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Streszcsenie

W pracy przedstawiono analize ksetaltu 1inii mBssbauerow-
skie] po rosproszeniu w rezonsnsowej, izotropovej tarcsy.
Zostalo pokegzane, ze péiszeroko$é palezy od geomeirii rospra-
szanie 1 Ze w specjelnych warunkach mozZe by§ mnie jsza od na-—
turalnej p6lszerokofci. Pélszerokobs moze byé w tych specjai-
nych warunkach sredukowana at do 0,64) nsturslme péiszerokod-

‘c1 po pojedyficsym rosprossceniu. ]

Sumnmary

The psper contains sn analysis of the M8ssbguer line
shape after scattering by s resonsnce, isotropic target. It
is shown that lipe-width depends on the ssattering geometry
snd under épecial circumstances may be smaller thsn naturasl
line-width. ILinewidth may be redused Ender these special
conditions up to 0.643 natural 1line-width in s single sostte-

ring process. { P A
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B crars: ONPONSECAGHO GHANN3 ENPNHN MaccOayepoBcxofl » HMN
rauMa Jyseit 0 pacceaEED Ea pes0HAECOBOH, CEHOPOZ:=O# Qoasx.
lloxassHo, Y70 NOXYMNPNHA STOM INHNN SABHCNTH OF TECMSTPH pac-
cedHES N B CHCIHASHEX YCHOBAX MOXETH OHTH MCHHNA YeM Harypa-
ARHEA NONYENDNHA. B 37X yCNORAX NOAYNNpNHA MOXETH NONYUATH
soxwunEy 0.643 EarypaxrNol ROIYNNpPRHN RO OZHOXPOTHOM pacce-
AIHD, g .



Introduction

Scattering geometry is rather less commonly used than
the transmission one in M8ssbauer experiments, but even on
this topic there exists quite abundant literature. On the
other hand, only a fow experiments were performed to check
scattered line shape and these were mainly concerned with
hyperfine strusture and coherent phenomena. Coherent proces-
ses 1in resonance scattering were treated by many suthors, but

perhaps in the greatest deteil by Hannon and Trammel [&].

In this paper we make an analysis of the scattered line
shape assuming that source, target, and absorber asre umsplit,
homogeneous, and isotropic and that it is possible to neglect
coherent processes, Vie assume isotropy also in the micros-
copic environment of the M®ssbauer nucleus (e.g. no evidence

of Goldanski-Karyagin effect).

We assumed also, for simplicity, that source, scatterer,

and absorber host lattices are the sams.

In this manney the results of the theory presented below
reproduce results of the theories treating thiock absorbders
for the transmissive part of speotrum.

The most detailed analyses for the MBssbauer transmission
spectrum wers made by Mergulies, Ehrman 57 and Ruby, Hicks
[7]). We treast the scatterer outgoing beam in good collimation
approximation (also the incoming besm), which is of importance

in high resolution spectroscopy [6].



The most interesting prediction of the presented theory
is the fact that we may in a fairly simple way obtein a line
narrower than the natural one end without sidebands. This mey
be of importance in some kinds of experiment.

Reooiliess resonance scattering was investigated by Msjor
[4J (without oonsidering line-width) and his "negative line-
~widths® results are probably due to great scatterer thickness.
Our @ faotor proportionsl to fz(t stands for the Debye-laller
factor) 1s in good agreement with Mejor’s [4] results.

The theory presented below may be generally compared (in
1ts basic 1deas) with the work of Andreeve end Kusmin [9].

