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Burning and reading ensembles of spectral holes by optical frequency combs:
Demonstration in rare-earth-doped solids and application to laser frequency stabilization
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We describe a spectroscopic method applicable to inhomogeneously broadened transitions. As a test system we
use suitable rare-earth-doped solids in which persistent spectral holes can be burned on weakly allowed electronic
transitions. These systems are of interest as frequency references for the stabilization of laser frequencies. In all
experiments so far, spectral holes are burned and read out individually. Here we present a demonstration of
simultaneous burning and readout of sets of spectral holes, containing up to 1024 individual spectral holes, by
a comb of laser frequencies. The simultaneous readout of such a set leads to an effective compound signal that
has a higher signal-to-noise ratio. Here, an improvement by a factor of 20 was obtained for a set of 512 spectral
holes. We use the method to stabilize the frequency of a laser and characterize its stability.
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I. INTRODUCTION

The impressive progress in the development of optical
clocks [1–5] has to a large extent become possible thanks
to significant improvements of the frequency stability of
the lasers used to interrogate the ultranarrow transitions in
cold atoms. Linewidth narrowing of these “clock” lasers is
typically achieved by active stabilization of their frequency
to a resonance of an ultrastable high-finesse optical cavity.
In such an implementation, fractional laser frequency insta-
bility as low as 4 × 10−17 at 1-s averaging time has been
achieved [1,6,7]. However, the fundamental limitation for fur-
ther reducing the laser frequency instability is associated with
thermal-noise induced fluctuations of the optical path length
in the reference cavities [8,9]. One promising alternative to
optical cavities is ultranarrow absorption lines obtained by
persistent spectral hole (SH) burning in rare-ion-doped solids
at cryogenic temperatures [10]. This approach has been con-
sidered for frequency stabilization of lasers for more than
two decades [10–14]. In recent years, the performance of
this technique has progressed substantially but has not yet
approached that of state-of-the-art cavity-based frequency
stabilization [15–19].

A spectral hole reference differs from other references
in that its spectral shape is modified in time. First, it is
modified by the probe laser radiation itself, that produces
further hole burning [20]. Second, on a long time scale, SHs
undergo spectral diffusion [21,22]. These modifications of
spectral shape and spectral position impose limitations on
the achievable frequency stability of the stabilized laser, and
should be minimized. Since the burning effect increases with
laser power, it is desirable to reduce the laser power during
interrogation. However, a reduction of the laser power reduces
the signal-to-noise (S/N) ratio in detection and, as a result,

*step.schiller@hhu.de

degrades the frequency stability. To overcome this problem,
the use of multiple SHs (a SH ensemble) was proposed for
laser frequency stabilization and a fractional frequency insta-
bility at the level of 10−15/

√
τ (τ is the averaging time) was

demonstrated [16,17]. In these studies, a SH ensemble was
first prepared by sequential burning. Then, laser frequency
stabilization occurred to a single SH from this ensemble dur-
ing a short time interval. Another SH was then randomly
selected, the laser stabilized on it, and so forth. Because of
the short interaction time with a particular SH, a relatively
high laser interrogation power was allowable, that did not
significantly modify the SH. This “hole hopping” procedure
could continue for a long time, depending only on the num-
ber of available SHs. Another approach for reducing the
influence of the laser power on the frequency stabilization
to SHs is based on a heterodyne detection. This allowed
achieving a fractional laser frequency instability in the low
10−14 range for integration times between 1 and 100 s [18].
Using a double-heterodyne detection scheme, Galland et al.
recently demonstrated frequency instability of 1.7 × 10−15 at
1 s [19].

In the approach described in this paper, a monochromatic
laser wave is converted into a frequency comb, a superposition
of a large number of spectral components, all of similar power.
This comb, having appropriately high total power, simultane-
ously burns an ensemble of SHs. Subsequently, the complete
SH ensemble can be simultaneously read out by the same laser
comb (see Fig. 1).

