
Volunrc 684, nurnbcr 3,4 Pi lYSf( 'S r . r in  IRs

t l

16 October  1978

TIME DELAY IN THE RESONANCE SCATTERING OF
SYNCHROTRON RADIATION BY NUCLEI IN A CRYSTAL

Yu. KAGAN, A.M. AFANAS'EV and V.G. KOilN
LV. Kurchalou lilstitutc o.f Atomic t:'ncrg1,, Moscon:, l2-jil12, USSR

Rcccived l0 lvlay 1978
Revised nranuscript rcccivcd l5 August 1978

Thc t in le dcpcndcncc of  dclaycd radiat ion has been found whcn the pulse of  synchrotron radiat ion undergoes the reso-
nancc Btagg scal tcr ing by ntrc ' lc i  in  a crystal  that  havc an is()mer ic Mi issbaucr lcvel .  A strgng accclcrat ion of  the dccay 6is-

- /  covcrcd is  conncctet l  $ i t l t  l  col lcct ivc char i lc tcr  of  the nuclcur cxci tat ion.  A possib i l i ty  to conscrve thc anglc d i rect ion as
wcl l  as thc intensi ty and thc resonance structurc in the dclaycd rcf lected radi l t ion is  analysed.

/ .  Rccerr t ly  a great  i l l lc rcst  has bcen ar isen in  d i rect
exci tat ion of  low. ly ing isorner ic  nuclear  levels  in  the
synchrotron radiation (SR) field rviih realisation of
tlre N,li issbauer effect I l -21 The problem of selccting
a resonance wi th the l ine-width of  about  l0-8 eV f rorr r
thc cont inuous radiat ion spectrutn of  about  tens of
kilovolts lnay be put due to unique tirne and anglc
charactcristics of SR produced by present-day clevices.
Indeed, the duration ?" of a pulse of SR is two or
three orders of magnitude shorter than the time inter-
val ?n1 be tween the pulses. Therefore, using isorneric
states having the l ife-tirne r3 in the interval

T  4 r s ( - T 1 ,

or i i  l l rs  u possib i l i ly  to  s i r rg lc  orr t  l l rc  c lc luyct l  rcso-
narrcc Mi issb:r r rcr  nrc l iu t  ion.

On thc ot l rcr  hand.  a srr ra l l  ar rgular  d ivcrgcrrce of '
SR in t l re  p lane norrnal  to  thc e lcct ron orb i t  a l lows
t ts  to use t l rc  Bragg scat tcr ing by a s ingle crysta l  con-
ta i r r i r rs  thc appropr iatc  iso{o1te wi t l i  thc isotner ic  levels .
As i t  has been shown [3 -5] ,  in  the resonance scar ter-
ing by the systc ln of  nucle i  thc supprcssion ef fect  of
nuclear  react ion inc last ic  channels ar ises.  As a c()nse-
quence a complete reflection can be realized.

Along witlr selccting of Môssbauer radiation ir rs
necessary to decrease sharply the total nurnber of t lrc
scattered quanta. For this purpose the Bragg reflcction

by the nragnetically ordcred single crystal which has
a purely nuclear resonance scattering can be used
[6-8J This is  thc basis ,  in  par t icu lar ,  o f  thc jo int  ex-
perirnent of Kurchatov lnstitute of Atomic [:nergy
and Novosibirsk Institute of Nuclear Physics, which
is  under preparat ion now [9J.

2.  F i rs t  of  a l l  the quest ion ar ises,  whethcr  i t  is
possib le to use the t i rne delay wi thout  thc loss of  the
angle d i rect ion of  the ref lectcd radiat ion.  The conrra-
d ic t ion of  th is  requi retncnt  n lay be scen.  for  exarnple,
fronr the fact that the usual delay with tl ie t inte of
order  rg character is t ic  for  iso latcd nuclc i  is  accontpa-
nied by the scat tcr ing in to 4n.  On t l rc  contrary,  thc
rcsonancc l l lagg sc l t tcr i l tg  prcscrvc t l rc  arrg lc  col l i rna-
t i o r r  bu t  i r r  l l t i s  cusc  t l r c  r c l l c c t i o r r  occu rs  ac t r ra l l y
wi t l rout  t lc lay (scc bc low).

