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Rksumk - L 1 i n t e r f k r o m 6 t r i e  zi neutrons peut s t r e  u t i l i s k e  pour mesurer d i rec te -  
ment c e r t a i n s  dkphasages dus d l a  d i f f u s i o n .  A 1  'aide_des neutrons pol a r i sgs  
l a  phase r i s u l t a n t  de l ' i n t e r a c t i o n  sp in -o rb i te  peut e t r e  dkterminke d i rec te -  
ment. En p r i n c i p e  l e s  i n t e r a c t i o n s  v i o l a n t  l e s  invariances P e t  T produisent 
des e f f e t s  analogues, quoique des amkl iorat ions importantes de l a  prGcision 
de l a  mgthode de mesure so ien t  ngcessaires pour leu rs  observations. Une 
amk l io ra t ion  poss ib le  de c e t t e  dern iere en u t i l i s a n t  l a  r@sonance en t re  l a  
pr6cession de Larmor e t  l a  "pendellosung" e s t  discutke. 

Abst ract  - Neutron in te r fe romet ry  can be u t i l i z e d  t o  measure d i r e c t l y  c e r t a i n  
s c a t t e r i n g  phases. With po la r i zed  neutrons the s p i n - o r b i t  s c a t t e r i n g  phase 
could thus d i r e c t l y  be determined. I n  p r i n c i p l e ,  P and T  v i o l a t i n g  i n t e r a c -  
t i o n s  lead  t o  analogous e f f e c t s ,  though s i g n i f i c a n t  s e n s i t i v i t y  improvements 
are necessary f o r  t h e i r  observat ion. A poss ib le  enhancement by a  resonance 
between Larmor precession and pendellosung i s  discussed. 

H i t h e r t o  p e r f e c t  c r y s t a l  neutron in te r fe romet ry  has l e d  t o  numerous b e a u t i f u l  exper i -  
ments measuring the change o f  the phase o f  the wave func t ion  due t o  mat ter  o r  f i e l d s  
a c t i n g  on the  neutron e s s e n t i a l l y  wh i le  on f l i g h t  between the  c r y s t a l  p la tes.  I n  
contrast ,  the  poss ib le  phase change o f  the neutron wave due t o  the  i n d i v i d u a l  s c a t t e r  
i n g  event i n  the c r y s t a l  p la tes  themselves has found l i t t l e  a t t e n t i o n ,  though it had 
been recognized from the e a r l y  days o f  Ingstrom wave in te r fe romet ry  on, t h a t  these 
methods could i n  p r i n c i p l e  lead t o  a  poss ib le  d i r e c t  s o l u t i o n  o f  the phase problem 
i n  crysta l lography.  The idea there i s  t o  s u b s t i t u t e  the  t h i r d  c r y s t a l  p l a t e  i n  the 
standard Laue-case th ree-c rys ta l  i n te r fe romete r  by a  p l a t e  o f  the sca t te re r  whose 
sca t te r ing  phase i s  t o  be determined. Then i t  fo l lows,  t h a t  the amplitude o f ,  say, 
the forward wave behind the in te r fe romete r  i s  given as 

+ 
where V ( G )  i s  the Four ier  t ransform o f  the neutron-crysta l  i n t e r a c t i o n  p o t e n t i a l  
appropr ia te f o r  the d i f f r a c t i n g  G-planes. Unprinied q u a n t i t i e s  denote s c a t t e r i n g  i n  
the  in te r fe romete r  c r y s t a l  and primed q u a n t i t i e s  denote the  unknown c r y s t a l .  Re- 
s t r i c t i n g  our  ans lys is  t o  non-absorbing c r y s t a l ,  we may now w r i t e  

and 

I n  t h e  l a t t e r  e  uat ion,  the f i r s t  phase f a c t o r  i s  the one t o  be determined, wh i le  i n  
the second one f i s  a  p o s i t i o n  vector o f  a l a t t i c e  p o i n t  i n  the in ter ferometer  c ry -  
s t a l  and 3' i s  one f o r  the unknown c r y s t a l .  Thus, t h i s  l a t t e r  term describes the 
e f f e c t  o f  the r e l a t i v e  t r a n s l a t i o n a l  p o s i t i o n  o f  these c r y s t a l s .  For Eq. (2 )  we a lso  - - -  
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had t o  assume, t h a t  the  l a t t i c e  constants o f  the  two c r y s t a l s  are equal, which 
feature g r e a t l y  reduces the a p p l i c a b i l i t y  of the  method. The i n t e n s i t y  o f  the forward 
beam i s  the re fo re  