1. The ory

1.1, General oonsi.deratiois

The-llassbaner transmission specﬁrum without hyperfine
spufting, gelaiation prooesses, Goldanski-Ksryagin effect,
preferential orientation of orystallities, snd interference
prooesses in the source, targst, and absorber may be written
down as _:tollows (negleoting ooherent electronic scattering)

. - V . .
- : 2 a(w=-v)
P, (v) = dw S (w)e (1)
. . -

:fou"well collimated beams. We assume also that source, target,

and absorber are homogeneous and isotropic and that the energy
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shift 1s the ‘sam.e for source, target, and absorbver. The source
is thin in the M8ssbauer sense and 1s not moving Av'ersqs the
target. T 1s the absorber thickpess and a {(W- v) may be
written as:

2
a{w-v) - 1 (2)

& (w-v)%prn’
where 0" 1s the natural half-width of the excited level (for
simplioity we essume that it is first exoited level), w is
the energy deviation from the transition energy, apd v 1is

the Doppler shift energy between source snd absorber,

For line-width considerations we may use a spectrum
normalised to the form:
P, (=) =P (V)

P, (v) = ;‘T(“) T3, ) (3)

8 (w) 1s the density matrix of the incoming beam in the
energy representetion. This matrix is disgonel because
MBssbauer sosttering is an energy conserving process. S (w)

hes suck a property that S (W) £ 8 ( ~Ww),

let us consider scattering of the well-collimated beam
Z (w) from the slad in the geometry 1llustrated by Fig. 1.
The x, ¥, dimensions of the slab we assume to be infinite,
We take intc oonsiderstion only this part of scattered photons
which are moving along the £ axis. We also neglect all con~-

siderations connected with the luminosity c¢f necessary




collimstors (for simplicity we assume that thie luminosity is
equal to 1). Under these conditions we may write down 2 (w )

as:

¥ 1
2(w) = (fssini!so) ;m ’ (%)

where 1’8 is the source Debye-Waller factor. We use such
a normalisation that the number of photons at any energy
(rqsonant snd non-resonsnt} coming per u.t_:it time end unit area
vi the surface perpendiculsr to the 2 {(w ) is equal 1.

The transmitted beam may be now described by the relation
(Figs 1, 2):

- (w )ed/sin ‘30
1 ]

2w) =T(F =PI 3(4) 2 (w)e (5)
where 3-15 target density and: -
§(w)-toﬁ'(w)+/&., (6)

where . stands for the tsrget electronio absorption coeffi-
)l.

cient for M8ssbauer photons and may be expressed as:

Fo r5,, (7)
where N is the Avogadro number, A 1s the weighted average

of mass numbers of elements butlding the target, and 5,
is the weizhted average of electronic absorption oross-sections

8



of elements in the target.

to= 402 §,, (8)

where p 418 the moleculsr gbundance of M8ssbauer isotope,
2 1s the Debye-Waller factor of the target, emd © 1s the
_Tesonance oross—section {inoluding spins, emergy, and total
internal conversion dependence).

Now & (w ) may be exprossed as:

Probability of scattering of the photon with energy
per unit length of its.path in the target may be described
by the function:

g (w) =g 8 (w), (10)
where
N 1
g = p2 b, ot (11)
T o T F Lop -
dtot is the total internal cenve:rsio;.l coefficient.

The expression for @ 4s derived from the natural assumption
that after absorption we are interested only in reemission of
the recoilless photon. (We do not considei' background prob-;

lems).



We also define two very useful expressions:

~a(w) Ed-ljs

P, s) =e - (12)

and -d(w)g s/s10f

6{w, 5) = 3{w) 3(0) o (13)

where 0% 54 4.

P (W, 5) describes the transmission of photons scattered at
the layer s (Figs 2,3) and moving along the s sxis.

6 (v, 5) describes the energy profile of primery photons
scattered at the layer 3 (Fig. 2) in the position of this

layer.
It sesms natursl to expend S (w ) as follows:

S (w) = Z Sy (w), ' (14)
I= -,

where j 1is the index of the scattering multiplicity.

) d
5y (w) = \dnG(u,s)P(u, %) (15)

. z(w)e- «(w)ga g(w) a:ln\%o
«(w) (1-sin ‘!'oJ

—a(w)ga (-a,-,-g‘—e]

1~-e

and for 31) 41 we may write down (Fig. 3):

10
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‘Sj(u:o) - S ds,e00dsy 6(w ,s,) 1i ! E(w 3248,427 402
[+] -»

P (\.D’ .:)o (16)

K(w 45,58, 4) describes the probability that the photon with
energy w just scattered at the lsyer 5 will be next. scat-
tered st the layer $)4q°

E(w 9819 8q,4) = Kw 981,49 51)s Of course.

