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1. Introduction

The great success of optical interferometry motivated the extension
of this technique to X-rays and matter waves like electrons and
neutrons. According to the much shorter wave length of such radi-
ation the usual optical systems cannot be used. The interference
effects within crystals giving the well known Bragg reflections
form a separate field of research. Here we deal- with the inter-
ferometry of well separated coherent beams, where the phase of the
beams can be manipulated individually.

For electrons the electron microscope was used by Mollenstedt and
Dliker (1954) to realize the first interferometer. From the point
of operation it is analogous to aFresnel'sbiprism interferometer.
The action of the electrostatic lenses allows well separated beams,
even though the wave lengths of such electrons are rather short
(•v<0,05$i). Up to 2200 interference fringes could be observed by
Keller (1961) due to a variation of the optical path length by the
electrostatic field within the microscope. With such electron
interferometers Boersch et al. (1961) and Hollenstedt (1962) demon-
strated the Aharonov-Bohm- (1959) effect, i.e. the coupling of the
electron to the vector potential. Lischke (1969) used this method
to investigate the action of the quantized magnetic flux in super-
conductors. Another type of interferometer, where crystal laminae
cause separation and superposition of the coherent beams, were
proposed by Marton (1952) for electron beams and tested later
(Marton et al. 1953). Various stability problems according to the
extremely short wave length allow the interference fringes to be
observed only microscopically. The coherent action of the crystal
is based on the dynamical diffraction theory developed for matter
waves by Bethe (1923) end von Laue (1948).

For X-rays Bonse and Hart (1965) realized the first powerful
interferometer in the angstrom range of wave lengths. These inter-
ferometers are of the Marton-type with perfect crystal plates as
beam splitter, bender and analyzer. There are many new aspects for
research in the field of crystallography and for precision measure-
ments in the angstrom region, summarized recently by Bonse and
Graeff (1977).
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The first attempt for a neutron interferometer by Maier-
Leibnitz and Springer (1962) was based on classical optical com-
ponents; on single slit diffraction and biprism deflection. Due
to the rather small beam separation of such systems (^60ijm) the
range of application is rather limited (Landkammer 1966). There-
fore proposals for a Marton-type neutron interferometer with well
separated beams appeared in the literature (Bonse and Hart 1966,
Rauch 1971, Shull 1973),. The first realization of such a perfect
crystal neutron interferometer was achieved by Rauch, Treimer and
Bonse (1974) at a 250 kW TRIGA-reactor, where the expected inten-
sity modulation for various optical path lengths could be observed
(Fig.l). Afterwards the interferometer set-up was moved to the
Institute Laue-Langevin to utilize the higher flux for more sophi-
sticated experiments. The features of this set-up are described
by Bauspiess (1977) and Bauspiess et al. (1978).

2. Basic equations

. The perfect crystal interferometer is based on dynamical
diffraction theory, which was formulated for neutrons by Goldberger
and Seitz (1947) and is reviewed recently by Rauch and Petrascheck
(1978) and by Sears (1978). Most of the important theoret-'cal rela-
tions obtained from dynamical diffraction theory and applied to
the case of a neutron interferometer ars -given by Rauch and Suda
(1974), by Bauspiess et al . (1975), -by Rstrascheck (V976) and by r
Petrascheck and Folk (1976).

To get an appropriate description of the wave fields within an
interferometer the spherical theory, developed for X-rays by Kato
(1961 and 1968), has to be applied. For thick crystals a ray con-
sideration is justified and a coherent superposition of plane
waves if((y) gives the correct result.

-3 ir +y°

The values for y are determined by the beam collimation and can
! O

| be replaced in most cases by £«> since the contribution to the
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reflection decreases drastically for large y values. For the

foccused interferometer the plane wave solutions for the forward

(0) and deviated (H) direction read as follows

exp E-2IT i y(T +• t)/L ] i|i (1)

( v H ( y ) v H ( y ) v Q ( - y ) + v H ( y ) v _ H ( y ) v H ( y ) ) .

. exp t-Zir i y(T + 2t)/A f l] exp (i G r )

with

(y) = [cos(Av/Uy2)

v

p = _ iry _ 2TT

Afl DA cos 0

0 A k|V(H)/E[

x " k (V(O) /E)

•s

The Fourier components of the interaction potential V(H) are deter-

mined by the coherent scattering length b ,the particle density N

and the crystal structure. For the most frequently used reflection

in a Si-crystal the following relation holds: V(0) = |V(220)| =

= >/2"j V(111)J =2TT fi2 b_ N/m (without Debye-Waller correction). The

incident wave is given by i{;e=noexp(i kr). For the symmetrical

Laue reflection as used for our interferometers we have

y = (9B-Q)k sin 2eE/4-bc N. For an idealized system we obtain for

all components of the beam in forward direction and, therefore,

for the whole beam

# = i& and 6 = o
O " O 0 * 0
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and for the deviated beam

2
.1 .11 n 1 + y

sin?.A>/l+y2
) and 6̂".-= $u

• H n

(2b)

where Ru(A.) is an integral quantity describing the dependence on

the crystal thickness.

For a real system we will have a complex relation between the wave

functions of beam path I and II

(3)

and, therefore, the intensity behind the interferometer is

I = (1 + a2 +2a cos <?).

Here we define - similar to optics - a mutual coherence function y

Y =
2a cos g (5)

The quantities a and 9 depend on all imperfections of the instru-
ment, i.e. variation of the thickness (At), of the distances (AT),
of small lattice distortions in the angstrom range (causing Moire-
fringes), and on vibrations of the instrument, which shift in the
angstrom region the coherent (parallel) lattice planes during the
time-of-fl ight of the neutrons through the interferometer ("v30ys).
According to the Pendellosung-structure of the intensity profile
the influence of the imperfections is enhanced at large y-values
or near the edges of the Borrmann fan. This gives an angular or
a spatial variation of a and <? and, therefore, an appropriate
average has to be taken for the intensities, which are measured
over a large area.

