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Coherent Raman scattering can generate Stokes and anti-Stokes fields of comparable intensities. When the
Raman shift is due to a magnetic resonance transftisnally in the MHz to GHz rangethe Raman fields are
generally detected by optical heterodyne detection, using the excitation laser as the local oscillator. In this case,
the two sidebands generate beat signals at the same frequency and are therefore indistinguishable. Separation
of the two contributions becomes possible, however, by superheterodyne detection with a frequency-shifted
optical local oscillator. We compare the two scattering processes, and show how the symmetry between them
can be broken in Bf:YAIO ;. [S1050-294®8)08412-1

PACS numbg): 42.65-k, 76.60—k, 76.30.Kg, 76.70.Hb

I. INTRODUCTION (Stokes shiftedor a higher frequencyanti-Stokes shifted

The transmitted light then contains both sidebands with cc

Coherent Raman scatterifiy] occurs when a laser beam parable intensity. In the Raman heterodyne experiment,

interacts with a resonant medium that contains a coherergignal stems from a beat between the unscattered laser &

excitation. Figure 1 schematically shows the simplesind the Stokes or anti-Stokes scattered light. Both Rar

guantum-mechanical system that can show this effect: a cdields generate signals at the same frequency and the

herent excitation of transitiofL)«|2) is present, involving served signal contains contributions from both scatter
a vibrational transitiof1] or a coherent superposition of PrOC€SSes. , , ,

different spin state$2]. Levels|1) and |2), which in this If the two Raman sidebands are equal in amplitude

example are electronic ground states, are connected to tif(}\’tlgv'asea tge %%ts'%al fleld:on5|st|ng|_ct)fot|he Ia(sje: ft'.eld anhd_ tr?
same excited stat@) through optical transitions. If the laser O sideban Ows a pure ampfitude moduiation, whic

field couples to transitiofil) < |3), it excites an optical po- measured by the photodetector. If the two scattering
d coup! - v P P cesses that give rise to the two sidebands are not comple
larization in transition2)«|3), which is the source of the

field. Th is oh locked h .symmetric, i.e., if the two sidebands have different amy
Raman field. The Raman wave is phase locked to the exCilfjes the optical field is also frequency modulated. He

ing laser field and to the excitation in the medium. Its fre'ever, since the detector is not sensitive to frequency mo
quency is therefore equal to the sum or difference of thgation  this asymmetry is normally not detected.
frequencies of the laser field and the excitation in the meeasurement of an imbalance of the Raman sidebands w
dium. The SCattering Cross section is independent of the €X%herefore require the conversion of the Optica] frequer
citation intensity, i.e., the scattered field is directly propor-modulation (fm) into amplitude modulatio(am). This is
tional to the incident field1]. possible, for example, by shifting the phase of the laser fi

The fixed phase relation between the Raman and drivingvith respect to the sidebands. In a typical Raman heteroc
laser fields allows one to detect the Raman field through aexperiment, this can only be achieved if the polarization
optical heterodyne process by letting the Raman field interthe carrier differs from that of the sidebands: in such a s
fere with the excitation field on a quadratic photodetector.
The resulting beat signal is proportional to the Raman field
and therefore to the coherent excitation. Such an experiment,
which combines radio-frequency or microwave excitation of
the sample with optical heterodyne detection, is commonly
referred to as the Raman heterodyne experimi@ght

One important application of coherent Raman scattering
is the detection of nucle#B] and electroni¢4—6] spin tran-
sitions. In all such systems studied to date, the width of the
optical transitions is large compared to the frequency of the
spin transition. The laser can couple to either of the two
optical transitions. The Raman field, which always appears
in the third transition, may therefore have a lower frequency

FIG. 1. Principle of coherent Raman scattering. Transiti
|1)|2) is excited by a resonant rffmw field. The laser fie
*Present address: Laser Physics Center, Research School @uples the ground stafg) to the excited stat{8), and creates a
Physical Sciences and Engineering, Australian National Universitycoherence in both optical transitions, includir®)«|3), which is
Canberra, ACT 0200, Australia. the source of the Raman field.
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FIG. 3. am componentsf;=0) of the Raman heterodyne spe
trum for the ground-state* 3)«|* 3) transitions of P¥:YAIO,.

