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I. Introduction 

'l'he time- of- flight ( TOF) method in the neutron diffractometry 

has been recently developed and used for crystal structure ana­

lysi.s/1/. 
A very high resolution is often required for e_:xperiments of 

this type. Usually all steps towards improving the resolution are 

accompanied by losses in intensity. For the case of the TOF neut­

ronography a new method of focusing of the diffractometer - free of 

this disadvantage - has been recently prOposed/2/ • In this paper 

the experimental check of the focusing method is presented. '!he 

experiments have been performed on the pulsed fast reactor rnRf 3/ 

of the Joint Institute for Nuclear Research, Dubna, USSR. 

IL 'l'he Principles of Focusing/ 2/ 

Let us consider a reflection from the crystal plane (h k t ) of a 

powdered or single- crystal saf!1Ple. 'l'he time of flight of a scattered 

neutron. t, is uniquely given by the expression: 

( 1) 
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where the wavelength A is defined by the Bragg equation 

and 

A•2dbttala9, 

L is the flight path of this neutron, 

v is its velocity, 

(2) 

2 (J is the scattering angle ( the angle between directions of 

the neutron trajectories before and after scattering), 

m is the neutron mass, 

h is ·the Planck constant. 

'!he finite dimensions of the source, the sample and the coun­

ter (sse) cause a spreading of L and (J , and therefore a broa­

dening of the peak, Let t ( 1, , 1 •' t., ) be, the time of flight of the 

neutron which left the point 1~ (see Fig, 1) of the source, was scat­

tered ' (according to Bragg•s law) at the point ; • of the sample, and 

was recorded at the point f.,of the counter. '!his function may be 

expanded in a Traylor series. ( For the sake of convenience let us 

introduce the function r, the relative increase of time). 

t (~ , i t.,)-t(O,O,D) ... t +.P 1 +:p , .. + •• ; ' ( 3) 
_. ,_. .. \ ~ ( P • r • • c c 

r(r, • r •''"' • t(O,O,O) 

where 

.. 
P, 

_l,. --4-, 
- t a r l 

i .,,.,c. 
1. 

Let us assume that the terms of the second and higher orders can 

be neglected, '!his is fulfilled when the linear dimensions of the 

sse are small compared with the distances between them. Let us 

further treat the sse as thin plates set perpendicularty to the vec­

tors ~ ,.P ... and p e , respectively (see Fig.2.) For such geometry 

the peak broadening due to the dimensions of the sse is negli­

gible ( the maximal spreading of the reduced time 
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can be made sufficienUy small for the smau thicknesses 1, •I • a 

vertheless the intensity of the peak remains high because the c 

of the sse perpendicular to p r • p • • p " ca~ be quite 1 

dJffractometer with such setting will be called focused. Sub 

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

.. 
P, 

1 at 1 a L atJ 
---;--···-' ~·+:·oot·(J .. 

iJr 1 L iJr 1 iJr
1 

• r,., c, 

where functions t, ·L, ·6 and their derivatives are taken at 

1 t •·0 • ; • - •• -: .... o. 
As an. example w~ derive here the formula for ~. • '1 

rease of the flight path corresponding to the point {z, •Y, , 
the source is -(see Fig.3 ): 

B L •· y, 

and the increase of the Bragg angle is 

1 1 z, B 9 • -·( 2 9 _, 2 6 ) •- _, • 
2 ° 2 L, 

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

.. 
p ~'• 2L r 

1 
L ,.;T, 0). 

" 
"' ( ~ r • 'I r' ( ,) • ( 

Similar consideration f 2 / leads to the formulae: 

.. 
p - < e • "~ . ' > •. < e c e tr 

5 

cot9
2 

2L., 
'. 0 ), 



wavelength A is defined by the Bragg equation 

A• 2d btt aill8 , 

of this neutron, 

(2) 

its velocity, 
the scattering angle { the angle between directions of 

neutron trajectories before and after scattering), 

neutron mass, 

Planck constant. 

finite dimensions of the source, the sample and the coun-

cause a spreading of L and (J , and therefore a broa.-

peak. Let t ( 1, , t •' t., ) be, the time of flight of the 

left the point 1~ {see Fig. 1) of the source, was scat­

to Bragg• s law) at the point ; • of the sample, and 

at the point f.,of the counter. This function may be 

in a Traylor series. { For the sake of convenience let us 

the function r, the relative increase of time). 

t(~ ,i_.t.,)-t(O,O,O) ... t +.P t +:p , .. +"''(3) 
• _..\ I' P 8 • e a r ro'-= ,. .. 