Considering a typical inhomogeneous spectral width of
several GHz for the 580-nm absorption line in Eu3+ : Y2SiO5

crystals at cryogenic temperatures, and a typical SH linewidth
of several kHz, we recognize the potential of burning 105

individual SHs in the crystal. An appropriate frequency comb
could then probe this large ensemble in parallel. A strongly
improved S/N ratio may result, attractive for frequency stabi-
lization purposes, especially on short integration time scales
(seconds).
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FIG. 1. Principle of the technique implemented in this paper.
An ensemble of spectral holes (blue), regularly spaced in frequency
space, is interrogated by a frequency comb (orange). In our setup,
this comb is generated from a monochromatic laser wave (orange)
by a modulator. The frequency offset frep between adjacent comb
components is chosen to be identical to that of the spectral holes.
In order to perform spectroscopy, the comb as a whole is tuned in
frequency (gray double arrow).

In the application to frequency stabilization, the readout
laser power is appropriately reduced, in order to obtain a suit-
ably low power in each spectral component. This minimizes
the influence of additional hole burning on the laser stabiliza-
tion process. However, the total laser power detected, arising
from all comb components, can be high enough to achieve
a good S/N ratio. Compared to the work in Ref. [16], the
present approach allows the laser to be continuously locked
to SHs without the need for frequency hopping and relocks.

II. FREQUENCY-COMB SPECTRUM GENERATION

A monochromatic light wave can be transformed into an
ensemble of spectral components regularly spaced in fre-
quency by sending it through an electro-optic (EOM) or
acousto-optic (AOM) light modulator driven by an appro-
priately time-dependent voltage. We consider here spectral
ensembles where the relative phase between the components
are well defined, i.e., constant in time. These ensembles can
be called “frequency combs.” It is well known that with one
EOM or a pair of EOMs driven by a sinusoidal electric
signal, both phase and amplitude modulation can be imple-
mented. A spectrum of evenly spaced components results,
but the number of spectral components (on the order of 20)
is limited by the achievable modulation index and a flat
spectrum is difficult to realize [23,24]. Recently, a wide and
flat optical spectrum containing 1500 components has been
demonstrated using AOMs in an optical loop configuration
[25]. This approach requires an efficient optical amplifier,
but such a device is not always available for a given laser
wavelength of interest. A frequency comb, however, can also
be easily obtained by modulating the amplitude of the rf
signal driving a single AOM. We shall discuss this in the
following.

A. Short-pulse modulation

Consider a simple case: the rf signal to an AOM, having a
typical frequency on the order of 100 MHz, is modulated in
amplitude by a regular and infinitely long train of short rect-
angular pulses varying between zero and unity. The spectrum
of the laser wave diffracted and frequency shifted by the AOM
has a sinc-shaped envelope with an underlying comb structure.
The quantitative aspects of the spectrum are determined by the
modulation parameters: the overall spectral width is inversely
proportional to the pulse duration and the spectral separation
between the components of the comb is equal to the pulse
repetition rate. For a fast AOM with an output wave rise time
on the order of several 10 ns and a modulation bandwidth
of several MHz, a spectrum having several MHz bandwidth
and component separation of, e.g., 10 kHz, is achievable,
resulting in a few hundred spectral components in total. Since
the envelope of the spectrum has a sinc-function shape the
spectral components vary substantially in amplitude.

For application to SH burning, we must consider that the
burning process depends on the power of the spectral com-
ponent. Thus, if radiation with the above spectrum is used
to burn an ensemble of spectral holes, the holes will have a
varying depth. Another drawback of short-pulse modulation is
the small average rf power applied to the AOM compared to
the peak power (which must remain below the safe threshold).
This leads to a strongly reduced average laser power in the
diffracted beam. Thus, the power available at the laser source
is not efficiently transferred to the frequency comb radiation
sent to the sample.

