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In [Y.V. Radeonycheyv et al., Phys. Rev. Lett. 124, 163602 (2020)], we reported the observation of the acous-
tically induced transparency of a stainless steel foil for 14.4-keV resonant gamma-ray photons from a ’Co
radioactive Mossbauer source, which is similar to electromagnetically induced transparency and Autler—
Townes splitting. In this work, we show that the use of a stainless steel foil with a certain thickness that is
enriched in *’Fe and oscillates at the optimal frequency under the same experimental conditions can slow
down a single-photon wave packet of gamma radiation with a duration of about 80 ns from the 3’Co source
to a velocity of less than 6 m/s with a delay of about 100 ns at room temperature.
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1. INTRODUCTION

Effects associated with the appearance of a spectral
transparency window in the frequency range of strong
resonant absorption of a medium are currently of great
interest. Transparency through Autler—Townes split-
ting [1, 2], electromagnetically induced transparency
[3—5], optomechanically induced transparency [6—8],
acoustically induced transparency (AIT) [9—11], and
their analogs in various quantum and classical systems
[12—19], including diverse metamaterials [13, 15, 17—
19], are some of the numerous methods to control res-
onant absorption of the medium and, thereby, the
characteristics of radiation interacting with them in
various spectral ranges from the microwave to hard
X-ray range.

One of the effects accompanying the appearance of
the spectral transparency window is a sufficiently
strong frequency dependence of the dispertion of the
medium, which can reduce the group velocity of radi-
ation to several meters per second [20] and even to
zero and negative values of its projection on the direc-
tion of the phase velocity with the appropriate use of
the spatial dispersion [21]. New approaches to the cre-
ation of controlled delay lines in optical circuits, as
well as to the processing of optical and quantum opti-
cal information, are developed on this foundation [2,
5,8,12,13, 15, 18, 19, 22].

Impressive achievements in coherent infrared and
visible optics, including control of the propagation
velocity of optical pulses, stimulate studies of the pos-
sibility of application of developed methods in a higher
frequency range of the electromagnetic spectrum
where photon energies are from several to several hun-
dred keV. The main sources of this radiation are syn-
chrotrons, free-electron lasers, and laser plasma,
which are sources of X rays, as well as radioactive
Mossbauer sources (RMSs) of gamma radiation. The
discussed spectral range is attractive not only funda-
mentally but also because of numerous existing and
promising applications in various fields of science and
technology.

Kiloelectronvolt radiation has advantages such as
the possibility of its focusing to a nanometer scale,
propagation in media opaque to optical radiation,
generation in the form of a sequence of single photons,
and their highly efficient detection. The mentioned
photons can have a uniquely high degree of mono-
chromaticity. For example, 14.4-keV photons emitted
without recoil (Mossbauer radiation) in the radioac-
tive decay of ¥’Co nuclei have a spectral width of about
1 MHz and a coherence length exceeding 40 m. At the
same time, the spectral lines of quantum transitions in
>’Fe nuclei that are resonant to the indicated radiation
under the Mossbauer effect conditions even at room
temperature have width of about 1 MHz, which is
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approximately 3 X 10'2 times smaller than the frequen-
cies of transitions (the respective ratios for optical
transitions of electrons in atoms usually range from 10°
in gases to 10 in solids). In combination with a high
concentrations of working nuclei in a solid (up to
102 cm™?), this leads to a very large optical thickness
at a small physical thickness of an absorber. In partic-
ular, an iron foil that consists of ’Fe nuclei and has a
thickness of about 70 nm ensures the reduction of the
intensity of 14.4-keV radiation by a factor of e at room
temperature, which provides a foundation for fabrica-
tion of miniature solid elements of gamma-/X-ray
quantum optics. The listed and other advantages of
high-energy radiation and nuclear media stimulate the
active development of gamma-/X-ray quantum
optics.

One of the directions of such studies is the expan-
sion of ideas and concepts of laser physics to the
gamma-/X-ray range. At the same time, most meth-
ods of light control are inefficient or inapplicable
directly for keV photons primarily because of the
absence of sources of sufficiently intense coherent
radiation used to change the optical properties of
media in the visible and infrared ranges.

