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Disappearance of the Laue Spots of the Downward X-ray Diffraction and
Huge Recoil Thomson Scattering in Solid Helium as Some Prominent
Peculiarities of a Quantum Crystal*

—A proposal of an improved modification in both the Debye-Waller factor and
Bragg law based on the experimental results of X-ray diffraction of solid helium,
and a brief examination of the dynamical X-ray scattering on the basis of them—

Tetsuo Nakajima
Photon Factory, National Laboratory of High Energy Physics, Oho l-l,Tsukuba,
Ibaraki 305, Japan.

A diffractometer for taking X-ray section topographs from the forward X-ray

diffraction (2 8 B =0° ) and the downward one (2 6 B =90° ) in the mK-region was

elaborately constructed in order to investigate the spatial structure of lattice defects

in solid 3Hc and JHe. In topographs of the forward X-ray diffraction, no dislocation

line of solid helium could be observed with satisfactorily contrast. Considering two

orders of high- or low-magnitude X-ray optical quantities, for example, the extinction

distances, the mass-absorption coefficients and the small atomic-scattering factors,

a dynamical theory of X-ray diffraction seems to be unavailable for a crystallographic

study of solid helium. In topographs of the downward X-ray diffraction, no Laue

spots could be observed using a horizontally thin line-focussed beam. A new modified

Debye-Waller factor \f(n = 0) = exp(-(3ER/kB0D ; sin48B}] at T=0K, defined as the

fraction of the recoil-free X-ray diffraction by n=0 which implies in no phonon

excitation due to the recoil, was closely examined for a quantum crystal of solid

helium. When 6B =90° ,/(n = 0) is overwhelmingly weakened to/(n = 0) = 4.9 •

(foot note) *Part of this work at a budding stage totally was presented at the

SYMPOStt/M on QUANTUM FLUIDS and SOL1DS-1995, held at Cornell

University, Ithaca, New York, 12-17, June, 1995. (Seeref. 1)

1014 for 4He, and to/(n = 0) =5.0 • 10"25 for 3He due to the great ratio of the huge

recoil energy (ER) at X=l A to the very low phonon energy (k0D), in contrast with

that the relation I ^ C k ^ , which holds in almost any material with an aiomic

number larger than three. Hence, the value of/(n = 0) changes from 1 to 5.0 • 10M

in the region 0" ^8B <C90° for3He, which corresponds to a change from completely

recoil-free Bragg diffractions to completely recoil ones. These might be realizable

only in solid helium. A new modified Bragg law based on recoil scattering was

introduced due to a similar point of view based on corpuscular character in light. It

has become clear that the X-ray diffraction in all other crystals in addition to solid

helium is hybrid X-ray diffraction distinctly comprising recoil-free and recoil

scattering. Recoil Thomson scattering raises various kinds of new problems in the

dynamical theory of X-ray diffraction, in which multiple scattering is indispensable.

An estimated value of the shift of wavelength in Pendelloesung beat by the new Jaw

shows a good agreement with the previous experimental value. The disappearance

of the Laue spots by the downward X-ray diffraction could be explained by two

main factors besides a synergistic effect of the smallness of the atomic-scattering

factors, the absorption coefficients, the densities etc. One is that the downward

X-ray diffraction is completely inelastic scattering, and, as a result, diffracted X-ray

beams may become entirely diffuse scattering. The other is that the great difference

in the linear scatterer density between the forward and downward directions resulted

from the fact that the irradiation of a line-focussed X-ray beam to take section

topographs weakens the downward X-ray diffraction. The main reason is not due to

the zero- point vibration.

1. Introduction.

If perfect elastic scattering without recoil could be observed, it would be
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realized only in a rigid body, as usually stated in classical mechanics. The concept

of a rigid body is understood as an idealized extended solid with infinitely large

elastic constants. If so, its size and shape would be definitely fixed, and would

remain unaltered when any forces are applied. It seems that this would be absolutely

unreal in the case of terrestrial crystals.

The discovery of nearly recoil-free emission and the resonant absorption of

nuclear r -rays in solids by Rudolf L. Moessbauer2 in 1957 gave way to a new and

powerful means to observe how close to a rigid body is a solid body through

microscopic phenomena, instead of a direct measurement of the elastic constants,

i.e., the rigidity.3 It was found by the Moessbauer effect that the energy loss due to

recoil becomes significant when it is compared with the inherent width of the T

-ray, i.e., the precision with which its energy is defined in terms of the properties of

the nucleus.

This finite width arises from the finite time which the nucleus spends in the

excited state. It is a result of the uncertainty principle of energy and time. According

to it, the typical lifetime of 97.81 • 10'9 sec for the excited states of 14.4 keV in37Fe

results in a line width of 3.36 • 10"'ev, which is very much smaller than the energy

lost in the atom recoil (1.957 • 10'3ev). As a result, the T-ray emission line does

not overlap the absorption line, and nuclear-resonance absorption is not observable.

Moessbauer found an increase in scattering in Ir at low temperatures, which was

counter to classical predictions, while comparing the scattering of the 129 keV r

-ray of 19IIr by Ir and Pt. The recoil energy in Ir thus became smaller than the line

width due to the higher rigidity of Ir by cuoling to lower temperatures.2

As shown later, numerical calculations of the recoil-free and recoil fractions in
57Fe based on the Debye-Waller factor (hereafter, abbreviated as D-W factor) give

0.91 and 0.01 by zero-point vibration (hereafter abbreviated as ZPV) at zero degree

Kelvin, respectively. This was independently pointed out by C. Kittel.4 A strict

point indicated in Moessbauer's work2 is that the recoil-free absorption and emission

determined based on the D-W factor could not exist, even at absolute zero Kelvin.

Generally, the fraction of available energy which is lost to the recoiling atom is

moderately small: for a T-ray of 100 keV and an atom having a mass number of

100 it is only 5 parts in 107. Before Moessbauer's work,2 it was impossible to

measure the energy of a r -ray with sufficiently precise detection of such small

energy differences.

It also directly indicates that the recoil of atoms due to the absorption and

emission of photons are inevitable phenomena in the X-ray diffraction process.

However, in the early days it might have been beyond the abilities of researchers to

closely examine the recoil X-ray diffraction, due to the limitation of the sensitivity

and energy resolution of the detectors, monochrometers, analyzers and so on.

