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I. Introduction

The time-of-flight ( TOF') method in the neutron diffractometry
has been recently developed and used for crystal structure ana-
lysis/ 1/ ,

A very high resolution is often required for experiments of
this type. Usually all steps ‘towards improving the resolution are
accompanied by losses in intensity. For the case of the TOF neut-
ronogmphy a new method of focusing of the diffractometer - free of
this d.lsadvantage - has been recently prOposed/ 2/ In this paper
the experimental check of the focusing method is presented. The
experiments have been performed on the pulsed fast reactor BR/ 3/
of the Joint Institute for Nuclear Research, Dubna, USSR,

IL The Principles of Focusing/ 2/

Let us consider a reflection from the crystal plane (hk £ ) of a
powdered or single-crystal sample. The time of flight of a scattered
neutron, t, is uniquely given by the expression:' A

t=L/veLin/b, (1)



where the wavelength A is defined by the Bragg equation

A=2d ,sné , (2)

nx f
and

L is the flight path of this neutron,

is its wvelocity,

20 is the scattering angle (the angle between directions of

the neutron trajectories before and after scattering ),

m jis the neutron mass,

k is the Planck constant.

The finite dimensions of the source, the sample and the coun-
ter (SSC) cause a spreading of L and ¢ , and therefore a broa-
dening of the peak. Let t(% ,7,,7,) be the time of flight of the
neutron which left the point ';# (see Fig. 1) of the source, was scat-
tered "(according to Braggss law) at the point t,of the sample, and
was recorded at the point ?eot‘ the counter., This function may be
expanded in a Traylor series, ( For the sake of convenience let us

introduce the function r, the relative increase of time).
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Let us assume that the terms of the second and higher orders can
be neglected. This is fulfiled when the linear dimensions of the
SSC are small compared with the distances between them., Let us
further treat the SSC as thin plates set perpendicularty to the vec-
tors ‘p,'ﬁ.. and ¢, respectively (see Fig.2,) For such geometry
the peak broadening due to the dimensiohs of the SSC is negli-~

gible (the maximal spreading of the reduced time



wm r'r..'-'c'c (4)

can be made sufficiently small for the small thicknesses 8,6 ,and 8§ o). Ne-
vertheless the intensity of the peak remains high because the dimensions
of the SSC perpendicular to P . 3. . ﬁ, can be quite large. The
diffractometer with such setting will be called focused. Substituting

(1) and (2) into (3) we obtain the formulae for vectors éy

s 1 9t 1 AL . 3
Py T Y e, T T ar (5)

lmr,gec,:

where functions t,L,'0 and their derivatives are taken at the point
T,=0 , F,m0, 7.0

As an example we derive here the formula for 3, . The inc-
rease of the flight path corresponding to the point (x,.y,, s, ) of

the source is (see Fig3):
5L =y, (6)

and the increase of the Bragg angle is

1 1 x,
- 20 ) mm— ——te
50 > (2? 2 o) 2 L, (7)

Comparing (6) and (7) with (3) and (5) we obtain:

ot § 1
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Similar consideration / 2/ leads to the formulae:
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where (see Fig. 1 and 2):
20, is the angle' between the directions 0,0 _and 0 _0_,
respectively.,
L,,L, are the distances 0,-0, and 0,-0,, respectively,
The scheme of the focused spectrometer is shown in Fig. 2.
When the vectors ?, are known, it is easy to find the characteris-

tic angles a

ma, =€, /0, (11)

1 .
ten o m-.-—;(1+ p)mtoo,

(12)
tma =-2-(1+ Vp)ootd , . (13)
c0 2 [

' (14)
tng =[4tmn 8, +(2+p+ 1/p)ootf,1/(Vp —p),

where

p= L c/ L r
Formulae {12), (13) and (14) do not depend on the peak indices
hk ¢), , what means that the focusing Fonditions can be satisfied

simultaneously for all the peaks. It is also worthwhile to emphasize

that the above considerations hold both for powdered samples and single

crystals,

1ll. The TOF Diffractometer.