•' t(O,O,O) 

... 
P, J..---4-· 

= a r l 

i -r,s,c . 

that the terms of the second and higher orders can 

This is fulfilled when the linear dimensions of the 

small compared with the distances between them. Let us 

sse as thin plates set perpendicularty to the vee­

respectively {see Fig.2.) For such geometry 

broadening due to the dimensions of the 

maximal spreading of the reduced time 
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can be made sufficiently small for the small thicknesses 8 • •8 • and 8 o). Ne­

vertheless the intensity of the peak remains high because the dimensions 

of the sse perpendicular to p r. p •. p.. ca~ be quite large. '!he 

diffractometer with such setting will be called focused. Substituting 

{ 1) and ( 2) into ( 3) we obtain the formulae for vectors I 
1 . l 

.. 
p' 

1 iJ t 1 iJ L iJ(J 
-...-···-·~·+:·cot·(} .. 

iJr 1 L iJr 1 iJr 1 
(5) 

l•r,1,c, 

where functions t, ·L, ·9 and their derivatives are taken at the point 

t r •·0 
.. 

' r_, •· 8, ; .... ~· 
As an example we derive here the formula for~. 

rease of the flight path corresponding to the point l:r ,..Y, , 
the source is -( see Fig.3): 

1J L •· y r 

and the increase of the Bragg angle is 

1 1 :lr 
1J 8 - -·( 2 (J _, 2 (J ) - - -· • 

2 . 0 2 L. 

Comparing { 6) and ( 7) with ( 3) and ( 5) we obtain: 
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'P -a·'~·'>-• • • • ( 10) 

_ 2_._6...:o:;.....+:-!,.·cotfJ cosfJ [J....+.-1.._ ],..!. cot 6
0 

sin fJ 
0
[..L.- ...L.1, 0), 

L +· L 2 o o L L 2 L c L , 
r c r c 

where ( see Fig. 1 and 2): 

2 0 0 is the angle between the directions 0, 0 
8
and 0 • 0 c , 

respectively.,: 

L,,L 0 are the distances o, -o. and o.-oo , respectively. 

The scheme of the focused spectrometer is shown in Fig. 2. 

When the vectors ~ 1 are known, it is easy to find the character is-

tic angles a 1 0 : 

taaa 10 -e, 1'1, (11) 

( 12) 

1 
tan a ro • 2 ( 1 + p) cot fJ 0 , 

tal a • .....L ( 1 + 11 p ) cot fJ , 
eo 2 o 

( 13) 

( 14) 
tan a - [ 4 tal 0 

0 
+ (2 + p + 1/ p ) co ttl 0 1 I ( liP - P ) • 

ao 

where 
P • L e/ L r 

Formulae ( 12 ), ( 13) and ( 14) do not depend on the peak indices 

{b k t ), , what means that the focusing ponditions 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. 

III. The TOF Diffractometer. 

ln order to prove the focusing formulae experimentally the neutron 

TOF diffractometer/ 4/ at the IBR was partly reconstructed. 'Ihe ar­

rangement used in the described experiment is shown in Fig. 4. 

Fast neutrons from the reactor core ( 1), slowed down by a "poi-
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soned" / 5/ moderator ( 2 ), pass through a vacuum tube ( 3, 

tered bn a sample ( 8) and then are registered by .a scinti 

counter ( 7). The scintillator is in a form of a vertical, thir 

rectangular plate 16 em heigh and 50 em wide. The constn 

the shielding allows to turn the coun~r round the vertical ; 

through the centre of the scintillator plate. The distance fro 

centre of the moderator to the sample centre, L r,is 18.41 m, 

fr .:>m the sample center to the counter centre, L 
0

, is 2.80 m 

mean power of the reactor was 3 kW. 

All the measurements using silicon powder were perfo 

with one sample containing about 240 g of powdered Si in • 

minium rectangular container: ( 2 em x 5 em x 11 em). 

The results obtained with the focused diffractometer W4 

pared with the measurement performed with a partly defocus; 

tometer equipped with Soller collimators. For this purpose 01 

minutes collimator has been placed in the biological Shieldi.n, 

( 4) in Fig. 4) of the reactor, and another similar collimator 

·been placed between the counter and the sample. The surtac 

the counter was set perpendicularly to the direction from the 

of the counter to the centre of the sample. The sample was 

symmetrical reflection position. This set up was analogous to 

described in paper/ 4/. We shall call it the diffractometer wit 
limators. 

IV.Results Concerning Resolution 

1. As can be seen from formulae ( 12), ( 13) and ( 14) the c 

teristic angles a , 0 ·, a 00 and a aofor the focused diffractomet 

determined by the scattering angle 260 and by P • L 
0 

I L r • 

scattering angle 200 was chosen to be 87° in orcter to work .iJ 

convenient range of wavelengths. In the described case the s 

of the moderator (which play the role of a source of thermal 

rons) is not perpendicular to the neutron beam, but is declinE 
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; ~a·'~·''= • • • • ( 10) 

[:...L+·-1-] ,...!_ cot 8 
0 

sin 6 0 [.....L.- _L], 0), 
L L 2 Lc L, 

r c 

2 ): 

the directions 0, 0 8 and 0 • 0 c , 

o, -o. and o.-oo, respectively. 

spectrometer is shown in Fig. 2. 

it is easy to find the characteris-

~ e I I 'I • 
( 11) 

1 ~ - ( 1 + , ) OJt (J 0 , 

2 ( 12) 

