-state ions,
but a small fraction of about 10~ is present in the meta-
stable 3S, state [11] and available for spectroscopy. The
35', state is connected with the 3P,, (n =0,1,2) states (life-
time 7=43 ns) through allowed optical transitions
around 548.6 nm in the rest frame. One of the lines
(3S1,F”=2v>3P2,F‘=3) is closed and therefore good for
detection like the analogous line in 'Li* [12]. Several of
the other lines to the 3P, levels can be used for optical
pumping. A laser scan of the 3S,—3P, transition is
shown in Fig. 3. The spectrum was taken with a dc ion
beam of 15 pA, which passed once around the ring
without the rf device inserted. The post acceleration was
at 500 V to reduce effects from optical pumping in the
rest of the straight section.

The width of the individual lines reflects an energy
width at half maximum of ~20 V. This is much more
than the energy spread from the accelerator. The fast
heating after the acceleration is due to intrabeam scatter-
ing in the dense beam. It is in good agreement with
theoretical expectations [13] and measurements for other
ions in ASTRID [11].

OPTICAL PUMPING

The metastable part of the beam from the ion source
had equal population of all nine (F,M[) levels in the S,
state. The purpose of the initial optical pumping is to ac-
cumulate the whole population in the F =0 level. This
was achieved by simultaneous excitation of the
F'"=2->F'=2and F'"=1—F'=1 lines as shown in Fig.
4, where the branching from the upper levels is also indi-
cated. For every excitation there is a 50% chance of fal-
ling into the level most favorable for the transfer to F =0.
If both lasers are in resonance with a certain velocity
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FIG. 4. Schematic illustration of the optical pumping, rf ex-
citation, and detection. In part (a) the initial optical pumping
using both lasers is shown together with the decay branching
from the upper states. Part (b) shows the rf excitation. In part
(c) the repumping and detection is described. For each step the
most desired level, which the ions should ideally fall into, is
marked with a star. For excitation back to F =2 step (b) and
step (c) are repeated several times.

class, the optical pumping will be completed within 10 to
20 lifetimes (less than 1 us), independent of which level
the ions are in initially. Due to the fast longitudinal heat-
ing of the beam after injection, most ions are not in per-
fect resonance with the laser. For the laser powers avail-
able during this experiment, it is possible to saturate the
lines approximately 50 times, so the power-broadened
linewidth was 25 MHz. This is less than 10% of the
Doppler linewidth, even on the first turn. Therefore a
substantially longer optical pumping time was needed.
Furthermore each of the pumping lasers only had 8 m
overlap with the ion beam in one straight section of the
ring. All together these effects increase the necessary op-
tical pumping time approximately two orders of magni-
tude. Experimentally, 110-us optical pumping time was
found to be an optimum compromise between efficiency
and time.

It was possible to use the postacceleration tube to
make a test of the optical pumping. The relationship be-
tween postacceleration voltage U, beam velocity v, and
frequency shift Av of the counterpropagating laser, as it
is seen from the ions’ rest frame inside the post accelera-
tion tube, is given by

2
—1

172
Voe

2
M,c

MHz

Av=— U= —16.3—V— U.

<
v
(1)

Figure 5 shows a test of the optical pumping. Laser 2
was on from injection until 110 us after injection in reso-
nance with the F"’=2-— F'=2 line. The postacceleration
was set at —60 V, so laser 1 was cw in resonance with the
F"=1—F'=1 line outside the postacceleration and in
resonance with the F”"=2— F'=3 line inside the postac-



46 LASER-rf DOUBLE-RESONANCE SPECTROSCOPY IN A ...

Counts

0 1 2 3
Laser frequency (GHz)

FIG. 5. 3-GHz laser scan near the F"'=2— F'=3 line to test
the optical pumping. The dashed curve was recorded with laser
2 off. The solid curve was recorded with 2 on the first 110 us
after injection. The postacceleration was at U=—60 V to
make laser 1 excite the F”"=1—F'=1 line outside the postac-
celeration, when it was in resonance with the F'"=2—»F'=3
line inside the postacceleration. Detection was done during the
first 2 ms after injection, and only one point was recorded for
each injection.

