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1. INTRODUCTION

Mossbauer spectroscopy is a useful téchiiique for phase identification and chemical
analysis in metallurgy. The work by Fultz [ ref.1 ] is a good example of how the technique
can be successfully used in characterizing Fe-Ni-X _alloys, where X are Cr, Si, Mn and.
etc.. However, a critical problem in utilizing Mossbauer spectroscopy for quantitative
analysis is the specimen thickness correction. This problem was relatively well explained
[ref. 3-9] and solved [ref. 10-16] for the transmission M&ssbauer spectrum (TMS), but not
for the backscattering Mossbauer spectrum (BMS).

The goal of the quantitative analysis is to relate the amplitude or the area underneath’

‘a peak in 2 Mdssbauer spectrum to the phase or chemical element that induces the peak.

For a thin specimen, the peak amplitude or the area underneath have a linear relation with -
the amount of the phase oi' chemical element. But for a very thick specimen, the linear
relation is no longer valid; each individual Méssbauer element does not contribute to the
peak the same amount as it does for a thin specimen. A thickness correction is necessary.

There are two ways to proceed the thickness correction: experimental calibration or
theoretical calculation. The latter one requires a theory to compute the peak amplitude or
the area underneath as a function of the specimen thickness for a given phase.

This project was initiated as a result of my curiosity about the computational results
of Dr. Narendra K. Jaggi [ref.2]. Figure 1 in Chapter 4 of his thesis showed non-
monotonic saturation of the peak amplitude with specimen thickness for the stainless steel
backscattering Mossbauer spectra ( see Figure 1 in this thesis ), and ‘Figure 2 in his thesis (
also Figure 2 in this thesis ) actually showed that the amplitude becomes negative as the
thickness exceeds a certain value for the backscattering Mossbauer spectra of Fe in coal.
This is a surprising result because if it is true any attempt at quantitative analysis based on

peak amplitude is futile as the pealt amplitude may be negative!



The first portion of this work was to verify Jaggi's computation experimentally. In
the process of computation, a simple criterion was found for the occurrence of negative
amplitude BMS. This criterion indicated that Be metal with Fe impurity is the most
promising available material for achieving negative amplitude BMS. The backscattering
Mossbauer spectra of Be with < 1 wt % of Fe collected by us showed a transition from the
"peak" to the "dip" with increase in the specimen thickness.

The second result of this work is that the non-monotonic saturation of peak
amplitude with the scatterer thickness also occurs in conversion x-ray backscattering
Moéssbauer spectroscopy, but for a different reason. Bearing in mind the similarities and
differences between the y-ray BMS and x-ray BMS, Bara-Jaggi's theory of y-ray BMS has
been modified, and applied to the x-ray BMS. The numerical calculation based on the
modified theory showed that the peak amplitude of x-ray BMS increases with specimen
thickness non-monotonically. The mdssbauer spectra collected on pure Fe specimens with

a range of thickness proved the theory.



2. BACKGROUND

Even though Mdssbauer spectroscopy (MS) is becoming a common technique in
the field of metallurgy, it will be convenient for the reader of this thesis if important
concepts in MS are briefly explained here. Several text books on Mdssbauer spectroscopy
[ref.17,18] provide more details.

| Méssbauer specl:foscopy makes use of the Mdssbauer effect (ME) discovered by
Rudolf Méssbauer in 1957. The ME is a mechanism to achieve nuclear resonance.
Nuélear resonance occurs when a y-ray photon emitted by a de-exciting nucleus is
resonantly absorbed by exciting another nucleus of the same isotope. Nuclear resonance
had never been achieved experimentally before Rudolf Mossbauer's experiment. The early
failures were due to the recoil of the nuclei, which occurs when isolated nuclei emit or
absorb y-rays. This recoil occurs to balance the change of momentum during the emission
or absorption. The energy taken away by the recoil of the nuclei spoiled exact coincidence
of the incident y-ray energy with the resonant energy of the absorber nuclei, and so made
the nuclear resonance impossible. But R. Méssbauer succeeded in realizing nuclear
resonance "recoillessly” by imbedding the nuclei of the y-ray emitter and absorber into a
well-bound crystalline solid. The beauty of the ME is that the whole crystalline solid
recoils instead of the individual nucleus, so that the energy taken away by recoil will be
negligible, since the recoil energy is inversely proportional to the mass of the object that
recoils. Detailed calculations [ chapter 2 in ref.18] give a recoilless fraction, f, of the y-rays
emitted that depends on the lattice dynamics of the crystal in which the Méssbauer nuclei |
are imbedded.

A simple layout of the 57Fe Mdssbauer spectrometer is shown in Figure 3. In the
y-ray source, S7Co nuclei decay radioactively with a half life of 270 days to 57Fe which are
in excited states; de-excitations to the ground state of the 57Fe nuclei produce y-rays with

several energies. The resulting 14.4 keV y-rays (from the first excited state to the ground



state) can excite S7Fe in the specimen we want to study with much higher probability than
the other high energy y-rays can do. To accomplish nuclear resonance, the source is
vibrated by a driver, usually for experimental simplicity, the velocity changes with time as a
triangular waveform. The purpose of such vibration of the yray source is to modulate y-
ray energy by the Doppler effect. If E is the y-ray energy when the vibrating velocity is
zero, the energy of the y-rays produced by a vibrating source will be Eg (1 + v/c¢ ) when
the velocity is v, where ¢ is light speed. Eg is the energy difference between the excited
and ground states of a 57Fe nuleus in the y-ray source, while the resonant energy, Ey, is
the energy difference of the excited and ground states of a 57Fe nucleus in the specimen.
Eg is usually slightly different from E;, because the hyperfine interaction of the nuclear
positive charge with its electronic environment changes the nuclear energy level. Since the
matrix materials ( alloy compositions ) for S7Fe in the y-ray source and in the specimen are
different, so are the hyperfine interactions, and therefore Eg and E;. The Doppler effect-
induced y-ray energy modulation can cause Eq ( 1 + v/ ¢ ) to match E; at a certain v called
the resonant velocity; velocities that do not cause matching are called off-resonant
velocities. Generally v is called the Doppler velocity. A Méssbauer spectrum is a plot of
the number of y-rays received by the detector as a function of the Doppler velocity.

There are two basic experimental geometries for MS, transmission Méssbauer
spectroscopy and backscattering Mossbauer spectroscopy. TMS has the absorber between
the y-ray source and detector, while BMS collects the y-rays being scattered back by the
absorber. These backscatted y-rays are actually re-emitted y-rays as a result of de-excitation
of the excited 37Fe in the specimen. TMS and BMS are complementary in the sense that
TMS shows minimum counts (dip) of y-rays at the resonant velocity while BMS shows
maximum counts (peak) at the resonant velocity.

There are three kinds of BMS. Besides the above-mentioned y-ray BMS, the other
two are conversion x-ray and conversion electron BMS. As an alternative to re-emission of

a y-ray, the de-excitation of the excited 37Fe in the absorber may happen by an internal



conversion process. In this process the internal orbital electrons are ejected by the energy
released from the de-excitation. The electron orbit vacancy thus produced is refilled by an
outer orbital electron, so that x-rays and Auger electrons are produced. The spectrum of
the ejected electrons (so called "internal conversion electrons”) or x-rays as a function of
the Doppler velocity contains the same information about the energy levels of the 57Fe in
the absorber that the y-ray BMS provides. The only difference between the conversion
electron BMS, x-ray BMS'énd Y¥-ray BMS is the penetration depth; the conversion electron
BMS reflects information from the surface of the specimen.