The way to measure the mutual coherence is to introduce a phase

shifting material with a thickness £D and an index of refraction n

into the coherent beams. This produces an additional phase factor

for the quantities v of equation (1) and therefore to equation (3)
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too. We assume that this phase shift is independent of y and obtain

an intensity modulation behind the interferometer, which is des-

cribed by the A-thickness (D^ = 2ir/N b£ X) of the material.

0 H

2E 2TT

exp ( - i k ( l - n)AD) = $ exp (-2IT i

[1 + a 2 + 2a cos (2TT AD/D,) cos<j] (6)

The quantities a and ••? vary as a function of angle or of position

within the Borrmann fan and the mutual coherence function is also

position dependent. Usually tha value for y increases for small

beams. Figure 2 shows the measured intensity modulation at the

center of the Borrntann fan in a region v/ith a high mutual coherence

of the beams (y % 0.8). V(0) is equivalent to the mean potential

of the neutrons in the sample and is independent of the internal

structure. The phase shift due to a material (<p = k(l - n)AD =

= 2ir AD/D̂ .) = XNb,.AD) depends strongly on the wave length of the

neutron. An "achromatic" phase shifting system v/ith an appropriate

AD variation would be restricted to a rather small range of wave-

length only.

3. Neutron interaction

The interact!en of 2 slow nsutron vjitti its surrounding contains

several contributions

V " Vem + V1 + V VH (7)

The various terms denote the nuclear-, magnetic-, electromagnetic-,

intrinsic-, gravitational- and weak interaction respectively.

The nuclear part V.{ can be written as a Fernri-pseudo potential

(Fermi 1936)

v M = •a I ) o ( r - R) ( 8 )
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The real part of the coherent scattering length is obtained from

the average phase shift <5> for the scattering of neutrons by the

various nuclei of the target {<&> = -b k). As the nuclear forces

are spin dependent we have various scattering lengths (b , b ) for

the interaction in the state 1 + 1/2 and 1-1/2 and statistical

weights g+ = (I + 1)/(2I + 1) and g_ = 1(21 + 1) and therefore

g"b" (9)

The average over various isotopes with abundances p. yields

b = S P , - D J - The nuclear, part produces the-most significant con-
c . j c

tribution to the chase shift, which can be measured with the inter-
-13

ferometer. The coherent scattering length is of the order of 10

cm and the related mean potential <VfJ> = 2TT ft N b /m is of the
_ 7 It C

order 10 eV. While b is tabulated for all elements (e.g.

Koester 1977) and bjl is known for about 10X of the stable isotopes

the values of b + and b", which are relevant for an interpretation

of the nuclear interaction, are known for a few isotopes only.

To ge.t the values b + and b~ the coherent scattering length b and

either the incoherent scattering length b. or the total free

scattering cross section has to be measured. The quantity b1 may

be derived from the total cross section as b' = a./ZX. The inco-

herent contribution h. follows from the variance of the indivi-

dual phase shifts b2 ^ (<52> - <3>2)/k2 = g+g_(b
+ - b " ) 2 . The inco-

herent part vanishes For unpolarized neutrons and/or unpolarized

targets (<a> = <I> = 0) as the phase .s hi-fi: measured with the inter-

ferometer represents an average phase stii-ft due to many particles.

For polarized neutrons a small contribution may arise if the sample

is within a magnetic field B which produces a small nuclear polari-

zation. For >|,B/kgT « 1 we can write

b+ - b" UK B I + 1
kBT 21 + 1

(10)

U|/ denotes the magnetic moment of the nucleus and kg the Boltzmann-

constant. The contribution is small even for materials with a pro-

nounced spin incoherence. For room temperature and fields

B < 2x10' G we get Ab -v 10 cm, increasing at lower temperatures

with the nuclear polarization. The associated spin precession is

treated by Forte (1973).
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The magnetic contribution VM has for magnetic substances the
same order of magnitude as the nuclear part. VM corresponds to
a dipol interaction between the magnetic moment of the neutron
y and a magnetic field B (Halpern and Johnson 1939):

VM = -V a B (ID

The magnetic f ie ld of an atom is produced by the outer e lectrons
and, t h e r e f o r e , the magnetic form fac tor f (fl) enters the sca t te
ring amplitude p(Q) ( e . g . Marshall and Lovesey 1971)

P(QJ = - JOL fra(Q)<S> (12)

Y is the neutron magnetic moment in units of the nuclear magneton
(y=YV(C)» Rig the mass of the electron, <S> denotes the mean magne-
tization of the magnetic atoms and q = h - (h e) e is the magnetic
interaction vector expressed by the unit vector h in direction of
<S> and e in direction of Q. For Q = 0 only the mean potential
enters p(0). The magnitude of p(0) follows from the magnetic field
B within the sample and we have for the two spin states (f(0) = 1.)

P(O) - ± ~
2 N

(13)

The same result applies to a stationary magnetic field. For com-

parison it is more convenient to use the mean potential of the
n

neutrons in the field region <V«> = ± u B = 2ir fi p(0) B/m , which
gives e.g. for fields of 10 kG a potential of ±6xlO~ 8eV. As
the interferometer allows a precise measurement of p(0) the B-
value can be determined. The accuracy of such measurements are
in the range of 1% and are comparable to the measurements of the
prism deflection done by Schneider and Shull (1971), but conven-
tional measurements achieve, at present, higher accuracies.

For para- and diamagnetic substances B in equation (13) has to

be replaced by H ( 1 + 4TT^), where x "is the magnetic susceptibility.