This note presents that, in an experiment of the orthogonally projected section

topographs from the downward X-ray diffraction (hereafter, abbreviated as DXD, 2-

6 B=90° ), no Laue spots could not be taken by using a newly improved goniometer

which was elaborately constructed for this purpose.56 Taking account of the peculiar

extreme conditions of X-ray scattering in solid helium, and bearing in mind the idea

used to analyze the Moessbauer effect in order to build up appopriate argument on

the basis of the experimental facts, an extended consideration of X-ray diffraction

can be described as follows: Section 2 gives an abridged description of the exclusive

diffractometer used for solid helium, as well as the specified purpose of its use and

the experimental results. Section 3 presents an induction to the fraction of recoil-free

X-ray diffraction based upon recoil Thomson scattering, following the condition of

the Bragg law, which defines a modified D-W factor; reference is made to those

peculiarities relevant to the X-ray scattering of solid helium. In section 4, a new

modified D-W factor, defined only by the fraction of recoil-free X-ray diffraction,

is given, based on a comparison with ideas concerning the inherited D-W factor
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used up to the present. Also, the validity of a newly modified Bragg law is rigorously

inspected for Pendelloesung beat and the disappearance of DXD Laue spots. Section

5 presents brief comments concerning the existence of inelastic X-ray diffraction

and its role in an aspect of X-ray dynamical diffraction.

2. Attempted Observation of the Downward X-ray Diffraction (2 9 Bs90° ) to

Investigate the Stereoscopic Texture of Lattice Defects in Solid Helium.

During about ten years since 1986 studies of the lattice defects in solid helium have

been carried out by SR X-ray topography to detect dislocations, their migration due

to changes in the temperature and pressure and quantum-tunneling effect, etc.5'6'7 In

order to observe lattice defects stereographically by stacked-section topograghs, an

X-ray diffraction goniometer5'6 exclusively used for the DXD, in addition to FXD,

was elaborately constructed (Fig. l(a) and (b)).

The DXD (Fig. 2(a)) can be used only in a solid-helium study, since the

absorption lengths (ta), defined by the reciprocal of the absorption coefficients8 (fJ.

in Table I) take on very large values because of a ridiculously high transparency for

X-rays. A line focussed beam (4.5 mm wide by 10 Aim thick), which sliced off a

thin piece of crystal from a helium crystal rod grown in situ, was used regularly.

Therefore, the irradiated volume of the helium crystal by X-rays had the shape of a

very thin plate (4.5 mm wide by 10 p. m thick by 10 mm long), which is unlikely to

be realized in ordinary crystals with atomic number ZsS3. For.this purpose, a

camera installed on a swivel table3'6 (Fig. l(a)) possesses a rapid snapshot mechanism

for time-resolved topographs continuously taken by an orthogonal projection of 2

8 B=90° . By shifting a sample upward or downward in 5 Mm steps, the topographs

taken in succession might form stereoscopic images of fine texture in solid helium.

In ordinary materials with Zi=£3, DXD is reflection from a thickness of only about

the surface layer'of the sample irradiated by X-rays (Fig. 2(b)), because of extreme

opacity to X-rays.

Generally, the characterization of the in situ crystallization of solid helium has

been qualitatively surveyed by taking Laue photographs using Polaroid film #57

(ASA 3000). Figs. 3(a) and (b) show a typical example FXD Laue photographs of a

hep 4He single crystal by Polaroid film #57, which were exposed for 5 sec at a ring

current of 120mA. After that, topographs of solid 3He and 4He by Ilford atomic

emulsion plates (L4) were taken directly in order to observe the lattice defects.

Under the same experimental conditions of the X-ray optics, taking DXD Laue

photographs had been carefully tried many times by patiently changing the exposure

time from 5sec to ]20sec. No indication of something like Laue spots could be

observed at all, except for a faintly photographed frame of the X-ray windows of

the refrigerator base interspersed with Laue spots from the Be cylinder of the

sample cell etc (Fig. 4). The disappearance of the DXD Laue spots is deduced from

the consideration of a modified D-W factor and the anisotropic helium atom array

of the scatterer irradiated by X-rays, in addition to a synergistic effect of the

smallness of the atomic-scattering factors, the mass-absorption coefficients, the

densities etc.

3. Analysis of the Experimental Results.
3-1. Peculiarities in the X-ray Diffraction of Solid Helium.

Since almost all of the physical properties of 3He and "He are very structure-

sensitive, they have exhibited macroscopic quantum-mechanical behavior extend

over wide scientific fields in the solid, liquid and gas states. Some of them which

are relevant to X-ray scattering in solid 3He and 4He are listed in Table I, together

with those of 57Fe for a comparison.

Although two stable isotopes of 3He and 4He show perfectly similar chemical
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properties, they have quite different physical natures. Namely, the cause lies in fact

that isotopic helium is characterized by both the number of protons and electrons

(Z=2) and that of the neutrons (/J(=1 or 2)). Consequently, solid sHe and "He as a

quantum crystal are characterized not only by the smallness of the atomic number

(Z) and the mass-number (Z+n), but also the exceedingly weak attractive force due

to the shallow interatomic potential and large kinetic energy, as described by a

quantum parameter,9 which should also be regulated by Z and n.

Helium isotopes have a very large ZPV at the quantum-mechanical ground

state, i. e., at zero-degree Kelvin. The amplitude of ZPV, defined by the standard

deviation of the atom position from the lattice points, amounts to nearly 30% for
3He and 23% for ''He,9-10 by which they have been regarded as being just Jifce

different chemical elements due to the difference in the apparent volume. They

therefore, form a pseudo-binary alloy system ('He/He,.,) in the solid phase;11'12

helium is the only element known to cause a phase separation in liquid13 and

solid14'15 mixtures.

Almost all quantum effects in solid helium have been attributed chiefly to

ZVP, which may be physically irrelevant. It should be noted that there have been

no directly measured values of ZVP, only ideal estimated values until now. The

motions or phenomena closely related to ZVP have been directly observed, though

there has not been sufficient depth. One of our group members reported that the

disappearance of DXD Laue spots was qualitatively analyzed using the temperature

factor based on a large zero point amplitude.16

The merits and demerits of the quantities relevant to X-ray scattering given in

Table I are as follows. The smallness of Z has a direct influence on f0, which is

smaller than two in heiium,and ft/p, where y. and p are proportional to Z3 and Z+n,

respectively. The absorption length (t/s) are immoderately so large that DXD seems

to be convincingly feasible in such a scheme as shown in Fig. 2(a). Thus, the ratio

of the transmitting X-ray (/) to the incident one (Jg) in the case of a 10 mmc*) sample

holder at \-\ Abecomes 0.955 for3Heand 0.929 for4He at lowest density. Therefore,

since solid helium is highly transparent to X-rays, multiple scattering as a necessary

condition in dynamical X-ray diffraction is extremely difficult to occur.

