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and in the «antiparallel state> only those neutrons which have reversed their initial spin 
direction. In addition to the polarization analysis the energy of those neutrons which pass 
the analysing system, is measured by this system. 
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kinds of experiments are possible, e.g. measurement of the neutron spin flip probability of 
elements, depolarization studies in magnetic materials which have been performed up to 
now by the «double transmission method>. 
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which have been scattered from an initially polarized beam of thermal neutrons without 
change of their initial spin direction, from those which have reversed their spin direction. 
This proposed neutron Polarimeter consists of a polarizing crystal and of an analysing system. 
I he polarizing crystal monochromatizes and polarizes the incident neutron beam from the 
reactor. The analysing system analyses the polarization and the energy of the scattered 
beam. It has two different states for the polarization analysis. In the «parallel s t a t o only 
those neutrons pass the analysing system and reach the detector which have maintained, 
and in the «an ti parallel state > only those neutrons which have reversed their initial spin 
direction. In addition to lhe polarization analysis the energy of those neutrons which pass 
the analysing system, is measured by this system. 

The theory of a neutron Polarimeter is developed. The influence of deviations of 
the polarization and analysing efficiencies from 1 on the measuring accuracy of the polari
zation degree of the scattered beam is discussed and correction factors are derived. 

The separate measurement of the intensities of neutrons which have been scattered 
with and without spin flip allows the separation of coherently and incoherently scattered 
neutrons in neutron diffraction experiments, and in the determination of phonon dispersion 
relations and frequency distribution functions. Besides these new kinds of experiments all 
kinds of experiments arc possible, e.g. measurement of the neutron spin flip probability of 
elements, depolarization studies in magnetic materials which have been performed up to 
now by the «double transmission method>. 



Table of Contents 
ru.·'e 

I. Introduction ^ 

II. Principle of the Neutron Polarimeter ¿ 

III. Description of the Neutron Polarimeter 10 
A) General Description 10 
B) Polarizing and Analysing System 11 

IV. Types of Measurements, Measuring Error and 
Measuring Time 1, 
A) Types of Measurements <lj 

1. Measurement of the Depolarization Factor 13 
2. Measurement of Cross Section Ratios 1j 
3. Separation of Coherently and Incoherently 

Scattered Intensities ^ 
B) Measuring Error ^ 
C) Required Measuring Time -jg 

V. Applications of a Neutron Polarimeter 20 
A) Measurement of Incoherent Nuclear Cross Section 20 
B) Suppression of Background due to Incoherent 

Elastic and Inelastic Scattering in Neutron 
Diffraction 21 

C) Separation of the Coherent and Incoherent 
Scattering in the Measurement of Dispersion 
Relations and Frequency Distribution Functions 22 

References 2^ 
Appendix I: Derivations of the Intensity Relations ¿Q 

Appendix II:Increase of the Measuring Accuracy 32 
List of Figures 37 
Figures ¿g 



I. Introduction (*) 

By scattering a beam of polarized neutrons on a target 
the degree of polarization in the scattered beam is changed 
since a fraction of the neutrons maintains whereas the other 
fraction changes its original spin orientation. This depola
rization phenomena occurs by scattering of neutrons on free 
nuclei, molecules, liquids or solids. The degree of depola
rization depends on properties of the nuclei and for thermal 
neutrons in addition on properties of the molecules and of 
the liquid and solid state. The probability that a neutron 
which is scattered by a certain scattering angle maintains or 
changes its original spin direction is related to the coherent 
and incoherent scattering cross section of the free nuclei. 

In performed experiments the polarization degree of the 
scattered beam has been measured by the "double transmission 
method", e.g. in measurements of the ratio between incohe
rent and total scattering cross sections of free nuclei [1 1 
or in studies of the depolarization of neutrons by their pas
sage through magnetized ferromagnetic materials [2l. In the 
"double transmission method" the polarization degrees of the 
incident and scattered beam are measured directly without 
separating the neutrons which have been scattered without 
and with spin flip. 

It is the purpose of this paper to describe the principle 
of an experimental arrangement by which it is possible to 
measure separately in the scattered beam the intensity of 
neutrons which are scattered with spin flip and the intensi
ty of neutrons which are scattered without spin flip. The 
polarization degree is easily calculated from these two in
tensities. This experimental arrangement which is called 
neutron Polarimeter, in analogy to a Polarimeter in optics, 
can be used for depolarization measurements which were r e 
formed up to now with "the double transmission method." In 
addition,the possibility to separate with a neutron Polari
meter the neutrons scattered with and without spin flip and 
in consequence to separate the coherent and incoherent part 
of the scattered beam allows a number of novel apnlications. 

(*) Manuscript received on February 2, 196?. 



These novel applications are the separation of the part of 
neutrons which are scattered incoherently due to a spin flip, 
from that part which are scattered coherently in elastic 
and inelastic scattering of thermal neutrons by liquids and 
solids. 



