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Coherent transient effects due to phase modulation of recoilless y radiation are considered both
theoretically and experimentally. Transients are observed in transmission experiments when the in-
cident radiation field interferes with the induced polarization of the Mossbauer absorber. The tran-
sient effects studied in this work resemble those observed in NMR and laser spectroscopy. They
offer several new features for Mossbauer measurements. A theory for the time dependence of the
recoilless radiation is derived semiclassically with use of a density-matrix formalism. Transient ef-
fects in scattering geometry are also briefly commented upon. The theory is applied to several cases
of experimental interest. Time-dependent distortions affecting the line shape in conventional
Mossbauer measurements are considered, e.g., the transmission minimum is delayed approximately
for the lifetime of the excited nuclear state. The time dependence of the oscillatory transient excited
by a rapid sweep through the resonance is derived. Transient experiments with sinusoidal phase
modulation allow metrological calibration of mechanical displacements. The separation between ad-
jacent zeros of the interference oscillations corresponds to a displacement of the source by half a
wavelength of the y radiation. As compared with conventional Mossbauer measurements, more ef-
ficient separation of the source and absorber parameters can be achieved in transient experiments.
In addition, the linewidths and line positions are obtained in terms of the modulation frequency
which simplifies the calibration of the energy scale. If the phase of the incident radiation is rapidly
switched, a simultaneous change is observed in the transmission intensity. An exact expansion
shows that, with a thick absorber and an appropriate center shift between the source and absorber
line positions, this intensity change can be as large as eight times the maximum conventional reso-
nance absorption. Distortions due to nonideal phase modulation are considered as well. Most mea-
surements were performed with use of the 93-keV Mossbauer resonance of Zn in ZnO. Compara-
tive results are also presented from ' Fe experiments with sinusoidal phase modulation. In transient
experiments with Zn, mechanical displacements of the order of 10 ' m were resolved. As a fur-
ther application the recoilless fractions ofboth the Ga:ZnO source (f, ) and of the enriched 6 Zno
powder absorber (f, ) were determined and found to be equal: f, =0.0212(16) and f, =0.0213(18).
In phase-switching experiments, filtering of the driving voltage was used to prevent excitation of
mechanical resonances of the piezoelectric drive. With a relatively thick absorber and zero center
shift, the observed change in the transmitted intensity was three times the conventional resonance
absorption. Good agreement between the theoretical calculations and the experimental data was
found.

I. INTRODUCTION

Coherent transient effects due to phase modulation of
recoilless y radiation were first reported by Helisto
et al. ' The transients can be understood as a coherent
response of the resonant absorber nuclei when irradiated
with nearly monochromatic (recoilless) phase-modulated

y radiation. In transmission experiments the incident ra-
diation field interferes with the field due to the induced
polarization of the absorber nuclei. Oscillatory transients
are observed when sinusoidal phase modulation is used at
frequencies close to the width of the resonance line. '

Valuable data about Mossbauer parameters are obtainable
from this kind of transient experiment. Another type of
transient can be generated with stepwise phase modula-
tion. When the phase of the incident radiation is rapidly
switched, the resulting change in the transmitted intensity
may largely exceed the conventional resonance absorp-
tion.

Transient Mossbauer (TM) experiments have been per-
formed mainly using the Mossbauer resonance of 67Zn in
ZnO. ' The enhanced transmission has also been mea-
sured using the 14-keV Mossbauer resonance of Fe. '

The transients can be observed only during a time com-
parable to the lifetime of the excited nuclear state. Be-
cause the 93-keV state of Zn has the longest lifetime of
the presently applicable Mossbauer states, it is experimen-
tally most feasible for TM measurements.

The phenomena observed in transient experiments
differ from those observed both in conventional
Mossbauer measurements and in the quantum-beat mea-
surements. Because of the low modulation frequency no
transient effects appear in conventional measurements,
whereas in quantum-beat experiments at frequencies sub-
stantially higher than the width of the resonance line only
steady-state oscillations appear. The formalism of
Monahan and Perlow, originally developed for the inter-
pretation of quantum-beat measurements, has turned out
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to be useful also in computer analysis of some TM experi-
ments. ' Quantum-beat experiments have been performed
with isotopes Fe, Zn, and ' I.' ' ' Due to experi-
mental difficulties the quantum-beat curves measured
with Fe and ' I have so far contained only small contri-
butions of harmonics higher than the second one. This is
in contrast to Zn measurements, where more complicat-
ed shapes of the transmission curves can be resolved even
in the quantum-beat experiments.

Coherent transient effects are a relatively new subject in
Mossbauer spectroscopy, but they have well-known analo-
gies in other resonance phenomena. In NMR, the in-
terference between the rf input and the nuclear induction
signal causes damped oscillations (wiggles), when the reso-
nance is passed rapidly. " Theoretical results' based on
Bloch equations' are in agreement with the measured sig-
nals. The wiggles are decaying with a time constant T2
corresponding to the effective spin-spin relaxation time.
When the modulation frequency is increased above the
linewidth of the resonance, the transients do not have time
to decay and only steady-state oscillations remain. ' '
These oscillations are analogous to the above-mentioned
quantum beats in Mossbauer spectroscopy. The wiggles
are closely related to the free-induction decay (FID) ob-
served with pulse excitation. ' Both are caused by the de-
cay of the nuclear induction signal. In the wiggles the
presence of the rf field causes interference oscillations,
whereas in the pulse FID only the nuclear induction sig-
nal is observed. Other important transient effects studied
in NMR are nutation oscillations' and spin echoes, '

whose observation requires strong exciting fields capable
of saturating the polarization in the sample.

The NMR results can be generalized to other nonin-
teracting two-level systems. ' A novel feature of coherent
transients was observed using phase switching of an excit-
ing laser field 20—22 Fast linear transients ' with optically
thick absorbing media are most similar to phase-switching
transients observed in Mossbauer experiments. Also
FID, ' photon nutation, ' and photon echo ' have
been measured in laser spectroscopy. A notable difference
between the NMR and laser transients is caused by
(Doppler) broadening of atomic transitions. The main ap-
plication of coherent transient effects in NMR and laser
spectroscopy has been the determination of various relaxa-
tion times.

We present here a comprehensive study of coherent
transient effects in Mossbauer spectroscopy. A derivation
of the transmission intensity of recoilless phase-modulated
y radiation is presented in Sec. II. A classical model is
applied to the radiation of the Mossbauer source, and
density-matrix formalism is used in the description of the
absorber nuclei. The results are in agreement with
quantum-mechanical considerations. In Sec. III the
theory is applied to phase modulation in different experi-
mental regions. Evaluation of the linewidths and recoil-
less fractions of both the source and absorber resonances
is shown to be possible from a single TM transmission
curve. The time dependence of the transmission intensity
is calculated for phase-switching experiments. Some ef-
fects of nonideal phase modulation are considered. The
experimental setup is described in Sec. IV. The piezoelec-

tric transducers used for the modulation of the y radia-
tion are considered in detail. Experimental results with
sinusoidal and stepwise phase modulation are presented
and discussed in Sec. V. Transient Mossbauer experi-
ments are applied to the determination of the recoilless
fractions of the ZnO source and absorber. Results from
phase-switching experiments performed with a thick reso-
nance absorber are presented. The main results are sum-
marized in Sec. VI. In the Appendix, line broadenings are
considered by assuming a distribution of resonance fre-
quencies, and a series expansion for the time dependence
of the transmission intensity is derived.

II. THEORY

A. Radiation of the Mossbauer source

(2.1)

where k is the wave number of the radiation, co, /2m is the
resonance frequency of the nucleus, 1/I 0 is the lifetime of
the excited state, and to is the time at which the excited
state is formed. The unit step function O(t —to) is equal
to 1 when t&to and 0 otherwise. Since to is not mea-
sured, integration over to is involved in the calculation of
the intensity of the radiation.

Actually only the correlation properties of the source
radiation have to be known when the time dependence of
the intensity transmitted through a resonance absorber is
calculated. The correlation function

( E,(x, t')E,*(x,t")),
~ exp[ —1,

~

t' t"
~

/2+iso—,(t' t")—
+i p(t') —i y(t")] (2.2)

can be obtained by integration over to. In the Appendix it
is argued that, if there is line broadening in the source, I o
can be replaced by an effective linewidth I, . It is also
possible to justify Eq. (2.2) quantum electrodynamically
by describing the source radiation with a Pock state (num-
ber state).