The sound velocities of the longitudinal wave (v,) and transverse wave (v,)

parallel to [-111] in bcc 3He are defined by the relations9*10

-ilfi (la)

and

v,=(c44/p)i;2-. (lb).

Similarly, v, and v; parallel to (0001 ] in hep 'He are defined by

(2a)

and

(2b),

respectively. Here, the cu's are the elastic constants given in Table I. The sound

velocities in solid helium are distinctly lower than those in almost all solids by one

order of magnitude. They are two times of the sound velocity in air. Moreover, all

of them, except for the iron in Table I, are slower than the sound velocity of a

compression wave of helium gas (970 m sec1 at 1.7847 • 10'4g cm'3 at 0" C under 1

atm). Therefore, solid helium seems to take endlessly close to gas state from an

aspect of the sound velocities. This can also be understood from the viewpoint that
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such solid helium as a quantum crystal has almost all kinetic energy with an extremely

low interatomic potential energy.9'10

According to eqs. (1) and (2) the sound velocities strongly depend on the

elastic constants. The elastic constants of solid helium are extremely smaller than

those of other solids, including nickel," by four orders of magnitude. As an example

of the elastic constants, the compressibility of solid helium is shown in Fig. 5(a),

together with the density and molar volume in Fig. 5(b)18'!9. It is generally considered

that the liquid phase of both of 3He and 4He remain unchanged to absolute zero

Kelvin, unless an external pressure of up to about 32 to 25 atm could be applied,

respectively. Since the zero-point motion acts as an internal pressure, the applied

external pressure ought to overcome to it to make helium atoms become mutually

close.9'10 Therefore, it may be convincingly considered that recoil-free Bragg scattering

in solid helium is despairingly nonexistent.

3-2 Consideration of Recoil Thomson Scattering and the Fraction of Recoil-Free

Absorption and Emission in the D-W Factor.

3-2-i The Bragg condition in space and time factors.

To deal adequately with the absorption and emission of low-energy photons

(10kev<hv<100keV, hv<£mc2) by nonrelativistic atomic electrons, the

electromagnetic interaction Hamiltonian between the atomic electrons and the

radiation fields is assumed to be obtainable from the standard prescription p~*

p+eA/c, where A now stands for the quantized radiation field. Ignoring the spin-

magnetic interaction, it can be expressed as,:n

where the summation is over the atomic electrons that participate in the interaction

of the radiation field irradiated a part of the sample. The field operator (A(xi,t)) is

assumed to act on a photon state at xp which refers to the coordinate of the i-th

electron. It is considered that the incident photon energy is much larger than the

atomic binding energy. Then, it is legitimate to ignore the first and second terms in

eq. (3) by a comparison with the incident X-ray energy, so that the Thomson

scattering is due solely to the quadratic term {A -A). The vector potential (A) is

treated classically within the framework of classical theory. The fraction of recoil-free

absorption and emission, taking into consideration Bragg's law, is derived from this

term in the following.

We may define an equivalent classical vector potential, denoted by

i, t)=Aoexp { / (±k (a pair of opposite signs), (4)

which corresponds to the absorption (upper sign) and emission (lower sign). By

using eq. (4), the quadratic term in eq. (3) is rewritten as,

) -2; A%exp[-i (5)

— 9 —

The Bragg law for X-ray diffraction could always be realized .in scatterings by

electrons in a moderately massive crystal, differing from the Compton scattering,

which can occurs even in single particles or non-crystalline materials. So far, a

crystal has been considered to be a collection of atoms located at fixed points in the

lattice, which is classified into a designated space group. On this basis, Bragg's law
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is introduced into the space factor and time factor in eq. (5) separately.

To begin with, Bragg's law will be applied to the space factor. For brevity, the

unit cell has a single atom at site R1 with serial numbers j=l ,2,3, • • • ,N. By replacing

X; and k-k' with the lattice vector Rt and the scattering vector q, respectively, eq. (5)

becomes

- i [ q • R- (6)

The summation is taken over the number of definite atoms in the irradiated volume

by X-rays.The Bragg condition requires that the scattering vector (q) should be

equal to the reciprocal-lattice vector (K) associated with the reflection, i.e., q =K.,

considering Ewald's sphere of reflection of I k I = I k1 I . By using the following

relation21

{q=H)

eq. (6) changes into

(co'-co)tj (7)

The X-ray diffraction passes through three stages of absorption and emission

via the intermediate state, duration of which was formally estimated from the reciprocal

of the spontaneous-emission probability (A) deduced by Einstein. According to

W.Heitler22, it is expressed as follows,

A=v3 I UL2 | cos 2 0/ / ic 3 ,

where v is the frequency of the emitted electromagnetic wave, h Planck's constant,

c the speed of the electromagnetic wave and 0 the angle between the momentum of

electron and the direction of polarization. If fJ.=ta, where e is the charge of the

electron and a the atomic radius, then the spontaneous emission probability is

approximated to be A-~(e2/7ic)( V a/c)2 v ~ v/1373 i. e., of the order 10"sec'' for

X-rays. Hence, the intermediate time becomes 10"" sec. However, this is not an

object of the observation.

Secondly, prior to applying Bragg's law to the time factor in eq. (5), the

kinetics of the recoil in absorption and emission should be considered here. The

analysis of the kinetics of X-ray absorption is usually carried out for the case of a

free atom. The absorbing atom (with mass m) is assumed to be moving with a

velocity V in a crystal, so that the linear momentum of the system is mV (Fig. 6).

The direction of the recoil velocity may come to remain in the direction parallel to

the incident wave vector (k) as the most preferred direction in the forward 71 radian

in the scattering plane, which is assumed to be in the x-direction. After absorption

of an X-ray, the linear momentum of the system, comprising X-ray plus the excited

atom, must still be to equal mV ; i.e., momentum of the incident X-ray (E^c) must

be balanced by a change in the velocity of the atom. The energy of an incident

X-ray is expressed as E0-hoi0, which lies between 4 and 30 keV from the bending

magnet of BL-6C,in the Photon Factory.23 Here, since h=h/2Tt, it is assumed that

the recoil velocity of the atom is sufficiently small, so that it can be treated

nonrelativistically. Equating the three components of the momentum before and

after the absorption of the X-ray yields

mV=-(Eyc)+ra(V+v)

mVy=mVy

11 — — 12 —



and

mV =mV .

