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We demonstrate laser frequency stabilization using a continuously regeneeaaisientspectral hole in an
inhomogeneously broadened resonance of a solid. Regenerative transient holes provide extreme stabilization
for time scales appropriate for spectroscopy, signal processing, ranging, and interferometry. Stabilization to 20
Hz on a 10-ms time scale using spectral holes at 793 nm % T¥gAl :O;, gives substantial improvement in
the reliability of stimulated photon echoes in the same material and enables the observation of a third popu-
lation storage mechanism for hole burning in 3y ;A0

Frequency stabilization of lasers is important for high-exact enough copies. Other frequency reference techniques
resolution  spectroscoply, applications utilizing phase- can provide greater precision on long time scales, but regen-
sensitive detection such as precision laser ranging, longerative spectral hole burning provides both vibrational im-
baseline interferometry for gravitational wave detecfion, munity and excellent short term stability, which are impor-
coherent optical communications, and time-domain spectrahnt and sufficient requirements for many applications
hole burning devicésfor functions such as: optical signal beyond the field of spectral hole burnit§HB). Moreover, it
processingand packet switchimgand radio-frequency spec- should be possible to engineer a system of the type we report
trum analysi€ Modern frequency stabilization techniques to fit into a compact shoebox-sized apparatus that includes
use atomic or molecular resonances, such as iodine lines optics, feedback electronics, and a cryostat.
laser-trapped iorfsor reflection modes of high-finesse Fabry-  The presence of a sharp spectral hole in the inhomoge-
Perot interferometer®® where cryogenic cavities can reduce meously broadened absorption line implies a sharp disper-
frequency drift:® We recently reported the demonstration of sion in the refractive index. Pound-Drever-Hall locKinig
a programmable frequency reference using persistent spectiaged with a modulation frequency greatly exceeding the
hole burning® that could also be used to prepare multiplespectral hole resonance width to provide a feedback error
long-lived secondary frequency standards at arbitrary fresignal proportional to the dispersion in the refractive intfex.
guencies. Here, we demonstrate a complementary method@he unstabilized laser initially burns a jitter-broadened spec-
the use of a continuously-regenerated transient spectral hoteal hole, the laser frequency stabilizes to a fraction of the
as a viscous damping mechanism to restrict a laser's shohole width, and the hole narrows to a limit set by the homo-
term frequency variation—a physically different proceduregeneous linewidth and the laser irradiance. This self-
from locking to a fixed atomic transition, cavity resonance,narrowing property of regenerated holes turns hole relaxation
persistent spectral hole, or instantaneous samples of phaseinto an advantage. The balance between spontaneous hole
frequency history with delayed self-heterodyne detectfon. decay and further hole burning from continued illumination

Transient spectral holes in an inhomogeneously broaddetermines the equilibrium depth of the regenerating hole.
ened absorption line do provide a useful reference for stabi- Transient spectral hole burning may be achieved by a
lizing a continuous-wave laser. The stability is derived fromnumber of storage mechanisms. The most common is popu-
the cumulative frequency memory of the hole, lasting ovedation storage in the excited state of an optically active ion or
the hole lifetime and potentially longer in a well-engineeredmolecule, providing lifetimes of up to several tens of milli-
closed-loop feedback system where the regenerated holes aeconds. Population storage in hyperfine components of the
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ground state can provide far longer lifetimes, up to 20 dAys.
(a) free-running

Far more systems exhibit transient SHB than exhibit persis-
tent SHB, and this new stabilization strategy therefore gives %,
access to a correspondingly greater range of frequencies. FOE
the special case of SHB device applications that require a%
stable laser, transient spectral holes in an identical piece of §1
the material used for the device naturally provide suitable g
stabilization at the needed wavelength. g
We have demonstrated this stabilization technique using 89F__: . . ! . s .
the 3Hg—3H, transition in Tni*:Y;AI50;, (TMT:YAG) 0 10 20 30 40 50 60
at 793 nm. The fluorescence decay time of the upper state for time (seconds)
these samples was measured to be £2@t 1.9 K, consis- FIG. 1. Evolution of heterodyne beat signal between two lasers

tent with previous value$’ Decay to the_int_ermediatéF4 (a) free running, andb) independently locked to transient spectral
state, with a much longer fluorescence lifetime of around 1%es in the®H,— 3H, transition in separate TH:YAG crystals.

