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A method has been proposed to reconstruct at arbitrary time the spectral–temporal characteristics of a
14.4-keV single-photon wave packet that is emitted by a 57Co source and is resonantly absorbed in the
medium of 57Fe nuclei. The method is based on the frequency separation of the field emitted by the source
and resonance nuclear polarization induced by this field by means of delayed acoustically induced transpar-
ency of the absorber, which appears after the activation of oscillations of the absorber at the corresponding
frequency and amplitude. The proposed method has been compared to the known quantum-optical memory
methods and methods of nuclear polarization control in the gamma-ray range. Experimental conditions have
been proposed to implement the method. It has been shown that this method allows the implementation of
the time-resolved Mössbauer spectroscopy of various media.
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1. INTRODUCTION
One of the main requirements for the time-

resolved diagnostics of materials, as well as for the
transmission and procession of quantum information,
is the determinancy of times when photons appear at
certain points of space, including the possibility of
controlling these times. This requirement can be satis-
fied by means of delay lines due to change in the path
length or the propagation velocity of photons in a
transparent medium, as well as by means of quantum
memory, i.e., the localization of the electromagnetic
field energy in the quantum state of the medium and
the subsequent on-demand inverse transform of this
state to a certain state of the electromagnetic field.

Numerous methods were proposed and imple-
mented to delay photons by reducing the velocity of
their propagation in a transparent medium in the opti-
cal range (see [1–16] and references therein). Electro-
magnetically induced transparency [17, 18] is one of
the prevailing concepts in this field. Similar to electro-
magnetically induced transparency, the temporal [1–
11] or spatial [12–16] dispersion of the medium is used
to delay photons in most methods by creating a sharp
dependence of the refractive index on the frequency or
wave vector in the induced spectral transparency win-
dow of the medium, which covers the spectrum of the
incident pulse. In addition to the implementation of
electromagnetically induced transparency in various

media, optical transparency was created by means of
coherent population oscillations [6, 7], Autler–
Townes splitting [10, 11], as well as in structured
optomechanical systems [8, 9], optical waveguides [13,
14], and metastructures [15, 16].

Electromagnetically induced transparency and the
related methods for delaying photons listed above are
also used to implement quantum memory whose main
advantage is the possibility to dynamically control the
photon delay time [19–22]. A number of implemented
quantum-optical memory methods for single photons
based on nonresonant Raman scattering [23–25],
atomic frequency comb [26–28], and various photon
echo variants [29–35] are also promising.

The search for possibilities of the delay and storage
of hard X-ray or soft gamma-ray photons (with ener-
gies from several to several tens of keV) in atomic
nuclei is a promising field of quantum optics due to a
number of unique properties of both these photons
and resonant nuclear transitions [36, 37]. However,
the above delay and quantum memory methods for
optical photons are inefficient or unimplementable for
gamma- and X-ray photons because most of them
require sufficiently intense coherent control fields,
which are yet inaccessible in this range.

Alternative methods for the delay of photons,
which are based on the decrease in their velocity in a
nuclear medium in the presence of the Mössbauer
929
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effect were demonstrated in the gamma- and X-ray
regions. An effect that is similar to the electromagnet-
ically induced transparency and is accompanied by the
delay of 14.4-keV photons was observed in a FeCO3
crystal due to the approach of the energy sublevels of
the excited state of 57Fe nuclei at a crystal temperature
of 30 K [38]. The decrease in the velocity of 14.4-keV
photons emitted by the 57Co radioactive source was
observed at room temperature in a number of chemi-
cal compounds whose composition provides a doublet
structure and sharp dispersion of a resonance quan-
tum transition in the included 57Fe nuclei [39]. The
controlled delay of spectrally narrow X-ray pulses with
a photon energy of 14.4 keV propagating in a cavity
containing a nanolayer of 57Fe nuclei was observed in
[40]. The possibility of the controlled decrease in the
velocity of 14.4-keV photons in the 57Fe absorber due
to the acoustically induced transparency (AIT), which
appears at collective vibrations of atomic nuclei with
certain amplitude and frequency, was demonstrated in
[37, 41, 42].