[I. Principle of the Neutron Polarimeter 

Figure 1 shows a schematic diagram of a neutron Pola
rimeter. The neutrons are monochromatized and polarized 
by the crystal P-. The neutrons scattered by a certain 
scattering angle enter the analysing system. Only neu
trons with a given energy and in one of the two polariza
tion directions pass the analysing system and are counted 
by the detector. For the determination of the polarization 
degree the analysing system has the two different states 
- analysing system "in the parallel state" 
- analysing system "in the antiparallel state." 

The detector measures in these two states of the amly-
sing system the following intensities: 

1. Analysing system "in the parallel state" 
Only those neutrons reach the detector which, have main
tained their initial snin orientation. The intensity 
which corresponds to this fraction of the neutron flux 
is called "intensity in the parallel state" an" abbre
viated by I . 

Ρ 

2. Analysing system "in the antiparallel state" 
In this state of the analysing system only those neu
trons rea.ch the detector which have changed their in
itial spin orientation in the scattering process. This 
intensity is called "intensity in the antiparallel state' 
and abbreviated by I . 

a 
In addition, the total intensity I of the neutrons 

scattered into the detector can be measured independently 
of their polarization. 



The polarization of the beam scattered into the analy
sing system is calculated from the measured intensities by 

I - I 
(II-1) Pm = J a m I + I Ρ a 

A p o l a r i z e d i n c i d e n t n e u t r o n beam i s b e i n g d e p o l a r i z e d by 
s c a t t e r i n g on a sample . The d e p o l a r i z a t i o n f a c t o r D„ i s 
g iven by 

D2o - D2o 
(11-2) D„ = w o 

f ^ D zo + D3o wo w 

where t he a b b r e v i a t i o n s 

d2 o d2 ow D 2
G = and D2o = have been used for the W O dQdE W dndE 

double differential cross section without (index wo) and 
with (index w) spin flip during the scattering process. The 
depolarization factor D„ assumes as maximum possible value 
+ 1 for ϋ 2

σ = 0, i.e. the scattering sample induces no 
W ,| 

spin flip and as negative value - /3, i.e. the spins of 
o /3 of all scattered neutrons have been flipped during the 
scattering process. 

The depolarization factor D and the measured polariza
tion Ρ of the scattered beam are equal 

m 

(II-3) Pm = Df 

under the condition that the polarization efficiency of 
the polarizer and the analysing efficiency of the analy
sing system are equal to 1. In this case also the following 
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relations are valid 

C11"*) !p = F D2°wo τ
α = ¥ΐ)Ζ%> 

where the proportionality factor F comprises all factors 
as solid angles, reflectivities of the polarizing and 

*) 
analysing crystal and efficiency of the detector '. The 
factor F is equal for the two intensities. 

The double differential cross sections without and with 
spin flip are related to the coherent and incoherent cross 
section by 

/ττ ,- Ν -ρ,ο p.? coh 1 T-.0 inc (Il-^a) D2o = Dá
o + τ D

¿
o 

(II51>) D
2
ow = f D

2
o
ÍnC

. 

1
 Due to the deviations of the polarization efficiency 

and the analysing efficiency from 1, the intensity in the 

parallel state will contain also a term with the cross 

section D
2
o ,and the intensity in the antiparallel state 
w 

a term with D
2
o . This additional term determines the 
wo 

measuring accuracy of each of the two intensities. In 

chapter IV.Β the dependence of the measuring error on the 

efficiencies is derived,and the obtainable measuring accu

racy is discussed. 



The coherently and incoherently scattered intensities 

(II-6a) I c o h = Ρ D* 0
c o h and 

(II-6b) I i n c = FD»o i n C 

can be separated "by measuring with a neutron Polarimeter 
the intensities in the parallel and antiparallel state. 
The separation is obtained by combining the relations 
II-1+, II-5 and II-6 

(Il-7a) I , = I - J I v ' coh ρ 2 a 

i11'7*) · Ime = 2 V 
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III. Descriptions of the Neutron Polarimeter 

The neutron Polarimeter is developed from a normal triple 
axis spectrometer by adding to the monochromater crystal the 
property to polarize the incident neutron beam,and using 
instead of an analyser crystal which determines only the 
energy of the scattered neutronsyan analysing system which 
analyses in addition, to the energy the polarization state 
of the scattered beam. For the polarizer and for the analy
sing system,the techniques used by Nathans, Shull, Shirane 
and Andresen [3] for the measurement of the magnetic scat
tering of iron and nickel are applied. 