B. Response of the resonance absorber

The derivation of the absorber response resembles cal-
culations in laser spectroscopy ' with the simplifica-
tion that saturation effects due to strong exciting fields
can be neglected. The resonant nucleus is treated as a
two-level system with the lower level

~

1) and the upper
level

~

2). The Hamiltonian is of the form H =HD+H&,
where Ho causes the level splitting

We describe classically the-recoilless radiation emitted
by a thin Mossbauer source. Polarization of the radiation
is not taken into account. The radiation is assumed to
propagate in the positive x direction. The phase modula-
tion y(t) may be produced by mechanical displacement.
The negative frequency part E,(x, t) of the field emitted
by a single line source can be described by

E,(x, t) cc exp[ I 0(t to)/2—+iy(t—)+i (cu, t kx)]—
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~ =&2 IHO
1

2& (2.3)

and the interaction term H~ induces transitions between
the levels. The interaction is assumed to be proportional
to the incident field. Thus the off-diagonal matrix ele-
ment of the Hamiltonian is

(1
~
H1

~
2) = p»—ET(x, t)+c c. (2.4)

i1ri = [H,P ]dt
(2.&)

is supplemented by phenomenological relaxation terms.
Then the following Bloch equations are obtained:

where the real number p, 12 is the off-diagonal element of
the interaction operator p and ET(x,t)+c.c. is the field
inside the absorber at the depth x.

The ensemble of nuclei is treated with the aid of the
density operator p(x, t). The crystal structure of the ab-
sorber is not taken into account explicitly. The equation
of motion for p

%p )2/A
P (x,io)= — . ET(x,to) ~

co —co —iI, /2
(2.9)

The propagation of the field is calculated from the
Maxwell equations using P(x, to) as a source field. The
wave equation

() ET(x,co)
kn —(co)ET(x,to)

Bx

results, where the complex index of refraction is

N(M(2/(2eoA')
n (to)=1—

6) —CO~ —l I g /2

(2.10)

(2.11)

Nonresonant absorption can be taken into account by add-
ing a dissipation term to Eq. (2.10).

The absorber is situated between the planes x =0 and
x =I.. Taking into account the boundary condition
ET(O, co) =E,(O, co) the solution of Eq. (2.10) is given by

ikn(cu)L—E (0 )
ikL[1 n(co))E—(L

P11 P22 0(P11 P22

—2ip»ET(x, t)(p» —p» )/R,

P12 ( ~a /2+i~a )P12 t(M12ET(xi )(pl 1 p22)/~ i

(2.6a)

(2.6b)
a (co) =e'" (' "'"'}=exp[ib/(co —co, i I, /2—)], (2.13)

(2.12)

where the wave traveling in the negative x direction is
omitted. The absorber response is

(M 12ET(x,~o ) /1(I~ IP12I P12(x ~o) =
co —co~ —/I z/2

(2.7)

The Fourier transform of the induced polarization is

P(x, io}=M [NTr(pp, ) J =Np(q[p(q(x, io)+p(q(x, to)], —

where b, is the population difference in the equilibrium.
The relaxation term introduces the decay constants I o
and I,=I o+I"+. In the absence of the external field the
decay of the population difference is determined by the
lifetime of the excited nuclear state. The off-diagonal ele-
ments of p are decaying according to I „which includes
an additional decay rate I + due to various dephasing
mechanisms (homogeneous and inhomogeneous). An ex-
ample of these disturbances would be the dipole-dipole in-
teraction between the absorber nuclei. It is assumed that
the dephasing can be treated with a single parameter I ~.
The decay constants I 0 and I, correspond to the longitu-
dinal and transverse relaxation times T] and T2, respec-
tively.

In Mossbauer spectroscopy, the population difference
between the lower and upper levels is given very accurate-
ly by the equilibrium value p&~

—p22-6=1, because the
incident field is weak: p(2 ~

ET
~

&&A'1 o. Then the
Fourier transform of the off-diagonal element can be cal-
culated from Eq. (2.6b):

where b =kLN @12/(2eofi) is constant. The frequency
spectrum transmitted through the resonance absorber of
thickness L is found out by multiplying the frequency
spectrum of the incoming radiation by a(co). From now
on the spatial dependencies of the fields at x =L are not
written out explicitly and, e.g. , ET(co) is used for
ET(L,to).

In Mossbauer spectroscopy relatively thick absorbers
are used. Thus it is necessary to resort to the exponential
response (2.13) in contrast to laser spectroscopy, where
thin absorbers are often employed. The main approxima-
tions made in obtaining (2.13) are the following: low in-
tensity of the source radiation (p(q

~
ET

~

&&111I 0), sharp
resonance (co, » I, ), small value of

~
1 — ( n)t~o, ex-

clusion of the waves traveling in the negative x direction,
exponential dephasing of p12, and omission of the hyper-
fine interactions and the crystal structure of the absorber.
The first four approximations will cause very small errors
in Mossbauer spectroscopy. Although the dephasing ap-
proximation may affect the detailed form of Eq. (2.13), it
will not change the basic characteristics of the absorber
response (see Appendix). The above derivation assumed a
single-line absorber, but the treatment could be general-
ized to include also the hyperfine interactions. In normal
conditions omission of the crystal structure does not cause
a large error in Eq. (2.13), either.

The inverse Fourier transform of the absorber response
a(io) is

(2.g) a (t)=o(t) be ' cr(bt)O(—t) . (2.14)

where X is the number density of the resonant nuclei.
Near the resonance, co=co, » I „the term p12(x, —io) can
be neglected (rotating-wave approximation) and it is seen
that the po1arization is proportional to the incident field

Here 6(t) is the Dirac delta function and o(x)
=J((2~x)/Vx. A similar response function has been
derived in Ref. 32. The time dependence of the transmit-
ted field ET(t) can be calculated as a convolution of a(t)
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and E,(t)

Er(r) =j o (r t'—)E,(t')dt'=E, (t)+E,(t), (2.15)

where the total field is written as a sum of the source field
and a field due to the induced polarization of the absorber
(absorber field)

E,(t)= bj— e ' ' o(bt')E, (t t')d—t' . (2.16)

Equation (2.16) describes coherently scattered radiation,
because for a thin absorber the field amplitude is propor-
tional to the number of scatterers. As long as the inverse
Fourier transform of the absorber response contains the
delta function, the transmitted field can be expressed as a
sum of the source field and another field due to the ab-
sorber. This decomposition is conceptually clear and it al-
lows the identification of the various contributions on the
time dependence of the transmission intensity.

Essentially the same absorber response a (co) as that of
Eq. (2.13) was found by considering an electromagnetic
wave passing through a medium filled with classical reso-
nators. Also, quantum-mechanical derivations of the
absorber response have been made based on the
Schrodinger equation. ' In Ref. 34, the discrete crystal

lattice was replaced by a continuous distribution of ab-
sorber nuclei. A detailed calculation for a one-
dimensional random lattice supported the validity of this
procedure. Only a small correction was obtained to Eq.
(2.13) due to waves traveling in the negative x direction.
In Ref. 35 the refraction index of Eq. (2.11) for a cubic
isotopically pure lattice was derived. Thus our semiclassi-
cal results are seen to be in agreement with these
quantum-mechanical calculations.

C. Calculation of the transmission intensity

The time dependence of the recoilless radiation N'(t) is
obtained by integrating

~
Ez(t)

~

over to:

N'(t) ~ j dt, j dt'a(t —t')E, (t')

&& j dt "a*(t t")E,*(t"—) . (2.17)

Performing the to integration first results in the correla-
tion function of Eq. (2.2}, which contains all the required
information about the source. Taking into account both
the recoiled and recoilless portion of the radiation, the to-
tal relative intensity can be written in the form

N(t)/No Re 1 ——2j,bF+—(t)j dt'o(b(t —t'))/F+(t')
I

+ 2f, b~e ' j dt'F (t')o(b(t —t')) j dt"o(b(t t"))/F—+(t") (2.18)

where No is the off-resonance intensity, f, is the recoilless
fraction of the source, and F+(t)=exp[ —(I,+I, )t/2

i b.co t—+iy(t)]. Here b,co=co, —co, is the shift between
the source and absorber line positions. In the Appendix it
is shown that without modulation [i.e., qr(t) =0] Eq. (2.18)
reduces to the conventional transmission integral with

4b/I o
——T =n'crQ, , (2.19)

where T, is the Mossbauer thickness of the absorber, n' is
the number of resonant nuclei per unit area, o.o is the
cross section of resonance absorption, and f, is the recoil-
less fraction of the absorber.