Within a field of about 10 kG the para- or diamagnetic contri-

bution is in the range of Ap^10 cm, which can be measured in

proper cases (Stassis 1970). An accurate separation from the

direct magnetic term seems to be rather difficult for interfere-

1
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i

meter measurements. The same formalism but with different form

factors can be used for a Kondo-system (e.g. Dickens et al. 1975,

Stassis and Shuil 1972). . .

The electromagnetic coupling V _ arises from the movement of
a magnetic dipol within an electric field. It has been calculated
from the non-relativistic Dirac equation by Schwinger 1948 and
Foldy 1958

em me
(Exk) - (14)

The first term is denoted as spin-orbit or Schwinger contribution
and the second term is the Foldy contribution. The E-field of
interest is the Coulomb-field of the positive charge (Ze) located
within the nucleus and the negative charge of the electron cloud.
This causes a form factor of the kind Z(l - f(Q)), where f(Q) is
the atom form factor known from X-rays with f(0) =1. According to
this form factor both contributions vanish for Q = 0 , but the Pen-
dellb'sungs-length Ao has contributions due to V(H) and, therefore,
accurate and independent measurements at Q = 0 and-for Q*0 can
isolate these terms.

The Fourier-transformation of the spin-orbit term gives an

imaginary scattering length (e.g. Lovesey L969)

i" 2 a •

s Zm m ec
2 c

where Q is tfve scattering angle and iT is a unit vector perpendi-

cular to thescattering plane. For intermediate Q- and Z-values
— la-this contribution reaches values of <b ->^10 cm (Obermaier

1967). Besides the contribution of the Coulomb-field of the atom
-y

a stationary E-field perpendicular to k produces a mean potential
<Ve> = ± yii Ek/mc and, therefore, a contribution even for Q = 0.
For E = 10 V/cm and 2 A-neutrons this potential is, however,., only
1.3x10" eV, which is equivalent to the action of a 2.2 mG
magnetic field.

The Foldy contribution yields a scattering length of

bF = " pf Z(l-f(QJ) = 1.468 xlO" 1 6Z(l-f(Q)) (16)
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Accurate measurements of various Q-values allow a separation from

the much larger nuclear scattering length (Krohn and Ringo 1966,

Koester et al. 1976).

The intrinsic interaction V^ can be split;into a term V i F due

to a virtual charge separation within the neutron (Foldy 1958),

into a term V^ due to an/electric polarizability a of the neutron

(Thaler 1959), and into a contribution of a speculative static

electric dipol moment (Shull 1967). These terms can be written as

• * • • *

- d a E (17)

Fourier-transformation yields the related scattering length for
the interaction with atoms

b i " "
2m e e 2 Z ( l - f ( Q ) ) -

h2k
(18)

The first term b-p is due to the charge separation and is deter-

mined by the second moment of the charge distribution within the

neutron e 2 =/ r
2 p(r)df/6 = <rZ>e/6. Recently Koester et al. (1976)

have separated such a contribution from the larger Foldy term bc.
- 1 ft

They obtained a value of -(9±2)xlO Z(l-f(Q))cm, which gives

a r.m.s. charge radius of the neutron of J<r£> * (8 + 5) x 10 cm,

thus much smaller than the magnetic r.m.s. radius of about

8 xlO" 1 4 cm.

The second term b. arises' from an induced electric dipol

moment d^, which is proportional to the electric field (d^ = a t ) .

For an atom the main contribution arises from the region near to

the nucleus, where the potential can be written as

V. = - 2f a Z e IT • T h i s relation is valid for the region r > R c ,

where R£ is the Coulomb cut-off radius. Therefore another form

factor with a characteristic-!eft-right asymmetry appears and a

residual contribution remains for the forward direction (Thaler

1959). The electric polarizability can be calculated by using

various models for the intrinsic hadron structure (Ericson 1975).
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For various quark models Dattoli et al. (1977) obtained neutron

polarizability values of 4 - 20x10"43 cm3, which are in rough

agreement with estimates obtained from the photo-prcduction in

deuterium and the comparison with the ct-value for the proton

determined from Crompton scattering. With these values the contri-

bution may be quite large for heavy elements,_1.4 - 8 x10 cm,

but the separation from "the-nuclear.', part'bc is, at present, not

possible and the angular dependence is hot pronounced for thermal

neutrons. The influence of the electric polarizability to the

neutron-neutron scattering length is discussed by Arnold (1973).

A static electric field yields a further contribution. The mean

potential is -Aa£ 2, and corresponds for a field of 10 V/cm to

values of -(1.3 - 5.5) x 10

cussed earlier.

-26 eV, i.e. much smaller than Vs-| dis-

The'third term in equation (18) exists only if the static elec-

tric dipol moment is different from zero. This is predicted from

various theories and would provide a sensitive test for time inva-

riance (Golub and Pendleburry 1972). A new experimental limit,

d <3 x 10~24 e cm, was recently given by Dress et al. (1977). The

interaction is again linear in E and an imaginary polarization-

dependent contribution to the scattering length arises. For inter-

mediate Q- and I-values one has [b^| <8 x 10"20 cm and a stationary

electric field of 10 V/cm produces a mean potential of only

<3 xl0~19 eV.

The gravitational interaction V can bs written as

V = m g H - hO(rxk) (19)

The first term is the potential of a particle with mass m at a

height H in a gravitational field with a gravitational accelera-

tion g. The potential difference for the neutron on the earth

level due to a AH of about 5 cm, which can be realized within

the interferometer, is about <AV >* 5 x10"9 eV. The observation

of this effect by neutron interferometry has been suggested by

Overhauser and Colella (1974) and successfully performed by

Colella et al. (1975).