The absorption peak for the nuclear resonant absorption of y-rays is extremely
narrow and sharp, (e.g. for 37Fe its width is about 9.78 x 109 eV), and is of the same
order as the hyperfine interaction between the nucleus and its electronic environment. MS
thus provides a new way to characterize the hyperfine interaction. In the field of metallurgy
MS is usually used as a phase identification and chemical analysis technique. The principle
is that different phases or chemical elements change the nuclear energy levels of 57Fe
differently ( some may shift the nuclear level, or may change a single level to a doublet or

sextet ), which gives each phase a unique spectrum as its fingerprint.



3. THEORY

This section includes two parts. In the first part, Bara's theory of y-ray BMS for
finite thickness scatterers is briefly explained. Based on that theory, a simple expression of ~
the criterion for negative amplitude BMS is developed. In the second part, a new theory of
x-ray BMS for a scatterer of finite thickness is derived, the peak amplitude of the x-ray

BMS as a function of the scatterer thickness is then calculated.

3.1. Analysis of y-ray BMS
3.1.1. Bara's theory of y-ray BMS for a scatterer of finite thickness

The mathematical theory of y-ray BMS for finite thickness scatterers was first.
provided by P. Debrunner and R. J. Morrison (ref.19), and later was expanded by B.
Balke and G. R. Hoy (ref.20). J. J. Bara is the first person who solved the problem
properly (ref. 21-23). Based on Bara's theory, Narendra K. Jaggi further studied this

issue (ref.2).

Bara proposed that the y-rays being scattered by a scatterer containing Mossbauer .

elements result from seven contributions. The y-rays from the source have both a
recoilless part and non-recoilless part; they are the results of recoilless emission and non-
recoilless emission of Y-rays through de-excitation of S7Fe. As mentioned previously, only
the recoilless y-rays can be resonantly absorbed by the 57Fe in the scatterer. There are two
kinds of scattering processes: resonant scattering, i.e. the y-rays being resonantly absorbed
and subsequently re-emitted, and non-resonant scattering, in particular, Rayleigh ;scattedng
(the incident y-rays collide with the atoms in the scatterer and are scattered; another way of
looking at Rayleigh scattering is to consider it as a collision of incident y-rays with tightly-
bound electrons) and Compton scattering (collision of incident y-rays with loosely-bound
electrons). In summary, the above-mentioned seven contributions are: the recoilless part of

the incident y-rays being scattered by nuclear resonance recoillessly (1) and non-



recoillessly (2), by Rayleigh scattering recoillessly (3) and non-recoillessly (4) , and by
Compton scattering (5); the non-recoilless part of the incident y-rays being scattered by
Rayleigh (6) and Compton (7) scattering. |

There are two kinds of absorption: resonant absorption, i.e. nuclear resonant
absorption; and non-resonant absorption, including photoelectronic absorption, Rayleigh
scattering absorption, and Compton scattering absorption. Yy-rays are "really” absorbed by
the photoelectronic absorption, but are only scattered by Rayleigh and Compton scattering
absorptions. |

The mathematical expressions listed in Table 1 for the seven contributions can be
derived with the aid of Figure 5. First of all, a scatterer of finite thickness can be divided
into numerous layers with infinitesimal thickness; integrating the backscattered y-rays from
each layer will give the total backscattered y-ray intensity. For each layer, the incident
recoilless and non-recoilless y-rays should be considered separately. The incident
recoilless y-rays have the well-known intensity vs energy distribution of the Lorentzian
form [ ref.24 ]. The Lorentzian function is shown in Figure 5, and is characterized by the
symmetry center Eg and full width at half height, I. Before the recoilless incident y-rays
have reached an embedded layer ( see Fig. S ), the intensity is reduced by resonant
absorption and non-resonant absorption. The resonant absorption also depends on the y-
ray energy according to the Lorentzian function. In the embedded layer dt, the y-rays are
resonant-scattered by the nuclear resonance, and also non-resonant-scattéred by Rayleigh
scattering recoillessly and non-recoillessly and by Compton scattering non-recoillessly. In
those resonant-scattered y-rays, f; portion of them are recoillessly scattered, (1 - f1) portion
of them are non-recoilessly scattered. As the scattered y-rays are coming out of the
scatterer, recoillessly scattered y-rays are subjected to both resonant absorption and non-
resonant absorption, while non-recoilless scattered y-rays are subjected to non-resonant
absorption only. The y-ray detector counts all y-rays with energy around 14.4 kev, so

integration over the incident Y-ray energy is required to get a total detector count.



Computation of scattering of non-recoilless incident y-rays is simple; since they are only
non-resonantly absorbed and scattered, there is no energy distribution complexity involved.

The total detector count depends on the Doppler velocity. As explained in the
background section, Eg is usually slightly different from E;. Therefore the energy
distribution of incident recoilless y-rays does not fully overlap w1th the energy distribution
of resonant absorption by the scatterer. The Doppler velocity shifts the incident y-ray
energy distribution, so that for some v, the two distributions coincide ( resonance occurs ),
while for other v, the two distributions are fully split ( off-resonance).

The detailed derivations of the mathematical expressions for the seven contributions

were provided in ref.23 and are provided here in Appendix 1.

3.1.2. Why Non-Monotonic Saturation ?

The formulae in Table 1 may be used for many applications, e.g. curve fitting and
peak shape analysis. One of the important applications is relating the peak amplitude, or
area underneath the peak to the specimen thickness, or amount of material that contributes
to that peak.

Intuitively one would expect that the peak amplitude of the BMS would increase
linearly with the scatterer thickness for thin scatters, then begin to level off as the thickness
increases further, and finally would saturate to a certain value. Indeed, this is how the
transmission Mossbauer spectrum behaves [ref.3-9]. But actually if the numerical
calculation of the peak amplitude vs scatterer thickness is plotted based on the formulas in
Table 1, it shows non-monotonic saturation as plotted in Figures 1 and 2. Why does non-
monotonic saturation occur?

The peak amplitude of BMS is defined as N(0) - N(eo), i.e. the y-ray count at
resonant velocity minus the count at off-resonant velocity. From Table 1 ‘it can be seen that
the contributions (6) and (7) are independent of Doppler velocity, so they are irrelevant to

the peak amplitude.



The sum of the other five contributions at resonant velocity (as N(O) in Figure 4)
and at off-resonant velocity (asv N(ee) in Figure 4) are plotted respectively as a function of
scatterer thickness for stainless steel in Figure 4. It can be seen frovm Figure 4 that N(0)
saturates at smaller thickness than N(ee) does. This makes sense because at resonant
Doppler velocity, the absorption processes are resonant absorption plus non-resonant
absorption, while at off-resonant Doppler velocity, there is only non-resonant absorption.
The greater the absorption, the smaller the saturation thickness 1s It is the difference in the
saturation thickness between N(0) and N(eo) that results in the non-monotonic saturation of

the peak amplitude with the scatterer thickness.

3.1.3. Criterion of negative amplitude BMS

| ' The method of obtaining information on the specimen being studied from the BMS
includes analysis of peak position and amplitude. If some phases or chemical elements
show their existence via "dips" rather than peaks, the analysis becomes confusing. It is
necessary to understand under what circumstances the nuisance "dip" appears. Since the
conditions for the appearance of a dip are not clear from simply looking at the integration
formulas in Table 1 and doing numerical calculation, a simple expression is presented here
for the criterion of negative peak BMS. The criterion itself also gives insight about why '
negative amplitude BMS can appear.