celeration. The solid curve was recorded by stepping
laser 1 in the vicinity of the F'’=2— F'=3 line (as seen
from inside the postacceleration) one step per injection,
and observing the fluorescence during the first 2 ms after
injection. The dotted curve was recorded in the same
way, but without laser 2. The lines in Fig. 5 are broader
than the lines in Fig. 3 because they are recorded at a
later time after injection, allowing intrabeam scattering
to heat the beam further. The intensity of the
F'"=2—F'=3 line is reduced roughly three times with
laser 2 on, while the F""=1—F’'=1 line and the tail of
the overlapping F'"=1—F'=2 and F"=0—F'=1 lines
are slightly more intense. This last effect occurs because
laser 1, when detuned from the F''=2—F’'=3 line in-
side, is not in resonance with the F'’=1— F’'=1 line out-
side the postacceleration. Therefore the ions pile up in
the F=1 level when they are pumped away from the
F =2 level by laser 2. Tests of the initial optical pumping
where also made at later times after injection to confirm
that the optically pumped ions stayed in the F =0 level.
Some ions are not pumped away from the F =2 level
by the 110-us optical pumping with laser 2. This is due
to two effects. As mentioned above, 110 us is not enough
to totally complete the optical pumping. Second, there
seems to be a continuous ‘“‘increase” in the fraction of
metastable °Li™ ions seen by the laser, probably due to an
imperfect overlap between the laser and the ion beam im-
mediately after injection [14]. The “new” metastable ions
are populating all nine (F,M) levels equally, so in the
optical pumping test and the rf experiment they appear
as background. Other sources of background are laser
light scattered on the walls on the vacuum chamber and
dark counts from the PMT. Background doubled by
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photons scattered on the small aperture when the rf de-
vice was inserted.

rf EXCITATION

With one rf frequency it was impossible to directly ex-
cite from the F =0 level to the F =2 level, where detec-
tion could be done. The microwaves were generated with
a 1 MHz to 4 GHz Ailtech frequency synthesizer, which
was only able to produce the transition frequency be-
tween F =0 and F =1 at 3 GHz. Therefore the excita-
tion to the F=1 level was made with the rf and the
second step to the F =2 level with a laser 1 at the
F""=1-—F'=1 line, as shown in Fig. 4.

The rf from the frequency synthesizer was amplified in
a 20-W TWT amplifier, as seen in Fig. 1. The available rf
power to interact with the beam in the rf device was only
15 W due to losses in the cables connecting the TWT to
the rf section. The transition probability P, per passage
of the rf section on perfect resonance is given by [9]

P,=sin’(11Qg) ,

2
Br
0= % QF"+1)Q2F + 12T+ DT +1)J
2 2
FII 1 Fl Fll 1 FI
17 1 7| |Mpo ¢ —Mp| ° @

t is the transit time through the rf section, () is the Rabi
frequency, up is the Bohr magneton, g; =2 is the g factor
for the J level, B ; is the magnetic-field strength inside the
rf device, I =1 is the nuclear spin, and ¢ =AM ==1.
This gives 10% transition probability per round-trip for
the F"=M.=0—F=—Mp=1 transition. For excita-
tion four round-trips were used. If the transition proba-
bilities add up incoherently, this leads to a total rf transi-
tion probability P =30%. In general n independent
round-trips with the rf on give the excitation probability

[(n—1)/2]
P(n)=

n

2 +1 P%i_H(l—Pl)"_(Zi_H). (3)

=0

(The brackets in the upper summation index denote in-
teger value.) If the transition probabilities build up
coherently, it leads to an excitation probability on perfect
resonance:

Py(n)=sin*(1ntQy) . (4)

Qy is given by formula (2). For four round trips this
gives 92% rf transition probability.

Figure 6 shows a 20-MHz rf scan around the
F""=0—F'=1 transition frequency in 3S, to measure the
incoherent rf transition. The single-pass rf excitation
probability for frequencies detuned A=2w(v,—v,) from
perfect resonance is

2
Pl(A)=ﬁsin2[%t(A2+Qﬁ )12] 5)
The resonance data were fitted with this theoretical line
shape. The spectrum was recorded with the rf counter-
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FIG. 6. 20-MHz rf scan of the F"'"=0— F'=1 transition in
the 35, level. The rf was counterpropagating with the ion beam.