In order to prove the focusing formulae experimentally the neutron
TORF diifractometer/ 4/ at the IBR was partly reconstructed. The ar-
rangement used in the described experiment is shown in Fig, 4.

Fast neutrons from the reactor core ( 1), slowed down by a "poi-



soned"/ 5/ moderator (2), pass through a vacuum tube (3), are scat-
tered ©n a sample (8) and then are registered by .a scintillation
counter (7). The scintillator is in a form of a vertical, thin (0.5 mm)
rectangular plate 16 cm heigh and 50 cm wide. The construction of
the shielding allows to turn the countér round the vertical axis going
through the centre of the scintillator plate. The distance from the
centre of the moderator to the sa.m].:ole centre,L ,is 18.41 m, and that
from the sample center to the counter centre, L, is 2,80 m. The
mean power of the reactor was 3 kW,

All the measurements using silicon powder were performed
with one sample containing about 240 g of powdered Si in an alu-
minium rectangular container (2 cm x 5 cm x 11 cm).

The results obtained with the focused diffractometer were com-—
pared with the measurement performed with a partly defocused diffrac-
tometer equipped with Soller collimators. For this purpose one 20-
minutes collimator has been placed in the biological shielding (see
(4) in Fig. 4) of the reactor, and another similar collimator has
‘been placed between the counter and the sample. The surface of
the counter was set perperdicularly to the direction from the centre
of the counter to the centre of the sample, The sa.rﬁple was in a
symmetrical reflection position. This set up was analogous to that
described in papér/ 4/ . We shall call it the diffractometer with col-

limators,

IV.Results Concerning Resolution

1. As can be seen from formulae (12), (13) and (14) the charac-
teristic angles a o ' Teo and aggfor the focused diffractometer are
determined by the scattering angle 20p and by p =L,/ L, . The
scattering angle 20, was chosen to be 87° in order to work in a

convenient range of wavelengths. In the described case the surface
of the moderator (which play the role of a source of thermal neut-
rons) is not perpendicular to the neutron beam, but is declined by



the angle of 30° (see Fig. 4). Hence @, o= 30° was determined by
the conditions being in the reactor hall. Consequently p (see formula
(12) ) is also determined and should be equal to 0.094 for the
completely focused diffractometer, However, the conditions did not
allow to satisfy this requirement and all the measurements have been
made with P =0.15. As can be easily calculated, this small devia-
‘tion does not change the resolution in a measurable way. However
it causes an appreciable loss of intensity (by a factor of (0.15/0.094)?
« 25 ). The chosen value of P =0.15 leads to ¢ 'o-.53°4oh and
«=T6° (fomulae (14) and (13) ).
2 Following the discussion given in paper/ 6/ we use the variance
p? of the reduced time of flight r (see formula (3) ) as -a quantiti-

ve measure of the resolution of the (hk ! ) reflection:

D:a(r -7 ) , (15)

where the bar denotes averaging using the intensity distribution func-
tion. Since this distribution function may be expressed as a fold

of distributions corresponding to independent contributions to the
peak width, the resolution of the peak (variance) becomes the sum
of the corresponding variances ( partial resolutions ). This useful
property allows to calculate separately the partial resolutions cor-
responding to the source, the sample and the. counter, In Appendix
the formulae for the resolutions Dz.,and D:(due to the dimensions of
the counter and the dimensions of the sample, respectively) are
derived as a function of the parametezi's describing the experiment.
The property of the additivity of the partial resolutions allows also to mea~
sure each partial resolution separately as a function of the parameters
affecting only this partial resolution. For example in the case of D’c
one measures the total resolution D? as a function of 8,4 (the angle
between the direction from the sample centre to the counter centre
and the normal to the counter surface, see Fig. 2\.).l-bwever,

2 2 2
p,=D" -D,, (16)



(where the contribution to the resolution from all the sources but the
counter, D}, ,is independent of a o)) which shows that D2 and p?as

functions of a ediffer only by a constant.

