


1. Introduction

At almost all’ magnet1c laboratories, a; pulsed magnetic field on the order of 10° Oe is
used in investigations of the magnetic properties of condensed matter. This is’ ‘éxplained by

two facts: first, to obtain a constant magnetic field exceeding 80 - "100 kOe is difficult in - -

practrce, second, even such ‘a moderate field as ({-3)- -10° O¢ enables the study of a broad
range .of physical problems connected with the change in states of magneUcally ordered
substances At the same time, the physrcrsts dealing with neutron research make use of
pulsed magnetic fields rather rarely, despite having sufﬁcrently powerful neutron sources at
hand. Apparently, neutron physicists believe that to obtain a magnehc field exceedrng 1 00
- 150 kQe is a complex ‘technical task. For mstance, one of the avarlable facrlmes carryrng
out. neutron investigatioris in a pulsed magnetrc field is called a “Drffractometer “under
Extreme Conditions”. For the physicist expert in magnetrsm however a field ‘of ‘several
hundred kOe is not extreme, by far. Of course, for neutron research one needs to operate a
. pulsed magnetic fac1l1ty more powerful and more complex than the_ ordinary instruments at
universities. There, for measurements by “classical” techniques (magnetization, -
magnetistriction. effects, - magnetic. susceptibility, magnetoca.lorimetric - effects :or  for
Mossbauer effect studies) even single pulses of a field are sufficient. In neutron research, it.
is necessary to- achieve multiple and- stable long-term repetitions- of pulses in :order -to
- obtain sufﬁcrent statistics. But-experience has shown' that such:a pulsed field facrhty is:
hardly more complex . than many .of the: contemporary neutron spectrometers in use for
condensed matter research. 3 o .
..This paper can not be regarded as a review of exrstmg neutron’ 1nstruments usrng pulsed
magnetrc fields, because there are only two such spectrometers of penodrc action :
worldwide. - At. most, it . is-.an attempt  to rev1ew the: existing - but - almost: unutilized -
possibilities .to 1mplement the pulsed field technique at neutron sources, both 'steady-state:
and ‘pulsed. We . restrict ourselves here : ma1nly to ana.lysrs of . the pecuhantles of .
methodology that should be taken into consideration when usrng a pulsed ﬁeld in neutron :
investigations of condensed matter with drfferent sources. :

- 2. Time and magneue ﬁeld resoluhon

~Itis usually believed that when using pulsed neutron sources, the time resolutlon and
the resolution of the magnitude of the magnetic field apphed to the sample associated with
it, are totally. determined by the duration of the neutron burst Actually, for a rapid change
in the sample state, these resolutions are determined only by the degree of mixing of the
sample informationduring its: transfer - from the sample to _the recording’ system In the

cases cons1dered below, thrs transfer 1s made by neutrons. of wavelength Z spread over the
limited range Al. If the drstance between’ the sample and the detector is denoted ‘by Lz
then the time resolutron At=cXx Lz x A4, ‘where ¢ = 2.52 ,u.rA e, The quantlty A4 is

determined by the collimation of the neutron beam, the mosaicity of the single crystal
(monochromator or sample). or the wavelength range of the neutrons passing through the
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: sample at a glven moment of time. As a result one obtams the followmg expression for :

the time resolution [1]: " ' ) . . .
A= ‘/(LZM)+(/‘LAL2) - Copem e

where

Mz c_L,2+ tgeoz—‘oj' ) R Lo ’ .
T, 1040 ’ T , S ’ o (2)

Ly is the distance between the neutron source and the sample, % is the duration"of the

source burst (in us),” A9 is the uncertarnty in the value of the Bragg angle related to the :

\sample mosaic structure ‘and . beam collimation,’ ~and AL is the-uncertainty in’ the fhght
distance related to sample size and detector thickness. In correspondence with (1), (2), it is

p0551ble to reach a time resolutron equal to 2-4 us. These: relatlons are true for a steady-' ‘

state reactor (7, S oo) as well

For sinusoidal pulses of a field with 2 an amplrtude H, and a duratron (half—penod of the :

sine wave) TH, the relatrve field resolutron is:
AH

128, constant within- ‘the diffraction peak profile:: The main limitation to ‘the pulse repetition

is connected with heatlng of the magnet. In experrments with diffraction on single crystals,
: 1nformat10n on the magnetic state is in only one, two or three, but-not more, peaks which .

< are separated by large tlme 1ntervals and consequently can not be penetrated by one
magnetic pulse $ eI

Thus, one ought to set the” duratron of the pulses as near to the drffractron peak duratron

as possrble "Use " of magnetic' field pulses -with a ' duration” which *is comparative to the
diffraction peak: widths, -permits- the frequency of these pulses to be increased and by that,
““to decrease the. time necessary- to obtain ‘the  diffraction results. Usually, it'is- necessary in

an experimerit to get the dependence of the scattering intensity ‘on the ‘field value, starting "

¢ from small magnitudes. In the case of short magnetic pulses, one obtains the scattering
: abrlrty of the sample, as a function of the ﬁeld value, srmultaneously

- 3, Lrnear dependence of intensity on the effective structure factor

When usrng a pulsed magnetlc ﬁeld one has to get as hrgh a neutron scattering intensity .-

as possible. If the dependence of -the orientation of the: .magnetic - sublattices - on - field
- magnitude is- to be determined, one has. to ensure the fulfillment of conditions: where' the
relat1onsh1p between the intensity and the effective structure factor is _considered

unamblguously and is well known in" advance. But, the- condrtrons for applymg the

kinematic .approximation, where 1ntensrty 1s proportronal to the square of the structure
factor, are not the optrmum ones. ;

