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Abstract [1 We study propagation of y-radiation from Mdssbauer radioactive source through vibrating recoilless
resonant absorber and find the optimal conditions to produce periodic train of y-ray pulses with maximum peak in-
tensity, several times higher than the intensity from the source, and minimum duration, much shorter than the life-
time of the emitting nuclear state of the source. The shape, duration and repetition rate of the pulses are tunable in a
wide range. We propose modifications of the recently reported experiment [Nature, 508, 80-83 (2014)] to produce
pulses with higher peak intensity and smaller duration using absorbers enriched by the resonant nuclei and discuss
possible applications of the generated pulses for the time-domain Mossbauer spectroscopy.

I. INTRODUCTION

Generation of the ultrashort hard x-ray and y-ray pulses draws persistent attention due to
the important diagnostic applications in material science as well as in tracing and steering of the
ultrafast chemical and biological processes. Extremely short wavelength of the x-rays and y-
radiation potentially enables to investigate the material structure on the atomic and subatomic
scales. The time-resolved x-ray / Mossbauer spectroscopy and dynamical x-ray diffraction based
on the resonant scattering of x-ray and y-ray pulses allow extracting reach information about the
properties of the nuclear levels, local fields, phonon spectra and transient structures [1-4].

Picosecond x-ray pulses of synchrotron radiation or femtosecond pulses of sliced synchro-
tron radiation and of XFELs are typically used in such studies, which limits this research to a
few existing facilities in the world [5-7]. Besides, these sources produce extremely broadband
radiation, and the x-ray pulses are far from being transform-limited, which restricts their spec-
troscopic applications. The sources of coherent transform-limited ultrashort pulses, such as self-
seeded XFELs [8] and High Harmonic Generation sources [9], in 1-10 keV range just start to
emerge.

Formation of the ultrashort pulses of high-energy radiation plays an important role for ex-
tension of the concepts and ideas of coherent optics into the x-ray and y-ray frequency ranges.
An active search for the methods to control the interactions of the y-radiation with the nuclear
transitions has rather long history, see books [1-4] and reviews [10-15], including some impor-
tant experimental results, such as an observation of the ac-Zeeman effect [16], so-called y-echo
effect [17, 18], and magnetic switching of nuclear forward scattering [19-23]. This field has been
rapidly developing recently. It includes pioneering experimental demonstrations of the collective
Lamb shift [24], cavity EIT [25], and vacuum-assisted generation of coherences [26]; as well as



a number of interesting theoretical ideas related to the field of y-ray quantum optics, such as the
possibilities of the single photon entanglement via magnetic switching [27], coherent control of
the branching ratios [28], modulation-induced transparency [29], coherent control of the inho-
mogeneous broadening of the nuclear transitions [30], single photon coherent storage [31], and
stimulated Raman adiabatic passage [32]. All these and many other recent developments (see the
recent review [33] and references therein) clearly indicate that the time for y-ray quantum optics
is coming.

There have been several attempts to produce y-ray pulses via compression of a frequency-
modulated radiation from a Mossbauer radioactive source due to the resonant or non-resonant
interaction with a Mssbauer absorber [10, 17, 18, 20-22, 34-39]. In papers [10, 17, 18, 34, 35,
37-39] the resonant interaction of d-function-like frequency-modulated (or, equivalently, step-
wise phase-modulated) incident radiation with a Mdossbauer absorber was considered. The d-
function-like frequency modulation can be theoretically achieved via rapid acceleration and de-
celeration of the radiating Mossbauer source (which is sequentially kicked and stopped). Howev-
er, in an experiment, kicked source fixed on a piezoelectric plate tends to oscillate, so that the 6-
function-like frequency modulation is extremely hard to achieve. According to the estimate pre-

sented in [10], the time of motion of the Mdssbauer absorber should not exceed 1/ (100F) ,

where 1/T is the lifetime of the excited nuclear state of the source. Consequently, this approach

is well applicable to the Mdssbauer sources with especially long lifetimes, such as ®’Ga [34, 10],
and rather limited for other sources, such as >'Co [17, 18, 35, 37, 39]. Another approach was
proposed in [36], where the possibility to produce a train of Mossbauer y-ray pulses, much short-
er, than the lifetime of the excited state of radiating nucleus, was shown theoretically via com-
pression of Mossbauer radiation with harmonical frequency modulation, emitted by an oscillat-
ing source, in a far-off-resonant Mossbauer absorber. However, because of the strong nonreso-
nant losses, typical for Mossbauer absorbers, intensity of the output radiation appears to be much
smaller, than the incident radiation intensity, since most of y-quanta are lost in the medium. The
problem of y-ray pulse formation was also considered in papers [20-22], devoted to generation of
y-ray pulses on the basis of abrupt change of energy of the nuclear excitation due to magnetiza-
tion reversal of a >’FeBO; absorbing crystal. This method has experimentally allowed for forma-
tion of isolated pulses of approximately 10 ns duration from polarized 14.4 keV Mdssbauer -
radiation of modest intensity, limited by considerable nonresonant losses in optically thick ab-
sorber and polarizer.

Recently, transformation of 14.4 keV photons spontaneously emitted by a radioactive °’Co
source, into a periodic sequence of pulses of duration, shorter than the lifetime of the excited
state of the nuclei was realized [40] via radiation passage through a harmonically vibrating foil,
containing resonantly absorbing nuclei of >’Fe. The ability to control the shape, duration and re-
petition period of the produced pulses was shown both experimentally and theoretically. Unique-
ly large ratio of the resonance energy to the resonance bandwidth of the Mossbauer transitions
(3x10'* for 14.4 keV transition of °’Fe) makes effective use of the Doppler effect in the photon-
nuclei interaction for generation of the well-separated phase-locked y-ray sidebands and forma-
tion of the y-pulse train. The technique, proposed in [40] is experimentally feasible due to com-
bination of advantages of the methods [34] and [36], namely (i) the resonant interaction of y-
radiation with a Mdssbauer absorber and (ii) the harmonic motion of the absorber, respectively.
The same technique in a combination with time-delayed coincidence measurement has allowed
to demonstrate the possibility to control the waveforms of single y-photons [40], which is an im-



portant contribution into the fast developing quantum y-optics and its applications for quantum
information processing [24-26, 31-33].