B. Schroeder modulation

Consider now the AOM being driven by a rf voltage V (t )
consisting of a comb of 2N rf frequencies (components):

V (t ) = cos(2π f0t )
N∑

n=1

Vn cos(2π n frept + φn). (1)

The spectral components of the comb V (t ) have amplitudes
1
2Vn and span the frequency range f0 − N frep to f0 + N frep

(excluding f0), where the carrier base frequency f0 is of
the order 100 MHz and frep is of the order 10 kHz. φn de-
notes the individual phase of a pair of spectral components.
A monochromatic wave fL diffracted by the AOM in order
+1 will then contain an optical frequency comb, compris-
ing the 2N frequencies fL + f0 − N frep to fL + f0 + N frep,
excluding fL + f0, with phase-stable optical spectral compo-
nents. If Vn = const, the spectrum is flat. In practice, however,
the flatness is limited by the finite modulation bandwidth of
the AOM. The nominal flatness is independent of the value
of the phases φn, but their values determine the character of
the time structure of V (t ) and therefore of the time-varying
amplitude of the optical wave diffracted by the AOM.

As a simple example, in Fig. 2 a hypothetical rf frequency
comb V (t ) having N = 32 components and f0 = 0 has been
plotted in the time domain for two different phase functions.
The simplest case where all components have a constant phase
φn = 0 is shown in red. The time trace of this signal exhibits
sharp pulses occurring at time intervals of 1/ frep and is similar
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FIG. 2. Two examples of frequency combs containing 32 spectral
components having equal amplitudes, but different relative phases.
(a) Time traces V (t ) of a constant-phase-type comb (red) and a
Schroeder-type comb (blue), both having zero base frequency. (b)
Phases of the individual frequency components of a constant-phase-
type comb with φn = 0 (red) and Schroeder-type comb with the
phases φn calculated using Eq. (2) (blue).

to the familiar femtosecond frequency comb used in optical
metrology.

In contrast, in the field of telecommunications, phase
functions have been derived that minimize the peak-to-peak
amplitudes, i.e., the value �Vpp = max[V (t )] − min[V (t )].
Schroeder [26] showed theoretically that if the phases φn are
given by the relationship

φn,Schroeder = π round

(
n2

2N

)
(2)

then a significantly smaller relative peak factor can be
achieved than in the constant-phase case. “Relative peak fac-
tor” is defined, according to Schroeder, as �Vpp divided by
2
√

2 times the signal’s r.m.s. value. The so-defined relative
peak factor is 1 for pure sine waves. The Schroeder comb
shown in the figure has a relative peak factor of 1.3, while
the value is 3.5 for the constant-phase comb. The advantage
of using a Schroeder-type signal is that for an amplifier that
has to process the signal, and exhibits a given peak-to-peak
amplitude range, a larger power gain is possible. Note how
the time signal of a Schroeder frequency comb (blue) looks
like a chirp with increasing frequency towards the middle of
the period 1/ frep and decreasing frequency towards the end of
the period.

It is apparent that the time signal of the constant-phase fre-
quency comb has substantial amplitude for a smaller fraction
of the time than for the Schroeder frequency comb. Returning
to the optical comb generated using V (t ), this means that
for constant-phase modulation, the laser wave is reaching the
sample with substantial power for a smaller fraction of the
time. Given the fact that the peak power that can be made
available by the overall optical system is limited, a Schroeder
comb permits a larger average laser power to reach the sam-
ple. Furthermore, the constant-phase comb leads to optical
pulses. These produce electrical pulses in the output of the

photodetector downstream of the sample. Filtering out these
pulses adds a certain complexity to the signal processing.

C. Experimental implementation

Our experimental setup for generation of the frequency
comb and for SH spectroscopy is an extension of our previous
apparatus described in Ref. [27]. It is shown simplified in
Fig. 3.

The apparatus contains as spectroscopy source a Littrow-
configuration diode laser at 1160 nm, frequency-doubled to
580 nm in a second-harmonic generation unit. This wave
has the optical frequency fL. The radiation is frequency
stabilized to an ultrastable, high-finesse ultra-low-expansion
(ULE) optical cavity. The linewidth of the stabilized laser
is approximately 10 Hz; its long-term frequency drift rate
is approximately 0.03 Hz/s. The radiation traverses AOM2
(orange) for the generation of an optical frequency comb.