T
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It s totally llIl_]UStlﬁCd when measuring. the ‘field dependence of - the elastic’ neutron
scatterrng intensity - with "a” pulsed ' neutron source, to’ make ‘an effort " to “iricrease  the .
- magnetic field: duration or.to get-a flat pulse’top:in order to consider the field magnitude 7~

D

A substantrally hlgher mtensrty can’ be ensured by makrng use of relat1vely thick

" +samples. If a crystal consists of sufficiently large crystallrtes, then in a certain range of

structure factor values, the diffraction scattering intensity is propomonal to the structure
factor [2]. Figute 1 shows the dependence I(F) which illustrates this case. In the rnterval .
from F; to F, the diffraction on.each’ crystallite obeys - the dynamic. theory, but the
scattering functions of different . crystallites. do not overlap In other words, the overall
intensity is simply a sum of the reflected intensities from'all crystallites of the sample. For
higher F values, the linear dependence 1s broken due’to the overlap in the scattermg
functions of individual microcrystallites, i.e., due to secondary extinction. For very small
values of F in the “thick sample” case, we get a quadratic dependence.

I
Fig.] The dependence of.diffraction intensity
i on the structure factor :F for-a single crystal
. P - consisting of large crystallites. At the condition
= : L F I<F<F; the dependence is close to linear.
0 R F
1 . 2

By properly selectmg the Bragg angle and crystal thlckness, one can locate - _the
corresponding range (F1F2) where a change in F under the actlon of a magnetic field can

" be expected. 0ur experience has shown that for the ma_|or1ty of smgle crystals prepared by

ordrnary techniques, t the “large crystallrtes condltron can be satisfied for _ diffraction
reflections of moderate intensity, i.e., using samples w1th a thickness. of several millimeters -
permits a sufﬁcrently broad range of hnearrty Measurements thh such crystals require a .
preliminary empirical selection of the operating “conditions appropr1ate to the specific
physical task. Useful for the purpose is the -presence of drfferent known phase states of the
substance which can be initiated by changlng the temperature or applymg a weak _magnetic
field. In turn, we-get rid of the rather:laborious and essentlally useless * procedure of "
determining such crystal parameters as -mosaicity and crystalhte sizes.  The intensity  of
diffraction reflections correspondmg to the linear dependence range can, in some cases, be
an order of magmtude or. hlgher compared to - thin - crystals - and - the lunemauc
approximation. ; - - R

4 Drffracnon w1th a pulsed magneuc ﬁe]d at pulsed neutron sources

The comparatrve charactenstlcs of the different neutron sources that can be used for
condensed matter research. with a pulsed field are presented in’ the ‘Table: Here P; is the
flux density of neutrons falhng on the sample per field pulse; AA,, = lon/ 120, is the
wavelength range connected. with the mosa1c1ty 7 of the crystal sample at G =45% 1=

_ 5% Thus, the value P,A/l ‘equals the quantrty of neutrons scattered per ﬁeld pulse at full

reflectivity from a crystal
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Table. Comparison of the intensities at an operation with a pulsed magnetic field on different neutron sources
Pi24)

P1AAn (34)

Peak density flux, P
Pulse duration, 7,

Frequency,
Average

a) Pulsing reactors '

Diffraction mvestlgatlons in a pulsed magneue field on the pulsmg reactors of JINR-
Dubna (IBR -IBR-30 and IBR-2) have been carried out since 1968 [3- 16] The present-day
pulsed magnetic fac1hty, SNIM-2, operating at IBR-2 (2 MW) is described in refs. (17, 18]
The duration of the magnetlc pulses:on. this* spectrometer, with’ the magnets now in use,’
“can be’ changed wrthm limits from 500 to 2000 ps. (The magnetic facility permits pulses
with ‘a duration up to 5°-"10 ms if magnets with a larger inductance are used.) The
amplitude of the pulses are now up to 200 kOe. However the Teal possibilities of magneUc ’
facility are limited only by the _magnets, at present. The current amletude for 200 kOe is
about 50 kA, but the SNIM-2 permlts ‘current pulses up to 120 - 150 kA to be obtained.
The minimum temperature for measurements w1th a magnetrc ﬁeld on SNIM-2 1s only 35
K, at present. ' . o k :

It is necessary to note that the optimum time duratxon of the thermal neutron ‘flush’ for
diffraction measurements is.[ -.3 ms. This is determined by the typical duration -of the
magnetic pulses with the use of standard electrical equipment. Besides, at a magnetic pulse
time duration of less than 500 us, the real ﬁeld resoluuon detenorates in accordance w1th

3). - - . ’ o .