It follows from these relations that the recoil velocity is defined by

v= -(Et/mc)=-(h v (/me), (8)

where ca0=2TZ v 0. The recoil velocity given in eq (8) is independent of the initial

velocity of the atom. It should be noted that eq. (8) is exactly effective in case of

emission, too.

It is also instructive to consider the conservation of energy. Before the absorption

of the X-ray, there is the X-ray energy (Eo) and an atom with kinetic energy

(l/2)m(Vx
2+V 2+V 2). After the absorption, the atom is in an excited state (Ec) and

has kinetic energy (l/2)m [(V^+v^+V^+Vj2] :

E0+(l/2)mCVx
2+Vy

2+V7
2)=Ee+(l/2)m [(V,+v)2+Vy

2+Vz
2] ,

8 E=Ec-E0=-(l/2)rnv2-rnvVx=-ER+(E0V/c). (9)

The difference ( 6 E) in eq. (9) between Ec and Eo consists of the free-atom recoil

energy (EK) plus a linear term in velocity, in which the former is independent of the

initial velocity and the latter is the Doppler effect. An analysis of the kinetics of the

recoil due to X-ray emission is similarly carried out for the same scheme.

It could be specifically considered that through the process of absorption

continuing on the emission of X-rays [a> (ta)->O)'(tc)] via an intermediate state ( I

te-t , I ^10'"sec) and vice versa \<nX^-»a>(Xa)], the frequencies [co(t), co'(t)]

of the absorption and emission are modulated by the Doppler effect through the

recoil velocity, and consequently become dependent on time. Here, ta and tc represent

the times of the absorption and emission, labeled by suffixes "a" and "e". X-iay

diffraction by recoil Thomson scattering gives double successive recoils, as

schematically shown in Fig. 7, (the adequacy of which is analytically considered in

Appendix A). Here, assuming that 6 Bt = 8 Be= 9 B, I k I = I k ' I and I Va(t) I

= I v e(t) I = v( t ) , the time dependence of the exponent in eq. (7) is approximated

as,

rt

I cc(t' )df.
Jo

(10)

The projected component of the resultant recoil velocity, I v a ( t )+v e ( t ) I , to k'

is expressed as (Fig. 7)

I ve(t) I + I v a( t) I cos(7t-2 0)= 2v(t)sin20B . (H)

Hence, based on the assumption that v(t)4Cc, co(t') is expressed as

4')-COo 1 +
2v(t')sin260 (12)

It should be kept in mind that an excess factor, '2sinJ0 B', in comparison with the

usual D-W factor, originates in the sum of the direction cosines, as in eq. (11), to

take out the component of the recoil velocity parallel to the direction of the emanating

X-rays, which the Doppler effect remarkably works on. Eq. (12) represents the

frequency modulation of an X-ray due to a Doppler shift by recoil, which is closely

regulated by Bragg's law.

13 — — 14 —



3-2-ii Fraction of the recoil-free X-ray diffraction derived from the D-W factor.

By substituting eq.(12), in which dx(t)/dt is substituted for v(t), eq.(10) becomes

A2(t)= exp [2i'x(t)sin2eB/X0], (13)

where Xo is defined by A 0 /2 it. If the atoms vibrate as a simple-harmonic oscillator
with frequency &)m and amplitude of xm on the basis of the Debye model, x(t) can
be expanded as a series,

x(t)=Ixsina>rat, (14)

where com lies from 0 to a maximum value of/: Qo/^h, continuously covered over

3N degrees of the freedom of the crystal; also, the direction of the x-axis is parallel

to v(t). By substituting eq. (14) for eq. (13), it can be rewritten as,

(16)

From eq.(16), X-rays emitted from atoms acting like a simple harmonic oscillator

are a superposition of the waves with frequencies of coo± com, coo±2com,oa±3o)

m, • • • ; each amplitude of the partial waves is given by ^nl^xm s 'n 9 B / ' ^ / in the

xm-mode. The recoil-free fraction of the recoil Thomson scattering per single atom,

which is not a shift of the frequency, because of n=0 in eq. (16), is given by

Jn(2x sin2ett/Xo )•0(2x (17)

Here, by expanding Jo(Z xm s ' n ^ B ^ " ) to the second power of xmin consideration
of I 2xmsin25B/X<» I <1,eq.( 17) becomes

3N 2/xmsm29Bsincomt
(15)

By using the following formula, derived from a generating function of the

Bessel function,

3N

m=l
i - l = exp

9
(18)

On referring to the second mean-value theorem in eq. (B2) in Appendix B, the time

average of the mean-square amplitude (hereafter, abbreviated as MSA) of the vibration

x(t) in eq. (14) is expressed as

exp(<z sine)= X! Jn(z)exp(me),

the second round brackets in eq. (15) are analyzed into a Fourier series as follows:
Zn

3N 3N

tdt=—

— 15 — — 16 —



By using of this relation, eq.(18) can be written as

B • (19)

In spite of the intuitive simplicity of eq.(19), it is necessary to use the Debye

model to express the recoil-free fraction in terms of more familiar quantities. This

is accomplished by considering a crystal having the vibrational properties used in

the derivation of the Debye heat-capacity formula. The crystal is represented by 3N

oscillators of frequency OK. The average energy associated with each oscillator is

' .where n< is given by the Bose-Einstein distributionexpressed as { 2

function,

n j=.

The energy of the crystal attributable to the j-th oscillator is derived by

(20)

Mj , (21)

where i\ is the contribution to the displacement of the atoms due to the>th oscillator.

In eq.(21), dividing by Nmco* and summing over/ yields an expression for the

average displacement,

HT4.
CO..

(22)

In order to evaluate eq. (22), the summation is replaced by an integral,

Nm exp(fica/kBT)-l
'-da, (23)

where the density of states of the vibrational spectrum fora Debye solid is expressed

as p (co)=9Nco2/mmax, which is normalized so that

p(co)dco=
o

dco=3N.

