hv .
.y Photonics

Article

Compression of the Synchrotron Moéssbauer X-ray Photon
Waveform in an Oscillating Resonant Absorber

llias R. Khairulin ¥*{, Yevgeny V. Radeonychev ! and Olga Kocharovskaya 2

check for
updates

Citation: Khairulin, I.R.;
Radeonychey, Y.V.; Kocharovskaya,
O. Compression of the Synchrotron
Mossbauer X-ray Photon Waveform
in an Oscillating Resonant Absorber.
Photonics 2022, 9, 829. https://
doi.org/10.3390/photonics9110829

Received: 14 September 2022
Accepted: 31 October 2022
Published: 4 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/

4.0/).

Institute of Applied Physics of the Russian Academy of Sciences, 46 Ulyanov Street,

603950 Nizhny Novgorod, Russia

2 Department of Physics and Astronomy, Texas A&M University, 578 University Drive,
College Station, TX 77843-4242, USA

*  Correspondence: khairulinir@ipfran.ru

Abstract: A technique to transform the waveform of a 14.4 keV photon (time dependence of the
photon detection probability or, equivalently, the intensity of the single-photon wave packet) into a
regular sequence of short, nearly bandwidth-limited pulses with a controlled number of pulses is
proposed. It is based on coherent forward scattering of single X-ray photons from a synchrotron
Méssbauer source (SMS) in an optically thick, vibrating, recoilless >’Fe resonant absorber. The
possibility of compressing the waveform of an SMS photon into a single short bell-shaped pulse is
predicted. The experiment is proposed for compressing a 100 ns duration 14.4 keV single-photon
wave packet produced by SMS at the European Synchrotron Radiation Facility (ESRF) into a single
bell-shaped pulse of less than 20 ns duration and more than twice the peak intensity. Such single-
photon coherent pulses are promising for applications in the fast-developing field of X-ray quantum
optics, including possible implementation of quantum memory.
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1. Introduction

The methods of generation of coherent electromagnetic radiation in the form of a
single short pulse or a given number of pulses in various spectral ranges from terahertz
up to X-rays have been intensively developed during the last decades. In the X-ray range,
radiation pulses with the photon energy of 14.4 keV find numerous applications owing to
the availability of sources of such radiation and the variety of media in which °’Fe nuclei
resonant to 14.4 keV photons can be imbedded [1-4]. The 14.4 keV pulses are typically
generated by the radioactive °’Co nuclide and synchrotrons after proper narrowing of
extremely broadband X-ray bursts emitted from the synchrotron storage ring [3,4]. The
main feature of both types of sources is normally the emission, on average, of less than one
photon per pulse duration. In other words, such pulses are single-photon pulses. Their
spectral and temporal characteristics are obtained as a result of multiply repeated detection of
single photons.

In the case of a >’ Co radioactive source, the stochastic emission of a 122 keV photon
precedes an emission of a 14.4 keV photon [4]. Therefore, the measurement of the temporal
characteristics of the 14.4 keV single-photon pulse begins from the moment of detection of
a 122 keV photon (which can be assumed as t = 0). This detection event indicates that some
57Co nucleus of the source has radioactively decayed and converted into a °’Fe nucleus
in the excited energy state of the 14.4 keV quantum transition, making possible the emission
of the 14.4 keV photon. Then, the time interval that has elapsed from the moment when the
emission of the 14.4 keV photon became possible (t = 0) to the moment of its detection is
measured. This procedure is repeated many times. As a result, the dependence of the number
of detected 14.4 keV photons on the time elapsed since t = 0 (or the time dependence of the
14.4 keV photon detection probability) is measured. The whole set of the

Photonics 2022, 9, 829. https://doi.org/10.3390/photonics9110829

https://www.mdpi.com/journal/photonics


https://www.mdpi.com/journal/photonics
https://orcid.org/0000-0002-4275-1190
https://doi.org/10.3390/photonics9110829
https://doi.org/10.3390/photonics9110829
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/photonics9110829
https://www.mdpi.com/journal/photonics

Photonics 2022, 9, 829

2 of 18

14.4 keV photon detection moments forms a single-photon wave packet or a single-photon
pulse. The measured time dependence of the 14.4 keV photon detection probability is the
photon waveform that is proportional to the intensity of the single-photon wave packet
(single-photon pulse).

In the case of a synchrotron-based source of the 14.4 keV photons, the emission of the
14.4 keV photon becomes possible starting from the moment of emission of an X-ray pulse
from the synchrotron storage ring, which defines t = 0 [3]. Otherwise, the waveform of the
photon is measured in the same manner as in the case of the radioactive source.

The measurement of the spectral characteristics of the 14.4 keV single-photon pulse
from both types of sources is similar to that discussed above and is based on the multiply
recorded carrier frequency of the detected photons. The result is the dependence of the
number of detected photons in a given frequency bin on the bin frequency or, equivalently,
the frequency dependence of the photon detection probability, or the squared spectral
amplitude of the single-photon pulse.

The °7Co source during recoilless (Mdssbauer) emission produces the 14.4 keV coher-
ent bandwidth-limited single-photon exponential pulse. Its full duration at half maximum
(FDHM) is about 98 ns. The main feature of this pulse is the stepwise front edge
corre-sponding to the Lorentzian spectral contour. When such a pulse propagates
through the resonant recoilless (Méssbauer) medium, its front edge does not change.
Such a front edge can be neither stored in the nuclear coherence nor reshaped by the
medium. This restricts applications of the Lorentzian single-photon pulses. A gradual
increase in the nuclear response due to the field following the stepwise front edge of the
Lorentzian pulse causes a specific alteration of its initial part, called the Sommerfeld—
Brillouin precursor. Due to the Sommerfeld—Brillouin precursor, the Lorentzian single-
photon pulse cannot be compressed into a short single pulse with a smooth envelope.
The shortening of the Sommerfeld—Brillouin precursor is possible via transmission of a
14.4 keV Lorentzian single-photon pulse through a resonant, optically deep medium of
>’Fe recoilless nuclei [5]. In this case, a short Sommerfeld—Brillouin precursor of the
transmitted photon waveform, known as the speed-up effect, has the stepwise front edge
and is followed by a long and weak tail of oscillating intensity, called the dynamical
beats [6].