3. In praxis the experimental resolution of the (ke ¢ )
reflection can be calculated using the formula:
a
p*¥ N, -r) sy, (17)
n=n
1
where »
I = N, is the intensity of this reflection,
ﬂl‘
F=% N a /U is the mean position (in channel number)
of the peak,
N is the number of counts in the n-th channel, corrected

for the background,
n,,0, are the first and the last channel numbers belonging to the
peak.

The larger is the number of channels (n! -1 ,) belonging to the peak,
the better is the approximation of formula (15) by formula (17).

4. In order to check experimentally the focusing conditions for the
counter (and, by the way, to prove the validity of formulae A2 and
A3 derived in Appendix) measurements were performed for a set
of inclination angles a, . The results obtained for the powdered si-
licon sample are summarized in Fig. 5. The solid line was calcu-
lated using formula A2 for a¢>%61%°and A3 for remaining e, and
the parameters describing the experiment (see Sectlor; I, and

®o =~ 024n/28n caused by the counter shielding). The triangles
and circles show the experunenta.l.ly measured resolution D’(for the
(220) and(lll)reﬂechons) with the help of formulae (17) and (16).
The constant (in this case) value D,,, was obtained by applying the
corndition that the mean deviation of the experimental points from the
theoretical curve (solid line) should be equal to zero. A good fit

of the theoretical curve to the experimental points confirms the vali-

-
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dity of formulae A2 and A3. The value of acfor a minimum of D:,ag-
rees well with the calculated value @ g =76° for the focusing con~
dition,

5. Analogically the focusing conditions were checked for the sample.
The obtained results are shown in Fig. 6. Here, a, is the angular
deflection from the symmetrical position in " transmission”" ( a, =90°
corresponds to the position in "reflection" ). The solid line was cal-
culated using formula A7 and the parameters describing the experi-
ment. The experimental resolution D’. due to the dimensions of the
sample is marked with crosses for the (311) reflection and with
traingles for the (220) reflection. It was obtained as the difference
between the total resolution D? ( calculated with the help of formula
(17) ) and the resclution due to the neutron source ard the coun-
ter, Dz,e . The latter was found using the same procedure as for D:'.
in the counter case. A good-fit of the theoretical cuM to the experi-
mental points confirms the validity of formula A7, The minimum of D}
agrees well with the calculated value a , = 63° 40’. for the focus~
ing condition.

6. By focusing the source, the sample ard the counter we have
removed the contribution to the width of the peak due to the SSC
dimensions . Assuming that the remaining width of the peak is due
only to the width of the neutron pulse, this partial resolution D%, can
be measured experimentally, Fig. 8 shows the experimentally mea-
sured values of Dé.as a function of the wavelength, obtained from
re flections from various samples using the focused diffractometer. The

solid line is described by the formula:

————

D5 (M =5ttt (18)

"where 8t® s the mean value of the absolute resolution (D 821 xt?)
of all the experimental points., The big dispersion of the experimen-

tal points takes place mainly because the channel numbers in which
the peaks end and the background begins are difficult and arbitrary
to determine., Formula (17) is very sensitive to these quantities.

10



Therefore the only conclusion which may be drawn from these results
is that the variance corresponding to the time width of the pulse is
independent of A within the limits of errors and equals

————

Bt" —(4000 4 1500) (4 sec)’ .

where 1500 is the mean absolute devia;tion. A halfwidth of the peaks
increases slightly from the value 100 1 sec for A=17% o 1304 sec
for A = 43 e .

7. Fig, 9. shows the comparison between the halfwidths obtained with
the focused diffractometer ( foints marked with ) and with the dit
fractometer with collimatord (points marked with “c¢). The (relative)
halfwidths Dy are practically the same for the two cases in the wa-
velength range up to 3.3k . For the longer wavelengths the resolu-
tion in the focusing case becomes better, These facts may be ex-
plained in the following way. In the case of the diffractometer with
collimators the source remained focused, Hence the collimator bet
ween the source and the sample should not change the resolution,
except in the range of A 2 23% + where neutrons totally reflected
by tl":e lamellge of the collimator cause the broadening of the peaks
(see Section \}.3). The second collimator (of 20'divergence) also
did not practically change the resolution from the counter side, since
its resolution is small as compared with the neutron pulse resolu-
tion ( w30x W™ at 48 , see Fig. 8), except in the longest
wave region, where the mentioned total reflections start to play the
role., The contribution of the di.rnensioné of the sample to the peak
width becomes also important in the range of ) ;Y4R , Since the
resolution due to it may be estimated as (2 # 4) x 104 in the case

of the sample used.