A) General Description 
The neutron beam from the reactor is collimated, and 

impinges the polarizing crystal. The reflected beam is po
larized in a direction determined by the direction of the 
magnetic field which magnetizes the polarizer, and to a de
gree which depends on the polarization efficiency of the 
crystal. The partly polarized beam passes through a second 
collimater which is magnetized and maintains a uniform mag
netic field in the same sense as the polarizing field. The 
neutrons impinge the sample and are scattered with or with
out change of their spin orientation. The neutrons which 
are scattered into a certain scattering angle pass a third 
collimater which is also magnetized and enter into the ana
lysing system. In frontof the analysing crystal is a coil 
which is a part of the spin flipping unit. This unit rever
ses the spin direction of the neutrons traversing the coil 
when it is turned on. 

If the analysing crystal is set with a glancing angle θ 
and the spin flipping unit is turned off,the analysing 
system is in "the parallel state for neutrons whose wave 
length correspond to the glancing angle θ.." In this para
llel state the analysing crystal scatters those neutrons 



II 

whose wave length fulfill the Bragg condition for the glan
cing angle θ. and which have been scattered without spin 
flip, i.e. whose polarization corresponds to the initial 
polarization direction, through a fourth collimater into 
the detector. Due to the deviation of the polarization 
efficiencies of the polarizing and analysing crystal from 1, 
also a fraction of neutrons which have been scattered with 
spin flip will reach the detector . 

If the analysing crystal is maintained at the same glan
cing angle ·&. and the spin flipping unit is turned on,the 
analysing system is in "the antiparallel state for neutrons 
whose wave length correspond to the glancing angle θ.." 
In this antiparallel state the analysing crystal scatters 
those neutrons into the detector whose wave length fulfill 
the Bragg condition and which have been scattered with spin 
flip, i.e. whose polarization has been reversed with refe
rence to the initial polarization direction. Due to the 
deviations of the polarization efficiencies and of the po
larization reversal efficiency from 1, also a fraction of 
neutrons which have been scattered without spin flip will 
reach the detector. 

The initial energy of the neutrons, the analysing energy 
and the scattering angle of the neutron Polarimeter can be 
changed in the same way as for a triple axis spectrometer. 
A uniform magnetic field in the same sense as the polarizing 
field is maintained on the path between polarizing crystal 
and sample, and between sample and analysing crystal in or
der to prevent transitions from one neutron spin state to 
the other, which would diminish the measuring accuracy. 

B) Polarizing Crystal and Analysing System 

As polarizing and as analysing crystal, single crystals 
of cobalt-iron with 92 atomic per cent are used. For the 
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reflections from the (111) plane of such crystals polari
zing efficiencies between 99 and 100 per cent have been 
measured in magnetic fields above 2 k·oersteds Γ3]. 

For the measurement of the intensity, I . in the anti-
cl 

parallel position, the spins of the scattered neutrons are 
reversed in the region between scattering sample and ana
lysing crystal by means of the magnetic resonance method 

'J,' 

[k, 5] . For this purpose a radiofrequency field can be 
applied to the coil in front of the analysing crystal. 
The radiofrequency must be chosen to resonate with the Lar-
mor precession frequency of the neutrons in the steady 
collimating field, and the amplitude of the oscil]ating 
magnetic field must be properly adjusted to suit the neu
tron transit time through the coil. The reversal of pola
rization direction is produced by switching on the radio-
frequency field. Polarization reversal efficiencies of 99 
per cent can be achieved. 

'' Another method to reverse the spin direction of the 
scattered neutrons is the gradually turning of the magne
tic guide field along the beam. This method has the ad
vantage that it can be applied for neutrons of different 
wave length without change of any parameter. (K. Abrahams, 
0. Steinsvoll, P.J.M. Bongaarts and P.W. de Lange, Rev. 
sci. Inst. 3_I, 52i+ (1962)) 
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IV. Types of Measurements. Measuring Error and Measuring Time 

A) Types of Measurements 

The measurement of the elastically or inelastically 
scattered intensity in the parallel and antiparallel state 
of the analysing system, I and I , is the basis for the 

Ρ a 

applications of the neutron Polarimeter. The measured in
tensities are used in different ways, depending on the 
type of experiment. 

1. Measurement of Depolarization 

For the determination of the depolarization factor for 
elastic and inelastic scattering, the corresponding inten
sities in the parallel and antiparallel state of the ana
lysing system are measured. The polarization of the scat
tered beam is calculated according to (II-1). 

2. Measurement of cross section ratios 

The two cross section ratios D2o /D2o and D s
0 / 

D2
0. for free nuclei are of interest. These ratios give 

together with known values of the coherent or total cross 
section the incoherent cross section. The two ratios de
pend on the elastically scattered intensities I , and I , 
in the following way 

D2Ginc τ 
d. 