The second term is due to the earth rotation, where ti is the
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angular frequency. We choose the angle <j> for the latitude and ^
for the angle with the east-v/est direction and obtain for this
contribution V = -h" k H to cos <j> cos ty. This leads to a difference
between beams in east and north direction and for a beam separa-
tion of 5 cm <AV; > = 7.5x10 eV. This additional phase shift

gr '
within an interferometer was pointed out by Page (1975) and treated

in detail by Anandan (1977), who discussed relativistic effects

and a relativistic coupling of particles with spin to the space-

time curvature too. These effects are extremely small and the

gravity refractometer may have distinct advantages for related

experiments, because the interaction time can be made much larger

than within a perfect crystal interferometer (e.g. Koester 1967,

McReynolds 1967, Koester 1976).

The 'weak interaction potential V,, may be caused by parity non
conserving forces, which give a correlation between the spin and
the momentum of the neutron (ok) and an optical rotation as pointed
out by Michel (1964). The potential can be written in the form

a k p ) , (20)

where G1 is related to the weak coupling constant and p denotes
the proton and neutron interaction densities within the nucleus.
This gives the following contribution to the scattering length

,-9
(21)

where L is the Avogadro number and C accounts for the wave distor-

tion within the nucleus ('v. 1 in our case). For heavy elements this

expression leads to b
,-43 w

10 cm and mean potentials of only about

10 eV and is therefore orders of magnitude smaller than the
other contributions. Near resonances a marked increase can be
expected (Forte 1978), but to get measurable effects even in this
case thick samples would have to be used.

A further term was introduced by Eckstein 1973 and may arise

from multiple scattering and radiation damping within condensed
2 2matter. The corresponding mean potential is <Vp> = -N b h / 2 d m ,

where d is the nearest neighbor distance. For Bi this contribution
is about <V£> =7 x 1 0 "

1 2 eV.
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Figure 3 shows a comparison of the various terms for properly

chosen conditions. So far nuclear, magnetic and gravitational

effects have been detected by neutron interferometry. The main

problem in. .detecting the. smal ler contributions lies in their

separation from the larger terms. Seme of these effects are sen-

sitive to the neutron polarization, which may serve for identi-

fication.

3. App l i ca t ions to fundamental physics

The f i r s t experiments in t h i s f i e l d were the obse rva t ion of

i n t e r f e r e n c e f r inges of two widely s epa ra t ed beams by Rauch e t a l .

(1S74) and the g r a v i t a t i o n a l experiment by Cole l la e t a l . (1975) ,

which showed the ac t ion of a g r a v i t a t i o n a l f i e l d on the phase of

the wave func t ion .

The ex tens ion Ax of t h e wave packet a l s o received some i n t e r e s t

in the l i t e r a t u r e (Shull 1969, 1973; Scheckenhofer and S teyer l

1977). There i s a d i s t i n c t d i f fe rence to e l ec t romagne t i c r a d i a t i o n

due to the d i spers ion of mat te r waves even in vacuum ( e . g . Messiah

1965)

(Ax)2 = (AxQ)2 + (22)

I t i s assumed tha t the i n i t i a l length cf t h e wave packet Ax i s

defined by the experimental c o n d i t i o n s , i . e . t h s Ak—value, via the

Heisenberg unce r t a in ty p r i n c i p l e (AkoAx_ > 1 / 2 ) . In our experimen-

t a l arrangement we have Ak/k = 10"" and t h e r e f o r e Ax - 1.6 x10 cm.

The Ak-value i s given by var ious c r y s t a l r e f l e c t i o n s or by the

s e l e c t i o n of waves wi th in the Sorrmann fan . For a slow neutron

beam the second term of equat ioi (22) dominates for f l i g h t paths

a v a i l a b l e within an i n t e r f e r o m e t e r . At our i n t e r f e r o m e t e r se t -up

at ILL (Bauspiess et a l . 1978) the i n t e r f e r o m e t e r c r y s t a l i s about

30 cm behind the low d i s p e r s i v e Si-Ge arrangement , which def ines

Ak. Therefore Ax i s about 3 x10 cm. In the v e r t i c a l d i r e c t i o n

Aky i s u s u a l l y much l a r g e r and t h e r e f o r e Axy i s s m a l l e r . Consi-

dering the volume of the wave packet , the volume of the i n t e r f e r e -
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meter and the counting rates available we see that only self inter-

ference is of importance. In spite of this discussion the reali-

sation of a Hanbury-Brown-Twiss-(1951) experiment for neutrons

can= be discussed. For fermion fields it is expected that the coin-

cidence counting rates of two counters detecting the coherence

volume of the wave packet I and II decreases for times below the

flight time of the packet through the coherence volume (here

At ̂  1 ps) (Ledinegg 1967, Haken 1977). Although the requirements

for the resolution and for the detector are rather stringent such

experiments may be possible in future. A natural limit for Ax can

be found from the liv? time of the neutron (AEAx >fi/2 which gives

A*x = 1.3x10 cm, i.e. much larger than can be observed with

thermal neutrons.

We made a measurement to observe high order interferences with
the set-up at the high flux reactor (Fig.4). The decrease of the
mutual coherence at high orders is visible. It is influenced par-
tially by the finite Ak-value and by the beam attenuation due to
the complex interaction potential of equation (8). Assuming a
Gaussian wave-length distribution with a half width AX the inter-
ference pattern at high orders (n=D/D^) obeys the following
relation (Petrascheck and Rauch 1976)

I = i^-exp (-EtD/2)[cosh(EtD/2) + C O S ( 2 T D / D X ) ] .