Another method for obtaining a short burst within the 14.4 keV Lorentzian single-
photon pulse is based on the rapid reversal of the nuclear response phase with respect to
the phase of the incident field via fast displacement of the absorber relative to the source by a
half wavelength of the photon [7,8]. This changes the destructive interference between the
nuclear response and the incident field (causing the absorption of pulse) to the constructive
interference, leading to a burst of intensity in the transmitted photon waveform. The
appearance moment of the burst is determined by the moment of the absorber displacement.
The burst duration is limited by the duration of the absorber displacement, the decay rate
of the nuclear coherence, and the absorber Mdssbauer thickness (optical depth of recoilless
absorption). In this case, the burst of intensity always follows the Sommerfeld—Brillouin
precursor. In other words, the minimum number of pulses into which the exponential
waveform of the incident photon can be transformed by this method is two.

The 14.4 keV Lorentzian single-photon pulses from a >’ Co source can be transformed
into a regular sequence of short pulses via transmission of the photons through the properly
vibrated recoilless °7Fe resonant nuclear absorber implemented in [9,10]. However, the
stochastic emission of the photons does not allow to lock the time moment t = 0 to some
phase of the absorber vibration. As a result, the whole ensemble of photons at the exit
from the vibrated absorber constitutes an infinite number of different single-photon short-
pulse sequences produced at different absorber vibration phases. The observation of a
selected short-pulse sequence was implemented in [9,10] via a stroboscopic-like technique
when only 14.4 keV photons corresponding to a certain phase of the absorber
vibration were counted. Hence, the selected 14.4 keV single-photon wave packet was
not actually produced at the exit from the absorber and, therefore, has limited
applications.



Photonics 2022, 9, 829

30f18

The 14.4 keV single-photon pulses produced by the synchrotron-based sources are not
bandwidth-limited. They normally have on the order of tens of picoseconds duration, cor-
responding to a Fourier transform-limited spectral width on the order of tens of gigahertz.
At the same time, the measured spectral width of these pulses is several terahertz
since the energy of photons fluctuates around 14.4 keV [1-3]. However, each separate
photon interacts with the nuclei as a coherent bandwidth-limited pulse of the
electromagnetic field. The linewidth of the recoilless resonant 14.4 keV transition of >’Fe
normally ranges from 1.13 to several MHz. Therefore, 14.4 keV synchrotron photons
interact with °’Fe nuclei as a delta-like pulse. This is the basis for the widely used time
domain Mdssbauer spectroscopy with synchrotron radiation (SR). A number of
experiments in the field of quantum optics with SR photons should be noted, namely,
storage of nuclear excitation energy [11], observation of supperradiance collective lamb
shift [12], electromagnetically induced transparency of 14.4 keV photons in a nano-scale
cavity with embedded °’Fe nuclei [13], Rabi oscillations between two nuclear
ensembles [14], and X-ray control of nuclear states [15], etc. However, such an X-ray
single-photon pulse is usually too short to be used for quantum information processing,
for example, to store it in the medium and retrieve on demand.

One more source of 14.4 keV single photons should be pointed out, namely, the syn-
chrotron Mdssbauer source (SMS). Currently, there are two SMSs, located at the European
Synchrotron Radiation Facility (ESRF) [16] and the Spring-8 facility [17]. The SMS is espe-
cially well-suited for studies of small (micron size) samples that are difficult or impossible
to perform with a conventional radioactive source, for example, studies of various minerals
under very high-pressure conditions in the Earth’s lower mantle [18-20]. The SMS consti-
tutes a near-perfect >’ FeBOj3 (iron borate) single crystal. Due to the pure nuclear reflection
near the Bragg angle, iron borate can transform the X-ray bursts from the synchrotron stor-
age ring into single 14.4 keV photons, similar to photons from the >’ Co source [16,17,21-24].
The typical duration and spectral width of the SMS nearly bandwidth-limited single-photon
pulse are about 100 ns and 3 MHz, respectively. The spectral and temporal characteristics
of the SMS 14.4 keV photons can be varied depending on the temperature of the °>’FeBO3
crystal, its angular position relative to the incident SR beam, as well as on the applied
external constant and radiofrequency magnetic fields [16,17,21-24].

One of the main advantages of the SMS over the 57 Co Méssbauer source is the ability to
produce a single-photon pulse with a smooth front edge. As a result, the waveform of such
SMS photon transmitted through a resonant medium does not contain the Sommerfeld—
Brillouin precursor. This opens the possibility of compressing the SMS photon waveform
into a single short pulse with a smooth bell-shaped envelope and a duration suitable for
quantum optics applications.

Another important advantage of the SMS compared to the radioactive source is the
possibility to synchronize the emission of 14.4 keV photons from the synchrotron storage
ring with a certain phase of the absorber vibration. This makes it possible to use the
entire photon flux to generate one specific single-photon wave packet in the form of a
short-pulse sequence.

As we show in this paper, transmission of the SMS photons through the vibrating
resonant absorber allows for producing a single-photon wave packet in the form of a short-
pulse sequence with an arbitrary number of nearly bandwidth-limited short pulses. We
also propose an experiment to compress a 100 ns-length 14.4 keV single-photon pulse from
SMS into a bell-shaped nearly bandwidth-limited single pulse of less than 20 ns in duration.
Contrary to short pulses normally produced by synchrotrons (on the order of picoseconds)
and to long pulses (on the order of 100 ns) produced by the radioactive or synchrotron
Mossbauer sources, the bell-shaped pulse of such an intermediate duration can be stored in
the nuclear coherence of an ensemble of the nuclei and subsequently retrieved on demand,
as proposed in [25], i.e., used for implementation of a quantum nuclear memory.

The paper is organized as follows. Section 2 describes the theoretical model. In
Section 3, we develop an analytical model in the case of a high frequency of the absorber
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vibration and discuss the basic mechanism for the short-pulse formation. In Section 4,
we find numerically experimental conditions for compressing the Lorentz-squared single-
photon wave packet emitted by ESRF SMS into a single shor, nearly bandwidth-limited
pulse with increased peak intensity or, on demand, into two or three pulses with controlled
relative peak intensities. In Section 5, we summarize the results.

2. Theoretical Model

Let us consider the electromagnetic field of a 14.4 keV single-photon pulse emitted by
SMS available at ESRF [16,21-23]. If the °’FeBOj3 crystal is heated in an external magnetic
field to the Néel temperature, the multiline Mdssbauer radiation produced via scattering
of the SR pulse by the >’Fe nuclei can collapse into a single spectral line, similar to the
spectral line of 14.4 keV radiation emitted by the >’Co radioactive source [16,17,21-24].
The produced quasi-monochromatic, nearly bandwidth-limited single-photon pulse is the
result of several mechanisms of interaction between the SR and a lattice of oriented >’Fe
nuclear spins [16,21-23]. It has a non-Lorentzian spectral shape, which is determined by
the temperature of the >’ FeBOj3 crystal, its angular position relative to the incident beam
near the Bragg angle, and the applied magnetic fields [16,17,21-24]. Accordingly, the shape
and duration of the single-photon waveform can be varied in a controllable manner. In
implemented cases, the measured SMS photon waveform has a gradually increased front,
while the spectral line is several times wider than the radioactive source line at
room temperature. Both features can be favorable for some applications, including
quantum information processing.