SNIM-2 is suitable for the study of not only the structure of field 1nduced quasr-statronary
phase ‘states, but also the kxnetlcs of phase changes ‘in single’ crystals The stab111ty of the
facility - operation  and accuracy  of ‘the measurements allow reliable. identification - of
hysteresis loops_at first order phase transitions with a relauve width'of 0.5%- [19). The
most Tecent expenment on SNIM-2' was' the observauon of the weak * antiferromagnetism -
induced by an external field in' the rare earth orthofernte HoFe03 and deterrmnatron of the ‘
“antrferromagnehc - susceptibility” aSsoc1ated w1th the rare ‘earth™’ 1ons . [20] .
‘investigation perm1tted ‘the” very; small 0.05 s per ion,’ cornponent of mduced
ant1ferromagnet1c ordenng to be reglstered Wthh has not been achreved by other methods

b) Smgle pulsed thermal reactors (SPTR)

There are 1nterest1ng poss1b111t1es for usmg pulsed ﬁelds on pulsed thermal reactors :
which are operated in the reglme of single power pulses At their peak power, they
produce neutron fluxes -up to. 107-10® n/(cm s), - which ‘are two to three orders of
magnitude higher than the steady fluxes produced by the most advanced research reactors.
The time width of these pulses in the single burst regime is. most commonly in the range 5
.50 ms, with the narrowest. pulse width being-about 2 ms..The most numerous. family of '
such neutron sources are the pulse reactors which are cooled and moderated by light water.
These are the TRIGA, .SPERT, PULSTAR, KEWB, IIN reactors and others [21- 26] ‘Near
40 TRIGA reactors have been built and-about of half of them have a pulsing mechanism
built into them. There are several homogeneous graphite reactors, TREAT, FLESH, IGR

- and BIGR [21,23,27,28,29]. The peak neutron flux for BIGR is about 10“‘ therm n/(cm s) .
- at the duration of the pulse about 2 ms. .

The’ diffractometer. with a high pulsed magnet1c ﬁeld is used in condensed .matter

research on the TRIGA-reactor ‘of Techmcal University, Vlenna Austna [30 31]. The



rcactor operates at a power of about 250 kW in a steady state rcgrmc, but permits single
- (approximately once per hour) bursts of power up to 400 MW at a duration up to 30 ms.
. This ‘magnetic facility is of non-periodic action: The change in the diffraction 1ntcnsrly for
a single MnF} crystal under a single magnetic pulse is prcscntcd in ref. (31]. .The.intensity
was equal to only 30 - 40 neutrons per pulse in each time channcl with the width of 7 ms.
The single crystal samples with a pulsed magnet: are drsposcd on this instrument in the
monochromatic neutron beam. 'I‘hrs does. not allow a sufﬁcrcntly hrgh intensity of
diffraction scattering on the sample If the crystal were disposed in the “white” neutron
beam, it would permit-an increase in 1ntcnsrty of one or two orders of magnitude.

It follows from the- ‘Table that on SPTRs, at full reflcctlon from a slngle crystal with a2

mosarcrty of 57 and an area of 1 e it is possible to get (0.4-4)- ]05 scattered neutrons
“with:a wavelength of 3 4 per magnetic pulse .with a duration of ]0 ms. At a duralron of
one time channel equal to’30 psec, this means a count of 100 - 1000 netitrons per channcl
In:such'a case, the relative field resolution (in accordance with (3)) is AH/H,, < 00]
Optimization .of sample: sizes, to have a linear dependence between the intensity and the
structure factor can produce a good neutron spectrum with several  tens: of pulses of .the
. reactor. and -magnetic facility. -The low frequency. of the SPTRis compensated for by
higher peak flux and longer burst duration. The necessary information can be obtained
with fewer magnetic field pulses than on the IBR-2 reactor.
Practically, because of -the term1nal strength- of magnets, higher reactor. power in the
single burst regime means, under the same condltrons, the pOSSlblllty of .making physlcal

measurements at higher values of the magnetlc field than with other neutron sources. If the-

‘duratron of a burst is.equal to a several ten mrlllseconds as on the Vienna TRIGA, there is
a.: possrbrllty of : measuring the diffraction srmultaneously from sevcral cryslallographlc
’ plancs The essential advantage of such reactors, in comparrson wrth the sleady state

rcactors and - neutron  sources _of. penodrc actron, is thc considerable srmphfrcalron of the -

) problems connected with magnet and sample coollng Therefore, SPTRs in the slngle bursl
regime are the most suitable neutron sources for use with a pulsed magnetic field of 300 -
800 kQe. In-such a case the magnet can be used. without dcstroylng it, but it is necessary
to allow enough time for it cool it after each pulse (see, for instance, refs. [32 33). ’

- Use of a pulsed magnetlc field on'the SPTR is more appropriate for delcrmlnrng the
vstructurc of quasi-stationary states where, becatse of long rclaxahon hmcs, field pulses
wrth rather long duratlons (5 1 0 ms) are ncccssary =

) 7,c) Spallatron sources

Rescarch w1th pulscd magnctrc ﬁelds was devclopcd since  1989. at- thc KENS pulsed
spallation ' neutron - source - of . the National .Laboratory for High Energy: Physics (KEK,
Japan) © [34-39]. The - device operates -on* a' MRP - beamline (Medium - Resolution
‘Diffractometer under Extreme Conditions). The-diffraction studies of the phase transitions

in " PrCo,Si; and CsCuClg with magnetic field pulses- with an amplrtudc up to 140 kOe
were made. :

The neutron intensity rclatrng for each pulse of the magnetlc field of this facrlrly is at .

least. on two order less: than' at SNIM-2. It is necessary -to note thal the :-IBR-2 reactor
(2MW 55 ) has an advantagc over pulsed neutron spallation sources due to its low power

pulse rcpcmlon and corrcspondrngly largcr rnstantancous ﬂux of 1hcrmal ncutrons Becausc :
of the limited magnetic. pulse frequency and rclauvcly hrgh rcpcmron frequency of the
spallation source, it is possible to use only’a small number of the neutron bursts (accordlng 5
to [35], only* 1/40). The maximum energy stored on the MRP diffractometer i 1s 50 kJ, in
comparison with 300 kJ on SNIM-2. The operating conditions with thermal neutrons for
condcnscd matter rescarch at KEK-NS are comparablc to the conditions which were: at
IBR:30 (24 kW, 5 57%).