. exp [-(1.886 DAX/DX X )
2 ] (23)

The non interfering part, on the other hand, follows the usual

attenuation law In = In(O)EC + (1 - C) exp (-£tD)]» where C is the

probability for the neutron to be within beam I. The insert in

figure 3 shows for various substances the order (n =D/D,) for
A

which the mutual coherence is reduced by a factor of two. This

shows that in addition to the limited space (D) between the inter-

ferometer plates and the finite wave length resolution there is

a further limitation to the visibility of the interference fringes

due to beam attenuation. In our case a coherence length of

Ax=5 x10 cm can be obtained from these measurements. In prin-

ciple such measurements can serve for a determination of £L in

the forward direction, but the accuracy depends rather strongly

on other variations (AD, AN etc.).



1 In 1975 the neutron interferometer was used to observe the 4TT-

•\\ periodicity of a spinor wave function (Rauch et al. 1975, Werner
:\\ et al. 1975). Since these measurements this effect has also been
-~\\ observed by a Fresnel diffraction interferometer (Klein and Opat

1976), for a molecular beam system (Klempt 1976) and for a NMR-
transition (Stoll et al. 1978). The theoretical treatment of this

I subject is given for neutrons by Eder and Zeilinger (1976), by
Yjj Zeilinger (1976) and by Balcar (1978) and showed that the 47r-perio-
'J dicity can even be observed with unpolarized neutrons. The unpo-

larized beam is represented by an incoherent mixture of two oppo-
sitely polarized subbeams. Choosing the axis of quantization per-

;f pendicular to B a "rotation picture" can be applied, where the
polarization of the individual subbeams obey the Bloch equation
d<s>/dt = g<s>xB. This gives the well known Larmor precision
angle a = g B x , where x is the flight-time within the field B

• . (g=?.y/h). For measurements with the interferometer the difference
A/B ds between the effects of the field on beam I and II has to be
taken. The spinor wave function transforms as (Messiah Vol.11, 1565)

j 1±>' =' exp(-i aa/2)|±> ={ 'ia}!±> (24)

I and the intensity modulation behind the interferometer reads as

follows

= —v-Ml * cos (a/2)) (25)
c.

For an air gap magnet the large stray fields hinder an accurate
determination of the periodicity. Therefore we repeated the expe-

jj rimer.t with magnetized sheets of Mu-metal which produce well
i defined magnetic fields (Rauch et al . 1978a). The sheets are magne-
?! tized in opposite direction and rotated in the same direction
i (Fig.5). In this case the nuclear phase shift is cancelled, while
I the magnetic part is enhanced. The most accurate value we obtained
| for the periodicity is aQ = 716.8 + 3.3 deg, which is in agreement
i with the theoretical predictions.

I Even for unpolarized incident neutrons additional interference

• and polarization effects occur for a simultaneous nuclear and
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magnetic phase shifts as observed by Badurek et al. 1976. For
polarized incident neutrons further effects are predicted by
Eder and Zeilinger (1976) and by Zeilinger (1976) and will be
discussed in detail by other contributions to this workshop.

It should be mentioned that according to the self interference

properties of the neutrons within the interferometer the perio-

dicity for a pure state described by a wave function

X, = >fT
cosia e

J l
s i n - a e 2

(26)

is the same as for a mixed state to which the density matrix
formalism is applied. (Robson 1974). a and £5 define in this case
the orientation of the polarization vector to some reference
axis c.

4. Applications to nuclear physics

The low energy neutron-nucleus interaction is described by a

Fermi pseudo-potential (equation 8) and the mean potential defines

an index of refraction and therefore a transmitted wave suffers

a phase shift x = (l-n)kD = XNb D. For an interpretation of
c

nuclear forces only the scattering lengths for the interaction in
well defined states are of interest. Therefore the spin and isotope
incoherence has to be separated, which requires in most cases at
least the measurement of the coherent scattering length and of the
free cross section or of the incoherent cross section (e.g.
Koester 1977).

A phenomenological interpretation of scattering lengths starts
from the Breit-Wigner formalism with a separation into a potential
(b ) and resonance (b^) scattering length, where only the resonance
part depends on the total spin (I ±1/2)

b - b0 + g. b! +g.b- (27)
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For b one uses the potent ial sca t t e r ing radius , which corresponds
to the effective nuclear radius (Seth et a l . 1958) and may depend
on the spin value too. For well separated resonances (E^ » r ^ ) the
resonance scat ter ing length for low energy neutrons can be writ ten
as a sum of contr ibut ions ar is ing from various resonances j

b; (28)

Using this method one obtains only a rather rough estimate of b

because at least the parameters for the resonances below the

binding energy (E <0) are unknown for most nuclei. Recently

Koester et al. (1978) pointed out this situation in connection

with measurements of b for the chromium isotopes.

A very relyable microscopic calculation of low energy scatte-

ring lengths has been carried out on the basis of a shell-model

formalism by Normand (1977). He obtained values for nuclei with

closed or nearly closed shells which depend strongly on the para-

meters chosen for the one- and two-body potential.

A more fundamental treatment can be done for very light nuclei

where few-body theory can be applied to describe the neutron-

nucleus interaction. Here the zero energy scattering length can

provide a very sensitive test of various-theories besides the

binding energy which gives only one parameter. As we discuss nu-

clear problems it is more appropriate to use the free scattering

length a = bA/(A-i-l), where A is the nu-deus/neutron mass ratio.

The singlet scattering length (1-1/2} for the proton-neutron

system of ag = -23.749(3) x10"
13 cm (Koester and Niftier 1975)

is quite different from the proton-proton and the n-eutron-neutron

value, which is about -17(1) x10 cm. This indicates a charge

dependence of nuclear forces, while charge symmetry may be con-

served. The recent values given for the neutron-deuteron inter-

action are satisfactory with respect to the doublet and quartet

scattering lengths (a1/2= 0.65(4) x 10"
13 cm and a 3 / 2 = 6.35(2) x

10 cm) and are in reasonable agreement with three-body calcu-

lations which also fit the triton binding energy (see Koester

1977).