From Table 1 it can be seen that not only the contributions from resonant scattering
of recoilless incident y-rays (types (1) and (2)) are Doppler velocity dependent, but also the
contributions from pon-resonant scattering of recoitless incident y-rays ( types (3), (4) and
(5) ) are Doppler velocity dependent. If the individual contributions to the BMS are plotted
against Doppler velocity, the contributions from (1) and (2) show a peak at resonant
veloci.ty, but the contributions from (3), (4) and (5) show a dip at resonant velocity. The
reason is that although the probability ( expressed as cross section ) of non-resonant

scattering is independent of the Doppler velocity, the number of incident recoilless y-rays
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that are scattered by the non-resonant scattering does depend on the Doppler velocity: at
off-resonant velocity, for a thick enough scatterer, all incident recoilless y-rays are
absorbed and scattered non-resonantly; at resonant velocity, most incident recoilless Y-
rays are resonantly absorbed and scattered, leaving only a small share of incident y-rays

available to be non-resonantly absorbed and scattered.

The total BMS is obtained by adding the contributions from the various types of
scattering. When the non-resonant BMS and resonant BMS curves are added, if the dip
produced by non-resonant scattering of recoilless incident y-rays exceeds the peak
produced by resonant scattering of recoilless incident y-rays, the negative amplitude BMS
should appear.

As the Doppler velocity changes from non-resonance to resonance, more and more
ly—rays that would have been absorbed non-resonantly will be absorbed resonantly. One
resonantly absorbed y-ray photon will re-emit a y-ray photon with the probability of
1/(1+a), where o is the internal conversion coefficient as explained in the background
section. But if this y-ray were absorbed non-resonantly, a y-ray photon would be scattered
with the probability of Ug / U, where U is the total non-resonant absorption coefficient that
is the sum of the non-resonant scattering absorption coefficients Ug and the photoelectronic
absorption coefficient Up. Apparently if 1/(1+a) is less than Us / U, the y-ray count shows
a minimum at resonant velocity. So the criterion for appearence of negative amplitude

BMS is:

1/(1+a)<U,/U (1_5)

The above criterion is derived from the physical point of view of the scattering
process, but it can also be derived roughly from Bara's equations listed in Table 1. All of
the symbols in the following derivation have been defined in the "List of Symbols". (For
simplicity the angular distribution of resonant scattering is assumed to be same as that for

Compton and Rayleigh scattering.)
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The integrals in Table 1 can be analytically solved for an infinitely thick scatterer as

shown in the equations (8) and (9) in Table 1, then the peak amplitude can be written as:
f U (1-f)U f, U
(l+a)X (X+1) (1+a)X (X +1) X

(1-f) Uy U,
+ X +xu-UR-Uc
_ Ul’ +(1'f1)Ut 1 1
(1+a)X (X+1) (l+a) | X% (X +1) X (X +1)

U+ U

Rt Ve 1 1 1 1
X -UR-UC'*.(l-fR)UR(-X—--)-(_)+UC(T-Z)

r n T a

+

The second, sixth and seventh terms are of second order with respect to the others,

so the above equation becomes:

= O (U +UL) (1- =)
(l+a)X (X +1) =~ ¢ X

Ul’
- —— - (Ug +Up)
(1+a) (X -1)

U, U
=L (Ug+U

= )
(l+a)U, ¢
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1 UR""UC
1+ U
1+ U

(1.b)
If the first term is less than the second term, N(O) is less than N(ee).

3.2. Analysis of conversion x-ray BMS

The mathematical description for x-ray BMS has not been fully studied so far.
Very few previous works can be found [ ref.25].

The consideration here of the x-ray BMS is somewhat accidental. The purpose of
our initial experiments was.to verify Bara's prediction of non-monotonic saturation of peak
amplitude of y-ray BMS with the scatterer thickness. After collecting a series of BMS on
Fe specimens with a range of thicknesses, we realized that the spectra we had collected
were conversion x-ray BMS rather than y-ray BMS. However, it was interesting vto
observe that the results of conversion x-ray BMS also showed non-monotonic saturation of
peak amplitude vs. scatterer thickness. Bearing in mind the similarities and differences .
between the y-ray BMS and x-ray BMS, we modified Bara's theory of y-ray BMS to
conversion x-ray BMS and derived mathematical expressions for x-ray BMS that explained
our experimental results very well.

In the analysis, the incident radiations that should be considered are 14.4 keV
recoilless y-rays, 14.4 keV non-recoilless -rays, and 6.4 keV x-rays. Other high energy
y-rays ( 122 keV, 136 keV ) can be neglected. In order to measure the conversion x-ray
BMS, the energy window of the backscattering detector is set around 6.4 keV to only allow
photons with that energy to be counted.

The photons being counted by the x-ray detector result from four physical

processes:
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-

(a) The recoilless incident y-rays are resonantly absorbed, and excite the 57Fe in the
scatterer. The de-excitation of the 57Fe is via two paths, by re-emitting y-rays or by
transferring the de-excitation energy to inner shell electrons (K-shell electrons). In the
latter case, the K-shell electron is ionized after receiving that energy, leaving a vacancy in
that shell. An electron in an outer shell then jumps to that vacancy, releasing the energy
differenccvbctween the two shells either by radiating x-rays (L-shell to K-shell jumping
emits Ka x-ray of 6.398 keV energy for Fe), or ionizing another electron (so called Auger
electron). The ratio of the probability of emitting a x-ray to the probability of ejecting an
Auger electron is expressed as the x-ray fluorescent yield coefficient, which are listed for
various elements in ref. 32.

(b) The recoilless incident y-rays ionize the K-shell electrons directly, and Ka
fluorescent x-rays are emitted. -

(c) The non-recoilless part of incident y-rays ionize the K-shell electrons, and Ka
fluorescent x-rays are emitted.

(d) The 6.4 kev incident x-rays are non-resonantly scattered ( Rayleigh and
Compton scattering ).

All four processes produce 6.4 kev radiations. The mathematical expressions for
the four processes are derived as follows with the aid of Figure 6. ( Definitions will be
provided for all symbols not defined in the " List of Symbols " .)

The incident recoilless y-rays with energy between E and E+dE have intensity
Io E,V),

(r12)? 2

I(E,V)=Lf
0 00
(T/22+(E-EF V) T

dE

where the normalized Lorentzian function is defined as:
(r/2)> 2
(T/2) +(E-E- V) &T

LE) =
(2.1)

.

Py
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Io( E, V) is reduced as it enters the scatterer by non-resonant absorption and
resonant absorption. The resonant absorption depends on the incident y-ray energy

according to the Lorentzian function. Let I1( E, V) stand for the y-ray intensity at depth t,

(r/2)>
(T/2)’+(E-E)

L(E,V)=I(E, V)exp{- (U, +U)tcosccB1]dE

(3)

After this initial penetration, the reduced intensity I;( E, V ) reacts with the material
in the dt layer through two ways: either y-rays are resonantly absorbed, and then produce
the conversion x-rays; or non-resonantly absorbed, and then induce x-ray fluorescence. If
Ior( E, V) is the number of x-rays reacting the first way, and Iron( E, V) the second way,
(r/2) af

: Y. dt cosec B
2 2 1
(T/2)+(E-E)* l+a

Izr(E9V)=II(E9V)Ur
(4)

Ln(EV)=I(EV) Up fy dt cosec B2 5)

As Ion and Izr come out of the scatterer, they are subjected to photoelectronic absorption,
(but the absorption coefficient here iﬁ for wavelength of 1.982 (6.4 keV) ).