This i n t e n s i t y  i s  dependent on the phase d i f fe rence  (P-(P' between the  two r e f l e c t i o n s .  
Unfor tunate ly  i t i s  a lso  q u i t e  sens i t i ve  t o  the  r e l a t i v e  p o s i t i o n i n g  o f  the c r y s t a l s  
on a  f r a c t i o n a l  Angstrom scale. This l a t t e r  fea tu re  together  w i t h  the requirement o f  
equal l a t t i c e  constants sever ly  l i m i t s  the a p p l i c a b i l i t y  o f  the method. I t i s  important 
t o  note, t h a t  i n  a  standard Laue-case three-crysta l  i n te r fe romete r  these condi t ions 
are met, s ince a l l  th ree  c r y s t a l  p la tes  are c u t  ou t  o f  the same c  ys a  Yet Eq. (4 )  
seems t o  suggest, t h a t  i n  t h a t  case the phase d i f fe rence  ( y - y 1 + 8 . ( i - 4 ' ) )  vanishes 
i n  a  t r i v i a l  sense. We a lso  note t h a t  then the assumption inherent  i n  Eq. (1) t h a t  
IV(0) l  = I V ' ( 0 ) l  and 1 ~ ( 8 ) 1  = 1 v 1 ( 8 ) ]  are f u l f i l l e d .  I f  these assumptions would n o t  
ho ld more complicated r e l a t i o n s  would fo l low,  which a re  n o t  necessary f o r  the  present 
paper. 

I t i s  the p o i n t  o f  the present paper, t h a t  the method discussed above can very w e l l  
be used t o  determine c e r t a i n  s c a t t e r i n g  phases, i f  the neutron sp in i s  brought i n t o  
play. To discuss t h i s  case we consider a  non-magnetic Laue-crystal  (Fig. 1) i l l u m i -  
nated by two equal ly  b r i g h t ,  coherent plane waves $1 and $2 o f  equal ampli tude whose 

Fig. 1: Laue-case c r y s t a l  p l a t e  w i t h  two 
Bragg waves $1 and $2 inc iden t  
w i t h  equal amplitude and w i t h  t h e i r  
phase adjusted such t h a t  the i n t e n -  
s i t i e s  reg is te red  i n  the detectors  
Dl and D2 i s  equal. 

wave vectors s a t i s f y  the  Bragg cond i t i on  exact ly ,  whose spins are o r ien ted  normal t o  
the s c a t t e r i n g  plane and whose r e l a t i v e  phase i s  ad justed such, t h a t  the  detectors 
Dl and D2 r e g i s t e r  equal i n t e n s i t y .  We then r a i s e  the f o l l o w i n g  quest ion: "If the 
sp in o f  the i l l u m i n a t i n g  r a d i a t i o n  i s  now f l i p p e d  w i thou t  in t roduc ing  any s h i f t  i n  
the r e l a t i v e  phase o f  and $2, w i l l  the i n t e n s i t i e s  i n  the  detectors  Dl and D2 
change, i.e., does sp in  reversal  i t s e l f  produce a  f r i n g e  s h i f t ? "  

Analyzing t h i s  case, we f i r s t  note, t h a t  the  sp in  i s  f l i p p e d  around the same a x i s  i n  
both beams. Thus we avoide any phase f a c t o r  due t o  the f l i p p i n g  f i e l d  i t s e l f  /I/. 
Ye& i n  t h e  presence o f  Schwinger s p i n - o r b i t  sca t te r ing ,  the p o t e n t i a l  c o e f f i c i e n t s  
V( ) are complex q u a n t i t i e s  even i f  a l l  o ther  con t r ibu t ions  are r e a l  

because the  s p i n - o r b i t  s c a t t e r i n g  leng th  i s  pure ly  imaginary /2/  