. _ . . A test laser fieldE;=E e'(“l'*¢U)  resonant with the
FIG. 2. Experimental setup: AOM is the acousto-optic modula—transition |1><_>|3> with matrix elementuys, couples this

tor, HP is the high-pass filter, SRV is the servoloop, VCO is the . . .
voltage controlled oscillator, PS is the phase shifter, LP are low_coherence to a different electronic steﬁ&}. Through this

pass filters, RF is the RF sweep generator, and 90°i#2zphase resonant interaction the initial superposition state betw
delay. ' ’ subleveld1) and|2) is transformed into a new superpositic

state which also contains coherence in the optical transi
Qetween the electronically excited stdB and the ground-

tem, a birefringent optical element can implement the phas
g b b b gtate sublevef2)

shift, as has been demonstrated experimentally by Mlyne

et al.[6] on a transition in an atomic vapor. = B(pyr— pr)B E
In solid materials, the Raman fields are usually not or- P23= PiP22™ P1YP1K12=1 413

thogonal to the exciting field. In th'.s paper, we present 8This optical coherence is therefore proportional to the cor

technique Wh'Ch. allows the.separauon. of_Stokes and antiance in the magnetic transition and to the optical Rabi f

Stokes contributions for arbitrary polarizations of the side- uencyE,u

ban_ds. For this purpose, we use optical super_heterodyne_ dg' MacroLscé?fJically this optical coherence corresponds t

tection of the Raman fields with a local oscillator that is olarization ’

frequency shifted with respect to the excitation laser. The|O

Stokes and anti-Stokes components are thereby converted P, .= _ B.E 1

into rf signals with different frequencies. A second demodu- 2= Bp22~ p11)B1Eprattaapias. @)

lation of these signals, using conventional radio-frequency s polarization is the source of the Raman field, anc

electronics, yields the am and fm amplitudes of the opticalerefore proportional to the population difference betwe

signal, which can be recombined into the amplitudes ofo two ground-state sublevels, and to the product of

Stokes and anti-Stokes fields. , _ three matrix elements for the three transitions in this syst
As noted above, coherent Raman scattering should yielgps js g significant difference from the usually observ

similar amplitudes of Stokes and anti-Stokes components,ronortionality to the square of a single matrix element, 3
This has been confirmed experimentally in one cB8f s the basis for various interference effeffs-10], such as

However, in inhomogeneously broadened systems, the Wie gne petween Stokes and anti-Stokes field discussed |
scattering processes are due to different groups of atomic the Siokes and anti-Stokes fields can be written in
ions or molecules. Here it is possible to manipulate the twq,g 4| complex notation as

groups such that the cross sections for the two scattering
processes differ, resulting in different amplitudes for the two Eq=E_el(eL—omt
sidebands. We have experimentally verified this possibility

for a crystal of P¥":YAIO . Eps=E , eilertont,

Il. THEORY W\’A\M—\P

We consider the three-level system of Fig. 1. The coher-
ent excitation of the medium is generated by a microwave
(mw) or radio frequency(rf) field that couples to the transi- b= W2
. . f=
tion |1)«|2). If the populationspi; and p,, of the two WW\,-—J\*-\,N\,-M-—JV-
levels are different, the rf or mw field excites a coherepge
in this transition, which in the absence of saturation is pro-
portional to the population difference, to the rf field strength I YL UL S
. ! ; [MHz]
B,, and to the magnetic dipole matrix elemeny, for this
transition[ 3], FIG. 4. fm components ;= w/2) of the Raman heterodyne
spectrum for the ground-statd+3)—|+3) transitions of
p12= a(p22—p11)Biuaa. PPT:YAIO,
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FIG. 5. Stokedleft) and anti-Stokegright) components of the signal.