Integrating over E and t gives the total number of conversion x-rays Ny(Sg), and the
total number of fluorescent x-rays Np(Sg), produced by recoilless incident y-rays. To
simplify the expressions, substitutey =2 (E-Eq)/T, So=2V /T, S;=2(E;-Ep), T

= (U) cosec B + Uz cosec B2) to. The final expressions are

“
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fo 1o UcosecB af

N (S,) = — dy Z, (y,Sp)
{S0) = n(l+a)(U, cosccB+U cosecB ) 2 ‘[ Y Y%

®

N(S fOIOUfcosecBl J-d [(y-S 1]Z( )
= yily- + Y, S
ol 50 = m (U, cosecB+U cosecB) 0) °
(7)
with
(y-S) +x
1-exp| -
| (y S) +1]
an(y’so)"' T
((y- So)+l][(y SO* "
(8)
2
xn=1+Urcose,c[31/(U1 cosccBl+U2cosecB2) ()

U, and U, are the photoelectronic absorption coefficients for radiation energies of 14.4 kev
and 6.4 keV, and fy is the fluorescent yield coefficient.
The expression N for contribution (c) is easy to obtain. The incident non-recoilless
Y-rays have intensity of Ig (1 - f; ); when multiplied by Up fy, this gives the x-rays
fluorescence produced. Integrating over the specimen thickness, to, gives
_ L (1-f) Up fy cosecf,

[1-exp(-T)]
U, cosecB, + U, cosecf, (10)

If the incident x-ray intensity is & fy times the incident y-ray intensity Io, the

expression for the contribution (d) is

I,af (Us+ Up)
Npc= y [1-exp(-U,t,(cosecP,+ cosecﬁz) )]
U, (cosecB, + cosecf,)
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(11)

The equations (6) (7) (10) and (11) are listed in Table 2 to compare with J. J.
Bara's equations in Table 1.

Equations (6) (7) (10) and (11) have many useful applications. For example, the
numerical calculation of peak amplitude of conversion x-ray BMS vs. scatterer thickness of
pure Fe is plotted in Figure 4. Apparently similar to the behavior of peak amplitude of y-
ray BMS vs. scatterer thickness, the peak amplitude of conversion x-rays BMS shows
non-monotonic saturation with scatterer thickness.

The high energy y-rays (122 keV and 136keV) are not included in the calculation
for two reasons: the non-resonant absorption coefficients of them are much smaller than
that of 14.4 keV; even if they are taken into consideration, the fluorescent x-rays induced
by them are doppler velocity independent, so that they are not relevant to the peak
amplitude N(0) - N(eo).

Another interesting concomitant result of the above theory is the criterion of
negative amplitude x-ray BMS:

| a/(l+a)<Up/U (12)

Its interesting implication will be discussed later.
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~ 4. EXPERIMENTS

The experiments were conducted with two purposes in mind: (1) to test Bara-
Jaggi's theory of Y-ray BMS for a scatterer of finite thickness, and in particular to
investigate the possible appearance of negative amplitude BMS, and (2) to test the
computation of x-ray BMS by checking whether or not the peak amplitude of x-ray BMS

~ saturates non-monotonically with the scatterer thickness.
4.1. y-ray BMS of Be containing Fe impurities

4.1.1. Choosing materials

In section 3.1.3. a criterion for negative amplitude BMS was developed. The
question addressed here is what materials satisfy the criterion.

For 57Fe, the internal conversion coefficient o is fixed and equal to 8.21. But the
non-resonant scattering coefficient U and non-resonant absorption coefficient U (U = U
+ Up) depend on the matrix material in which 57Fe is located.

Generally speaking, both Us and Up increase with the atomic number Z, but U,
increases more. Therefore the ratio of Ug/U is relatively large for light Z elements. Table 4
lists the U /U for the elements Li, Be, C, etc. in the order of the periodic table. The Ug /U
values in Table 4 are not guaranteed to be accurate, because although experimental values
for U can be found [ref.19], U, cannot. The U, values in Table 4 were calculated as
follows.

To find the Rayleigh scattering coefficient, the formula on page 159 of fef. 26 was

used:

dlo_./p] 4 2
coh! P =§_ e 1+cos 20 tz[sinell]
dQ A mch 2

(13)
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where Ocoh/ p is the mass coefficient for coherent scattering, Q is the solid angle, N is
Avogadro's constant, A is the atomic weight, e and m are charge and mass for a rest
electron, 20 is the angle between the incident and backscattering rays, and f is the atomic
‘scattering factor ( table 3.3.1A lists f as function of sin6/A). The Rayleigh scattering
coefficient UR/ p is calculated as:
Up/p= j: d—[fﬂh—/ﬂ dQ
o @ (14)

For calculation of the Compton scattering coefficient, the list of gj5c/R in Table
3.4.4.2A in ref. 26 was used, where ginc is defined as Iipc / le, incoherent scattering
intensity expressed in the scale of scattering intensity of one electron. I is calculated from
formulas in ref. 27.

From Table 4 it can be seen that if Fe atoms ( or impurities ) are embedded in a
matrix of Li, Be, and C, negative amplitude BMS may appear. The matrix material Be with
Fe impurity was chosen for this study because Fe is a natural impurity in Be, and Be is
easy to obtain in a Mdéssbauer spectroscope laboratory.

As expressed in Formula (12), the criterion for negative amplitude x-ray BMS is

a/(l+a)< Up / U, so the negative amplitude x-ray BMS is most likely to occur for Fe

embedding in heavy element matrix.

4.1.2, Méssbauer Spectroscope Apparatus

All Mbssbauer spectra were obtained in backscatter geometry with an Austin
Science Associates S-600 constant acceleration spectrometer. All spectra were obtained
with the source and absorber at room temperature. The radiation source was 57Co in Rh
with the intensity of 23.4 mCi. The backscatter photon detector was of toroidal geometry
with high geometrical collection efficiency [ref.29]. The incident radiation passed through

the hole in the torous, and backscattered radiations entered the detector through its large
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toroidal window. For good efficiency for counting 14.4 keV y-rays the detector was filled
with a mix of 47 % Kr, 47 % Ar s and 6 % methane gas [I'Cf. 30]. The voltage apphed to
the gas detector was 1700 V. The Mdssbauer spectrometer system was explained in

ref.28.

4.1.3. Specimens
Slab pieces of Be metal with a thickness of 7 mm were combined and stacked to
obtain specimens with thicknesses of 7 mm, 14 mm, 21 mm, 28 mm, and 35 mm. The

chemical composition of the specimen as listed by the manufacturer is shown in Table 6.
4.2, Conversion x-ray BMS of Pure Fe

4.2.1. Specimens
For the experimental measurements Fe of purity 99.999 % was used. The Fe was
rolled into foils; foil thicknesses were measured by weighing method. To make specimens

with a series of thicknesses, thin foils were added and stac_:ked.

4.2.2. Experimental Parameters
A flowing gas of 90% Ar plus 10% methane was used in the backscatter gas

detector. The applied voltage was 1700 V.
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5. RESULTS AND DISCUSSION

5.1 y-ray BMS Results

The backscattering Moéssbauer spectra of Be metal for the specimen thicknesses of
7 mm, 14 mm, and 35 mm are plotted in Figure 7. There is a peak to dip transition as the

‘ specimen thickness increases. Figures 8 and 9 show the PHA ( pulse height analysis ) of

the backscattered y-rays by the 7 mm and 35 mm Be specimen. |

The peak height vs specimen thickness relationship for Be with 0.1 % weight
percent of Fe impurity was numerically calculated and plotted in Fig.10. The program used
for calculation is listed in Table 3.