There are good perspectrves for 1nvesugahons with a pulsed magnetrc field on the ISIS )

B spallallon source [40] The average flux of thermal neutrons .[41]-at the posslble sample'

position using a liquid hydrogen moderator is more than one order of magnitude greatcr
than those now on SNIM-2 with a water moderator. But, because of the higher rcpetmon
frequcncy in comparrson with IBR-2, the count ‘P; of neutrons Wthh can be used per -

‘pulse, for instance’ ata wavclcnglh of 3 4, is less than on SNIM-2 (scc ‘Table).

The data’for MRP- KEK in the Table ‘are shown, assuming the use of a quurd hydrogcn
moderator as at the ISIS source. .
‘For comparlson estimations ‘of the mtensrly for one of the pl‘O_]CClCd accclcrator based

" neutron sources, the European Spallauon Source [42], are prescnlcd in the eighth" column

of the Table, as well. The average thermal neutron flux and other data were deduced by
analogy from conditions -at ISIS (the -use of neutron guides and a liquid hydrogen
moderator). : : ‘

d) Research wrth a srngle pulse of an ultra strong magneuc ﬁeld

-An “ultra- strong magnetrc field is,a field of scvcral MOe. In practlce, such a frcld can

‘be obtained only in the form of vcry short single pulses, when the magnet and its contents

are dcstroyed A ﬁeld ~with_an amplrtude of up_to (1-3)- 10° Oe.can-be' generated by a:

several MA pulsc of currcm flowmg lhrough a magnct (as a rule, a single coil is used in -
such case) "In’ order to reach _higher ﬁeld magmtudcs a prellmrnary pulse - with - an
amplrludc of aboul (1-2) ]05 Oe wnh a durauon of several hundred microseconds " is
gcneralcd in a mulhple coil magnet, ‘and then, whcn the field value is near. its maximum
magmlude, the magnetic flux is compressed by clcctromagnetlc mcthods or. by cxplodmg
the blasting chargc Wthh surrounds the magnet. Field pulses with: ampllludcs up to (3-
10) 10° Oe’ can ‘been obtained by this method at a pulsc duration of 5-10° ys [43- 59] "To'

use such magncllc fields, it is necessary to have a time resolution of about 7-2 ;Lv and a
neutron ‘intensity ‘in the primary beam sufficient to measure’ tl‘c ﬁeld dcpcndcncc of lhc
scattering with only one pulse of the: ‘field. e - Doreates
With the exception of nuclear explosrons the-most intense pulse ﬂuxes of. neutrons-are
in the “fast burst reactors”; i.e., reactors. with fast' neutrons generating short power pulses
due to self-extinction. of the fission.: An alloy. of 22U and 1.5-10% Mo is used as the fuel
in these reactors:: HPRR, Super Kukla, Godrva 1V,.SPR:II,.SPR 11I, APRFR and Caliban -

[60-63] For 1nslance the pvak density. of neutron flux in the core.of thc Sandra Pulse‘ T

Rcaelor, SPR-III [63], is cqual to. 7.4 lO'sn/(cm .\') al a pulse width of 75 ys
It is ncces;ary to note thal with drffractron ona srngle crystal in a magnctrc ﬁcld lhere_
are serious restrictions on the choice of scattering anglc Thcse restrictions are cspec1ally 3

’llmltlng with the use of ultra-strong fields where registration of the scatlered beam is



possrble only at an angle near 0 or-180° relatrve to the primary beam Measurements by
. neutron transmiission through a single crystal may. be preferable (see Fig. 2)in such cases

[64]. The magnet, wrth the sample and the detector, are set in the “white” beam of a pulse -

reactor and the downfall in the spectrum, due to drffract1on on the chosen crystallographrc
plane, is measured (see Fig. 3)
) ) o ) 'Fig.2 Disposition of equipment
'!Vd ) ' 6 ~~for a diffraction measurement using
: : :/ : a pulsed neutron source - with
transmission - - of - the = neutrons
" through "a single crystal: 1 -
" moderator; 2 - diaphragm, limiting
the angle diapason of the neutrons
falling -on_the sample 4 - smgle
crystal; 5 - magnet « with- a
S horisontal - field; . 6 . detector
regrstenng the beam of diffracted neutrons; 7 - detector rcglstcnng the neutrons passing
through the sample 8- moving slit diaphragm.

k Frg3 Measurement of the f1eld dependence of
diffraction scattermg from a preset crystallographrc

through a ‘single crystal l, - 1ntcn51ty w1thout
sample 2 --with'sample without _magnetic field, 3-
intensity at the change of the reflection p0551brlrty of
a single crystal under the action of a'magnetic field;
' 7, - time analizer channel width. k

"H“‘Ta
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Let us introduce the following notations: Al,’:T' is the degree of instantaneous
. el

monochromatrcrty of the pnmary beam A/l = A/ tg00 1s . the wavelength range of

. neutrons scattered on the sample at a fixed anglc of incidence, where 77 is'the mosarcrty of

the crystal "AA; = Agar / tgB; is the wavelength range related to the angular drvcrgcncc o

of the incident neutron beam. In order to decrease the background conmbutron of neutrons‘
' --which are produced from the moderator sides and do not satisfy | the Bragg condltlon, it is

advisable -to limit" the width of the visible pomon of the moderator to the value Im
determmed by the condition /.1/1., 4ai;.