>

1.2. Csloulstionm of the function K (w, 5., 8)

-I-‘is. 4 shows how radiation propegates from sny point
P of plene 5, to the elementary volume dV lying in ths
plane &. Volume 4V may be expressed in spherival coordi-

pates as follows (Fig. 4):
av = r%sin H ar a 6 ay. (17)
Integrating over « makes:

w
av' = \ra sinG_drdOdn‘-Zurasino«lrd_G_ (18)

L

o;

av' may be rewritten as (Figs &, 5):
sin 8

av' =2 -5 )2 asde- (19)
n (s !o) ;-;5; sde , '

where we are using relations:

11




r=(%- so)/cos ) (2c)

and
dr = ds/cos 6. (21)

Radiation intensity with the distance *r Ifrom the scat-
tering point is attenuated by the factor:
- a{w )Sr

J(rw) = “%r- e (22)

The last expression maey be rewritten as:

0082 © -4(-»)3/:-:0//003 -3 (23)

J(/"‘ol’w) = m [.]
o L]

Now we may write down the pa-obabil:l.ty that the photon scat-
tered at P (in the plane so) will be next scattered in tne pla-
ne 5 and that this photon is ocoming to s Ifrom s; at the
angle © and any angle 'Q e This may be mritten down as:

k(w, .‘o’ £, 6) d5 2 6 = J(/""o/’“’)ﬁ(“’) av'

-d{w f F-
= %S(w) ts(e)e (wlg /H"// 008 dz de (24)
@ range is shown in Fig. 6. Hence, we havo:n
¥/2 ’
B(w, 5,4 8) -& x(w, 5,y 5, 8) 2 8 (25)
o



¥/2

c ~d(w)e /s8-8 // cos &
3%%(..,) o\ a6 tq (O)e s o/

let ug define:

A= g(w) S/PIO/ > o, {26)
-A/cos &
Function ts {6)e . may be rewritten as:
ta (0) - Afcos @ sin @ 1(e) (275
e = = j
3 cos © e&/ ccs © M(e) ’

Hence, we have (6€¢ [0, 'zj):

1(e) o (28
- 2

x@ &
8-- 0
im L (€) =1 and _ (29)
6— %

v L1
M (6) = cos 6+ 4 L —=r (30)
co8 + + 12"2 I-!- PP ¢ o .
11nn(e)-a+mzi—-n-ﬂ—‘ = oo (1)
. 120 1 05" '’e )

o e-=%

[
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Thus, it is shown that:

L(e) ’ :

0
(o) .
) )
8 —~ =

Undes these conditions we may expand tﬂ (@) and write down

ralatiion:
»/2 -/oos & §' 22%(22%-1)B, V2-e
ae = m—— )L a
} 8y (A _ én;; (20! £+0 S; ox
£>0
PrL R B A/cos 0’ (33)

where B, are Bernoulli’s numbers expressed by the for=ula:

i = .
2(2n)}
B, = 2e): o 1/ (2 - 12> (Oa)
2% (2%~ 1) ket .
From (33) ana (34) we have:
- vt
%/2 - = 2
| 0t (@ Moos e 0. (%)_"n‘ lis &doez“ -1,
o n=f {;8 ]
- s @
. Meo ’ (35)
where: =
R, = Zu(ak -1) . .- (36)
k=4

:14



Flnally, we may write down:

- ‘h.i
P
K{w, Sy 5) = s(u) Z (%) ‘R,_ 1im ae e x
€0
o~ *(w)gie=5 | /cos @ (37)

Integration over € may now be isde using any efficient
pumericel method (e.g. the Gauss-lLegendre method).

