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Prominent nonlinear transient effects due to thickness saturation are presented for the Mdss-
bauer resonance of >’Fe. Short and intense pulses of resonant y radiation, resembling those ob-
tained with synchrotron radiation, are produced using fast stepwise phase modulation. A y-ray in-
terferometer, based on the 0.86-A wavelength of Mdssbauer radiation, is described. Transient
methods revealed the properties of a 'FegRhoy absorber with an improvement of one order of
magnitude in the statistical accuracy compared with conventional measurement techniques.

Transient techniques have been used in spectroscopic
measurements since their discovery with NMR in the
1940’s.!-3 Recently, a novel type of transient was observed
with optical phase switching. In Mdssbauer spectroscopy
the first results of transient experiments were reported in
1981.> Most transient measurements have so far been car-
ried out with the very narrow Mossbauer resonance of
67Zn.5>"% In addition some >'Fe data have been pub-
lished.%®° Experimentally, transient measurements are
analogous to conventional and quantum beat!%!! measure-
ments, but because of the special nature of the transient
region, some similarities with resonant pulses'>!? of syn-
chrotron radiation are evident.

Intensities of present Mdssbauer sources are not capable
of saturating the absorbers in the sense of NMR and laser
spectroscopy. Yet, thickness saturation gives rise to high-
ly nonlinear effects in the transmitted y intensity, and
these are useful in transient experiments. We report here
the first quantitative results from saturated transient mea-
surements with >’Fe. The large recoilless fraction even at
room temperature makes °>'Fe an especially suitable
Madssbauer isotope when thick absorbers are required.

A classical field model is used here to describe the in-
teraction of source radiation with absorber nuclei. The
time dependence of the radiation field transmitted through
a single-line resonance absorber E7(¢) can then be ex-
pressed as a sum of the original source field E;(z) and the
contribution of the absorber nuclei E,(z).% Associated
with the motion of the source x (¢), the phase of E;(¢) is
modulated by ¢(z) =2zx (¢)/A, where A is the wavelength
of the radiation. This approach appears to suffice for our
case, where the intensity of the radiation traversing the ab-
sorber is detected.'* The time dependence of the transmit-
ted intensity N (z) is given by

NG@)=(Er(t)|?
=No+2RelE;()EXGN]I+(|E,(t) | , 1)

where the brackets denote averaging over the source. We
point out that such a decomposition of N (¢) greatly facili-
tates the description of transient phenomena and is applic-
able also to other transmission Mdssbauer experiments.
The first (constant) term on the right-hand side is the in-
tensity of the source at the detector, the second term de-
scribes interference between the fields due to the source
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and absorber, and the third term is a delayed contribution
due to the absorber radiation. The saturating third term is
proportional to the square of the Mdssbauer thickness of
the absorber 7,.'> For thin absorbers it is negligible com-
pared with the linear interference term, but when T, > 2
both terms become comparable in size. The different time
and phase dependences of these terms in transient experi-
ments allow a substantial extension of the applications of
Maossbauer spectroscopy.

In Fig. 1, the result of an experiment with phase switch-
ing of the 14.4-keV Mdssbauer radiation of >’Fe is shown.
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FIG. 1. Result of a phase-switching experiment when the

source is rapidly displaced by approximately one y-ray wave-
length. The source, a 6-um-thick ’Co:Rh foil with an area of 1
mm?, was cemented on a x-cut quartz crystal (area ~2 mm?
thickness 0.08 mm). The absorber was an enriched 3’Feo1Rhoo
foil containing ~0.8 mg/cm? of >’Fe. Square-wave voltage at a
frequency of 200 kHz was applied across the quartz plate. The
rise time of the 32-V step, starting at 7 =0, was 22 ns. The y
quanta were collected, synchronized to the source motion, with a
0.1-mm-thick Nal(T1) scintillator. Because of the high modula-
tion frequency, conventional multichannel scaling units could not
be used. Instead, the pulses of the scintillator were registered in
a fast-slow coincidence system with the aid of a time-to-
amplitude converter. The time resolution of the detector was 6
ns. Residual excitation of the mechanical resonances of the drive
causes a slowly decaying component to the data.
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Square-wave voltage is applied to a small quartz transduc-
er to which a 3’Co:Rh source!® is attached, and the result-
ing change in transmission through a thick (7,=14)
STFeRh absorber!® is monitored. Before the voltage step
the source and the absorber are at resonance, and
E,=e'"E, in Eq. (1). A rapid displacement of the source
by A/2 rephases E; and E,, producing a sharp transmission
maximum. The pulse width of 36 ns is determined by the
rise time of the mechanical motion, because the voltage
change in Fig. 1 causes a source displacement of approxi-
mately one wavelength. The peak-to-peak change of the
transmitted intensity is more than 200% relative to the
steady-state level N (z <0), corresponding to 380% after
correction for detector background.