D2 con 2 I τ 
Ρ a 

(lV-1b) 
D 2o l n c I a 
D2o+

 2 I + I t p a 
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Instead of measuring the cross section ratios D
2
o / 

D
2
o° or D

2
o
 n
 /D

2
o+, it is also possible to measure 

the unknown incoherent cross section of a substance in 

comparison to the known incoherent cross sections of a 

reference substance. The intensity in the antiparallel 

state of the analysing system is measured for the two sub
in c 

stances. The unknown incoherent cross section σ is ob

tained by the relation 

„inc 3 acx 
Ο = TT τ O j. · 

2
 ^cst

 W ñ t 

3. Separation of coherent and incoherent part of the 

scattered intensity 

The neutron Polarimeter offers the possibility 

 to suppress the background due to incoherent scattering 

of the neutrons by measuring with the analysing system 

in the parallel state if only coherent scattering should 

be observed, or 

 to separate the coherently and incoherently scattered 

part by measuring with the analysing system in the para

llel and antiparallel state, and calculating the coherent 

and incoherent intensity according to relations (li?). 

·) 

*) 

' It should be evident from the effects used for the sepa

ration of the coherent and incoherent part of the scattered 

intensity, that only that incoherent part can be separated 

which is due to spin incoherent scattering. A suppression 

of the incoherent scattering which is due to isotopes in the 

sample, is only possible by separating the isotopes and 

using monoisotopic samples. 
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Since also the energies of the scattered neutrons are 

analysed, the neutron Polarimeter allows to measure sepa

rately the four parts of the total intensity due to 

coherently elastically,and 

incoherently elastically scattered neutrons, 

coherently inelastically, and 

incoherently inelastically scattered neutrons. 

B) Measuring Error of the intensities in the parallel and 

antiparallel state. 

In chapter III it has been mentioned that in the para

llel state of the analysing system also a fraction of neu

trons which have been scattered with spin flip, will reach 

the detector, and vice versa, due to the deviation of the 

efficiencies from 1. The error in the measured parallel and 

antiparallel intensity which is caused by these deviations 

is discussed in this section. All other quantities as cohe

rent and incoherent cross sections, cross section ratios 

or depolarization factors are obtained from the intensities 

measured in the two states. The error of those quantities 

can be calculated from the errors of the two intensities. 

The intensities I and I , measured with a Polarimeter 

p a 

that has the efficiencies P± and P2, for the polarization 

of the polarizing and analysing crystal, and f for the spin 

reversal unit are calculated as a function of the ratio r 

between incoherent and coherent cross section, r = D
2
o
lnC

/ 
■n2

 c o h 

D
3
o 
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Using the relations (A-6) for the measured intensities 

and the relations (II-5) between the cross sections with 

and without spin flip and the coherent and incoherent cross 

sections, the measured intensities are 

(IV-2a) ■ 5 k D
2
o

C o h
 + ( k 1 + 2 k 2 ) D

2
o

i n C 

(IV-2b) I = τ 
3 _ 

( 2 ^ ' - ^ 2 ' ) ϋ 2 σ ί η ° + 3 k 2 ' D 2 o C O h 

The Polarimeter coefficients k±, k2 and k± ' , k2' are gi
ven by the relations (A-7) or (A-8). For a neutron Polari
meter with the efficiencies 1, they assume the values k± = 
kt' = .1 and k2 = ks' = 0. With the relations (lV-2) the re
lative errors are obtained 

(IV-3a) 
ΔΙ 
p,th 

V S . t h 3(ki-l) + r(k1+2k2-l) 
Pith 3+r 

(IV-3b) 
ΔΙ a 
'a, th 

= -τ (2k±'+k2'-2) + £ k2' 

where r is the ratio between incoherent and coherent cross 
section. 

For the further evaluation it is assumed that the pola
rization efficiencies of the polarizing and analysing crys
tal and also the polarization reversal efficiency are 98 per 
cent, Pt = P2 = f = 0.98. As mentioned in paragraph III.B, 
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these efficiencies are in the reach of the experimental 
possibilities. The values of the Polarimeter coefficients 
calculated with these efficiencies are 

k± = 0.99 k2 = 0.025 kt' = 0.97 k2' = 0.04 . 

These numerical values are inserted into the relations 
(IV-3) 

(iV-Ua) 
ΔΙ 

Ρ 
1 +U 
ρ , t h 

ΔΙ a 
— 

a , t h 

- 0 .03 + O.OUr 

3+r 

0 .06 
— U , U 1 + 

r 
(iv-4b) 

The relative deviations Δΐ/Ι., (lV-4) have been plotted in 
Fig. 2 as function of the cross section ratio r. From the 
relation (TV-4a) it is seen that for the whole range of the 
cross section ratio the relative deviation Δΐ_/Ι +, for the 

Ρ Ρ, th 
parallel intensity is between -0.01, the value for r = 0 
and 0.01+, the value for r = oo. The relative deviation for 
the antiparallel intensity ΔΙ /I ., is between +0.05, the 

a a, tn 
value for r = 1,and -0.01 the value for r = oo. It is seen 
from these values that the high polarization efficiencies 
from CoFe-crystals and the high efficiency of the magnetic 
resonance method for the spin reversal, allow measurements 
of the parallel and antiparallel intensity with a precision 
of some per cents for cross section ratios r larger than 1. 
Only the relative deviation ΔΙ /I ., for the antiparallel 

a a, *cn 
intensity increases for cross section ratios r smaller than 
1 rapidly. 
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A check of the measuring accuracy which can be obtained 

with a neutron Polarimeter is the measurement of the inten

sities in the parallel and antiparallel state and the sub

sequent calculation of the cross section ratio D
2
o /D

2
o , 

and comparing the measured cross section ratio with the vä
rn) 

lue calculated from the known cross sections ; 

