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Streszczenie

W pracy przedstawiono ana Иве kształtu l i n i i mBssbauerow-

sklej po ro«proszeniu w resonansowej, lsotroponej tarcey.

Zostało рокавапе, że półeserokość eależy od geometrii говрге-

szania 1 ż« w specjalnych warunkach może być mniejsze od na-

turalnej półsserokoćcl. P<5łszerokoś5 może byc* w tych specjal-

nych warunkach eredukowana at do 0,643 naturalnej półszerokoć-

*ci po pojedyneвуа rosproscenlu. ^

Summary

The paper contains an analysis of the Hesabsuer line

shape after scattering by a resonance, isotropic target. I t

i s shown that line-width depends on the scattering geometry

and under special clroumstanoes may be smaller than natural

line-width* Łinewidth may be redused under these special

conditions up to 0.643 natural line-width In a single soatte-

rlng process.
• (ФЛ'1 l Wy )



Реаюме

В стать» произведено аваяшз шнравн мэссбауеровской згкша
гаша лучей по рассеяны) ва резонавсовой, однородной фолы.
Показано, что полушцшна этой лино аавнсить от геометра рас-
сеянна н в свецяжьннх условях монета быть неньна чем натура-
льная полушжрша. В axis условях полуирмна мокеть получить
ведшчкну 0.643 натуральной шлуащрвна по однокротвом pacce-
яню. -**



Introduction

Scattering geometry Is rather less commonly used than

the transmission one in MOssbeuer experiments* but even on

this topic there exists quite abundant literature. On the

other hand, only a fsw experiments were performed to check

scattered line shape and these «ere mainly concerned with

hyperfine structure and coherent phenomena. Coherent proces-

ses in resonance scattering were treated by many authors, but

perhaps in the greatest detail by Hannon and Trammel Q Q .

In this paper we make an analysis of the scattered line

shape assuming that source, target, and absorber are unsplit,

homogeneous, and lsotropio and that it is possible to neglect

coherent processes. We assume isotropy also In the micros-

copic environment of the UBssbauer nucleus (e.g. no evidence

of Soldanski-Karyagin effect).

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

and absorber host lattices are the same.

In this nanne? the results of the theory presented below

reproduce results of the theories treating thick absorbers

for the transmisslve part of spectrum.

The most detailed analyses for the UBssbauer transmission

spectrum were made by Margulies, Ehrman £p"2 and Ruby, Hicks

£73. We treat the scatterer outgoing beam in good collimation

approximation (also the incoming beam), which is of importance

in high resolution speotroscopy



The most Interesting prediction of the presented theory

ie the fact-that we may.in a fairly simple way obtain a line

narrower than the natural one and without sidebands. This ma;

be of Importance In some kinds of experiment.

Beoollless resonance scattering was Investigated by Major

£43 (without considering line—width) and his "negatlre line-

-wldths" results are probably due to great scatterer tbickness.

Oar 0 faotor proportional to f^(f stands for the Debye-.Valler

factor) is In good agreement with Mejor's £iQ results.

Toe theory presented below may be generally compared (la

Its basio Ideas) with the work of Andreera and Kusmln

1.1. General oonsiderations

The uassbauer transmission spectrum without hyperfine

splitting, relaxation processes, Goldanskl-Karyagin effect,

preferential orientation of orystallltles, and Interference

processes In the source, target, and absorber may be written

down as follows (neglecting ooherent electronic scattering)

? -* a (w - T)
Po (T) - \ № 8- (tt) • (1)

. • -«* . .

for well colllmated beams. We assume also that source, target,

and absorber are homogeneous and lsotroplc and that the energy



shift is the same for source, target, end absorber. The source

is thin in the MSssbauer sense and Is not moving Versus the

target. T is the absorber thickness and a (w- v) may be

written as:

2
a(o-v)«-i— « X «— , (2)

where Г Is the natural half-width of the excited level (for
simplicity we assume that It i s first excited level), w i s
the energy deviation from the transition energy, and v Is
the Doppler shift energy between source and absorber.