As compared with the earlier results® obtained with
67Zn, the pulse in Fig. 1 has a much shorter duration and
larger intensity. Short pulses of resonant y rays (full
width at half maximum ~22 ns) have also been produced

with synchrotron radiation.!? In contrast to synchrotron
J
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radiation, our method does not afford a high polarization
and angular collimation. Nevertheless, Fig. 1 shows that
short controlled y-ray bursts can be produced with small-
scale laboratory equipment. Pulse intensities of
1000-5000 s~ ! are feasible with commercial Mdssbauer
sources. The availability of such pulses can open new pos-
sibilities for time-resolved Mossbauer studies.

We next consider sinusoidal source motion; x(z)
= x,osin({2¢), at a frequency /2r corresponding approx-
imately to the natural width of the resonance I't/2z. Note
that in practice the amplitude and phase of x () do not
necessarily have unique values over the source volume. In
the following, variables X and ¢ describe small amplitude
and phase distributions around x¢ and Q¢, and ¢, is the
time when the source and absorber are at resonance:
dx/dt |, =;, =0, assuming zero shift between the line posi-
tions of the source and the absorber. The time evolution of
the interference term, after the resonance minimum is rap-
idly passed, can be approximated by®

1/2 I r—y
Rel(E;())EX ()] = —Nofsb< [ z@?zﬂ) ] expl— (I, +T,) (1 —1,)/2] J‘(zbz(t_t ;’))
xcos{2nlx (¢) —x(t,)]/k—:r/4}>“ . (@)

Here f; is the recoilless fraction of the source, and I'; and
I'; are the widths of the assumedly Lorentzian source and
absorber lines, respectively. Parameter b =T7,I'¢/4 is pro-
portional to the Mdssbauer thickness of the absorber, J; is
the Bessel function of the first kind, and &(z,)
=d%p/dt?|, =, > ([, +T,+b)?/4. When the remaining
averaging over X and ¢ is performed, additional damping
appears in Eq. (2).

The cosine factor of expression (2) oscillates at the in-
stantaneous “Doppler” beat frequency between E; and E,.
One period of oscillation corresponds to a displacement of
the source by A, which for S’Fe is 0.860230(5) A in va-
cuo.'"” The extremely high stability of Mdssbauer reso-
nances cannot be fully utilized in displacement measure-
ments as counting statistics presently limit the relative ac-
curacy to ~1072. The method of measurement is dynam-
ical: The data are collected in the time domain and th?

-
time during which the phase coherence is preserved is
determined by the lifetime of the MdGssbauer state, which
varies for the most common M{ssbauer isotopes in the
range 1 ns-10 us (1 min for 'Ag). No separate refer-
ence beam is required to produce the interference pattern,
contrary to, e.g., x-ray interferometer techniques,'® and
very small amounts of source material suffice. In Fig. 2,
the result of an experiment is shown, where such a simple
y-ray interferometer is used to measure the motion pro-
duced by a quartz transducer vibrating at 1.25 MHz. The
interferometric oscillations are clearly visible. According
to the fit the average amplitude of the source motion is
X0=3.49(l) A

Using the same assumptions as made when deriving Eq.
(2), the last term of Eq. (1) becomes for r—t¢,
> /n/e(,),

JEQ/b G —1,))

<IEa(t)12)=N0f,b2< @ft”) expl—T, (¢ —1,)]

r

X 1+————‘f2/7

Ve, )t —1,)

Since \/#(z,) is larger than the relaxation rates of the sys-
tem, the sine term is small and the damping in Eq. (3) is
mainly determined by the properties of the absorber (I",
and b). Especially, because distributions in the modula-
tion do not mask this decay, the result is not sensitive to
experimental nonidealities. These fundamental differ-
ences between Egs. (2) and (3) suggest an improved

method for determining Mdssbauer parameters.
Some results of an experimental test comparing conven-

sinf27lx ¢) —x (1,)1/A — n/4}

b(t—1t)

>m . 3)

{ional and transient methods in line-shape measurements
are shown in Fig. 3. The maximum velocities of the mea-
surements were of the same order of magnitude, but the
modulation frequencies differed largely. An elec-
tromechanical velocity transducer was used to measure the
spectrum in Fig. 3(a). In the measurement of Fig. 3(b)
the motion was accomplished with a piezoelectric polyvi-
nylidene fluoride (PVDF) transducer,'® to which part of
the source foil used in the conventional measurement was
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FIG. 2. Transient curve obtained with sinusoidal voltage ap-
plied to a quartz transducer (diameter 3 mm, thickness 0.15
mm). Modulation frequency was 1.25 MHz. Sources and ab-
sorbers in the measurements of Figs. 2 and 3 were as explained
in Fig. 1 except for the absorber thickness of 0.4 mg/cm? of *’Fe.
Separation of the adjacent zeros of the interference oscillations
corresponds to a source displacement by half a wavelength
(~0.43 A). The solid curve is a theoretical fit to the data, and
the displacement scale shown is linear.

attached. The same >"Feg ;Rhg g absorber was used in both
experiments.