The three terms inside the large parentheses in Eq.
(2.18) can be identified in terms of the fields E,(t) and
E,(t) of Eq. (2.15). The constant term on the right-hand
side consists of the square of the source field,

~
E, (t)

~

and of the nonresonant background intensity. The second
term describes the interference E,(t)E,'(t) between the
source and absorber fields. %'ith a thin absorber the in-
terference term is proportional to b, because the argument
b(t t') in the integ—rand mainly influences the time
dependence of this term. The third term is proportional
to b and it corresponds to the square of the absorber
field

~

E,(t)
~

. All these terms turn out to be necessary
in the analysis of TM measurements with practical ab-
sorber thicknesses. Note that the second term reacts in-
stantaneously to rapid changes in qr(t), whereas the third
term has a delay because of the t' integration. In the fol-
lowing the time dependence of the transmission intensity
will be calculated corresponding to several shapes and fre-

j

quencies of the phase modulation y(t). Equation (2.18)
will be particularly useful as a starting point for these cal-
culations.

We conclude this section with a brief comment on tran-
sient effects in scattering geometry. The polarization of
Eq. (2.9) may be interpreted as a scattering amplitude,
which can be used, e.g., in calculating the conversion elec-
tron transients. Thus the third term of Eq. (2.18) gives
the first approximation for the time dependence of the
scattering transients. Examples will be given by the terms
proportional to b in Eqs. (3.7), (3.16), and (3.20) which
describe the intensity for thin scatterers.

III. APPLICATIONS OF THE THEORY

A. Different experimental regions

1. Conventional measurements

In conventional Mossbauer measurements periodical
Doppler modulation jv(t}=kx(t) is used, where x(t) is the
Doppler velocity between the source and absorber and the
dots denote time'derivatives. The frequency (and ampli-
tude) of the modulation are small and thus the change in
the Doppler velocity during the lifetime of the excited nu-
clear state is much less than the linewidth in velocity
units. The lifetimes of the Fe and Zn Mossbauer states
are about 140 ns and 13 ps, respectively. These two iso-
topes are the ones mainly considered in the following.
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The transmission intensity as a function of the Doppler
velocity is given by the conventional transmission integral.
A deviation from this line shape appears when the modu-
lation frequency or amplitude is increased, so that the res-
onance is passed in a time comparable to the lifetime of
the excited state. ' Then the transmission intensity at time
t depends on the history of the Doppler velocity and the
modulation is simplest to treat as phase modulation y(t).

We calculate the line shape for a thin absorber
b/I, & 1. Then the approximation

o ( bt) =exp( bt /2—) (3.1)

can be used in Eq. (2.14) with good accuracy, since the
discrepancy in the most critical region 0 & bt & 1 is smaller
than 0.03. This approximation increases the linewidth of
the absorber from I, to I, +b (thickness broadening).
Using Eq. (3.1) the shape of the transmission curve is ob-
tained from the first and second terms of Eq. (2.18), as the
Taylor-series expansion of y(t') around the point t'=t is
truncated after the quadratic term,

Here 21 T
——I,+I",+6 is the total linewidth and t, is the

time at which the system is in resonance: jb(t, )=b,co.

There are usua11y two values t, during the period of the
modulation satisfying this condition. It is assumed that
the acceleration is approximately constant within the reso-
nance line implying that j(t)=jp(t„). The main effect of
the third term in Eq. (2.18) is to saturate the absorption.
The deviation from the Lorentzian line shape is deter-
mined by a distortion parameter

d=
~
j(t„)

~

/r (3.3)

which is inverse1y proportional to the square of the exper-
imental linewidth. A thickness-broadened Lorentzian as a
function of q(t) results when ij(t„) is omitted in Eq. (3.2).
The linewidth 2I T is close to conventionally used approx-
imations.

By examining Eq. (3.2) it turns out that the time of
minimum transmission t;„ is delayed from t, . The mag-
nitude of the delay is constant in time: t;„t„='

, I T'. ——
The observation of this delay becomes easier as d is in-
creased. Another time-dependent deviation from the
Lorentzian line shape is the asymmetry of the transmis-
sion curve: the absorption changes more slowly before
r;„ than after it. Thus the apparent width of the first
half of the distorted line (I, ) is larger than that of the
second half (I 2). In Fig. 1, I &, I 2, and their average are
shown as a function of d. With d (0.1, the asymmetry is
given by

N(t) 2f, b ~ ~ j (t„) 2 Aco &j (t)—
1 — dx e cos 2 x +

No I T o 2I T T

(3.2)

(3.4)

whereas the increase in the average linewidth is propor-
tional to d .

As an example of measurements, where these distor-
tions may occur, we take an Fe spectrum with natural
linewidths and with a maximum velocity of 10 mm/s.
When the Doppler modulation is sinusoidal at a frequency
of 100 Hz, the distortion parameter is d=0.01 and an
asymmetry of 1% (0.002 mm/s) is expected for lines near
zero velocity (see also Sec. IIIA4). Conventionally the
data of a Mossbauer experiment are folded, i.e., the con-
tents of the data channels corresponding to equal Doppler
velocities are summed up. Folding decreases the distor-
tions and, in principle, the line positions on the energy
scale are not affected. In any case, for a reliable analysis
of conventional Mossbauer experiments the distortion pa-
rameter should be considerably smaller than 1.

2. Transient- experiments

As d is increased close to 1, the asymmetry gradually
increases and finally interference oscillations appear. Due
to the oscillations the peak-to-peak effect is larger in tran-
sient experiments than in conventional measurements.
We calculate the approximate time dependence of the
transmission intensity when the resonance is passed rapid-
ly: d & 1. If accurate quantitative results are required
with d =1, one should use the general equation (2.18).

The integral in the second term of Eq. (2.18) can be ap-
proximated by using the Taylor-series expansion of q&(t')
around the point t'=t„. Truncating the series after the
quadratic term and noting that p(t„)=Aco the integral

f o(b (t —t') )exp[I",.t' —i j(t„)(t'—t„)'/2]dt'

=exp(I;, t, )cr(b (t —r, ) )

&& f exp[ iip(t„)(t' —t„) /2]dt'— (3.5)

. results, where I „=(I,+I, )/2. The latter form is valid
for t t„&y(t„) ', beca—use o(b(t —t'))exp(l „t') is
a slowly varying function of t' as compared to
exp[ ip(t„)(t' t„) /2]. T—he major —contribution to the
integral originates in the vicinity of the point t =t„since
elsewhere the rapid oscillations average to zero. The
remaining integration can be performed with the aid of
Fresnel integrals C and S (Ref. 37),

exp —i' t, t' —t„2 t'

=[~/ip(t„)]'~ [e ' ~ /v 2+C(~) iS(~)], —(3.6)

where r=[y(t„)/n]' (t t„). It is—assumed that jj(t„) is
positive, but this is not an essential limitation.

The integrals of the third term of Eq. (2.18) can be
evaluated similarly with the final result

]./2

~(b (t —&, ))e " ' cos[y(t) —y(t, ) —b,co(t —t„)——,
' ~]—gN (t)/No —1 f,b-

jr(t„)
22m'fs b —I,(t —t, ) OO+ o'(b (t &„))e " C(~)+S(r)—+ f g(x)dx

7
(3.7)
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FIG. 1. Apparent half-widths I ~ and 1"2 of the resonance
line, calculated from Eq. (3.2) as a function of d. Distortion pa-
rameter d is proportional to the rate of change of the Doppler
velocity at the resonance. Full width at half maximum of the
undistorted line is 2I ~. With d & 1, interference oscillations ap-
pear after the resonance line.

y( t) =a sin(Qt) (3.8)

is used in the experiments to be described later in this pa-
per. When the modulation is produced by moving the
source, the displacement amplitude is xo ——a k, where
A, =2+k is the wavelength of the radiation. The displace-
ment amplitude can be determined from the time depen-
dence of the interference oscillations described by the
second term of Eq. (3.7). This calibration is absolute in
terms of the wavelength A, . The center shift Ace is deter-
mined by the relative position of the two transients ob-

where

g (r) = [—,
' —C(r)]cos(md/2)+ [—,

' —5 (~)]sin(n.r /2)

(Ref. 3'7). Equation (3.7) is useful in estimating the result
of a TM experiment at modulation frequencies smaller
than the linewidth. It is applicable also to thick ab-
sorbers. There are generally two transients of the form of
Eq. (3.7) during one period of the modulation.

The second term of Eq. (3.7) describes the interference
oscillations between the source field and the field due to
the polarization of the absorber (FID). The magnitude of
the correction —g (r)/V 2 is about 0.1 at r = 1/Mvr and it
decreases rapidly with larger w. The third term corre-
sponds to the square of the absorber field. The sum of the
Fresnel integrals shows damped oscillations around the
average value 1 with a maximum amplitude of -0.3 at
r=1/V m. The integral of the function g produces a
small correction. The oscillations of the second and third
terms of Eq. (3.7) have a relative phase shift of 90'. Using
the approximation (3.1) it is seen that the second term is
decaying by the time constant I T and the third term by
I,+b.