However, the properties of keV radiation and
nuclear media listed above that are unique for atomic
optics open new possibilities for controlling the
gamma-/X-ray photon—nuclear ensemble interface.
One of these possibilities is the use of the Doppler
effect, which is particularly pronounced for radiation
with a short wavelength. In particular, the motion of
the *’Fe nucleus at a constant velocity of 0.17 mm/s
along the propagation direction of 14.4-keV radiation
detunes radiation from resonance with the quantum
transition in the nucleus, shifting the frequency of its
spectral line with a width of 1.13 MHz by 2 MHz. In
practice, this motion is initiated by the displacement
of the sample containing YFe nuclei at a constant
velocity and underlies Mossbauer spectroscopy.

Another variant of the application of the Doppler
effect to efficiently control the resonant interaction of
gamma and X rays with nuclei of the medium is the use
of coherent harmonic vibrations of nuclei along the
direction of radiation with the same amplitude, which
are initiated by means of the motion of the sample as a
whole (piston-like vibration) at an ultrasonic fre-
quency [9—11, 23—33]. The performed experiments
showed that the variation of the amplitude, frequency,
and initial phase of vibrations, as well as the detuning
of the carrier frequency of radiation from the fre-
quency of the quantum transition in nuclei, makes it
possible to control the shape of the envelope of a sin-
gle-photon wave packet passed through the absorber.
As demonstrated in a series of recent works, depending
on the listed parameters, the single-photon wave
packet with the exponential envelope can either (i) be
transformed to a regular sequence of almost spectrally
limited short pulses with controlled duration and rep-
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etition period [26] or bunches of pulses with various
number of pulses in a bunch [27] or (ii) pass through
the resonant absorber, hardly varying its intensity and
spectral—temporal characteristics [10].

In [10], we demonstrated the effect of AIT of a
two-level nuclear medium for resonant gamma rays
emitted by a ’Co RMS, which was predicted in our
previous work [9]. Similar to the optical effects of elec-
tromagnetically induced transparency and Autler—
Townes splitting, the acoustic vibration of the absorber
under certain conditions results in the appearance of
the spectral transparency window in the range of reso-
nant absorption of nuclei. Correspondingly, the dis-
persion of the medium has a sufficiently strong fre-
quency dependence, which should lead to a decrease
in the velocity of photons.

In this work, we show that the optimization of the
parameters of the performed experiment [10], namely,
the enrichment of the stainless steel foil in >’Fe nuclei,
as well as the reduction of the frequency of its vibra-
tions, will allow a decrease in the velocity of single
gamma-ray photons to less than 6 m/s at room tem-
perature.

2. GROUP VELOCITY OF RADIATION
UNDER THE CONDITIONS
OF ACOUSTICALLY INDUCED
TRANSPARENCY

We consider the propagation of monochromatic
radiation

E(t,z) = E, exp(—iot + ikz), (1)

where z < 0, in an isotropic homogeneous medium
with the length L, setting k = ®/v,,, where v, is
the phase velocity of light in the medium at the fre-
quency ®. The group velocity v, = dw/dk' (where k =
k' + ik") of the corresponding spectrally narrow wave
packet with the central frequency  close to the fre-
quency of the quantum transition in the medium ®,,
can be written in the form

Ton . )
2w dyh (W)

1+ 4y, (w) dO

1+

Here, v, = ¢, where c is the speed of light in vacuum
(all nonresonant interactions are assumed to be negli-

gibly small), and 75, (w) is the real part of the resonant
susceptibility of the medium, 7, (®) = ¥ (®) +

iy (®), which is determined by the relation between
the amplitudes of the resonant polarization of the

medium P(1,z) = P,e "™ and monochromatic

field (1) P, =y, (w)E,. The polarization of the
medium within the two-level model can be defined as
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P=f,Nd,p,,, where p,, is the induced resonant coher-
ence (off-diagonal element of the density matrix) of
the [I)-2) quantum transition; f, is the Lamb—M&ss-
bauer factor, which describes the probability of recoil-
free absorption of a photon by a nucleus; NV is the con-

centration of resonant nuclei; and d,, = d,, is the

effective dipole moment of the [[)—2) resonant quan-
tum transition [34, 35]. Coherence is determined by
the equation for the density matrix of the medium;
taking into account the motion of atoms in the labora-
tory reference frame, this equation in the case of the
homogeneously broadened quantum transition has
the form [9, 10, 34, 36]