bSO = i bF Z(1 - f )  c o t  O~ z.Fi 



where bF = - 1 . 4 6 8 ~  fm i s  the Foldy s c a t t e r i n g  leng th  / 3 / ,  Z i s  the charge number 
o f  the  nucleus, f i s  the e lec t ron  form fac to r ,  0 i s  the Bragg angle, $ i s  the Paul i  
sp in  operator and 6 i s  a  u n i t  vector  normal t o  t i e  s c a t t e r i n g  plane. The answer t o  
our quest ion above fo l lows  immediately from Eqs. (5) and (6).  Focussing, e.g., on 
the beam leading t o  detector  Dl ,  we note t h a t  i t s  p a r t i a l  ampli tude coming from $1 
w i l l  s u f f e r  a  phase change o f  2~ merely due t o  the sp in  f l i p .  Hence the  superposi- 
t i o n  w i t h  the forward scat tered 38rt o f  $2 which does n o t  experience such a phase 
change w i l l  lead t o  an observable change o f  i n t e n s i t y .  

We propose an experiment us ing a th ree-c rys ta l  in ter ferometer  (Fig. 2),  s ince the  
technology o f  po la r i zed  neutron in te r fe romet ry  i s  w e l l  developed by now /4/. The 

Neutron 
&spin \ 

Fig. 2: Proposed experimental arrangement 
f o r  a  d i r e c t  measurement o f  t h e  
s p i n - o r b i t  s c a t t e r i n g  phase us ing 
a Laue-case th ree-c rys ta l  i n t e r f e r o -  
meter. The B - f i e l d  i s  arranged such, 
t h a t  i t s  phase s h i f t  e f f e c t  on the 
two in ter ferometer  beams i s  i d e n t i -  
c a l .  

nuc lear  phase s h i f t e r  would be used t o  get  the in ter ferometer  a t  maximum phase sensi- 
t i v i t y  and a magnetic f i e l d  would f l i p  the spins between the second and the t h i r d  
c r y s t a l  p la te .  Thus, i f  vary ing i n  such an experiment the magnetic f i e l d  s t rength,  
a  v a r i a t i o n  o f  the i n t e n s i t i e s  o f  the beams behind the in ter ferometer  w i t h  the 
p e r i o d i c i t y  o f  the Larmor precession w i l l  r e s u l t ,  i n  con t ras t  t o  the  4~-exper iments 
where double t h a t  p e r i o d i c i t y  was observed. The con t ras t  o f  the f r i nges  w i l l  be de- 
termined by the s p i n - o r b i t  s c a t t e r i n g  phase s h i f t .  We f i n d  f o r  2~ , i.e. the phase 
s h i f t  due t o  a complete sp in  f l i p ,  and S i  (220) r e f l e c t i o n  valuesS8f 1 . 8 5 ~  IO-I, 
3 . 6 6 ~  10-2 and 1 . 7 9 ~  10-2 radians f o r  neutrons o f  wavelength 0.1, 0.5 and 1.0 
angstrom, respect ive ly .  We f u r t h e r  note, t h a t  the s e n s i t i v i t y  could be improved by 
another f a c t o r  o f  two, i f  a f l i p p i n g  f i e l d  would a lso  be employed between the f i r s t  
two c r y s t a l  p la tes.  I f  the c r y s t a l  p la tes  are s u f f i c i e n t l y  t h i n ,  such a f i e l d  could 
extend a l l  over the in ter ferometer  c r y s t a l .  

Another spin-dependent e f f e c t  r e s u l t s  i f  the neutron c a r r i e s  an e l e c t r i c  d ipo le  
moment pe. This has e x p l i c i t e l y  been used by Shul l  and Nathans /5/ i n  a  search f o r  a  
neutron EDM using absorbing c r y s t a l s .  The corresponding s c a t t e r i n g  leng th  i s  given 
as 