For interferometer measurements we have started a program for-
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a more precise determination of the neutron-He and the neutron-

triton scattering length to get a better understanding of the

four-body system. Together with the related low energy proton

scattering data and the well known binding energy of He the four-

body system can serve as a sensitive test of fundamental proper-

ties of nuclear forces, because the whole spin and isospin set

can be measured. For the interaction with He and T, which have

a nuclear spin 1=1/2 we deal with the singlet and triplet scat-

tering length and have the following relations (Sears and Khanna

1975)

a c = f a t + K

a. = ^ (at-as) (29)

cs,free

According to the large absorption cross section of He (0 =

5327(10)b) the imaginary part of the scattering length (equation

8) has to be taken into account (a -* ag - iag). The absorption is

nearly entirely due to (n.p)-reactions, which accur in the singlet

state. The imaginary part (a^ = 4.4440(3) x10 cm) causes a re-

duction of the visibility function described by equation (23) and

has to be taken into account if the measured value 0 , =

3.16(20)b is used to get the results for a and at respectively

(Alfimenkov et al. 1977). For this clarification we are very grate-

ful to Dr.E.Sharapov from ECN/Metherland and to Dr.G.R.Plattner

from the University of Basel/Switzerland. Characteristic measure-

ments v/ith He using the interferometer set-up at ILL are shown

in Fig.6 (Kaiser et al. 1977). An optimal'fit procedure according

to equation (23) yields the bound coherent scattering length

b = 5.70(7) x10 cm- which is much more accurate than previous

measurements of Kitchens et al. 1974 done with mirror reflections.

The present situation for the determination of a and a. from

available experimental data is shown in Fig.7. It is extremely

unsatisfactory for tritium where no common intersection of the

experimental curves v/ith in their error bars exists. For He"1 we

have the rather accurate value for b (or a ) mentioned before

1
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but a more precise determination of a frao or a- would be re-
quired to get sufficiently small error bars for a and a^. Using
Gaussian error law, the new value for ac and the cg free of
Alfimenkov et al. (1977) we obtain the following data sets

a) a. = 6.6(7) x10-13 cm b) a. = 1.95(70) x10-13 cm

at = 3.5(4) x10"
1 3 cm at = 5.1(4) x10"

1 3 cm

where a comparison with theoretical values indicate that the first

data set a) is the most probable one.

The theoretical treatment of the four-body problem starts from

the Schrbdinger-equation (Iotti and Donnert 1976)

- E)*(l,2,3,4) = 0 (30)

where 1 and 3 denote the two neutrons and 2 and 4 the two protons.

E is the total energy, i.e. the sum of the binding energy and the

kinetic energy

E = E -. + E n
H e3 n ET + EnT p (31)

and the kinetic energy operator T can be split for the He -n-
system into

T "fi A I "ft A
 2~K *

1 W A34 " 4 IT A2-(34) " 3 T ~1-(34Z)
(32)

V-- is the internuclear interaction which is assumed to have a
central form, exchange properties and the Coulomb irsrm. For
He -n the complete antisymmetizad wave function reads as follows

* ( 1 2 3 4 ) = (I" P13)$(2 34) cs (1- (2 34) F (1 - (234)) (33)

where P,, is the exchange operator for particle 1 and 3, <?(2 3 4)
3 •*•is the v/ave function of the Ke -cluster, c corresponds to the

total spin (S=0,l) and F(l-(2 3 4)) describes the motion of the
neutron relative to the Ke -cluster. Equation (33) represents a
reduction to the three-body problem, which is treated by Levinger



-19-

(1974) and Phillips (1977). Unfortunately the paper of Iotti and

Donnert (1976) is devoted to the scattering of MeV-neutrons and

the results for low energy neutrons are therefore not very repre-

sentative.

Another approach was chosen by Kharchenkov and Levashev (1976)

who used Fadeev-Yacubovski equations with a change independent

nucleon-nucleon interaction of the Yukawa type with spin and iso-

spin exchange character. Therefore scattering lengths a^j if

| distinct spin (S)-and isospin (T)-values are obtained. While for

tritium (Tz
 = l) only T = l and S = 0,l are allowed (ag = aQ^ and

a t=a 1 1) for He
3 (T2 = 0) T = 0,l and S=0,l are allowed which

gives ag = (aQ0 + aQ1)/2 and at = (a1Q + 3L^)/Z. For tritium the

calculated values are ag = 3.76x10 cm and at = 3.07x10 cm,

which is near to the data set a) (Fig.7). In accordance with the

Pauli-principle for both interactions in tritium and for the trip-

let interaction in He only an effective repulsion exists and

the calculated values are therefore not very sensitive to the

details of the nuclear potential. The effective attraction in

the singlet state of He is very sensitive to the detailed form

of the potential. It is proposed to extend the experiments to

tritium, where accurate values for as and at are relevant to

the question whether the repulsion is stronger in the singlet

or triplet state ( a
s^a t).

Other new measurements of scattering lengths of various metals

with the interferometer are reported elsewhere (Bauspiess et al .

1978). The obtained accuracy is in the range of Ab/b^lO and

can be increased to 10 or even better if the experimental para-

meters, i.e. the wave length and other corrective parameters are

known with a high precision. Such accurate values can help to

separate additional interaction terms discussed in chapter 3.

Recently we measured the scattering length of various gases

like H2, D2, He, 02, N2, Ne, Ar, Xe, Kr (Kaiser et al. 1978).