Let us consider one of the SMS photon waveforms obtained in [16,21-23]. The spec-
trum of this single-photon pulse can be represented as a doublet line constituting a super-
position of two close homogeneously broadened antiphase Lorentzian spectral lines:

%S(W)zigf;; . L, v y 5/o Ve (1)

where D is the detuning of the Lorentzian contours from the central frequency, wsc
(}wsc = 14.4 keV), corresponding to the wavelength /sc = 0.86A, gs is the half-width
of each Lorentzian contour, Eg is the amplitude, and j is the random initial phase of the
field, respectively. If the Lorentzian contours are close to each other, sothat D/gs 1, then the
resulting spectral line of the SMS is close to a pseudo-single spectral line with the Lorentz-
squared shape,

gs Eo D/gs

D
e .
s(w) 2pgs [1+ i(wsc w)/gs]?

(2)

The parameter values of field (1) were determined in [21-23]. They are g5 ’ 2.35Gg
(where Go/(2p) = 1.13 MHz is the natural linewidth of the >’Fe resonant transition) and
D’ 0.94Gg. In this case, D/gs ’ 0.4, so that the condition for the Lorentz-squared spectral

2
line is met rather poorly. Nevertheless, the spectral line, Eséw) , of the field (1) looks as like
a single contour (Figure 1a). For brevity, we will call this field the Lorentz-squared single-

photon pulse. The full-width at half maximum (FWHM) of this SMS Lorentz-
squared spectral line is about 3.6 times larger than the FWHM of the Lorentzian spectral

2
line, E&,(w) , emitted by the >’ Co source, where

Eco 1

E =
colw) pGo 1+ 2i(wsc  w)/Go’

(3)

Eco is the field amplitude of the Lorentzian contour. The Lorentz-squared spectral line has
faster decreasing wings.
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Figure 1. Normalized spectrum (a) and normalized intensity (b) of the ESRF SMS Lorentz-squared
single-photon wave packet (the red solid lines) compared to the 57 Co Lorentzian single-photon wave

2
packet (the blue dashed lines). In (a), the red solid line, B&(w) , is plotted according to (1), and

2
the blue dashed line, Bo(w) , is plotted according to (3). In (b), the red solid line, jEs(t|ab)j2, is

plotted according to (4), and the blue dashed line, jECO(tlab)jz, is plotted according to (5). For all
curves, Gg/(2p) = 1.13 MHz, gs = 2.35Gp, and D = 0.94Gg.

Spectrum (1) corresponds to the following dependence of the electric field on time:

R ) - ) )
Es(tan) = B(w)e Whadw = Eoe'/q(tjab)e gstiab @ Wity @ W2l
¥ (4)

= 2iEgel/q(tiap) sin Dty e (Wsctgs)tin,

where t|;, = t  z)5,/c is the local time in the laboratory reference frame, q(t) is the
Heaviside step function, w; = wsc D/2, and wp = wsc + D/2. It constitutes a quasi-
monochromatic wave packet, with the intensity presented in Figure 1b by the red solid
curve. The FDHM of the Lorentz-squared single-photon pulse emitted by SMS of ESRF
is about 100 ns. This is close to the FDHM of about 98 ns of the exponentially decreasing
Lorentzian wave packet,

Eco(tiab) = Ecoe/q(tjzp)e Cofte/2e 1Wschian, (5)

emitted by the >’Co source. At the same time, the stepwise front edge, inherent in the
Lorentzian pulse, is absent in the waveform of the Lorentz-squared photon.

Similar to the method proposed in [26,27] and realized in [9,10] for the compression of
14.4 keV Lorentzian photons (the blue dashed lines in Figure 1) emitted by the >’ Co source
into the pulse sequence, we assume that the 14.4 keV photons from SMS propagate through a
recoilless °” Fe resonant absorber oscillating as a whole (piston-like) along the direction of the
photon propagation, z,,;,. In the experiment, the >’ Fe absorber is a stainless-steel foil
enriched with *’Fe resonant nuclei and fixed on a piezoelectric transducer [9,10,28-33]. The
transducer is normally a polyvinylidene fluoride film providing ultrasonic vibration of all
>7Fe nuclei with the same amplitude, R, frequency, W, and the initial phase, J, within the
photon beam [9,10,30,31,33]. Namely, one can write:

Zjab = Za+ Rsin(Wt+ J), (6)

where z, is the coordinate in the vibrating reference frame. In Equation (6), we assume that
the thickness of the foil is much smaller than the wavelength of sound in stainless-steel, as
well as the absorber’s motion is nonrelativistic. Both approximations are satisfied for the
absorber considered below (see also [34]). The experimental scheme that we propose is
similar to the scheme realized in [9,10].

The initial vibration phase of the absorber, J, should be locked to the front edge of the
single-photon wave packet. This makes it possible to modify the nuclear response by the
absorber vibration in a coherent manner. In the experiments [9,10] with the >’ Co source,
the absorber initial vibration phase, J, was locked to the front edge of the single-photon
wave packet by means of the selective (stroboscopic-like) detection of stochastically emitted
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14.4 keV photons, when only those photons were collected, the possibility of emission of
which (determined by the detection of 122 keV photons) appeared at the absorber vibration
phase, J. However, the selection of the emitted 14.4 keV photons before the absorber was
not performed. As a result, the entire photon stream transmitted through the absorber
constituted an infinite set of single-photon wave packets, for each of which the phase J was
different and averaged over the set. This technique allows observing the certain waveform of
the transmitted photons, but it did not allow to actually produce the photons with the
observed waveform.

In the case of SMS, the moments, when the possibility of emission of 14.4 keV photons
appears (t = 0 corresponding to the beginning of the single-photon wave packet), are the
moments of emission of the SR pulse from the synchrotron storage ring. These moments
are determined by the revolution frequency of the electronic bunches. Hence, all photons
produced by the SMS form the same single-photon wave packet that can be locked to
an arbitrary selected value, J, if the absorber vibration frequency is a multiple of the SR
pulse repetition rate [31]. This means that the photons with the controllable waveform can
actually be produced and can be used for quantum information processing, for example,
for realization of a quantum memory by the method proposed in [25].