x) See the end of Section I,



V. Results Concerning Intensity

1., Fig. 10 shows the diffraction pattern obtained in 25 hours using
the focused spectrometer, and Fig.11 shows the one obtained in 42
hours by means of the diffractometer with collimators. The silicon
powder sample used was described in Section III, The great increase
of intensity in the focused case is evident. The third line in Table 1
gives the ratio 11, /1. of the investigated intensities I,and I,in the
two cases, respectively (normalized to the same exposure time ).

2. The obtained increase of intensity depends strongly on the wave-
length. This is mainly due to the fact that the dependence of the
counter efficiency on the wavelength changes with the angle ag . In
order to prove this assumption an additional experiment was perform-
ed. By means of single crystals ( zinc and aluminium) monochroma-
tic beams of several wavelengths were obtained. For each wavelength
measurements have been performed for two positions of the counter
(for ao=76° and 4, =0°). Fig. 12 shows the ratio of the two
measured intensities as a function of A . The angular dimensions of
neutron beams reaching the counter were the same for both cases
in this experiment. Therefore the measured ratio 1( a.q)/ 1(0°%)is
equal to the corresponding ratio of the counter - efficiencies,

This result is easy to explain. The effective thickness of the
scintillation layer increases 1/ t.=‘>=ia¢ times as compared with the
thickness for a_, =0 , when the counter is declined by the angle

a ,./The fourth line in Table 1 gives the gain of intensity in the
focused case corrected for the change of the counter efficiency’
shown in Fig. 12. Such an increase of intensity would be possible
to obtain with a four times thinner scintillation layer.

3. The figures in the fourth line in Table 1 show still a weak de-
pendence on the wavelength, ¥ may be explained by the reflection
of neutrons from collimator lamellae favoured for long wavelengths,

The transmission of a collimator with totally reflecting lamellae
is greater than the transmission of the collimator with " black" la-

mellae by a factor

12



[ +:(¢°/¢)’]. for ¢ _ <a,-

and

[2x¢,/al for b2 as

where

¢ o is the critical angle,

a jis the divergence of the collimator,
The transmission of a collimator increases with A since ¢ o ~ A For
iron lamellae used in the described experiment, ¢ , = 55 x A/ X,
Going from A» = 17128 to A= '4»33°A , this leads to the increase

of intensity
]
T, (438A)/ le(!,nx ) =37 ..

This number compared with the experimentally obtained gain 47/%=13
(see fourth line in Table 1) shows, that the collimators used do not
reflect neutrons ideally,
4, It may be of interest to know what differences between the two
diffractometers are mainly responsible for the observed gain in in-
tensity, Since both measurements were niade with the same sample
and the distances L,and L ,were unchanged (which is important
because of absorption in the air), it is enough to compare only the
solid angles (divergences) of the beam incoming the sample and the
beam scattered towards the counter/ 6/,

The beam coming from the source to the sample was limited
by a tube (marked with(3)in the shielding(4)in Fig. 4) with radius
of 0,10 m. The far end was at a disﬁnce of 13.1 m from the sample.
The resulting solid angle is #x 010 / 131? = 1.8x 107%, In the
case of the diffractometer with collimators the horizontal divergence
equals the collimator divergence 20 ‘= 58 x -1 The vertical di-

vergence is defined by the height (0.11 m) of the collimator

13



and the distance (12.8 m) from the far end of the collimator to the
sample. So the total divergence is 58 x 10 ~*x 0.11/ 128 = 0.50x'10 =,
Hence the gain of intensity connected with the incoming beam is
18/05 = 36 . -