A similar experiment was reported by J. J. Bara [ ref.31].

5.2 x-ray BMS Results

The peak amplitude of conversion x-ray BMS vs specimen thickness relation was
numerically calculated and is plotted in figure 11. The peak amplitude should saturate non-
monotonically with specimen thickness if the theory is correct.

The conversion x-ray BMS of Fe for specimens with a series of thickness are
plotted in Figures 12-18. The peak amplitudes were simply measured by a ruler; no fitting
program was used.

Since the absolute value of the peak amplitude is proportional to the time spent in
collecting the BMS, the peak amplitudes for each spectrum were normalized into the
amplitude per unit collecting time. Another necessary correction to the peak amplitude
involves taking into account the decaying y-ray source intensity. The half life of the y-ray
source is 270 days; i.e. the intensity I(t) at any time t ( in the unit of day ) is:

I(t)=Igexp[-(t/270)In2 ] | (15)
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where Ip is the intensity at time zero. Thus one hour of collecting time at Ig is not

equivalent to one hour of collecting time at I(t). The effective collecting time At, is defined

as the ei;uivalent collecting time at Ig, and is expressed as

At _Idxexp[ (t+x)]

270
(16)

where At is the collecting time for the spectrum of interest, and t is the time at which the
collection started. In Figures 12-18 the peak amplitudes were normalized to the same

effective collecting time. All the information, including specimen thickness, above

mentioned t, At, and Atq, count at resonance and off-resonance, peak amplitude, etc. have

been summarized in Table 5.

Since the Fe spectrum is a symmetrical sextet, peaks 1 and 6 were summed and
averaged as the peak 1 amplitude; this was also done for thev peaks 2 and 5 pair, and the
peaks 3 and 4 pair. The amplitudes of peaks 1, 2, and 3 vs. specimen thickness are plotted

in Figures 19-21. The data exhibit non-monotonic saturation.

5.3 Comparison of Theory with Experimental Results

5.3.1 y-ray BMS

Comparing Figure 7 with Figure 10, the transition thickness from peak to dip is 1.1
cm predicted by the numerical calculation ( see Figure 10 ), this value is close to the 1.4

cm from the experimental data ( see Figure 7).
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5.3.2 x-ray BMS
Comparing Figure 11 with Figure 19, the maximum amplitude thickness predicted
by the numerical calculation is about 0.35 mils ( see Figure 11 ). This value is close to the

0.5 mils from the experimental data ( see Figure 19).
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6. CONCLUSION

(1)  Based on the Bara-Jaggi's mathematical theory of y-ray backscattering
Mossbauer spectrum for finite thickness specimen, the criterion for océurrence of negative
amplitude Mossbauer spectrum is derived as 1/ (1 + o) less than Ug / U. This implies
that negative amplitude Mdssbauer spectrum is very much more likely to occur for the case
when the Mdssbauer elements are in the matrix materials with very low atomic number Z (
Li, Be,and C).

(2) The backscattering Mossbauer spectra collected on the Be specimen with Fe
impurity proves the existence of negative amplitude Mossbauer spectrum.

(3) Parallel to Bara-Jaggi's theory, a new mathematical theory on the conversion x-
ray Mossbauer spectrum haS been derived. The numerical calculation based on that theory
predicts a non-monotonic saturation of the peak amplitude of conversion x-ray
backscattering Mossbauer spectrum with specimen thickness, just as Bara-Jaggi's theory
did for the y-ray Mdssbauer spectrum.

(4) The conversion Mdssbauer spectra collected on Fe for the specimens with a
range of thickness showed that the peak amplitude saturated with the specimen thickness

non-monotonically.
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Appendix 1
D n] l ’ - . E ! . :]: - :Z: ]l ’>- I ll ]
1" : l "

There are two kinds of 14.4 keV y-rays from a y-ray source, recoillessly emitted
and non-recoillessly emitted y-rays.

The recoillessly emitted y-rays are absorbed by resonant absorption ( Mdssbauer
effect absorption ), and non-resonant absorption - they are Rayleigh scattering absorption
and Compton scattering absorption. The Rayleigh scattering can be of recoilless and non-
recoilless; the Compton scattering can be of non-recoilless only.

The recoillessly emitted y-rays from the source can excite 37Fe in a scatterer, and re-
emit the y-rays. Both recoillessly and non-recoillessly emitted y-ray from the source are
scattered by Rayleigh and Compton scatterings.

As the scattered y-rays coming out, recoilllessly scattered y-rays are absorbed by the
resonant absorption and non-resonant absorption, but non-recoillessly scattered y-rays are
absorbed by non-resonant absorption only.

In summary, there are seven contributions to the y-rays detected by a detector.
They are (1) the recoillessly emitted y-rays being resonant-scattered recoillessly and (2)
non-recoillessly, (3) the recoillessly emitted y-rays being Rayleigh scattered recoillessly and
(4) non-recoillessly, (5) the recoillessly emitted y-rays being scattered by Compton
scattering, (6) the non-recoillessly emitted Y-rays being scattered by Rayleigh scattering and
(7) Compton scattering. Followings are step by step derivations--

" The recoilless emitted y-rays from the source has the energy distribution of
Lorentzian form:
(r/2) 2

IL(EV)=1,f 1
: . ®[E-(E#+ V)P +(T/2) T
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The non-recoilless emitted y-rays from the source has no relevant energy
distribution, its intensity is:
=T 1- ) @
Ii¢ (E, V) are absorbed as they enter the scatterer in the depth t:
L(E, V)=I(E,V)exp[-(U(E,E)+U) cosecBlt] 3)

where U; ( E, E1) is resonant absorption coefficient with Lorentzian distribution:

2
U(E,E,) = U, — /%) @

(E-E)*+(r/2)

In( E, V) are scattered in the embedded layer dt (see Figure 5), by five different
processes. Let I3¢r, I3m, I3Rr, I3Rn, and ICp represent the intensity of the y-rays being
resonant-scattered recoillessly, being resonant-scattered non-recoillessly, being Rayleigh-
scattered recoillessly, being Rayleigh-scattered non-recoillessly, and being Compton-

scattered non-recoillessly, then they can be expressed:

f
L (E,V)=L(E V)U(EE,) ———cosecB, dt  (5)
(l1+a)

Ism(E,V)=IZr(E,V)Ur(E,El)( X cosecB, dt  (6)
(l+a)

L (E V)= IZr( E,V)U, fR cosec[i1 dt )

Lpa(EV)=L(E V)U, (1-fp) coscc[il dt 3)
Le(E V)=L(E, V) UgcosecB, dt  (9)

As I3pr, I3, I3Rr, I3Rn, and Icp coming out, they are absorbed:
L (EV)=L (E V)exp[-( Ul E,E)) +U)cosec Bz t] (10)

I4m(E,V)=I.5m(E,V)exp[—Ucosecth] (11
I4Rr= Imt( E,V)exp[-( Ur( E, El) +U) cosecB2 t] (12)

Lipo(Es V) =L (E,V)exp[-U coscef,t ] (13)
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Leo(E, V) =L (E V)exp[-UcosecB,t] 14
Rewrite above five equations after substitution:

f 2
L(E V) =L £, U l (F/Zz) 2
1+ [E-(Ep#+ V)] +(T/2) nl

cosecp, dt

(T/12)?
(T/2)*(E-E)

exp[- (U, -+ U) ( cosecBl+ cosceBz) t] (10.a)

2

1-f, (T /2)°
l+a (E-(E,+ V)PP +(r/2)*nl

L, (E V)= Iy f, U cosec:‘[i1 dt

2
exp [- (U, — 2]
(T/2)%+ (E-E)