Furthermore, the possibility of localization of a
single-photon wave packet with a photon energy of
14.4 keV in the medium of 57Fe nuclei followed by the
subsequent coherent on-demand extraction of a frac-
tion of the field resonantly absorbed by 57Fe nuclei in
the form of short gamma-ray pulses has been demon-
strated in [43–49]. In experiments with the 57Co
radioactive source, a short pulse appeared at the sharp
displacement of the source [43, 44] or the 57Fe
absorber [45, 46] by a distance of about the photon
wavelength due to the displacement-induced con-
structive interference between the incident and coher-
ently scattered fields. The effect is called gamma echo.
The gamma radiation from the 57FeBO3 crystal emit-
ted after the passage of a synchrotron pulse through it
was similarly suppressed by means of the sharp change
in the direction of magnetization, which induced the
destructive interference between the spectral polariza-
tion components of 57Fe nuclei. The subsequent on-
demand restoration of the initial direction of magneti-
zation induced a short radiation burst similar to
gamma echo [47]. Short bursts against the background
of the gradually decreasing intensity of the single-pho-
ton wave packet were observed at the output of the
oscillating 57Fe absorber after the passage of synchro-
tron radiation [48, 49] and radiation from the 57Co
radioactive source [36, 50] through it due to the Dop-
pler transformation of the singlet spectral line of the
absorber to the phased comb of spectral lines similar to
an atomic frequency comb in the optical region.

The authors of [51] theoretically proposed a
method for implementing nuclear quantum memory
for 14.4-keV photons, which was based on a sequence
of several resonant 57Fe absorbers moving at different
constant velocities along the propagation direction of
a spectrally narrow synchrotron pulse. Due to the
Doppler effect, the absorption spectral lines of moving
absorbers are shifted with respect to each other, form-
ing a spectral comb similar to an atomic frequency
comb. The frequencies of the comb teeth are deter-
mined by the magnitudes and directions of the veloci-
ties of the absorbers, similar to the gradient photon
echo method, allowing one to reconstruct on demand
the initial X-ray pulse.

It is noteworthy that both the propagation of pho-
tons at any frequency in the medium and their local-
ization are the result of the annihilation of a photon
interacting with an atom (nucleus) and the subsequent
creation of another photon emitted by this or another
atom (nucleus). In this case, the characteristics of the
passed photon are determined by the characteristics of
incident photons and particles of the medium, as well
as by the conditions of their interaction.

In this work, a method for on-demand reconstruc-
tion of an arbitrary part of the initial photon wave
packet absorbed by 57Fe nuclei is proposed on an
example of 14.4-keV gamma-ray photons emitted by
the 57Co radionuclide. Unlike the above methods for
the dispersive delay of gamma- and X-ray photons and
for the extraction on demand of a part of gamma/X
rays absorbed by the medium, this method allows one
to reconstruct with delay the initial spectral–temporal
characteristics of the single-photon wave packet with a
Lorentzian spectrum by the control of the transmit-
tance of the resonantly absorbed medium via AIT.
Experimental conditions for the implementation of
this method are proposed. The physical mechanism of
the effect and its correspondence to the quantum
memory mechanism, as well as the possibility of
implementing the time-resolved Mössbauer spectros-
copy of materials for the first time, are discussed.

2. SINGLE-PHOTON WAVE PACKET

The waveform of a 14.4-keV photon is usually mea-
sured by the delay coincidence method (see Fig. 1),
which is as follows. First, the time of detection of a
122-keV photon is determined, which indicates the
transition of one of the 57Co nuclei in the source to the
excited energy level  (see the left inset of Fig. 1) and
possibility of emitting the 14.4-keV photon. The
detector sends a 122-keV Start measure signal to switch
on a unit for the detection of the 14.4-keV photon.
Then, the time interval to the detection of the
14.4-keV photon, i.e., the time interval between the
appearance of the possibility of emitting the 14.4-keV
photon by the nucleus and its detection, is measured.
This procedure is repeated many times. As a result, the
dependence of the number of detected 14.4-keV pho-
tons on the time from the appearance of the possibility
of emitting each photon by the source is obtained. It is
proportional to the dependence of the probability of
detecting one 14.4-keV photon on the time from the
appearance of the possibility of its emission by the