The divergence of the scattered beam, reaching the
counter, is defined in the focusing case by the dimensions: of the
counter: 0.16 m height, 0.5 m wide, inclined by the angle 76°, and
placed at a distance of 2.80 m from the sample, The corresponding
solid angle equals (0.16 /:2.80 ) x (0.5 x cos 76° /2.80 ) = 0,057 x 0.043=24x107*
In the case of the diffractometer with collimators, the far end of the
collimator (the same as used in the biological shielding) was at a
distance of 2.20 m from thé sample. The resulting divergence is the-
refore (0.11/220) x 20’ =0.05x0.0058 =2.9x10"%  So the gain of intensity
connected with the scattering beam is 2‘4/ 29 = 8.5.
‘ The estimated total increase of intensity is thus 3.6x 8.5=30 ,
This shows that the above calculations reflect properly the main
reasons for the intensity gain. ’.I‘he increase of the horizontal diver-
gence of the scattered beam,0,43/ 0.0058 = 7.4, is the predominant
factor in the obtained gain of intensity.
5. From the comparison of Fig. 10 and 11 a better signal to back-
ground ratio in the focusing case may be noted. No special efforts
for reducing the Background were performed in both settings of the
diffractometer,
6, As was underlined in Section II, the focusing principle holds also
for the single-crystal samples, Indeed, the resolution of the peaks
obtained from wvarious single crystals agrl-ees well with that for the
powdered samples. A remarkable increase of intensity was also ob-

served,

VI, Conclusions.

‘The following main conclusions may be drawn from the obtained

results:

14



1, The wvalidity of the formulae for a focused diffractometer derived
in paper/ 2/ has “been proved experimentally. A good agreement
between calculated and measured values of resolution and intensity
has been obtained.

2. It has been shown that the intensity measured by means of the
focused diffractometer is much higher (at least by an order of mag-
nitude ) - than the intensity measured with the same resolution using a
diffractometer with collimators.

It is easy to calculate that for the same intensity the resolution

of the focused diffractometer can be much higher than . resolution of
the diffractorﬁeter with collimators, For example, for the same dimensions

of the source, the sample and the counter, the same angles a nd

a_,a a
8, as used throughout this paper, focusing allows to increasemthe. t:iiset;nces L,
and Leby a factor of &To = 25 ( vacuum neutron guides must be
usad! ) with no change in intensity. This would be accompanied by de-
crease of the halfwidths by the same factor 2.5 to the value of 0.6%
for 1% and 0.2% for 4% .

By the way the validity of the main principles for resolution
and intensity calculations outlined in paper/ 6/ have been proved ex-

perimentally.

The authors wish to thank Professor Bronistaw Buras for discussion
and many valuable remarks. Dr. V.V. Nitc. is thanked for his colla~

boration in the reconstruction of the diffractometer,

y Appendix

Following the main results described in pape1Z 6/' formulae will be
derived for the partial resolution Df,due to dimensions of the coun-
ter and for the partial resolution’ Didue to dimensions of the pow-
dered sample.

1. Assuming homogeneity of the scintillator, D: is expressed in terms

of integrals over the volume of the scintillator:



/I T, (a1)

where

3

fe =P ofe (according to formuia (3) ),
$. is given by formula (9), and
f. =0 is achieved by an appropriate choice of the
origin of the coordinate system.
As in the described experiment, the' counter which surface is
a rectangle parallel to the 2z, axis, is considered, Therefore the o
problem may be reduced to one-dimensional, since the ;- compo-

nent of g equals zero,

1 +Av°/2 . . 2
D:- J pews la -(ea =-a/2)]w dw =
Aw, Ao/ )
(A2)
.,_1_.[;.°.‘5_.2.+-(_;2__=)'].s1n’(¢ -a ) ( Avwe o
12 4 T o1+p ° o0 L,

where Aw, is the width of the counter (a dimension in the direction
perpendicular to the £, axis).

