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ABSTRACT We report magnetic resonance experiments with
optical detection performed on cesium atoms trapped in a crys-
talline “matrix. Multi-photon transitions, i.e., processes in
which several radio-frequency photons are absorbed simultan-
eously in a given hyperfine Zeeman multiplet of the ground
state, were the central topic of these studies. The long relax-
ation times of spin coherences of Cs in solid He allow such
transitions to be spectrally resolved in fields as low as 1 mT. We
observed all allowed multi-photon transitions up to the AM =8
transition in the ' = 4 state. We compare the experimental spec-
tra with theoretical spectra obtained from numerical solutions
of the Liouville equation that include optical pumping and the
interaction with the static and oscillating fields. Multi-photon
transitions may find applications in magnetometry, suppress
systematic effects in EDM experiments, and allow the study
of relaxation phenomena in doped He crystals. The demonstra-
tion of these features is still hindered by inhomogeneous line
broadening.

PACS 76.70.Hb; 32.80.Wr; 32.30.Dx; 32.60.+i

1 Introduction

Since the pioneering work of Kastler and Brossel
in 1949 [1], double resonance experiments, which combine
magnetic resonance spectroscopy with resonant optical prep-
aration and detection, have found a large range of applica-
tions, to mention only optically pumped magnetometers and
the search for permanent electric dipole moments (EDM) of
atoms. This double resonance technique is also known as opti-
cally detected magnetic resonance (ODMR). In this work we
have investigated multi-photon effects in double resonance
spectroscopy, i.e., processes in which several radio-frequency
(rf) photons are absorbed simultaneously. We report on the
first observation of such processes in atoms trapped in a solid
helium matrix. This unique sample is well suited to the study
of such processes, as the trapped atoms have long relaxation
times, so that the multi-photon lines are already well split in
arelatively modest magnetic field of 1 mT.

The present study is motivated by the perspective that
multi-photon spectra may allow line shifts induced by exter-
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nal perturbations to be measured with increased sensitivity.
Obvious applications are magnetometry, sublevel Stark spec-
troscopy, and EDM experiments. As shown at the end of
the paper, specific multi-photon transitions also allow a com-
monly encountered systematic effect in EDM experiments to
be suppressed.

The detailed structure of multi-photon spectra depends on
the nature of the relaxation processes of the involved multi-
quantum coherences. From high-precision experimental spec-
tra it is thus, in principle, possible to identify the underly-
ing relaxation mechanisms. This is particularly interesting for
a better understanding of the symmetries and dynamics that
govern the spin relaxation of guest atoms in quantum crystals.
So far there is only very restricted knowledge on this topic.
The control of field inhomogeneities is a major issue in this
type of multi-photon spectroscopy. Model calculations that
include field inhomogeneities yield a good description of the
observed spectra.

1.1 Akali-doped helium crystals

Since a number of years we perform ODMR ex-
periments on alkali atoms trapped in helium crystals. This
unique sample has some outstanding properties due to the
quantum nature of the host crystal. A main feature is the very
high degree of spherical symmetry of the local trapping sites
of the embedded impurity atoms (atomic bubbles), which is
a consequence of the Pauli principle and the high elasticity
of the isotropic helium quantum solid. The non-magnetic na-
ture of the host matrix atoms and their isotropic distribution
around the defect atoms ensure that alkali spins are only very
weakly perturbed, which is reflected by longitudinal spin re-
laxation times 77 = 1/y; of (J;) on the order of 1 second [2]
and by the observation of very narrow magnetic resonance
lines [3]. Although the helium matrix strongly broadens and
shifts optical absorption and emission lines [4], the sample
can be polarized by optical pumping [5], which makes this
unusual sample well suited to high-resolution ODMR studies.

1.2 Multi-photon transitions

In most applications, ODMR experiments deal
with processes in which individual rf photons interact with
adjacent sublevels | F, M) and | F, M £ 1) according to the se-
lection rules for magnetic dipole transitions. We limit our dis-
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cussion to transitions between sublevels | F, M) in an isolated
hyperfine level. When the intensity of the rf field, character-
ized by the Rabi frequency 2 that describes the strength of the
spin-field coupling, becomes very large, nonlinear processes
in which several rf photons are absorbed simultaneously by
the system become substantially probable. One distinguishes
two classes of such processes, which appear at different values
of 2.