|b
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Fig. 1. (Color online) General delayed coincidence scheme to count the number of consecutive detected 122- and 14.4-keV pho-
tons. The multiply measured interval between the Start measure (generated by the 122-keV detector) and Stop (generated by the
14.4-keV detector) signals gives the frequency of coincidence counts as a function of the delay of a 14.4-keV photon with respect
to a 122-keV photon, which is proportional to the time dependence of the probability of detecting the 14.4-keV photon or, equiv-
alently, to the waveform of the photon. The left and right insets show the energy diagrams of the 57Co source and the 57Fe
absorber, respectively. The quantum transition frequency of the source in the proposed method is tuned to the quantum transition
frequency of the absorber, which is a stainless steel foil containing the 57Fe Mössbauer nuclide. The foil is attached to a piezo-
electric transducer, whose harmonic vibrations begin at a certain time tstart after the detection of the 122-keV photon. The studied
material Target containing the 57Fe Mössbauer nuclide should be placed in a box marked by dotted lines for time-resolved Möss-
bauer spectroscopy.
source. The entire set of detection times of 14.4-keV
photons constitutes a single-photon wave packet or a
single gamma-ray photon pulse. The mentioned time
dependence of the probability of detecting one photon
is proportional to the intensity of the single gamma-
ray photon pulse and is also called the waveform of the
photon, and the time of detecting the 122-keV photon
specifies the beginning of the single-photon wave
packet with a photon energy of 14.4 keV.

In the laboratory reference frame, the single-pho-
ton wave packet that is emitted by the 57Co source and
is detected by the 14.4 keV detector can be represented
in the form of a quasimonochromatic plane wave
whose electric field at the detection point is given by
the expression [36–47]

(1)

where ωS and  are the carrier frequency and ampli-
tude of the single-photon wave packet, respectively,
and  s–1 is the half-width of the spectral
line of the corresponding quantum transition in 57Co
nuclei. The single gamma-ray photon pulse with the
electric field specified by Eq. (1) has a single Lorent-
zian spectral line.

3. TRANSFORMATION OF SINGLE-PHOTON 
WAVE PACKET IN THE MÖSSBAUER 

ABSORBER IN THE REGIME
OF ACOUSTICALLY INDUCED 

TRANSPARENCY
In the proposed experiment, 14.4-keV photons pass

through the 57Fe Mössbauer absorber, which is a thin
stainless still foil containing 57Fe Mössbauer nuclides

θ −γ − ωin 0 S( ) = ( )exp( ),E t E t t i t

0E

γ ≈ × 63.6 10
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(see Fig. 1). At a certain time tstart from the detection
time of the 122-keV photon, harmonic vibrations of
the absorber along the propagation direction of
14.4-keV photons begins with the constant amplitude
R and frequency Ω identical for all nuclei:

(2)

where  is the Heaviside step function. The observa-
tion time in Eqs. (1) and (2) is measured from the
detection time of the 122-keV photon.

It is convenient to describe the transformation of
the single-photon wave packet in the moving resonant
absorber in the reference frame of the absorber. In this
case, the wave packet given by Eq. (1) is frequency
modulated because of the Doppler effect and its elec-
tric field has the form [36, 37, 41, 52–54]:

(3)

where  is the modulation index at the
wavelength λS = 0.86 Å of the 14.4-keV photon.

The electric field of the single-photon wave packet
at the output of the absorber at rest in the comoving
reference frame can be determined by calculating the
convolution of the incident wave packet (3) with
the time response function of the absorber  [43,
44, 55]:

(4)

θ − + Ω − − πa start start( ) = ( ){1 sin[ ( ) /2]},S t R t t t t

θ( )t

θ −γ − ω + θ −
× + Ω − − π

in 0 S start

start

' ( ) = ( )exp( ( )
{1 sin[ ( ) /2]}),

E t E t t i t ip t t
t t

π λS= 2 /p R

( )R t

∞

−∞

− τ τ τout in' '( ) = ( ) ( ) .E t R t E d



932 KHAIRULIN, RADEONYCHEV
Here,

(5)

where  is the Dirac delta function;  is the nth
order Bessel function of the first kind; ωa and Ta are
the frequency of the resonant transition and the Möss-
bauer (optical) thickness of the absorber, respectively;
it is assumed that the spectral lines of the source and
the absorber have the same width γa = γ; and the non-
resonant absorption of the field due to the photoelec-
tric effect is disregarded because it is not measured in
the proposed experiment.