Inside the bottom left dashed box we show the components
that produce, together with the AOM2, the optical frequency
comb. As a first example, a comb consisting of 2N = 512
components separated by frep = 20 kHz is generated. We use
a 16-bit arbitrary waveform generator (AWG), programmed
with the function

∑N
n=1 cos(2π n frept + φn,Schroeder ), the sec-

ond factor in Eq. (1). The AWG output signal is mixed in a rf
double-balanced mixer (DBM) with the rf carrier signal f0 de-
livered by a DDS generator DDS1. We choose f0 = 200 MHz,
so as to be close to the center frequency of our AOM. The
DBM provides a dual-side-band modulation producing a flat
spectrum as described by Eq. (1) extending from f0 − N frep

to f0 + N frep and having 2N = 512 components in total. The
carrier f0 is not completely suppressed. The resulting rf spec-
trum fcomb is measured by the spectrum analyzer indicated
in Fig. 3. The data recorded by the spectrum analyzer are
reported in Fig. 4 (top). We notice a fairly good flatness with
deviations of less than 1% for the individual components.

We characterized the optical comb by producing an optical
heterodyne beat between the optical comb and the monochro-
matic input laser wave fL. It is detected by photodetector PD
B in Fig. 3 and is analyzed by the same rf spectrum analyzer.
Figure 4 (bottom) presents the spectrum. The upper half of
the spectrum, from 200 to 205 MHz, is flat; the lower half
shows a falling slope towards 195 MHz. This is due to a
decreasing AOM diffraction efficiency and a reduction in the
optical efficiency in coupling to a fiber downstream of the
AOM. Overall, the standard deviation of the amplitudes is 3%.

III. SPECTROSCOPY OF SPECTRAL HOLES
WITH FREQUENCY COMBS

A. Setup

We carried out spectral hole burning spectroscopy on the
7F0 → 5D0 transition of Eu3+ ions on the crystallographic
site 1 (λ = 580.03 nm) of Eu3+ : Y2SiO5 in the temperature
range 4.0–6.7 K. The components used for the spectroscopy
are shown in Fig. 3. We use a crystal with 1.0%-rare-earth-ion
concentration manufactured by Scientific Materials Corp. It is
located within a permanent ring shaped magnet of approxi-
mately 0.8-T field strength along the crystal c axis and inside
a closed-cycle pulse-tube-cooler (PTC) cryostat. The 580-nm
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FIG. 3. Setup for frequency-comb spectroscopy of spectral holes. PD, photodetector; AOM, acousto-optic modulator; AWG, arbitrary
waveform generator; LIA, lock-in amplifier; DDS, direct digital synthesis generator; DBM, double-balanced mixer; SHG, second-harmonic
generator; ULE, ultra-low-expansion glass; PBS, polarizing beam splitter; GNSS, global navigation satellite system. Pink arrows and fibers:
Optical fiber carrying 1160-nm radiation. Orange arrows and fibers carry 580-nm radiation. Black arrows: rf or DC signals. Blue arrows:
Digital signals.

laser radiation is led into the cryostat using an optical fiber and
is focused into the crystal to approximately 3-mm diameter
using a fiber collimator. The D1 and D2 axes of the crystal are
parallel to the edges of its 5 × 5.5 mm end faces. The laser
light is linearly polarized parallel to the D2 axis of the crystal.
After passing through the crystal the light exits the cryostat
through a glass window and is detected by the low-noise
photodetector PD A.

B. Burning of an ensemble of spectral holes

Using the optical Schroeder comb consisting of 256 spec-
tral components spaced by 20 kHz with a total optical power
of about 1 μW, we simultaneously burned an ensemble of
spectral holes for 10 min. After the burning process, the AWG
was turned off and spectroscopy was done by scanning the en-
tire spectral range spanned by the SHs with a single-frequency
laser wave. In practice, the function generator shown in green
in Fig. 3 delivered a modulation signal with a frequency of
10 Hz and triangular shape. The signal delivered to AOM2
via the DBM was only the partially suppressed carrier f0 with
slowly swept frequency. The resulting spectral hole pattern
detected by PD A is depicted in Fig. 5. It exhibits a set of 256
spectral holes with a spacing of 20 kHz, as expected. There
is one additional SH, burnt by the incompletely suppressed
carrier. We shall not take this into account further. The spectral
width of the individual SHs is approximately 5 kHz. The slope
in the signal baseline results from a variation of the efficiency

of the coupling of the monochromatic wave into the optical
fiber as the diffraction angle varies, similar to the situation
above.