For line-width considerations we ma; use a spectrum
normalised to the form:

P (OQ) - p ( T )
U ) & ^ (3)

S (u>) is the density matrix of the Incoming beam In the

energy representation* This matrix la diagonal because

MSssbauer scattering is an energy conserving process. S (u))

hes such a property that S («*i) с S ( - w ) .

Let us consider scattering of the well-colllmated beam

Z (u>) from the slab in the geometry illustrated by Fig. 1.

The x, y, dimensions of the sleb we assume to be Infinite.

We take into oonsiderstioc only this part of scattered photons

which are moving along the в axis. We also neglect all con-

siderations connected with the luminosity cf necessary



oolllmators (for simplicity we assume that this luminosity Is

«sgual to 1). Under these conditions we ma; «rite dom Z (w)

as:

(f
8

where ffl i s the source Debye-Waller factor. We use such

a normalization that the number of photons at any energy

(resonant and non-resonant) coming per unit time and unit area

u£ the surface perpendicular to the Z (u)) I s equal 1.

The transmitted beam may be now described by the relation

(Figs 1, 2 ) :

z U ) e * (
f

where c is target density and:

(6)

where u. stands for the target eleotronlo absorption coeff i -

cient for liessbauer photons and may be expressed as:

Г -V 6.,
where N 1B the Avogadro number, 1 i s the weighted average

of mass numbers of elements building the target, and E>e

i s the weighted average of electronic absorption oross-eectiona

8



of elements in the target.

*o

where p i s the molecular abundance of liessbauer Isotope,
f i s the Debye-Waller factor of the target, and 6 O i s the
resonance cross-section (including spins, energy, and total
Internal conversion dependence).
Now ^ (w ) may be expressed as:

4 «Г + Г /4
(9)

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) - 0 5 Ы ) , (10)

where

eŁ . is the total internal conversion coefficient.

The expression for 0 Is derived from the natural assumption

that after absorption we are interested only In reemisslon of

the recollless photon. (We do not consider background prob-

lems).



Ve also define two тегу useful expressions:

P((i», •) - e 5 . (12)

( ) « »/slnft„
CUo, •) - Z ( » ) «}(»*) a 3 \° (13)

«here 0 4 • 4 d.

F (u>t •) describes the transmission of photons scattered at

the layer в (Figs 2,3) and moving along tbe s axis.

6 (ш, •) describes the energy profile of primary photon*

scattered at the layer ш (Fig. 2) In the position of this

layer.

It seems natural to expand S (» ) as follows:

) * Zi S, (u>),
J-1

S (u) * Zi S, (u>), (14)

where J Is the index of the scattering multiplicity.

a
S 1 (u>) - \ ds G (w, •) F (u», •) (15)

and far j>1 we nay write down (Fig. 3):

10



d
\
о

i - 1

1 * 1

F («>, «j). (16)

K(u> »Bi»Bi+-j) describee the probability that the photon with

energy u> just scattered at the layer i^ «111 be next, scat-

tered at the layer « 1 + 1 .

( of oonrae.

1.2. Calouletion of the function К («о, i o, a)

Fig. 4 above how radiation propagatee froa any point

p of plane i 0 to the elementary voluae dV lying in the

plane E. Volume dY nay be «xpreaaed In apberival coordi-

nates ae follows (Fig. 4 ) :

dV « r 2 s l n 9 d r d e d | (17)

Integrating over ^ makes:

dV - \ r 2 sin e . d r d e d« « 2 it r 2 s l n » d r d » . (18)
o*-

dT1 may be rewritten as (Figs 4» 9 ) :

. 9 s in в , %dV' - 2* (в - i n ) 2 r- a«d© , (19)
0 cos"*»

where we are using relations:



г - (я - sQ)/coa в (20)

and

dr * dc/cos ». (21)

Radiation intensity with the distance r from the scat-

tering point is attenuated by the factor:

J(r,uj) « - Ц е 5 (22)

The last expression «ay be rewritten as:

B2 & -*C-»)s/e-B o//cos.„2?
4TI

Now we may write down the probability that the photon scat-

tered at P (in the plane »0) will be next scattered in tne pla-

ne в and that this photon is coming to s froa sQ- at the

angle © and any angle ̂  • This nay be written down as:

k(u>, в , I, 9) dt d 6 > JC/B-SV, u>) *(*&) oT

«// cos ^
*' dr d9 (24)

range i s shown in Fig. 6. Hence, we haves

V 2

K(w , в 0 , •) ж \ <c(u> t *0f •» G) d в (2?)
0



V2 .

* 2 о U ) \ d & tj U)e
 5

 ° /

let us define:

A - л(и>) 5 /«-«„/ > 0. (26)

-A/coe G
Function tjj (e)e may be rewritten as:

- A/ooe » sin © L(e)

Hence, we have («t C°» j 3
!

в— о

lin Ł (в) « 1 and (29)

li (ft) - cos • + A + Zs fj П=ПГ {30)

V A1 1
llm V (») « A + Urn > ± Д-

1.2 l o o s

13



Thus, It is shown that.:

Unde? these oondltlons «e aey expand to ̂ 0) and «rite down

relation:

"В/О

' -1/oos О
d в to ^ e »-t — n ITS «

«here B«. are Bernoulli's numbers expressed Ъу the forsaila:

2(2*) I Vs» ,_ '
Be. - • 2-4 V (2 к - О2*" (34)

(33) and (34-) «e bare:

d& t j С»)» - 2 ^ ( f)
- i/006 »

• , (35)

«here: ' ^Ц

1/(2к-1) . (36)
k-1

14



Finally, we may write dons:

Ь-Ч) о
£>0

e-*(«»)^|B-«ol /cose (37)

Integration orer ft may now be aade using any efficient

numerical method (e.g. the Gauss-Legendre method).

It is true, of course, that:

11ш ft
2
*"

 1
 .-Voos ft

 ш 0 ( 3 e )

and

Ui

1.3. Some properties of the function S
1
 (u>)

It Is clear, of course, that:

11л Z (U>) * О (4С)

and



Z <U>) - t X- шЛ x
-*\ i ^ + f"2/*

So:

SĄ (w) - О (42)

On the other hand, we nay write down:

_«.(u»)od
lin S1 (w) - 2 ( « ) ^(v*) d e 3 (43)

Comparing (37)* (16), and (10) it is easy to show that:

lim S (u>) » S1 (w) , (4*)

hut equation (44) will also be satisfied under a slightly

weaker restriction 0 d -*O (Fig. 1).

So» we.шву rewrite (44) as:

Ha S Ы) » S1 (w) ^ (45)

0 d—O

16



Remembering these conditions, не may «rite down:

lin S 1 (u>) * Z (u>) o(u»)pd С46)

< b
8ТГ (u>* * \

Г 2 1 „
Function x— • * «,— has half-width V end this i s

the natural half-width of the Mflssbauer source line.

Function (46) i s proportional to the value

The half-width Л of this latter function may be derived

from the expression:

Hence

16 (

we have:

2 P

1

• -

2

• 4 " :

- Г

) 2

4 * 0

(47)

(48)

and for a physical meaningful solution we obtain

1
Д * V ( >/I - 1 ) 5 (49)

- Г • 0.643.



ft U
Thus It is clearly shows that for \*o"* 2" a n d d"*

the scattered Use is 35.7* narrower than the natural line

(see also

This is oonsistent with consideration of the time corre-

lation function for the nuclear Hamlltonian of the MBssoauer

lerel» For a single nuoleua such, a function is proportional

to e**p , where p « P/2 + V o o , where w Q is transition

energy. The energy profile for suoh a funotlon is proportional

to its real part of the Fourier transform and may be written

as something proportional to 1/ [ ( P/2) 2 + Я. 22 t

where 2. • w — <д . The correlation function for a state

consisting of two nuclear 1ете1в has a form proportional to

С e"* p x e p** *"x' dT and its energy profile ie, of course,

proportional to V С t T / 2 ) 2 * SL *3 2.