In the present paper, we investigate the ultimate possibilities for y-ray pulse formation
from radiation of a Mdssbauer radioactive source in a single vibrating resonant absorber under
readily available experimental conditions. We find the optimal conditions to produce periodic
train of pulses with maximum peak intensity, several times exceeding intensity of the incident
radiation, and maximum ratio of the peak to the average output y-ray intensity. We show, that the
total efficiency, defined as a ratio between the average intensity of the incident Mdssbauer radia-
tion (the average number of y-quanta, detected per unit time) and the average intensity of the
output radiation, i.e. a pulse train, under the optimal conditions can be as high as 70-80% for the
realistic parameters of a Mdssbauer absorber. We discuss the possibilities to control the shape,
duration and peak intensity of the pulses via variation of parameters of the vibrating absorber and
propose modifications of the experiment [40] to produce pulses with higher peak intensity,
smaller duration and better shape using absorbers with larger optical thickness (achieved via in-
creasing concentration of the resonant nuclei). In general, the possibility to produce pulses with
larger intensity and smaller duration originates from interference of the incident and the cohe-
rently scattered wave and intensification of the coherently scattered wave with increasing optical
thickness of the resonant absorber (see [38] and references therein). As is well known, in the ab-
sence of vibrations the interference between the incident and elastic coherently scattered field
leads to speed-up effect and dynamical beats in nuclear forward scattering [12, 13, 41]. Oscilla-
tion of the absorber alters the coherently scattered field via generation of the vibrational side-
bands and dramatically changes the character of interference. Under some optimal conditions
(corresponding to the phase matching of all the generated spectral components) it provides con-
structive interference of the resonantly scattered and the incident radiation fields within the short
intervals of the vibration cycle and thus allows producing pulses with the peak intensity, exceed-
ing intensity of the incident field. At the same time, during the rest of the vibration cycle the in-
terference is destructive leading to reduction of the time-averaged output intensity in respect to
the incident one [42]. The character of interference between the incident and the coherently scat-
tered fields can be altered not only by vibration but also by other techniques, such as instantane-
ous shift of the emitter relative to the resonant absorber or vice versa [17, 18, 35, 37-39], as well
as by magnetization reversal [20-23], also resulting in y-ray pulse formation under some optimal
conditions.

Increase of optical thickness of the absorber leads to growing amplitude of the resonantly
scattered radiation and hence both increasing peak intensity of the produced pulses and decreas-
ing time-averaged intensity of the output radiation. In this paper we show that use of the incident
radiation, detuned properly from the absorber resonance allows producing pulses with higher
peak intensity without considerable resonant attenuation in optically thick Mdssbauer absorbers.

The paper is organized as follows: after the introduction (I) we present the theoretical
model (II) as well as the numerical optimization results, accompanied by estimates of the expe-
rimental parameter values (III). We conclude with discussion of the capabilities and limitations
of the method and its possible applications in the area of time-resolved x-ray Mdossbauer spec-
troscopy (IV).



II. THEORETICAL MODEL

Transformation of Mossbauer y-radiation in a vibrated resonant recoilless absorber was
studied in Refs. [40, 43-50]. Except for [40], the previous works were focused on the spectral,
rather than temporal properties of the transmitted y-radiation. A similar problem was considered
in Refs. [10, 34, 35, 51, 52], devoted to the experimental and theoretical study of the time depen-
dence of intensity of Mossbauer radiation, emitted by a vibrated source and propagated through
the resonant absorber at rest. It was observed that the output y-radiation acquires an amplitude
modulation which is highly sensitive to small energy shifts and can be used for their measure-
ment. Quite general theory applicable to absorbers of arbitrary optical depth was derived in [52].
However, the authors analyzed only the case of a thin resonant absorber. As a result, they pre-
dicted and observed only an amplitude modulation of a small depth and did not discuss the pos-
sibility of y-ray pulse formation. Our model is closer to that presented in Refs. [45]. However,
we focus on modifications of the temporal properties of y-radiation, propagated through an opti-
cally thick vibrating absorber, and consider the more general case, assuming that linewidth of the
resonant transition of the absorber can differ from the transition linewidth of the radioactive
source.

Radiation of the source is considered as a flow of photons emitted at random times. The
electric field of a single photon within the semiclassical approach can be represented as a quasi-
monochromatic wave propagating along the coordinate z; in the laboratory frame of reference
[12, 13]:

E, (z,t)= EB((t—1))—(z, - z,) c) e " TN Gm0omt 4 o ¢ (1)
where we assume that the Mossbauer source has an unsplit transition line with the angular fre-
quency @, and the excited state lifetime T,'; #, is the instant of formation of the excited state of

radiating nucleus, z, is the coordinate of radiating nucleus, c is the speed of light in vacuum, ¢,

is the random phase, (x) is the unit step function, and c.c. stands for complex conjugate.

The resonant absorber oscillates as a whole along the direction of propagation of y-
photons with amplitude R, angular frequency €2, and the initial phase of oscillation #j,. The
coordinate in the laboratory reference frame, z;, is related to coordinate in the reference frame of
oscillating absorber, z,, as

z, =z, +Rxsin(Qr+4)). ()
This equation assumes that the absorber thickness, %, is much smaller, than the wavelength of
sound:
h<<2nV,/Q, 3)
where V5 is the speed of sound in the absorber. The latter condition is typically well satisfied in
the experiments dealing with oscillating Mdssbauer sources or absorbers.

Let us consider propagation of the y-photon (1) in the reference frame associated with the
vibrated absorber. Transformation from the laboratory to the absorber's frame of reference is ac-
complished via Eq. (2). Since the speed of vibration is much smaller than the speed of light,
RQ/c << 1, time in the reference frame of oscillating absorber, ,, is the same as in the laborato-

ry reference frame, #, t, =t, =t .

In the reference frame of the oscillating absorber, the electric field strength of the incident
y-photon takes the form

E,.(z,,t)=E0{(t—1,) - (z, + Rsin(Qt + &) — z,) /c}
Xexp{—(ia)s +T,/2)((t—1,) = (z, + Rsin (Q + &) — z,) /c) + i¢0}+ c.c.