J. Let the radiation with a frequency ô fall on the
crysta l  for  a t i rne Iat  a def in i te  angle 0.  Then the
arnplitude of the electric f ield has the lornr

I i ù ( . t )=  6  -  
" - i à t ç1111  

,  ( l  )

where r!(t) equals one in thc interval 0 ( r ( ?. and
zero out of the interval. The arnplitude of the scattcred
wave {leld rnay be written as

I ; ; t n = C  ;  I  a i c u  i t , ! ( r ' ) c . i ù r ' ,- . 1 (2)
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aftcr some calcu-

( l  l )

/ { ( c . l ) c i - l

I l c rc  / l (co)  i s  t l r c  a r r l r l i t r r t le  o l ' c rys la l  rc f l cc t i t ln  t l f

l l r c  r r r t r r , t t  l r r o r r u r t i c  r v l t v t :  u , i l l r  l l r c  l t c r l t t c t t r ' y  c , . . : .

S r r p p o s c  t l r c  < ; t l r t r l i t  1 o  h e  r v i l l t i t t  t l t c  l r t ' < l t t c t t c : y

i r r tc rvu l  Jcu  : .  l /7 '  r rc l r r  l l r c  rcso t l r r rcc  l ' r c t l t t c t tcy  c , - r1 ' .

l ) rocccd i r tg  f ro r t t  an tp l i l t t c lc  (2 )  to  t l te  in tcns i ty  an t l

s r r r r r r r r i r rg  ovcr  t l te  w l to lc  ra t tge  Aôg we f ind

N ^ r f
l , , u l - : n  " . ' , .  1 , t t ' l t ; . { t  l ' \ 1 2 .  ( 4 \

Ats I 'i,

l lc rc  rvc l ravc i t t t roc l t rccd thc parutr tc lcr  o -  2s in 20 11 
'ù

c<rrr r . rcc lcd wi th t l rc  arrg lc  of  dcv iut ion t  = 0 0,
f ronr  thc Bragg anglc 0g in  thc scat tcr ing p lane.  Wc
sul)posc tha. t  thc d is t r ibut ion wi th rcspcct  to  a is  dct r : r -
nr incd by a sr t ta l l  vcr t ica l  d ivcrgencc of  SR. The qt tat t

tity l\ irr (4) is dcfinccl by fllode = y'y'ç1 wlrcrc N1, is
the tota l  nur t rbcr  of  qt tanta pcr  o l te  pulsc t l f  SR.

Assrr rne that  the hyperf ine st ructure ( t lFS) is  rvc i l

resolvcd and the gconretry  corresponds to a separ l t i ,  ' r t

o f  dynanr ica l  set  of  four  eqtrat ions in to two indcPcrt -
dent  sets for  each polar izat ion [5] .  Then the Bragg
ref lect ion ampl i tude for  a th ick crysta l ,  correspondi t rg
to thc individual HFS conDonent. can be written as

Subst i tu t i r rg (5 )  in to (3)  we f ind
lat ions

/ ltury t  -  
h l

*! t, ' , ' l l , ' , , i" ' .-n 
t, 

n' 
r\, o o),

whcre, /1(x)  is  the Bcssel  funct ion.