5+ U) cosecBlt -U cosec[i2 t]

(11.a)
2
(r/2)

I (E,V)=Lff U
4Rr 0 0°R ™R
[E-(Ey+ V)I’+(T/2)* T

cosec, dt

(r/2)
(T/2)+(E-E)

exp[-( U +U)( coscc[31+ cosecﬁz) t] (12.a)

2

(T/2)
[E-(Eg+V)F+(r/2)’ T

Lol B V) =1 £, (1-£) Up cosecf, dt

2
exp[- (U, (I;,-Z) 2+U)cosccBIt-UcosecB2t]
(T/2)°+(E-E)
_ (13.3)
2
(r/2)
L (E V) =1, fU cosecf, dt
“ oo ©[E-(Eg V)P +(T/2)2 T '
2
exp[- (U, (1;/2) 2+U)cosecB1t-UcosecB2t]
(T/2)%+(E-E)
(14.a)

Integrate over the thickness t and energy E, and substitute into following equations:
y=2(E-E;)/T (15)



So=2V/T (16)
S1=2(E1-Eg)/ T 17
then:
= 2 reut
N,,(S())—_-J'd)"“dtIo0 L 12 ' 12 cosecB,
% 0 F(l+a) (y-Sp°+1(y-S) +1
. Ur 1
exp[- (= —+1)T] (18)
(y-Sp+1
LU (1 - f) 1 cosecf,

- T
N (Sp=]dy|dt
' 50 :[ :,[ n(lra) (y-Sp*+1 (y-S)*+1

1 cosecB,

U
exp [- (== +1)T] (19
U (y- sl)2 + 1 cosecB,+ cosecP,

2

- I
f U, f
NRX(SO)=J‘dyJ‘dt b onR R ! cosecf,
- 0 (y-Sp +1

U 1
exp[-(-l-J-r-————-i——-,--&-l)T] (20)
(y-$,) +1
ofoUp (1-fp) cosec,

(y-Sp°+1

- %
I
Nh(E,V)=Iddet
< 0

! cosech, +1)T] Q1)

[-( x
exp[-(=— v
U (y- sl)2 +1 cosecf, + cosecf,

-
I.fU
Ny So)=jdyjdt 0 (1): < cos:cB' ‘
oo 0 (y'SO)+1

1 cosccB1 +1)T] 2

[ ( SH)+1 CIB
expL-(—
U ( y- l) COSCCBI + COs€ 2

29
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>

+

23)

cosecf,

>

+
cl.e g.c

cosecf, + cosecf,

then (18)-(22) can be rewritten as:

f.fI.U

‘ o fy Ip U, cosecP,
N (S = S ——

exp[-T

30

(24)

2 2
(y-S)+X

(y - 51)24',1

f@f&

t(l+a) Y 0

| -
N (S = folo(1-f) U, cosec[i1

[(y-Sp*11[(y-S)+1]

(18.a)

2 L2
(y-S))+X
exp[-T .

2
(y-Sp+1

fdy‘fdt

t(l+a) = 0

£,1,(1-£,) U, cosecB, ¢
00 R’ R 1
N (Sg) = - n jdy

-y

Y
fa
0

folo(1-f)Up cosecf,
T

o o
Idyjdt
- 0

[(1+(y-STL(1+(y-S)7

(19.a)

2 2
(y-Sp+X
exp[-T ! d

(y-Sl)2+1
(y-SO)2+1

(20.a)

2 2
(y-Sp+X
exp[-T Lo

(y-Sl)2+1
(y-Sp+1
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(21.a)

2 2
(y-S)+ X

, expl[-T

o 2
f.I1.U_ cosec (y-S)+1
Ney(Sp = ———= B‘jdyjdt —!
oo 0 (Y°So) +1
(22.a)

The integration over t can be analytically solved, then:
2 2
(y-Sp+X,

- 1-exp[-T 5

N_(Sy = fOI(_)flUl,coso.:cBl J‘dy | (y-Sl)‘+1
T 7 (1+a)U (cosech, +cosecP) =, [(y-so)2+1][(y-sl)2+xr7')

(18.b)

2,2

-S X

- l-exp[-T(y—l_)_zi_ﬂ

(y-S)+1

- £ I, (1-£)U_cosecB, | J-dy

N (S)=
S0 1t(_1+a)U(cosecBl+cosccBZ)« [(y-so)2+1][(y-sl)2+x§]

(19.b)

2 (y - 51)2+ sz
[ -5+ 11 {1 - exp[ -T———5—1}
(y-S)+1

fo Io fg Ug cosecB,

e 50) nU(cosccBlfcosecBZ)_i [(y-so)2+ 1][(y-Sl)2+X:']

(20.b)

2 2
S)+X
- [-S)* 11{1-exp[-T Y25,

(y -Sl)2+ 1

S fo Io (1 - fg) Up cosecB, J-d
= Yy
% U ( cosecp, + cosecp,) 7, [(y- 30)2+ 1I(y- 51)2+ xi ]

(21.b)
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-8 )% X2
-8 11 {1 -expl T 2 Ty

2
f I.(1-f)U.cosecf y-S)+1
NCn(SO)=00 1/ Yc IJ'dy . 212
n U (cosecp,+ cosecB,) 2, [(y-Sp™+11[(y-S)+X]]
(22.b)
then substitute
2 2
-S X
l-cxp[-T(y 1)2+ :
ZXY( S (y-Sp) +1
Y S¢) = ) )
\ [(y-Sp+1]1[(y-S)+X ] 25)
2 2
-S X
l-exp[-'I‘(y 1)2+ !
Zxr( S (y-S)"+1
¥>9¢) = 2 2 2
[(y-Sp+11[(y-S)+X 1] 26)

(18.b - 22.b) will become the same form as (1) - ( §) in Table 1.

The equations (6) and (7) are straightforward, their derivations are omitted here.
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LIST OF SYMBOLS

o: internal conversion constant.
BMS: backscattering Mdssbauer spectroscopy or backscattering Méssbauer spectrum.
B1: angle between incident y-rays and scattering surface. ' '
B2: angle between scattered radiation and scatterer surface.
c: light speed.
I": Half Width at Full Height of nuclear resonance.
E: incident y-ray energy.
Egand E;: energy difference between excited and ground states of 37Fe in the y-ray
source, and scatterer respectively. Ej is also called resonant energy.
f: either atomic scattering factor, or recoilless constant.
fo, f1: recoilless constant of the y-ray source, scatterer.
fg: recoilless constant of Rayleigh scattering.
ME, MS: ‘Mbssbauer effect, Mossbauer spectrometer (Mdssbauer spectroscopy).
N(0), N(=s): detect count at resonance, off-resonance.
A: radiation wavelength.
t: depth of the specimen.
to: thickness of the specimen.
T: effective scatterer thickness. T = to U ( cosecfy + cosech for y- ray BMS; =ty (
Uj cosecPy + Uz cosecPy) for X-ray BMS.
TMS: transmission Mdssbauer spectroscopy or transmission M@ssbauer spectrum. |
Uy: absorption coefficient of nuclear resonance. -
Ug, Uc, Up, and U: non-resonant absorption coefficients, specifically Rayleigh scattering
| absorption, Compton scattering absorption, and photoelectronic
absorption. U is the sum these three absorptions.

Uj,U2: non-resonant absorption coefficients at wavelength of 1.986 A ( 6.4 kev ),



0.861 A.

v: Doppler velocity.
V: energy modulation due to Doppler velocity, V=Eg (1 +v/c).