It is true, of course, that:

1n @2%~ 1 Mees® _ " (38)
8--0

and
1a o2t~ 1 Moos® o (39)
o~}

1.3. Some properties of the functicn S, (w)

It 18 clear, of course, that:

im 2 (W) = 0 : ' (40)
B o

and

15



lin 2 (w) = L, 2‘-.‘- _,?l.;‘?;;- : ' (41)
%&‘& : ‘ .
So:z

lim S, (w) = 0 _ (42)
Po= o

On the other hand, we may write down:

~w{w)gad

12 8, (0) =2 (w) qlw) de (43)
i
] s(m)da-d(w)sﬁ
s v wE-o- ‘,17~
Comparing (37), (46), snd (10) it is easy to show fhat:
I1m S {(w) = 8, (W), (44)

g0

but equation (44) will also be satisfied under s slightly
weaker restriction § d —0 (Fig. 1).

So, we.may rewrite (44) as:

un S (w) =8, (w) _ . (45)

fd-=0

16



Remembering these condiiions, we may write down:

m S, (W) =2 (w) 3(..;)3'3 | (46)

Po-’% s 40 ’

ML
i v T2 al/in2
8% (W€ + 0</s) .
. 2 .
Function {—-—Tlm has half-width V' &nd this is
WS+

the natural half-width of the M3ssbauer source line.
Function (46) is proportional to the value

(04718 f(w? + 2742 .
The half-width 5 of this lstter function may be derived

from the expression:

ot 1 r' = % (47)
R S R ‘

Hence we have:
A*+ 25202 -p* - 0 (48)
and for = physical meaningful solution we cbtain

k|
A=T (VT -1)2 (49)

= " . 006“30

17



Thus tt is olearly shown that for b — % and d-+0
the scattered 1line is 35.7% narrower than the natural line
(see also ([9))-

This is oonsistent with considér;tion of the time oorre-
lation function for the nuclear Hamiltonisn of the MBssbauer
lovel., PFor a single muilens such a function is proportional
to e"Pt, where p =P /2 + 7\.\00, where W 1s transition
enerzy. The energy profile for suoch a function is proportional
to its real part of the Fourier transform and may be written
as something proportional to 1/ [ (r/2224+221 ,
where R = w-w o - The oorrelation function for s state

oonsisting of two nuclear levels has a farm proportional to

t
} e~ PT o P(t =T) dT and its energy profile is, of course,

proporticnal to 3/ [ (r/2)2 22] 2,

We may also consider multiple scsttering (with multipli-
‘oity m ) under the conditions mentioned sbove for all
m = 1,2 ¢oo '« These conditions may be srranged repeating

n' times the situation ahown in Fig. 1. Hence, we hsve:
/

i [}
. : | 4 . . a
2.1 (r2/%)

1n s (o) = G50 [ g, o, - il
n=1 (w2 + "'2/#) :

Boa™ %

) n= 1, 2, oco‘.'

Fpln=>0-

18



We now obtain for half-widih the following expression

’

(v )

2
) =2/ (51)
[(A_1/2)% +72]
and
, (w'+ 1)
2 = (%‘ +1) ' (52)

From (52) we ses at once that for m'—vos A_: converges

to 0. Tbis is oonnected, of course, with enormous loss

of intensity.

The multiple scattering described above is alsoc comsistent
with the time correlation function picture. Such a function
for m' multiplicity may be written as something proportio-

nal to
E g ' (T, -1
S 4t mle_ p(t -tll') % dt -l- 1 e-p ( -' - -’- 1) see
[ o

[N
2 .
X aT, &P (T, - 7) 2T,

and the real psrt of its Fourier transform has a form propor-

tional to 1/ (R2 + tlela»)(" + 1)

19



2. Digoussion of soms experimental possibilities-

It ssoms clear that for preliminary experiments should
be seiected the 14.41 keV 1ine in 2/Fe (°/Co) which hes practi-
cally M 1 transition (so we may forget about interference
batween MOssbauer and photoelectric absorption amplitude).
From verilous single line sources and absorbers material should
he selected with a hi'gh enough Debye-Waller factor and with
e small spread of isomer shifts. Thus, for source, target,
and absorber the same type of material must be used. For
metallurgical pu'opértieﬁ, it seems that the best one may be
the Pi-Fe system. As an example we ocalculated S, {w )/slto)
versus w/T and B,, (v) versus v/T for several \'&U
_(F:I.s. 7) and alseo ®gr 481/" snd AP /T versus r:o
(Fig. 8), where AS, 1s the half-width of the scattered
S; (w) 1ime, AP ; 4s the half-width of the spectrum
i’.ol (v), and X, 1s defined es:

*—1 - &dus,_ (u) =2 % dw 8, (w) . (53)
A 3
Generslly:
= &aus (o)-z \a»s(b) .- (54)
3.