ms, occurs with a calculated branching ratio of O(Béf. 16

nd greatly lengthens th HB stor ime of thi m... . . .
3\/3 grzgte)r/]t ee\%eicsetbiliw thsetl? 28;?“:”92 %ftthse iﬁe still a drift of about 10 kHz/s in this implementation. It is on

ground state due to interaction with the neighboring Al time scales faster than this that the most significant stabili-

nuclear spins provide a third population storage mechanis ation occurs, as shown by the smoothness of the curve in

with an even longer storage time. The potential for spectros- i9. 1(b). A quantitative measure of frequency stability on

copy and time-domain SHB devices is illustrated by a stimu-s'pe.cncIC tlgme scales is provujed bY the two—;ample or AI_Ian
arlancel. The root Allan variance is shown in Fig. 2. Mini-

lated photon echo measurement on the same transition us& . .
for Iocpking mum Allan variances of 20 Hz occur for time scales of 5-10

We used Tri* :YAG crystals from Scientific Materials ms, representing more than three orders of magnitude im-

. + . o i provement in stability over the free-running lasers.
gk?srg'rg;lim Trfoef(f:ic():?é:rintrgftlorlslsogﬁ?r.1 % tr' A;,hglvgg:(llp)eak We believe that the major sources of instability &ag

3 o . oo residual amplitude modulation of the optical beam which
—"Hy(1) transition, and an inhomogeneous linewidth of .Zocauses voltage offsets upon mixing down to lower servo

and 3.5 mm for photon echo measurement. The homoggf[equen(_:ie%O f_;lnd_(b) thermally induced offsets and drift_ in

neous. linewidth of the transition is determi.ned from the%he locking circuitry. These offsets corru_pt the error signal

Mims dephasing time J (Ref. 17 of a two-pulse photon and cause the laser frequency to lock slightly off the center
' of the hole, inducing drift as burning occurs at the shifted

eqho, reporte.d as 45 (Ref. 18 in the absence of an ap- lock frequency. The present servo amplifier was adjusted to
plied magnetic field. In our more dilute samples we have

X . passively null the offset voltage at the start, but later fluctua-
mgasured h to be 116us (a‘c’. d.Emed n Ref. J&and 81us tions were uncompensated. The drift rate varied and changed
(with exponent % 2.09 as originally definéd), correspond-

ing t timated full width at half ' h directions on time scales of minutes indicating sensitivity to

Ing 1o I{?m esd[[rr?aﬂeﬂ —ul/ V_\:_' —4akHa Trr?axmuml t_omo%e— environmental changes. The frequency stabilization reported
Neous linewlidth o =L/ 1y =4 KHz. The CONVOIULION OF  hare \yas obtained without temperature stabilizing the elec-
I';, during burning and reading gives a hole width af,2for

hallow holes: d hol broader d hicher ab tronics or optical setup and with vibration isolation provided
shallow holes, deeper holes are broader due to higher a SOfo a standard pneumatically floated optical table. The current
tion in the wings of the hole than at the center.