propagating with the ion beam. Similar spectra were also
obtained with three and five round-trips, but no
significant differences were observed between them. The
connection between the rest-frame transition frequency
vy, the frequency of the copropagating wave v,, and
counterpropagating wave v_ is given by the Doppler for-
mula for both the rf and the lasers. The Doppler correc-
tion of the rf frequency to the rest-frame value was made
using measurements of the optical transition frequency
for the F'"=2—F'=3 line. The frequency of both lasers
was measured using a phase-locked wave meter with a
Zeeman-stabilized HeNe reference laser [15] calibrated
against saturated absorptions in I, [16]. This setup was
later tested against the Danish normal meter laser [17].
The rest-frame rf frequency is given by

{,opt 1172
it | VF
vo=vo | — , (6)
voP
where v°P' is an optical frequency and v is an rf frequen-

cy.

In Table I the results from the incoherent rf measure-
ments are collected together with the relevant optical fre-
quencies for Doppler correction with formula (6). The
beam energy E was calculated from the Doppler formula
using the optical measurements

TABLE I. Results from the incoherent rf measurements to-
gether with the optical frequencies for the F”"=2—F'=3 line
used for Doppler correction and the beam energy E.

vop! 18 335.80(5) cm ™! v 2984.04(28) MHz
VP! 18118.92(5) cm ™! v 3001.85(28) MHz
VP! 18227.03(4) cm™! i 3001.780(17) MHz
t 0.170(1) ps
E 99.14(10) keV H, 0.26(1) G
Qg° 3.8(1) MHz
Qg€ 4.5(2) MHz
S/N 9(1)%

*Reference [19].
®Formula (2).
°Fit value.

1/2
_+.

v_

Vi

V+

172
] —1 ] . (7)
v_
The value for vif is in good agreement with previous re-
sults obtained by Neumann [18]. The value for Q, was
found from the fit in Fig. 6 keeping the value of the tran-
sit time ¢ fixed. It deviates about three standard devia-
tions from the value calculated from the field strength in-
side the rf section using formula 2. This indicates the
presence of small distortions in the excitation line shape.
These are discussed together with the detection.

= 1
E=M,c*{—

RAMSEY FRINGES

After the investigation of the incoherent signal, a
search for possible coherent excitations was conducted.
If part of the rf excitation is coherent, it will show up as a
regular modulation of the excitation probability. It is
possible to calculate the excitation probability for all fre-
quencies using the same method as for a classical Ramsey
experiment [6]. This method consists of a direct integra-
tion of the time-dependent Schrodinger equation for an
atom interacting with several oscillatory fields, without
using the rotating-wave approximation. The Hamiltoni-
an used in the simulation is given by

H

a

H,+p-B inside rf device .

outside rf device
(8)

H, is the Hamiltonian describing the dynamics in the
average field of the ring lattice and p-B is the perturba-
tion from the microwave field, which is only present in-
side the rf device, where H, is also replaced by the zero-
field Hamiltonian H,. A computer program was made
that implements the method for a fast beam in a storage
ring interacting n times with an rf field. There are a few
differences between this situation and the classical situa-
tion in a slow atomic beam.

(i) The excitation takes place in a collinear geometry in
a traveling-wave device instead of in a cavity.

(i) Doppler shifts have to be described with the rela-
tivistic formula.

(iii) The time it takes the ion to move one round-trip
between two interactions with the rf is given by
to=L ng /v at E. If the beam energy is changed AE from
this value, the change in round-trip time is given by
At0=%ntoAE /E, where 7 is a parameter for the storage
ring taking into account the change in orbit length that
occurs simultaneously with the change in velocity. In a
single-pass experiment 7 is always equal to 1, but for
ASTRID it is equal to 0.947. This number was obtained
by simulating the ring lattice of ASTRID with the MAD
program (a standard CERN program for simulations in
storage rings) [19].

(iv) The strength of the magnetic field varies substan-
tially during one round-trip. This leads to a large and im-
portant difference between the zero-field energy difference
AE, and the average energy splitting AE, primarily due
to the effect from the dipole magnets. The smaller contri-
bution from the quadrupole magnets was neglected in
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this simulation. The effects of it are described later. In
this approximation the different beam trajectories do not
have any influence on H, and their influence is only taken
into account through the difference in round-trip time
and Doppler effect.