0Py , 9Py dz in dy E(t,2)
+R2UEE | (jwy, + = im, 2
o 9z di @y + Y21)P21 = ingy 7

Here, v,, is the decay rate of coherence on the [[)—2)
transition, which determines the half-width of the
absorption line of the transition; #, = 1 is the differ-
ence in population between the lower and upper levels
involved in the transition; dz/dt is the velocity of nuclei
along the field propagation direction; and # is the
reduced Planck constant.

3)

Following [10], we consider synchronous har-
monic vibrations of nuclei with the same amplitude
along the resonant field propagation direction,

z(t) = z, + Rsin(Qr + ), (@))

where R, €, and 9 are the amplitude, frequency, and
initial phase of vibrations, respectively, and z, is the
coordinate in the reference frame oscillating with the
medium. Equation (4) implies that the thickness of the
absorber L is much smaller than the wavelength of
sound in the absorber, L <« 2nV,/Q, where V is the
speed of sound, and its motion is nonrelativistic,
RQ <« ¢. Substituting Eq. (4) into Eq. (3), one can
show that the frequency of the quantum transition in
the vibrating medium in the laboratory reference
frame becomes modulated [9—11, 26, 29, 30, 32, 33],
®,, = W, + kRQ cos(Q2f + ). The subsequent inte-
gration of Eq. (3) with the monochromatic field (1)
substituted into its right-hand side using the Jacobi—

Anger relation e J,(p)e™, where J,(p)

is the Bessel function of the flrst kind and p = kR is the
index of the frequency modulation of the quantum
transition, gives a solution at the leading bound of the
medium z = 0 in the form [9]

Lipsing _

(0) (@)
=Pt Z Par> (5)
g=—o0,q#0
where
o _ dyE, ot o 2
2 = =Cnne Zﬂnln(p), (6)
Ty, H=—co
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dyE,  _igo-i
Pyl = TE=e g e Znn udD(P), ()

hYZI n=—co
_ (0 —0+nQ)/v, +i
" (0, — 0+ nQ)’ /v, +1

Expressions (5)—(8) show that the resonant mono-
chromatic field induces the polarization in the vibrat-
ing medium not only at the eigenfrequency  (see
Eq. (6)) but also at combination frequencies ® + g2,
g € 7Z (see Eq. (7)). As a result, the field at combina-
tion frequencies is generated under certain conditions,
and the synchronization of generated spectral compo-
nents leads to the transformation of the incident
monochromatic radiation to a sequence of short pulses
[26, 27, 29, 30, 32, 33]. The considered case of AIT
occurs under different conditions the main of which
is a certain amplitude of vibrations of the absorber
[9—11]:
R =R,

where R =0.38\,R, = 0.88A,..., (9)

which corresponds to the modulation index

where p, =2.4,p, =5.5,.... (10)
At these values, Jy(p;) = 0; i.e., resonant terms disap-
pear in Egs. (6) and (7). The remaining terms include
a quantity multiple to € in the denominator, and if the
frequency of vibrations of the absorber is high enough,
Q/v, > 1, the resonant-field-induced polarization of
the quantum transition (proportional to coherence
given by Eq. (5)) can be very small. In other words,
AIT occurs in the medium.

P = Di

We consider only the case p = p,, where the sus-
ceptibility of the medium at the frequency of the field
according to Eq. (6) has the form (Fig. 1)

Ao (@) = xoZJi(mn,,, (11)

= fan12|d21|2N/(hYzl)~

According to Eq. (11) and Fig. 1, in the case of the
homogeneously broadened spectral line of the quan-
tum transition and the frequency of vibrations of the
absorber /,, = 3, resonant absorption in the middle

of the spectral transparency window o= o,
decreases by a factor of 15, and the dispersion has a
large slope, which determines the group velocity of the
field in the medium according to (2). Taking into
account Eq. (11), the group velocity can be repre-
sented in the form

where y,

y, = ¢ (12)