Z: atomic number.
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LIST OF TABLES

mathematical expressions for the seven contributions to y-ray backscattering

~ Mossbauer spectrum. ( from J. J. Bara, ref.23 ).

Table 2:
Table 3:

Table 4:
Table 5:

Table 6:

mathematical expressions for the four contributions to X-ray backscattering
Maossbauer spectrum.

Coxﬁputer program used in numerical calculation of peak amplitude vs specimen
thickness curve.

Us / U values for some elements.

Summary of the experimental data of the conversion X-ray backscattering
Mossbauer spectra of pure Fe.

The chemical composition of the Be specimen listed by manufacturer.
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Table 1: Integral expressions for the seven contributions to y-ray backscattering Mdssbauer
spectrum.

£ f 1 U W () cosec B,) dw, dw., ¢
N“(SO):_OlOr f ) ¢V, 2Idyzx,(y’so)
1:(1-o-oz)U(cosecBl+cosc:c:[32 bt )

fo (1-£) I, U W (8) cosec [31 dw, dw.

2 fdy Z, (v, Sy
- (2)

N_(S,) =
n S0 ®(1+a)U(cosec P+ cosec B)

£ £,(8) U, (6) cosec B, dw dw, ¢ )
N, (Sp=22—21R L L 2 tay [(y-S)*+11Z (S
r5) 7 U ( cosec B, + cosec B,) :[y e 50

(3)
f{ 1 - £,(8)] U cosec B,dw,dw, ¢ 2
Np (S = = dy [(y - Sp"+ 1)] Z_(.S,)
Ra nU(cosec[31+coscc[32) ;[y =% %70
(4)
f I_U_.(0) cosec B, dw,.dw .
N (S = 22— Ll zjdy[(y-sl)2+l] Z_ (5,Sy
7 U (cosec B, + cosec Bz) bl n (5)
(1-£f)I U_(0) cosec B,dw, dw
A bl Ll 2 1exp(-T)]
U ( cosec Bl+ cosec [52) )
1-f)I . U,(0 dw d
c::( o T Ug( )cosecﬂ1 w, dw, (1-exp(-T)]

U (cosec B, + cosec B,



with

2,2
(y-S) +X
1-exp| -T L J

[(y-Sp+11[(y-S*+ X1

(y- Sl)2+ 1 

Zx“( ¥, Sg) is described by Zx,( Y, Sy) when X_ is replaced by X .

y=2(E-Eo)/T
S0=2Eov/c/T

S1=2(E1-Eo)/ I'

Xr=1+Ur/U

Xa=1+Ur/U cosec Pt/ (cosec P1 + cosec B2)
T =t U (cosec B1 + cosec f2)

when T = oo, and Sg = S ( at resonance ):

1 1
S CEAC R

T

37



1 o0
~fay ((y-5)"+ D1 2, (7,59 -

1

xr(xr+1)

(9)
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Table 2: Mathematical expressions for the four contributions to the conversion x-ray

backscattering Mossbauer spectrum.

f I UcosecB of ot
N.(S;) = 00 ey [z (v89
m(1+a)(U, cosecf + U, cosecB ) 7 n
1 2 (1)
f L, U f cosec ¢
N (Sp= 00 oy ‘ jdy[(y-so)2+ 11 Z, (3,8
® (U, cosec[31+ U, cosecf ) k&
(2)
I (1-f)U_f cosec
N=— Uy fy cosech [1-exp(-T)]
U, cosecB, + U, cosecB, '
: (3)
: ILaf (U+TU) 4
Np.c= 0y C R [ 1-exp (-U,t,(cosecp,+cosecB,))]
2
U, ( cosecBl+ cosech)
(4)
with
2 2
(y-S,)) +x
l-exp] -T 4 12 .
(y-S) +1
an(y,So)= '

[(y-Sp*+ 110(y-S)*x}]

2
x,=1+U cosecBll (U, <:osec[3l +U, coscch)

T = to Uz ( cosec B + cosec B2)



Table 3: Computer program used in numerical calculation of peak amplitude vs. specimen
thickness curve.

na aaa ' Aannanao

0

0o

NUMERICAL CALCULATION OF PEAK AMPLITUDE OF BACKSCATTER
MOSSBAUER SPECTRA AS FUNCTION OF SPECIMEN THICKNESS

BARA' EQUATIONS ARE USED. AFTER SLIGHTLY CHANGED, THIS
PROGRAM CAN BE USED TO CALCULATE THE PEAK AMPLITUDE VS
THICKNESS FOR CONVERSION X-RAY MS SPECTR

MEI, ZEQUN 4-24-87

DIMENSION Gr(50),Gn(50),Rr(50),Rn(50),Cn(50)

DIMENSION BG(S0),Ti(50)

Gr,Gn,Rr,Rn,and Cn are counts at resonant doppler velocity
for the five scatter processes listed in Bara's paper.

BG is sum of Rr Rn and Cn count at off-resonant velocity
data f1,Uq,UR,UC,U,a,T0,0.70,0.2069,0.111,0.254,0.8681,8.21,4.0/
input parameters needed for calculation, TO is the thickness

range in unit of cm, other expressions are self-explained
DATA B1,B2/0.7854,0.7854/

Bl,B2: Angles of inc.,out
OPEN (unit=1,file='MSBRresult', status='new')
B4 = 1.0 / SIN(B1l)
BS 1.0 / SIN(B2)
B7 4 / (B4 + BS)
Al f1 * Ug / (1.0 + a) * B?
A2 = (1 - f1) *Ug / (1.0 + a) * B7
A3 £f1 *» £f1 ~ UR * B7
A4 = (1.0 - f1 * £f1) * UR * B7
suppose f(Rayleigh)-fl*fl
AS = UC * B7
Al A2,,,AS5 are the constants for Gr,Gn,Rr,Rn, and Cn, common
factors for Al,,,AS have been omitted
write (1,4)
DO 100,I=1,50
T=T0/50.0*FLOAT(I)
TE=T*U* (B4+BS5)
Xr = SQRT(1.0 + Ug / U)
Xn = SQRT(1.0 + Ug / U = B4 / (B4 + BS))
CALL S(TE,Xr,1,Y)
Gr(I)-Y*Al*Cl
Gr(I)=Gr(I)*100.0
CALL S(TE,Xn,l1,Y)
Gn(I)=Y*A2+*Cl
Gn(I)=Gn(I)*100.0
CALL S(TE,Xr,2,Y)
Rr(I)=Y*A3*Cl
Rr(I)=Rr(I)*100.0
CALL S(TE,Xn,2,Y)
Rn(I)=Y*A4*Cl
Rn(I)=Rn(I)*100.0
Cn(I)=Y*AS*Cl
Cn(I)=Cn(I)*100.0
BG(I)=(A3+A4+AS)*(1,0-EXP(-TE))*Cl
BG(I)=BG(I)*100.0
TI(I)=Gr(I)+Gn(I)+Rr(I)+Rn(I)+Cn(I)~BG(I)
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400
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700

500
300
800
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T1=T ‘
write (1,5) T1,TI(I),Gr(I),Gn(I),Rr(I),Rn(I),Cn(I),BG(I)
CONTINUE
format (1x,£5.2,7(£10.6))
format (1x,5hT(um),4x,6hTotall,b4x,6hGr(T) ,4x,6hGn(T) ,4x,
1 6hRr(T) ,4x,6hRn(I) ,4x,6hCn(T),4x,6hBG(T) )
call close(l)
STOP
END