.. -21 ( 1 + 11 p ) OJt (J • 
0 0 

( 13) 

( 14) 
~ 8 

0 
+ U+ P + liP> OJt8 0 l I OIP - P >, 

p = L .,I L 

and ( 14) do not depend on the peak indices 

that the focusing conditions can be satisfied 

It is also worthwhile to emphasize 

l,..,,.tinn"' hold both for powdered samples and single 

III. Tile TOF Diffractometer. 

the focusing formulae experimentally the neutron 

at the IBR was partly reconstructed. Tile ar­

described experiment is shown in Fig. 4. 
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soned"/5/ moderator (2), pass through a vacuum tube (3), are scat­

tered l>n a sample ( 8) and then are registered by .a scintillation 

counter ( 7). The scintillatbr is in a form of a vertical, thin ( 0.5 mm) 

rectangular plate 16 em heigh and 50 em wide. Tile construction of 

the shielding allows to turn the coun~r round the vertical axis going 

through the centre of the scintillator plate. The distance from the 

centre of the moderator to the sample centre, L ,,is 18.41 m, and that 

fr :>m the sample center to the counter centre, L 
0

, 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 em x 5 em x 11 em). 

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 perpendicularly to the direction from the centre 

of the counter to the centre of the sample. The sample was in a 

symmetrical reflection position. This set up was analogous to that 

described in paper/ 4/ • We shall call it the diffractometer with col-

lima tors. 

IV.Results Concerning Resolution 

1. As can be seen from formulae ( 12), ( 13) and ( 14) the charac­

teristic angles a , 0 · • a 00 and a ao for the focused diffractometer are 

determined by the scattering angle 280 and by p • L 
0 
I L r • The 

scattering angle 280 was chosen to be 87° in order to work in a 

COI'lVenient 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 
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the angle of 30° (see Fig. 4). Hence a, 0 • 30° was determined by 

the conditions being in the reactor hall. ConsequenUy, p (see formula 

( 12 ). ) is. also determined and should be equal to 0,094 for the 

completely focused diffractometer. l-bwever, the conditions did not 

allow to satisfy this requiiement 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) 3 

,. 2.5 ) • '!he chosen value of p • 0.15 leads to a • 63 ° 40 '. and 
aCJ 

a ... 76° ( fomulae ( 14) and ( 13) ). 
cO 

2. Following the discussion given in paper/ 6/ we use the variance 

D2 of the reduced time of flight r ( see formula ( 3) ) as a quantiti­

ve measure of the resolution of the ( h k t ) reflection: 

D 
1 

•· ( r - r )I ( 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). '!his useful 

property allows to calculate separately the partial resolutions cot'­

responding to the source, the sample and the counter, ln Appendix 

the formulae for the resolutions D ~and D! ( due to the dimensions of 

the counter and the dimensions of the sample, respectively) are 

derived as a function of the parameters describing the experiment. 
, I 

'!he property of the addi~vity 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 
2 
c 

one measures the total resolution D 2 as a function of a 0 ( the angle 

between the direction from the sample centre to the counter centre 

and the normal to the counter surface, see Fig. 2.).1-bwever, 

0
2 

•· D 
1 

- D 
2 

a ~.• 
( 16) 
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{<: 
I·: 
\. 
(• 

' ,'( 
1\t' 

:!J' .w 
r i: 1,,' 
l ··~ 

'l ~ 

(where the contribution to the resolution from all the sou 

counter, o:,. ,i3 independent of a 0 ), which shows that D 1 

functions of a 0 differ. only by a constant. 

3. In praxis the experimental resolution of the 

reflection can be calculated using the formula: 

where 

r. 

I •t 
D ··~ ·-·, 

¥: N -a, • 

2 -I If a (a -r) /(I a ),· 

is the intensity of this reflection, 

r--I !fa a /1 is the mean position (in channel 

of the peak, 

Na is the number of counts in the n-th channel, correc 

for the background, 

a r , a t are the first and the last channel numbers belong 

peak. 

'lhe larger is the number of channels ( a t -a r) belonging 

the better is the approximation of formula ( 15) by formula 

4, ln order to check experimentally the focusing conditions 

counter (and, by the way, to prove the validity of formulaE 

A3 derived in Appendix) measurements were performed fo 

of inclination angles • 0 • 'lhe results obtained for the powc 

licon sample are summarized in Fig. 5. The solid line was 

lated using formula A2 for • a >161• and A3 for remaining : 
'. . 

the parameters describing the experiment ( see Section·· m, e 

"'a •· 0.24•/2.8• caused by the counter shielding). The tri 

and circles show the experimentally measured resolution D~ 
(220) and(111)reflections) with the help of formulae (17) 