* (”Q/'Yz1) ’
1+4 _ned/y) —1
" EQX%; ey +1]
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Fig. 1. (Color online) (Red line, right axis) Absorbance
and (blue line, left axis) dispersion of the vibrating reso-
nant absorber in the laboratory reference frame in the case
of acoustically induced transparency according to Eq. (11)

at p= p = 2.4 and Q/y,; = 3. The black dashed line
(right axis) is the spectral absorption line of the absorber at

rest plotted according to Eq. (11) at p; = 0. Thisline is also
the spectrum of the incident wave packet with the Lorent-

zian spectrum (20) having the half-width vy, in the labo-
ratory reference frame.

where Q = ,,/(2Y,,) is the O-factor of the quantum
transition. Let us use Eq. (12) to estimate the group
velocity of the 14.4-keV single-photon wave packet in
the experiment on the observation of AIT [10] in the
Fe;;,Cr;gNi,, stainless steel foil with the natural con-
tent of >’Fe nuclei (®2%). The physical and optical
thicknesses of the foil were L = 25 um and T, = 5.2,
respectively; the frequency of vibrations was €/(21) =
9.87 MHz; and the half-width of the spectral line of
the resonant quantum transition in ’Fe nuclei was

Y5,/(2m) =~ 0.85 MHz. In this case, Q =~ 2.1x10"%,

Yo = 2.3%107, and the sum in Eq. (12) is approxi-
mately 0.005; the substitution of these parameters into
Eq. (12) gives v, = 10* m/s. According to Eq. (12), the
group velocity can be reduced by (i) decreasing the fre-
quency of vibrations of the foil €, (ii) increasing the
concentration N of *’Fe nuclei, (iii) increasing the
Lamb—Maossbauer factor f,, and (iv) decreasing the
half-width v,, of the spectral line of the quantum tran-
sition to the natural half-width v,,/(2n) = 0.56 MHz.
The width of the spectral line can be reduced and the
Lamb—Maossbauer factor of the absorber can be
increased by changing its chemical composition and
crystal structure (introducing *’Fe nuclei into a harder
crystal matrix), as well as by reducing the temperature.
In the case considered in [10], the concentration of
>’Fe nuclei in the iron fraction can be increased to 95%
according to [24, 25, 36] and even to 98% according to

[37]. In the latter case, we obtain 4nQy, = 2.97 X 10°.
The reduction of the frequency of vibrations of the foil
to 2.54 MHz, which corresponds to Q/y, = 3,
increases the sum in Eq. (12) to 0.05. As a result, the

group velocity of radiation becomes v, = 20 m/s.
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3. PROPAGATION OF 14.4-keV PHOTONS
UNDER THE CONDITIONS
OF ACOUSTICALLY INDUCED
TRANSPARENCY

The experiment reported in [10] was performed
with radiation in the form of a sequence of single
14.4-keV photons emitted by the ’Co RMS (Fig. 2).
We measured the time interval from the detection of a
122-keV photon, i.e., the excitation of the nucleus in
the RMS that emits a 14.4-keV photon (i.e., the
appearance of the possibility of photon emission), to
the detection of the photon and the number of pho-
tons detected after this interval in multiply repeated
events of the emission and detection of the photon. As
a result, the single-photon wave packet was formed
with the intensity (waveform) proportional to the
detection probability of the 14.4-keV photon as a func-
tion of the time from the detection of the 122-keV pho-
ton (this time instant specifies the beginning of the
single-photon wave packet).

The propagation velocity of 14.4-keV gamma pho-
tons in the resonance nuclear absorber is defined as

v = L/At,. (13)
Here, L is the physical thickness of the absorber and
Aty = 1" — 1™ js the time of propagation of the sin-
gle-photon wave packet in the medium, where 7°"”

max
and t,(r',';i are the time instants of the formation of inten-
sity maxima at the output and input of the medium,
respectively. The difference of the velocity of the wave
packet in the medium from the velocity in free space
results in the appearance of the time delay given by the

expression

(14)

where Afzg = L/c is the time of passage of the wave
packet through the distance L in free space. According
to Egs. (13) and (14), if v << ¢, it is possible to accept
that v = L/t4 and T4 = Aty;.