Introducing this relation into eq. (23) gives

<r2>=-
mca

1 1
2 exp(/ico/kT)-1

coda

Defining the Debye temperature by ft u>m^=>cBOD, consequently the integral becomes

3 mkB0B0D 4 u
(24)

where u=^°- and M = J L
T u

udu

exp u -1

If Eq. (24) is now inserted into eq.(19) for the recoil-free fraction,

/(n=0) = exp -
12E n A")

4 u
sin4e

B • (25)

Thus, the recoil-free fraction at high temperatures, T» 0 D , are approximate, as

follows:

1-7 18 —



/(n=O)
12ERsin46B

(T»0 O ) (26)

For temperatures T (( O D, the formula of the upper limit of the integral,

expu-1 6

is used. Therefore, tlie fraction at low temperatures is represented as,

f 12EHsin49£/(n=0) = exp 5 B.
4 + 6

(T<0D). (27)

Eqs. (26) and (27) are approximately the D-W factor expressing the fraction of

absorption and emission events through the X-ray diffraction which takes place

without recoil at high and low temperatures, respectively.

4. Discussion
4-1. On the fraction of the recoil-free X-ray diffraction derived from the new
modified D-W factor.

The term "D-W factor" has been regularly used in not only the Moessbauer effect,

but also in X-ray diffraction, as a very important factor called the fraction of

recoil-free absorption and emission,4"24"2*36"" and the temperature factor,4'26-28

respectively. Eq. (25) is normalized one per atom, as is clear from eq. (10), which

defines the fraction of recoil-free X-ray diffraction f(n=0) by eq. (17). Therefore, it

is obvious from eq.(15) that the recoil fraction is equal to I-/(n=0), which is

represented by^n^O) as a contraposition of /(n=0).

The MSA ( <x2} ) of the absorbing and scattering atoms in eq. (19)

introduced from the recoil velocity is dealt with by the Debye model of the lattice

dynamics, including the elastic constants, due to the cohesion of ehs crystals, its

temperature dependence and so on. The fraction (19) depends on the ratio of the

MSA ( (x2) ) of the harmonic oscillator of the emanating and scattering atoms to

the square of the wavelength (A2) of the scattered X-rays.29 The reason is that, if

the emanating atom moves over distances comparable to one wavelength during the

emitting process, the phase coherence would be destroyed, and parts of the emanating

wave would interfere destructively with one another, thus weakening the component

at the natural frequency of the emitter. Simultaneously, the Fourier components of

the disturbance would result in a broadening, which would manifest itself as thermal

diffuse scattering.

The MSA with the Bragg angle, i.e.,' (x2) sin49B', is in the direction of the

emission of X-rays, averaged over an interval equal to the lifetime of the excited

level of the atom involved in X-ray emission process after absorption. A number of

simple conclusion-?, may be drawn from an inspection of eq. (.19). For example, if

(x2) is not bound, j as a random walk in a liquid, the recoil-free fraction would

vanish. A new modified D-W factor by eq. (25) seemingly differs by only the

Bragg-angle factor, 'sm2d/Z', from the usually used D-W factor in X-ray diffraction.28

The Bragg-angle factor stems from the direction cosine of the recoil velocity for the

projection onto the emitted direction shown in Fig. 7. Taking this sense into

consideration, it could be understood that the exponent '2M' in 'exp(-2M)' of eq.

(25) can be approximately expressed as

2M = - 2m (28)

where the momentum (hK sin 8,,) is suited to the projected component of the
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scattering momentum (Tzq) to the emitted direction. The momentum (fiK sin 6B)

produces motive power of the Doppler shift as in depicted in eq. (28), being different

from the net recoil energy as in eq. (A6) in Appendix A.

Some comments concerning the inherited thought of the D-W factor will shortly

be attempted. The period of the atomic vibration in a crystal is approximately

10"l2sec, and that of X-rays nearly 10'lssec. Therefore, the snapshot shutter is very

rapidly released with a speed of about 10s times per sec during one vibration of an

atom together with bound elections, convincingly assuming that the Thomson

scattering is perfectly elastic with no recoil. In other words, it is considered that the

temperature factor indicates a degree of blurring of the atom as a subject disturbed

by heat.

It should be noticed that the term 'exp(-iq • un)' has usually been used to

obtain the Debye-Waller factor in almost all papers,426-28 where un is the amplitude

of the independent random lattice vibration of an atom at site n and q is the

scattering vector. The sealer product, q • un , in the exponent demands a parallel

component to the scattering vector, as expressed by ' I q f • I Un I cos 0', with

the proviso that I q I • I Un I =£0. Based upon the relation (B2) in Appendix B,

an average value distributed in space with independently random orientations in

terms of 'cos 6U\ as shown in Fig. 8, is obtained to be

1cos 0 = — cos 0 sin 0 d9
7C 2

Jo

= - [ 161=0 .
2 J.i

This means that the resultant amplitude of thermal vibration of atoms in the

crystal is nothing statistically, unless vibrations are polarized. Therefore, these

amplitudes could not be observed by complete elastic X-ray diffraction with no

recoil. In reality, the D-W factor should be described by the Doppler broadening

induced by the product of the recoil velocity and the atom velocity by thermal

vibration, as already mentioned in the preceding section.

4-2. A newly modified Bragg law considering the recoil scattering

In the preceding section, the new D-W factor derived from Thomson scattering

gives the normalized fraction _/fn=O) of recoil-free scattering and recoil one as a

remainderJf(n
:5fc0){ = l-/(n=0)) in X-ray diffraction. This means that the X-ray

diffraction is hybrid of both scattering. Before considering Bragg's law itself with

recoil scattering, it is important to review Moessbauer's discovery. As pointed out

in the Moessbauer effect,2 the reaction of the recoil is effectively caught by almost

all constituent atoms bound rigidly in a crystal, namely the rigidity as a recoil

absorber, which might be satisfactorily described by the D-W factor due to the

Debye model. Along with a precedent of Moessbauer effect,2 a new rate of partial

charge of the recoil (RPCR) '5' which therefore plays the part for the Debye model

will be discussed concerning the synchrotron-radiation scheme.

If atoms as scatterers are held by strong bonding forces in the lattice of a

solid, the whole lattice takes up the recoil energy, and the mass in the recoil energy

of eq. (9) becomes the mass of the whole lattice. Following the precedent of a

Pendelloesung beat in GaAs, the RPCR 8 is reasonably estimated in the following.

The number of atoms (n,) in a GaAs specimen is in about 8.35 • 1020, estimated

from 200|im thick times lem square volume, which is equivalent to m=lA7m mol.