Substituting Eqs. (3) and (5) into Eq. (4) and taking
into account the condition of resonance between the
source at rest and the absorber ωS = ωa = ωres, we
obtain

(6)

According to Eq. (6), the field at the output of the
absorber at any time can be represented as the sum of
the field at the input of the absorber (the first term in
Eq. (6)) and the coherently forward scattered field (the
second term in Eq. (6)), which corresponds to the
induced nuclear polarization [43, 44, 55]. At 0 ≤ t ≤
tstart, when the absorber is at rest, the interference of
these fields destroys the single-photon pulse incident
on the absorber. As a result, according to Eq. (6), the
field of the single-photon wave packet at the output of
the absorber takes the form

(7)

After the beginning of acoustical vibrations, the field
at t ≥ tstart can be represented as

(8)
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We consider the case where the absorber vibrates in
the regime of AIT [37, 41, 42] under the conditions

(9)

The first condition is satisfied, e.g., at the amplitude
of vibrations of the absorber , which corre-
sponds to the modulation index . In this case,
the integrals in Eq. (8) have analytical representations,
and the electric field of the single-photon wave packet
at the output of the absorber in the comoving reference
frame is represented in the form

(10)

To pass to the laboratory reference frame, it is neces-
sary to multiply Eq. (10) by  [36, 37,
41, 52–54]:

(11)

where the Jacobi–Anger relation e±ipsinφ =

 is used and it is taken into account that

 according to Eqs. (9).

4. ON-DEMAND RECONSTRUCTION
OF A PART OF THE SINGLE-PHOTON PULSE

It follows from Eq. (11) that the single-photon
wave packet, which is emitted by the 57Co source, is
absorbed resonantly in the medium of 57Fe nuclei in
the time interval 0 ≤ t ≤ tstart, when the absorber is at
rest with respect to the source. Consequently, its enve-
lope no longer has the initial exponential shape, and
the spectral line is no longer Lorentzian but remains
single.

After the beginning of vibrations of the absorber in
the regime of AIT under conditions (9) at t ≥ tstart, the
single-photon wave packet at the output of the
medium becomes multicomponent; i.e., it consists of
several spectral lines. More precisely, according to the
second term in the part of Eq. (11) referring to t ≥ tstart, the
spectral lines at frequencies  separating from
the spectral line of the incident field by an integer num-
ber of the frequencies of vibrations of the absorber with
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Fig. 2. (Color online) (a) Time dependences of (black line) the incident field amplitude appearing in Eq. (1) at the carrier fre-
quency ωres and frequency components of the coherently scattered field given by Eq. (11) at the frequencies  including
the sign of  (blue, red, green, and violet lines) at the output of the resonant nuclear absorber with an optical thickness of
Ta = 5, which begins to oscillate according to Eq. (2) in the regime of acoustically induced transparency ,  =
100 MHz) at the time tstart = 200 ns. The red solid line in panels (b, c) is the waveform of the 14.4-keV photon at the output of
the absorber, which moves according to Eq. (2), that is specified by Eq. (12), is detected by a relatively narrowband detector, and
is “sensed” by the target indicated as Target in Fig. 1. The optical thickness of the absorber is Ta = (b) 5 and (с) 50. The black thin
solid line in (b, c) is the waveform the photon at the input of the absorber and the blue dashed line in (b, c) is the waveform of the
photon at the output of the absorber of the same optical thickness at rest.

ω + Ωres n
( )nJ p

( = 2.41p Ω π/(2 )
the amplitudes  – 
and the corresponding phases appear in the spectrum
of the output field (see Fig. 2а). According to Eqs. (9),
the interval between the spectral lines is much wider
than the spectral width of the initial single-photon
pulse.