Neglecting modulation of decay as compared to modulation of the carrier frequency,
(which is well justified for Mdssbauer radiation, since @, >>T,/2) and taking into account, that

4)



exp{ikRsin(Qt +8,)} = Z J,(kR)exp{in(Qz+ )}, where J,(kR) is Bessel function of the first

n=—oco

kind of order n, one obtains
E,(z,:0) = E0(1=1,) = (z, = z) e} A

oo 5
x> J,(kR)exp{in(Qt+ )} +c.c., 2
where k = @, /c is the wavenumber of y-photon in vacuum.
At the front edge of the absorber the incident radiation has the form
E, (z,=0,1)= exp{—ia)s ((t—1t)+2z,/c)+ i¢0} Z exp{in (Qr+ 190)}
- o (6)
XJ. E'(w)exp(—iot)dw+c.c.,
where
. E exp(iw(t,—z,/c))
E™(w)=—"J,(kR . 7
@) = = ™

Propagation of y-radiation through the Mossbauer absorber is described by wave equation
PE_ 1 FE_25,06 4z 9P ©
d0z2 ot ¢ ot ec” o
where P is the resonant polarization, which arises due to interaction with the nuclei, ¢’ = c/ \/Z ,
and £=1 is the nonresonant dielectric permitivity of the absorber for y-radiation. The
nonresonant absorption, primarily caused by interaction with electrons, is taken into acount via
the linear photoelectric absorption coefficient, 29..
The resonant polarization of the Mssbauer absorber with an unsplit transition line, in-
duced by the incident radiation, has the form
P=f,N-d,p, +c.c., 9)

where f, is the recoilless absorption probability (the Lamb-Md&ssbauer factor), N is concentra-

tion of the resonant nuclei, d,, is the dipole moment of the resonant transition, and p,, is the

nuclear coherence (the nondiagonal density matrix element of the nuclei).
The nuclear response is adequately described by Bloch-like equations (see, e.g., [10])
which for the coherence p,, take the form

%H(a)a—i;/a)p21 :%n,z(JZI-E), (10)
where @, is the angular frequency of the absorber transition, y, is the decay rate of the resonant
coherence, and n,, = p,, — p,, 1s population difference between the resonant energy levels. We
will further consider the isotropic medium, where (6?21 E ) can be replaced by d,,E, d,, being
the root mean square of the dipole moment matrix element. Since intensity of Mdssbauer radia-
tion is quite small, as compared to the saturation value, the population difference, n,,, between

the lower and upper levels of the resonant transition remains unperturbed: n,=n/,=1, where n/,

is the population difference in the equilibrium.
Since reflection of y-radiation from the edges of Mdssbauer absorber is negligible, we
seek for the solution of Egs. (8)-(10) inside the medium, 0 < z, < /, in the form
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E(Za,t) — e—f@;((t—fo)—(z,,—zo)/f )tidy z exp{in (Qt + 190 )}

n=—oco

. (11)
xj E (z,,0)exp(—iot)dw+c.c.,
P(z,,t) = ¢ (TG )iy i exp{in (Qt+4,)}
°° (12)

+oo
xj P(z,,w)exp(—iat)dw+c.c.

—oo

In the rotating wave approximation, |@— a)a| << w+ w,, from Egs. (9) and (10) one finds:

n f,N|d,,[

P(z,0)=
(200 0) o, -0 +nQ-w-iy,)

E,(z,,®). (13)

In the additional approximation of slowly-varying envelopes, which implies (i) N, Q<< @,,
where N is the number of spectral components of the radiation (11) with the appreciably non-
zero amplitudes, (for the incident radiation (5), (6), N, =2kR+1), and (ii)
9, (z,,0)/0z, E,(z,,0)

OE, (2,,0) { 5. 270, f,N|d, [ o

<k , the wave equation (8) takes a form

e — XE,,(Zg:a)):O- 14
oz, Jen(y, +i(w, — o, + nQ - w)) c (14
Eq. (14) takes into account, that the absorber thickness is much smaller, than both the decay
length of the photon, % << ¢/T,, and the smallest beat length between its spectral components,

h<<c/(N,, Q). The last inequality is well satisfied, if the condition (3) is fulfilled.

max

The solution of Eq. (14), which satisfies the boundary condition E,(z, =0,w) = EI"(w), is

En (Za > w) = E/I;nc (a)) eXp(— 5@ Za )eXp(— gn (a))Za )’ (1 5)
where g, (w) are the complex coefficients of resonant absorption,
2
27mlozfaN |d12| @

&, (@)= Jen(y, +i(w, — o, +nQ-w)) ¢ (16)

Thus, in the reference frame of oscillating absorber, y-radiation inside the absorber has
the form

E(z,,1) = & 0ol S e Lin (Qr -+ )}

~ (17)
xe % [ B (@)exp(~g, (@)z,)exp(—iar) dw+c.c.

—oo

Consequently, the output radiation in the frame of reference of oscillating absorber satis-
fying the boundary condition £’ (w) = E,(z, = h,®), has the form

£, (2,0 = & 0 G S e fin (Qu+ )}
= o (18)
XJ E(w)exp(—iat)dw+c.c.,

—oo



B2 (@)= 2 exp(~T,/2)

(19)
exp (iw
xJ,(kR)exp| — AN xp(i0(t ZO/C)),
v, +i(@,— o, +nQ - o) I,/)2-iw
4rm, f N\d
where @) = @, + o, (\/E —l)h/ ¢ is the modified radiation phase, T, = M Do py is the

\/_h}/a c

resonant optical (Mossbauer) thickness of the absorber, and 7, = 26,4 is the exponent of photoe-
lectric absorption.

The backward transformation from the reference frame of oscillating absorber to the la-
boratory reference frame is accomplished via Eq. (2), z, =z, — R -sin (Qr+ v, ), and simply leads
to multiplication of the field (18) by the factor exp{—ikRsin(Qr + A )}. One should note, that the
different spectral components of radiation possess different wavenumbers, and, while it is possi-
ble to neglect this difference inside the absorber, which thickness is limited by the inequality
h<<c/ (N, Q), one can't do it for an arbitrary long propagation length in vacuum. Thus, in the

laboratory reference frame one obtains

E, (z,,1)=e o)t i i J, (kR)exp{i(n—m)(Q&+,)}

oo (20)
XI EM(@,&))exp(—iwé)dw+c.c.,

where & =¢—z,/c is the local time and &, =, -z, /c .