(Here, n=ms • NA, where NA is Avogadro's number.) The number of incident photons

(np) per 200 u.m square area 27m downstream from the light-source point is estimated

to be 1.01 • 109 photons/sec • 0.1% band width from the photon density, 1.84 •

1013 photons/sec • mrad • mrad • 0.1 % band width, at BL-3C; at E0=10 keV and
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ring current of 300 mA.w RPCR 8, which is defined by the ratio of np to n,, is

obtained to be about 1.14 • 1012, by which the total recoil energy could be reduced

every second, with the important result that T.R tends to zero. The relaxation of the

recoil impulse depends in great measure on the rigidity and its natural attributes of

the crystal.

Considering an effective mass relaxing the recoil by the recoil absorption as

stated above, a modified Bragg's law will be introduced based upon the corpuscular

character in duality of light, in accordance with the rules of the old quantum theory.

Fig. 7 displays an infinite crystal lattice, involving a sequence of identical parallel

planes with a regular interval (d). Therefore, the recoil momentum per atom in me

crystal could be approached to 8mv instead of mv, mentioned above after the

example of Moessbauer's discovery.

The allowed states of the crystal along the y-axis are restricted by the rules for

quantization by

= n y h ny : i n t eS e lj-

Since pyis constant in the absence of external forces, eq. (29) becomes

Jo "
Hence, it is obtained to be

P,-f ay-). (30)

Any interaction with another system must be such as to leave py quantized. Such a

type of interaction is recoil scattering with a photon of frequency v (Fig. 7). On the

assumption that Bn^dH=8a and I va(t) I = I Ve(t) I = v ( t ) , the total

momentum change of a photon along the y-axis in eq. (30) is depicted as

py=2(ft I k 1+8m | v I )sin6B,

which is equated with the allowed momentum change of the crystal (nh/d),

Consequently, noting eq. (8), a new modified Bragg law by only one-time specular

reflexion with recoil can be expressed by

2dsin9B = nX(I+5).

By using a successive approximation, the p-multiple X.-ray diffraction, which is

essentially important in dynamical X-ray diffraction, could be described as

2d sin 9B = (31)

as a first approximation. Putting the thickness of sample as /, the multiplicity (p) in

eq. (31) can be expressed as p = //d. Considering (5/2)^1, eq. (31) is rewritten as

2d sin 6B = nk (32)

Eqs. (31) and/or (32) are the newly proposed Bragg law, which should be strictly

inspected.

4-3. Brief inspection for a pendelloesung beat due to the modified Bragg law.

Concisely defined, a beat is a variation in the intensity of a composite wave

which is formed from two distinct waves with different frequencies. As a simple

example, consider two diffracted X-ray beams of equal amplitude (A,) and different

frequencies (cu, and co 2 in hertz) at the same spatial point, given by

*P)(t) = A1sin (i),t

and

*P2{t)= AjSincOj t,

after diffraction of the incident beam,
vP0(t) = A,sinco0t.
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(Here, ((0 0 - to. )/(D o'Cl, i=l and 2.) Assuming that they are coherent, the sum of

these waves at this point at an instantaneous moment of time is given by

«F(t) =Vfi) +4^(0

=[2A, cos {l/2(co,-(o2)t}] sin {l/2(<o,+co2)}. (33)

If the sum frequency (l/2(co, -K02)) is too high to be observed in X-ray optics, only

the beat frequency would appear. Therefore, the wave in eq. (33) would reduce to

Vw(i} = A, cos {1/2(0,-0),)t}.

The period of the beat could be expressed as

x=-

Therefore, ex is defined as wavelength of beat,

K=T^

. A. . . :„

AX '
(34)

where '»is equal to 2t0.
31 For example,32 in the case of 200 reflexion of GaAs, the

extinction distance (t0) near to the Ga K-edge (10.268keV=1.207 A) is estimated to

be 50|im. If "k, =XZ= 1.2 A, the difference in the wavelength (AA.) defined by eq.

(34) becomes approximately 1.4 • 10* A in order of magnitude, because 2^ =

102cm.

On the other hand, the multiplicity of scattering (p) becomes nearly 3.5 • 10s

times when using Z = 10"2cm and d200 =2.82 • 108cm of GaAs; also, the shift of the

wavelength due to multiple recoil scattering, (AA.=X,8//d2CO given in eq. (32)),

could be result eventually in 0.5 • 106 A. This happens to agree exactly with the

above estimated value of the 1-shift. This fact at first clearly reveals a universal

validity of the significant existence of inelastic X-ray diffraction, and strongly

urges us to reexame and improve of the dynamical theory of X-ray diffraction.

4-4. Some remarks on disappearance of the DXD Laue spots

As stated in paragraph 3.1, f0, u, and p show anomalously low values and, as a

result, the integrated X-ray diffraction intensity becomes overwhelmingly weaker

than one or two orders of magnitude compared with ordinary materials. Generally,

the optimum sample thickness33 for FXD and DXD methods, producing maximum

intensities, is given by l//i. The sample size determined from 1/ji in Table I, seems

to be despairingly difficult considering insuperable problems from the viewpoint of

ultralow temperature X-ray diffraction. Although the sample size in previous

studies5'6'7 were of moderately medium size, reasonably characterized section

topographs have been taken.

Practically, below one degree Kelvin, the first term in eq. (27), which has its

origin in ZPV, is given by

f(n=0) = exp sin4ef

Fig. 9 shows the recoil energies (EK) of free atoms of 3He, ""He and "Fe over an

available energy range from 4keV to 30keV in BL-3C2,
23 together with their Debye

temperatures. As is clear from Fig. 9, the recoil-energies (ER) are smaller than the

phonon energies (kB0D) in almost all elements and compounds with an effective

atomic number larger than three3''. In the backward scattering of 9B=90° , the

fraction could still be further simply expressed as/O^O.G,^©" )=exp (-SE^uOp).

Clearly, from Table II, not only BXD, but also DXD, shows in solid helium absolutely

inelastic diffraction. This is caused by a very big ratio of the huge recoil energy to

the very little phonon energy. However, (heir FXD's are completely elastic diffraction.

Solid helium is an unlooked-for exception in point of the recoil-free fraction, too.
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Moreover, it should bear in mind the strong Bragg-angle dependence of 'sin4 0B' in

eq. (25). On the other hand, all of the BXD, DXD and FXD, including RNBD in

iron crystal characterized by k,,0D>ER, are described by almost elastic diffraction

with/(n = 0) ranging from absolutely one to slightly less than one with increasing

8fl in Table II. Clearly, the fractions of the recoil-free in Tabie II maximum values

and decrease with increasing temperature.