2m bEDM = i Ze (1 - f )  - p 8.8. (7 1 
h26 

Thus, i f  we had neutrons po la r i zed  p a r a l l e l  t o  G, we would p ick  up a phase s h i f t  o f  
on ly  1.1 x  10-8 radians upon sp in  f l i p  both i n  f r o n t  and behind the middle p l a t e  i n  
an S i  (220)- interferometer f o r  pe/e = 10-25+c~. P and T v i o l a t i n g  con t r ibu t ions  t o  
the  sca t te r ing  length could a lso  e x h i b i t  a  o-G dependence as proposed by For te /6/. 
He would look  f o r  such a term using non-centrosymmetric c r y s t a l s .  We propose t h a t  a  
neutron experiment along the  l i n e s  discussed above could a l s o  be empl2ygd i n  such 
searches. S im i la r  comments ho ld  f o r  P v i o l a t i n g  terms o$ t k e  form z . ( n x ~ ) ,  which 
impl ies an arrangement o f  the  neutron sp in  p a r a l l e l  t o  h + k l .  The magnitude o f  the 
l a t t e r  term can be est imated from the experiments measurina ? v i o l a t i o n  as a sp in  
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r o t a t i o n  ef fect  /7/ i n  the  transmission o f  po la r i zed  neutrons. Est imat ion shows the 
r e s u l t i n g  phase s h i f t s  t o  be too small f o r  observat ion i n  an i n d i v i d u a l  s c a t t e r i n g  
event. A s i m i l a r  comment probably holds f o r  the simultaneously P and T v i o l a t i n g  
c o n t r i b u t i o n  /6,8/, though we are n o t  aware o f  any r e l i a b l e  estimates o f  i t s  
magnitude i n  nuclear sca t te r ing .  

As we mentioned i n  the discussion o f  the s p i n - o r b i t  term, an enhancement by a f a c t o r  
o f  2 can be achieved by f l i p p i n g  the  sp in a lso  i n  f r o n t  o f  the f i r s t  c r y s t a l  p la te .  
I n  general, by employing n c r y s t a l  p la tes  i n  a zig-zag r e f l e c t i o n  manner w i t h  sp in 
f l i p s  between each o f  the  p la tes  an enhancement by a f a c t o r  o f  2n over the  phase o f  
the i n d i v i d u a l  s c a t t e r i n g  event maybeachieved. For i n t e n s i t y  op t ima l i za t ion  the 
thickness o f  the i n d i v i d u a l  c r y s t a l  p la tes  should there be j u s t  h a l f  a pendellosung 
length.  By analogy one can then replace the m u l t i p l a t e  arrangement by one b i g  c r y s t a l  
and extend the f l i p p i n g  f i e l d  a l l  over t h a t  c r y s t a l .  There, an analogous amp l i f i ca -  
t i o n  of the  phase occurs, i f  the magnetic f i e l d  i s  tuned such, t h a t  the Larmor pre- 
cession leng th  equals the  pendellosung length. It w i l l  be shown i n  a f u t u r e  publ ica-  
t i o n ,  t h a t  i n  t h a t  case o f  a pendellosung-Larmor precession resonance one o f  the  
so lu t ions  o f  the Takagi-Taupin equations e x h i b i t s  phase a m p l i f i c a t i o n  by a f a c t o r  
o f  the order  o f  D/A, where D i s  the c r y s t a l  thickness and A i s  the p ndel1"sung 
length. Using very t h i c k  c rys ta ls ,  amp l i f i ca t ions  o f  the order o f  I O Q  - I O a  may thus 
be achievable. I n  a poss ib le  experimental a p p l i c a t i o n  a n o n - t r i v i a l  quest ion con- 
cerns the separat ion o f  the odd-symmetry e f f e c t s  from Schwinger s c a t t e r i n g  which 
impl ies extremely prec ise alignment o f  the  c r y s t a l  i n  the  very homogeneous magnetic 
f i e l d .  Yet i t  i s  s t i l l  no t  obvious, whether an in tegra ted  i n t e n s i t y  s u f f i c i e n t  f o r  
p rov id ing  the  necessary s t a t i s t i c a l  accuracy i s  obta inable w i t h i n  reasonable measur- 
i n g  t ime i n  order t o  improve the present l i m i t  on the neutron EDM. The s i t u a t i o n  may 
be d i f f e r e n t  f o r  simultaneously P and T v i o l a t i n g  terms, where p resen t l y  no exper i -  
mental l i m i t  has been set.  

We wish t o  thank Prof.C.G.Shul1 f o r  discussions and encouragement. This  work has 
been supported by the U.S. Nat ional  Science Foundation grant  No. DMR 8021057A01. 
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