At the same time, according to Eqs. (9), the output
field near the carrier frequency of the initial single-
photon wave packet at t ≥ tstart is described by only the
first term in the part of Eq. (11) referring to t ≥ tstart. In
other words, after the beginning vibrations of the
absorber at the arbitrary time tstart, the field of the pho-
ton with the carrier frequency ωres passed through the

absorber takes the form  (t >
tstart). Thus, both the exponential shape of the envelope
and the corresponding Lorentzian contour of the
spectral line of the initial single-photon pulse are
reconstructed. Only the peak amplitude of the pulse
determined by the time tstart decreases as  =

. In this case, according to Eq. (11), the inten-
sity of the single-photon pulse Iout(t) = 
measured by the relatively narrowband detector with
the width of the detection spectral line

 has the form (see Figs. 2b and 2c)

(12)

where .
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5. RECONSTRUCTION OF THE PART 
OF THE SINGLE-PHOTON PULSE 

AND QUANTUM MEMORY

The considered process of the resonance conver-
sion of the energy of the single-photon wave packet
into the polarization of nuclei, the destruction of the
initial single-photon wave packet and the localization
of the electromagnetic field in the absorber at 0 ≤ t ≤
tstart are explained by the excitation of the antiphase
nuclear polarization of the absorber at the frequencies
of the incident field (blue line in Fig. 2а), which
destructively interferes with the field exciting this
polarization (black line in Fig. 2а). Due to the vibra-
tions of the absorber that begin at the time tstart and sat-
isfy the AIT conditions specified by Eqs. (9), the
polarization of nuclei in the absorber begins to evolve
at frequencies significantly different from the frequen-
cies of the exciting field, whereas the previously
induced polarization at the frequencies of the spectral
line of the incident field vanishes. In this case, the res-
onant absorber becomes transparent; i.e., the polar-
ization at the frequencies of the field is no longer
excited and no longer suppresses the propagating field.
As a result, the field with the initial spectral–temporal
characteristics, as well as the coherently scattered field
at frequencies far from the spectral line of the incident
field, appear at the output of the absorber at t ≥ tstart. In
other words, the spectral separation of the incident
field and the polarization of the absorber occurs and
results in the reconstruction of the part of the single-
photon pulse corresponding to the time t ≥ tstart. Thus,
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the part of the single-photon pulse is reconstructed on
demand by means of the controlled transmittance of
the resonant absorber.

It is seen in Eqs. (11) and (12) that, in the case of
the 57Co source with the Lorentzian spectral line, the
reconstructed part of the single-photon wave packet
specified by Eq. (1) differs from the initial wave packet
only in the peak amplitude determined by the arbitrary
time tstart. The time tstart can in turn be much longer
than the characteristic FWHM of the single-photon
pulse  ns (see Fig. 2b with tstart =
200 ns). Thus, the part of the single-photon pulse with
the Lorentzian contour reconstructed by this method
formally satisfies the criteria for delay of the photon by
means of quantum-optical memory [19–35, 51].

At the same time, the proposed method is based on
a physical mechanism fundamentally different from
the mechanism of the above quantum-optical mem-
ory methods [19–35, 51]. The quantum memory
methods are based on the transformation of the elec-
tromagnetic field into a certain quantum state of atoms
or nuclei of the medium that is characterized by coher-
ence (or the polarization in the case of allowed quan-
tum transitions). The incident-pulse-induced coher-
ence (polarization) evolves during a certain time after
the electromagnetic field of the pulse vanishes in the
medium. In other words, the field and the coherence
of the medium induced by it are separated in time.
Due to this time separation, most of the quantum-
optical memory methods make it possible to delay the
pulse by a time exceeding its total duration measured
from the pulse formation time to its disappearance
time. At the same time, the spectral–temporal charac-
teristics of the field after the inverse conversion of the
atomic (nuclear) coherence (polarization) into the
field are determined by the properties of the corre-
sponding quantum transitions of atoms (nuclei), by
the interaction of the field with the medium, and by
the procedure of extraction of the field from the
medium [19–35, 51].