As shown in [9,33-36], the propagation of a single-photon wave packet through the os-
cillating resonant recoilless absorber is convenient to study in the reference frame co-moving
with the absorber. In this vibrating reference frame, the resonant nuclei are at rest
while the photon field is phase-modulated. Similar to the recent works [9,10,26,27,33—
36], we consider the case of nonrelativistic motion of the absorber. Thus, substituting
Equation (6) into Equation (4) results in the following form of the electric field of the
incident 14.4 keV single-photon wave packet in the vibrating reference frame:

Eos(ta)= Eoe”q(ta)e gsty iwscta+ipsin(Wta+J)eiztS idpsin (Wty+/J) e i6t3+idpsin(Wta+J) (7)

’

where ta = t za/c, p = (p1+ p2)/2,anddp = p2 p1, while p; = wiR/c and
p2 = wyR/c are the indexes of modulation of the corresponding Lorentzian contours in
Equation (1). In Equation (7), we neglected the amplitude modulation of the photon
field due to nonrelativistic motion of the absorber (see also [34]). The frequency
modulation of the field in Equation (7) due to the Doppler effect is represented in the
form of (i) the modulation at the central frequency of the photon wave packet, the
amplitude of which is determined by the average modulation index p (the term before
brackets in Equation (7)), and (ii) the additional frequency modulation of each Lorentz
contour in Equation (1) with amplitude dp (the term inside brackets in Equation (7)).
Since dp/p = D/wsc ' 3 10 13, 0ne can represent the wave packet Equation (4) at
the entrance of the absorber in the vibrating reference frame in the form of the
frequency modulated Lorentz-squared single-photon pulse:

. D : -
Eos(ta)= 2iEoe”q(ta)sin 5ta e gst, |w5cta+|p5|n(Wta+J), (8)

where the reflection of the field from the absorber surface is neglected. Using the Jacobi-Anger

¥
expansion, exp(ipsina) = a J,(p)exp(ina), and taking the Fourier transform of Equa-
n= ¥

tion (8), we obtain the spectrum of the SMS photon at the entrance to the resonant absorber
in the vibrating reference frame:

¥ .
Ew)= 3 J (ple MEw nW)
|k inJhn: ' 1 q 1 q ! (9)
= Zpg, @ ¥J n(pe T+i(Wee DJ2 WenW)/ 5 I+i(wsc#D/2 w+nW)/ 5
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e
Eout(w) = e

It can be considered as a superposition of the Lorentz-squared spectral lines of the incident
field Equation (1) (see the term in square brackets) with the central frequencies wsc, sepa-
rated from each other by the absorber vibration frequency, W, with amplitudes determined
by the n-th Bessel function of the first kind, depending on the modulation index p, and
with phases determined by the initial phase of the absorber vibration, J.

The transformation of each Fourier constituent of the incident field, E@S(W), dur-
ing its propagation through the vibrating resonant absorber in the vibrating reference
frame, is well-known (see [6,7,9,29,33—37] and references therein). It corresponds to the
Beer-Lambert-Bouguer law. Assuming that the resonant transition of the >’ Fe nucleus has
the natural linewidth with half-width ga = Gg/2, the spectral constituent of the photon
field at the exit from the absorber of the thickness, L, can be written in the form:

T./2
1+ i(wa w)/ga

B ur(w) = BS(w)exp Te/2 , (10)

where ES (w) is described by Equation (9), Te is the exponent factor of photoelectric ab-
sorption (the non-resonant optical depth of the absorber), T, = f msNL is the Mossbauer
thickness of the absorber resonant transition corresponding to the optical depth of the
medium, f_ v is the Lamb—Madssbauer factor accounting for the probability of recoilless
absorption, s is the resonant cross-section of the nuclear transition, N is the concentration of
57Fe nuclei in the absorber, and w; is the frequency of the nucleus resonant transition. Below,
we will consider the stainless-steel foil of a compound Fe:Cr:Ni at 70:19:11 wt.% that is 90%
enriched by nuclide >’Fe in iron fraction. In this case, one can consider Te ° Ta/180. The

inverse Fourier transform of Equation (10), EQout(ta) = R E=.00UT(W)e Wt dw, determines
¥

the temporal form of the single-photon wave packet behind the absorber in the vibrating
reference frame. As shown in [9,33-36], the electric field of a single-photon at the exit from
the absorber in the laboratory reference frame can be obtained by changing ta ! t 5, inE
obT(ta) and multiplying it by exp[ ipsin(Wt 4+ Jo)]. Thus, the time dependence of the
intensity of the single-photon wave packet behind the vibrating nuclear absorber is the same
in both the vibrating and laboratory reference frames and has the form (more detailed and
alternative derivation can be found in [36]):

2
> & Jonlple ™ME%1a(t)  E%n(t), (11)

S n- ¥

|0 Te ¥

C 2
lout(t) = —E%ur(t)" =
8p 8p2g

where t, tand lg = cE2/{8p). The fields E%; 5(t) and E®, 4(t) can be written as
F4

£O f) = ) 1 . ey Ta/2 e "dw. (12
izl 1+ iwg+ nW  w/g P i(wa w)/ga 12

According to Equations (11) and (12), the term [E®; o(t)  E9; ,(t)] characterizes the time
dependence of the electric field of the n-th Lorentz-squared spectral line at the exit from
the vibrating absorber in the vibrating reference frame, while E®; ,,(t) corresponds to the
“left” Lorentzian spectral line at the frequency wi; = wsc D/2 in Equation (1), &nd E
2,n(t) corresponds to the “right” spectral line at the frequency w; = wsc + D/2.

In contrast to the time dependence of the intensity of the single-photon wave packet at
the exit from the vibrating absorber, its spectrum in the laboratory reference frame differs
from that in the vibrating reference frame. The output spectrum of the Lorentz-squared
single-photon pulse in the laboratory reference frame can be obtained in the same way as
in the supplementary material of [33] in the form:

(Ta/2

Qo

Te/2 J Jo(p)E W 13
o n+q(P)Jq(P)Es(w nW)exp 1+iwa+ n+ QW  wl/g. (13)



Photonics 2022, 9, 829

8 0of 18

In the next sections, based on Equations (11) and (12), we will analyze the possibility of
transforming the incident 14.4 keV Lorentz-squared single-photon wave packets, Equations
(1) and (4), into a regular sequence of an arbitrary number of short, nearly
bandwidth-limited pulses, including a single short pulse via its transmission through

the vibrating 5’ Fe resonant absorber.