When £2 becomes comparable to the Larmor frequency
L, the rotating wave approximation (RWA) loses its valid-
ity and one can observe AM = =+1 transitions involving the
simultaneous absorption of several rf quanta [6]. In this paper
we focus, however, on another class of multi-photon tran-
sitions, namely processes in which transitions between sub-
levels whose magnetic quantum numbers differ by AM =
+N are driven by the simultaneous absorption of N radio-
frequency quanta. Resonances involving N = 1,2, ... pho-
tons appear in sequential order as the Rabi frequency £2 is
increased. These processes set in when £2 becomes compara-
ble to the coherence relaxation rate y, of the coupled levels.
Since, in general, y» < w, this second class of phenomena
appears at smaller intensities than the first class.

Multi-photon transitions of the second type were ana-
lyzed theoretically in [7—9] using an algebraic approach. The
first experimental observations of such processes involving
two- and three-photons in the rf spectra of O, and K were
performed by Kusch 50 years ago [10] and in Cs in 1957
by Skalinsky [11]. Numerical calculations for K, Li, and
Cs [12,13] and experimental studies for K were performed
by Alexandrov and coworkers [14] using an ODMR tech-
nique. Xu et al. [15] have given an interpretation of multi-
photon transitions in terms of atomic multipole moments to
describe experiments in the time-domain on rubidium and
cesium atoms in the vapor phase using rf pulse sequences.
Several references on the role of multi-quantum transitions in
NMR studies are also given by these authors.

2 Multi-photon transitions

2.1 Basics

In a small magnetic field By an isolated hyperfine
multiplet of total spin F splits into a series of 2F 4 1 mag-
netic sublevels that can be labeled by their zero-field quan-
tum numbers |F, M). As we restrict our discussion to the
ground-state hyperfine level F of cesium, the notation | F, M)
is short-hand for |6 25 2 F, M). The frequency difference be-
tween adjacent levels is wpy4+1,. 4 = Wp+1 — 0y = oL, where
w1 = yBo = grus Bo/h is the Larmor frequency of the level
characterized by the Landé-factor gr. Radio-frequency tran-
sitions between these levels obey the magnetic dipole tran-
sition rules AM = =1, so that a circularly polarized rf field
of a given handedness can excite 2F individual transitions,
provided that the coupled states have non-zero population dif-
ferences. In a weak magnetic field (linear Zeeman effect) all
the transition frequencies w41, » are identical and the mag-
netic resonance spectrum consists of a superposition of 2F
unresolved resonance lines centered at the same resonance
frequency wr.

In order to resolve these 2 F' lines, one needs an interaction
that yields a level shift that is nonlinear in M. The Breit—Rabi

interaction is one way to realize this condition. The lowest
order correction of the linear Zeeman effect due to the hyper-
fine interaction can be parameterized as

wy = oy, +yMBo+ (a + BM?) Bj (D)

where o[ is the hyperfine frequency shift of the given hy-
perfine level F, and @ and 8 are constants depending on the
specific state. As a consequence the one-photon resonance
frequencies no longer overlap and the magnetic resonance
spectrum consists of 2F equidistant lines (Fig. 1, N = 1).
A similar pattern of lines is also obtained in the linear Zeeman
regime when an additional interaction yielding level shifts
proportional to M? is present, such as a perturbation with
quadrupolar symmetry, as, e.g., the quadratic Stark effect re-
lated to the tensor polarizability. In addition to processes in
which a single rf photon is absorbed, processes are possible in
which N identical 1f photons are absorbed simultaneously. For
an rf field of a given handedness the selection rules for such
processes require AM = %N, in which the sign is determined
by the sign of the corresponding population difference. The
resonance frequency of a AM = N-photon transition starting
from alevel M is given by

WM+N — WM
N

For instance, for N = 2 there are 2F — 1 such distinct tran-
sitions (Fig. 1, N = 2). Their resonance frequencies are cen-
tered exactly in the middle of the intervals separating adjacent
one-photon lines (Fig. 2). As these transitions are higher order
processes, their onset can only be observed at larger rf in-

= yBy+BB;(2M + N) . (2)