This is basically an intergation routine, since the integral
limits are +- infinite and dampling trend of the function
being integrated, sampling widthes change with the integral
varible
SUBROUTINE S(T,X,L,Y)
LOGICAL CON3
PARAMETER (P1=3.141593)
F(T,X,2)=2.0/P1i*(1.0-EXP(-T*(2*2+X*X)/(2*2+1.0)))/(Z2*2+1.0)
1 /7 ( Z*Z+X*X )
G(T,X,2)=2.0/Pi*(1.0-EXP(-T*(Z*Z+X+X)/(Z*Z+X*X)))/(2Z*2Z+X*X)
CON3=L.EQ.2
SUM=0
IF (CON3) GOTO 700
DO 200 J=1,10
H=1.0/2.0**J
M=10-J
Ne2#*J-]
DO 400 I-0,N
Z=H*FLOAT(I)+M
SUM=SUM+F(T,X,2)*H
CONTINUE
CONTINUE
GOTO 800
DO 300 J-1,15
K=J
H=10.0/2.0**K
M=150-J*10
N=2##K-1
DO 500 I=0O,N
Z=H*FLOAT(I)+M
SUM=SUM+G(T,X,2)*H
CONTINUE
CONTINUE
Y=SUM
RETURN
END



Table 4: Ratio of scattering ( Rayleigh and Compton ) to total absorption.

Table 6: The chemical composition of Be specimen listed by manufacturer.

" Element or Compound

Beryllium

Beryllium Oxide
Aluminum

Carbon

‘Iron

Magnesium

Silicon

Sulfur -

Uranium

Other elements, each

Min. X

98.5

Us: U(rayleigh) + | U(total abs.) :
slements U({comp) cm®cm/g | em®cm/g Us /U
U 0.0431 + 0.139 0.259 0.70
Be 0.0599 + 0.138 0.397 0.50
C 0.104 + 0.145 0.951 0.26

Na 0.264 + 0.125 5.48 0.071

Al 0.337 + 0.121 8.83 0.052
Fe | 0.784 + 0.0983 64.7 0.01

Max. 1.

1.2
0.060
0.100
0.100
0.08
0.06
0.04
0.04
0.04
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Table 5: Summaary of the experimental information from pure Fe X-ray BMS.
(in the table times have unit of hours, peaks have unit of counts ).

43

246.4

thickn

(mis) | 0098 | 0196 | 0204 |0472 |o0820 | 113 | 223
thickn

em 10 )] 0.0196 | 0.0392 | .0588 | 0.0944 | 0.164 | 0.226 | 0.446
time start

0 collecting| O 459 | 950 | 1409 | 1896 | 239.1 | 308.73
collecting

s 44.67 4178 | 4445 | 4658 | 489 | 6378 | 48.73
effective col-

lecting time | 44.56 | 47.42| 4390 | 4577 | 4779 | 6630 | 47.02
background

rooms | 143408 | 185665 | 190741 | 208336 | 227232 | 324417 | 236510
- |

ot | 3218.1 | 39149 | 43453 | ass19 | 47545 | 48567 | 50295 |
peak 1

ount 158843 | 211412 | 217313 | 236574 | 256672 | 364344 | 264002
peak 1 count

s effoctive | 3564.4 | 4457.9 | 4950.6 | 5168.9 | 5370.4 | 5454.5 | s5614.2
L time .

peak2

Pt 155373 | 205686 | 211639 | 220385 | 248768 | 353362 | 256062
peak 2 count |
| pereffoctve | 3486.6 | 4337.1 | 48213 | s011.8 | 5205.1 | 5290.1 | 5445.3
_time

peak 3

ot 147591 | 195026 | 201128 | 219613 | 239032 | 339796 | 247530

3 t

P et | 33119 | 41123 | 45819 | 47983 | s001.4 | s087.0 | 52639
_time ’

peaklminuf _ :
Paigouwnd | 3464 | 5429 | 6053 | 6170 | 6160 | 597.7 | 584.6
peak 2 minus ‘

bakgoud | 268.5 | 4222 | 4761 | 4599 | 4s06 | 4333 | 41538

ak I mi

] 939 | 1974 | 2366 2469 | 2302 | 2344
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- Figurel: The peak amplitudes of backscattering Mdssbauer spéctra Vs.

scatterer thickness. The material of the scatterer is stainless steel. Fe
has natural abundance in the Fe. The recoilless fraction of the scatterer

is 0.75, the recoilless fraction of Rayleigh scattering is 0.57. [ ref. 2 ]
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Fe has natural abundance in the Fe. The recoilless fraction of the scatterer

is 0.7, the recoilless fraction of Rayleigh scattering is 0.49. [ ref. 2 ]
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r approximate shape
of Lorentzian function

2o €

O gamma-ray .
source _ gamma-ray detector

Incident radiations: (1) 14.4 keV recoilless gamma-rays

(2) 14.4 keV non-recoilless gamma-rays

(1) are cither resonant-scattered recoillessly and non-recoillessly
or non-resonant-scattered ( by Rayleigh scattering recoillessly and
non-recoillessly, or by Compton scattering non-recoillessly )

(2) are non-resonantly scattered ( by Rayleigh and Compton scatterings )

Figure S. Diagram used to derive the mathematical expressions for gamma-ray BMS
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or non-resonantly absorbed and excite 6.4 keV fluorescent X-rays
(2) are non-resonantly absorbed and excite 6.4 keV fluorescent X-rays

(3) are non-resonantly absorbed and scattered by Rayleigh and Compton scatterings

Figure 6. Diagram used to derive the mathematical expressions for conversion X-ray BMS



Figure 7: The Mossbauer spectra of Be specimens containing < 0.1 % Fe for the specimen

thickness of 7 mm, 14 mm, and 35 mm.
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Figure 8: PHA of backscattered Y-rays by 7 mm thick Be specimen containing Fe. ( Gas

dector was filled with 47.5 % Ar, 47.5 % Kr, and § % methane, applied V = 1700 V )
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Figure 9: PHA of backscattered y-rays by 35 mm thick Be specimen containing Fe. ( Gas
dector was filled with 47.5 % Ar, 47.5 % Kr, and § % methane, applied V = 1700 V)
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Figure 11. Numerical calculation of peak 1 amplitude of conversion X-ray BMS vs
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Figure 12. Conversion X-ray BMS of pure Fe with the specimen thickness of 0.1 mils.
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Figure 13. Conversion X-ray BMS of pure Pe with the specimen thickness of 0.2 mils.
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Figure 14. Conversion X-ray BMS of pure Fe with the specimen thickness of 0.3 mils.
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Figure 15. Conversion X-ray BMS of pure Fe with the specimen thickness of 0.47 mils.
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Figure 16. Conversion X-ray BMS of pure Fe with the specimen thickness of 0.82 mils.
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Figure 17. Conversion X-ray BMS of pure Fe with the specimen thickness of 1.13 mils.
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-ray BMS of pure Fe with the specimen thickness of 2.23 mils.
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Figure 19. Experimental data of peak amplitude vs. scatterer thickness. ( Peak amplitude
plotted were calculated by averaging the amplitudes of peak 1 and peak 6 in the Fe sextet

spectrum. )
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Figure 20. Experimental data of peak amplitude vs. scatterer thickness. ( Peak amplitude

plotted were calculated by averaging the amplitudes of peak 2 and peak 5 in the Fe sextet
spectrum. )
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Figure 21 Experimental data of peak amplitude vs. scatterer thickness. ( Peak amplitude
plotted were calculated by averaging the amplitudes of peak 3and peak 4 in the Fe sextet

spectrum. )
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