where If the phase of the local oscillator can be shifted 442
] the signal is proportional to
E.=(a.+ib.)
<p|_=7T/2= _ .
are the slowly varying amplitudes of the sidebands. The beat Si (b_+Db.)codayt) +(a, —a_)sin(wt). (6)

signal atw, with the local oscillatoiE; has two components i )
This component may be considered as the fm componer

EE*+cc=(a_+ib_)Efe-et-¢ltcc, (2) thesignal.
If it is possible to shift the phase of the carrier, four ind
EasEX +c.c=(a, +ib,)E} elledt—eD) 4 ¢ c. 3) pendent measurements can be m@de for each rf phasge
and a straightforward linear combination of these data yie

The combined Signal is proportiona' to the sum of H® the Comp|eX amplitudeS of the two Optical sidebands. If 1

and (3): polarization of the sidebands is orthogonal to the carriel
phase shift can be introduced by placing a retardation p
Re{(Egt+Eag)Ef }xa_cofwyt+ o) +b_sinot+¢,) in front of the detectof6].

If the polarization of the sidebands is not orthogonal
+a; codwt—e )b, sifwt—eL).  the carrier, which is the case in most solids, this techniqu
(4 not applicable, and a local oscillator that can be manipula
independently of the excitation laser beam must be us
In a normal Raman heterodyne experiment, where the eXhen an independent local oscillator is superimposed ©

citing laser is the local oscillator, the phage of the local the transmitted laser beam, two problems may afigethe
oscillator is fixed top, =0, and the signal is proportional to beat signals involving the independent local oscillator mic
not be separated from those of the transmitted laser be
S§L20=(a_+a+)cos(w,ft)+(b_—b+)sin(w,ft). (5)  and(ii) vibrations and other instabilities that act different

on the two laser beams introduce phase noise.

The real parts of the amplitudes add, while the imaginary These technical problems can be avoided by using an
parts subtract. The two components can be measured seg#ependent local oscillator that is frequency shifted with
rately by phase-sensitive detection, using the radio frequencgpect to the exciting laser by;; . With this shift, the beat
as a reference. Thus the standard detection scheme measus@nals between the two Raman sidebands and the loca
the am component of the signal, to which the two sidebandsillator appear aiw;*w;. Simultaneously, the beat signe
contribute equally and in phase. between the transmitted laser beam and the frequency-sh

~00 Raman shift ©0 “00 Raman shift ©0 “00 Raman shift 0

FIG. 6. Level diagrams and theoretical spectra for the Stokes and anti-Stokes components of a single magnetic resonance tran
left pair shows a situation with a pump beam with— w, = —wp, the middle without a pump beam, and the right ég— o = wp.
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FIG. 7. Stokegleft) and anti-Stokegright) components of the signal with a pump beam shiftedH®MHz (upper traceand — 7 MHz
(lower trace.