2 2r

Intensity of the output single-photon radiation, / = 4—E E (where (); stands for
V4

averaging over the radiation cycle), or, equivalently, the probability of y-quanta detection per
unit time, is given by

1,,(&)=1I,exp(- Z Z J,(kR)J, (kR)exp{z )5}

. . T exp (- ®,)(&-¢,))
xexpli(n=m) Q¢ 14# H T /2—za) (T./2+iw,) D

y,+iAw,—m) 7, —i(Aw, - o))

where [/, = 2—E02 is intensity of the incident Mdssbauer radiation, Aw, = @, — @, + n€2.

Up to now, we considered transformation of Mossbauer radiation of a radioactive source at
rest in a vibrated resonant absorber. Alternatively, one may consider a vibrated source and the
resonant absorber at rest. Motion of the absorber relative to the source is equivalent to the motion
of the source relative to the absorber. Thus, if the source vibrates along the axis, pointed from the
source to the absorber,

z,(t) =z, — R -sin(Qt + ¢, ), (22)
at the absorber's entrance the incident single-photon field is given by
E,.(z,0) = E0{(t—t,)— (z, + Rsin(Qt + &) — z,) /c}

Xexp{—(ia)S +T,/2)((t—1,) = (z, + Rsin (Qr + ﬂo)—zo)/c)+i¢0}+ c.c. &)



Egs. (4) and (23), coincide, if z, is replaced by z, so that the field of the vibrated source in the
laboratory reference frame coincides with the field of the source at rest in the reference frame of
the vibrated absorber. Therefore, solution obtained previously for transformation of a y-photon in
the vibrated absorber also describes transformation of the photon, emitted by the vibrated source
in the resonant absorber at rest. In the latter case the output radiation (in the laboratory reference
frame) is given by

E, (z,,1) = e o)t i exp{in (Q&E+4)}

n=—co

XI EM(,&))exp(—iwé)dw+c.c.,

24

where E™ (@) are defined by Eq. (19). The corresponding intensity is expressed by Eq. (21),

since |exp{— ikRsin(Q& +23,) }|

=—oc0

S, mpexpl-im(g )3{

Concluding this section, let us calculate an intensity of the overall stochastic flow of vy-
photons, propagated through the vibrating resonant absorber. By the choice of zero moment of
time one can set ¢, =0, however the instant of formation of the excited state of radiating nuc-

leus, ¢,, is absolutely undefined, so that &, in Eq. (21) is a random value spreading from 0 to 2x

with equal probability. Thus, the experimentally observed detection probability of y-quanta cor-
responds to that, averaged over &,. Summing up the intensities (21) of individual y-photons, ra-

diated in different instants of time, one obtains

I5() = F’ 0oxp(=7,) 3 2. J,(kR)J,, (kR)B,, expiiln —m)QE} (25)
where M is the average number of y-quanta, detected per unit time, and
B i [ L expl- LLelZ egf  KLZ g, 26)
27 Y @’ +T7 /4 7, +i(Aw, — ) ¥, —i(Aw, — w)
In dimensionless variables equations (25), (26) take the form
1) = M exp(-7)3 S J,(kR)J, (kR)B,, exp{i(n—m)g—x}, 27)
s n=—oo=—oco K
Bnm :l 21 eXp _L €Xp _T—/2 d > (28)
ez +1 1+i(A, — &) 1-i(A, —K2)

@, — &, , 77:2’ A, =v+n-n, K= L , z=2—. It is worth noting, that
Ya Ya 2%, L

in the limit of very small linewidth of the Mdssbauer source as compared to either linewidth of

where x=T&, v=

the absorber, or the detuning of each spectral component from the resonance, x <<A ,A , and

/22 , 2 /% <1, the coefficients B,
+A, 1+A

the relatively small Mossbauer thickness of the absorber,

T,/2
+iA 1-iA,,
that radiation of the Mossbauer source is monochromatic. Therefore, in this limiting case the
output y-radiation intensity can be adequately calculated within the approximation of monoch-

romatic incident radiation.

take the form B, = exp[— lT‘lij exp(— J This result can be obtained if one assumes



According to (25) and (27), the time dependence of intensity of the output y-radiation is
determined by interference of the spectral components, separated from each other by the fre-
quency of vibration, Q. If (i) the output bandwidth substantively exceeds the vibration frequen-
cy, (ii) the amplitudes of considerable number of the output spectral components are of the same
order of magnitude, and (iii) the difference between initial phases of every pair of the neighbor-
ing spectral components is approximately the same, the time-dependence of the output intensity
corresponds to a train of pronounced pulses. As we will show in the next section, under the op-
timal conditions the pulse duration can be much smaller, than the period of vibration, while the
peak pulse intensity can be several times higher, than intensity of the incident radiation.

III. RESULTS OF OPTIMIZATION AND POSSIBLE EXPERIMENTS

The time dependence of intensity of the output radiation (27), (28) is determined by six
dimensionless parameters

4zn’, £.N|d, [ -
Pw:kR’ ]:l :M&h’ ];zzé‘eh’ V=a)“ @ , 77:&, K= Fs , (29)
Jeny, ¢ Y, Y. 27,

fully characterizing interaction between the incident y-radiation and the resonant absorber. Here
P, is the modulation index, 7, is the Mdssbauer thickness of the absorber, 7, is the exponent of

photoelectric absorption, v is the detuning of the absorber resonant frequency from the central
frequency of the source, normalized to the halfwidth of the absorber spectral line, 77 is the fre-

quency of vibration, normalized to the halfwidth of the absorber spectral line, and x is the line-
width of the Mdssbauer source, normalized to the absorber linewidth.

An arbitrary set of parameters (29) corresponds to time-dependence of the output intensi-
ty (21), given by a superposition of beats of different spectral components of the output radia-
tion. However, as was shown in [40], under the optimal conditions the output radiation acquires
the form of a train of ultrashort pulses. Since time-dependencies of the output intensity in the la-
boratory reference frame and in the absorber reference frame coincide, the pulse formation can
be viewed as a conversion of the frequency modulated incident y-radiation (in the absorber's ref-
erence frame in the case of oscillating absorber, and in the laboratory reference frame in the case
of oscillating source) into an amplitude modulated output radiation. This conversion occurs due
to selective attenuation and phase incursion acquired by the spectral components of y-radiation
during its propagation through the absorber due to the resonant absorption and dispersion, re-
spectively (for more details see [40]). Alternatively, one may consider pulse formation as a con-
sequence of interference of the incident and the resonantly scattered radiation in the time domain
[17, 18, 20-23, 37-39]. However, in the case of harmonic motion of either the source or absorber,
the spectral representation is generally more convenient.