4.  Considcr  thc t i rncs greatcr  than 7n.  In  th is  case
wc l ravc approxi rnulc ly  for  thc in tcnsi ty  (4)

2n  l / "  f  r l
/^ (/)u "  1 6  ( A c d 7 p )  '  

l  r O  l

( l  )4 tlc^.1
f - '. r  : n

G"(o =* #ï, .-, {
( 8 )

Usually "/6 
( I for the crystal enriched by the resonançe

isotope. læt the deviation from the Bragg condition be

srnal l ,  namely , ls<- l l i  (  l .  Then at  I  )  l -v l rg the t inre

dependence of  the in tensi ty  of  delayed radiat ion takes

the fornr

|  ; ,  t41r / '6  ) l

|  ( t l r o l

"-ot 
#\ (e)

I,(t)-ût#.",'(Dh +)

Ro(<r) = -

zo= eo - hlp + i l2) l ro ,

n=  t l ( . v  -  i . v . ) ,  yo=2x lô l lb rc l  .  { ( , )

p = 2 l b n l l ( b o o + à r r ) .

I lerc wc use the abbreviat ions boa (oL, P = 0, I  )
and 19 = Xf + iX6 which can be defined by represcrrting
the coefficientsgou in the dynamical theory eqttatiotrs
[51 in the form

K. ,a=  -b
"F  h( to  co6)  +  i t ' /2

+ xoôop ,

wherc the second tcr rn descr ibes the in teract ic ln wi lh
electrons. Then

o zxla 2sin20r, 1 . xb \
Y = - 

l l r ,ol 
= 

|4ol- \ t '  ,r  xo -r ,  
{ j  }

and the condi t ion for  a maxinrunr  of  the Bragg rcf  l r ' r ' t -
ing in tcnsi ty  isy = 0 instcad of  a = ry '  = g.
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The pr inc ipal  char tgc in  the decay law is  c t lnnected

wi th t l re  col lect ive character  of  absorpt ion t l f  each

photon by the system of  resonance nucle i  in  a crysta l ,

wi th fornrat ion of  a nuclcar  exc i ton in  the in tcrrne-

d iate state.  Such the col lect ive (spread over  the crysta l )

exc i tat ion decays through the e last ic  channei .  i .e .  wi lh

7-quantunr  ent iss ion,  essent ia l ly  faster  than in the case

of an isolated nucleus. The time-integrated reflected

intensity Qo is concentrated thcn within thq interval

t  { ly l ro and is  eq^ual  to

N ^ r
0 " = f a ; r , , r L , i

rl2
Lct  us consider  the case of  the st r ic t ly  real ized

Bragg condi t ion,  /  = 0,  and suppose f i rs t ly  that  the

electron absorpt ion is  ahsent  ( fô  = 0) .  Thcn i t  is  casy

to scc f ronr  (1)  that  G(t )  -  ô( / ) ,  i .c .  the t le lay e f lcct

is  corr ip lc tc ly  . tbscnt .  
' l 'h ts  

is  cot t r tected wrt l r  thc

fact  that  a c iccrr 'asc ot  t l r , '  t t t tc lcar  scat tcr i r rg anrp l i tudc
wlrc l l  dùvlat lng l ' ro t t i  thc resonancc and.r , i  l l lc rease
of the eft 'cctive thickncss of reflccting laytrr compen-
satc cacl t  o thcr .  The cx is tencc of  sr r ra l l  c lc .  .  ro t t  absorp '



t i o r r .  l i r r r i l i n g  t l r c  c o t t l r i b r t t i t t n  o l  f l r  w i r r g s  o l  l l r c  r r '

s ( ) l t m c c .  r c s t o r c s  t h c  s r r r ; r l l  d e l a y  ( - ' r , n 1 6 ) .

W l r t ' n  l r ' l )  |  f t r r  t l r c  c r r t i r c  t i r n c  r c g i o n  l h c  r r s r l r l

l l t r v  6 t ' r l ,  l , r V  r c s l o r c s

/ . ( t ) - l , c  
/ / ' n ( l . l )

I  hr rvcvcr  i r r  t  l t is  cr rsc I  l rc  v : r l r t r '  o{ '  rc l l t ' r ' l t ' r l  i r r tc  r rs i t  v
is  s l ror t l lv  r lccrcrscr l .  Ot t t :  sct 's  t torv l l r ; r l  i l  is  r t lccss;r r  y
l o  r r sc  l l r r '  l n l l l c  i t t l l v ; r l  t , , , l r i r ' l t  s ; r l i s l i c s  l i r c  t  n r r r l i l i on

l r ' l  -  |  t o  t c i t l i z c  l l t t ' l i r r r c  r l t ' l : r v  r v i t l r  co r r s t ' r v i r r l i  l l r t '
i r r  t cns i {  v .