The constant (in this case) value o:,. was obtained by ap 

condition that the mean deviation of the experimental points 

theoretical curve ( solid line) should be equal to zero. A g 

of the theoretical curve to the experimental points confirms 
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Fig. 4). Hence aro• 30° was determined by 

the reactor hall. Consequently , p ( see formula 

should be equal to 0,094 for the 

ltiffractometer. l-bwever, the conditions did not 

requirement 

As can be 

and all the measurements have been 

easily calculated, this small devia-

resolution in a measurable way. However 

of intensity (by a factor of (0.15/0.094)
3 

P • 0,15 leads to a -63 °40' and aO 

( 13) ). 
in paper/ 6/ we use the variance 

time of ( see formula ( 3) ) as a quantiti­

resolution of the ( h k t ) reflection: 

D 1 •· (~ - r )I 
( 15) 

averaging using the intensity distribution tunc­

function may be expressed as a fold 

to independent contributions to the 

of the peak (variance) becomes the sum 

variances (partial resolutions). This useful 

calculate separately the partial resolutions cor­

source, the sample and the counter. ln Appendix 

resolutions D ~and D! ( due to the dimensions of 

dimensions of the sample, respectively) are 

of th~ parameters describing the experiment. 

addi'lvity of the partial resolutions allows also to meo.­

separately as a function of the parameters 

partial resolution. For example in the case of D 
2 
0 

total resolution D 2 as a function of a 0 ( the angle 

from the sample centre to the counter centre 

the counter surface, see Fig. 2.),1-bwever, 

D2 • D 2 - D 2 c .,,. 
( 16) 

8 

t# 

" ' ~ 
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(where the contribution to the resolution from all the sources 

counter, D:,. ,i.; independent of a 0 ), which shows that D 2 and 

but the 

D.2 as 
0 

functions of a .,differ. only by a constant. 

3. In praxis the experimental resolution of the ( h k t ) 
reflection can be calculated using the formula: 

II 
8 f 

D •·:!" ·-·. 
2 - 2 

"· (a-r) /(I a ),· ( 17) 

where 

[ • ¥ N is the intensity of this reflection. 
-·~ D 

I' •·I N a /I is the mean position (in channel number) D 

of the peak, 

N • is the number of counts in the n-th channel, corrected 

for the background, 

a 1 , a t are the first and the last channel numbers belonging to the 

peak. 

'nle larger is the number of channels ( a t -a 
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 0 • 'nle results obtained for the powdered si­

licon sample are summarized in Fig. 5. The solid line was calcu­

lated using formula A2 for a 0 .>161• and A3 for remaining la ~ and 

the parameters describing the experiment ( see Section Ill, and 

61 0 •· 0.24•/2.8• caused by the counter shielding). The triangles 

and circles show the experimentally measured resolution D~( for the 

( 220) and ( 111) reflections) with the help of formulae ( 17) and ( 16). 

The constant ( in this case) value D :,. was obtained by applying the 

condition 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 a 0 for a minimum of o!ag­

rees well with the calculated value a co --76 ° for the focusing con­

dition. 

5. Analogically the focusing conditions were checked for the sample. 

The obtained results are shown in Fig. 6. !-ere, 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 A 7 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 

ti·aingles for the ( 220) reflection. It was obtained as the difference 

between the total resolution D 2 (calculated with the help of formula 

( 17) ) and the resolution due to the neutron source and the coun­

ter, D~,c • The latter was found using the same procedure as for D! ..• 
in the counter case. A good · fit of the theoretical curve to the experi-

mental points confirms the validity of formula A 7. The minimum of D: 

agrees well with the calculated value a ao • 63° 40'- for the focus-

ing condition. 

6. I¥ focusing the source, the sample and the counter we have 

removed the contribution to the width of the peak due to the sse 
diinensions • Assuming that the remaining width of the peak is due 

only to the width of the neutron pulse, this partial resolution Dat can 

be measured experimentally. Fig. 8 shows the experimentally mea-
l 

sured values of D 8t as a function of the wavelength, obtained from 

reflections from various samples using the focused diffractometer. The 

solid line is described by the formula: 

2 -;- 2 
D Bt(A)• B t /t (.\),· 

( 18) 

·Nhere B t 11 is the mean value of the absolute resolution ( D it x t 
2

) 

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 ~tities. 

10 

• 

,., 
Therefore the only conclusion which may be drawn from t1 

is that the variance corresponding to the time width of the 

independent of A within the limits of errors and equals 

-a 2 
B t •· ( 4000 ±: 1500 )(I' sec) 

where 1500 is the mean absolute deviation. 

increases slightly from the value 100 I' aec 

for A •· 4.~ X • 

A ha.Ifwidth of 

for A •· 1.1 l 

7. Fig. 9. shows the comparison between the halfwidths ob 

the focused diffractometer ( roints marked with "f") and witt 

fractometer with collimatorl (points marked with "c'?. 'lhe ( 

halfwidths D ~ are practically the same for the two cases ir 

velength range up to 3.31. For the longer wavelengths the 

tion in the focusing case becomes better. 'lhese facts may 

plained in the following way. In the case of the diffractome1 

collimators the source remained focused. Hence the collima 

ween the source and the .sample should not change the rel 
. 0 

except in the range of A ~- 3.3 A , where neutrons totally . 
by the lamell~e of the collimator cause the broadening of tl 

.. I 

(see Section V~). 'lhe second collimator (of 20 divergenct 

did not practically change the resolution from the counter s 

ib;; resolution is small as compared with. the neutron pulse 1 

tion ( • 10 x 10-e at 4 l , see Fig. 8), except in the lo 

wave region, where the mentioned total reflections start to J: 

role. 'lhe contribution of the dimensions of the sample to th 
0 width becomes also important in the range of A ~! 4 A , sin' 

resolution due to it may be estimated as ( 2 f 4 ) x 10 -e in 

of the sample used. 