In this section, we study the optimal conditions of pulse formation numerically, using the
two criteria of optimality. At first, we seek for solution with maximum pulse peak intensity,
max{/_ /I,}, where I__ is the peak intensity of the produced pulses, while 7, is the intensity

of the incident M6ssbauer radiation. Then, we seek for solutions with maximum ratio between
the pulse peak intensity and the time-averaged intensity of the output Mdssbauer radiation,
max{/_, /I,.}, where I, is the time-averaged output intensity. We present the results of
global optimization of intensity (27), (28) versus parameters P, T, 17, v for the fixed values of
k=1 and 7,=T7,/180 in the experimentally feasible region 1< P, <7, 1<T, <20, 1<7<45,
and at arbitrary v . Discussion of the expected results outside this region and for different values
of parameters x and 7, is given after the results of optimization.

X

aver

The discussed approach to formation of the ultrashort y-ray pulses can be experimentally
realized using various Mssbauer sources and absorbers. Let us consider the most popular *’Co
radioactive source, which is characterized by the photon energy 14.4 keV, corresponding to the
radiation wavelength 0.861 A, the transition linewidth T, /27 =1.13 MHz (corresponding to the



lifetime of radiating nucleus 141 ns), and the probability of recoilless emission at room tempera-
ture £,=0.77. In particular, this kind of source was used in our recent experiment [40]. The sketch
of the proposed experimental setup is drawn in Fig. 1 and described in the caption to this figure
(the more detailed description is given in [40].) As a resonant absorber let us consider the stain-
less steel foil 100% enriched by *'Fe isotope, possessing unsplit resonant transition line with the
natural linewidth 2y =T, (corresponding to x=1). This differs from the experiment [40],
where the stainless steel absorber had a natural abundance, ~2%, of >’Fe. Since y-radiation reso-
nantly interacts only with °’Fe nuclei, while it is nonresonantly absorbed because of photoioniza-
tion from inner electronic shells of all the atoms of a compound, increase of concentration of
>’Fe allows achieving the same value of Mossbauer thickness of the absorber at proportionally
reduced physical length and, consequently, to reduce the undesired nonresonant absorption and
increase the conversion efficiency of the incident Mossbauer radiation into a pulse train. In the
case of stainless steel, 100% enriched by >’Fe, the coefficient of resonant absorption equals
2g(w,)=8.8um™, while the decrement of nonresonant absorption is approximately

26,=0.05um™" [12], corresponding to 7, =T,/180. Accordingly, even for the maximal consi-
dered Mossbauer thickness of the absorber, 7, =20, the nonresonant losses, l—exp{—YL} , do

not exceed 11%.

Let us first consider the results of optimization according to the criterion 7, /I, — max,

max

which corresponds to formation of pulses with the highest peak intensity. The time-dependence
of the output radiation intensity, corresponding to the optimal parameter values P, =6.75,

T,=20, n=11.96, v=-65.78, is plotted in Fig. 2. The peak intensity of the produced pulses is
nearly three times higher than intensity of the incident y-radiation, [ _, =2.77/,, the time-
0 7z/(6€2) 0 0.09/T; . In

the case of *’Co radioactive source and 100% enriched by *’Fe stainless steel absorber the above
listed values of dimensionless parameters correspond to the frequency of absorber vibration
Q/(27) =6.8MHz, the amplitude of vibration R=0.93 A, the absorber thickness #=2.3 um,

and the constant velocity of the source towards the absorber ¥, =3.22mm/s . The pulse duration

averaged output intensity is /

aver ulse

=0.791,, the duration of pulses is 7,

comprises 12.5 ns, which is order of magnitude smaller, than the lifetime of excited state of the
radiating nucleus; the pulse repetition period equals 147 ns. However, the major pulses are ac-
companied by the trains of minor peaks, which indicates that the phases of the output spectral
components are not fully aligned (there remains an uncompensated frequency chirp). This fact
can be most easily explained in the reference frame of the resonant absorber (recollecting once
again, that the time-dependencies of intensity of the output y-radiation in the laboratory reference
frame and in the reference frame, associated with the absorber, coincide). In the absorber's refer-
ence frame the complex amplitude of the n-th incident spectral component (7) (note, that accord-
ing to Eq. (6) the frequency of the n-th component is smaller than the central frequency of the
incident radiation by n€2) is proportional to Bessel function of the corresponding order, J, (P,).
Since sign of Bessel function unperiodically alters with change of its order, the dependence of
phases of the incident spectral components on their frequencies is nonlinear. With increase of the
modulation index P, the number of substantially nonzero spectral components of the incident
radiation increases ~ 2P, +1, and the spectral dependence of their phases becomes more compli-

cated. Since the possibilities to transform the incident spectrum (7) into the output spectrum (19)
are limited to attenuation of the spectral components via the resonant absorption and incursion of
their phases via the resonant dispersion, for the large values of modulation index it turns out to



be impossible to fully align phases of all the appreciably nonzero output components. The more
detailed discussion of this issue will be given in connection with Figs. 4 and 5. This mismatching
of phases of the output spectral components (and the "oscillating tails" behind the major pulses)
can be reduced via reduction of the modulation index at the cost of decreasing pulse peak inten-
sity and increasing pulse duration. Noteworthy, that reduction of the modulation index makes the
produced pulses closer to the bandwidth-limited ones. Accordingly, the pulse peak intensity only
slightly decreases with reduction of the output radiation bandwidth.