plane: a) dependence of field value on trme, b) time.
dependence for the mten51ty ‘of the neutrons passmg

Let P,;,(l)A}L be the quantity of. thermal neutrons in the interval AL. whrch are emrttcd
from I cm® of moderator surface per second. By approxrmatmg the trme shape of the
reactor power burst w1th a rectangular functron of width 7, and by taklng into account that .
the wavelength range A4 of neutrons incident on the sample at any moment of trme is All,
for the numbcr of neutrons 1nc1dent on the sample per second we get
hstltgd,

wc? Aol c
where £ is the herght of the visible part of the moderator and s is the area of the sample

The probability of neutron scattering, and hence, the depth: of the.downfall within-the g
transmitted spectrum, can be characterized by the product of two coefficients. The first -.k
- is the probability- that an incident neutron satisfies the Bragg condltron‘ i.e., is in the

Palhe) o e
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interval A4A,; consequently, ..
d—"né—", -if-‘Al2<M,,“ s R REF TRl SR
k= Ts g 90 N o . L (5)
By L if AL, > AL, S
The second coefficient -- K - is the probability of scattermg for a neutron sausfymg thc
Bragg condition. ‘This coefficient is a characteristic of the scattermg ability of the sample. .
It is determined by 'the correlatron between ~ the sample “thickness, - its mosatcrty,thev
structure factor, and the magnitude of.the:magnetic moments,.and- is dependent on the.
external field magnitude. In -the  case of scattering saturation, - the - coefficient. K. =
(neglecting absorption, and incohcrcnt and .inelastic scattering; as well). For the scattering.
intensity to be sufficiently dependcnt on the magnetic field, it.is expedient:to make K
substantially different from I, for instance 0.3 - 0.5, which is usually easy: to- ensure by
selecting an appropriate sample thickness. Thus, the scattering intensity is< 1, = kK, .
Usually, .the SPR-type reactors do not have neutron..moderators’ and- channels forﬂ’
selecting thermal neutrons. of course, these installations would “considerably’ decrease the”
effective neutron flux So, for the estimation of the mtcnsrty, we have takcn the peak flux
value of fast neutrons as only P=110"% n/(cm s) (scc Table) e SR

Let IP,,,( AJ)dA be equal to 0.15P, assuming that only 15% of the fast neutrons becomc :
thermal as a result of moderation. Assumlng that the thcrmal spectrum wrdth 1s equal to 4
A forp=3Aand P = 10" nf(en’s): Pu(34) = 10’6 n/(cmzfls) In the cas€ where the
distance between the moderator and the sample L; = 500 ¢cm, s = Icm? B =10 cm, 00 = -

455 =15 r,=70ysandK 0.5, oneobtamsk - 0.075, 10—67104n/(2ys) Iy = 2500

n/(2us); ie., when using the reflection geometry,. the relative statistical “error :for one.’
channel with a width of 2.us is equal to-2%. A ‘similar result can be. obtained in the:
reflection: geometry at the SPTR (srnglc pulscd thermal reactors) with the most powerful
peak neutron fluxes. . SRR r : S ’
To use transmission geometry in-an- cxpcrnncnt it .is ncccssary to increase the fhght: )
distance, that is'L;, and to decrease the effective ncutron pulse width by: using’a movable-
diaphragm. - This * diaphragm- is -a . vertical slit which - crosses ;the ‘beam in “a. d1rectron:j
corresponding to a decrease in the scattering angle of the neutrons passing through the slit.
The - diaphragm - velocity -is  set - so " that neutrons - passing, through_the - stit- at -different.



'

moments of time fall on the sample simultaneously, i.e. Vd tgeo'c"}fl ' This‘way, in the

spectrum  of ‘neutrons transmltted through the sample the “background” of ‘neutrons

-violating Bragg’s law is decreased without changing the magnitude of the “effect”, For a

slit width which is chosen’on the basis of the relation 1, =1Ly, where L;is the dxstance
' " petween the slit and the sample, one gets a coefficient & close to umty

" Having in mind that we measure the difference between two spectra- - with the crystal
"and without it - we get the following relation for the relative statistical error ‘of the
) measurement of crystal scattering ability for the transmission geometry (at a channel width
“of 2.us, per magnetic field pulse):

: o ) .
sk 1— K+] K)l‘l‘tgeo : ‘ . ©)
Tk, NeLimd, S e
Here I, is the neutron intensity on the sample in the absence of the movable diaphragm.
For the above-given example, but at L; = 10°cm and using the movable diaphragm at a
) dlstance Ly=700cm (Ilg=1cm, Vg= 1.33-10° ¢m/s), one obtains zﬂl{ = 1.75% for the
‘transmission geometry. o '
If the distance between the sample and the detector L, = 30 cm, and the sizes of the
crystal and the detector are p;, = 0.2 ¢m, pg = 0.1 c¢m, respectively, then for the above
.examples, the time resolutions are: for the case of registering the scattered beam at L; =
' 500 cin, AF= 3.5 pis; for the transmission geometry at L; =:J000 cm At is less than 2 jis.-
Using the beam of SPTR, i.e., a reactor with the- burst- duration of I - 50 ms, the
condition A4, ='AA; is not fulfilled. In such case the quantity of neutrons incident on the

tsample per second (w1thout the d1aphragm) is equal to
“hst

o m Tt o
1

’ where Im 1s the w1dth of the v151ble part of the moderator For the relauve statistical error
with the transmlssron geometry in the measurement of crystal scattering abrllty we obtain,

instead of (6) the following expressmn (at a channel width of 2 us, per magnetrc ﬁeld
ulse) .