Mg

N=1 2 3 4 5 6 7 8

FIGURE 1 Level scheme of the ground-state F' = 4 hyperfine Zeeman mul-
tiplet. The linear (leff) and quadratic (right) Zeeman splittings are shown
separately. Arrows indicate the (2F 41— N)N-photon transitions, where
2F + 1 is the number of magnetic substates
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FIGURE 2 Frequency distribution of the multi-photon resonance frequen-

cies for the N = 1...8-photon transitions M <> M + N of an F =4 system.
The positions of the resonances are given by (2) with 8 < 0, as for Cs
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tensities. At still higher rf intensities the magnetic resonance
spectrum will show the appearance of 2F — 2 three-photon
transitions whose resonance frequencies will coincide again
with the one-photon resonances. A further increase of the rf
intensity will show increasingly higher orders until finally
asingle (N = 2F)-photon line appears, which corresponds to
the AM = 2 F transition coupling the states | F, M = +F) and
|F, M = —F). All even order resonances occur at a given set
of equidistant frequencies, while the odd order resonances are
also degenerate among themselves, but at a shifted set of fre-
quencies (Fig. 2). It is to be noted that a given generation of
N-photon lines appears on a power-broadened background of
lower order (N’ < N) resonance lines.

In the following we will restrict the discussion to the
ground state of '3*Cs, whose hyperfine structure consists of
two levels with F = 3 and F = 4, respectively. Figure 2 illus-
trates the positions of the allowed multi-photon lines for the
F = 4 state of cesium.

2.2 Resonance frequencies in the ground state of 33Cs
trapped in the bce phase of solid *He

The hyperfine structure of the 651/, ground state of
133Cs (I =7/2) in afield By is described by the Hamiltonian

Ho=AI-J+gyusJ:Bo—ginsl:Bo, 3)
where A = A(6S51,2) is the hyperfine coupling constant of
the ground state, g; and g; are the electronic and nuclear
g-factors, respectively, and pp is the Bohr magneton. The
corresponding eigenvectors are |(F), M). The parentheses
around Fy = I £ J =3, 4 indicate that F is not a good quan-
tum number in presence of the magnetic field, but that it may
still serve as a state label. The solutions of this eigenvalue
problem, known as the Breit—-Rabi formula [16], were used
for the numerical calculation discussed in Sect. 2.4. After ex-
panding the energy eigenvalues up to second order in By, one

gets for the parameters in (1) of the states Fy as

. —1+84

@his = T4 7

ar =—168.,
__(gs+8D? ug

P=F"%5en a -

Inserting the vacuum values for A and the g-factors of the
133Cs ground state gives B = 27 1.336 kHz/mT?. However,
the hyperfine constant A of Cs implanted in the bcc phase of
solid “He is blue shifted due to the compression of the 65/,
wave function by the He matrix [17]. At T = 1.507 K and
p = 26.67 bar it is increased by 2.136(1)% with respect to its
vacuum value. This yields 8 = 271.308 kHz/mT?. The lat-
ter value has to be used in the model calculations, in order to
reproduce the positions of the experimentally observed lines.

The field dependence of the resonance frequencies of the
single-quantum magnetic dipole transitions is shown in Fig. 3.
For better visualization the resonance frequency Avr of the
[(4), 3) — |(4), 4) transition was subtracted. In very low fields
(linear Zeeman regime) the resonance frequencies split into
two groups of lines, for which the frequencies are degenerate
within each group. The two groups correspond to F' = 3 and
F =4, respectively, whose g p-factors,

1 8F1

8Fy = iggl - %81 ;

differ because of nuclear magnetism. The g-factors of Cs in
the becc phase of solid helium have been shown previously
to coincide with the ones of the free atom at a level of at
least 10~* [18]. In larger fields this degeneracy is lifted by
the quadratic Zeeman effect, thus producing the line pat-
tern necessary for the observation of resolved multi-photon-
transitions. In the F' = 4 state there will thus be in general
8 one-photon lines, 7 two-photon lines, 6 three-photon lines,
and up to a single eight-photon line connecting the states

M,=3—-4

0 0.2 0.4 0.6 0.8 1
B, (mT)

FIGURE 3 Resonance frequencies Avp+) pm+1 of the [(Fi), M) —
|(F+), M +1) transitions in the ground state of Cs. The resonance fre-
quency Aveer = Av(4) 3.4 is subtracted in order to visualize the lifting of
degeneracies due to nuclear magnetism and the quadratic Zeeman effect.
Avef(MHz) =~ 3.5 Bo(mT). The dotted line indicates the field at which the
experiments were performed
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|(4), —4) and | (4), +4). As mentioned before, the observabil-
ity of these lines depends on the existence of suitable popula-
tion differences.