C. Readout of a SH ensemble using an optical frequency comb

A parallel readout of the ensemble of SHs is implemented
by driving the AOM2 with the same rf comb signal that was
used for burning the hole pattern. That is, the interrogating
laser is now a frequency comb. Additionally, we periodically
( fscan = 10 Hz) sweep the whole comb over a small optical
frequency interval of 100 kHz.

Figure 6 (top) shows the crystal transmission signal for
interrogation by the optical comb. In this measurement the
total laser power in front of the crystal was approximately
1 μW, or about 2 nW per component. Each spectral fea-
ture may be called a compound spectral hole (CSH). When
the mean frequency of the comb is appropriately set, i.e.,
centered on the SH ensemble, the CSH arises from all
512 previously burned SHs. With increasing absolute detun-
ing, the subsequent CSHs arise from a decreasing number
of SHs.

The S/N ratio of the CSHs is significantly improved com-
pared to the one resulting from interrogating a single SH. To
determine the improvement factor, single SHs were interro-
gated with the monochromatic laser, and with the power of
the laser wave set to the same level as that of an individual
component of the comb wave. The result is shown in Fig. 6
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FIG. 4. Top: rf spectrum of the signal that drives AOM2, consist-
ing of 512 components spaced by 20 kHz. Bottom: Optical spectrum
of the heterodyne beat between the unmodulated laser wave fL and
the optical frequency comb. Note the dip in the center of the spectra,
due to the partially suppressed rf carrier f0 and the optical carrier
fL + f0, respectively. Note also the missing two components n = 1
of the comb around the carrier f0 as result of the characteristic of the
DBM. Insets (red): the five highest-frequency components.

bottom. The laser was swept over the same frequency range as
before. Note that the SHs were not burned anew, but are from
the same ensemble that has been used as in Fig. 6 (top). We
find an approximately 20-fold improvement in the S/N ratio in
the frequency-comb spectroscopy of the ensemble (top) com-
pared to the spectroscopy of a single SH by a monochromatic
laser wave (bottom). This value is approximately the expected

FIG. 5. Crystal transmission spectrum of an ensemble of 256 + 1
spectral holes, probed by a single-frequency laser (power approxi-
mately 1 μW). The SHs were previously simultaneously burnt by an
optical comb. The left inset shows enlarged several SHs located on
the low-frequency end of the spectrum, marked in black. The right
inset shows the center region of the ensemble with the smallest SH
in the center burnt by the only partially suppressed optical carrier
frequency fL + f0. Note that the components n = 1 are not filtered
out as in Fig. 4 due to the use of a different DBM.

FIG. 6. Top: Compound spectral holes (CSHs) obtained from
simultaneous interrogation of approximately 512 SHs by a laser fre-
quency comb containing 512 spectral components. All components
of the comb are tuned by the same amount during the scan. More
precisely, the left CSH and the right CSH result from 511 SHs, while
the central one results from 512 components. Bottom: Three SHs
from the previous ensemble interrogated sequentially by a single-
frequency laser. The laser wave power was set equal to the power
of a single component of the comb in the top case. Note that the
signal scales in the top and bottom plots are equal. The scan time was
100 ms. The detection bandwidth was 1 kHz. The two measurements
have been taken approximately 2 h apart, resulting in a frequency
shift that has been removed to center-align both plots.

improvement in S/N ratio, which by a simple argument is the
square root of the number 2N = 512 of spectral holes.