X) See the . end of Section m. 
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A2 and A3. The value of acfor a minimum of o!ag-

value a co •·76 ° for the focusing con-

the focusing conditions were checked for the sample. 

results are shown in Fig. 6. Here, 11 • is the angular 

from the symmetrical position in "transmission" ( 11 • • 90° 

to the position in " reflection" ) • The solid line was cal­

formula A 7 and the parameters describing the experi­

experimental resolution D! due to the dimensions of the 

marked with crosses for the ( 311) reflection and with 

the ( 220) reflection. It was obtained as the difference 

total resolution D 2 (calculated with the help of formula 

resolution due to the neutron source and the coun­

latter was found using the same procedure as for o 1 
r,a 

case. A good. fit of the theoretical curve to the experi­

confirms the validity of formula A 7. The minimum of D : 

with the calculated value a • 0 • 63° 40' · for the focus-

the source, the sample and the counter we have 

contribution to the width of the peak due to the sse 
Assuming that the remaining width of the peak is due 

width of the neutron pulse, this partial resolution D~1 can 

experimentally. Fig. 8 shows the experimentally mea.-
2 

of Da,as a function of the wavelength, obtained from 

from various samples using the focused diffractometer. The 

described by the formula: 

2 ----;- 2 
D 31 0.)• 3 t /t (A),· 

( 18) 

is the mean value of the absolute resolution ( D; 1 x t 
2

) 

experimental points. The big dispersion of the experimen­

takes place mainly because the channel numbers in which 

end and the background begins are difficult and arbitrary 

Formula ( 17) is very sensitive to these quantities. 

10 

"" 
,'4!j: 

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 

--.- 2 
B t •· ( 4000 ±: 1500 )(I' sec) 

where 1500 is the mean absolute deviation. A halfwidth of the peaks 

increases slightly from the value 100 l'•ec for A •·1·1 l to 1301'sec 
for A •· 4.~ l 
7. Fig. 9. shows the comparison between the halfwidths obtained with 

the focused diffractometer ( roints marked with "f'? and with the dU­

fractometer with collirnatod' ( points marked with "c '?. '!he ( relative) 

halfwidths D ~ are practically the same for the two cases in the wa­

velength range up to 3.31. 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 

co.llirnators the source remained focused. Hence the collimator bet­

ween the source and the .sample should not change the resolution, 
. 0 

except in the range of A ~ · 3.3 A , where neutrons totally reflected . 
by the lamell~e of the collimator cause the broadening of the peaks .. , 
(see Section V.3). The second collimator (of 20 divergence) also 

did not practically change the resolution from the counter side, since 

it.,; resolution is small as compared with. the neutron pulse resolu­

tion ( .. 10 x 10 -e at 4 l , see Fig. 8), except in the longest 

wave region, where the mentioned total rEt.flections start to play the 

role. The contribution of the dimensions of the sample to the peak 

width becomes also important in the range of A ~· 4% , since the 

resolution due to it may be estimated as ( 2 f 4 ) x 10 -e in the case 

of the sample used. 

X) See the . end of Section m. 
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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. 'lhe third line in Table 1 

gives the ratio l 1 I I 0 of the investigated intensities I 1 and I 0 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 a 0 • In 

order to prove this assumption an additional experiment was perform­

ed. By means of single crystals ( zinc and aluminium) monochroma­

ti::: beams of several wavelengths were obtained. For each wavelength 

measurements have been performed for two positions of the counter 

(for a 
0 

• 76 ° and a 
0 

.. Q0 ). 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 I ( a 0 0 ) I I ( 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 11 cos a 0 times as compared with the 

thickness for a e •0 , when the counter is declined by the angle 

a 
0 

,'The fourth line in 'Th.ble 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 'Th.ble 1 show still a weak de­

pendence on the wavelength. It 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 

I . 

11 
i.'~ 

. !~t 
:,.~ 
'~~ 

. -

I 

+: < "' o I a > 1 . for 

and 

[2xrf>
0

la] for 

where 

f/> 0 is the critical angie, 

a is the divergence of the ~olllrnator, 

.J. <a •. 
'f' 0 -

.J. >. fl •• 'Po-, 

'The transmission of a collimator increases with A since 4> 

iron lamellae used in the described experiment, f/> 
0 

• 5.5'. 