3. Formation of Ultrashort Pulse Train

The basic method of formation of the ultrashort pulse train from the quasi-
monochromatic single-photon wave packet of SMS (Equations (1) and (4)) is the same
as the method proposed in [26,27], implemented in [9,10], and discussed in detail in [34,35]
for the Lorentzian single-photon pulse. The method is based on the transmission of the
single-photon pulse through the resonant frequency tuned absorber vibrating along the
photon propagation direction. The physical mechanism of the pulse formation is most
clear when the vibration frequency significantly exceeds the source linewidth, W/gs 1.In
this case, the spectrum of the incident field in the vibrating reference frame is a set of
well-separated Lorentz-squared spectral lines (Figure 2) corresponding to Equation (9). As
can be seen in Figure 2, for p = 1.84 all lines are phase-aligned, except two lines with indexes
n= landn= 3in Equation (9), which are antiphase to the others. The destructive in-
terference of these spectral lines compensates for the constructive interference of other lines,
so that any amplitude modulation of the incident field in the vibrating reference frame is
absent. There is only the phase modulation. Even if only one of these lines is removed, the
amplitude—phase balance between them will be destroyed and the amplitude modulation
in the photon waveform will appear due to constructive interference of the remaining lines.
The case of removing one antiphase line from the spectrum of the Lorentzian single-photon
pulse was implemented in [9,10] via tuning the line to be removed into resonance with
the absorber spectral line. The case of removing all antiphase spectral lines of significant
intensity from the Lorentzian single-photon wave packet was discussed in [37].

W

Normalized squared
spectral amplitudes
¥
*
T W
= #
*
»
*
Spectral phases
inun. of 7

Figure 2. Normalized squared spectral amplitudes (left axis, blue line) and spectral phases at peaks of
the squared spectral amplitude (right axis, red stars) (see Equation (9)) of the 14.4 keV Lorentz-
squared single-photon wave packet in the vibrating reference frame at p = 1.84, W/, = 90 (W/(2) 51
MHz), andJ = 0. The “ 1” spectral line will be removed at the exit from the optically thick absorber.
The spectrum normalization is the same as for the red solid curve in Figure 1a.

Consider the case of removing the minus first line from the spectrum of the Lorentz-squared
single-photon wave packet. If the absorber vibrates with amplitude R’ 0.25A, corresponding to
the modulation index p ’ 1.84, the first plus and minus Lorentz-squared spectral lines of the
incident field in the vibrating reference frame (Equation (9) and Figure 2) take the maximum
value due to maximization of le (1.84). Therefore, the resonant suppression of the minus
first spectral line will lead to maximum destruction of the amplitude—phase balance in
the spectrum of the transmitted field and, hence, to maximum amplitude modulationin
the photon waveform behind the absorber. As implemented in [9] for the Lorentzian
photons, in this case, the amplitude modulation takes the form of a regular sequence of
short nearly bandwidth-limited pulses with pulse duration determined by the full width of
the spectrum in the vibrating reference frame and with the repetition rate of W.
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Let us analytically find the conditions for the formation of the most intense short pulses
from the SMS Lorentz-squared single-photon wave packet when the vibration frequency is
high enough, i.e., W/gs 1. In this case, only the minus first spectral line is resonantly
absorbed by the absorber. This allows one to separate the terms in Equation (11) into
two parts. The first part includes all non-resonant spectral lines with n = 1. For this
group, Equation (12) can be represented in the form of Equation (A10) (see Appendix A).
As follows from Equation (A10), the interaction of the non-resonant spectral lines with
the absorber can be neglected if

Taga
1. 14
W (14)
Assuming the validity of the condition Equation (14), one can write foralln = 1:
D )
ECLn(t)  E%2n(t)’ 4pigsq(t)sin —t e MWWt ast, (15)
The second part includes the Lorentz-squared spectral line with n = 1 resonant to

the absorber quantum transition. This term in Equation (12) can be represented in the form
of Equation (A9) (see Appendix A):

) .
iD/2 (g5 g2)'K

¥
E%, 1(t)  E%, 1(t) = 2pgsq(t)e Mo St & Tgup
iD/2 (g5 ga) K Tat® 2 Tags (16)
Taga/2 2 I 2 7 b
As follows from Equation (16), the term with k = 0 equals zero. Other terms in the sum
of Equation (16) can be neglected, except for the term with k = 1, if:
q
(D/2)*+ (gs ga)° 1)
Taga/2 1
Under the considered parameter values of the absorber and the incident field, namely,
gs = 2.35Gg, ga = 0.5Gg, and D = 0.94Gy, the inequality (17) determines the minimum
Mossbauer thickness of the absorber, namely, T, 7.6. In this case, the amplitude of the
resonant spectral component with n = 1 has the form:
r r !
. i D gat ga
B9 1(t) E% 1(t)’ 4pigsq(t)e Wsc Wit gt _— - _2a%a7, 5 _3F34 18
1, 1(t) 2, 1(t) pigsq(t) Togs T2 Ty (18)
where we have considered that wy = wsc  W. Substituting Equations (15) and (18) into
Equation (11), we can obtain an analytical solution for the 14.4 keV SMS Lorentz-squared
photon waveform:
|SS:—|Yt)(t) = 4lyg(t)e 295t Tegin ZPt eipsin (Wt+) Jl(p)AFs(t)e|(Wt+J) , (19)
where,
. o e aicP P .
Ars(t) jArs(t)jiexpliFes(t)] = De'9s 92t T,gztf24+2 Tagat/2—— sin_PR (20)
Taga 2—

According to Equation (19), the radiation at the exit from the vibrating resonant
absorber can be represented as the interference of the incident field (the first term inside the
modulus), which in the vibrating reference frame is phase-modulated, and the coherently
scattered field (the second term inside the modulus) at the central frequency of the removed
minus first spectral line (with amplitude proportional to J;(p)). The time dependence of
the coherently scattered field is determined by Equation (20). As discussed above, the
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|(analyt)
ouT

modulation index p’ 1.84 corresponds to the absolute maximum of the first-order Bessel
function. Therefore, at this value, the amplitude of the coherently scattered field is the
maximum. According to Equation (19), the time moments of formation of pulse peaks,
tp“'se’ are determined by the condition that the phase difference between the incident and

coherently scattered fields is 2pn, n 2 Z:

thulse+ J + FEs tpulse psin thulse"' J Finput tpulse = 2pn, (21)

where Finput(t) is an addition to the phase of the incident field due to sign reversal of

the function sin . Since the amplitudes of the incident and coherently scattered
fields, i.e., sin ét and Ags(t), are the real functions of time, the phases F¢s tp“'se

and Finput t”“'se represent only a change in the sign of the slowly varying (compared to

W) amplitudes of the corresponding fields. Thus, according to Equation (21), the times of
pulse formation are determined by th“'se + J. Therefore, the change in the initial vibration

phase of the absorber, J, leads to the time shift of the pulses within one vibration period of
the absorber, while the pulse repetition period is equal to the absorber vibration period. As a
result, at a high vibration frequency, a regular train of short pulses with high repetition
rates is formed. The pulse peaks form the envelope, which is obtained by substituting
Equation (21) into Equation (19):