C) Required Measuring Times 

a The .required measuring time for neutron Polarimeter is 

crudely estimated, using as a basis the measuring times re

quired for the CNENtriple axis spectrometer at the reactor 

ISPRAI [6], This spectrometer used in an inelastic scatter

ing experiment for the determination of phonon dispersion 

curves of Zn as monochromating and analysing crystal Al in 

the (111) plane [7]. The angular divergencies of the colli

mators were 20', 25', 70' and 35', in the sequence from the 

reactor to the detector. The cross sections of the colli

mators were about 50 mm χ 50 mm. The flux at the source sur

13 2 
face was about 3 x 1 0 n/cm sec. Measuring times between 

15 and i+5 min. were recuired to obtain between 300 and 700 

counts on the peak of a typical neutron group. 

*) 

The measurement of a completely coherent and a predomi

nantly incoherent scatterer and the information on the po

larization resolution which is obtained from these measure

ments,are discussed in appendix II. 
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The measuring time required for an inelastic scattering 

experiment with a neutron Polarimeter on a high flux reac

tor is estimated very crudely by taking the ratio between 

the flux at the source surface of the reference reactor 

Φ „, and the flux at the surface of the high flux reactor 

Φ
ΗΡ· 

f
ref 

t ττπ = 2 t 
'm,NF m,ref ΦΗρ 

where t „„ and t „ the measuring times at the high 
m,KF m,re f

 e ö 

flux and the reference reactor. The polarized neutron flux 

which impinges the sample in a neutron Polarimeter is re

duced by 1/2 with reference to the unpolarized neutron flux 

which would be incident under the same conditions, since 

the polarizing crystals reflect only neutrons of one spin 

state. This factor doubles the measuring time of a neutron 

Polarimeter with reference to the triple axis spectrometer. 

The value of ΦΗ„ = 10 n/cm sec gives 

t „„ = 0.06 t ,, 
m,HF m,ref 

and as a very rough estimate between 1 and 3 minutes for 

the measuring times reauired with a neutron Polarimeter 

for an inelastic scattering experiment at a high flux reac

tor. This time is required for one angular setting of the 

neutron Polarimeter and for one of the two intensities I 

* a 
or I . 

ρ 

The measuring times have been estimated in an extremely 

crude way, but the way of estimating should be sufficient 

to demonstrate that the operation of a neutron Polarimeter 

at a high flux reactor is in the potentialities of these 

reactors. 
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V. Applications of the Neutron Polarimeter 

From the possible applications of the neutron Polari

meter are considered in more detail: 

 the determination of incoherent nuclear cross sections 

by measurement of cross section ratios, 

 the separation of coherent and incoherent scattering in 

neutron diffraction and in the measurements of dispersion 

relations and frequency distribution functions. 

In addition to these applications there are some others, 

e.g. 

 the measurement of the change of the total nuclear spin 

of molecules associated with excitation or deexcitation 

of molecular rotational levels by the scattered neutrons, 

 the investigation of neutrons scattered without and with 

spin flip by magnetic materials. 

Á) Measurement of incoherent nuclear cross sections. 

The incoherent nuclear cross section can be obtained 

from the intensities I and I by either one of the ratios 

a Ρ 

D
2
o
i n C

/D
2
o
C O h

 or D
2
o
inC

/D
s
ot, given by the relations 

(lV1) together with the known value of either the coherent 

or the total cross section . The ratio I /(I + I ) 

a ρ a' 

appearing in the ratio D
2
o /D

2
of is the spin flip 

*) 

The scattering of thermal neutrons by free nuclei is 

isotropic. For this reason the total coherent and incohe

rent cross sections are used in this paragraph. 
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* * ) 
p r o b a b i l i t y Q ' g iven by 

Q = I - - ^ 3 σ. + σ . 
m c c oh 

In order to obtain the incoherent nuclear scattering cross 
section from one of the ratios (IV-1) it is essential that 
in the parallel intensity I are no contributions due to 
crystalline effects. The influence of crystalline scatter
ing on the intensity I can be eliminated by using a large 
enough energy of the incident polarized beam to avoid Bragg 
scattering. 

B) Suppression of background due to incoherent elastic and 
to inelastic scattering in neutron diffraction. 