It is convenient to determine the intensity of the
single-photon wave packet passed through the
absorber in the reference frame of the absorber, which
oscillates according to the law (4). In this reference
frame, the absorber is at rest, and its resonant suscep-
tibility is given by the well-known expression (see also
[10, 36])

Ty = Aty — Atgg,

vi () +i
X(21b)(0)) = %o (e )2/Y221 .

(0, — @) /75 +1
Expression (15) also follows from Eq. (11) at p, = 0.
In this case, the incident monochromatic field
becomes frequency modulated, E(t,z, =0) =
E, expl—iot + ikRsin(Qf + O)], which directly follows

from the substitution of Eq. (4) into Eq. (1). According
to the Jacobi—Anger relation, the frequency modu-

(15)
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Fig. 2. (Color online) Scheme of the experiment [10] on the observation of acoustically induced transparency for 14.4-keV pho-

tons in the vibrating stainless steel foil. The detection of a 122-keV photon indicates the excitation of nuclei in the 57Co radioactive
Maossbauer source, i.e., the possibility of emission of a 14.4-keV photon by the source. The multiply measured interval between
the Start and Stop signals gives the count rate of 14.4-keV photons as a function of the time proportional to the intensity of a sin-
gle-photon wave packet (time dependence of the detection probability or the waveform of the 14.4-keV photon). The radioactive
Maossbauer source is moved at a constant velocity in order to match the resonant frequencies of the source and absorber. The Start
signal can be delayed arbitrarily to cut off the Brillouin precursor (see main text).

lated field is equivalent to a set of equidistant mono-
chromatic components:

E(, Zy = 0) = Em Zj_n(p)e—im‘)e—i(wmg)t

n=-—co

— — —io t
- ZE,

n=—oco

(16)

where @, = @+ nQ. It is assumed that the absorber is
sufficiently thin, L < mc/|o, — ®,,| for any #» and m
values; in this case, the difference between the wave
vectors of monochromatic components can be
neglected. The propagation of each component

E" = E_J_(p)e™ inthe medium is described by the
known wave equation for slowly varying amplitudes

(n)
_ (vib) (n)
c—2— = 21wy, (®,)E,

1
i (17)

where ®, ~ m,, because Q < ®,,. The Bouguer—
Lambert—Beer law follows from Eq. (17) in the form
[10, 34, 35]

Ey)(z)) = EoJ_,(p)e”™™ expli2ne, 5" (®,)z,/c} (18)
The 14.4-keV single-photon wave packet emitted

from the *’Co RMS without recoil is described by the
function [10, 11, 26—35, 38, 39]

Epy(t,2 < 0) = Ef(t — z/c)e ™90/ (19)

Here, 6(x) is the Heaviside step function; ys=>1/(275),
where Tg = 141 ns is the lifetime of the excited state of
the RMS; wg is the central frequency of the spectral
line of the RMS; and kg = wg/c. The spectrum of such
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a wave packet at the input of the absorber (z = 0),
Epp (@) = %Jm Ep,(1,0)e™ dw, corresponding to the
TCY—

amplitude of the monochromatic wave (1) is described
by the function

E,/(2m)

Ys + (0 — ©)
Substituting Eq. (18) into Eq. (16) and taking into
account Eq. (20), we obtain an expression for the field
formed as a result of the propagation of the mono-
chromatic radiation component from the RMS in the
reference frame of the absorber. Integration over fre-
quencies of all monochromatic components of the
incident field (20) gives the expression for the total
field of the single-photon wave packet from the RMS
at the depth z, of the absorber in the oscillating refer-
ence frame:

EPh((D) = = Eu)' (20)

Epn(t,2,) = DT (p)e™

n=—oo

% Idwe—i(m+n§2)prh (m)eianzlx(zvlib)(mn)za/c

—oo

(21

Asshownin[10, 11, 26,29, 30, 32], only the phase fac-
tor exp|—ipsin(Qz + 13)] distinguishes the expression
for the field inside the absorber in the laboratory refer-
ence frame from Eq. (21). Thus, the field intensity at

the output of the absorber 7,,(f) = 8£|Eph(t, L) is
T

independent of the reference frame. The randomness
of the times of the appearance of the excited nucleus in
the RMS leads to the averaging of the intensity of the
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single-photon wave packet with respect to the initial
phase O of vibrations of the absorber. As a result, the
waveform of the photon from the RMS measured at
the output of the vibrating resonant absorber can be
described as