2.3 Optical detection

So far we have discussed merely the magnetic res-
onance itself, without addressing its experimental detection.
In our experiments a circularly polarized laser beam, reso-
nant with the Cs D, transition, was used for this purpose.
The interaction with the laser beam is used to prepare the ne-
cessary population differences in the magnetic sublevels by
optical pumping. At the same time the scattering rate of the
laser radiation depends on the degree of spin polarization of
the medium. As the magnetic resonance transitions affect this
polarization, the fluorescence rate is a convenient monitor of
the magnetic resonance process.

This is the very essence of ODMR. Optical pumping and
magnetic resonance of Cs in solid helium has been studied
extensively by Lang et al. [5].

The D; absorption line of Cs in the bce phase of “He
is shifted from its vacuum value at 894 nm to approxi-
mately 850nm in solid 4He, whereas the emission line
is shifted to 888 nm. The homogeneous width of the ab-
sorption line is 11 nm [19], which exceeds the hyperfine
splittings in both the ground and excited states by several
orders of magnitude, so that the hyperfine structures of the
states are not resolved in the optical spectra. Because of
this large homogeneous width the intensity of the optical
field (typically 10 mW /cm?) is too low to induce stimulated
emission.

24 Numerical calculations

We have calculated the multi-photon ODMR spec-
tra of Cs by numerically solving the steady-state Liouville
equation for the density matrix o describing the 16 sub-
levels of the 65, ground-state hyperfine structure. The rate
of change of the matrix elements of o is governed by their
interaction with the (static and oscillating) magnetic fields,
by the interaction with the circularly polarized light field in-
ducing optical pumping, and by spin coherence relaxation
processes. The calculations were performed in the |(F), M)
basis in which Hj of (3) is diagonal. Since the two hyperfine
levels are well separated in energy, it is justified to neglect
all matrix elements that couple states of different F values.
This reduces the number of coupled equations to be solved
to 130.

The calculation assumes optical pumping of the atoms
with circularly polarized D; resonance radiation in a longitu-
dinal external magnetic field By. Since the pumping process
is non-saturating the excited state coherences and popula-
tions can be eliminated adiabatically. The optical pumping
mechanism is parameterized by the pump rate y, defined
in [5]. The radio-frequency field, linearly polarized perpen-
dicular to By, is assumed to interact with the ground state
magnetic moments in the rotating wave approximation. Our
calculation is similar to the treatment given before by Paz-
galev and Alexandrov [13]. However we have corrected for
their simplifying assumption that the Rabi frequencies of the
magnetic dipole transitions are independent of the magnetic

quantum numbers M. Here we have used relative rf tran-
sition amplitudes as given by Racah algebra. In the calcu-
lations we have furthermore assumed that the ground state
populations relax with a common rate y; towards a thermal
equilibrium distribution determined by the Boltzmann factor
exp (—hAvp/kpT) ~ 0.75, where Avyg ~ 9.39 MHz is the
hyperfine splitting in the ground state of Cs in bcc He, and typ-
ically T ~ 1.5 K. The mathematical treatment of the optical
pumping process is such that the perturbation of the coher-
ences due to the interaction with the light field is properly
taken into account. Details of these calculations will be pub-
lished elsewhere [20].

The numerical steady-state solutions of the Liouville
equations then yield the populations pg y of the 16 ground
state sublevels and the fluorescence signal can be obtained by
calculating the absorption of circularly polarized light by this
population distribution.

3 Experiment

3.1 The experimental setup

The experimental setup (Fig. 4) is similar to the one
described in [5]. The experiments were performed in a he-
lium pressure cell immersed in superfluid helium cooled by
pumping on the helium bath. Five quartz windows, flanged
onto the cell using aluminum sealing rings, provided optical
access from three orthogonal directions. A helium crystal was
grown inside the pressure cell, by admitting pressurized he-
lium gas from an external reservoir. The helium host matrix
was then doped with cesium atoms by means of laser ablation
with a pulsed frequency-doubled Nd : YAG laser beam fo-
cused onto a solid Cs target by a height-adjustable lens above
the cell. The bath and cell temperatures were measured by ger-
manium resistors located inside and outside of the pressure

inner
cryostat-wall
B,-coils
He-bath
copper cell
PP Cs-atoms
circ. pol. >
laser beam /J
IZ rf-coils
windows
|
“*He- fluorescence
crystal i light
to photo-
detector

FIGURE 4 Section (top view, not to scale) through the helium containment
part of the cryostat. The isolation vacuum part and liquid nitrogen shield are
not shown
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cell. A novel feature of the setup was an active temperature
stabilization of the He crystal by a feedback loop that regu-
lated the pump speed via a motor-driven valve. A stability on
the order of 107 K over intervals of 100 seconds could be
realized in this way [21].