These four differences between a single-pass Ramsey ex-
periment and the storage-ring experiment do not change
the general structure of the results. There are, however,
a number of small but important differences that appear.
The excitation line shape consists of a series of reso-
nance peaks with a convolution curve given by the
single-pass excitation line shape from formula (5), multi-
plied by a constant factor k., which can be found from
formulas (2) and (4):
sin*(1ntQp)
k P T o )
sin“(5zQpg)

The distance between the individual peaks is given by the
average inverse round-trip time 1/¢,. The width of the
individual peaks is slightly less than 1/(nt,) for zero en-
ergy spread in the beam. This is illustrated with a simu-
lation, shown in Fig. 7, of a Ramsey fringe experiment
with four turns rf excitation and a single-pass probability
leading to 92% excitation probability at the center. AE,
was 2.92 GHz and AE, was 3 GHz, the beam energy was
100 keV and the rf counterpropagating with the ion
beam. The Doppler broadening was calculated by assum-
ing that the laser could only interact sufficiently with the
ions within a 250-MHz window to repump and detect
them.

If these Ramsey fringes were observed it would be pos-
sible to determine AE, for a given setting of the ring by
performing the experiment with slightly different beam
energies (and the same setting) or by changing the
round-trip time with a second postacceleration section.
If AE, is determined in this way for a number of different
settings of the ring, AE, can be found by extrapolating to

Transition probability

0 20 40 60 80 100
Frequency (kHz)

FIG. 7. Simulation of the coherent rf excitation line shape ig-
noring the influence from coherence-destroying inhomogeneous
magnetic fields. The frequency window is centered around
2983.85 MHz.

zero magnetic field.

The results from the simulation were used to set a limit
for possible coherent contributions to the measured rf ex-
citation. In reality AE, may assume two different values
for the two different final states F =1 and My==x1. The
value used in the simulation is close to the M= —1 re-
sult. Excitation to the level F =1, M=0 is not possible
due to the polarization selection rule AM = %1 for exci-
tation with a horizontally polarized B field. It is also not
possible for the laser to repump from the F =1, M=0
level because My =M =0 is forbidden for F""=F'. Asit
is difficult to calculate the values of AE, with the pre-
cision needed, and the saturation effects considered to-
gether with the detection further complicate the situa-
tion, a simple box function, instead of the spectrum in
Fig. 7, was used during the analysis to set a maximum
limit on coherent contributions.

Another difference between slow beam experiments in
single-pass and storage-ring experiments is the possible
cancellation of Doppler broadening and phase change
broadening during one round-trip. A similar effect also
exists in single-pass Ramsey experiments, where first-
order broadening may be eliminated [2,6], but in the fast
stored beam the effect is more complex because both the
phase change and the Doppler effect are involved. A sim-
ple way of explaining a cancellation ultimately leading to
first-order Doppler-free peaks is the following: If coun-
terpropagating rf is interacting with an ion beam, ions
with higher than average speed have a resonance frequen-
cy below the average due to the Doppler effect. The fas-
ter ions will simultaneously experience a shorter round-
trip time than the average, and if v, is higher than
AE, /h, this is the same as increasing the spacing between
the local excitation maxima, which will move the peak
towards higher frequencies. Depending on how well the
7 parameter, beam energy E, ring circumference L ing
AE,, and AE, match each other, variable degrees of can-
cellation might occur. If the sign of one of the parame-
ters (vy—AE, /h) or the direction of the rf relative to the
ion beam (%) changes, the effect described above will in-
crease the broadening instead of reducing it. A detailed
look at the calculation leading to Fig. 7 shows that the
broadening is reduced by approximately 25%. For
M =1 there will instead by an increase of 25% because
AE, is then ~80 MHz higher than AE. This will partly
smear out the fringes from the second transition. This is
a further justification for using the box function to give
the limit for coherent contributions.

Figure 8 shows a 100-kHz rf scan near the center of the
incoherent transition. Its center frequency coincides with
Fig. 7. If part of the rf excitation was coherent it would
show up as a regular modulation of the excitation proba-
bility with a spacing of 45 kHz similar to the one in Fig.
7. No such modulation can be seen in the figure. To give
a more precise limit the spectrum was filtered with the
box function described before. In this way a maximum
limit of 0.91+0.6% for coherent contributions was ob-
tained. As this is not significantly different from zero, we
conclude that no Ramsey fringes were observed. Fourier
transformation or smoothing of the spectrum gives simi-
lar results. As an extra test the analysis was repeated for



4106
750 [
690 1
E
o
630
570 * : : -
3800 3820 3840 3860 3880 3900

Relative rf frequency (kHz)

FIG. 8. 100-kHz rf scan near the center of the incoherent
F""=0— F'=1 transition to search for coherent contribution to
the rf excitation.

a few other 100-kHz scans with different center frequen-
cies. Similar results were obtained from these spectra.