Formula (A2) was derived under the assumption that the di-
vergence of the beam of the registered neutrons is limited by the
size of the counter, In the case when an additional diafragma ( shield-

ing) restricts the divergence of the neutron beam to the value o,
formula (A2) is replaced by

1

2 .
2 sin ~(a -a )
R TP PR AP )
12 4 1+ w.’(ac)

It follows immediately from formula (A2) when the divergence of the

beam corresponding to the counter width is substituted:

©w,~osa, Aw_ /L . (Aq)
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2, The formula EorD: may be derived in a similar way as in the case
of the counter, Neglecting absorption in the sample, resolution is

given by the formula:
(As)
where, according to formula (3)

r =p, T, , and

. is given by formula (10)

|

=0 by an appropriate choice of the origin of the coordinate

-

system,
The sample has a form of a rectangular parallelepiped with one edge
paralle] to the z,-axis. Let R, =(x, , Y, ,2,) be a coor-
dinate connected with the sampleX,~axis is aiong one ('ionger)side,
and Y, - axis is along the other side, Z,= .x_ - axis is per-
pendicular to the scattering plane, The sample is turned around Z,
axis by the angle a, with respect to the (x_,y,.x,) coordinate sys-

tem (see Fig. 7 and compare with Fig. 2). Then

r'. _(ﬁ'..;.)z_{v-.‘; )8 (a et Jt X .l; .|.sin (a ;a, )1 !
(A6)

and finally

plaf(k Fp%a R /e R _---llz—p’_ [AY} cos™(a, ~a )+ AX:sin"(a, -0 )1,
(A7)

where
AX, and AY, denote the length and the thickness of the sample,

respectively,

-
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T cos 8, (p -Vp) 2

. 2L +:L ) o8 a .0

according to formulae (10) and (14).

References

1. B Buras, Application of Repetitively Pulsed Reactors to Structure
and Dynamics Studies of Solids;
in Research Applications of Nuclear PL_lised Systems, Proceedings of a
Panel, Dubna, 18- 22 July 1966; IAEA, Vienna 1967. This paper includes

an extendent list of references regarding the TOF diffractometry,

2, A, Holas, Focusing of the Time-of- Flight Diffractometer for
Structure Analysis. Report of the Institute of Nuclear Research,
INR Nr 742 [II] PS, Warsaw 1966y and to be published in Nukleonika,

3.T.E.Bnoxus  np. Atommas smeprus, _10, 437 (19861).

4. B.B. Harn, 3.T. Manynosa, W. Cocnoncxa, E. CocHoscxr. ®TT, 8,

1369 (1064). A .

5. B.B. Haru, H. Cocuobcka, E. Cocgoecka, ®./1. Uanspo.
llpenpear OUAH 2081, Ny6ua 1065.

6. B, Buras, A, Holas. Intensity and Resolution in the Time-of-
Flight Powder Diffractometry. Report of the Institute of Nuclear
Research, INR Nr 745 [I] PS Warsaw 1966, and to be

published in Nukleonika, \

Received by Publishing Depariment
on March 7, 1968.

i8



Teble 1

The gain of intensity in the focused spectrometer

as compared with the spectrometer with collimators
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oz

Fig. 1. The scheme of the time-— of-

flight spectrometer: source (1),
sample (2), counter (3). The axes sz

r* ¥ ,2Z, are going through the
points 0,, 0 -0

. ¢ » respectively, perpendicular to the figure plane,



Fig. 2. The scheme of the focused spectrometer. As an example, we

took @ o = 3 o ..v =12 . Corresponding focusing angles a . nnanﬁw.
a, =a .ol.auo and a l.n%lomo are drawn.

[}
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Fig. 4. The scheme of the spectrometer at IBR in Dubna: reactor
core (1), moderator (2), neutron guides (2), wall of the reactor
hall (4), borated paraphine shielding (5), water shielding (6), coun-
ter (7), sample (8).
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A 220

Fig. 5. The resolution due to the counter width vs inclination angle
of the counter,
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' Fig. 7. The scheme for calculations of the resolution due to the

sample.
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Fig. 8. The resolution in the focusing ' conditions,
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Fig. 9. Halfwidth of the peaks obtained with the focused diffractome-
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Fig. 10. The diffraction pattern of powdered Si using the focused

diffractometer,
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Fig. 11, The diffraction pattern of
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Fig. 12. The intensity measured by the dqclined counter’ as a function
of the wavelength.
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