The cesium atoms were excited on the D; transition
(6812 — 6P;;2) at 850nm with a beam from a tempera-
ture and current stabilized single-mode extended cavity diode
laser. The absorption was monitored by detecting fluores-
cence light at 888 nm by using a cooled, biased avalanche-
photodiode. An interference filter (FWHM of 9 nm) sup-
pressed scattered laser light by four orders of magnitude. The
pressure cell was surrounded by three orthogonal pairs of
Helmholtz coils to apply the static magnetic field and to com-
pensate for residual fields. Another set of three Helmholtz
coils inside the pressure cell was used to apply the rf fields.
Three layers of p-metal surrounded the cryostat and sup-
pressed laboratory magnetic fields by more than three orders
of magnitude.

3.2 Experimental results

Data were taken in the body-centered cubic (bcc)
phase of solid “He at a temperature of 1.507 K and a pressure
of 26.67 bar in a field By of 1.0947 mT. Magnetic resonance
spectra were recorded by detecting fluorescence while scan-
ning the frequency of the rf field over the multi-photon reso-
nances of the F = 3 and F' = 4 multiplets.

Distortions of the spectral line shapes were minimized by
choosing scan speeds of 20 seconds per scan. The frequency
sweeps were centered at 3830.1 kHz with a span of 50 kHz.
The results are shown in Fig. 5a. As a typical example a de-
tailed view of the spectrum with the lowest rf power (bottom
curve of Fig. 5a) is presented in Fig. 6. Here the amplitude of
the 1f field was approximately B,s ~ 45 nT. The strongest line
in the spectrum is the power-broadened |(4),4) — |(4), 3)
one-photon transition, while the third resonance from the left
isthe |(4), 3) — |(4), 2) one-photon transition. The resonance
between these two lines marks the onset of the |(4), 4) —
|(4), 2) two-photon transition. Figure 5a shows the evolution
of this spectrum as the rf power is increased. As anticipated
above the evolution of the spectra obeys the following repet-
itive pattern: saturation and broadening of the N-photon res-
onances and simultaneous onset of the N + 1-photon lines.
In the top spectrum only the 8-photon transition connecting
the states [(4), 4) and |(4), —4) is visible, superposed on the
broad background from the 35 unresolved power-broadened
N =1...7resonances. For better readability successive spec-
tra in Fig. 5 are offset vertically from each other by 0.1. The
dimensionless units on the ordinate axis represent the normal-
ized change of the fluorescence induced by the rf interaction
with respect to the fluorescence observed in the absence of
the interaction. This representation allows the comparison of
experimental and theoretical spectra on an absolute scale.

The spectra displayed in Fig. 5a represent background-
corrected data. In the raw data the multi-photon peaks are
superposed on a monotonically decreasing fluorescence back-
ground signal, which is due to the loss of atoms by the re-
combination of implanted Cs atoms with clusters and other Cs
atoms during the rf sweep. The time scale of this process is on

the order of tens of seconds, as described in [5]. In order to
dissociate these clusters we applied before each rf frequency
sweep a weak pulse of Nd : YAG laser radiation focused into
the Cs doped volume. This background signal was recorded
in separate runs in which no tf field was applied to the sam-
ple. An appropriate model function was used to fit the shape of
this background signal and the raw data were subsequently di-
vided by this fitted background curve. This procedure did not
only remove the background, but it also served to renormalize
the ODMR spectra themselves, thus correcting for an appar-
ent signal decrease towards increasing rf frequencies due to
the time-dependent loss of atoms.

Under strong pumping (), >> y1) with perfect circular po-
larization, all atoms would be pumped to the dark |(4), 4)
state, which does not couple to the light field.

The magnetic resonance spectra involving N photons
would then consist of the |(4), 4) — |(4),4 — N) transitions
only. However, due to the finite laser power, ground state
relaxation processes, and imperfections of the light polariza-
tion (before reaching the atoms, the laser beam traverses four
optical windows, some of which have a pronounced stress-
induced birefringence), lower M states as well as states of
the F = 3 multiplet are also populated. In all multi-photon
spectra the |(4), 4) — |(4), 4 — N) lines represent nonetheless
the dominant spectral features compared with the adjacent
[(4),3) — |(4),3— N)and |(4), 2) — |(4), 2 — N) lines.