«/1-K'+(1—K)L 27120, o ®
- K Phsind, = S i
I Py = 10" n/(cmPAs), b = 10 cm, 1, =20 cm, Ly = 700 em s =1 cnd, @ =459 7 =

5, 4 T, = 70 ys, K = 0.5, then i in'the transmission geomet.ry on SPTR with P = 10"n/(cm® s)
the values Ig_ 6 10° n/(Zps) and 6K = 2%.

K=

5 D1ffract1on with a pulsed magnetic freld ata steady state reactor

“As it follows from Section 2, diffraction measurements in pulsed- magnetlc ﬁelds are
possible on the neutron beams of a steady- “state reactor. Such research was performed in
1969 [65].-A relatively low-power pulsed magnetic facility was assembled :and transported
by a single- truck to the WWR-C reactor (JO MW thermal power, Branch Establishment of

Moscow. Institute ‘of ‘Physics: and Chemistry in. Obninsk, 100 km from Moscow). iny
three weeks were allocated for physical measurements: The experimental geometry was the

10

-which .is..absent._below . the -Morin .point,

s‘implest one possible (see Fig.4): a spherical single crystal “of nematite (a-Fez03) with a -
diameter of 9 mm was cooled to liquid nitrogen temperatures, and together with the pulsed

Fig.4 Geometry of a diffraction measurement ‘at a
steady-state reactor: 1 - “white” primary beam “of
neutrons, "2 - the single crystal sample, 3 -"the
pulsed magnet, 4 - colllmator, 5 - -detector - of,
scattered neutrons. P

1000 - = - 60

I . o o
R N /'ﬂ" o : H, kOe ‘ : S SR :
”~ . ’ L - . . R : :
w00 . wz\g,, _ ﬂ o e
. e 12 - ‘ e s
o ' T, - 40
. | . 1A i A .
5~ 600 \ve, S . ] = .
3 | A . Fig.5" A neutron. pattern ‘for the (/117).
E \ . ... ].. - reflection obtained with an @-Fe;0; single
= a0 AN T O AEE rreads Sing
O | e L 20 . crystal, which was disposed in the “white”
200 \ » beam . of a steady-state .reactor. The
IR \ » - ~magnetic field pulses had.a half sine shape.
o ', . 1 Along the horizontal axis are the.channel
o sgi 00 . iso . 200 280  Mumbers of the time anahzer, each’ channel
_ Channel number e havmg a w1dth of 20 us.

magnet was exposed to the whlte Jbeam of the reactor instead of the usual single crystal
neutron monochromator. The detector was located 190 cm from the sample” with - a

scattering angle 20 =22° and A8 = 0.4°. The magnetic field was vertical. The. pulses .

. from the detector were analyzed by a multichannel time analyzer synchromzed with the

‘magnetic field pulses
FlgS 1llustrates a typlcal neutron dlffractlon pattern - collected with a_time analyzer
channel w1dth of 20 ps. Here, the intensity. change is connected with-the: (1 11) reﬂcctlon

and. appears - due ‘" to - rotation ' of the
ant1ferromagnetlsm vector under the” action of the magnetic field . perpendlcular to the
rhombohedral axis of the crystal The constant background of the neutron spectrum comes
from nuclear scattering in the sample and scattering from surrounding objects.
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Such neutron patterns. as- in  Fig.5 were obtained With3000. -~ 4000 pulses of the
. magnetic field. One of the physical results of the measurements was the hysteresis in'the
. dependence of scattering intensity on the magnetic field- value (upward branch of the

‘hysteresis loop corresponds to the increase in the pulsed field, and .the downward, '

decreasing branch to the decrease in the field). These measurements were not continued
because of the low power of the magnetic facility and.the primitivness of the pulsed
magnet. :

' One wonders why, in the 25 years since that time, such studies have not been carried
out at any of the steady- state reactors, albeit the field range /100 - 300 kOe is not less
useful for studying the magnetic characters of condensed matter than 50 - 100 kQe, using
: superconducting magnets.

The estimations for the HRF-reactor (ILL, France, 57 MW) are presented in the Table,
“assumlng the use of a mirror neutron guide as on the H-22 beamline [66] of this. reactor.
Here, .the intensity I;-is for 5 ms. It is possible to generate pulses up to 200 kOe*with a

“duration of 500 s on SNIM-2 in the operating volume about / cm’ with a repetition rate

~of 5 5. As the frequency of pulses with a 5 ms duration can be ten times less than at the ~

