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Recently, in a paper by Kohn and Smirnov, a formula previously derived by Kagan et al. was developed to
explain the forward scattering of gamma radiation by a nuclear-resonant sample excited by pulsed synchrotron
radiation. Their derivation followed, directly, a procedure developed by Heitler, Harris, and Hoy. Previously, a
completely different formula was developed by Hoy et al. to explain the same process. As a result, Kohn and
Smirnov discuss the correctness and validity of the two models. In this Comment a detailed numerical com-
parison of the two theories has also been made. It is shown that their comparison is substantially inaccurate.
The two models give essentially the same results. There is some small difference at times long after the
synchrotron radiation pulse. If experiments of this type are used to extract nuclear parameters, either model
will provide the same results. Either model will fit the experimental data well.
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I. INTRODUCTION

We would like to comment on the recent paper by Kohn
and Smirnov." In their paper Kohn and Smirnov use the
methods of Heitler,”> Harris,> and Hoy* to obtain the same
solution as already given by Kagan et al’ to describe
nuclear-resonant forward scattering of synchrotron radiation.
We do not quarrel with their derivation of the so-called semi-
classical optical model (SCOM) result. One can say, a priori,
that their result is correct since Harris® did exactly the same
thing, using the Heitler approach to obtain the semiclassical
optical model solution for the radioactive source case that
Hamermesh and co-workers® had already obtained. Our con-
cern has to do with the comparison Kohn and Smirnov make
of the semiclassical optical model with the coherent-path
model (CPM). We will show that the majority of their state-
ments on this subject are not true.

II. TWO MODELS

The two models in question are the semiclassical optical
model! and the coherent-path model.” To simplify the com-
parison, we confine our attention to the case where there is
just one resonance transition in the resonant sample having
frequency ;.

A. SCOM

In the SCOM the amplitude for finding a resonant photon
of frequency w; at the detector, at time 7 after the synchrotron
radiation pulse, and after passing through a sample of thick-
ness d is given by!
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J, is the Bessel function of first order and the nuclear-
resonant thickness parameter is given by B=Nyoyfnd. Here
N, is the number of resonant nuclei per cm?, oy, is the maxi-
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mum cross section evaluated on resonance, f is the recoil-
free fraction, # is the isotopic enrichment of the sample, and
d is the thickness of the sample. The mean lifetime 7 of the
first excited nuclear level is T=%, where T is the energy full
width of the first excited nuclear level.

B. CPM
The corresponding equation for the CPM (Ref. 7) is

N-1
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In Eq. (2) N is the number of effective resonant nuclei in the
one-dimensional chain representing the sample or equiva-
lently one could say the number of stacked “effective”
nuclear resonant planes in the sample. The factor 7y is the
radiative width of the first excited nuclear level and (,},) is
a binomial coefficient. Thus in the SCOM there is the
nuclear-resonant thickness parameter § while in the CPM
there is simply the parameter N. The relationship between
the two parameters is

_ Bt
_szR.

Equation (3) is very unusual because the left-hand side must
always be an integer, while the right-hand side is certainly
not, in general, an integer. The procedure for applying Eq.
(2) to an actual experimental result is to evaluate the right-
hand side of Eq. (3) for the sample under study and then to
pick N as the nearest integer.

3)

III. COMPARISON OF THE TWO MODELS

Before investigating the two models in detail, we will
show calculations for a rather thick sample. This will bring
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FIG. 1. (Color online) The time-dependent intensity for radia-
tion reaching the detector assuming a rather thick sample. The two
models are compared with each other and with the normal lifetime
curve. The upper figure shows the speedup effect. The lower figure
shows the dynamical beat effect. For this calculation the sample
thickness parameter was taken to be B=10.406. This value of S
corresponds to “N” =47.764. Thus for the CPM calculation, N was
set at 48. The solid line is the SCOM result and the circles show the
CPM result.