33 Comparison with calculations

In Fig. 5b we show the results of the numerical cal-
culations according to the procedure discussed in Sect. 2.4.
Several parameters, viz. By, By, y1, the optical pumping rate
¥p» and a parameter characterizing the degree of circular po-
larization of the laser beam, enter these calculations. Three
of the parameters (y1, ¥}, and the degree of circular polariza-
tion) could be deduced from earlier experiments. The longi-
tudinal spin relaxation rate y; has been measured to be y; =
0.9 s~ ! [5]. By cannot be measured with sufficient accuracy
using standard magnetometers under cryogenic conditions.
By fitting Lorentzians to the multi-photon spectra we there-
fore inferred By from the line positions in accordance with
the Breit—Rabi formula, taking the perturbation of the hyper-
fine constant by the helium matrix into account. As our model
neglects the transverse spin relaxation y», the linewidths are
determined by rf power broadening and optical pumping. The
calculation uses the same relative rf field amplitudes Byt as
those used in the experiment. However, a precise absolute cal-
ibration of B,y inside the pressure cell was not possible and the
calibration constant was empirically determined by a qualita-
tive fit of the calculated spectra to the experimental ones.

The overall structure of the ODMR spectra is well repro-
duced by the calculations, even on an absolute scale. However,
the widths of the calculated multi-photon resonances at their
onset (no rf power broadening) are much smaller than the cor-
responding experimental widths. The model calculation has
no further free parameters, which could be used for a better
matching of the experimental and theoretical spectra. We note
nonetheless that lines, whose widths are predominantly deter-
mined by rf power broadening, such as the 8-photon line in the
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FIGURE 6 Detailed view of the bottom spectrum of Fig. 5a (see text)

top spectrum or the 7-photon lines in the second spectrum, are
well reproduced by the calculation.

The experimental linewidths are determined by several
mechanisms, such as the finite sweep time, field inhomo-
geneities, and field fluctuations.

The sweep rate of the radio frequency scan should be suf-
ficiently low in order to assure that the level populations at
all times are as close as possible to their equilibrium distri-
bution. However, the drop of the atomic signal mentioned
above puts some constraints on acceptable scan speeds, and
a scan duration of 20 s was chosen as a trade-off between these
conditions. The finite scan time does not only cause a line
broadening but also a sweep-direction-dependent asymmetry
of the line shapes, faintly visible in Fig. 6.

The recording of stable and narrow multi-photon spectra
puts severe constraints on the homogeneity of the magnetic
field By. In very slow scans over a single resonance, we ob-
served minimal linewidths of approximately 300 Hz. These
can be explained by a field inhomogeneity A By/ By over the
sample volume on the order of 10~*.

Although model calculations of the field distribution pro-
duced by the Helmholtz coils that were used predict a relative
homogeneity of better than 107 over the sample volume —
yielding minimal linewidths of 4 Hz — this homogeneity may
have been reduced due to distortions induced by distant fer-
romagnetic components and/or the superconducting indium
sealing rings.

Besides field inhomogeneities, field fluctuations can also
contribute to the linewidth and require a current stability
of better than 10~*. Although we used superconducting
wires for the Helmholtz coils that generated the By field,
the coils were connected to a stabilized current source dur-
ing the experiments. In future experiments we plan to use
superconducting coils with a self-sustained supercurrent.
The superswitch for this application is currently under con-
struction. With this improvement, contributions to the reson-

ance linewidths from current noise and instabilities will be
significantly reduced.

In order to take the effects from inhomogeneities and field
fluctuations into account, we have convoluted the theoretical
spectra of Fig. 5b with a Gaussian distribution of field values
with a width of 86 nT, corresponding to a frequency distri-
bution of 300 Hz. The resulting spectra are shown in Fig. 5c.
This last series of spectra gives a satisfactory description of
the experimental data.

4 Use of multi-photon transitions

One of the key motivations for the present study
is the perspective that multi-photon lines might lead to an
increased magnetometric sensitivity in ODMR spectroscopy.
On one hand the linewidth of an N-photon resonance is N
times smaller than the linewidth of a single photon transition,
provided the corresponding coherences relax at the same rate.
However, as the details of the relaxation mechanisms are not
yet known, no quantitative theoretical prediction can be made
at this point.