local oscillator appears as a strong radio-frequency signal dhrough the sample. The signal was detected with a hol
wit . The optical signal is thus converted down to the radio-built photodetector. A high-pass filter retains only the sigr
frequency range, where standard techniques are available foontributions aroundj (resulting from the interference be
phase-sensitive detection. Using the signabatvith a vari-  tween the laser and the frequency-shifted local oscillator :
able phase shift as an rf local oscillator, a second demodulas; = w,; that represent the down-converted Raman sjgnal
tion stage converts the signal to the original Raman beat All three signal components at this stage contain ph
frequencyw,;. This two-stage demodulation scheme, whichnoise from mechanical instabilities acting on the differe
corresponds to a superheterodyne experiment, allows one team paths of signal laser beam and local oscillator bear
measure the four signals of Eq$) and(6) independently.  can be eliminated by using the 80-MHz center band as
second local oscillator to demodulate the Raman signals.
IIl. RAMAN SUPERHETERODYNE DETECTION this purpose, we phase locked a voltage-controlled oscill:
(VCO) to the centerband ab;. The VCO signal, with an
To verify these predictions, we performed experiments orappropriate phase shift, was then used as a second locz
the ®H,—'D, transition of P¥* in the crystal Pt":YAIOzat  cillator to demodulate the Raman signals according to E
610.7 nm, as in a number of earlier Raman heterodyne exs) and (6).
periments[7,9,11. The P?#* concentration was 0.1 at. %,  The resulting dc signal depends on the phases of the
and the sample was cooled to approximatélK in a He  radio-frequency local oscillatoks; and¢,;, which are inde-
flow cryostat. Figure 2 shows the experimental setup. Th@endent variables. We obtain therefore four indepenc
laser beam was derived from a tunable ring dye |46  measurements from which the sideband amplitielesand
herent 899-2]land focused to a spot size diameter of 0.6 mMp, can be calculated:
with a power of~2.3 mW and applied along the axis of B
the crystal. The rf magnetic field, also applied along the - -
axis, had an amplitude of approx. 0.15 G. Its frequency was a.xS(g;=0, <prf=0)i8( Cir==, (prfz—),
swept through the ground stdte 3 )« |+ %) hyperfine tran- 2 2
sitions around 7 MHz. A static magnetic field of 69 G was (7
applied perpendicular to theaxis. In this geometry, all four T _ T
transitions from thg+3) to the |= 3) states have compa- b+°‘S( P =5 ‘Prfzo) +S< ¢ =0, ‘Prf:§>-
rable intensities. The two crystallographically inequivalent
sites can be distinguished by their opposite sign and result in
an eight-line spectrum, which is clearly resolved in Fig. 3. IV. EXPERIMENTAL RESULTS AND DISCUSSION
Part of the incident laser beam was split off in front of the
sample and shifted in frequency with an acousto-optic modu-
lator by w;=80 MHz. This beam was used as the second For all experimental results presented in this section,
local oscillator by recombining it with the beam transmittedrf excitation frequency was scanned from 5.5 to 8.5 MF

A. Symmetrical scattering

Peak 1: -7MHz pump
Peak 2: -7MHz pump
Peak 1: +7MHz pump
Peak 2: +7MHz pump

03 1 3 10 30 0" 08 1 3 10 80
pump beam power [mW] pump beam power [mW]

FIG. 8. Amplitudes of the Stoke$eft) and anti-Stokegright) components of two peakd and 2 as marked in Fig) ®f the spectrum
with a pump beam shifted by 7 MHz plotted against the pump beam power. The lines are only guides to the eye.
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An example of a resulting Raman heterodyne spectrum ibeam, the experiment and the data analysis were identic:
shown in Fig. 3. For this measurement, the phase of the locdhe case without the pump laser beam discussed above.
oscillator ;s was adjusted to zero. The two traces with ab-amples of resulting spectra are shown in Fig. 7; the up
sorption and dispersion type line shapes correspond to tw#iace corresponds to the up-shifted pump laser. We cle
orthogonal phases of the rf local oscillator. We define thesee that the amplitude of the anti-Stokes line is inverted w
phasep,;=0 for the upper trace, corresponding¢q= /2 respgct to the reference spectrum r_epresented in Fig. 5, w
for the lower trace. As discussed in Sec. I, this is the conthe sign of the Stokes component is the same. A pump [z
ventional Raman heterodyne signal, resulting from the amshifted to lower freque_nues inverts the sign of the Stol
plitude modulation of the laser field, to which Stokes andComPonent, as shown in the lower trace.

anti-Stokes sidebands contribute equally. Figure 8 displays the measured integrals over the t