out the essential features contained in the experimental re-
sults. For all of our calculations we will use the famous
Mossbauer transition in °’Fe and calculate the time-
dependent intensity of the radiation reaching the detector. Of
course the intensity is the absolute value squared of the am-
plitude. These results are shown in Fig. 1. Figure 1 provides
the opportunity to describe the known essential features of
the experimental results. These well-known features go by
the names the “speedup” and “dynamical beat” effects. The
speedup effect is shown in the upper portion of Fig. 1. Com-
pare the ordinary lifetime curve with the model results. It is
clear that the exponential decay rate for the thick sample is
much faster than the normal lifetime. The dynamical beat
effect is shown in the lower portion of Fig. 1. Notice the
local maximum at a time greater than #=0. This is the dy-
namical beat. The origin of these effects is easily seen in the
CPM as arising from the interference between the amplitudes
of the various “paths.” As remarked above, these effects have
been verified experimentally. Notice further that, for this
relatively thick sample, the two models give very similar
results.

Now we consider the numerical comparison of the two
models in some details. Kohn and Smirnov' state that the
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FIG. 2. (Color online) The thin sample limit is considered in this
figure. In order to show any differences more clearly, a semiloga-
rithmic plot is made. There are two curves plotted according to the
SCOM corresponding to 8=0.104 and $=0.208 (the solid lines).
There is one curve for N=2 using the CPM (the circles) and the
natural lifetime curve (the dotted line) is also shown. Of course for
N=1, using the CPM, one has the natural lifetime result.

CPM “is incorrect for small sample thickness.” To investi-
gate their claim, consider Fig. 2. A semilogarithmic plot is
made for Fig. 2 in order to show any differences more
clearly. There are four plots in Fig. 2. There are two plots
showing thin samples using the SCOM results corresponding
to 8=0.104 and 8=0.208. These are plotted as solid lines.
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FIG. 3. (Color online) A comparison of the time-dependent in-
tensity for radiation to reach the detector assuming the CPM and the
SCOM solutions. For the upper graph the parameter for the CPM is
N=10. The corresponding parameter for the SCOM is $=2.179.
For the lower graph the parameter for the CPM is N=20. The cor-
responding parameter for the SCOM is =4.457.
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FIG. 4. A comparison of the time-dependent intensity for radia-
tion to reach the detector assuming the CPM and the SCOM solu-
tions. For the upper graph the parameter for the CPM is N=30. The
corresponding parameter for the SCOM is B=6.536. For the lower
graph the parameter for the CPM is N=40. The corresponding pa-
rameter for the SCOM is $=8.715.

There is one plot showing the natural lifetime curve, which
would also correspond to the CPM result for N=1. This
curve is given by the dotted symbol. The additional result,
denoted by the circular symbols, is calculated using the CPM
where N=2. The difference between the dotted lifetime
curve and the CPM (N=2) curve would allow SCOM results
to be plotted for thickness values of 8=0.208. However, if
one calculates the difference in the values of the lifetime
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FIG. 5. A comparison of the time-dependent intensity for radia-
tion to reach the detector assuming the CPM and the SCOM solu-
tions. The parameter for the CPM is N=50. The corresponding
parameter for the SCOM is 8=10.893.

PHYSICAL REVIEW B 79, 106401 (2009)

1 T T T T T T
2
£ os |
R
0 ol L ] ] ] il
0 100 200 300 400 500 600 700
time in ns
T T T T T T
2
£ 0.005 -
E
0 | 1 1 |
0 100 200 300 400 500 600 700
time in ns
T T
z
Z
g 0.001— 7
E
| |

0 100 200 300 400 500 600 700

time in ns

FIG. 6. (Color online) A comparison of the time-dependent in-
tensity for radiation to reach the detector assuming the CPM and the
SCOM solutions for a very thick sample. The parameter for the
CPM is N=170. The corresponding parameter for the SCOM is 8
=37.04.

curve and the CPM (N=2) curve as a function of time, one
finds the following results. The percentage difference be-
tween the two curves is 0.3% at 100 ns and 0.6% at 200 ns.
One sees that for thin samples, there is a range of thickness
that gives essentially the same result. Thus in principle, there
could be differences for small thickness but the differences
would be difficult to observe. If such differences are impor-
tant, time consuming experiments could be performed. This
is particularly true for times up to the natural lifetime 7 of
141 ns. As time increases the curves continue to diverge
from each other. In an actual experiment it is very time con-
suming to obtain data at very late times where the counting
rate is very low. Thus the conclusion is, for thin samples,
both models will give essentially the same results and will
agree equally well with the experimental data. Any differ-
ence between the two models can only be observed by per-
forming very time consuming experiments.