In Fig. 3(a), the solid curve is a least-squares fit to the
data by the transmission integral?® applicable at low drive
frequencies. Parameters I';, I',, and T,, which determine
the experimental linewidth, were varied in addition to N
and f;. The fit gave statistical uncertainties as large as
40-100% for the linewidth parameters, which made the
results practically unusable. The fitted curve is also shown
as decomposed into the interference and saturating terms
of Eq. (1). An interesting feature is the double-peaked
shape of (|E,|?). However, no trace of such behavior
remains in the transmission integral.

The solid curve of Fig. 3(b) was obtained by fitting a
general theoretical expression® to the data. Altogether ten
parameters were variable, including No, f;, xo, T's, Ty, Ta,
and o, Here o, is the standard deviation of the distribu-
tion of ¢, assumed to have Gaussian shape.!! Experimen-
tal nonidealities, such as source inhomogeneities and dis-
tortions of the modulation, can be treated by letting I'; and
o, vary. When the fitted curve in Fig. 3(b) is decomposed
in the same way as in Fig. 3(a), it is seen that the interfer-
ence term shows highly damped oscillations and that the
saturating term is delayed and nonoscillatory, in agree-
ment with the approximations of Egs. (2) and (3).

Values of I'; and T, obtained from the fits of Fig. 3 and
from two other transient experiments are collected in
Table 1. The statistical uncertainties of the results from
transient measurements were 1-2 orders of magnitude
smaller than those of the conventional measurement of
Fig. 3(a). As the total number of counts and the signal-
to-background ratio of the detector were smaller in the
transient experiments, the increase in accuracy must be

BRIEF REPORTS 34

N (v)/Ng

v \y
L v

I L
0 500 1000
t (ns)

L
2000

L
1500

FIG. 3. (a) Unfolded result of a conventional transmission ex-
periment with constant acceleration modulation at a frequency
of 20 Hz and maximum velocity of 1.00 mm/s. (b) Transient
transmission curve with sinusoidal modulation. The source was
attached to a 28-um-thick PVDF film which served as the trans-
ducer. The modulation frequency was 510 kHz and the max-
imum velocity 1.4 mm/s. Otherwise the setup was similar to that
of Figs. 1 and 2. The contributions to the fits (solid curves) by
the interference and saturating terms of Eq. (1) are shown by
the dashed and dash-dotted curves, respectively.

due to a significantly reduced correlation between the
line-shape parameters. Although the values of I'; and o,
displayed an experimental broadening as large as ~TI in
the source line, the results for I',/27 are very close to the
natural linewidth I'o/22=1.128 MHz. The (systematic)
variations in the values of T', and T, in Table I appear to
be of the same order of magnitude as the statistical uncer-
tainties. Yet, they are smaller by a factor of ~ 10 than the
additional broadenings in the source line, reflecting the in-
sensitivity of the transient method to experimental distur-
bances.

In summary, saturated transient Mossbauer spectros-
copy presents several novel features for >’Fe, such as short
y pulses, an ultrasonic y-ray interferometer, and an im-
proved accuracy in measurements of parameters which
correlate strongly in conventional Mdssbauer experiments.
The results are explained by a model, which resembles
semiclassical theories of NMR and laser spectroscopy.
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TABLE L. Results of a conventional experiment (a) and of three transient experiments (b)-(d) with
the >"Feo.Rhoo absorber. Values of the frequency Q/2z and maximum velocity vo = Qxo of the source
motion, absorber linewidth (excluding thickness broadening) I's/2x, and Moéssbauer thickness T, are
given with statistical uncertainties of the fits. A fixed value of vo had to be used when fitting the con-
ventional spectrum.

Q/2x (kHz) vo (mm/s) I'./2z (MHz) T.
(a) 0.02 1.00 1.2x1.2 7.5+3.4
(b) 510 0.76 £0.01 1.076 £0.033 7.25+£0.12
(c) 510 1.08 £0.02 1.193 +£0.036 6.69+0.14
) 510 1.41 £0.02 1.257 £0.048 7.12%+0.46
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Transient methods should be well adapted to studies of,
e.g., relaxation and diffusion where knowledge of the actu-
al line shape of the absorber is important. Mdssbauer
transients may also provide additional information when
considering the interaction of light field with resonant
matter, especially in the case of optically thick samples.
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