The proposed method is based on the separation of
the spectral lines of the incident field and the polariza-
tion of absorbing nuclei in order to exclude their over-
lapping. This spectral separation at the time tstart
removes the interaction of the field with the medium.
As a result, the nuclear polarization is no longer
excited at the frequencies of the incident field; there-
fore, a part of the initial single-photon pulse corre-
sponding to the time t ≥ tstart passes through the
absorber without change in its characteristics. In other
words, the reconstruction of a part of the initial wave
packet is in fact the “cutoff” of its leading part due to
resonant absorption in the medium and the undis-
turbed passage of the remaining part that does not
interact with the medium. This method allows one to
“delay” a part of the single-photon pulse only by a
time no longer than its total duration measured from
the pulse formation time to its disappearance time. In

τ γ ≈= ln2/(2 ) 98
addition, the front of the delayed part of pulses with a
non-Lorentzian spectrum will differ from the enve-
lope of the initial pulse.

This method of “delayed transmission” of the part
of the single-photon wave packet with the Lorentzian
spectrum is similar to gamma-echo effects [43–46]
because it is also based on the control of the interfer-
ence interaction between the initial field and the
polarization of the absorber. However, the fast dis-
placement of the absorber with respect to the source in
the case of gamma echo changes the phase difference
between the incident and coherently scattered fields
without change in their frequencies. In our case, after
the beginning of vibrations of the absorber, the nuclear
polarization vanishes at all frequencies of the incident
field and appears at frequencies far from the spectrum
of the incident field. Consequently, this method can
be considered as a combination of acoustically
induced transparency [41, 54] and gamma echo
[43‒46].

6. TIME-RESOLVED MÖSSBAUER 
SPECTROSCOPY

The described method for the on-demand recon-
struction of the single-photon wave packet with a pho-
ton energy of 14.4 keV emitted by the 57Co radioactive
source can significantly expand the capabilities of the
known Mössbauer nuclear spectroscopy methods [56]
by providing time-resolved spectroscopic measure-
ments. Indeed, if the test target doped with 57Fe nuclei
is placed behind the absorber, only the part of the sin-
gle-photon pulse reconstructed at the time tstart will
efficiently interact with 57Fe nuclei of the target due to
vibrations of the absorber (see Fig. 1). In other words,
the interaction of 14.4-keV photons with 57Fe nuclei of
the target in this case will be delayed by the time tstart.
It is implied that the studied dynamic process in the
target begins at the time of detection of the 122-keV
photon. Thus, if there are some processes changing
the states of 57Fe nuclei, both the waveform and spec-
trum of the photon at the output of the target will
depend on the delay time tstart, reflecting the dynamics
of internal processes in the medium.

It is noteworthy that the idea of the delayed single-
photon pulse, which underlies the proposed method
for time-resolved probing of the state of nuclei in the
target, can also be implemented in the absence of the
absorber forming the two-pulse waveform of the
14.4-keV photon. To this end, the detection time of the
122-keV photon in each measurement event will deter-
mine the time tstart with respect to the beginning of the
dynamic process in the target, which is used in this
case as the onset of the time scale t = 0. At the same
time, the corresponding single-photon pulse delayed
by the time tstart with respect to the beginning of the
studied dynamic process in the target will be formed at
the time of the subsequent detection of the 14.4-keV
JETP LETTERS  Vol. 118  No. 12  2023
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Fig. 3. (Color online) Waveform of the 14.4-keV photon given by Eq. (13) (red line) at the output of the absorber with the optical
thickness Ta = (a) 5 and (с) 50, which begins to oscillate according to Eq. (2) in the regime of acoustically induced transparency
( ,  = 100 MHz) at the time  ns, (black line) at the input of the medium, and (thin blue line) at the
output of the same absorber at rest. (b, d) Corresponding spectra of the detection probability of the 14.4 keV photon (red line)
passed through the absorber moving according to Eq. (2), (thin blue line) passed through the absorber at rest, and (black line) in
the absence of the absorber; lines are results of the simulation of change in the spectrum of the 14.4-keV photon passed through

the absorber by the method described in [57] using the absorber analyzer with the optical thickness .

= 2.41p Ω π/(2 ) start = 200t

( )
a = 5AnT
photon by the delayed coincidence method. The mul-
tiple repetition of this procedure forms a set of wave-
forms of the 14.4-keV photon, which depend on the
time interval tstart from the beginning of the dynamic
process in the target. A more detailed discussion and
comparison of these methods of the time-resolved
Mössbauer diagnostics of dynamic processes are
beyond the scope of this work and will be reported in
next works.