DETECTION

After the rf excitation the repumping laser 1 was
turned on for 90 us. It was in resonance with the
F'"=2—-F'=3 line inside the postacceleration section
and with the F'"=1—-F'=1 line in the rest of the
straight section. Including the necessary delays to avoid
the laser and the rf being on simultaneously, the cycle
took 189 us. Only the F"=1—F'=1 line could be used
for this purpose, because the F'’'=1—F'=2 and
F"=0—F'=1 lines were too closely overlapping. If the
laser was put at one of these lines, it would automatically
excite the other, and pump all the ions to the F =2 level
independently of what the rf had done. The probability
a, for pumping the ions into the F =2 level with laser 1
was only 4.8%, and the excitation with rf and pumping
with the laser had to be done several times to get a
reasonable signal. Because of the short storage lifetime of
the beam when the rf device was inserted, the maximum
number of repetitions was limited to about 50. Experi-
mentally, it was found that the optimum was to repeat
the cycle 20 times and do the detection between 1.89 and
3.89 ms. The detection could be started at any time, be-
cause the laser was in resonance with the F"' =2 F'=3
line inside the postacceleration section. Therefore it
probed the number of ions in the F =2 level as shown in
Fig. 4. Furthermore it is preferable to only be in reso-
nance with the F''=2—F'=3 line inside the postac-
celeration and everywhere else shifted to the red because
off-resonant excitation of the F’'=0—-F'=1 and
F'"=1—F'=2 lines is reduced. This excitation and
detection scheme was used both to measure incoherent rf
transitions and to search for coherent transitions.

In Table I it can be seen that there are some minor de-
viations between the predicted and fitted line shapes for
the incoherent rf excitation. To understand possible dis-
tortions of the rf excitation line shape it is necessary to
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consider saturation effects. These effects can occur for
two reasons. One possible reason, during incoherent rf
excitation, is that formula (3) is not linear in the single-
pass rf excitation probability P;. In the present experi-
ments it gives rise to some broadening of the resonance,
in agreement with the modified value for 3. The ex-
pression for the single-pass rf excitation probability is
symmetric around v, so no shifts or asymmetries can
occur due to saturation of the rf transition. Another type
of saturation effect is due to the combined rf excitation
and laser repumping. The probability of being excited
from the F =0 level to the F =2 level Pr_, after N re-
petitions of the rf and laser cycle is given by

Pr_,=1—(1—P a,)V. (10)

This expression is nonlinear in P,a; and can therefore
also give rise to broadening. For incoherent rf excitation
this effect will be small compared to the direct rf satura-
tion. For pure coherent rf excitation the effect would be
quite significant. The coherent rf excitation probability is
almost symmetric around each excitation maximum, so
only extremely small systematic shifts due to saturation
can occur. These can always be ignored, because they
will be of the order of L¢/L,, (<1%) times the width
of the local excitation maximum.

The signal-to-noise ratio for the incoherent rf reso-
nance is approximately 9%. This is in quite good agree-
ment with the value expected from the test of the optical
pumping and the numbers given above and leaves little
room for coherent contributions to the excitation proba-
bility.

INFLUENCE FROM THE STORAGE RING

The most probable reasons for not observing coherent
rf transitions are that the coherence for the whole popu-
lation was destroyed by variations in the phase advance
between different orbits through the ring, or that the ions
did not stay in the same quantum state from one passage
of the rf section until the next. The second effect can
occur in two different ways. The ions can change F level
or they can change M level. The tests of the optical
pumping rule out the change of F level as an important
effect in ASTRID. This is confirmed by theoretical cal-
culations [20]. Left are the possibilities of changing M
or having variable phase advance. Both effects can arise
due to the inhomogeneous magnetic fields in the quadru-
pole magnets. The change in M level is most severe, be-
cause it also leads to a substantial difference in phase ad-
vance after passage of the next dipole magnet because of
the M-dependent Zeeman effect.