2

e . e |
lpeak = 4'|0qtpuls e 29stpuise Tegjn thUIS + JBP)AFStpu s€ - (22)

As can be seen from Equation (22), at the above parameter values of the incident field and
the vibrating absorber, the envelope of the pulse train as a function of the moments, tp”'se’

is determined by the resonant Mossbauer thickness of the absorber, T, (Figure 3). One can
see thatat 15 T, 150, the peak intensity of the produced pulses can be higher than the peak
intensity of the incident single-photon wave packet. The corresponding time interval is
determined by T,. For example, at T, = 15, this time interval is 50 ns < tp“'se < 110 ns,

while at T = 150 39 ns < tpu|Se < 57 ns. The pulses with the highest intensity, which

exceeds the peak intensity of the incident single-photon wave packet by 2.34 times, are
formed in the vibrating absorber with Ta = 44 in the vicinity of t, e = 72 ns. This optical
depth satisfies the condltlon Equation (17), while for applicability of the analytical solution,
Eqyayi ), the f timg absorber should be W/(2p) 12.4 MHz.

120
100
=° 80
60
40
20

0.5

: 0
IOO 150 200

(ns)

|')|J|\L

Figure 3. Dependence of I,eak On the optical thickness, Ta, and time, tpyse, according to
Equations (20) and (22) at p = 1.84, s = 2.35Gg, a = 0.5Gg, D = 0.94Gg, and Te = T2/180. The white
dashed line corresponds to T, = 44, at which the peak pulse intensity is the maximum at the moment
touse = 72 ns and is 2.34 times higher than the peak intensity of the incident photon. Here, Ipeak is
normalized to the peak intensity of the incident photon wave packet.

In Figure 4a, we show the time dependence of the intensity of the 14.4 keV SMS
Lorentz-squared single-photon wave packet at the exit from the resonant >’Fe absorber
with the optimal Mé&ssbauer thickness, T, = 44, vibrating at frequency W/(2p) 51 MHz
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(W/ga = 90), with the amplitude R ’ 0.25A corresponding to the modulation indexp =
1.84. At the considered vibration frequency, the FWHM pulse duration is 3.6 ns, while the
repetition period is 19.7 ns. A good agreement is seen between the curve, based on the
analytical solution in Equations (19) and (20) (blue dotted line), and the curve, showing the
numerical integration of the accurate solution in Equations (11) and (12) (red solid line).
The slight difference between the numerical and analytical solutions is mainly due to the
neglect of terms with powers of k > 1 in Equation (16).

I
th
o

B z (b)
5 27 S1.5F
Es| £
= =
© o)
Nt N H
; ;
0.5
505 5
Z Z
" o ot o 0 ‘ 4 .
100 150 200 0 50 100 150 200
t (ns) t(ns)

Figure 4. (a) Time dependence of the intensity of the 14.4 keV SMS Lorentz-squared single-photon
wave packet (s = 2.35Gp and D = 0.94Gg) at the exit from the resonant >’ Fe absorber with T, = 44, Te =
Ta/180, and ; = 0.5Gg, which harmonically oscillates at the frequency W/, = 90 (W/(2) 51 MHz)
with the amplitude R 0.25 A (p = 1.84) and the initial vibration phase J = 0. The red solid curve
corresponds to the numerical integration of Equations (11) and (12), the blue dotted curve
correspondsto the analytical solution in Equations (19) and (20), while the black solid curve shows the
photon waveform at the entrance to the absorber. Here, the intensity is normalized to the peak intensity
atthe entrance to the medium. (b) Time dependence of the intensity of the 14.4 keV Lorentzian single-
photon wave packet (s = 0.5Gg) at the exit from the same vibrating resonant 3’Fe absorber plotted
according to [34]. The intensity is normalized to the peak intensity of the Lorentzian single-photon wave
packet at the entrance to the medium.

As can be seen from the comparison of Figure 4a,b, the absence of the stepwise front
edge of the Lorentz-squared single-photon pulse leads to the absence of the Sommerfeld—
Brillouin precursor in the output waveform and to a qualitative difference in the produced
pulse sequence. The pulse sequence produced from the Lorentz-squared single-photon
wave packet is more similar to pulses used in laser quantum optics and more suitable for
potential applications.

As shown in Figure 4a, the total duration of the produced pulse sequence is determined
by the duration of the incident single-photon wave packet. The pulse repetition period is
equal to the period of the absorber vibration. A decrease or increase in the absorber vibration
period at a fixed vibration amplitude, R * 0.25A, results in a proportional shortening or
lengthening of both the pulse duration and the repetition period, leading to an increase or
decrease, respectively, in the number of pulses in the sequence. Thus, the absorber vibration
frequency controls the number of significant pulses in the produced sequence. At the available
vibration frequency up to 24 GHz [38], the produced pulses can have a duration down to 10
ps, corresponding to formation of more than 10* significant pulses. On the other hand, if
the period of the absorber vibration is comparable to the duration of the incident single-
photon wave packet, then only several short pulses can be produced. In this case, the
produced short pulses, except for one, can appear in low-intensity regions of either the front
edge or the tail of the photon waveform and, therefore, can be much weaker than one of
the pulses. This corresponds to the compression of the incident long Lorentz-squared
single-photon pulse into a short single pulse and is possible owing to a gradual increase in
the front edge and the absence of the Sommerfeld-Brillouin precursor.

4. Compression of the Lorentz-Squared Single-Photon Pulse

Let us consider the conditions for compression of the 14.4 keV Lorentz-squared
single-photon pulse into a relatively intense and short single pulse in the vibrating >’Fe
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resonant absorber. Since a low vibration frequency is required in this case, the analyti-
cal solution in Equations (19) and (20) becomes unsuitable, and the general solution in
Equations (11) and (12) should be numerically analyzed.

The condition for the formation of a single intense pulse in the photon waveform
implies a maximum in its peak intensity and a minimum in the intensity of adjacent pulses
within the waveform. This condition can be searched as the maximum value of the function:

_ (max1) (max2)
DI = | | /ey (23)
ouT ouT

where Ig‘:fTXl) and IED"EJaTXZ) are the peak intensities of the two most intense pulses within the
single-photon waveform (I(()n:JaTXI) lgr;a;z)) normalized to the peak intensity of the incident
(max)

photon wave packet, | . Maximization of DI means the formation of an intense and
short single nearly bandwidth-limited pulse.