Tou®o/ Ty = D T2(p)

n=—co

) 2(22)
B _];/2 —iot
:[OEPh(O))eXp{1+i((021 -0+ nQ)/Yzl}e d“‘{ ’

where [, = cE;/(8n) and 7T, = 4nw,y,L/c is the
Maossbauer thickness of the absorber. This waveform is
shown in Fig. 3 for the parameters of vibrations of the
absorber that are used for Fig. 1. At the input of the
absorber in the experiment reported in [10], the
Lorentzian spectral contour (20) (black dashed line in
Fig. 1) of the single-photon wave packet (19) from the
57Co RMS corresponds to the waveform with a sharp
front decaying exponentially at a time rate of 1/(2Ys) =
118 ns (blue dashed line in Fig. 3).

The sharp front caused by long spectral wings
weakly interacts with the resonant nuclear transition.
Consequently, at the output of the absorber, a Brill-
ouin precursor is formed with the FWHM about the
time of formation of the polarization response of the
medium T, = 1/(7,Y,,) (about 30 ns in Fig. 3) and prop-
agates without deceleration. The response of the
medium formed through a time of about 27, leads to
the deceleration of the remaining part of the single-
photon wave packet owing to the dispersion of the
absorber in the acoustically induced spectral transpar-
ency window. For the parameters in Fig. 3, the delay
with respect to the leading front, which characterizes
the propagation time of the wave packet in the
medium, is Afy; = 100 ns, which is a factor of 1.2 larger
than the measured FWHM of the pulse (81.5 ns).
According to Eq. (13), the velocity of photons corre-
sponding to this propagation time is proportional to
the physical thickness of the absorber. At the optical
thickness 7, = 6, the minimum physical thickness L is
reached at the maximum concentration of resonant
nuclei. The Fe,;,CryNi;, stainless steel foil [10] can be
enriched in >’Fe to 98% [37]. Then, the waveform in
Fig. 3 can be obtained at the physical thickness of the
foil L = 0.54 um, which corresponds to the propaga-
tion velocity v = 5.4 m/s at room temperature accord-
ing to Eq. (13).

The velocity of 14.4-keV photons emitted from the
Co RMS that is calculated by Egs. (13), (14), and
(22) differs from the group velocity given by Eq. (12)
because the width of the spectral line of the RMS is
comparable with the spectral transparency window
and Lorentzian wings expand far beyond this width
(Fig. 1). As a result, inhomogeneous absorption and
dispersion of the group velocity of the wave packet

X
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0 100

Fig. 3. (Color online) Time dependence of the inten-
sity (22) of the 14.4-keV single-photon wave packet speci-

fied by Eqs. (19) and (20) that is emitted by the >’Co RMS
with the half-width yg/(2m) = 0.68 MHz [10] of the spec-

tral line (blue dashed line) after the passage through the

STFe absorber (red solid line) that has the half-width
Y21/(2m) = 0.85 MHz [10] of the spectral line and the opti-

cal thickness 7, = 6 and oscillates at the frequency Q/v,; =
3 with the amplitude R; (see Eq. (9)) in the case (g = m5;.

The dotted vertical straight line marks the beginning of
detection in the experiment with the cutoff of the Brillouin
precursor.

occur and distort the wave packet (Fig. 3). In addition,
the estimate given by Eq. (12) disregards the coherence
generation described by Eq. (7) and, correspondingly,
the spectral field components at the combination fre-
quencies. Thus, the group velocity in this case is only
a rough estimate of the propagation velocity of
gamma-ray photons in the medium.