The spectra of the incident and the output y-radiation, corresponding to the time-
dependence of intensity, shown in Fig. 2, as well as the curves of resonant absorption and disper-
sion are plotted in Fig. 3. The spectra are drawn in the absorber's reference frame (which oscil-
lates in the case of the oscillating absorber, and coincides with the laboratory reference frame in
the case of the oscillating source). As seen from these spectra, the radiation bandwidth greatly
exceeds the linewidth of the absorber's transition, and none of the spectral components is in re-
sonance. Thus, the resonant absorption plays a minor role in transformation of the incident radia-
tion, although it can't be completely neglected. The major role is played by the resonant disper-
sion, which leads to positive phase incursion for the spectral components above the resonance
and negative phase incursion for the spectral components below the resonance, thus enabling to
adjust their phases inside the absorber. We would like to note the two advantages of the resonant
dispersion versus the nonresonant one for compensation of the harmonic frequency modulation
[36]. Firstly, it enables to transform the incident Mdssbauer radiation into a pulse train in a rela-
tively thin absorber, 7, <20, where the nonresonant electronic absorption is not substantial (for

the stainless steel absorber, 100% enriched by 3"Fe, it does not exceed 11%), while conversion of
Mossbauer radiation via nonresonant dispersion requires increase of the absorber thickness by
orders of magnitude, resulting in drastic nonresonant damping of the output radiation. Secondly,
in the limit 7,>>1, Q/y,>>1, T,y,/Q =const, the resonant dispersion allows better compensa-

tion of the harmonic frequency modulation, than the nonresonant one [36], even in hypothetic
case of zero electronic absorption.

Let us now examine the dependencies of the peak pulse intensity on the values of para-
meters (29) and analyze the optimal conditions of pulse formation. The dependence of the peak

pulse intensity / ., normalized to intensity of the incident radiation /,, on modulation index

P,=kR and dimensionless vibration frequency 7 =Q/y, for the optimal (and, generally, differ-

ent for each point of the surface) values of Mossbauer thickness 7, and dimensionless detuning
of resonance frequency of the absorber from central frequency of the source v =(@, —@,)/7, is

plotted in Fig. 4. Generally, the resonant absorber either works as a nonlinear dispersive element
leading to different phase incursions of different spectral components of the incident radiation in
the absorber's reference frame (6), (7), or performs selective attenuation of the most intensive
antiphase (to the majority) spectral component, or combines phase incursions with selective at-
tenuation. As seen from Fig. 4, there are two major parameter regions, where the peak pulse in-
tensity approaches its maximum value. The first region corresponds to vibration frequencies,
6017 times exceeding the absorber's linewidth, € =10-15y, , and modulation indeces P, =3.5
In this region the pulse formation relies on the resonant dispersion, which provides partial
compensation of harmonic frequency modulation of the incident y-radiation. The pulses with bet-
ter shape, similar to those reported in [40], but with a bit smaller peak intensity, can be produced
in the second optimal region: 1.5<P, <2.5, Q=20-40y,, where the resonant absorption,



rather than the resonant dispersion, plays a crucial role. The main effect of the absorber on the
incident radiation in such a case is suppresion of the strongest antiphased component of its
spectrum in the absorber's reference frame [40]. In-between these regions, 2.5< P <3.5,

Q=15-25y,, intense pulses can be produced due to joint action of the resonant absorption and
dispertion on y-radiation. In next Fig. 5 we show the dependence of the normalized peak intensi-
ty of the pulses, 7, /I, , on the modulation index P, =kR and Mdssbauer thickness 7, for the
optimal (and, generally, different) values of dimensionless vibration frequency 7=/, and

dimensionless detuning of frequency of the absorber from frequency of the source,
v=(m,-®,)]y, . As seen from Fig. 5, the pulse peak intensity rises monotonically in the region

1<T, <20 with increasing Mdssbauer thickness of the absorber, 7,,. This rise originates either
from the possibility to increase the frequency of vibration Q, preserving phase incursions of the
spectral components, and, thus to decrease absorption of nonresonant components in the regime
of dominating resonant dispersion, or via ability to reduce stronger the antiphased resonant com-
ponent in the regime of dominating resonant absorption, or due to both these mechanisms. The
dependence of the pulse peak intensity on the modulation index P, is quasiperiodic with a qua-
siperiod, reflecting alternations of sign of the Bessel functions J (P,) of successive orders n.
This periodicity is caused by modification of phase distribution of the incident spectral compo-
nents (6), (7), which occurs with alternation of sign of Bessel functions J, (P,), and changes the
optimal conditions of the radiation-matter interaction. As seen from Fig. 5, the pulse peak inten-
sity just slightly grows with increase of the modulation index P, from 2 up to 7. Such behavior
originates from impossibility of full compensation of the harmonic frequency modulation via
interaction with a single resonant absorber for P, >2. As a result, with increase of the modula-
tion index above P, =2 the "oscillatory tails" grow behind the pulses, although the peak pulse
intensity slightly increases. In the opposite case P, <2 there is only one negative Bessel func-
tion of substantially nonzero amplitude, that is J_(P,). In such a case, the pulse formation im-

plies either suppression of the corresponding "[11" spectral component via tuning it to the absor-

ber resonance [40], or inversion of its sign via m phase incursion on the tail of the resonance.

Whatever approach is chosen, in the case P, <2 the produced pulses are nearly bandwidth-

limited. Further reduction of the modulation index leads to narrowing of both the incident and

the output radiation spectra, decrease of the pulse peak intensity and increase of the pulse dura-

tion. Finally, as seen from both Figs. 4 and 5, there are minimal values of parameters P, ~1,
T

a min

~5, .., ~1, below which the pulse train can not be formed.

Let us now turn to the results of optimization according to the criterion of highest ratio
between the peak and the time-averaged intensity of the produced pulse train, 7, /1, — max.