Usi d bed o] GaAlA 20 Hz stabilization with an 8 kHz resonance is not limited by
sing an apparatus descrived previousiywo S any material properties, nor do there appear to be fundamen-

external cavity diode lasers were independently frequency
stabilized to transient spectral holes in separaté TVAG

(MHz)

(b) locked

crystals. A single cryostat held both crystals immersed in a 10 re Py
superfluid helium bath at 1.9 K. External phase modulation ] (a) free-running A7 8
at 23 and 25 MHz, respectively, produced frequency side- & 10 b0 000 090 o 2 0 B
bands with a modulation index of 0.22. The relative stability g ¢’ °a Nl g
of the two lasers was measured by heterodyne detection of & 3 °6 ée‘ N 1107 8
unmodulated portions of the beams. Beam diameters were & 10° 2 () locked A & >
approximately 1 mm, with an irradiance of 2.3 mW/crA E o5 | - 10 5
strong variation in the locking stability as the power was ? 10 °5 2 1012 &
adjusted emphasizes the need to carefully balance the irradi- g 10° 2o - ° §
ance to optimize the equilibrium hole depth for locking, trad- , ®o0b 110 @
ing off the depth and width of the spectral hole. 10 o° o o° o e

Evolution of the heterodyne beat frequency is shown in
Fig. 1 for cases when both lasers were free running or both
|0Cked. The inherent Submegahel’tz fl’ee—l’unning Stabl|ltles Of FIG. 2. Root Allan variance for the heterodyne beat frequency
these lasers are already sufficient for some spectroscopic agetween two laser) free running andb) independently locked to
plications but were spectacularly improved by locking eachransient spectral holes in thi#lg— 3H, transition in Tni*:YAG.
laser to a transient spectral hole. On the time scale of se@ircles are measured by a frequency counter, and triangles are com-
onds, a clear improvement has been made, although there psted from the data of Fig. 1.

integration time (s)
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FIG. 4. Stimulated photon-echo decay on fité;— 3H,, transi-

FIG. 3. Apparatus for measuring stimulated photon echoedion in TN :YAG, measured with a laser stabilized to a transient
while frequency locking to a transient spectral hole. EGMctro-  spectral hole, showing three distinct population storage mecha-
optic modulatoy, AOM (acousto-optic modulatarPBS (polariza- ~ hisms. Each point represents a single-shot event.
tion beam splitter, OSC (oscillatop and\ wavemeter.

delay times of several tens of milliseconds, giving the data in
tal obstacles to reaching millihertz levels if the above sensiFig. 4. The limiting factor for measuring echoes with longer
tivities and offsets are reduced. t,3 delay times was the signal-to-noise ratio, rather than laser

Statistically different noise sources have characteristidrequency jitter. In contrast, when the stimulated echo decay
slopes on Allan variance plotd.Broadband phase and fre- was measured with the laser free running, the reproducibility
quency noise (slope—1) limiting the left side of Fig. fo)  of the stimulated echo was unreliable after only 30 as
may be reduced by selecting a quieter laser, a narrower speghown in Fig. 5. The data points of Fig. 4 and Fig. 5 were
tral hole reference, or by increasing the fidelity and gainsingle-shot acquisitions of the stimulated photon echo with-
bandwidth of the servo system. Frequency d¢flope =  out thresholding to reject low-intensity echoes. In Fig. 5 it
+1) limits the right side of Fig. &) and remains the primary was clear that frequency jitter was the cause of the echo
barrier to attaining lower variances on time scales longesignal amplitude fluctuations, since occasionally a true-
than 10 ms. Reduction of external vibrational and thermavalued echo was produced when the laser frequency of the
influence$ may improve performance, however random fre-third pulse happened to match that of the first two. An enve-
quency walks(slope = +0.5) are not presently dominant lope of true-valued echoes can be seen, but most points fall
factors on the time scales of Fig. 2. well below this. Clearly, averaging the data in Fig. 5 over

With the high level of frequency stabilization achieved on multiple shots would lead to a much different and erroneous
millisecond time scales, this stabilization strategy providesgcho decay rate.
ideal laser sources for optical coherent transient phenomena, The generation of a stimulated photon echo can be con-
in particular the photon echo and stimulated photon echo thagidered as the scattering of the excitation pulse off the popu-
are the basis for time-domain spectroscopy and opticdation grating generated by the first two pulses. The first two
devices®~® For optimal exploitation of the stimulated photon pulses create a modulation in the population of the excited
echo, laser frequency stability is required for the storage timé&tate as a function of frequency, and a corresponding deple-
of the material. Since this storage time is the lifetime of ation in the ground state. The electric-field vector of the echo
transient spectral hole for the transition being probed, thétimulated by the excitation pulse is proportional to the sum
requirement is naturally met by locking to a spectral hole. of these two gratings as they exist at the time of the excita-