In the following we compare the information obtainable
from conventional and transient Mossbauer measure-
ments. The phase modulation y(t) is assumed to have a
period 1/f =2m/0 and an amplitude (modulation index)
a. The sinusoidal wave form

5fo 3(o 0 -3Io
I I I

5lo 3Io 0 3fo 5fo
I ] I 1 1—DlFFERENCES IN

0.8
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0.8

0.6
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I
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FIG. 2. Conventional transmission curves (a) and transient
curves with d=1.2 (b) plotted unfolded as a function of the

, phase Qt of the sinusoidal modulation. Maximum velocity cor-
responds to five natural linewidths and the center shift is
Aa) =0.21 o- in all curves. Vertical scale applies to the case
I, /I 0

——1.5. Linewidth of the source (absorber) is 1, (I, ) and
the parameter b describes the thickness of the absorber. Tran-
sient curves are more sensitive to changes in the parameters af-
fecting the linewidth than the conventional Mossbauer spectra.
Transmission intensity is given in terms of the recoilless fraction
of the source in Figs. 2, 4, and 5.

served during the period of the modulation.
Conventional transmission curves with the total

linewidth of 3.6I O are shown in Fig. 2(a). The curves
have been calculated according to Eq. (Alo) of the Ap-
pendix. In two cases there is an excess line broadening of
0.5I 0 in the source or in the absorber and in the third
case the line is broadened by the increased absorber thick-
ness. The curves have been scaled in such a way that the
extrema of the spectra coincide. The shapes of the curves
are very similar, which makes it difficult to determine the
thickness of the absorber b and the linewidths I, and I,
from this kind of a conventional Mossbauer spectrum. If

' I „I ~, and b were known, f, could be determined from
the absorption after the background correction.

The corresponding TM curves calculated according to
Eq. (2.18) are presented in Fig. 2(b). They show dis-
tinguished differences in the time dependence of the
transmission intensity. The recoilless fraction of the
source can now be obtained from the peak-to-peak effect,
because the parameters I „I „and b are determined by
the shape of the transmission curve. From the thickness
parameter b the recoilless fraction of the absorber can be
calculated using Eq. (2.19). Thus all the parameters f„f„ I „and I, can be extracted from a single TM mea-
surement. It should also be noted that the fitted values of
the linewidths and line positions are obtained in terms of
the modulation frequency, which is usually known very
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accurately. In conventional measurements the linewidths
and line positions are determined in terms of the max-
imum velocity, which is more difficult to calibrate.

3. High-frequency experiments

High-frequency experiments have been considered ear-
lier by Monahan and Perlow. We extend their results to
phase modulation of arbitrary shape and derive a simple

!

expression for the time dependence of the transmission in-
tensity applicable also to thick absorbers. ' The modula-
tion frequency is assumed to be large, i.e., Q» I T and
the line position is written in the form hen =jQ+g, which
allows one to study the contribution of spectral lines at
large velocities. Here j is an integer and g is a deviation
of the line position from the nearest sideband j. After the
Fourier-series expansion of Eq. (Al) is substituted into
Eq. (2.18) the interference term

OO

2f,bF+ (t) g C„*I dt'e xp[I „t'+i j(n)—
At'+inst']o(b

(t .—t'))

=2f,e''r" g C„"e '" '(1 —expI b/[I;—+i (j —n)A+if]3) (3.9)

can be integrated. Here only the largest term n =j need
to be retained.

Similar considerations apply to the third term of Eq
(2.18), which is found to be independent of time. The fi-
nal result is

+2f,Re[CJ* I 1 —exp[ b /( I „+—g)] 3

)& (Ci —exp I i [&p(t) jest] I )],—
(3.10)

where A (g) is the absorption that would be measured at
the distance g from the center of the line. The time
dependence of the transmission intensity consists of the
phase modulation y(t) and of the oscillation at the side-
band frequency j Q/2'. Equation (3.10) is an extension of
the result presented in Ref. 10, where it was assumed that
j =0. When Ace=0 and C0 is real, the time dependence is
of the form

4. Practical considerations

The various experimental conditions considered above
are summarized on the frequency-velocity plane of Fig. 3.
On the vertical scale j „is the rate of the phase change
corresponding to the maximum Doppler velocity.
Separate frequency and velocity scales are provided for
the resonances of Fe and Zn. Sinusoidal modulation
and a resonance line of natura1 width at zero velocity are
assumed. Then the distortion parameter is given by
d =d0 ——QQ /I 0. The borders of the transient region are
determined by the conditions d0 & 0.3 and 0/T'0& 3. The
latter condition states that the modulation frequency must
be small enough to allow considerable decay of the tran-
sients. The high-frequency region is bounded by
0/I p& 3.

Most Fe measurements have been performed at rela-
tively low modulation frequencies (f( 100 Hz) with max-
imum velocities less than 20 mm/s. With Fe, transient
effects would be very difficult to observe at frequencies
below 1 kHz. Measurements with Zn are experimentally

N(t) ~costp(t) . (3.11)

With the sinusoidal modulation of Eq. (3.8), the oscilla-
tions in the transmission intensity are called quantum
beats.

If the source or absorber has several lines, the interfer-
ence oscillations due to these lines may be mixed in the
high-frequency experiments. Assume for simplicity that
the conventional Mossbauer spectrum consists of two
clearly separated lines of equal absorption. The first line
is at zero velocity and the second line is at the position
b,co=jQ+g. The contribution of these lines on the time
dependence of the transmission intensity can be estimated
using Eq. (3.10). If g» I T, the time dependence due to
the second line is negligible. When sinusoidal modulation
is used, the contribution of the second line is proportional
to Cz ——JJ(a) and it can have an appreciable value only if
a &j, i.e., aA & Am. The interpretation of this condition
is that the maximum velocity must be at least as large as
the separation of the lines. If we specially choose an am-
plitude which is a zero of JJ ( Jp), only the contribution of
the first (second) line is seen.

Fe-57:1.1 Hz
Zn-67 t 12 mHz
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FIG. 3. Frequency-velocity plane for classification of
Mossbauer measurements. Sinusoidal modulation and a reso-
nance line of natural width at zero velocity are assumed. Am-
plitude of the phase modulation is a (modulation index) and the
distortion parameter do ——aQ /I 0 describes the acceleration of
the drive motion in terms of the natural linewidth.
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easiest to erformp at frequencies of about 100 Hz. The
largest maximum velocities have been -200 m
several conventional Zn ex i-
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a n experiments reported the di-
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ponding to the natural linewidth

as been considerably larger than 1. Ho
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s an isomer shifts. The asymmetr of
resonance lines is also d d

me ry o the

The distortions due t t p e
so ecreased by foldin of ' th

f f h
ue o time- ependent e&&
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B. Phase switching

1. Ideal modulation

Ideal phase switching is of theng is o the form y(t)=hyO(t),
e e qr= /X is the phase chan e

d' 1 tM tat time t =0. For the Zn resonance

ll
an t us very small

x=b(t t') a—nd y=b
or p ase switching. B s

b
y= t —t") in E . (2.18

an e written in an integral form

I

N t =N t &0)+2f,NORe (1—e' +) 1 —" d—f dyo(y)e~ Y dx o(x)e ~ " 8 t
bt

where

P—= [(I,+I', )/2+ i Et'] /b

pansion of Bessel functio

N t =N(t &0)+2f,N, ReI(l e'a~)S—(bt —~t; — )[e 'S(bt P+) '~t' +~—b'—e ]ID(t),
where

and N(t 0) i& 's the steady-state value of the transmi
The integrals of E . (3.12) c

e ransmission intensity.
q. . ) can be evaluated in terms ofs o a series ex

'
ns with the final result

(3.12)

(3.13)

(3.14)

S(x;P)= y Jk(2t x )(P~)
k=0

(3.15a)

=e '~t+~" —g ( —1)"Jk(2Vx )(1/P~x )"
k=1

(3.15b)

The series expansion of E . (3.15a'q. . a& converges rapidly with
mm 8 1 f io d

y, w en the phase shift is b,&p=2nn i.e. h h
ng

ensi y, w en the ha
' ' =, '.e., w en t e displacement M is an

'

At time t=0 h
' '

int

.e.
'

is an integer multiple of

back to the
t e transmission intintensity changes shar 1 if b,

o e steady-state value accordin to E .
p y i y&2nm After the. initial chan e

sity is given by
. (3.14). o lu b o b hr er e time dependence of the transmission inten-

N(t)=N(t &0) +2N fo, b Re (1—e'
I T+i he@

—I dt+i hoot

1 —b
I d —i Ace

O(t), (3.16)

where I d
—(I +b —I,)/2. The deca is a

' I'fb, =0
Some calculated transmission curves with a very thick

absorber are shown in Fig 4 F h'
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or a t ick absorberorber and
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AN N(0) —N(t &0 =2f,Re[(1 —e'~q)(1 — ' tt+)]
Xp %p

(3.18)

.If hp&nm and Am&0, the value of AN/No depends on
the direction of the motion of the source. The maximum'
value of bN/No is achieved with Ap=(2n+1)m when
the center shift is small: the maximum relative intensity
change is 4f, for a thick absorber. This is 4 times the
largest possible peak-to-peak effect in conventional mea-
surements. In Fig. 5, the dependence of b,N/No on the
ratio b,co/I, is shown with different values of b/I „.
The largest values of b,N /No are obtained with
Aco b/n» I;,. In principle, an intensity change of
bN/No ——8f, can be obtained in phase-switching experi-
ments.