Variable phase advance will occur when the magnetic
field in a quadrupole has a component parallel to the di-
pole field for an ion passing through the quadrupole with
a horizontal offset. If the quadrupole magnet is ideal, the
field strength is proportional to the offset. This will in-
troduce an extra phase change or modification of the en-
ergy AE,, which will lead to a shift of the coherent reso-
nance. If the ion beam has a finite size, this will lead to a
broadening of the resonance. If we only consider one
quadrupole and neglect the fringe field from it, we can
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calculate the broadening Av, as a function of the hor-
izontal beam diameter D, for a quadrupole of length L,
with quadrupole strength Q, for the case of the linear
Zeeman effect:

L
Av,=Q.B,D,AgrMplpp 77—~ |3

ring
B, (0.11 Tm for 100-keV °Li™) is the magnetic rigidity
and A(gyMp) is the difference in g value multiplied with
M for the two F levels involved. The 30 MHz/m is an
approximate value for the F”’=0—F'=1 transition in a
100-keV °Li* beam. The contribution from the next
quadrupole magnet has a tendency to substantially
reduce this number, because the quadrupoles are collect-
ed in pairs where one is focusing and the other defocusing
with comparable strength in a particular plane. This can-
cellation is not totally perfect, partly because the betatron
oscillations (due to the transverse beam temperature)
around the central orbit will introduce asymmetries.
From more careful considerations it is seen that a rough
estimate of the effect after one round-trip in the ring can
be found using the effect from only one (typical) quadru-
pole magnet [20]. The minimum requirement to observe
coherent transitions is that the quadrupole broadening is
smaller than the distance between the Ramsey fringes.
From this we get an equation for the largest beam diame-
ter D;"** we can allow:

Av, (D™ )1, <1 . (12)

oMHZ \p
m

For our transition formula (12) gives D;®*=1.5 mm. To
get an unperturbed result the diameter must be n times
smaller than this number for excitation with rf on n
round-trips.

The second case we will consider is the one with a mag-
netic field perpendicular to the dipole magnetic field.
This will occur for ions that pass through a quadrupole
magnet with a vertical offset. In this case the restriction
on the beam diameter and offset from the center of the
quadrupole magnets is that the precession of the magnet-
ic moment g must be much smaller than 7 during the
passage of a quadrupole magnet. If it has to be smaller
than 10% of m, formula (12) yields the maximum vertical
beam diameter D, if D, is exchanged by D,:

Av (DT )= 5 - (13)
Even a small precession of g will mix the My levels sub-
stantially. This leads to a big difference in AE, after pas-
sage of the next dipole magnet, which will totally exclude
the survival of any coherence. Second, the partial back
rotation of u in the next quadrupole field can only be
effective if the individual rotations in the two quadrupole
magnets are small due to nonlinear effects.

For a real beam some combination of (12) and (13) will
be relevant. A detailed quantum-mechanical analysis
shows that these results obtained semiclassically also cov-
er effects due to “Majorana” transitions, which take place
in regions where the magnetic field is weak and changes
direction rapidly [20]. The various restrictions for the
beam diameters are collected in Table II. It should be
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TABLE II. Beam diameters and transverse temperatures T,
needed to observe coherent rf transitions.

F"=0—-F'=1 in 100 keV °Li* 10 MeV °Li*
Dy 0.15 mm 0.15 mm
Djraxa 1.5 mm 1.5 mm
Tax® 04 K 40 K
T3 1000 K° 300 K¢ 500 K¢

?One turn.

®Equal to ten turns.
‘Reference [11].
IWith rf device.
“Best results [12].

noted once more that the numbers are only order-of-
magnitude estimates. The precise numbers are extremely
difficult to calculate [20].

In general the requirements on beam quality and
magnetic-field quality are orders of magnitude more
severe than for beams of fundamental particles in high-
energy storage rings. The reason for this problem is the
magnetic-moment to mass ratio, which is the relevant pa-
rameter for describing polarization loss in a beam [21].
For an atomic ion it is of the order of uz /My, where M,
is the nuclear mass. For a fundamental particle it is of
the order of py /My, where uy is the nuclear magneton.
The latter is more than three orders or magnitude small-
er. Therefore it is only necessary to consider the problem
of polarization loss close to polarization resonances in the
machine, where the ions return to the same field inhomo-
geneities in phase on each turn or after a few turns (in-
teger magnetic tune or other kinds of higher-order mag-
netic resonances). In case of a resonance the polarization
destruction will build up coherently in a few turns.