. . . ks, marked in Fig. 5 as 1 and 2. The amplitudes of
Figure 4 contains the same data with the 80-MHz localP®? . .
oscillator shifted in phase by/2. The rf phases are the same peaks are shown for the Stokdsft) and anti-Stokesright)

as in Fig. 3. As expected from theoretical considerati®ls %ﬂ?ggj Q;iyolm:gnﬁi eafzn?n:gnlgggrrl] oéjt;\(:/lal;mﬁ)_hpeov
and earlier measurement$§], this signal is significantly :

o . ! Stokes components with a negative shift of the pump f
smaller, indicating that Stokes and anti-Stokes S'deband&uency and the anti-Stokes components for a positive

have comparable amplitudes. _ gradually change sign going through zero, while the ot
Linear combination of these data according to EGS. components stay roughly constant.
converts them into the amplitudes of Stokes and anti-Stokes The two figures clearly demonstrate that a pump la

sidebands. The resulting spectra are shown in Fig. 5. Thgeam which modifies the populations of specific subsets
left-hand side shows the Stokes comporf@egative Raman jons in an inhomogeneously broadened system can breal
shift), while the anti-Stokes component is shown on thesymmetry between Stokes and anti-Stokes sidebands in
right. herent Raman scattering. The amplitudes of the oppo

In the system considered here, the symmetry betweegroup of ions, which should not be affected, are smaller tf
Stokes and anti-Stokes scattering apparent in these specifathe absence of the pump laser beam. While this effec

arises from the macroscopic average over the inhomoggrot completely understood, it is probably due to heating
neously broadened ensemble of ions. An individual ion conthe pump laser.

tributes either to the Stokes or anti-Stokes sideband, as rep-

resenteq schematically in the center part of Fig. 6,_ which V. CONCLUSION

summarizes the standard Raman heterodyne experiment. If

the homogeneous optical linewidth and the laser frequency In most systems, where magnetic resonance transit
jitter are both small compared to the Raman shift, the popuhave been investigated by Raman heterodyne detection
lation difference between the two spin levels is generated byvidth of the optical transitions is large compared to the fi
spectral holeburning due to the laser beam. Depending on ttguency of the spin transition. For such systems it is w
spectral shift of the individual ion, the laser can be resonanknown that Stokes and anti-Stokes scattering are equiva
with either of the two optical transitions. For the two types ofto a large degree. Numerous Raman-heterodyne experim
ions contributing to the signal, the population difference ishave measured amplitude-modulated optical signals, wt
roughly reversed, resulting in equal amplitudes for the Raarise from the superimposed contributions of the upper :
man sidebands generated by these subsets of ions. Thisl@ver sidebands. In one ca$@|, where the polarization of
indicated in the lower half of Fig. 6, where the resulting rf the signal was orthogonal to the carrier, it was verified tl

signals due to the two groups of ions are represented. the fm contribution to the signal is small compared to the :
part.
B. Asymmetrical scattering In this paper, we have presented an experimental te

. ) .. ._hique that permits measurements of both sidebands for &
The above picture suggests a possible way for modifying;ar nolarizations. Application of this technique to an inh

the S_tokes—anti-Stokes symmetry: if_the p(_)pulation differ'mogeneously broadened ionic crystal shows that
ence in one of the two groups of ions is modified, e.g., by anymetry hetween the two sidebands is also present in

additional pump laser beafd2], t.his shoulq affect only one case. It can be broken, however, if one of the sets of i
of the two sidebands. Two possible situations are represent ntributing to the signal is selectively modified. In the e

in Fig. 6: On the left, an additional pump laser bea_m_, Whoseample presented here, we chose a pump laser beam th:
frequency has been shifted by the ground state splittieg  yerts the population difference between the two sublew
with respect to the test laser, interacts with the ions tha{rhe symmetry between the two sidebands, which is brol

contribute to the Stokes sideband, while it is not resonanfere should be better conserved in homogeneously br

with the other group of ions. The modification of the popu- g4 systems, where all centers contribute to both sideba
lation difference results in an inverted Raman signal for the

Stokes component. The opposite case, where the pump laser

is shiftgd to higher frequencies, is represent_ed on_the right- ACKNOWLEDGMENTS
hand side of the figure; here we expect an inversion of the
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