-5. lrr thc casc whcn thc anglc divcrgency Arf of thc
incident bcarn is large so that A.r, ) I or crystal has
,  sa ic  s tnrcture a long the speci rnen p lane,  one f inds
ai tèr  in tegrat ion ot  (9)  over  r !  ( r  ) /6rs)

\ ' , , l r r r r r e  f . l i r \ .  n t t t t t hc r  . 1 ,  4

l ( r  lV rcs  e  r / ro  !No 'Ja
/ ( l )  è  - -  

A ,  Oro l  
'  f l , . r=  (Aà;J '

l 6  ( ) c t o b c r  1 9 7 8

t l r c  c 1 1 ' s t u l - u b s o r b c r  l r t v i t t g  t l t c  s a t n c  r t r r c l c i  b r r t  w i l h

: r  Ao-16 s l r i { t  i t t  t l t c  rcso t tu t rce  l ' r c t l t t cncy .  I 'h is  p rob lc rn

hus  bccn so lvc r l .  l { c l ' c r r i r rg  to  lhc  t t t< t rc  cx tc i r t l cd  paper

f i r r  r l c l i r i l s  w c  f i r r t t t t t l a t c  l t c r c  o t t l Y  t l t c  h a s i c  r l t r l r l i t a t i v c

r r rs r r l t s :
( ; r  )  Wl rcn  l . t , l  4  |  t  l r c  dcpcndcncc  on  Âo- r1 ,  t t t rns

o r r t  t o  h c  v c r v ' , v c u k .  t h c  r c s o n a n c c  s t r t t c t t t r c  i n  t h c

r c f l c c l e c l  n r r l i u l i o r r  i s  t r c t r r a l l y  a h s c r r t .
(h )  Whcr r  l l l  ?  |  ' , r r t< l  t  4  rs  thc  rcso t tancc  s l r t l c t t l re

v r r r r i s l r c s  r r r l r i r r  t l r t c  l o  l l t t :  t t t t c t : r t : r r r t t y  p r i r r c i p l c .  l t

r t : s l o r c s  w i l l r  i t r t  t c ; t s i r r l i  /  t r r r t l  i l l ) l ) 0 i t r s  t o  b c  s r r l f i c i c r r l l y

n r r r r o w c r l  w l r c r r  /  - ' ( ) . 5  r 1 , .  l l o w c v c r  l l r c r u  a r c  n o t i c c a h l c

osc i l la t ions  on  thc  w ings .

(c) For the Mi)ssbauer type cxperiments i t  is neces-

sary to use thc integral-over-t ime intensity in which

the f ini te intcrval ) 0.3 rg just after the SR pulse must

be excluded. The condit ion Ay à I defines the expe-

dient angle divergency in the incident beanr.
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Oncc again the acccleration of the decay takcs place
owing to the collective character of resonance excita-
tion. l lowever, weakening the role of the resonance
wings leads to the logarithrnic increasing of the integral
in tensi ty  at  smal l  / .  In  accordance wi th (13) ,  in  th is
case the intensity rcduccs in Ây tinres.

6. Thc acceleration of the excited state dccay and
the heightened role of the resonance wings lead to
broadening thc f requency d is t r ibut ion of  the delayed
rcf ' lcctcd radiat ion as corr rpared wi th thc usual  casc.
Becausc of  th is  we are faced wi t l r  an extrenrc ly  scrrous
problern of loss of resolution in using this radiation
qrr  l \4( issbaucr  typc expcr i rnents.  To analyzc the qrres,

t  is  nec! 'ssary to solvc thc problcrn o l  t l re  t rarrs-
nrission of SR-pulsc, a{'ter the l}ragg reflection, througll

) + l