~duration of 0.5 ms on SNIM-2, because of induced heating of the magnet, it can be seen
that the conditions for obtaining the necessary counts for one diffraction peak at A = 34 on
the HRF-reactor are only three times worse than on SNIM-2-IBR-2: with its methane
moderator. ‘Of course, the advantage of using pulse. sources is the absence of the
- “background” connected * with reflections - of other orders and inelastic ~ scattering.
'Apparently, diffraction measurements in the “white” beams of ‘steady state reactors are
possible for sufficiently intense reflections. A neutron pattern for a sample of hematite,
similar to the one used with the WWR-C (Obninsk) reactor, in a magnetic field of /20 -
150 kOe with a statistical error of 2% at a time channel width equal to 4 ps,-can be
obtained on the HRF reactor in /-2 hours. If the interplane distance of the sample is near
“that of the monochromator, or the mosaicity of the sample is large, the” inteénsity can be
sufficient if the sample is placed in a. monochromatic beam of neutrons,
- The rrieasurement efficiency on steady state reactors can be increased by simultaneous
registration of reflections from several crystallographic planes. .
‘For sufficiently large distances between the sample and ‘the detector, the magnetic
reflections of different orders become separated in time. For instance, if, in the case of

hematite, L, = 200 cm, @ = 19.1° and the magnetic pulse duration Ty, = /000 us , then the
’rr’lziignetic reflections (/1/) and (333) are obtained at' 4 =34 and -4 = 14, respectively, and

. ) )
'f{(')f Fig.6 The scheme of ‘separating the

(111) and (333) magnetic reflections for
hematite for measurement on a steady-
state reactor. The time dependence ' of
the ‘magnetic field is shown at the top,
7 the corresponding neutron time pattern
“so0 - 1seo T 7T TTTf is presented below.
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become completely separated (schematlcally shown in Fig.6).. Here, if the colhmatron of -
the beam 46 = 10' then the time rcsolunon At is equal to 12 5 ,us for (111 ) and about 4

ps for.(333). Correspondmgly, the field resolutions at the pulse start a.nd at the ‘end are

equal to 4% for (111) and 1. 3% for (333).

6. Use of a pulsed magnetw ﬁeld wrth melastlc neutron scattermg

The most obvxous task is to measure the change in the d1spersron curves under the action
of .a magnetic field. Figs.7a and 7b illustrate two possible: geometries for inelastic coherent
scattering measurements using a pulsed magnetic field at a pulsed neutron source.

In the case of prehmmary monochromation of the primary neutron beam, by means of a

'veloc1ty selector or a crystal monochromator it is p0551h1e to measure the_intensity - of

neutrons undergomg inelastic scattermg in ~several crystallographlc d1rectrons,
simultaneously. For this,’ the wave vector of the incident neutrons has to match in size and_
direction, one of the rec1procal lattice vectors (see Fig. 7a) Analysrs of the’ energy of the
scattered neutrons obv1ously has to be done by the trme-of fhght techmque

Fig.7 Dragrams of ‘the measurement of dispersion”dependencies using a pulsed neutron
source and pulsed magnetic ﬁeld k, is the wave vector. of falhng neutrons, k,,, are the
wave vectors of scattered neutrons. a) “direct” geometry of the expenment . with the
monochromatization of primary neutrons and simultaneous measurement (by the time-of-
flight-method) of 'a neutrons ‘scattered in a few crystallographic  directions; . b) “inverse”

" geometry, when the sample is disposed in the “white” primary beam of- neutrons ‘and

monochromauzanon of the second beam prov1des the necessary magnon drrectlon

In measuring drspersron curves in the: inverse geometry [671; the “white” primary
neutron beam has to be directed along a preset crystallographic direction of the sample and
‘the- scattered neutrons have to be monochromatized according to the condmon (see Flg 7b,
“analogous to operations w1th the PRISMA spectrometer (681, ISIS) ' ’

k=l e

sm o’
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where 7 = ] is the magnitude of the reciprocal lattice vector in the ‘vicinity of the
measured magnons, J is the scattering angle and ¢ is the angle between the given
" crystallographic direction and 1. Fig.8 shows two diagrams correspondrng to the change in
magnon energy under the action of the applied pulsed magnetic field. The hatched peaks
correspond to magnons at H = 0, other peaks correspond to magnons under the action of
the field.” All ‘peaks -in Fig.8 . are matched “with the magnétic - field pulse by the
corresponding time delay associated with the flight time of scattered neutrons over the
distance between the sample and the detector. For the sake of simplicity, we assume that
the field pulse has a sine-wave form, i.e., H = H sin £2(t - t;) where ty is the time delay
of. the magnetlc pulse with respect to the start pulse of the neutron source. Fig.8a
illustrates the case when the energy of the primary neutrons, correspondmg to scatterlng on
magnons is reduced by the applied field. For the creation of-a magnon, this means that the
value of co(k) in the magnetic field decreases. And contrariwise, in the case of scatterlng
- with 'magnon anmhrlatton, the “quantity a)(k)‘ in the magnetlc ﬁeld increases. th 8b

illustrates a counter process, where the incident neutron energy is increased by the applied
" field. At least, for relatively small magnitudes of the magnetic ficld, one can suppose that
the change in the d1sper51on curve is proportional to the ficld ‘magnitude, i.e., the neutrons
that satrsfy the ' conditions for inelastic scattertng on magnons have wavelengths

Au(t) = Ap +asin 2t — 1), where Ao is the neutron wavelength for a magnon peak in the

absence of ‘the field. The: straight line in the figure is used ‘to show the change in
wavelength of neutrons falling on the sample. New magnon peaks occur at the intersection
_of this line with the curve ﬂH( ) as shown in Fig.8a, for a>0, and in Fig.8b, for a<0. As
seen in Fig.8, if 1, > to for a>0 or (ty + Ty ) <1, fora<0, where fo is the locatron of the

magnon peak at H = 0, in addition to the initial magnon  peak: present in the neutron
© pattern, we get two: magnon peaks of the same excitation branch wh1ch correspond to the
two values of the”magnetic field: If 15 <, < (tH +TH) the "initial magnon peak

disappears and there is only one magnon peak."
. "
(@

Fig.8 Time relations: between -the field
(®) pulse H(z) and the positions of the magnon
( My - ; peaks with “inverse” geometry: a) the case of
i a-decrease in-the primary neutron energy
l(r)k under the action of the field, b) the case of

an increase in the primary neutron energy in
a magnetic field. )