IV. LASER FREQUENCY STABILIZATION
TO A SH ENSEMBLE

A. Frequency metrology system

The measurement of the stabilized 580-nm laser fre-
quency was carried out by sending the laser radiation at
1160 nm via an actively path-length-stabilized optical fiber
to our frequency metrology laboratory. This is indicated in
the top right of Fig. 3. In that laboratory, we operate a fem-
tosecond frequency comb (FFC). The FFC is locked to a
ULE-cavity-stabilized laser at 1064 nm having a linewidth
of approximately 1 Hz. This procedure reduces dramatically
the linewidth of all spectral components of the FFC. The
frequency of each FFC spectral component j is then given
by fFFC, j = fceo + j fr = c j f1064 + d j fceo, where fceo is the
carrier envelope frequency, fr is the repetition rate, f1064 is
the laser frequency, and c j and d j are known numerical coef-
ficients that depend on the mode number j.

The 1160-nm spectroscopy laser radiation ( fL/2) produces
a beat signal fb = fL/2 − fFFC,m with the closest spectral
component m of the FFC, having frequency fFFC,m. The beat
is detected using a high-speed photodetector. A characteriza-
tion of this beat allows us to determine upper limits for the
linewidth and for the frequency instability of the 1160-nm
spectroscopy laser (see below).
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In order to be able to precisely determine the instability of
the spectroscopy laser when locked to the SHs, the rf signal
fb is sent to the spectroscopy laboratory via a coaxial cable.
There we use a second DDS (DDS2) and a mixer to cancel
out the frequency modulated (FM) sidebands in the spectrum
of DDS1, creating an output signal having a monochromatic
frequency fa = fDDS2 − f0. We use fDDS2 = 260 MHz. This
procedure is necessary when an error signal is generated, as
described in the following section. Using a frequency divider,
we then generate the signal fa/2 followed by a rf mixer to
produce the rf analysis frequency fd = fb − fa/2.

When locked to the CSH, the laser frequency is fL =
− f0 + fCSH, where fCSH is the mean optical frequency of the
hole ensemble. The rf analysis frequency is then

fd = fL/2 − (cm f1064 + dm fceo) − ( fDDS2 − f0)/2

= fCSH/2 − (cm f1064 + dm fceo) − fDDS2/2. (3)

The coefficient cm is approximately 1 since the wavelengths
1064 and 1160 nm are close. The term fDDS2/2 is a known
stable frequency and the constant dm can be determined in a
standard way.

Finally, the absolute frequency of the CSH is obtained by
solving Eq. (3) for fCSH. The absolute value of the 1064-nm
laser frequency f1064 is needed to compute it and it is therefore
measured with respect to an in-house hydrogen maser using
the FFC.

B. Error signal generation

For laser frequency stabilization an error signal is neces-
sary. For this purpose, the frequency comb as a whole can
additionally be frequency modulated. We implement this by
applying a modulation signal (modulation frequency ffm =
2.91 kHz) to the summing amplifier driving the FM input of
the DDS1 (Fig. 3). We characterize the frequency-modulated
comb using the optical heterodyne beat measurement. A few
components of the spectrum are shown in Fig. 7. We recognize
the frequency modulation sidebands on each component of the
comb.

For characterization of the error signal, the entire spectrum
is furthermore additionally slowly frequency modulated via a
triangular waveform at the scan frequency fscan � 10 Hz. The
scan and the frequency modulation are added in a summing
amplifier.

An ensemble of 1024 previously burnt SHs was interro-
gated with the frequency-modulated comb. The laser power in
an individual spectral component was approximately 0.15 nW.
The green trace in Fig. 8 (top) shows the laser power transmit-
ted through the crystal while the laser frequency was slowly
scanned. The effect of the imposed frequency modulation is
clearly visible, because it leads to a modulation of the power
transmitted through the crystal. The black line is the average
of 170 successive scans of the CSH.

We used a lock-in amplifier (LIA) to demodulate the pho-
todetector signal at 2.91 kHz. The demodulated signal at the
output of the lock-in amplifier is shown in the bottom panel
of the figure as an orange line. This represents a CSH error
signal. The black line shows an average of repeatedly recorded
error signals.

FIG. 7. A subset of spectral components of the optical frequency
comb having an additional frequency modulation at a frequency
ffm = 2.91 kHz. This signal was recorded with the heterodyne op-
tical beat at PD B. The inset shows one comb component and its
modulation sidebands.

