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High finesse frequency combs (HFC) with large ratio
of the frequency spacing to the width of the spectral
components have demonstrated remarkable results in
many applications such as precision spectroscopy and
metrology. In optical domain techniques using femtosec-
ond-laser frequency combs allow to measure extremely
narrow optical resonances with high resolution [1,2].
This is achieved by comparison of one of the spectral
components of the calibrated frequency comb with the
frequency of extremely stable laser, which is tuned in
resonance with the narrow absorption line under investi-
gation.

Special kind of gamma-ray frequency combs were
generated much earlier by Doppler modulation of the
radiation frequency, induced by mechanical vibration of
the source or absorber [3-6]. They were observed in fre-
quency domain and appear only if the source and ab-
sorber were used in a couple. Contrary to the optical
combs, gamma-ray frequency combs do not produce
sharp, short pulses in time domain, except the cases if
some additional conditions are satisfied [7,8].

These special kind of gamma-ray frequency combs
with high finesse F >> 1, where F is the ratio of the
comb-tooth spacing to the tooth width, demonstrated that
in many cases determination of small energy shifts be-
tween the source and absorber can be made more accu-
rately in time domain by transient and high-frequency
modulation techniques than by conventional methods in
frequency domain [5,6,9]. In time-domain-spectroscopy
technique the gamma-ray frequency comb is transmitted
through a single line absorber whose resonant transition
is studied. Out of resonance the phase modulation of the
field, generating the frequency comb, does not produce
the modulation of the field intensity at the exit of the ab-
sorber. If one of the comb components comes to reso-
nance with the absorber, the intensity of the transmitted
radiation acquires oscillations. Their pattern is very sensi-
tive to the resonant detuning.

We have to emphasize that in gamma domain even
standard spectroscopic measurements with such a popular
Mossbauer isotopes as °'Fe and “’Zn have already dem-
onstrated extremely high frequency resolution in meas-
urements of gravitational red-shift [10,11]. This is be-
cause the quality factor Q, which is the ratio of the reso-
nance frequency to the linewidth, is very high for these
nuclei. For example, 14.4 keV transition in °’Fe has Q =3
- 10" and 93.3 keV resonance in Zn demonstrates Q = 1.8
- 10'°. Appropriate sources emitting resonant or very
close to resonance y-photons with high Q are available
for both nuclei. They are *’Co for *’Fe and “’Ga for *'Zn.

Here we show that a low finesse comb (LFC) with F
<<'1 is more sensitive to the small resonant detuning be-
tween the fundamental of the radiation field and the ab-
sorber compared with the high finesse comb (HFC).

The basic idea of the modulation technique in
gamma-domain is that the vibration of an absorber leads
to a periodic modulation of the resonant nuclear transition
frequency with respect to the frequency of the incident
photons owing to the Doppler effect. This modulation
induces Raman scattering of the incident radiation in the
forward direction transforming quasi-monochromatic
field into a frequency comb at the exit of the absorber
[12] The relative amplitudes and phases of the produced
spectral components are defined by the vibration ampli-
tude d and frequency Q, the detuning of the central fre-
quency of the radiation source ws, the linewidth of the
source I's and absorber I's, and the absorber optical depth
Ta. To describe the transformation of the quasi-
monochromatic radiation field into a frequency comb it is
convenient to consider the interaction of the field with
nuclei in the reference frame rigidly bounded to the pis-
ton-like vibrated absorber. There, nuclei 'see' the quasi-
monochromatic source radiation with the main frequency
s as polychromatic radiation with a set of spectral lines
ws£ENQ (N=0, 1, 2, ...) spaced apart at distances that are
multiples of the oscillation frequency. The intensity of the
nth sideband is given by the square of the Bessel function
J.X(@) , here a = 2md/A is the modulation index of the field
phase ¢(t) = a sin(Qt) and A is the wavelength of the ra-
diation.

If the modulation frequency Q is much larger than I,
the power spectrum of the radiation field, seen by ab-
sorber nuclei, demonstrates HFC (F = Q/T's >> 1). It is
observed in many Mdssbauer experiments [3-6,9,12] by
transmitting the radiation field through a single line ab-
sorber with resonant frequency wa. The carrier frequency
of the source ws is changed by a constant velocity Dop-
pler shift. Frequency-domain Maossbauer spectrum is
measured by counting the number of photons, detected
within a long time windows of the same duration for all
resonant detunings, which are varied by changing the
value of a constant velocity of the Mdssbauer drive mov-
ing the source. Time windows are not synchronized with
mechanical vibration and their duration Ty is much
longer than the oscillation period Tosc = 21/Q2.