Going from A • 1.72 l to A • '4,33 ~ , this leads to the ir 

of intensity 

I .< 4.33 A ) I I 0( L72 .X ) . - 3.7 • , 

'This number compared with the experimentally obtained gai1 

( sec fourth line in Table 1) shows, that the collimators us 

reflect neutrons ideally, 

4, It may be of. interest to know what differences between l 

diffractometers are mainly responsible for the observed gail 

tensity. Since both measurements were made with the same 

and the distances L ,and L 0 were unchanged (which is impo 

because of absorption in the air), it is enough to compare 

solid angles ( divergences) of the beam incoming the sampl 

beam scattered towards the counter/ 6/ • 
'The beam coming from the source to the sample was 

by a tube (marked with( 3)in the shielding( 4)in Fig, 4) wit! 

of 0.10 m. 'The far end was ·at a distance of ·13.1 m from tl 

'The resulting solid angle is 11 x 0.10 1 I 13.1 1 • 1.8 x 10 - 4 • li 

case of the diffractometer with collimators the horizontal div 

equals the collimator divergence 20 · '·•· 5.8 x 10 -~ 'lhe verti• 

vergence is defined by the height ( 0.11 m) of the collimate 
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v. Results Concerning Intensity 

diffraction pattern obtained in 25 hours using 

.,_n.,...,trometer, and Fig.11 shows the one obtained in 42 

of the diffractometer with collimators. 'The silicon 

was described in Section lll, 'The great increase 

case is evident. 'Ihe third line in Table 1 

I
1 

I I c of the investigated intensities I f and I 0 in the 

spectively ( normalized to the same exposure time ) • 

increase of intensity depends strongly on the wave­

mainly due to the fact that the dependence of the 

on the wavelength changes with the angle a 0 • In 

this assumption an additional experiment was perform­

of single crystals ( zinc and aluminium) monochroma­

several wavelengths were obtained. For each wavelength 

performed for two positions of the counter 

and a 
0 

,. 0° ). Fig, 12 shows the ratio of the two 

as a function of .\ • 'The angular dimensions of 

reaching the counter were the same for both cases 

nt, 'Therefore the measured ratio I ( a c 0 ) I I ( 0 °) is 

corresponding ratio of the counter efficiencies. • 

is easy to explain. 'The effective thickness of the 

increases ll cos a e times as compared with the 

.. o , when the counter is declined by the angle 

'fuble 1 gives the gain of intensity in th~. 

the change of the counter efficiency 

12. Such an increase of intensity would be possible 

a four times thinner scintillation layer. 

in the fourth line in 'fuble 1 show still a weak de­

wavelength. It may be explained by the reflection 

collimator lamellae favoured for long wavelengths, 

of a collimator with totally reflecting lamellae 

transmission of the collimator with " black" la-

12 .. 

I : ,.,}~t• 

~ .. 
;:~ 

.. 

[ ' 2 
+: ( -!> 

0 
I a ) ]. for 

and 

[2x<f>
0

lal for 

where 

4> 
0 

is the critical angle, 

a is the divergenc~ of the ~ollimator. 

,.~. <a, . 
.,.. c -

,.~. > a,' Y'a-' 

'The transmission of a collimator increases with A since 4> 0 - >. For 

iron lamellae used in the described experiment, 4> 0 • 5.5' x A I K .. 
Going from >. • 1.72 l to >. • '4.33 ~ , this leads to the increase 

of intensity 

I .< 4.33 A ) I I 
0

( 1.72 .X ) • 3.7 

'This number compared with the experimentally obtained gain 47136-1.3 

( sec 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 made with the same sample 

and the distances L ,and L 0 were unchanged (which is important 

because of absorption in the air), it is enou~h to compare only the 

solid angles ( divergences) of the beam incoming the sample and the 

beam scattered towards the counter/ 6/ . 
'!he 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 distance of ·13.1 m from the sample. 

'The resulting solid angle is , x 0.10 2 I 13.1 2 
• 1.8 x 10 - 4 

, 1n the 

case of the diffractometer with collimators the horizontal divergence 

equals the collimator divergence :!1 '·•· 5.8 x 10 -~ '!he 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 S.~ x 10 -sx 0.11/12.8 • 0.50 x'10 - 4
• 

Hence the gain of intensity connected with the incoming beam is 

:1.~ I o.s - 3.~ • 

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.~0) x ( 0.5 x cos 76 ° /2.80) • 0,057 x 0.043 •24x 10"; 4 

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 the sample. 'Ihe resulting divergence is the­

ref:>re (0.11/2.20) x 20'· .. o.osxo.ooss-2.9x.~Q_-:-• •. So the gain of intensity 

connected with the scattering beam is 24/2.9 •· 8.5. 

The estimated total increase of intensity is thus 3.6 x 8.5 • 30 

This shows that the above calculations reflect properly the main 
• reasons for the intensity gain. The 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 
I 

obtained from various single crystals agrees 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 

r<?sults: 

14 

• I . 

1, 'Ihe validity of the formulae for a focused diffractometer 

in paper/ 2/ has /been proved experimentally. A good agr 

between calculated and measured values of resolution and 

has been obtained, 

2. It has been shown that the intensity measured by mean 

focused diffractometer is much higher (at least by an orde 

nitude) than the intensity measured with the same resolutic 

diffractometer with collimators. 