Secondly, this effect is largely due to the anisotropic shape of large volume

scatterers irradiated by X-rays in a solid helium crystal. Generally, the intensity of a

diffraction line is directly proportional to the irradiated volume of the sample in the

Thomson scattering; however these factors are practically constant for all diffraction

lines, and may be neglected in almost all cases. However, both DXD and FXD

are feasible in very thick sample only for solid helium, considering the large

thickness (ta) determined from the mass-absorption coefficient (/O # t =1) The

irradiated volume of solid helium in the usual setup of this study was 4,5mm wide-

XlOmm longXO.Ol to 0.1mm thick, when using the 10mm<t> sample holder shown

in Figs.l(b) and 2(a). The ratio of the integrated intensity per cross section of the

FXD to the DXD is described as

=4.5mm X 10mm/4.5mm X 0.1 ~0.01 mm= 100~ 1000,

which expresses a comparison of the linear density of the scatterers in both directions.

This shows the overwhelming superiority in the FXD from two to three orders of

magnitude compared with that of the DXD.

Conclusively, thermal-vibration of atoms depends utterly on the rigidity,

described by the elastic constants of a crystal, which are sensitive functions of

temperatures. Accordingly, the recoil motions, in place of thermal vibration, cause

some general coherent scattering in the definite directions stated before, besides

decreasing the intensity of diffraction lines. This should be called recoil-diffuse

scattering, since it contributes only to the general background of the pattern, and its
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intensity increases with 20,,. Since the contrast between the lines and background

naturally suffers, this effect is a very considerable one, leading in extreme cases to

diffraction lines in the high-9B region scarcely distinguishable from the background,

as shown in Fig. 4. It could not adduce positive evidence in support of the ZPV,

except for the constant term in eq. (27).

5. Concluding remarks.

On the basis of the results concerning the recoil X-ray diffraction in solid

helium as an experiment under extreme conditions, new modified D-W factor ( eq.

(25)) and Bragg reflection law ( eq. (31)) were proposed in this paper. Concerning

the confirmation and establishment of the former relation (25), including especially

the dependence of "sin4 0H\ absolute measurements in each factor in the temperature

dependence of the diffraction intensities should be separately done in order to

exclude many kinds of ambiguities elaborately. Concerning the latter relation (31),

first of all the groundwork for the multiplicity (p) and the RPER (8) should be

experimentally and theoretically established. The situation of the intensive form 'the

RPER 5' should be epitomized by saying that, although the effect of the lattice

dynamics in the fraction of the recoil-free diffraction could be directly considered

by the Debye model in paragraph 3-2-ii, similarly the parameter "the RPER S

should be theoretically founded on the Debye model including rigidity, too. The

experiments of solid helium by X-ray diffraction is very based on a fundamental

study of the inelastic X-ray diffraction owing to its prominence, except of proper

unexplored problems in helium itself. Some questions proposed this paper are

amenable to analytical researches and scientific developments in near future.

In a small sample holder (10mm<t>) used nminly for 3He, the incident X-ray

transmits almost up to 0.955 for 1.55 A, as mentioned before. Hence, the multiple

scattering, which is important to create the transmitted and diffracted waves for
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dynamical diffraction, is very hard to occur, because of the high transparence to

X-rays in helium. Considering the presence of more than 2.6 • 105cm'2 of dislocations35,

the quality of the helium crystal is very far from a perfect crystal, as stated regularly

in the dynamical theory of X-ray diffraction, which could deduce the nature of the

image in X-ray topography. The aim of X-ray topography is to provide a picture of

the distribution and migration of the defects in a helium crystal as a function of

temperatures and pressures. Actually, the texture of solid helium in topographs

comprises a tangled fine line of 1 Aim or so with weak contrast, which seems to be

from X-ray images of kinematical diffraction. A detailed explication, including

universal application of the dynamical theory of X-ray diffraction to solid helium,

leaves an open future question.

Generally, it is self-explanatory that Pendelloesung beat originates in inelastic

X-ray scattering, since it is said that names and natures often agree. In this paper,

its origin is based on the actual facts that X-ray diffraction is caused by inelastic

Thomson scattering due to the recoil regulated by the rigidity of the crystal. It is

now an open to question as to what kind of effects and how to be characterized by

the crystal are not examined systematically at all. In paragraph 4-3, shifts of

frequencies from coo to co, and o^ are considered to be due to the anisotropic elastic

constants (cy), which therefore dpends on the scattering angle (26B). Therefore, the

fourth-rank tensor (c;j) becomes important together with permittivity of the crystal

for reexamination of the dynamical theory of X-ray diffraction.

Appendix A: Recoil scattering of a photon by an unbound atom.

Fig. Al (a) shows the kinematical situation of recoil scattering between a photon

and an unbound atom. Assuming that the conservation of energy and momentum is

satisfied in a nonrelativistic scheme, i. e., vCc, it follows that

hv=hv'+J-mv2,
2

k=/jk cos20+mv costp,

(Al)

(A2)

and

/jk'sin26=mv sinQ,. (A3)

Usually, to obtain a relation between the scattering angle (29) and the change in

wave length (A-A ')due to recoil of the atom, m, <£ and v by eq. (Al) are

eliminated. Hence, ignoring A A / A, we have

.=X-X = (l-cos26),
me

(A4)

which is equal to the Compton scattering formula. Next, to obtain a relation between

0 and <j>, squaring of both sides in eq. (A3) gives

4i l-s in2e cos2G = 2m—mv2sin2d>.
X2 2 V

By using eq. (Al) this becomes

= 0.4-Hisin2e cos20 -
X2 XX' me

Consequently, this is similarly simplified as

sin26 (cos 0 + sin cj>) (cos 0 - sin <j>) = 0.

The only meaningful solution is

cos 0 - sin <|> = 0. (A5)
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Putting the Bragg angle (9D) in place of 8 in Fig. Al(b), eq. (A5) represents that 8B,

and the scattering angle (20D) are complimentary angle and simultaneously

supplementary one, respectively clearly shown in Fig. Al(b). That is, a segment of

the line PQ is a bisector of the angle Z APA1. Therefore, mv is the resultant recoil

momentum of mv parallel to P° and mvc parallel to P° under the condition hv-

•Cmc2, which was confirmed by the general solution solved relativistically3'1.