Application of this frequency stabilization strategy and itstion pulse. Intermediate state populations do not contribute
potential in optical devices was demonstrated by measuringirectly to the echo but allow the ground-state depletion to
stimulated photon echoes on th#s—3H, transition of remain for longer than the lifetime of the upper state. A rate
Tm3*:YAG using a frequency-stabilized laser and the appa-
ratus of Fig. 3. Approximately 1 mW of unmodulated 10°

continuous-wave power was available for producing echo % .

excitation pulses after a portion of the laser output was phase § -

modulated and used to frequency lock the laser to a regen- £ 19" "

erative transient spectral hole. The pulses were produced by = %""‘-;_s_,

two acousto-optic modulators, used in series to improve the & 'o';',.,-?:‘_’-:-:'"

on/off contrast ratio, with a third used after the crystal to § 10” ‘e.,:.,m'..ii ‘,_:i-)&. S e g
block the excitation pulses. The photon echoes were detected £ - '-‘-u:}!-',..*.‘;,.‘é CRERAH "‘". 3
with a thermoelectrically cooled C31034 photomultiplier. ® ] < e st "~ “wiTa 8.}‘35
Three 1.5us excitation pulses were incident on the sample, 10° - — — >

with the delayt,, between the first and second pulses fixed at
6 us. The stimulated photon echo was measured as a func-
tion of the delayt,; between the second and third pulses. FIG. 5. Stimulated photon-echo decay on fié;—3H,, transi-

With the laser frequency locked to a transient spectration of Tm**:YAG, without frequency stabilization of the laser.
hole, photon echoes could be measured consistently,for Each point represents a single-shot event.
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equation analysis for a four-level system shows that the echmeasured with a permanent magnet placed immediately be-
electric field decays with increasings delay time as the sum neath the cryostat. This produced a very modest magnetic
of three exponential functions whose decay times are théeld at the crystal 100G), but it was enough to show a
lifetimes of the three excited states involved. The detectedlistinct increase of the decay time associated with this level
echo strength is the square of this function. structure, corresponding to increased spin-lattice relaxation
The square root of the echo intensity was fitted to thredimes.
exponentials giving the solid white line in Fig. 4 with decay In conclusion, regenerative transient spectral hole burning
times of 590us, 11.8 ms, and 90 ms. The first decay timecan provide an effective means for stabilizing the frequency
corresponds to population storage in tti¢, excited state of of a laser. A high degree of stabilization can be achieved, as
the transition, in agreement with the 628 value obtained the spectral holes in some materials can be narrower than
from fluorescence decay. The second corresponds to popul®90 Hz. This stabilization method is well suited for spectros-
tion storage in the intermediatéF, metastable state, a copy and for optical data processing devices based on time-
mechanism previously shown to account for transient speagdomain spectral hole burning since separate pieces of the
tral hole burning in TM" doped crystalé? The third, long- same material can be used as stabilizer and processor. A
est decay component has an uncertainty of about 50% for itsubstantial improvement in stimulated photon-echo repro-
decay time due to the scatter of the data attributed to detectetucibility was demonstrated.
noise. This component is assigned to an energy shift arising
from the coupling of TM" to the nuclear spins of lattice We thank J. L. Hall and W. R. Babbitt for helpful discus-
AI** jons. To confirm the nuclear-spin coupling contribution sions. This research was supported by the U.S. Air Force
to the population storage, the stimulated echo decay was réffice of Scientific Research, Grant No. F49620-96-1-0466.
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