2. Nonideafities in the phase suuiching

In the previous calculations it was assumed that the
phase switching is instantaneous. In practice the rise time
b,t is finite and the phase is changing with some average
velocity (jb(t))-Ap/ht In the . following we shall first
discuss transients caused by changes in the angular veloci-
ty j&(t) (frequency switching). The results can be applied
to predict the effects of the finite rise time on the phase
switching.

Let us assume that the source and the absorber are first
in resonance (bco=0), and then at time t =0 the ang'ular
frequency of the source radiation is switched by an
amount EQ& I T. Thus the phase modulation is of the

N(t) 2f.~ -r,=1— e cos(b, Q t I —
z /b, Q)

&o I z-

2f, b
+

—(I,+P)t —I zt
+ sin(b. Q t)r.+I an

(3.20)

which is valid for t &0. Terms smaller than O(l T/5Q)
have been neglected. The time dependence of this tran-
sient resembles the transient excited by a rapid sweep
through the resonance [Eq. (3.7)]. The oscillations appear
at the frequency corresponding to the difference in the
frequencies of the source and absorber fields.

The transmission intensity of Eq. (3.20) reaches a max-
imum value at about b,Qt=m. The source moves half a
wavelength during this interval. Correspondingly, the in-
tensity reaches a minimum when AQt=2m. Thus the
time dependence does not vanish in phase-switching ex-
periments with Ap=2nm and At &0, but there are n in-
terference oscillations in the transmission intensity. As
large intensity changes as in the case of the ideal phase
switching can be achieved, if the damping during the
phase shift is negligible. In the case of Fig. 4 this means
that the rise time should be smaller than 0.01 I p

'. The
time resolution of the measuring system ought to be better
than the rise time.

When periodical phase switching is used, some harmon-
ic of the modulation frequency may coincide with a
mechanical resonance frequency of the drive Qq /2~
Then, in addition to the stepwise motion, the source vi-
brates sinusoidally at the resonance frequency with an am-
plitude aqua which may be slightly time dependent. The
frequency of the phase switching is assumed to be small,
Q&I T, and the resonance frequency is assumed to be
large, Qq ~~ I z-. The phase modulation is of the form

@(t)=b,QtO(t) . (3.19) y( t) =Ay O(t) +aq sin(Qq t), (3.21)
We use the approximation of Eq. (3.1) in Eq. (2.18) in cal-
culating the transmission intensity

where the periodicity of the phase switching and damping
of the mechanical oscillations are not taken into account.
To simplify, we assume that b.co=0, use approximation
(3.1) and integrate the second term of Eq. (2.18) with the
result (t &0)

2f.~
Ie r Jo(aq)cos[aqsin(Qqt)+hp]

Np I z-

+Jo(aq)(1 —e )cos[aqsin(Qqt)]I .

0
0 5 10 20

hail „
FICx. 5. Magnitude of the intensity change A%/No caused by

a sudden phase shift Ay=m. , calculated according to Eq. (3.18)
as a function of the center shift hcu. Parameters are scaled by
I,.=(I,+I .)/2.

(3.22)

When t &&I"T ', only the quantum-beat oscillations
cos[aqsin(Qqt)) remain in accordance with Eq. (3.11).

The phase-switching experiments with Ay=rt/2+n~
are more sensitive to small disturbances than those with
Ay=nm. . With these phase shifts the oscillation ampli-
tudes of the transmission intensity are proportional to
aq and aq, respectively. The nonoscillating term

2f~bJO(aq)/I"~ aris—ing from the last term of Eq. (3.22)
causes a slow drift in the transmission intensity, if aq de-
cays slowly after the excitation.

Throughout this section it has been assumed that the
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amplitude and phase of the motion have well-defined
values over the volume of the source. This assumption is
usually justified when the drive is operated much below
its lowest mechanical resonance. Large distributions in
the modulation amplitude or phase would destroy the os-
cillations of Eqs. (3.7), (3.10), (3.20), and (3.22) and de-
crease the peak-to-peak effect considerably. However, in
the case of phase switching even a completely random dis-
tribution of b, ip would not decrease the effect more than
by a factor of 2 when the center shift is small.

IV. EXPERIMENTAL

~, =106(3)f,D/(1 g/cm ) . (4.1)

S: Ga in Zna sc yIIc

A: ZnO powder

-14.4 -9.6
& E l OC I TY f pm/s)
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FICx. 6. Schematic Zn Mossbauer spectrum of a ZnO
single-crystal source'and a thin ZnO-powder absorber. Direc-
tion of observation of the y radiation is parallel to the c axis of
the single crystal.

So far only Fe and Zn resonances have been used in
transient Mossbauer experiments. Most of the experimen-
tal data presented here were obtained using the Mossbauer
resonance of Zn. The sources were Ga:Zno single
crystals containing Zn in natural abundance. They were
cylindrical in shape with a diameter of -4 mm and a
thickness of -0.5 mm. The c axes of the hexagonal ZnO
crystals were perpendicular to the large surfaces. The

Ga activity was produced by 10-MeV deuteron bom-
bardment with a typical dose of about 30 pAh. After the
irradiation the crystals were annealed in an oxygen atmo-
sphere at 700'C for about 10 h and thereafter slowly
cooled to room temperature. The absorbers were made of

ZnO powder material enriched up to 87.9(7)% in Zn.
The enriched material was used as received from the sup-
plier. The grain size of the powder was between 1 and 2
pm. ' The absorbers typically contained 1 g/cm of Zn.

With the c axis parallel to the direction of observation
of the y radiation, the Mossbauer spectrum of the ZnO
single crystal versus ZnO powder, consists of five absorp-
tion lines (Fig. 6). The separation of the lines due to
quadrupole splitting is about 4.8 pm/s=360 kHz (Refs.
42 and 43). This separation is considerably larger than
the minimum observable linewidth 21 0

——0.32 iEEm/s.

Only the center line close to zero velocity was scanned in
most measurements presented in this work.

A relation between the Mossbauer thickness of the
center line ( T, ) and the mass of enriched ZnO per unit
area (D) is obtained from Eq. (2.19) for our powder ma-
terial:

The thickness of the center line is one third of the total
thickness. The uncertainty in the numerical factor is
mainly due to the uncertainty in the cross section Oo. "
Two different thicknesses are generally needed to describe
a certain resonance line of a single-crystal absorber. On
the other hand, a powder absorber can be treated with a
single thickness parameter, independent of the polariza-
tion of the incident radiation. This is an important prop-
erty for the transient experiments, in which T, has a
much greater influence on the shape of the transmission
curves than in conventional Mossbauer measurements.

The experimental setup is presented in Fig. 7. The
double-drive system, including both the high-frequency
(hf) and the low-frequency (lf) drives, was located in a
liquid-helium cryostat. The source was fixed with silicon
grease on the high-frequency drive and both were clamped
between styrofoam supports to prevent mechanical con-
tact with the surrounding brass holder. The high-
frequency drive unit was pressed with a Be-Cu spring
against the low-frequency drive. The leads to the two
drives (transducers) were flexible coaxial cables. The ab-
sorber was rigidly attached to the support of the double-
drive system. The drives and the absorber were enclosed
in a chamber containing gaseous helium.

The y radiation was detected with a 3-mm-thick
NaI(Tl) scintillator, the output signal of which was pro-
cessed by conventional pulse electronics. The shaping
time of the linear amplifier was 0.25 ps. The counting
rate in the 93-keV energy window was typically 40000
s ' at the beginning of the measurement.