The highest value of this ratio inside the considered parameter region equals /., /I, =3.61
and is achieved for P, =2.0, T, =20, n=17.94, and v =-22.425. The time dependence of in-

tensity of the output radiation corresponding to these parameter values is plotted in Fig. 6. The
wer =0.701,, the

~0.13/T, for 7=17.94. The pulse train shown in

Fig. 6 can be produced using 100% enriched by *'Fe stainless steel absorber, vibrating at fre-

peak pulse intensity [, =2.521, the average intensity of the output radiation /

max

=7/(2.75Q) thatis 7

pulse duration 7 pulse

pulse



quency Q/(27)=10.1MHz with amplitude R=0.27 A and *’Co radioactive source, moving
towards the absorber with constant velocity ¥, =1.09 mm/s. The required absorber thickness is

h=2.3 pm. The duration of pulses are 7,, =18ns, the pulse repetition period equals

27/Q=99ns . The corresponding spectra in the absorber's reference frame are shown in Fig. 7.
The "-1" and "-3" spectral components of the incident y-radiation (6), (7) are in antiphase to the
other components, but the amplitude of "-3" component is rather small to affect the time-
dependence of the output radiation, so that the role of the resonant absorber is to adjust the "—1"
component; this is done by means of both the resonant attenuation and the resonant phase incur-
sion, the later is close to m, providing constructive interference of the "—1" spectral component
with the other components outside the absorber. It is worth noting, that in the case of thinner
Mossbauer absorber, the optimal regime will be based on the full resonant absorption of the "—1"
spectral component, while if one admits thicker absorbers, the optimal regime will be based sole-
ly on the resonant phase incursion.

In next Figs. 8 and 9 we show the dependencies of the ratio between the peak pulse inten-
sity I and the time-averaged intensity of the output Mossbauer radiation /. on modulation

aver

index P, and either the dimensionless vibration frequency 7=Q/y,, or the Mdssbauer thick-

ness of the absorber 7,. The graphs are plotted for the optimal (and, generally, different for each
point of the surfaces) values of dimensionless detuning of resonance frequency of the absorber
from central frequency of the source v =(@, —®,)/7, , and either Mdssbauer thickness 7, or di-

mensionless vibration frequency 77, respectively. Figs. 8 and 9 resemble the dependencies of ab-

solute value of the pulse peak intensity on the same parameters, shown in Figs. 4 and 5. Howev-
er, maximum value of the ratio 7, /I, is achieved at smaller modulation indices

P,=1.75-2.0 and corresponds to pulses of better shape as compared to those, which maximizes

the peak intensity.
At this point we would like to discuss what should be expected outside the considered pa-
rameter region 1< P, <7, 1<T, <20, 1<17<45 and for the values of parameters x and 7,

different from x=1 and 7, =7,/180. Increase of the modulation index P, (the oscillation am-

plitude) leads to proportional increase of the output radiation bandwidth, and, under the optimal
conditions, to decrease of the pulse duration. However, because of unperiodically alternating
signs of Bessel functions J (P,) of different orders n, the phases of both the incident and the

output spectral components (20) become more and more disordered with increasing P, . There-
fore, a sequence of minor pulses grows behind the major pulse with increasing P, . As discussed
in connection to Fig. 4, increase of Mossbauer thickness of the absorber 7, allows increasing

both the peak pulse intensity 7,

X

and the ratio between the peak and the time-averaged output
radiation intensity 7, /I, . However, increase of the Mdssbauer thickness 7, is accompanied
by increase of the exponent of photoelectric absorption inside the absorber 7, leading to essen-
tial attenuation of the output radiation. Therefore, for a fixed ratio 7, /7, (which is determined
by concentration of *’Fe nuclei in the absorber) there is an optimal Mossbauer thickness T,
(generally, different for each value of P,) at which the largest values of 7 or I /I . canbe

achieved. Increase of the dimensionless oscillation frequency 77 enables to increase both [

max



and Imax / Ia

oscillation frequency both the pulse duration and the pulse repetition period are proportionally
reduced, and can take the values, much smaller than considered above. Decrease of the source's
linewidth relative to the absorber's linewidth, x, for the fixed values of all the other parameters

if the Mossbauer thickness 7, can be simultaneously increased. With increasing

ver 3

enhances both 7, and I, /I, . The best results would be obtained for monochromatic inci-

dent radiation, x =0. However, the source's linewidth can't be smaller, than the natural limit,
thus decrease of parameter x below x =1 can be achieved only via broadening of the absorber's
transition line, which leads either to decrease of Mdossbauer thickness 7, for a fixed 7, (fixed

absorber's thickness /), or to increase of the exponent of photoelectric absorption 7, for a fixed
T, (and increased absorber's thickness /). Both decrease of T, and increase of 7, affect pulse

formation negatively. Thus, although slight decrease of parameter x below x =1 might lead to
certain enhancement of 7 and I /I, , substantial decrease of k via increase of the absor-

ber's linewidth deteriorates the effect.

We would like to stress the remarkably high efficiency of conversion of the incident radi-
ation into the y-pulse train, defined as a ratio between intensity of the incident Mdssbauer radia-
tion (the average number of y-quanta, detected per unit time) and the time-averaged intensity of
the output radiation, i.e. a pulse train under the optimal conditions. This total efficiency equals
79% for the pulses, shown in Fig. 1, and 70% for the pulses, shown in Fig. 6.

IV. CONCLUSION

In this paper, we investigated the ultimate possibilities of the recently proposed method
for y-ray pulse formation [40], based on the resonant interaction of y-quanta with a vibrating ab-
sorber, or the resonant interaction of y-quanta, radiated by a vibrating source with an absorber at
rest. We discussed the possibilities of experimental realization using >’Co Mdssbauer radioactive
source of 14.4 keV y-photons and the fully enriched by *'Fe stainless steel Mdssbauer absorber
with natural transition linewidths, corresponding to the excited state lifetime of 141 ns. We have
shown the experimental possibility to generate 10-20 ns pulses with the peak intensity up to 2.8
times higher than intensity of the incident radiation. The efficiency of conversion into the pulse
train can be as high, as 70-80% under the experimentally feasible conditions. Reduction of the
pulse duration to 2-5 ns can be achieved via increase of the vibration frequency. In such a case, if
the pulse formation relies on the resonant dispersion, the increase of vibration frequency should
be accompanied by the proportional increase of Mdssbauer thickness of the absorber. However,
if the resonant absorption plays the major role, the optimal value of Mossbauer thickness remains
unchanged. Further reduction of the pulse duration below 1 ns might be possible via broadening
of the output radiation spectrum through increase of the vibration amplitude and phase-matching
of the generated spectral components either in a set of vibrating resonant absorbers [53], or in
Mossbauer absorber(s), moving with constant velocity [54]. Use of the piezoelectric transducers
vibrating at gigahertz frequencies [55, 56] would allow proportional reduction of the pulse dura-
tion (by two and more orders of magnitude as compared to the above case of tens megahertz vi-
bration frequencies). Since the discussed method of y-ray pulse formation is based on the reso-
nant interaction of y-radiation with the nonstationary absorber, it is inherently related to our re-
cent works on generation of extremely short (atto- and femtosecond) few-cycle optical pulses
[57-61]. As compared to the previously proposed techniques for y-ray pulse formation from radi-
ation of a Mdssbauer radioactive source [10, 17, 18, 20-22, 34-39], for the pair of 1Co source
and *’Fe absorber, the discussed approach promises formation of shorter pulses than that, gener-
ated via abrupt displacement of the source/absorber and more intense, as compared to the pulses,
produced via magnetization reversal. The discussed method is especially fruitful for the purpose