Absolute intensity measurements of the Bragg reflections 
in diffraction of neutrons by powdered polycrystalline sam
ples with hydrogenous compounds are hampered by the large 
background scattering which is mainly due to the high in
coherent scattering cross section of hydrogen. One possi
bility used up to now is the investigation of the deuter-
ated compound, e.g. to use ΝΌΚΒΓ [9] instead of NHj.Br for 
the measurement. 

' The method to measure the spin flip probability in or
der to determine the incoherent nuclear scattering cross 
section was suggested by Schwinger and Rabi [8] and applied 
by Meyerhof and Nicodemus [1] to the measurement of the 
incoherent scattering cross section of phosphorus by means 
of the "double transmission method." 
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Recently Caglioti and Pompa [10] have reduced the back
ground by a factor between 1.2 and 3 in an investigation 
on non-deuterated ammonium bromide, NHhBr, by observing 
only elastically scattered neutrons by the use of a triple 
axis spectrometer. By the use of a neutron Polarimeter for 
diffraction experiments, a further reduction of the background 
by a factor of about 3 can be obtained by measuring the in
tensity due to elastically scattered neutrons as function 
of the scattering angle with the analysing system in the 
parallel state. In this way the measured intensity is pro
portional to the cross section D2n ^ given by (ll-5.a). 

wo 
The background can be corrected further by measuring also 
the intensity in the antiparallel state of the analysing 
system, I , and by subtracting the remaining incoherent s. 
part from the intensity I according to relation (ll-7.a). 

The reduction of the background by one of these methods 
should be sufficient to allow the measurements of diffrac
tion patterns of powdered polycrystalline samples even with 
high concentrations of hydrogen. 

C) Separation of the coherent and incoherent scattering 
for the measurement of dispersion relations and frequen
cy distribution functions 

Dispersion relations have been determined up to now only 
from substances with a small incoherent cross section com
pared to the coherent one [111. In substance with an appre
ciable incoherent scattering cross section, the observation 
of coherent scattering, involving modes of frequencies with 
a peak in the frequency distribution function, may be ob
scured by the incoherent scattering [12], 
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Frequency distributions have been determined up to now 
from substances with a predominantly incoherent cross sec
tion [11]. By use of one of the methods described in para
graph IV.A-3 it is possible 

- to measure the frequency distribution also for scatterers 
with a coherent part in the cross section, 

- and to measure the dispersion relation also for scatterers 
with an incoherent part in the cross section. 

For the determination of the dispersion relation either 
only the intensity in the parallel state of the analysing 
system, I , is measured, or the intensity in the antipara
llel state is also measured as function of the different 
angular settings according to the conventional methods of 
triple axis spectrometers, e.g. the constant Q-methods [13]. 
By measuring only the parallel intensity the incoherent 
background is reduced. By measuring the parallel and the 
antiparallel intensity the inelastically coherent intensity 
can be calculated by means of the relation (II-7). 

For the determination of the frequency distribution func
tion, the energy distribution of the neutrons scattered by 
a fixed scattering angle is measured with the analysing 
system in the antiparallel state. In order to obtain the 
frequency distribution function from the measured intensi
ty I which is related to the incoherent double differen-

a 
tial cross section, the evaluation proceeds as usual [14]. 
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Appendix I 

Derivation of the intensity relations 

The relations (II-4) for the intensity in the parallel 
and in the antiparallel state have been given for the case 
that the efficiencies of the polarizing crystal and of the 
analysing system are 100 per cent. In this appendix the re
lations for the two intensities are derived, taking into 
account the deviation of the polarization efficiency of the 
polarizing and of the analysing crystal, and the deviation 
of the polarization reversal efficiency from 1. 

In order to prepare the derivation, first tw© introduc
tory cases are considered: 
1) An unpolarized neutron beam is reflected by a polarizing 

crystal which has the polarization efficiency P±. 
What are the fractions of neutrons of the reflected 
beam which are in the parallel and antiparallel spin 
state, with reference to the polarization direction of 
the crystal? 

2) A partly polarized neutron beam is reflected by an ana
lysing crystal which has the polarization efficiency P2. 
How enter the fractions cL + and cL_ of the incident 
neutron beam into the relation for the reflected flux? 

For the case 1) the reflected neutron flux Φ is divi-
r 

ded in its two components with parallel and antiparallel 
spin state 

Φ = c Φ + c Φ , r r+ r r- r 
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A crystal with a polarization efficiency P± produces from 

an unpolarized beam a beam with the polarization 

c  c 
r+ r

Pi = 
c + c 
r+ r

From the two relations 

1 + Ρ 1  Ρ 
cr+ = — and cr_ = — 

is obtained. 

For the case 2) the incident neutron flux is divided 

into its two components cL+ and cL_ 

φ
1 = °1 +

 Φ
ι +

 c
L

$
t 

The total reflected intensity is 

or 

where 

0+, a 

Φ » (o+c¡,+ + σ_οι_)Φι 
r 

ΦΓ = (ci+ + R οι_)σ+Φι 

are the scattering cross sections of the 

crystal for the neutrons polarized 

parallel (o+) or antiparallel (o_) 

to the polarization direction of the 

crystal. 