In TM measurements the counts were collected with a
time-to-digital converter (TDC). The TDC permits use
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FIG. 7. Experimental setup for transient Mossbauer mea-
surements with Zn. The system includes separate drives for
the high-frequency (hf) modulation and for the optional low-

frequency (lf) modulation. Time-to-digital converter (TDC)
transfers the digitized time interval between the start and stop
pulses to the multichannel analyzer (MCA). The most-
significant-bit (MSB) input determines the memory block to be
used. Waveforms presented are those of phase-switching experi-
ments. Low-pass (LP) and band-reject (BR) filters are. used to
avoid excitation of the mechanical resonances of the drives.
Measurements were performed at liquid-helium temperature.
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of channel advance times as short as 150 ns with a. dif-
ferential nonlinearity much less than 0.1%. The syn-
chronizing output of the oscillator driving the high fre-
quency transducer is used to produce start pulses which
clear a synchronous counter. The signal caused by a
detected y quantum is used as a stop pulse to read the
output of the counter. The TDC also contains a data
buffer, which enables practically zero-dead-time operation
even at the highest counting rates used. The buffer is ac-
complished with the aid of a 16)&10-bit FIFO (first-
in —first-out) memory. The optional MSB input deter-
mines the most-significant bit of the data transferred to
the multichannel analyzer (MCA). This makes possible
the measurement of two transient curves corresponding to
the two opposite slopes (velocities) of the triangular low-
frequency motion. In most TM measurements only the
high-frequency drive was employed. In conventional
Mossbauer measurements the low-frequency drive was
used. The data were collected directly to the MCA
operated in the multiscaling mode.

We next consider the transducers in more detail. The
high-frequency transducer was either a lead zirconate ti-
tanate (PZT-5A) plate" or a quartz plate. The thickness
and diameter of the PZT transducer were 2 and 6 mm and
the corresponding dimensions of the quartz transducer
were 5 and 6 mm. The voltage-to-displacement conver-
sion factor of PZT (60 pm/V) is about 50 times larger
than that of quartz (1.3 pm/V) at liquid-helium tempera-
ture. Since the ZnO crystal itself is piezoelectric, it was
covered with silver paint when the quartz transducer was
used.

The piezoelectricity of the ZnO source crystal was uti-
lized in studying the mechanical resonances of the quartz
drive in the actual measurement conditions. The lower
surface of the high-frequency drive to which the source
was attached served as a common electrode. The voltage
amplitude over the ZnO crystal measured as a function of
the vibration frequency of the quartz transducer revealed
the mechanical resonances. The lowest resonance was at
433 kHz and its full width at half maximum was 10 kH'z.

The resonance frequencies of the PZT transducers are
easy to find by monitoring the driving voltage as a func-
tion of the vibration frequency. At the resonance the ab-
sorption of electrical power is increased significantly. The
lowest mechanical resonance of the high-frequency PZT
transducer was at 340 kHz. The method of monitoring
the driving voltage is not useful in the case of the quartz
transducer, since the capacitance of the quartz plate is
much smaller than that of the coaxial cable inside the cry- t

ostat. The mechanical resonance frequencies of the drives
can also be found through Mossbauer measurements. At
the resonance the time average of the transmission intensi-
ty increases sharply, as the vibration frequency is varied.

The phase-switching measurements were performed
with square-wave-shaped driving voltage at a frequency of
19.5 kHz. Passive low-pass and band-reject filters were
used to prevent excitation of the mechanical resonances of
the drive (Fig. 7). Filtering increased the time constant of
the phase switching to about 1 ps. The use of the quartz
transducer was advantageous in phase-switching experi-
ments, since the lowest mechanical resonance of the

quartz drive was at a higher frequency than that of the
PZT drive. The operating frequencies of the high-
frequency drives range from a few kilohertz to above 100
kHz when sinusoidal modulation is used. Even with
sinusoidal voltage the mechanical resonances may be ex-
cited due to harmonics inevitably produced by any func-
tion generator.

The low-frequency transducer was a PZT-4 tube. The
height and outer diameter of the tube were 12.7 mm and
the wall thickness was 0.8 mm. The low-frequency drive
is similar to that first used by Griesinger et al. The
lowest resonance frequency was at -5 kHz, and the
voltage-to-displacement conversion factor was 0.53 nm/V.
In conventional measurements the low-frequency drive
was operated with sinusoidal voltage at a frequency of 130
Hz. The additional center shifts required were produced
using low-pass-filtered triangular voltage at a frequency
of 20 Hz.

The properties of a PZT-4 low-frequency transducer
have been studied with a superconducting quantum in-
terference device (SQUID) based displacement sensor.
The resolution of the sensor was 8&&10 ' m/v'Hz in the
frequency band from almost dc to 10 kHz. The transduc-
er was found to be suitable for Zn Mossbauer experi-
ments with sinusoidal modulation at frequencies up to a
few kilohertz. Triangular motion of good quality could
be.produced at the frequencies and amplitudes studied
(f & 100 Hz, xo ( 1 nm).

Transient experiments were also performed with Fe.
En these measurements the source was a small piece of a

Co:Rh foil. The foil was glued on a PZT plate similar
to that used in the Zn measurements. The absorber was
made of enriched K4Fe(CN)6 3H20 powder containing
0.8 mg/cm of Fe. The 14-keV y radiation was detected
with a O. l-mm-thick NaI(Tl) scintillator ' coupled to a
low-noise photomultiplier tube (PMT). The anode sig-
nal of the PMT was fed via a fast amplifier to a leading-
edge discriminator. The time information of the arriving

y quantum was derived from the anode pulse produced by
the first photoelectron. The output pulses of the discrimi-
nator were used as stop pulses of a time-to-amplitude con-
verter. The start pulses were derived from the output of a
function generator which produced the sinusoidal driving
voltage. The time resolution of the measuring system was
about 5 ns. Energy discrimination was made with ordi-
nary slow pulse electronics by gating the analog-to-digital
converter of the MCA.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Calibration

Certain calibration measurements were performed dur-
ing each measurement series. The low-frequency drive
was calibrated by measuring the separation of the three
innermost quadrupole lines of the ZnO spectrum. The
width of the center line was determined from another
spectrum measured with a maximum velocity of about
twice the total experimental linewidth. An unfolded re-
sult of such an experiment is shown in Fig. 8. The distor-
tion parameter in this measurement was d=0.02, and
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thus an asymmetry of -2/o is expected from Eq. (3.4).
The deviation from the Lorentzian (solid line) cannot be
distinguished within the statistics. The fits of both the
folded and unfolded data gave the same linewidth of
0.55(2) pm/s.

At frequencies considerably larger than the linewidth,
the high-frequency transducer was calibrated by measur-
ing the time average of the transmission intensity as a
function of the driving voltage. The displacement ampli-
tude xo ——a k is proportional to the amplitude of the
sinusoidal voltage. An amplitude calibration at a phase-
modulation frequency of 51.4 kHz is shown in Fig. 9.
The amplitude was varied linearly with a period of about
10 s. As a first approximation the time average of the ab-
sorption is proportional to Jo(a). The fit (solid line) in-
cludes also a correction due to the relatively low frequen-
cy of the phase modulation. In addition to the calibration
this measurement gives information about the possible
distribution of the displacement amplitude. Large ampli-
tude distribution would produce a nonoscillating curve.
At modulation frequencies close to the linewidth, TM
measurements were used for the amplitude calibration (see
below).

B. Sinusoidal modulation

Some results of TM measurements with sinusoidal
phase modulation are presented in Fig. 10. The transmis-
sion curves have been obtained with approximately the
same value of the modulation amplitude a=11. The data
are shown unfolded as a function of the phase Qt of the
modulation. The solid curves are least-squares fits by Eq.
(2.18) with y(t) given by Eq. (3.8). The dashed lines indi-
cate the theoretical background intensity which would be
observed in the absence of the Mossbauer resonance T.his
figure demonstrates how the time-dependent distortions of
the Lorentzian transmission curves develop into coherent
transients and further into quantum-beat oscillations.