Let us consider DI using Equations (11) and (12) under the above parameter values
as a function of three variables: the resonant Mdssbauer thickness of the absorber, T;, the
absorber vibration frequency, W, and the initial phase of the absorber vibration, J, locked
to the front edge of the single-photon waveform.

First, we fix some Md&ssbauer thickness of the absorber, Ta. Figure 5a represents 2D
dependence of the function DI on the frequency of the absorber vibration, W, and the initial
vibration phase, J, at T = 21. As can be seen in Figure 53, if the vibration frequency is high,
the value of DI is small, whereas the dependence of DI on J is weak. This is because the
repetition period of the short pulses in a sequence is small, so that the two most intense
pulses (the red line in Figure 4a) are formed near the maximum of the incident photon
waveform (black line in Figure 4a) and have a comparable intensity. As discussed above,
variation of J causes the time shift of the produced short pulses within one period of the
absorber vibration. In a small vibration period (high W), this shift relative to the envelop of
the incident single-photon wave packet (black line in Figure 4a) is also small, which results in
a weak dependence of DI on J.

16 2 (b) | 2 (©
14
: 1 1
2
12 g
;20 , 0 :
20 100 200 0 100 200
08 3
L — , - ‘
0.6 EZ (d) (e)
04 ©
Z 1 11 1
0.2
0 0
0.5 | 1.5 2 0 100 200 0 100 200

Figure 5.40(2) Dependence of the function DI (according Ec(:n(sg3)) for the Lorentz-squared single-
photon pulse at the exit from the 57Fe absorber (; = 0.5Gg) with Ta = 21, harmonically vibrating
with amplitude R 0.25 A (p = 1.84), frequency W, and the initial phase J. The spectral-temporal
properties of the incident field correspond to Equations (1) and (4), with s = 2.35Gg and D = 0.94Gg.
The non-resonant optical thickness is Te = T3/180. The upper and lower dashed horizontal lines
mark the absorber vibration period, 2/W =55.4 ns (W/5 = 32) and 98.4 ns (W/, = 18), respectively. Stars
mark J = 0.4 and W/, = 32 for (b), / = 1.1 and W/, = 32 for (c), J = 1.6 and W/, = 18 for (d),
and J = 0.1 and W/, = 18 for (e). The green circle marks the maximum value of DI Dlgpt 1.76
achieved at Wopt/a 18 and Jopt 1.1. In panels (b—e) red and black curves show the time
dependences of the intensity of the 14.4 keV SMS Lorentz-squared single-photon wave packet at the
exit from and entrance to the medium, respectively.
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At low vibration period comparable to the duration of the incident single-photon
wave packet, 2/W ~100 ns, only several short pulses are formed at the exit from the
absorber (Figure S5b—e). Therefore, (i) the difference between the peak pulse intensities,
DI, becomes larger, and (ii) the dependence of DI on J becomes much stronger. Both take
place since the formed short pulses are separated by a large interval comparable to the
duration of the incident wave packet. As shown in Figure 5b—e, in this case, one can
control the relative amplitudes of the produced short pulses via change of the initial phase
of the absorber vibration, J. For T, = 21 and other parameter values in Figure 5, the
maximum of DI is achieved at Wopt(Ta = 21)/ga’ 18andJopt(Ta = 21)’ 1.1p. Itis
Dlopt(Ta = 21) maxfDI(Ta = 21)g’ 1.76 (green circle in Figure 5a).

Further, to find the Mdssbauer thickness, Té providing the absolute maximum value of
DI marked as DImax max Dlopt(Ta) DI T, »Wopts Jopt » We plotted 2D dependences of DI
on W and J for various values of T, similar to Figure 5a. Then, for each value of T,, we
determined Dlopt(Ta) achieved at Wopt(Ta) and Jopt(Ta). The obtained set of dependences is
shown in Figure 6. Finally, from this set, the absolute maximum, DImax *° 1.76, together
with the corresponding values of Wopt/ga ’ 18 and Jopt ' 1.1p achieved at T, ' 21,
was determined (Figure 6). These optimum values correspond to the vibration frequency

t
W,, /(2p) ’ 10.2 MHz, the physical thickness of the considered stainless-steel foil of

about 2.1 m, and the time delay of the moment of emission of 14.4 keV photons from the
synchrotron storage ring relative to the zero absorber’s vibration phase of about 54 ns.

e, (a)

() e .- (ch

Figure 6. Dependence of Dlgpt (a), as well as the corresponding dependence of Wopt/a (b) and Jopt/p (c)
on the absorber Md&ssbauer thickness, Ta. Maximum of Dlopt(Ta) is achieved at Ta = T’ a21. At this
value, W°pt(T)/gaa Wopi/ga’ 18,and Jopt(T) Jopt’ , 1.1p.

The intensity and spectrum of the Lorentz-squared single-photon wave packet trans-
mitted through the >’ Fe absorber in this case is shown in Figure 7. The transmitted photon
waveform consists of one high-intensity bell-shaped short pulse, both preceded and
fol-lowed by weak bursts, the highest of which is 7 times smaller than the high-
intensity pulse. This can be interpreted as the compression of the incident single-photon
pulse. The peak intensity of the compressed pulse is 2.1 times higher than the peak
intensity of the incident single-photon pulse. The duration of the output high-intensity
short pulse is 18.2 ns, which corresponds to 5.5-fold compression of the incident
single-photon wave packet. The spectrum of the output field in the Iaboratogy

2
reference frame, Eqyt(w) ,

plotted using Equation (13), has an effective width of 2.4 W, which exceeds the width of the
incident field spectrum by more than six times (black line in Figure 7b).
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Figure 7. (a) Time dependence of the intensity of the 14.4 keV Lorentz-squared single-photon wave
packet (4) with gs = 2.35Gg and D = 0.94Gq at the entrance of (black line) and exit from (red line) the
resonant °7Fe absorber with T, = 21, Te = Ta/180, and ga = 0.5Gp, which harmonically vibrates at
frequency W/ga = 18 (W/(2) 10.2 MHz) with amplitude R 0.25 A (p = 1.84) and initial vibration
phase J = 1.1. The intensity is normalized to the peak intensity at the entrance to the medium.
(b) The corresponding normalized squared spectral amplitude of the single-photon field in the

2
laboratory reference frame at the exit from the vibrating resonant absorber,&gyt(w) (according to

2
Equation (13), red curve), and at the entrance to the vibrating resonant absorber, E§w) (according to
Equation (1), black curve).