Kohn and Smirnov! go on to say that they can show that
the difference between the two models goes to zero as N
— oo, In fact this issue is a bit tricky. In the first place there is
essential agreement between the two theories for all thick-
nesses (see Figs. 3-5 for a few selected cases). Furthermore
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as N goes to infinity, the intensity must go to zero, so in some
sense the two theories must approach each other. The prob-
lem is to get perfect agreement for all times. In fact, what
happens in the limit is that the disagreement occurs, in time,
at the locations of the dynamical beat maxima and since the
total intensity is very small the actual difference is very, very
small (see Fig. 6).

One final numerical remark is in order. One may ask quite
legitimately, due to the integer value of N in the CPM, are
there some samples’ thicknesses that cannot be treated accu-
rately using the CPM. Calculations show that, for all values
of sample thickness, there is a difference in the two models
of about 2% at time r=100 ns. This difference increases to
about 4% at time t=200 ns. For all other cases, in between
those shown and over larger time ranges, exactly the same
trends continue as given by those shown in the figures pre-
sented.

IV. SUMMARY AND CONCLUSIONS

The two models, namely, the coherent-path model and the
semiclassical optical model can be expected to fit any experi-
mental data concerning the time-dependent nuclear-resonant
forward scattering of gamma radiation, through a resonant
sample, excited by a pulsed synchrotron radiation source.
Thus, if such experiments are used to obtain the nuclear pa-
rameters, both models will provide the same results. Both
models show the essential features of the speedup effect,
dynamical beats, and “quantum beats” when there is more
than one resonant transition. It is interesting to note that the
two models are of a completely different sort. The SCOM
considers the nuclear-resonant sample as a continuum. The
CPM treats the resonant sample as a one-dimensional chain
of effective resonant nuclei. The CPM solution is in the form
of a finite series for all sample thickness. Also, note that all
terms in the finite series must be evaluated. The SCOM is in
the form of the J; Bessel function. The concept of multiple
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scattering is completely different in the two models due to
the different initial assumptions built into the models. Note
also that the initial assumptions for each model are approxi-
mations to strict reality. In that regard it is worth noting the
fundamental and more complete research done by Hannon
and Trammell.?

It is possible that experiments could be done to determine
which one of the two models gives a better fit to the data. We
have no basis to presume that the coherent-path model would
fit the data better than the semiclassical optical model. More-
over, it appears that such an experiment would be quite time
consuming in order to obtain sufficient statistics. Since the
two models give essentially the same numerical results, the
value of the coherent-path model is due to the physical in-
sight gained. It should also be noted that the CPM results*
for the radioactive source case also agree with the SCOM
results® due to Hamermesh.

Finally, one may wonder why the one-dimensional model,
i.e., the CPM, provides a good description for the three-
dimensional case. There are a number of factors from the
theory of x-ray diffraction that may be helpful. Consider the
well-known text by James.” When the frequency of the inci-
dent radiation is comparable to the resonant frequency of the
oscillating dipoles, the scattering factor will be imaginary.
The imaginary part of the scattering factor denotes a compo-
nent of the scattering by the dipole; the phase of which lags
/2 behind the primary wave. Now we quote directly from
James. “We have seen that the dipoles lying in any thin sheet
parallel to the primary wave front produce a resultant wave
whose phase is retarded /2 behind that of the waves scat-
tered by the individual dipoles in the sheet. If this phase
already lags /2 behind that of the primary wave, the retar-
dation of the resultant scattered wave will be 7, so that it
opposes the primary wave.” James goes on to say that this
represents absorption. This analysis follows exactly the form
of the coherent-path model.
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