R is the ratio between the two diffe

rent scattering cross sections 

R = ο_/σ+ . 
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From the definition of the intrinsic polarization effi
ciency of a crystal 

Ρ = o+ - o_ 
σ+ + σ. 

it follows that R is related to the polarization efficiency 
Ρ of the analysing crystal by 

1 - Ρ 
R = . 

1 + Ρ 

If the spins of the incident neutrons are reversed by the 
spin flipping unitbefore the neutrons impinge the 
analyser crystal, then the total reflected intensity is 
given by 

Φτ,ί = (
C
Î

 + R
2c L + )o\^L . 

After these introductory remarks the int.nsity relations 

are derived for the polarization efficiencies Vi of the 

polarizing crystal, and P2 of the analysing crystal and the 

polarization reversal efficiency f of the spin flipping 

unit. In order to derive the relations the neutron flux Φη 

at different points n in the Polarimeter is divided into 

its two components 

(A1 ) Φη = Cn + Φη + θη_Φη . 

After this division has been made for the flux which 

impinges the scattering sample, n = 2, and for the flux be

hind the scattering sample, n = 3, the relations for the 

intensities scattered into the detector with the analysing 

system in the parallel and in the antiparallel state are 

obtained. 
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The fractions c+ and c_ after the polarizer are 

1 + Pi 1  Pj. 

(A2a.b) c2+ = — 2
 c

2 = — 2 ' 

In the scattered beam the fractions are 

1 + Pt 1  Pt 
(A3a) c3+ = — D

2
owo + — D

2
o, 

1  Pi 1 + Pt 
(A3b) c3_ = — D

2
owo + — Tf~o% 

The signification of the two parts in each of the fractions 

c3+ and c3_ are evident from the definitions of D
2
ø , D

2
o 

wo* w 

and from the significations of (l+Pi)/2 and (lPt)/2. 

The intensity I which is measured "by the detector witto 

the analysing system in the parallel state is 

(A4a) I = (c + c )φ
p
 v

 p+ p
 3 

where 

(Αlib) 

(A-lic) 

(AJUd) 

1 + Pi 1  Pj. 

C
p+ - °s+ ~ 2 D

 °wo ' 2
 B

 °w 

Γ 1  P 4 ι + Pi 
c
p_  «sCs  i^L g D öwo » 2 D ος 

1 - p2 
17 jet« — 

1 + P2 

where P3 is the polarization efficiency of tim analysieg 
crystal. 
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The intensity I , i.e. the intensity when the spin flip-a 
ping unit is on and the spins are flipped with the pola
rization reversal efficiency f, is 

(A-5a) Ia = [ca+ + c a_] $ a 

where 

(A-5b) ca+ = c3_f + c3+(1-f) 

(A-5c) ca_ = Rs[c3+f + c3_(l-f)]. 

f is the fraction of neutrons which change their spin di
rection during the transit through the spin flipping unit 
and (1-f) is the fraction which maintains its spin direction, 

After the coefficients of the relations (A-4) and (A-5) 
have been grouped according to the cross sections D2o 

wo ^A and Dzo , the final relations for I and I are obtained ' : w' p a 

(A-6a) I = D2o- ki + D2o k2 
ν / ρ <->wo ι w w 2 

(A-6b) I = D2o k ± ' + D2o k ' . 
v ' a w 1 wo 2 

The proportionality factor F which has been introduced 
in the relations (II-4) for the intensities I and I , has 
not been included in the formulas of the two appendices 
since it is not needed in this context. 
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The Polarimeter coefficients k± and k2 in relation (Aba) 

are 

(A7a) ki = \ | (1+Pi) + R2(lPi)J 

(A7b) k 2  2 _ 
(1Pi) + R8(1+Pi) ] 

and the coefficients ki
7
 and k2' in relation (A6b) are 

(A7c) ki' = 2 (1Pi) + 2P±f + R2[(l+Pi)  2P A 

(A7d) ■ ^ 2 = 2" | (1+Fi)  2Pif + R2 [(1Pi) + 2Ptf ]j 

Since the efficiencies are close to 1 the deviations 

from 1 are introduced and the Polarimeter coefficients are 

calculated by neglecting quantities which are small of se

cond order. 

(A8a) ki = 1  £ Δ P± 

(ABb) k2 = r 1 A Pt + A Ρ 

(A8c) k. 1  2" Δ Pi  Af 

(A8d) 1 Λ 
2 

V
\ 

k2' = -ζ \ Δ F± + Δ P2y + Af 
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Apuendix II 

Increase of the measuring accuracy by correcting the mea
sured intensities I and I for the polarization and spin 

Ρ a 
reversal efficiencies. 