An optical method was also used to test if position-
dependent changes in My, which destroy the atomic po-
larization, were important in the storage ring. The
F"=1-—F"=0 line in the S, —3P, transition is ideal for
this purpose. If it is excited with linear polarized light in
the vertical plane defined by the dipole magnets, the pop-
ulation in the F =1 level will be optically pumped to the
Mg==1 levels as illustrated in Fig. 9, because of the
selection rule AM;=0 for excitation with linear polar-
ized light and the selection rule AM;=0,%1 for spon-
taneous decay.

The 351, F'=1 —>3P1, F'=0 line was excited cw inside

o s =]

-1 0 1 M

Fig. 9. Illustration of optical pumping among the M sublev-
els in the F =1 level, when the 3S,,F"’=1—3P,F'=0 line is
excited with vertically polarized light. All ions are rapidly
pumped to the M==1 levels.
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the postacceleration section with linear polarized light,
and the fluorescence was detected the first 2 ms after in-
jection. The current in a 50-turn solenoid located in the
opposite straight section was then scanned between 0 and
20 A one step per injection. This allowed variation of the
solenoid magnetic field is between 0 and ~8X 107 T.
The optical signal during this scan of the magnetic field is
shown in Fig. 10. If M was conserved with zero or any
other finite current in the solenoid, there would be a
modulation of the signal with the solenoid magnetic field.
A minimum in fluorescence would occur for each N times
27 rotation of the magnetic moment in the solenoid field
compared to the M conserving value. The period for
this modulation would be 2 A. (Only the integral of the
magnetic field is important for the number of rotations,
when the magnetic field is weak. This integral is the
same for all ions due to Ampere’s circuital law.) No
modulation of the signal was observed. Instead a small
decrease was seen at the highest currents. This is due to
a slightly skew mounting of some windings of the
solenoid, which created an asymmetric fringe field dis-
turbing the orbit in the ring. Tests at times later than 2
ms after injection gave the same result, but with poorer
signal-to-noise ratio due to the heating of the beam and
its finite lifetime. From this experiment it is concluded
that the reason for not observing coherent rf transitions
must be that all My levels mix within less than one turn.

In addition to these important effects from the
storage-ring environment, it is necessary to consider a
few other potential problems for coherent interactions.

The first question is whether ion-ion collisions can per-
turb the internal state of the individual ions. The risk of
such a perturbation can be evaluated from a rough esti-
mate of the cross section for state-changing collisions. A
pessimistic estimate is to assume a geometrical cross sec-
tion. If that were the case, there would be a probability
for such a process of less than 1077 per turn. This is
comparable to the probability per round-trip for the same
process due to collisions with the rest gas. It can be to-
tally ignored compared to all other perturbations.

The second question is whether the direct influence of
the electric field inside the rf device on the external de-

750
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550 : ‘ ‘
0 5 10 15 20

Solenoid current (A)

FIG. 10. 20-A scan of the current in the solenoid magnet.
No modulation of the fluorescence was observed.
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grees of freedom of the beam can be a problem. Below
100 MHz some influence on the beam was observed using
the electrostatic pickups. At certain resonance frequen-
cies it was possible to excite the beam transversely. This
led to a beam lifetime of 10—100 turns. Above 100 MHz
these resonances vanished abruptly and the rf had no
measurable influence on the beam. It is assumed that the
effect can be totally ignored at 3 GHz. This conclusion is
supported by theory, because the oscillation of the elec-
tric field inside the rf device becomes so fast that its col-
lective influence on the beam will average out to zero
during a passage.

Finally, the influence from intrabeam diffusion due to
Coulomb scattering on coherent interactions should be
considered. The only way the diffusion can modify a
coherent interaction is by changing the velocity and
round-trip time of the ions. This change needs to exceed
the range of the repumping laser (~250 MHz) within the
excitation time to be a potential problem. If this occurs,
several complications might arise. The first-order effect
is that the signal decreases, because ions which move
beyond the repumping range within the excitation time
will be lost. If some of these ions return to the laser
range and get repumped at a later time, it might give rise
to a broadening or shift of the resonance. The loss in
beam intensity when the rf device is inserted reduces the
importance of intrabeam diffusion so the ions do not
diffuse outside ~100 MHz within one repumping cycle.
This is below the limit for complications to occur.