The presence of the Brillouin precursor in the
waveform of the 14.4-keV photon masks the effect of
its dispersive slowing down under the conditions of
AIT, creating the impression of reshaping of the initial
waveform. However, the Brillouin precursor weakly
interacts with the medium. If it contains a small frac-
tion of the energy of the wave packet (as in Fig. 3), one
can expect that the delayed part of the waveform will
play the main role in the subsequent processing and
application of slowed-down gamma-ray photons. To
directly observe the dispersive slowing down of
gamma-ray photons in the vibrating absorber in the
absence of the Brillouin precursor, it is sufficient to
begin the detection of 14.4-keV photons (Start signal
in Fig. 2) with a certain time delay after the detection
of the 122-keV photon. For example, Fig. 4 shows the
propagation time and velocity of 14.4-keV photons in
the stainless steel foil as functions of the frequency of
its vibrations and the optical thickness when the Start
signal in Fig. 2 is supplied in 50 ns after the detection
of the 122-keV photon (which corresponds to times to
the right of the vertical black dotted straight line in
Fig. 3). At the frequency of vibrations of the absorber
Q/v,; = 3, the maximum propagation time corre-
sponding to the maximum dispersive delay of 14.4-keV
photons, At >~ T4 = 38 ns, is reached in the absorber
with the optical thickness 7, = 5.5 (Fig. 4a). The min-
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Fig. 4. (Color online) (a) Time instant Azy; (in nanosec-
onds) of the formation of the maximum of the delayed
14.4-keV single-photon pulse and (b) its inverse velocity
1/v (in seconds per meter) plotted according to Egs. (13),
(14), and (22) versus the dimensionless frequency of vibra-
tions with the amplitude R (see Eq. (9)) at the exact reso-
nance Mg = M, and the resonant optical thickness of the
absorber in the form of the Fe;(Cr9Niy; stainless steel foil
[10] enriched in S7Fe to 98% [37]. The beginning of the
detection of 14.4-keV photons (dotted vertical straight line
in Fig. 3) is shifted by 50 ns from the front of the wave

packet emitted by the radioactive Mossbauer source.

imum velocity of photons v = 11 m/s in Fe,,Cr;oNi,

stainless steel foil [10] enriched in ¥Fe to 98% [37] can
be reached at optical and physical thicknesses 7, = 4.2
and L = 0.39 um, respectively (Fig. 4b).

The waveform of the maximally delayed 14.4-keV
photon is shown in Fig. 5. The delayed wave packet
(red solid line in Fig. 5) is elongated because of the
absorption of the field at the bounds of the transpar-
ency window and the dispersion of the group velocity.
The comparison of Figs. 3 and 5 shows that the delay
of the Lorentzian photon in the medium with AIT
with respect to the sharp leading front can be approx-
imately estimated as the sum of time intervals caused
by the gradual formation of the nuclear response to the
rapidly appearing action of the field of the incident
wave packet and the subsequent dispersive slowing
down of the photon.

Estimates obtained for the delay and velocity of
14.4-keV photons can be corrected to experimental
conditions, as well as to requirements on the delay
time, propagation velocity, output intensity, and the
shape of the envelope of the slowed single-photon
wave packet. In particular, a decrease in the frequency
of vibrations of the foil increases the delay time (see
Fig. 1) but simultaneously reduces the output intensity
and distorts the envelope of the single-photon wave
packet because a more significant part of the field
spectrum is beyond the transparency window. The
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Fig. 5. (Color online) 50-ns delayed detection of the wave-

form of the 14.4-keV photon from the 57Co radioactive
Mossbauer source with the half-width vg/(2m) =
0.68 MHz [10] of the spectral line (blue dashed line) after

the passage through the 7Fe absorber (red solid line) that
has the half-width y,;/(2r) = 0.85 MHz [10] of the spec-

tral line and the optical thickness 7, = 5.5 and oscillates at
the frequency Q/y,; = 3 with the amplitude R = 0.38A
(see Eq. (9)) in the case g = m5;.

cutoff of the Brillouin precursor can also be imple-
mented by different methods.

4. CONCLUSIONS

To summarize, we have theoretically demonstrated
the possibility of slowing down single 14.4-keV
gamma-ray photons emitted by the *’Co radioactive
Mossbauer source to 5.4 m/s in the stainless steel foil
enriched in *’Fe at room temperature by means of
acoustically induced transparency under experimental
conditions implemented in [10]. Stronger deceleration
can be achieved by reducing the frequency of acoustic
vibrations of the foil and its temperature, as well as by
changing the chemical composition of the doped
matrix.
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