It is easy to calculate that for the same intensity the 

of the focused diffractometer can be much higher than . res 

the diffractometer with collimators. For example, for the same di 

of the source, the sample and the counter, the same angles a 
10

, a 

9 r as used throughout this paper, focusing allows to increase thE 
4-' 

and La by a factor of If 40 • 2. 5 ( vacuum· neutron guides 

used! ) with no change in intensity. This would be accomp 

crease of the halfwidths by the same factor 2.5 to the val• 

for 1 i and 0,2'}(, for 41 
By the Wly the validity of the main principles for res 

and intensity calculations outlined in paper/ 6/ have been p 

perimentally. 

The authors wish to thank Professor.Bronisl'aw Buras 

and many valuable remarks. Dr. V,V. Nitc is thanked. for h 

boration in the reconstruction of the diffractometer, 

, Appendix 

Following tj-1e main results described in pape/6/. formu 

derived for the partial resolution D !due to dimensions of tl 

ter and for the partial resolution' D!due to dimensions of tl 

dered sample. 

1. .A..ssuming homogeneity of the scintillator, D! is expresse 

of integrals over the volume of the scintillator: 
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( ~2.8 m) from the far end of the collimator to the 

is S.$ x 10 -sx O.ti I 12.8 • 0.50 x:10 -•. 

of intensity connected with the incoming beam is 

of the scattered beam, reaching the 

the focusing case by the dimensions' of the 

height, 0.5 m wide, inclined by the angle 76°, and 

of 2.80 m from the sample. The corresponding 

(0.J6f2.80) X (0,5 X COl 76° 12.80) •· 0.057 X 0.043•24>< 10'"; 4 

with collimators, the far end of the 

used in the biological shielding) was at a 

the sample. 'Ihe resulting divergence is the-

) x 20' = O.OSxO.OOS8•2.9x.~.Q_:4 •• So the gain of intensity 

scattering beam is 24 I 2.9 •· 8. 5. 

total increase of intensity is thus 3.6 x 8.5 • 30 

the above calculations reflect properly the main 
• intensity gam. The increase of the horizontal diver-

scattered beam,0.43 / 0.005.8 • 7 .4, is the predominant 

gain of intensity. 

on of Fig. 10 and ~1 a better signal to back­

case may be noted. No special efforts 

were performed in both settings of the 

in Section II, the focusing principle holds also 

samples. Indeed, the resolution of the peaks
1 

single crystals agrees well with that for the 

s. A remarkable increase of intensity was also ob-

VI. Conclusions. 

ing main conclusions may be drawn from the obtained 

~4 

• 

~. 'Ihe validity of the formulae for a focused diffractometer derived 

in paper/ 2/ has /been proved experimentally. A good agreement 

between calcula\ed 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 

t>"le diffractometer with collimators. For example, for the same dimensions 

of the source, the sample and the counter, the same angles a 
10

, a •rf Cl ., 
0 

and 

8 r as used throughout this paper, focusing allows to increase the distances L , 

and L., by a factor of if40' • 2. S ( vacuum neutron guides must . be 

used! ) 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 i and 0.2% for 41 
By the V>Ay 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 .Bronisl'aw Buras for discussion 

and many valuable remarks. Dr. V.V. Nitc is thanked. for his coll~ 

boration in the reconstruction of the diffractometer. 

, Appendix 

Following ij-le main results described in papef6 /. formulae will be 

derived for the partial resolution D !due to dimensions of the coun­

ter and for the partial resolution· D!due to dimensions of the pow­

dered sample. 

1. -~ssuming homogeneity of the scintillator, D! is expressed in terms 

of integrals over the volume of the scintillator: 

~ ~5 
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I I • • 
D o •· f' o ~ a' o I f d a ' o ' · (Al) 

where 

r 
0 

•· p 
0 

i 
0 

(according to formula ( 3) ), 

p
0 

is given by formula ( 9 ), and 

r~ •·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 z 0 axis, is considered. Therefore the • 

problem may be reduced to one-dimensional, since the zc~-cor'npo-

nent of p 
0 

D2 • __!__, 
0 A wo 

equals zero. 

+Aw 0 /2 
I 2 

{ ·p 0 COS (II 

-Aw~2 

-· ( 11 -• rr 12 ) ] w 
2 

d w • oo 0 

'8 . 
..J._ [ ~. +:( -L-..) 11 .sill 2( II o- u oo) ( 
12 4 l+:p 

Awe -L o 

) 2 

(A2) 

where A Wo is the width of the counter (a dimension in the direction 

perpendicular to the • craxis). 