C. Frequency locking to a compound spectral hole

The comb spectroscopy radiation was locked to the ensem-
ble of 1024 SHs by feeding back the error signal obtained
at the output of the LIA to the FM input of DDS1 driving
AOM2. Thereby, f0 was continuously adjusted. The lock-
ing bandwidth was approximately 1 kHz, limited by the
employed modulation frequency (2.91 kHz). Figure 9 (top)
shows the result of a stabilization of the comb laser radiation
to an ensemble of SHs by the frequency-comb technique. It

FIG. 8. Spectroscopy of a 1024-spectral hole ensemble per-
formed by a frequency-modulated optical comb. Top: Raw signal
(green) from the photodetector PD A as the comb is scanned over
the spectral hole ensemble. This is a CSH. The (black) trace shows
the average of 170 scans. Bottom: The output (orange) from a lock-in
amplifier that detected the amplitude modulation of the transmitted
power and converted it to a low-frequency signal. The black line
shows the average of 170 scans. The scan range was 20 kHz and
the scan period was 100 ms.
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FIG. 9. Frequency stabilization by the CSH technique: A
Schroeder-comb modulated 580-nm spectroscopy wave is locked to
a previously burnt hole ensemble. Blue: Time trace of the AOM2
frequency f0 that controls the offset of the mean frequency of the
comb, fL + f0, relative to the ULE reference cavity (frequency fL).
The temperature of the crystal was approximately 5.8 K, and was
actively stabilized. Bottom: Variation of the absolute frequency fL/2
of the 1160-nm diode laser locked to its cavity, measured using a
FFC and a hydrogen maser. The gap in the red time trace is due to a
temporary malfunction of the FFC.

demonstrates a continuous locked operation for more than 2 h.
The blue line shows the time trace of the variation of the
AOM2 frequency f0, the frequency offset between the ULE
cavity frequency and the mean frequency of the optical comb
stabilized to the SH ensemble. Thus, a drift of f0 reflects the
combined drifts of the reference cavity and of the spectral hole
ensemble. No significant degradation of the CSH error signal
occurred. We checked this by scanning the error signal after
stopping the frequency lock.

For comparison, the red trace in Fig. 9 shows the time
variation of the absolute optical frequency fL/2 of the diode
laser stabilized to its ULE cavity. It was calculated from
the recorded beat frequency fb and from the simultaneously
recorded values of the 1064-nm laser absolute frequency f1064

measured with the FFC. The observed drift rate amounts
to approximately 51 mHz/s and is due to the cavity drift.
The drift of the second harmonic fL is thus approximately
100 mHz/s. It is twice as large in magnitude as the drift
rate of f0, and has the opposite sign. We conclude that
there is a net drift rate of approximately 50 mHz/s of
the absolute mean frequency fL + f0 of the wave stabi-
lized to the SH ensemble. We believe that this drift could
be due to a residual burning effect by the interrogating
comb [20].

For the frequency stability measurements, the crystal tem-
perature was actively stabilized, with a residual instability
at the level of 1 mK. This suppressed temperature-induced
frequency variations of the SH frequencies to a sufficiently
low level [27].

To determine the achievable stability on short time scales
we used a CSH having 256 components at a temperature of
about 4 K.

FIG. 10. Frequency stability of a laser locked to a compound
spectral hole using comb spectroscopy. Blue: Allan deviation of the
1160-nm laser, fL/2, when stabilized to the SH ensemble via comb
spectroscopy, relative to the optically stabilized FFC, i.e., relative
to the 1064-nm ULE cavity frequency. Here, the pulse tube cooler
on the cryostat is on and the cryostat is in normal operation. Light
blue: The pulse tube cooler is turned off. This trace is computed after
the frequency drift due to crystal temperature rise was subtracted.
The green trace shows a baseline performance: Allan deviation of
the frequency difference of the cavity-stabilized 1160-nm laser and
optically stabilized FFC, each stabilized to its respective ULE cavity.