-

Thus, % deqciibes the acatteﬁ.ng efficiency.
Numerical values were adopted from literature for a 57¢co (Pa)
scurce and Fe, os Pdg s {(at.S) alloy target and absorber.

_ 2
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We assumed that ihis slley is emriched up to 95 [at. %)

in *"Fe. We assumed slso that source, target, end absorber
are keptin the ssme temperature very close to 293 K. 4all
adopted values are listed in Table IX.

Table I

Valuegs sdopted for calculating owrves shown in Figs 7 and 8.

Parsmeter Units Value Ref, and Remarks
N mole™l  6.0249x10%
A g/mols 403-93 Weighted average
t, = ¢ - 0.652 1]
P - 1.0
P - 0.0475
%~ Spa g/on’ 12.0
S, ca® 2.569x10°18 = [2]
5, cm? 6.646x1072)  wWeighted averaged
and interpolated [3]
dy ot - 8.18 . [2]
g en™1 32,750
P om?/g 38.52T
t cn?/g 46122
a om 9.03x10™ to3d = 0.33

ga = 2.959x10™

21



|

Acknowledgzments

The authors wish to express their gratitude to

Dr. J. Bsra for providing much help to one of them (W. Zurek).

Refersnces

Cd

.23

ol

[sd

3

‘83

J.Bara "Remarks on the Applicetion of the M3ssbauer

Effecot :_l.n the Investigations of Crystal Microdynamios®
Tiheny (1969).

JeGo.Stevens, V.E.Stevens "MOssbauer Effect Deta Index -

-

1970* London (1971).

C.M.Davisson "Gamms-Ray Attenuation Coefficients® in
E.Siegbahn (editor) ®"Alpha, Beta and Gemma-Rey Spectros—

copy® Vol. l. p.B27. Amsterdam (1966).
J.K.Major "Recoil-free Resonant and Non-resonsnt Scatte-
ring from 5Tpe™ Nucl. Phys. 33 (1962) 323.

S.Margulies, J.R.Ehrman "Transmission and ILipe Broadening
of Resonance Radiation Incident om a Resonance Absordber®

Nuol, Instr. Meth. 12 (1961) 131.

N.N.Delyagin, KE.P.Mitrofanow and ¥V.J.Nesterov ~'n the
Real Shape of Spectrsl Linea in M8ssbauer Specty sscopy®

' Nuol. Instr. Meth. 100 (1972) 315.



73

Cel

Lol

S.L.Ruby, J.M.Hicks "Line Shape 1n M8ssbauer Spestro-
scopy® Rev. Sci, Instr. 23 (1962) 27.

JeP.Hannon, G.T.Trammell *M8ssbauer Diffraction. I1I.Dyna-
mical Theory of M®ssbsuer Optics® Phys. Rev. 186 (1969)
306.

M.A.Andreeva, R,N.Kusain "NHarrowing of the MBssbaue>
Line® Proc. of the Conf. on the Application of the

" M®assbauer Effect - Tihany (1969).

23



2%

Fig. 1. Schematic dlagram of the copsidered
scattering geometry.
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Fig. 2, Path of the single scattered photon.
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Fig. 3. Photon path between two scattering
‘layers in the target.



Fig. 4. Diagram showing all possible paths of the

photon between two scattering layers.
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Pig. 5. Projecticn of the photon path
directiocn on the 2 axis.
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Pig. 6.

Diagram showing the range of the &

angle variation.
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$,(w)/S,(0)
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e

Fig. 7. 8;{w)/5,(0) ana B ;(v) for seversl Bo
caloulated for parameters listed in the
Table 1.
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Fig. 8. as;/7 , aipl/r and . X, celoulsted for
: Variou_s \30 and paremeters listed in Table I.
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