If F << 1, the spectral components of the frequency
comb, seen by the absorber nuclei, overlap resulting in
the spectrum broadening of the radiation field. Therefore
Mossbauer spectra for LFC show only the line broaden-
ing with increase of the modulation index a.

If time windows of the photon-count collection are
synchronized with the phase oscillations and duration of
the time-windows Ty is much shorter than the oscillation
period Tosc, then one can observe time dependence of the
transmitted radiation. For HFC the number of counts N(t),
proportional to the radiation intensity I(t), is described by
equations [5,6,9]



N(t) = N, 3D, cos[nQ(t—t,)], (1)
n=0

where N, is the number of counts without absorber, D,
and nQt, are the amplitude and phase of the nth har-
monic. Here, nonresonant absorption is disregarded. Re-
coil processes in nuclear absorption and emission are not
taken into account assuming that recoilless fraction (De-
bye-Waller factor) is f =1. These processes can be easily
taken into account in experimental data analysis.

If the fundamental frequency ws of the comb coin-
cides with the resonant frequency of the single line ab-
sorber (s = mya), then the amplitudes of the odd harmon-
ics are zero, Doy = 0, where m is integer. They become
nonzero for nonresonant excitation. For high finesse
combs the ratio of the amplitudes of the first and second
harmonics D,/D, is linearly proportional to the resonant
detuning A = w, - s if the value of the modulation index
a is not large and the resonant detuning does not exceed
the linewidth (I's + I's)/2 [5,6]. This dependence helps to
measure the value of small resonant detuning with high
accuracy [9]. For HFC the optimal value of the modula-
tion index providing the best signal to noise ratio is a =
1.08 when the amplitude of the first harmonic D, takes
maximum. This is because for HFC D; is proportional to
the product of the amplitude of zero and first components
of the comb, i.e., to Jo(a)J;(a). High sensitivity of HFC to
resonance of its central frequency with a single line ab-
sorber is explained by the interference of the spectral
components of the comb, which are changed after passing
though the absorber.

Here we show that LFC is much more sensitive to the
resonance of the central component with the single line
absorber. Such a sensitivity can be explained by the inter-
ference of many spectral components if they change after
passing through the absorber. In contrast to HFC (Q >>
I's), LFC (Q << T’s) becomes sensitive to exact resonance
if effective halfwidth of the comb aQ is nearly equal to
the width of the absorption line I'a. Since for LFC a >> 1,
much more spectral components [J,(a)J,i(a) with n = 0,
+1, ..., #a] participate in the interference compared with
HFC and the spectral content of the intensity oscillations
becomes more sensitive to the resonant detuning.

We demonstrate LFC sensitivity in the experiments
with the radiation source, which is radioactive >’Co in-
corporated into rhodium matrix. The source emits 14.4
keV photons with spectral width I's = 1.13 MHz. The
absorber is a 25-pum-thick stainless-steel foil whose opti-
cal depth is Tpo = al =5.18, where « is the resonant absorp-
tion coefficient and | is the absorber thickness. The
stainless-steel foil is glued on the polyvinylidene fluoride
piezo-transducer that transforms the sinusoidal signal
from radio-frequency generator into uniform vibration of
the foil. The frequency and the amplitude of the sinusoi-
dal voltage were adjusted to have Q = 200 kHz and a =
5.7, so that relation aQ = I'y was satisfied. The source is
attached to the holder of the Mdssbauer transducer caus-
ing Doppler shift of the radiation field to tune the source
in resonance or out of resonance with the single line ab-
sorber. The time measurements were performed by means
of the time-amplitude converter (TAC) working in the
start-stop mode. The start pulses for the converter were

synchronized with radio-frequency generator and the stop
pulses were from the signal of 14.4 keV gamma counter
at the instant of photon detection time.

The experimental results demonstrated the oscilla-
tions of the radiation intensity in time. Their Fourier
analysis for different resonant detunings A allowed to
find the dependence of the ratio D/D, on A, which is
shown in Fig. 1, left panel. This dependence is compared
with that for HFC, generated by the vibration with high
frequency Q = 10 MHz and optimal value of the modula-
tion index a = 1.08. We see that LFC is at least two times
more sensitive to resonance than HFC since the slope of
D,/D, dependence is two times steeper. Right panel
shows the Fourier content of the oscillations for LFC
when A =0.3T,. Noticeable contribution of the first and
second harmonics is clearly seen.
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Fig. 1. Left panel: Comparison of the dependence of D;/D, on A
for LFC and HFC. Experimental data for LFC are shown by
dots. Right panel: Fourier content of the intensity oscillations
for A = 0.3T. Dots correspond to the data, obtained from Fou-
rier analysis of the experimentally observed intensity oscilla-
tions. Solid line is the analytical approximation.
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