7. INTERFERENCE OF THE NUCLEAR 
POLARIZATION AND THE INCIDENT FIELD

We discuss the experiment where 14.4-keV photons
are detected by a broadband detector covering the
entire frequency range generated by the vibrating
absorber and the test medium is absent. In this case,
after the beginning of vibrations of the absorber, the
detector at t ≥ tstart will detect the interference of the
field of the reconstructed single-photon pulse with the
multicomponent field of the induced nuclear polar-
ization, which has the form of repeated bursts (see
Fig. 3). According to Eq. (11), the detected intensity of
the single-photon pulse passed through the absorber
has the form

(13)

[ ]

− γ= θ
 γ ≤


+ γ − γ −× 
+ γ − γ −
× + Ω − − π ≥

2
out 0

2
0 a start

2
0 a 0 a start

0 a 0 a start

start start

( ) ( )

( 2 ), ,

1 [ ( 2 ) ( 2 ( ))]

2[ ( 2 ) ( 2 ( ))]
cos sin[ ( ) /2] , ,

tI t I t e

J T t t t

J T t J T t t

J T t J T t t
p p t t t t
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where the last term of the sum describes interference
bursts at t ≥ tstart.

As follows from Eq. (13) and seen in Fig. 3, the
nuclear polarization, being spectrally separated from
the incident field at the time tstart, no longer suppresses
this field. However, in contrast to the case of a narrow-
band detector, which detects only photons near the
spectral line of the incident single-photon pulse, the
detection of photons at all frequencies of the coher-
ently scattered field reveals the time-dependent inter-
ference between the field of the multicomponent
nuclear polarization and the incident single-photon
pulse. The change in the waveform of the passed pho-
ton with increasing optical thickness of the absorber is
due to a large resonant absorption of the coherently
scattered field at the frequencies of its spectral compo-
nents (see Fig. 3c). In this case, both the time profile
of the intensity (see Figs. 2b and 2c) and the spectral
profile of the field passed through the absorber near
the spectral line of the incident single-photon pulse
remain almost unchanged (see Figs. 3b and 3d). Insig-
nificant broadening and distortion of the spectral pro-
file of the single-photon pulse at the output of the
absorber with increasing optical thickness of the
absorber (cf. red lines in Figs. 3d and Fig. 3b) are due
to the stronger attenuation of the field before the
beginning of vibrations, whereas after the beginning of
vibrations, the resonant absorber becomes transparent
in both cases because of the satisfaction of the AIT
conditions (9).

Similar to the detection of photons by the narrow-
band detector considered above, the waveforms of the
photon shown in Fig. 3 can also be used for time-
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resolved spectroscopic measurements because the
interaction of the single-photon pulse with the tested
medium in both cases changes only a part of the sin-
gle-photon wave packet that corresponds to the initial
single-photon pulse. In this case, deterministic oscil-
lations of the intensity caused by the induced nuclear
polarization at strongly different frequencies can
increase the information capability of the method in
cases where these frequencies approach the frequen-
cies of some quantum transitions in nuclei of the tested
medium. If resonances at the frequencies of the
induced nuclear polarization are absent in the
medium, the corresponding oscillations of the inten-
sity of the single-photon wave packet can be filtered
when processing the results of measurements.

8. CONCLUSIONS

To summarize, a method has been proposed to
reconstruct on demand a single-photon wave packet
with a Lorentzian spectrum and a photon energy of
14.4 keV resonantly absorbed in the medium of 57Fe
nuclei. The method is based on the frequency discrim-
ination of the field propagating in the absorber and
resonance nuclear polarization induced by this field in
the presence of delayed acoustically induced transpar-
ency in the absorber. The frequency discrimination
has been implemented through the Doppler effect; to
this end, the acoustic vibrations of the absorber at cer-
tain frequency and amplitude ensuring conditions for
acoustically induced transparency are switched on at
an arbitrary time. Similarities and differences of the
proposed method and the known quantum-optical
memory methods and methods of nuclear polariza-
tion control in the gamma range have been revealed. It
has been shown that this method allows the imple-
mentation of the time-resolved Mössbauer spectros-
copy of various media.
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