Figure 8 shows characteristic oscillations for light gases as a

function of the particle density. Even for gases the index of

refraction is given by the bound coherent scattering length

(Kleinman and Snow 1951) and any temperature effects enter only

via the density. Precise measurements can serve to get informa-

tion about the Virial coefficients.
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5. Applications to solid state physics

The measurement with the interferometer yields the forward
scattering lengths and therefore the averaged interaction of the
neutron with the sample is observed and not the microscopic struc-
ture of the sample. There might be some special cases where an
influence of the microscopic structure appears, i.e. near a Bragg-
reflection of a perfect sample crystal where a rapid change of
the index of refraction (n=K/k) occurs (Graeff et al . 1978) or
in the case of large precipitates which give rise to a pronounced
forv/ard scattering.

The relative abundancies for a homogeneous mixture of elements

(A and B) or isotopes can be determined if the-scattering lengths

are known. The period of the beam modulation is given by the X-

thickness D. = 2-rr/N "5" x, where in the case of a mixture N ¥ =
A C C

NAbA + NBfaB* We P e r™rmed such measurements with the metal-hydro-
gen systems V-H, V - D and Nb - H in the a- and g-phase (Rauch et
al. 1978b). Figure 9 shows the result of the measurement for the
system V - H and V - D , where the variation of the X-thickness due
to the H(D)-content is demonstrated. According to the large cohe-
rent scattering length and the high accuracy of D, (AD^/D^ <10 )
a high sensitivity is achieved. In our case we get an accuracy
for the hydrogen detection of ±0.04 at% or ±10 ppm by weight.
This method is therefore more sensitive than the usual weighing
method. Our experiences indicate that an increase of the sensi-
tivity by a factor of 5 can be achieved. The interferometer method
is not sensitive to specific eleraerrts eird therefore a combination
with other methods is necessary if -the sample composition is un-
known.

For a higher hydrogen concentration in the sample, near to the

phase transition lines, a drastical reduction of the mutual cohe-

rence is observed (Fig.9). This reduction of the contrast is

caused by precipitation of hydrides within the sample. These pre-

cipitates cause a spacial variation of the scattering density N "b

and give rise to small angle scattering. Such small angle scatte-

ring can be observed with the ILL-interferometer set-up since a

nondispersive arrangement of a perfect crystal monochromator and

the interferometer exists with a half width of the rocking curve

r~
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of about 2 sec of arc. Characteristic small angle scattering results

are shown in Fig.9. It is obvious that the contrast of the inter-

ferometer is more sensitive to precipitates than to small angle

scattering. A quantitative understanding of this reduction of co-

herence within the interferometer due to small angle scattering

can serve to create a new powerful method for the observation of

sample inhomogeneities. Figure 10 shows another example, where

during the annealing of an Al-(MgZn) alloy additional precipitates

are created.

An exact description of the loss of coherence due to an inhoroo-

geneous sample has to account for the deflection of neutrons and

not only for the relative phase shift (Ac? = 2TT A(N b)s/k), which

appears in the forward direction due to crossing a region of the

thickness 6 with a different scattering length density A(Nb). The

angle of acceptance of the interferometer must therefore be con-

sidered. This angular region is given by the Pendellosung-structure

of the Laue-reflection curve of the interferometer plates with a

thickness t. For our interferometer (t^4 mm) the characteristic

period of the Pendellosung-oscillations in the angular scale is

about A0 =0.06 sec of arc, which is much smaller than the half

width of the reflection curve. The A0 -value corresponds to a

diffraction object with a dimension of 6_^750 ym.
c

The general expression for the small angle scattering can be

written as (e.g. Schmatz et al. 1974)

dn /eiQrN(?} b(?)d? (34)

where a(Q) denotes the scattering length of an atom within a pre-

cipitate. Corresponding to A<? « 2-rr or A<? » 2TT we have the diffrac-

tion or refraction range of small angle scattering. For the dif-

fraction range we can use the approximation given by Guinier (1963)

da _ [A(Hb)]'
d ~

,(35)

and for the refraction range other approximations according to the

geometrical optics can be used (van Nardoff 1926).

n !/i- i
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With equation (35) the phase shift <p depends on Q, which can

ba related to an y-value v/ith respect to the following reflections

at an interferometer plate (Q = k(0 - 9R) = 4-n-y/D?"• sin20R). There-

fore we get a phase factor e (?-4' in addition to the v-values of

equation (1), which now depends on Ay and has to be integrated

over various Q-transfers and weighed according to the mean path

within the homogeneous material and within a precipitate

=<p(y) =bcXN(D-nS)6(y-y') +XA(Nbc)nfi

s i n 2 0

(36)

B

and e.g.

* =

. exp[-Ziri(y-y')(T+t)/A0]

Such an expression yields a damping of the contrast and a decrease

of the mutual coherence depending on 6, the mean path length within

a precipitate, and n, the mean number of precipitates, crossed by

the neutron beam. For a rather crude estimate we can omit the angu-

lar dependence and get a dephasing factor Dp

(37)
mv

similar to the depolarization factor discussed latar.

A ferromagnetic sample with magnetic domains represents again

an inhomogeneous medium for neutrons. The index of refraction

varies through the sample according to the magnetization within

the domain (n = 1 + X miiB]/h ). BJj is the magnetic induction within

the domain i parallel to the axis of quantization chosen for the

subbeams, which form the unpolarized incident beam. It is further

assumed that a nonadiabatic transition of the neutron spins be-

tween the various domains occur. This is justified as long as the

Larmor frequency uiL = gB = 2yB/-h" is smaller than the frequency

u = 2TTV/5 seen by the neutron during the transmission through a

Bloch wall of a thickness E,Q at a glancing angle 0 (? = £0/sin 9:

-36-
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Rauch et al. 1970). The mean angle of deflection from large and

arbitrarily oriented domains is much smaller than the critical

angle for total reflection. Hughes et al. (1949) calculated the

mean angle of deflection for iron to be B = 0.0291, while the

half width AS of small anale scattering for a sample of a thick-
1/2

ness D and a mean domain size 6 is A3 = SQ(D/o) . For a more

rigorous treatment we use the cross section for magnetic small

angle scattering (Schmatz et al. 1974)

o 2
4£ = It
dn N

(38)

where B is the magnetic induction perpendicular to Q and a., is

a magnetic scattering length of an atom within a magnetic domain.