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 coun.ter. In the ~s.e .wpen an additional diafragma 

ing) restricts the divergence of the neutrop beam to the value 

formula ( A2) is replaced by 

2 1 
D ·-·[ 

0 12 

2 2 
cot 6,+ ( --2--.). I· 

4 l+P 

2 
sill (a 0 -· a 00) 

2 
cos ( a 

0
) 

ru2 
0 

(shield-

C)) 0 ' 

(A3) 

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

beam corresponding to the counter width is substituted: 

ru 
0 

•· cos a 
0 

A w 
0 

I L 
0 

• (A4) 
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2. '!'he formula for D ! may be derived in a similar way as in fr 

of the counter. Neglecting absorption in the sample, resolutic 

given by the formula: 

2 2 .. .. 
o.-fr d r lf.d r .. ,. ,. 

where, according to formula ( 3) 

r - p • ., • , and .. is given by formula ( 10) p. 

r-•• o by an appropriate choice of the origin of the c 

system. 

The sample has a form of a rectangular parallelepiped with 

parallel to the z
8
-axis. Let l • • ( X • , · Y • , Z • ) be 

dinate connected with the sample,x .-axis is along one (iol'l!i 

and Y • - axis is along the other side, z • • -•• -axis 

pendicular to the scattering plane. The sample is turned ar 

axis by the angle a • with respect to the (,. 8 ,y • ••• ) coordine 

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

I .. .. 2 [ 1 .. I . ,_ 1.. I ( r • ( R • p ) • Y • p • ....,, (a -·a ) + X p .sill 11 -
• • • • • ao • • • •«r 

and finally 

2 ..... z .. ~ 12 2 2 t2 
D' •J(R p) d R /J4 1< ·-p [AY 8 cos (rz -·a )+.AX sill 

• • 0 s • s • 12 • ' • 0 • • 

where 

A X • and A Y • denote the length and the thickness of t1 

respectively, 
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2 2 .. .. 
D ., •· Jr., ~ 1r ., I J d 3 r ., , · (Al) 

p ., 1 ., (according to fe>rmula ( 3) ) , 

is given by formula ( 9 ), and 

is achieved by an appropriate choice. of the 

origin of the coordinate system •. 

experiment, the· counter which surface is 

z ., axis, is considered. Therefore the a 
be reduced to one-dimensional, since the l.j-coinpo-

equa.ls zero, 

+Aw.,l2 
2 2 f ·p .,cos (II 

-Awe/2 

-· ( 11 -· rr 12 ) ] w 
2 

d w • co " w., 

(A2) 

cot 
1
6 I 2 

~· +:(--'L-•) ) ·BiD (II c- Cl cO) ( 
4 l+:p 

Aw., -L., 
) 2 

is the width of the counter (a dimension in the direction 

z .,-axis), 

( A2) was derived under the assumption that the di-

the registered neutrons is limited by 

coun,ter, In the cSts.e .wpen an additional diafragma 

the divergence of the neutron beam to the value 

is replaced by 

2 
cot fJ .,. 2 -·+<---·>. ]. 

4 l+p 

2 
aiD (a., - a., 0) 

2 
coa ( a.,) 

"'2 
" 

the 

(shield-

I ttl 0 J 

(A3) 

from formula ( A2) when the divergence of the 

to the counter width is substituted: 

cu ., •· co a a ., A w., I L ., • (A4) 
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2. '!'he formula for D ! 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: 

2 2 .. .. n.-Jr d r lf.d r 
' • 3 • 3 • 

where, according to formula ( 3) 

, -'P • .,_ • and .. 
p. is given by formula ( 10) 

(As) 

'· •. o 
by an appropriate choice of the origin of the coordinate 

system, 

The sample has a form of a rectangular parallelepiped with one edge 

parallel to the z
8
-axis, Let ' • • ( X • , · Y • , Z a ) be a coor­

dinate connected with the sample,X .-axis is along one (ionger )'side, 

and Y • - axis is along the other side, Z • • _ s • - axis is per­

pendicular to the scattering plane. The sample is turned around Z • 

axis by the angle a • with respect to the (x 8 ,y •'"'•) coordinate sys­

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

I .... 2 .. I' I'" I )] 2 r •(R •p) •(Y ·IP •lcoa(a -·a )+X p .aiD(a w-•a 0 • • • • • ao • • • au 

(A6) 

and finally 

2 ..... 2 .. -:t. 1 2 2 2· 2 2 
D' •J(R p) d R lfd 1< ·-p [AY 8 coa (a -•a )+AX aiD (a 0-a )} , 

• • " 3 • 3 • 12 • ' • 0 • • • • 
(A7) 

where 

A X • and A Y • denote the length and the thickness of the sample, 

respectively, 
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.. 
p •· [ 
• 

coa (J 0 (p -J/p) ·I 1 , 

2(L ~+: L 0 ) co a • •o 

according to formulae ( 10) and ( 14). 
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Fig. 1. The scheme of the time-of-flight spectrometer: source ( 1), 

sample ( 2), counter ( 3). The axes a r , s • , z 
0 

are going through the 

points o,, 0 •, ·0 0 , respectively, perpendicular to the figure plane. 
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Fig. 1. The scheme of the time- of- flight spectrometer: source ( 1), 

sample ( 2), counter ( 3). The axes • r , • • , • c are going through the 

points 0 1 , 0 •, ·0 c, respectively, perpendicular to the figure plane. 
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