From an experimental point of view no statement about
improved sensitivity can be made yet because of the present
problems with abnormal linewidths.

Once the technical problems are overcome the spectra are
expected to reveal their intrinsic linewidths. Their description
will then require the inclusion of realistic relaxation mechan-
isms in the calculations. In its simplest version the relaxation
of the spin coherences could be modeled as isotropic, and
could be described by a single transverse relaxation rate y;.
However, very little is known so far about the mechanisms
governing the longitudinal and transverse spin relaxation of
cesium in bcc He. It has been speculated [22] that a coup-
ling of the atomic spins to quadrupolar bubble-shaped os-
cillations might be responsible for the long, but nonetheless
finite, longitudinal relaxation times [5]. However, no proof of
this assumption has been given so far. A more realistic re-
laxation model would have to include anisotropic relaxation
processes such as the one just mentioned using the approach
developed, e.g., by Happer [23, 24]. Multi-photon processes,
in which coherences of different orders, i.e., transverse atomic
multipole moments of different ranks, can be spectrally iso-
lated may prove to be a powerful tool for testing different
relaxation models, once the technical difficulties are over-
come. This may open the way to a deeper understanding of
the mechanisms and the symmetries governing the interac-
tion of alkali spins with the helium matrix. Efforts towards
improving the measurements and towards extending the cal-
culations by comparing different relaxation models are cur-
rently in progress and will be the subject of a forthcoming
publication [20].

Another interesting aspect of the use of particular multi-
photon transitions concerns the experimental search for per-
manent electric dipole moments (EDM) in atoms. An EDM
violates the discrete symmetries of parity and time reversal.
The experimental signature of an EDM is a shift of a mag-
netic resonance transition that is proportional to the strength
of an external static electric field. The techniques used in
various ongoing experiments are variants of magnetic reson-
ance spectroscopy, and the sensitivity of a given experiment
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to EDMs can be expressed in terms of its magnetometric
sensitivity [25]. Besides the expected statistical advantage of
multi-photon transitions, some specific transitions may also
be very useful for the suppression of a serious systematic ef-
fect in EDM experiments.

The resonance energy of a one-photon transition | F, M) —
|F, M — 1) of an atom exposed to parallel/antiparallel mag-
netic and electric fields, B and &4, is given by

hot, = grupBo+ grd€s + 30,62 2M — 1) |

where «; is the electric tensor polarizability, which charac-
terizes the second order Stark splitting of the hyperfine states
|F, M) via

AE(FM) = 0,63 [3M* — F(F+1)] . 4)
The EDM d is experimentally determined by comparing the
resonance frequencies a)jf, in electric fields &1 of opposite
polarities:

hAwy =h(a)L —wyy)
=grd(&; —6_)+3w M —1) (67 —62) .

In a perfect experiment the reversal is perfect, i.e., & = —&_
and

hACz)M = 2gpd|8| .

In practice, however, the field reversal may not be perfect.
If we parameterize the imperfection as &+ = £|&| 4+ AE, the
resonance shift becomes

hAwy =2grd|€] + 12a2|E|AE2M — 1).

However, this systematic effect connected with imperfect
field reversals does not arise in multi-photon transitions coup-
ling the states |F, M) and |F, —M). From the quadratic M-
dependence of the tensor Stark shift (4), one sees that the
latter does not influence the resonance frequencies, so that
the systematic effect discussed above becomes irrelevant. In
the Cs F = 4 state the |F, M = 4) — |F, M = —4) transition
thus combines an anticipated high sensitivity with an indepen-
dence of systematic quadratic Stark shifts.

We stress that the outlined features of multi-photon spec-
troscopy are not specifically connected with the sample used
here, but that they can be applied as well to experiments in
vapors, beams, or other atomic samples.

5 Summary

We have shown that transitions involving the sim-
ultaneous absorption of multiple rf photons can be observed
in cesium atoms implanted in solid helium and that the spec-
tra are well reproduced by a theoretical model that takes field
inhomogeneities and fluctuations into account.

Multi-photon spectra may be well suited to shining
more light on the mechanisms that govern the relaxation of
spin coherences of alkalis in condensed helium matrices.
We have also outlined the possible statistical and system-
atic advantages of using multi-photon transitions in EDM
experiments.
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