Equation (33) allows to proceed in the same way as for nuclear

small angle scattering. The case of ferromagnetic precipitates

within a non magnetic material where nuclear and magnetic small

angle scattering occur simultaneously is treated by Ernst et al.

(1971).

Another approach neglecting small angle scattering is the de-

polarization method developed for polarized neutrons by Hal pern

and Holstein (1941) and generalized by Rekveldt (1973). To use

this theory also for unpolarized neutrons within the interfero-

meter it is assumed that the polarization of the subbeams

(|PS| = 1) obeys the Bloch equation (g=2y/*fl)

=g x B (39)

which connects the polarization before entering and the polari-

zation after leaving the domain by a rotation dyade

-• - + Ti Ti
Ps = t^i^i* + i1 " ̂ b,*) cos / g B. dt - sin / g B- dt b.x].?^"1

1 1 1 1 0 ' 0 1 1 s

-> . ^ (40)

b. is a unit vector in direction of B-, x. is the time the neu-

tron spent in the domain i (T. = 6-/v) and
Ti
/ g S • d t = g B • 6 > / v = Y
A 1 1 1

1
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is the angle of rotation within this domain. For arbitrary orien

ted domains one gets

(41)

i
which have to be averaged over many possible neutron paths through

the sample (n=D/<5). For x« 2ir we get

.2 D2
- « P

(42)

and for x >>b

= exp (-Din 3/6)

For the measurements with the interferometer D.. * 1 corresponds to
a loss of coherence of the spinor wave function. For a special
field arrangement an alternative description is given by Schwink
and Scharpf (1975), who give a solution to the Pauli-equation in
varying fields and by Balcar (1978).

We performed such measurements with various thick Fe-foils in
both beams of the interferometer and measured the mutual coherence
with an Al phase shifter in the second part of the interferometer

(Fig.11). The decrease of the mutual coherence rougly agrees with
2

the value D^, which was determined independently from the measure-
ment of the depolarization of a polarized beam transmitted through
these foils. We thank Dr. M.Th.Rekveldt from I.R.I. Netherland,
who made in 1975 a 3-dimensional depolarization analysis of the
Fe-foils and indicated a preferred axis of magnetization for non
annealed samples.

6. Conclusion

The development of neutron interferometry with perfect crystal
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interferometers increased the capacities of the interferometry
with matter waves markedly. Instead of cross sections the phase
shifts caused by the samples are measured. Various characteri-
stic interference effects predicted by quantum theory can be per-
formed on a macroscopic scale. It will become a standard method
for the measurement of coherent scattering lengths and their be-
havior near resonances will gain further interest. Neutron inter-
ferometry can also be used for an extremely sensitive test of
perfect crystals and for measurements near critical points where
large range fluctuations of the density or the magnetization occur.
The sensitive detection of hydrogen or other gases in metal and
the observation of precipitates may open further applications.
The sensitivity for magnetic investigations can be increased for
a polarized interferometer set-up. The measurements are usually
done at Q = 0 and w = 0. In special cases the dispersion proper-
ties of the wave-vectors near a reciprocal lattice point
(Q=2irT) can be investigated and with an interferometer moving
relative to the neutron beam a certain range of 03 * 0 can contri-
bute to the reflection. Even though one recognizes the limita-
tions of this technique, neutron interferometry represents a new
and widening field of neutron optics, which can be used for fun-
damental, nuclear and solid state physics as well.

The author wishes to thank Doz.Dr.Ewald Balcar for many helpful
discussions and for the help during the preparation of the manus-
cript'.
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Figures

Fig.

Fig.

Fig.

Fig,

Fig.

Fig.

Fig.

Fig.

Fig.

First neutron interferogram obtained with a

perfect crystal interferometer and a test

set-up at a TRIGA-reactor (Rauch.Treimer and

Bonse 1974).

Beam modulation obtained at the interferometer

set-up at ILL in a region with a high degree of

mutual coherence.

Comparison of the mean interaction potential for

various-types of interactions

Observed high order interferences (below) and

the calculated decrease of the visibility for

finite and infinite resolution and the beam

attenuation within A1 (above, left). Decrease of

the visibility function by a factor of 2 as a

function of the interference order and various

beam attenuations (above, right).

Precise measurement of the 4-a-periodicity factor

of a spindr wave function by the rotation of

oppositly magnetized sheets of Mu-metal . (Rauch

et al. 1978 a).

Measured beam modulation for He (Kaiser et al.

1977).

Present situation for the determination of the
3

singlet and triplet scattering length for He
and T from experimental available datas.

Measured beam modulation for hydrogen, deuterium

and helium (Kaiser et al . 1978).

Beam modulation (left) observed for the system

V-H and V-D, the related small angle scattering

(right) measured with a perfect crystal arrange-
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ment and the related phase diagram (above).

(Rauch et al. 1978 b)

Fig. 10: Loss of contrast and of the mutual coherence

due to precipitates in an Al-Mg-Zn alloy

formed during the annealing of the sample.

Fig. 11: Loss of contrast and mutual coherence due

to the ferromagnetic domain structure in

Fe-foils.
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