The transmission curve of. Fig. 10(a) was measured at a
modulation frequency of 6 kHz and with a maximum
velocity of 0.9 pm/s. As described in Sec. III A, the most
evident deviations from the Lorentzian line shape are the
delay, the asymmetry, and the line broadening (compare
with Fig. 8). The transient oscillations are strongly
damped due to the relatively low value of the distortion
parameter (d=0.9). Figure 10(b) was obtained at a
modulation frequency of 15 kHz with d=6. The damped
interference oscillations are clearly visible. The absorber
field contribution described by the third term. in Eq. (3.7)
enhances the first overshoot. Due to the overshoot the
peak-to-peak effect is larger here than in conventional
measurements. &hen the modulation frequency is still in-
creased, only the quantum-beat oscillations remain. Fig-
ure 10(c) shows the result of a quantum-beat measure-
ment, where the eighth and tenth harmonics of the modu-
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FIG. 9. Average transmission intensity as a function of the
vibration amplitude xo of the source. Frequency of the
sinusoidal modulation was 51.4 kHz. As a first approximation
the absorption is proportional to Jo(xo/k).

FIG. 10. Time dependence of the transmission intensity at
modulation frequencies (a) f & I r/2m, (b) f-1 r/2m, and (c)
f&I r/2m. . Amplitude of the sinusoidal modulation was
xo—2.3&10 m in all cases. Solid lines are least-squares fits

—11

by the theoretical expression (2.18).
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fre uency dominate in the transmission intensity.
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'
h sinusoidal phaseuares fits by Eq. (2.18) to the data obtained with sinu
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p

Measurement

f (kHz)
D (g/cm )

Background
correction

15.0
1.29
0.65(3)

19.5
1.29
O.72(3)

19.5
3.05
0.44(3)

Fitted parameters
a
Ace (pm/s)
r, (~m/s)

1o.7s(8)
—0.040(3)

0.26(2)
0.0139(16)
2.58(34)

6.36(7)
—0.042(5)

0.27(2)
0.0144(20}
2.88(44)

6.32(8)
—0.016(3)

0.27(2)
0.009 66(44)
7.60(56)

xo (pm)
2I ~ (pm/s)

22.7(2)
0.56(2)
0.0214(30)
0.0189(30)

13.4(2)
o.s9(3)
0.0199(32)
0.0211(38)

13.4(2)
0.77(3)
0.0219(24)
0.0235(28)
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voltage-to-displacement conversion factor of the quartz
drive was obtained from measurement III, and it was later
utilized in phase-switching experiments to adjust the
phase shift hip=M Ik. The values of the center shift b,co

and the linewidth 2I T are in agreement with the results
obtained from conventional Mossbauer spectra.

The fit yields an uncorrected recoilless fraction of the
source f,'. The corrected recoilless fraction f, is obtained
by taking into account the background counts in the 93-
keV energy window, an unresolved 91-keV line, and pile-
up of electronic pulses in the single-channel analyzer. The
combined effect of these corrections is given in the table.
The recoilless fraction of the absorber, f„ is obtained
from the Mossbauer thickness T, by using Eq. (4.1). The
weighted averages of the recoilless fractions are

f, =0.0212(16),

f, =0.0213(18).

The corresponding Debye temperatures of the source and
absorber are O'D ——316(6) K and Oz ——316(7) K, respec-
tively. Within the uncertainty, the recoiHess fractions are

equal. In light of the Debye model this is an expected re-
sult, when the very small shift between the source and ab-
sorber line positions is taken into account. An uncertain-
ty of 2% was achieved in the Debye temperatures in spite
of the fact that the measurement conditions were not op-
timal for the separation of the recoilless fractions (com-
pare with Fig. 2). The outcome of these transient experi-
ments is in agreement with the earlier result "
OD ——309(10) K obtained assuming that OD ——OD.

We finally present a result from transient experiments
with Fe and compare it with a Zn measurement. In
Fig. 12, unfolded center parts of transmission curves mea-
sured using these two resonances are shown. Figure 12(a)
was obtained with sinusoidal phase modulation at a fre-
quency of 1 kHz. Only the center line and the ensuing
overshoot are presented, but the quadrupole lines of the
spectrum were also seriously modified. The linewidth of
the most often used Mossbauer isotope Fe is consider-
ably larger (I o/2m=1. 1 MHz) than that of Zn. With
"Fe the conditions for observing distorted line shapes are

not normally fulfilled. Figure 12(b) presents a demonstra-
tion of transient effects with this isotope. The transmis-
sion curve was measured at a modulation frequency of
190 kHz. At this frequency the motion of the PZT drive
used was slightly incoherent.

C. Phase switching

We next discuss results obtained with periodic phase
switching. As described in Sec. IV, the square-wave input
voltage was filtered to avoid excitation of mechanical res-
onances. For illustration we first present a result of mea-
surements uritIiout filtering (Fig. 13). The leading and
trailing edges of the modulation are at 0 and 25 ps. The
amplitude of the modulation corresponds to hy=~/2. In
accordance with the calculations of Sec. III 8, the time
dependence of the transmission intensity contains pro-
nounced oscillations at the resonance frequency of the
quartz drive. In addition to the oscillations there is a de-
caying background. It can be estimated that the ampli-
tude of the vibration is aq —1, and that the voltage-to-
displacement conversion factor at the resonance is about
50 times larger than that at low frequencies. Also, the

80—

-2
l l

-1 0
V E l O C I T Y I rnrn/s}

FIG. 12. Transmission curves measured with sinusoidal
modulation using the Mossbauer resonances of Zn and Fe.
Experimental parameters were (a) f=1 kHz, v,„=15pm/s
and (b) f=190 kHz, v,„=9mm/s. Only the data near zero
velocity are presented. Thickness of the enriched ZnO-powder
absorber was 1.6 g/cm . Curve (b) was obtained at room tem-
perature with a Co:Rh source and with an enriched
~Fe(CN)6 3H20 absorber containing 0.8 mg '7Fe/cm2.
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FIG. 13. Time dependence of the transmission intensity when
a mechanical resonance of the drive is excited by phase switch-
ing. In contrast to Figs. 14 and 15 filtering of the driving volt-
age was not used here. Data points after the phase shifts at 0
and 25 ps are connected to clarify the resonance oscillations.
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disturbances at -20 and -45 ps are probably related to
the excitation of the mechanical resonances.

Results from measurements with filtered square-wave
modulation are shown in Fig. 14. These data were ob-
tained with a relatively thick absorber T, =6.9(6). The
solid lines are least-squares fits by Eq. (2.18) with p(t)
functions shown in the upper part of Fig. 14. The
transmission curve of Fig. 14(c) was measured with
enhanced filtering of the frequency components near the
mechanical resonances. The increased damping with
Ay=3m was necessary because of the larger amplitude of
the driving voltage as compared to the curves of Figs.
14(a) and 14(b). The time constants of the phase changes
are 1 and 2 ps. Due to the band-reject filtering the actual
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99.5 —,
~ +~ ~ ~

ee~ eel~
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oz 1005
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~ ~
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FIG. 14. Transmission curves obtained with phase shifts of
(a) u, (b) 2m, and (c) 3m. Solid lines are least-squares fits by Eq.
(2.18) with the phase modulation qv(t) shown in the upper part
of the figure. As the phase changes, the transmission intensity
exceeds the background level indicated by the broken lines.
Short y-radiation pulses are observed during phase shifts of 2~.
Thickness of the enriched ZnO-powder absorber was 3.05
g/cm here and in Fig. 15.

driving voltage (with a and b) also included a small
( & 5%) oscillating contribution associated with the
changes of the phase.

During the displacement the transmitted signal reaches
a maximum which greatly exceeds the nonresonant back-
ground level indicated by the broken line. The measured
effect, 2.1% peak-to-peak, is about 3 times as large as the
conventional resonance absorption. With a modulation of
zero rise time an intensity change of 2.6(2)% should have
been observed according to Eq. (3.18). The reduction of
the measured effect can be explained by decay of the tran-
sient during the phase shift. For this reason also the in-
tensity change with Acp=m is slightly smaller than with
Ay=2m. The background corrected effect is as large as
4.8%%uo.

Rapid changes are observed in the time dependence of
the transmission intensity in Fig. 14. The damping in
Fig. 14(a) is not purely exponential but it exhibits a contri-
bution of Bessel functions described by Eqs. (3.14) and
(3.15). With b,@=2~, short ( —1 ps) y-radiation pulses
are observed during the change of the phase. The
transmission intensity first reaches a maximum, when the
source has moved half a wavelength. Then, if the motion
has stopped, the intensity decays back to the equilibrium
value [Fig. 14(a)] or, if the motion continues, the intensity
drops rapidly to the steady-state level after a displacement
of another half-wavelength [Fig. 14(b)]. The transmission
curve of Fig. 14(c) contains two y pulses similar to those
observed with Ay=2m and two damped responses of the
phase shift b,cp=m'. The oscillatory behavior of the
transmitted intensity can also be understood as an in-
terference of the source and absorber radiation fields
described by Eq. (3.20).