The relations (A-6) for the parallel and antiparallel 
intensity can be used to increase the measuring accuracy 
by correcting the measured intensities, I and I&, for the 
deviation of the polarization efficiencies and the spin re
versal efficiency from 1. The relations for I can be writ
ten in a form more convenient for the correction, whereas 
the relations for I are maintained in the form' given by 
(A-6b) j 

(A-6a) D2o k wo ρ 

(A-6b) I = D2o „A' + a ντη a k ' 

where 

(A-9a) kt 
Ti2 
Do.. 1 + D*CL wo 

or using the fact that the deviations of the efficiencies 
from 1 are small 

(A-9b) k 1 - ρ Δ Pi 1 + w D2 
wo 2 

Δ Pi + Δ Ρ; 

* ) Contrary to the cross section D2o the cross section wo D2o can become zero. For this reason it is not possible to w 
put the intensity I into the same form as the intensity I 

a 'y ρ 
and to use the same correction procedure. 
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The corrected intensity in the parallel state I , is ob
tained by dividing the measured intensity I by the known 
correction factor k 

Ρ 
I 

(A-10a) I = ,— = D 2
0 . 

v ' pc k uwo 
* Ρ 

The corrected intensity in the parallel state is used to 
correct the intensity in the antiparallel state 

1 / k2' (A-10b) I = — I - I : J = D2o . 
v ' ac ki ' \ a ρ k / w 

The remaining errors, if the measured intensities are 
corrected for the deviation of the efficiencies from 1, are 
difficult to estimate. Theoretically they are zero. In re
ality these errors will depend on the precision by which 
the efficiencies can be measured,and on time dependent fluc
tuations of these efficiencies which may be due to diffe
rent effects. 

For the calculations of the Polarimeter coefficients kt, 
k2, ki ' and k2 ' the value of the efficiencies Pi, P2 and f 
are needed. For the calculation of k the ratio D2o /D2o 
is required. The polarization efficiencies P± and P2 and 
the spin reversal efficiency f can be measured by the usual 
techniques applied in experiments with polarized neutrons 
[e.g. ref. 3]. The value of the ratio D2σ /D2o _ can either 
be estimated, the maximum value being 2, or it can be approxi
mated by the ratio of the measured intensities I /I 

a ρ 



34 

A determination of this ratio which takes into account the 
deviation of the efficiencies from 1 is possible from the 
measured intensities. The measured polarization Ρ of the 
scattered beam 

m 
I - I _£ S. 
I + I Ρ a 

is corrected with a correction factor kD for the deviation 
of the efficiencies 

Ρ = Ρ .k_ mc m D 

wluere 

h> 
P±P2f 1 -

Ρ (1-f)' 
f J 

or 

k. D = [1 ' + Δ Pi + Δ Ρ2 + Δ f(l+Pm)] 

The corrected polarization degree Ρ is equal to the mc depolarization factor D , Ρ = D„ and the ratio D2n /D2n 
f mc f vw wo 

is calculated from the depolarization factor 

D2, 
D^o. 'w wo 

1 - D , 
1 + D, 
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Another possibility to determine the polarization effi

ciencies Pi and P2 , and the spin reversal efficiency f, is 

the measurement of the intensities with the analysing sys

tem in the parallel and antiparallel state of a completely 

coherent scatterer, i.e. a monoisotopic element with the 

nuclear spin zero, e.g. carbon12, and a predominantly in

coherent scatterer, e.g. hydrogen. For the completely co

herent scatterer the cross section D
2
o is theoretically 

w 

zero. The cross section ratio D
2
o /D

2
o of a predominant

ly incoherent scatterer has a value close to 2. The ratios 

of the antiparallel intensity for these two scatterers 

s c oh and s inc, is given by 

(A11a) 
I /s coh ki 
Ρ
 1 

(
A
"
11t
> (f)s inc = « [ï  Af(l  1) + 1(1  α)(ΔΡ1 + ΔΡ2)] 

Ρ 

With the measured ratios (I /I ) , and (I /I ) 
v
 a ρ s coh

 v
 a p's inc 

and the known value of α = (D
2
o /D

2
o ) . the sum of the 

w wo s mc 

deviations of the polarization efficiencies (APÌ+AP2) and 

the deviation of the spin reversal efficiency Af can be 

calculated by rewriting the relations (A11) 

(A12a) (jâ)s o o h = if + | (ΔΡ1+ΔΡ2) 

(A12t) 1 [ξ), lnc  1 =  (1 Ì) * ♦ 1 (1  α)(ΛΡ1+ΔΡ2). 
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The values of k2 and k2' are easily obtained from the 
values of Δί and of the sum (ΔΡΙ + Δ Ρ 2 ) . With the assumptions 
that ΔΡι and ΔΡ2 are equal, also the values of k± and k± ' 
can be calculated. These assumptions should give a suffi
cient accuracy. 
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The relative errors are calculated for neutron Polarimeter 
with the assumed efficiencies of the polarizing and analy
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