From eq. (Al), the following relation could be obtained:

hv-hv"=— • — • (l-cos 29]
m U

1
'2m

2-^-sin 6 -sin6

(A6)
2m' ' 2m

where q is the scattering vector. If the scattering satisfy the Bragg law, q becomes

the reciprocal lattice vector K. The recoil energy is equivalent to the diffraction

energy times four defined by 2m

Appendix B: First mean value theorem.

In order to obtain the geometrical average of a certain quantity distributed

over space and time, the first mean-value theorem is used regularly. If f(x) is

continuous and if) (x) with a definite sign is integrable over [a,b], a 8 (0< 6

which satisfies

rb

f(x)v(x)dx=f(a-f9(b-a))
I 'aL

(Bl)

exists. If T/J (X)=1, relation (B2) holds as follows:

f(x)dx=f(a+9(b-a))(b-a). (B2)
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Figure Captions Fig. 1A. Schematic diagram of recoil scattering of photon by atom.
Fig. 1. (a) Layout of an ultra-low temperature SR X-ray diffractometer mounted on
a swivel table with a 3He-4He dilution refrigerator and the peripheral instruments
used for X-ray topographs of solid helium and (b) The photographs of the sample
holder with the windows of the FXD and DXD. .
The sample cell and addendum equip with the goniometrical co- and %-circle
mechanisms.

Fig. 2. Schematic illustration of the FXD and DXD X-ray diffractions. The beam
size is 4,5mm wide X 10mm longXO.01 to 0.1mm thick. The design of the sample
holder is really used as shown in Fig. 1 (b).
(a) highly transparent materials with such low Z and low p as helium.
(b) opaque materials high Z and high p.

Fig. 3. FXD Laue photographs reproduced from Polaroid #57 photographs, (a) The
orientation of the sample cell is as foHo\vs:oo =20° , x =- 10" . (b) The partially
melting state of a hep helium crystal. The orientation of the crystal is indefinite,
because of the internal rotation of crystal due to partial melting.

Fig. 4. Photograph of the DXD Laue pattern of solid helium. No Laue spot could be
found.

Fig. 5. (a) Pressure dependence of the compressibilities of hep 3He, bec He3 and hep
4He up to l.OOOatm. (b) The pressure dependence of the density and the molar
volume for both isotopes of hep 3He, bec He3and hcp"He up to l.OOOatm.

Fig. 6. Momentum conservation in the absorption of a X-ray of h v 0 by a free
atom.

Fig. 7. Schematic diagram of the inelastic X-ray diffraction by an incident beam h
k(=hv/c) and emanating beam hk'(=hv'/c) shown by black arrows. Each beam is
attended by the recoil momentum of the absorption mva and the emission mvc. The
black arrow is the projection of m va onto mvc.

Fig. 8. Distribution of the independently random thermal vibration of all atoms in a
crystal assembled at one point. For simplicity, only a two dimensional distribution
is displayed.

Fig. 9. Recoil-energy ERof free 3He, 4He and S7Fe atoms plotted against the emitted
photon energy from 4keV to 30keV at BL-3CZ. The scale of ER is shown in both
units of meV and K. The arrows in the ordinate show the Debye temperatures by
temperature units.
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Table I. The physical quantity of 3He and 4He relevant to X-ray diffraction

3He 4He i7Fe

Atomic number Z 26

Atomic form factor
f o ( s in0 /A)

Mass number A(=Z+n)

Mass absorb. Coef.*

Absorp. length.b

t (cm) from yCita=l

2 ^ 2 *

3(Fermion) 4(Boson)

0.184~1.26

11.0̂ 1̂ 21.6 8.1^13.

2 6 ^

57(Fermion)

7.54 ~392
49.4—182

6 4.06-10-"

Density below 103atm
Pig cm3) 0.12<p<0.24

Sound velocity'
v,(m sec')

v,(m sec'1)

Elastic constants'1

640(11(101])

371(11(1011)

3.75 1.95

0.19<p<0.33

560( II C)
500(±c)
310 (He)
230(-Lc)

C33 C»

7.08 1.40

7.86

5950

3240

C l . C44

25040 11850

"The mass absorption coefficients, which are approximately proportional to Z3A?,
are listed up from 0.4Ato 2.75 A8, which nearly corresponds to the range from
AkeV to 30A-eV emitted from the bending magnet. In ^Fe, the first line are for
pre-edge and the second for post-edge of K.

"The mass absorption characteristic length ta calculated for CuKa of 1.55A.
c Sound velocity of the longitudinal waves and transverse waves are typically
obtained from ref. (8). They relate closely with an extent of the rigid body through
cy Here, the molar volumes of 3He and 4He are 21.6 and 20.5 cm3 mole"1,
respectively.

dInstead of cu for^Fe, which could not be found, the values of nickel are listed.
eThe Debye temperature QD of solid helium is depends upon sensitively pressure9.
Almost physical quantities of solid helium change over a wide range from the
quantum crystal to the classical one. The Debye temperature of iron is cited from
ref. 34.

'The values of the extinction distances are simply estimated for symmetrical
reflection. ^ (v . / fpA) . v : volume of the unit cell, which is proportional
toVraol(Fig.5(b)).

Debye temperature0

Extinction distance'
to(cm) 011

200
211

25

2.4-10'2

2.4-102

3.0-10'2

35 430

4.39 -lO"

3.48-10"4

3.67-1Q-4
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Table H The fraction of recoil-free BXD, DXD and FXD of 3He, 4He and 57Fe at Acknowledgments
12 4keV and resonant nuclear Bragg diffraction (RNBD) at 14.4keV by using eq. Author cordially thanks to Dr. Masami Yoshizawa and Prof. Dr. Tomoe

t-flK Fukamachi of Saitama Institute of Technology for essentially useful discussion on
(2.1) at t-UK.. the dynamical theory of X-ray diffraction including Pendelloesung beat and to Prof.

T , ™ DXD FXD ^ r - Hisashi Kobayakawa of PF, KEK for useful suggestion and helpful discussion
on the Compton scattering. He gratefully appreciates that Prof. Dr. Hideki Maezawa

s <; n rv25 R A (Y7 1 °^ ^ ^-^^ n a s continually encouraged and Prof. Dr. Hideji Suzuki and his
" e ^ -" " collaborators in joint name in ref. 6 and 7 promoted cooperatively the experimental

study of solid helium in Photon Factory for long time.
"He 4.9 • 10 u 4.7 • ID-4 1

57Fe. 0.899 0.973 1

RNBD 0.866 0.965 1
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Fig. 3(b)
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