First, to determine the performance level of the lasers and
the metrology system, we measured the difference in optical
frequencies between the 1160-nm laser stabilized to its cavity
and the cavity-stabilized 1064-nm laser, via the FFC. For this
purpose, we analyze the fluctuations of the beat frequency
fb, shown in green in Fig. 10. Strictly speaking, we thereby
analyzed the variations of fL with respect to the frequency
cm f1064 according to Eq. (3). At 1-s integration time, the
instability is at the level of 1 × 10−14. The upturn of this trace
for integration times beyond 10 s reflects the drifts of the two
reference cavities.

The blue trace shows the frequency stability of the
1160-nm spectroscopy frequency when locked to the SH en-
semble via comb spectroscopy, again relative to the frequency
cm f1064. The relevant frequency analyzed was fd . The upturn
of its Allan deviation beyond 50-s integration time reflects the
drifts of both the CSH reference and the 1064-nm reference
cavity. The fact that the blue trace lies below the green trace
for short integration times demonstrates the efficiency of the
frequency lock to the SH ensemble.

One of the factors influencing the frequency stability of the
SHs is the mechanical vibrations in the PTC cryostat. Me-
chanical strain applied to the Eu3+ : Y2SiO5 crystal deforms
the lattice and thus shifts the energy levels of the dopants and,
as a result, the frequency of a burnt SH [15,28]. In order to
eliminate the effect of cryostat vibrations on SH stability, the
cryostat was turned off for several minutes, and data were
taken. This also led to a rapid increase of the temperature
of the Eu3+ : Y2SiO5 crystal of a few hundred mK and, as
a consequence, to a frequency drift of the SHs of approxi-
mately 2 kHz within 2 min. This temperature-induced shift is
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consistent with the previously measured temperature depen-
dence of 108 Hz/K4 [27]. This linear drift was removed in
the data analysis by substracting a linear fit to the data. The
result is the light blue curve in Fig. 10. The instability lies
below the blue and the green curves, showing that indeed the
instability is affected by the vibrations. The instability was
thus reduced to a fractional level of 4 × 10−15. Note that the
reference for this measurement is the 1064-nm laser stabilized
to its reference cavity. Thus, the minimum level reached by
the light blue trace may contain a significant contribution
from the instability of the 1064-nm laser, which from previous
measurements we know to be of the same order [29].

V. DISCUSSION

We introduced a method for the spectroscopy of in-
homogeneously broadened spectral lines and applied it to
rare-earth-doped crystals. We modulated a laser wave into a
comb of closely spaced spectral components and used it to
burn, read out, and frequency lock to persistent spectral holes
in a Eu3+ : Y2SiO5 crystal.

Our measurements showed that the power contained in a
monochromatic input laser wave can be split rather evenly
into up to 1000 spectral components, by use of a sin-
gle acousto-optic modulator. In comparison to the work
of Duran et al. [25] we achieve an almost flat comb
spectrum.

Persistent spectral hole burning with such a comb resulted
in a spectral hole ensemble containing up to 1000 individual
spectral holes of similar depth. It is possible to read out in
parallel the SH ensemble and this results in a compound

spectral hole (CSH). It appears less susceptible to spectral
deformation by the inherent burning effect during interroga-
tion and thus appears attractive as a frequency discriminator
for frequency stabilization of lasers. The CSH also has a
significantly improved S/N ratio compared to a single spectral
hole. We demonstrated a frequency lock of a laser to a CSH
and determined its frequency stability.

In contrast to the methods reported in Refs. [16–18] our
method does not require any frequency-relocking techniques
and delivers by design a continuously available error signal
with a bandwidth of approximately 1 kHz. The introduced
method is a step towards increasing the stability of frequency
locks based on spectral holes as it greatly improves the signal
strength of the frequency discriminator while being able to
reduce the alterations of the individual SH.

One important future activity is to study the origin of the
drift observed in the frequency locking demonstration, for
example, by varying the number of spectral holes, the laser
power, or the crystal temperature.

Finally, it appears possible to apply variations of the
present frequency-comb technique to other systems exhibiting
inhomogeneous spectral broadening.
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