As can be seen from Figure 6, compression of the ESRF SMS Lorentz-squared single-
photon pulse into a single bell-shaped short pulse, similar to the pulse shown in Fig-
ure 7, can be obtained not only under the above-determined parameter values. About a
two-fold increasing peak intensity and five-fold shortening the ESRF SMS Lorentz-
squared single-photon pulse can be implemented with >’Fe stainless-steel foil, having
the Mossbauer thickness 15 T, 25, the vibration frequency 16 Wopt/ga 19

(9MHz Wopt/(2p) 10.7 MHz), and the initial vibration phase p Jopt 1.2p. These
conditions are similar to the conditions realized in [9] for the case of a *’ Co source, and
hence can be readily implemented in the case of SMS.

5. Conclusions

In this paper, we have shown the possibility and proposed an experiment for trans-
forming the waveform of a 14.4 keV photon (time dependence of the photon detection
probability or, equivalently, the intensity of the single-photon wave packet) emitted by a
synchrotron Mdssbauer source (SMS) into a regular sequence of short nearly bandwidth-
limited pulses with a controlled number of pulses in an oscillating recoilless °’Fe resonant
absorber. The case of the single-photon wave packet with a Lorentz-squared spectrum
produced by SMS at the European Synchrotron Radiation Facility (ESRF) was discussed.
The main feature of this single-photon pulse is a smooth front edge of the intensity, in
contrast to the stepwise front edge of 14.4 keV single-photon wave packet with the Lorentz
spectrum emitted by the >’ Co radioactive Mdssbauer source. As a result, a waveform of
the Lorentz-squared photon transmitted through a resonant medium does not contain the
Sommerfeld-Brillouin precursor (a part of the photon waveform containing the front edge
that is not changed in the medium). This opens the possibility of compressing the waveform
of SMS photons into a single short pulse, which is impossible with the Lorentzian photons.

The proposed method is similar to the method implemented in the proof-of-principle
experiments with photons emitted by a >’ Co source, where the Lorentzian single-photon
pulse with a stepwise front edge was transformed into various regular sequences of short
pulses [9,10]. The method is based on the transmission of the SMS photons through a
piston-like vibrating stainless-steel foil enriched with °’Fe nuclide. However, in contrast
to the case of the >’ Co source, the initial phase of the absorber vibration can be locked to
the front edge of the single-photon wave packet if the absorber vibration frequency is a
multiple of the synchrotron pulse repetition rate. This makes it possible to produce a
specific single-photon wave packet with a controlled waveform, suitable for applications
in X-ray quantum optics, in particular for implementation of quantum nuclear memory,



Photonics 2022, 9, 829

15 0f 18

1
2pi

i.e., storage of the single X-ray photon in a nuclear coherence of an ensemble of nuclei and
its retrieval on demand [25].

We have proposed the experimentally available conditions for compression of a 100 ns-
length 14.4 keV single-photon wave packet produced by SMS at the ESRF into a single
bell-shaped pulse of less than 20 ns duration and more than twice the peak intensity. These
conditions can be satisfied in a relatively wide region of the parameter values. On demand,
one can also obtain two, three, or several pulses, for which the relative peak intensities can
be varied by changing the initial phase of the absorber vibration.

Such single-photon coherent pulses are promising for applications in the field of X-ray
quantum optics, including the potential implementation of quantum memory and quantum
information processing.
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Appendix A

Let us calculate the integral Equation (12) using the theory of residues. Similar calcula-
tions were performed in [5,39]. First, let us rewrite Equation (12) in the equivalent form:

pd
1 1 iTaga/2 ,
EC t)= 2 _— e 2 e"tdw. Al
12),n(t) = 2pgs T wr wigt W igs P W, g w. (A1)
¥
The expression under the integral has two poles on the complex plane: wyz)+ n"W + igs

and wj+ iga. Thus, Eol(z)ln(t) can be represented as the sum of two contour integrals
around the singular points:

2 3
|
0 6 1 1 7
E”1(2),n(t) = 2pgs 42pi Qdw + 2pi Qdws, (A2)

(Wy()+nW)+igs watiga
h i

1 iTaga/2 iwt : . .
TR Tgs OXP w gy € Let us start with the first contour integral.

where Q =

Making the change of variables z= w+ wy;5)+ nW igs, itis easy to show that:

(wyi(p)+nW)+igs

n #
Qdw= gt i(wyp)+nW)t gst exp iT.ga/2 - . (A3)
( )e W 1(2) I(gS ga)
y
Using the formula for generating Bessel functions, exp[x(u  1/u)/2] = a u™J_(x),

Equation (A3) can be rewritten as:
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v !

1 N iTaga/2 Tagat ?

— Qdw = g(t)e "t 9t 3 1TaGa/2 29: 2 2% (ng)

2pi i ey Wa Wi nW+i(lgs g,) 2 T2
(Wy(a)+nW)+igs N

Next, we turn to the calculation of the second contour integral in Equation (A2). Let
us make achangez= w+ wy; iga and rewrite it in the form:
| |
. Ta /2
1 Qdw= 1  wat gat dz ] expitz+ ° 'Ga (A5)
2pt 2pt z+w———w+nW—iH{g—9g} z—
) € 1(2) a s a
Watiga z=0
Further, we expand the functions under the integral in a Laurent series in the vicinity
of the singular point z = 0:

¥ Zk
= ah 1 (A6)
k=0 wy wyy nW+i(gs  ga) ¥

1
z+ wyp wat nW i(gs ga)

T / y m/2 p
expitz+ ° & - , iméTaga/Z Y™ )m2 Tagat/2. ——— (A7)
m=

Substituting Equations (A6) and (A7) in Equation (A5) and considering that the value of the
integral is proportional to the factor corresponding to z ! in the expansion of the integrand
in Equation (A5), we obtain:

I ¥ n #k k r i i !
1 Qdw= gqt) Wit gat iTaga/2 Te a}; J 22 Tagat . (A8)
2pt (e a i 2—— 5
watigs k=1 @ 12) s a
Thus, by substituting Equations (A3) and (A8) or Equations (A4) and (A2), one can
write two equivalent expressions for @1((2) q(t):
2 3k ) :
Y iw w nW+ i(g g) * r :
0 iwt g té 4 a 1(2)T $ a 5 Tagat 2 2 agat ) (A9)
E 12),n(t) = 2pgsq(tle = =@ J T2
k=0 agdal2 2
Tagal/2

0 - i(wy()+nW)t gst iy 4+

E%12)n (1) .Zpgsq(;f)e _ €XP e wi, W ilgs @a

iw,t g,t 3 iTaga/2 Tagat Z_] ) Tag t (A10)
oy Wa Wi nW+i(gs ga) 2 k 2 :

e

As fean be seen, Equation (A9] is convenient to use at a small absolute value

ofi wa wjyp nW+ i(gs ga) /(Taga/2), or Equation (A10) otherwise.
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