INFLUENCE FROM THE AHARONOV-BOHM
EFFECT?

An interesting question is whether the classical Ram-
sey result with the phase advance difference between two
states given by Aggr=—t,AE,/# per turn in the ring
also holds, when the influence from the Aharonov-Bohm
effect is included. Only if this is true will it be correct to
use the number AE, for the splitting outside the rf de-
vice.

To include the Aharonov-Bohm effect correctly, it is
necessary to consider two effects that have been ignored
until now. The effects both arise from the fact that an ion
with a magnetic moment g moving in the magnetic field
from the dipole magnets feels both the classical Lorenz
force F;, =qgvXB and the magnetic force F,, =V(u-B).
As the magnetic force is dependent on the internal state
of the ion, it will give rise to a state-dependent accelera-
tion in the fringe field of the dipole magnets. This means
an ion will follow slightly different orbits in the dipole
magnets, depending on in which state it is. This will in-
troduce a geometrical phase difference Agp,=®ge /%,
where @ is the magnetic flux through the area between
the two different curves. A second effect comes from the
difference in dynamic phase Ag, between the different or-
bits. This effect is more difficult to calculate. It has been
shown by lida and Weidenmiiller [22] that the two effects
will in general cancel, and the classical Ramsey result is
still valid. An excellent summary of the necessary argu-
ments and calculations to obtain this result has been
made by Forck [23].
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CONCLUSION

Our laser-rf double-resonance experiments in the
storage ring illustrate the possibility of using a complex
optical pumping scheme and doing several successive in-
coherent rf excitations, which extend the applicability of
fast-beam laser-rf double-resonance methods to some oth-
erwise difficult cases.

The measured value for the frequency of the
F""=0—F'=1 transition in °Li™ is in good agreement
with the value measured by Neumann and co-workers
[18], but not quite as accurate because the relatively high
beam energy gives a substantial transit-time broadening.
If coherent transitions could be observed, this problem
would be solved, but instead there would be some
difficulty of extrapolating the result to zero magnetic
field.

We do not observe coherent transitions because the
magnetic fields inside the quadrupole magnets destroy the
polarization of the beams. The theoretical calculations
and the experiments are in good agreement on this point.
Improvements in the measurements in the present type of
storage ring can only be expected if the beam quality is
increased substantially. From the theoretical estimates
we find that the beam diameter must be below 0.15 mm.
With the rf device inserted we have a beam diameter
below 4 mm. A reduction of approximately 25 times is
needed.

An improvement in the vertical beam positioning is
also needed. In the present experiments we find that the
vertical beam positions were correctly in the middle of
the quadrupole magnets to within 0.5 mm. This must be
improved to below 0.15 mm. The horizontal beam posi-
tions are not quite as critical, so the present accuracy is
sufficient. The field quality in the magnets also seems to
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be adequate. These restrictions on beam quality and vert-
ical position are beyond present-day technical possibili-
ties. For the beam position an accuracy of 0.2 mm is the
limit of our present system. It may be possible to im-
prove this to 0.1 mm.

For the beam diameter the problem is more severe.
Some sort of transverse cooling is needed. For a 100-keV
beam, electron cooling cannot be expected to be efficient
because of the extremely low electron energy needed to
match the beam velocity. Transverse laser cooling is in
principle a possibility but it is not possible to perform
within the 10 ms available, even for a beam where all the
ions are coolable. Finally the space charge will be a fun-
damental limitation to obtaining the small diameter if the
beam is too intense. For instance 0.15 mm is equal to the
zero-temperature radius for 107 particles. If the beam en-
ergy is increased, the polarization loss becomes less
severe, because f, becomes smaller with EV 2, but the
vertical beam position restrictions are unchanged.

Finally it should be noted that most of the problems
for the coherent interactions are due to the quadrupole
magnets. If the transverse confinement of the beam was
done with electrostatic quadrupoles instead, only the
quadratic Stark effect would be present. For the small
field strengths needed for our low-energy ion beams, this
would only have negligible influence.
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