In the data of Fig. 14(b) there is a slow background
drift in addition to the y-radiation pulses. The drift is
probably caused by residual excitation of the mechanical
resonances of the drive. This contribution is not included
in the fits and a visible deviation between the experimen-
tal and theoretical results exists. According to the con-
siderations in Sec. III B, the background drift provides an
estimate of the degree of disturbances remaining in spite
of filtering of the driving voltage. Because the distortions
are proportional to aq, and aq is proportional to Ay, it
can be expected that the background drift is negligible
with Ay=~. This conclusion is supported by the good
agreement between the experimental and theoretical
curves of Fig. 14(a).

In the transmission curves of Fig. 14 the center shift is
much smaller than the linewidth. New features in the
transmission intensity appear when Ace is increased. Fig-
ure 15 shows a result from phase-switching experiments
with a considerably larger center shift Aco=l. 810. The
center shift was intentionally produced with the low-
frequency drive. The steady-state absorption was reduced
by a factor of almost 2 as compared to the transmission
curves of Fig. 14. The phase shift Ay=a. /2 was chosen
to maximize the effect of Aco on the time dependence of
the transmission intensity. The phase change at 25 ps
corresponds to motion of the source towards the absorber.
The transient beginning at 0 ps resembles those in Fig.
14(a), while the transient beginning at 25 ps is of opposite
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FIG. 15. Result of a phase-switching experiment with the
center shift hco =0.29 pm/s close to I &. Because of the
nonzero value of A~, the two transients look very different.
The phase shift Ay=~/2 was chosen to maximize the differ-
ence between the transients.

40

polarity. The transmission intensity stays quite a long
period, -7 ps, near the level determined by the maximum
resonance absorption.

VI. SUMMARY

The coherent transient effects studied in this work
resemble those observed in NMR and laser spectroscopy.
In all these cases a resonance system is irradiated with
highly monochromatic electromagnetic radiation. The
main limitation of Mossbauer spectroscopy in regard to
coherent transients is the low intensity of the source radia-
tion, which does not allow observation of saturation ef-
fects. In Mossbauer experiments another type of satura-
tion is achieved by using thick resonance absorbers. The
absorber thickness can often be neglected in NMR and
laser spectroscopy, but in Mossbauer spectroscopy it pro-
duces significant effects. Even with thick absorbers the
simple model for the source radiation combined with the
polarization described by Eq. (2.9) resulted in a good
agreement between the theoretical calculations and. the ex-
perimental data.

The transient effects are an important tool in basic
research, and they can be utilized in several types of mea-
surements. With sinusoidal phase modulation, the time
dependence of the transmission intensity consists of an in-
terference term and of another term depending mainly on
the Mossbauer parameters of the absorbers. The latter
term is more pronounced with thick resonance absorbers
and it has a significant influence on the shape of the
transmission curves only in transient experiments.
Separation of the various contributions allows the deter-
mination of the recoilless fractions and linewidths of both
the source and the absorber. These parameters are much
less correlated in transient experiments than in conven-
tional Mossbauer experiments. The interference oscilla-
tions can be used for accurate calibration of the phase
modulation and, hence, of the mechanical displacement.
The separation between the adjacent zeros of the interfer-
ence oscillations corresponds to a displacement of the
source by half a wavelength. In addition to calibration

the oscillations give information about the possible phase
incoherence of the modulation.

Large intensity changes were observed in phase-
switching experiments. The background-corrected peak-
to-peak effect of -4.8%%uo is more than 2 times the recoil-
less fraction of the source or of the absorber. The width
of the y-radiation pulses observed during phase changes
of 2~ can be controlled by varying the rise time of the
modulation. However, it should be noted that at our
counting rates only one modulation cycle of about 1000
actually produces a pulse containing a recoilless y quan-
tum.

Presently experimental difficulties, such as detector
time resolution and incoherency of the phase modulation,
limit the number of Mossbauer resonances which can be
efficiently used in transient experiments. So far most
transient measurements have been performed using the
Mossbauer resonance of Zn. However, Fe should be a
very favorable isotope for the transient studies in the near
future. One should also be aware of the possible existence
of the time-dependent effects when utilizing other
Mossbauer isotopes with narrow lines.
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APPENDIX

The effect of line broadening on transient measure-
ments is calculated in this Appendix. It is assumed that
the broadening is caused by a distribution in the resonance
frequencies of the source and absorber. We also derive a
series expansion for the time dependence of the transmis-
sion intensity and discuss the extension of the theory to
multiline sources and absorbers.

We consider first the energy spectrum of the source ra-
diation. The Fourier-series expansion of the phase-
modulation factor in Eq. (2.1) is

&)p(t) ~ g in Qt„e
lt = —oo

(Al)

where the coefficients are defined by an integral over the
period of the modulation:

2~/Q
Q'~dt .

2m

The coefficients C„are real if )p( t)= p(t) With—— .
sinusoidal modulation, y(t)=a sin(Qt), they are Bessel
functions, C„=J„(a). Equation (Al) can be used to cal-
culate the energy spectrum of the radiation described by
the model of Eq. (2.1):
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CC

dto ~E,(x,co)
~

co —co, —nQ + I o

(A3)

I.(q) = I
2~ g +(y/2)'

(A4)

of width y=I; —I o, the linewidth I, is substituted for
I p in Eq. (A3). The replacement of I o by I, in Eq. (2.2)
can be accomplished similarly. If a Gaussian distribution
G, (g) is employed, the energy spectrum of the source ra-
diation will consist of Voigt profiles.

By using a modification of Eq. (2.13),

ib 6, ( r) ')d g'
as(co) =exp —~ co —roe —'g —t I o/2

(A5)

a distribution G, (g ) in the resonance frequencies of the
absorber can also be taken into account. The integration
in Eq. (A5) corresponds to summing of the polarization
contributions of the form of Eq. (2.9). The function
ag(co) reduces to a (co) when the integration is performed
over the Lorentzian distribution (A4) with y= I,—I o.

The explicit form of the distribution function depends
on the case analyzed. In many cases a Gaussian distribu-
tion or an unresolved hyperfine splitting would be plausi-
ble choices. However, the Lorentzian approximation is
more realistic when, e.g., broadenings due to dilute mag-
netic impurities are studied; Since the calculations are
considerably simpler with the I.orentzian distribution, this

where E,(x, co) is the Fourier transform of E,(x, t). The
spectrum consists of sidebands of width I o at angular fre-
quencies co =co, +n Q.

Broadening of the source line can be taken into account
by replacing co, by co, +g in Eq. (A3) and choosing an ap-
propriate distribution for the deviation g. When the in-
tegration over g is performed using a Lorentzian distribu-
tion

approximation is utilized in Secs. II and III.
%'e now turn to calculation of the transmission intensi-

ty. Equation (2.17) for the time dependence of the recoil-
less radiation can be written with the aid of the Fourier
transforms

a

Ã'(t) ~ f dto f dco f dco'e'" "'a (co)a*(co')

XE,(co)E,*(co') . (A6)

(A7)

where

~s a m+nn a m+mn
2m —~ (co —co, ) +(I,/2)

(AS)

The terms in Eq. (A7) can be readily interpreted as an in-
terference between the nth and mth sidebands. A series
expansion for H„~ can be found in Ref. 7, with a
Lorentzian distribution of resonance frequencies in the
source. Our treatment of the broadening of the absorber
line is different from that presented in Ref. 7. Using gen-
eral distribution functions, Eq. (AS) can be written as

IIg = dco as(co+ n 0)ag*(co+ m 0)
2'IT

00 G, (g)x
(co —co, —rI )'+ ( I o/2)'

When there is no modulation, only Co ——1 is nonzero,
and the conventional transmission integral

Performing the to integration first gives for the total in-
tensity

N(t}=No 1 —f, +f, g C„C"e'" '"'H„-
n, m= —~

f,I, expI bl, /—[( —co co, ) +(I,/2) ]IX(t)=Xo( 1 f +f Hop ) =No 1—f + f — dco
277 (co —co, ) +(I', /2)

(A10)

with b =T~ 1 o/4 results. Here T, is the Mossbauer thickness of the absorber. In Eq. (A10), the angular frequency co,

may include a slowly varying part due to Doppler modulation.
In the above derivation a single-line source and absorber were assumed. A generalization taking into account several

lines in the source can be made by. summing terms of the form of the right-hand side of Eq. (A7). With an absorber in-
cluding several lines, summing of the individual lines should be performed in the exponent of the absorber response. In
each term the thickness parameter b corresponds to the thickness of the line in question. A rigorous treatment of the
multiline sources and absorbers would involve the polarization of the radiation.
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