of a pulse train formation with high repetition rate, considerably exceeding relaxation rate of the
resonant nuclear transition. This is possible, since the pulse formation in a vibrating absorber
does not require the resonantly scattered radiation to approach the steady-state value before for-
mation of each pulse, unlike the methods, based on instantaneous displacement of the
source/absorber or magnetization reversal. On the other hand, combination of the discussed ap-
proach with the technique of resonant interruption of y-radiation [19, 21, 23], or optimized unpe-
riodic motion of the source/absorber might be useful for generation of isolated ultrashort y-ray
pulses of large amplitude. These problems will be considered elsewhere. The proposed approach
is promising for the development of a compact source of nearly bandwidth-limited y-ray pulses
and realization of the precise time-resolved x-ray / Mdssbauer experiments in a laboratory.
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FIG. 1. (Color online) Generic scheme of the proposed experimental setup. y-ray photons
from °’Co Mossbauer radioactive source propagate through the resonant >'Fe absorber, mounted
on a piezoelectric plate which oscillates along the direction of y-ray propagation with the fre-
quency €2, the amplitude R, and the initial phase ¢}, under the action of harmonic voltage, pro-

duced by a radiofrequency (RF) generator. The RF generator also produces "Start" signals, syn-
chronized to some fixed phase of the absorber vibration. These signals start the clock in the
processing unit. The clock stops upon receiving the "Stop" signals from detector of the resonant
14.4 keV y-ray photons, placed behind the absorber. Such a technique allows measuring the
probability of y-photon detection vs. the phase of absorber's vibration, which corresponds to the
time-dependence of intensity of the output y-radiation, averaged over the time of formation of
the excited state of radiating nuclei.
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FIG. 2. (Color online) The time-dependence of intensity of y-radiation transformed in a vi-
brating resonant absorber under the conditions, optimal for formation of pulses with the highest
peak intensity (see the text). The output intensity, / , is normalized to intensity of the incident
radiation, /,. Time is normalized to the cycle of absorber's vibration, 27z/Q . The pulse peak in-

=0.791,. The duration of the

=7/(6Q) = 0.09/T, . In the case of >’Co radioactive source and °'Fe resonant

tensity is 1, =2.771,, the time-averaged output intensity is /
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absorber 7, =12.5ns, the pulse repetition period equals 27/Q=147ns.
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FIG. 3. (Color online) Spectra of the incident (dashed blue line) and output (solid blue line)
y-radiation, resonant absorption (bold solid red line) and dispersion (bold dashed black line), cor-
responding to the time dependence of intensity, shown in Fig. 2. All the spectra are plotted in the
reference frame, associated with the resonant absorber.
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FIG. 4. (Color online) The dependence of maximum achievable peak intensity of the
pulses, I, normalized to intensity of the incident Mdssbauer radiation, /,, on modulation in-

max ?

dex, P, = kR, and dimensionless vibration frequency, 77 =€/, . The results are presented for
the optimal (and, generally, different for each point of the surface) values of Mossbauer thick-
ness of the absorber, 7, and dimensionless detuning of the resonance frequency of the absorber
from the central frequency of the source, v = (@, —®,)/7, .
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FIG. 5. (Color online) The dependence of maximum achievable peak intensity of the
pulses, /., normalized to intensity of the incident Mdssbauer radiation, /,, on modulation in-
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dex, P, =kR , and Mossbauer thickness of the absorber, 77, for the optimal (and, generally, dif-
ferent for each point the surface) values of dimensionless vibration frequency, 77 =€/, and di-

mensionless detuning of the absorber's resonance frequency from the central frequency of the
source, V =(@, —®,)/7, -
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FIG. 6. (Color online) The time-dependence of intensity of y-radiation transformed in a vi-
brating resonant absorber under the conditions, optimal for generation of pulses with the highest
ratio between the peak and the time-averaged intensity (see the text). The output intensity, 7, is
normalized to intensity of the incident Mdssbauer radiation, /. Time is normalized to the cycle

of absorber's vibration, 277/Q . The pulse peak intensity is 7 =2.521,, the time-averaged out-

put intensity equals 7, =0.701,, the ratio between peak and time-averaged intensity is

. T
use 0 750

=18ns, the pulse repetition period equals 277/ =99ns .

1. /1., =3.61. The pulse duration is 7, ~0.13/T, . In the case of >'Co radioactive

57
source and ~'Fe resonant absorber 7
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FIG. 7. (Color online) Spectra of the incident (dashed blue line) and output (solid blue line)
y-radiation, resonant absorption (bold solid red line) and dispersion (bold dashed black line), cor-
responding to the time dependence of intensity, shown in Fig. 6. All the spectra are plotted in the
reference frame of the resonant absorber.
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FIG. 8. (Color online) The dependence of ratio between the peak intensity of the pulses,
I .., and the time-averaged intensity of the output radiation, /

aver ?

on modulation index,
P, =kR , and dimensionless vibration frequency, 77 =€/, . The results are presented for the op-

timal (and, generally, different for each point of the surface) values of Mssbauer thickness of
the absorber, T,, and dimensionless detuning of the resonance frequency of the absorber from the
central frequency of the source, v =(@, —@,)/7, .
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FIG. 9. (Color online) The dependence of ratio between the peak intensity of the pulses,
1 ..., and the time-averaged intensity of the output radiation, /

aver ?

on modulation index,
P, =kR , and M0ssbauer thickness of the absorber, 7, for the optimal (and, generally, different
for each point the surface) values of dimensionless vibration frequency, 7=/, , and dimen-

sionless detuning of the absorber's resonance frequency from the central frequency of the source,
v=(0,-1,)]7,.