We nay also consider multiple scattering (with multipli-

city a ) under the conditions mentioned аЪоте for all

m ш 1,2 ... a1 . These conditions may be arranged repeating

m* times the situation ahown in Fig. 1. Hence, we have:

(50)
9 9 С"'*1)

(w
2
 +Г

2
/*)

::]m - 1. 2,

18



We BOW obtain for half-width the following expression

- 2/Г (51)

and

^ 1) (52)

From (52) we see at once that for m -*«• Д » converges

to О. IMs is connected, of course, with enormous loss

of intensity.

The multiple scattering described above is also consistent

with the time correlatioa function picture. Such a function

for m' multiplicity may be written as something proportio-

nal to

V
\

г

and the r e a l part of i t s Fourier transform has a form proрог-

tlonal to V ( u 2 + Г2А) ( В ' + 1 ) .

19



2. Discussion of some experimental possibil it ies•

It seams clear that for preliminary experiments should

be selected the 14.41 keV line la 5 7Fe (5 7Co) which has practi-

cally If 1 transition (so we may forget about interference

between llflssbausr and photoelectric absorption amplitude}.

from various single line sources and absorbers material should

he selected with a high enough Debye-Waller factor and with

a small spread of isomer sh i f t s . Thus* for source» target,

and absorber the same type of material must be used. For

metallurgical properties., i t seems that the best one may be

the Pa-Fa system* As an example we calculated S. (u))/S,(0)

versus u>/V and P"ol (v) versus т/Г for several C>

(Fig. 7} and also t,1$ ASj/Г and A ? o l /
r w s n e fi»0

(Fig. 8 ) , where A S 1 i s the half-width of the scattered

S 1 (ш) l ine, AP o l i s the half-width of the spectrum

P o l (v) , and X^ i s defined as :

d» S x ( w ) (53)

Generally:

\ i 1 ' \ (54)

Thus» X describes the scattering efficiency.

numerical values were adopted from literature for a 5 7Co (Pd)

source and P * 0 # 0 5
 M Q . 9 5 ^ a t -*^ alloy target and absorber.

20



We assumed that this alloy Is enriched up to 95 (at. %)

57
In Fe. We assumed also that source» target, and absorber

are kept Is the same tenperature тегу olose to 293 E. All

adopted values are listed In Table I.

Table I

Values adopted for calculating curves shown In Figs 7 and 8.

Parameter

VI

A

f s " f

T

P

0

d tot

0

л
*e
d

Units

mole

g/mols

-

-

-

g/cm3

c» 2

cm2

ca" 1

cm2/g

cm2/g

cm

Value

6.0249X1023

103*93

0.652

1.0

0.0475

12.0

2.569X10"18 '

6.646X10"21

8.18

32.750

38.527

461.2

9.0ЭП0*"5

Ref. and Remarks

Weighted average

• Г2]

Weighted averaged
and Interpolated C3J

t ^ d - 0.5»
0d » 2.959x10""3
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*•• Schematic diagram of the considered

scattering geometry.



тм

Fig. 2. Path of the single scattered photon.
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Fig. 3. Photon path between two scattering

layers In the target.
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Fig. 4-. Diagram showing all possible paths of the

photoo between two scattering layers»



/

Z*dz

Fig. 5. R'cjestics at the photoa

dlreotlon on tbe Z axle.
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Fig. 6. Diagraa sbswing the range of the

angle тагlatIon.
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Fig. 7. SJ^OO/SJ^O) and ? o l ( v ) for several
oa lenia ted for parameters Hated in the

Table I .
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Fig. 8. ASj/T f лР-^/Г and . X^ calculated for

various Q>0 and parameters l isted in Table I.
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