/\ o
1“1 .
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In such an expertmental arrangement; the value of the apphed field correspondrng to the -
magnon peak is, to some extent, a random quantity and it is necessary to measure the field

pulse form precisely. Only for field - pulses with a’ quasi-rectangular - shape ‘(with an
extended ﬂat top) can the change in a)(k) be measured by . giving certain preset values of
the field. ‘ ’ o S B

In contrast to the optimal conditions for diffraction measurements with a pulsed
magnetic field on a pulsed neutron source, where the duration of the source burst is near

the - duration -of the ‘magnetic 'pulse, it is ‘advisable in- the case of measurements with
‘inelastic coherent scattering in inverse geometry - (with monochromatization of scattered

neutrons) to have ‘a burst duratlon which -is considerably less than’ the’ duration- of the

* magnetic field pulse in order to get good field and energy resolutions. This condition is
‘especially easy to satisfy on the ISIS spallation source ‘where, for: 1nstance at a_neutron

wavelength of 3.5 A, the half-height neutron peak spread is°70 ps [40].
Of course, measurements of inelastic- scattering using ‘a pulsed- magnetic field -are ™ *

possible only on neutron- sources - with ‘the highest peak thermal - neutron' fluxes! The-

measurement duration : that is necessary for. determining the phonon ‘or ‘magnon peak\

_ position on SNIM-2- IBR-2 (in inverse geometry) and on the spectrometers of ISIS is from

0.25.to 20 hours for samples with a volume of several cm’, depending on the geometry of
scattermg and the value of the neutron energy change. The duranon of méasurements with
a magnetic field will be increased in correspondence  with the decrease in pulse frequency,
relative to the neutron source frequency. The frequency of pulses with an amphtude from - .
120 to 200 kOe and a duration of 7000 y.s, on SNIM-2, is about 52 sec!, However, for:

inelastic scattering measurements, it is necessary to increase the operating volume for the
sample by several times in comparison with diffraction measurements-and -to increase the

“duration of the pulses by several times.

For an approximate estimate, it’is pos51ble to say that the heat emission in the magnct

‘per pulse for inelastic scattering 1nvest1gat10ns in a 120 - 200- kOe fleld will be 5-10 times

more than for diffraction measurements. Correspondmgly, the duration ‘of the
measurements will be increased. approximately /0 times in comparison with measurements

“without the field. Therefore, at present, one may apparently hope for measurements not of

full dispersion curves ‘but only of limited sections of these curves.

There - is "a possibility - to -increase the. measuring - efficiency - by us1ng “several
monochromators with correspondmg detectors in the secondary beams, keeptng condition
(9) satisfied for each of them, 'as on "the PRISMA _spectrometer. Smce the measured
magnon peaks along all scattered beam directions have to be in the region of the magnetrc
pulse, the total angular range of scattering can not be too large. :

7. Kinetics of phase transitions and small angle seattering of neutrons

As it was remarked above mvestlgatlons of the kinetics of first ordcr phase transrtwns
are made at the SNIM-2 facility of the IBR-2 reactor. The obta1ned hystcres1s patterns do

not have a solid explanation yet,- ‘but at_any rate, it is possible to believe “that they are - .

connected first of all,- with a time delay in the movement of  the ‘domain: walls. In_the
future, the SNIM-2 facrhty will be complemented by a source of rectangular magnettc field
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pulses of amplitudes up to 30 - 50 kQOe, durations up 300 us and front durations of 2: us. ',

The critical fields for some phase transitions, for example at-the spin-flop transition, are
equal to 40 - 80 kOe. Tn such cases, superimposing two pulses [69] would simpler: a half-
sine ‘wave pulse with an-amplitude which does not quite reach the critical value and a
second pulse on top of it with a relatively small amplitude but with good rectangular form.

The use of rectangular magnetic field pulses and improvement of the time resolution up to k
1-2 ps will permit a better understanding of these hysteresis phenomena to be achievéd. -

Then, we can proceed to the research of relaxation processes at phase . reconstruction,
which are directly connected with magnon- phonon and magnon-magnon interactions.
The technlque of rectangular pulses may also be used in neutron diffraction research of
phase decay. processes. When a magnetic field exceeds the critical value, corresponding to
" the metastability limit at a first order transition, i.e., to the spinodaly point, the phase state
becomes absolutely unstable and it disintegrates by means of the spontaneous appearance
and growth of new phase domains, It is possible to try to observe dynamic-type magnetic
solitons in this process of dlsmtegratron By this we mean spatially localized excitations in
magnetically ordered substances which can originate at first order ~magnetic. phase

transitions [70,71]. As an example, radial distributions of “magnetic densities” for spherical -

solitonic excitations .in an antiferromagnetic substance under -a magnetic field  directed

along the amsotropy axis, are presented in Fig.9. In this case, ( corresponds to the value ‘

of the antlferromagnetlsm vector. component” which is normal to-the -anisotropy - axis, p .
corresponds-to the radius (both in reduced unlts) The magnltudes n = 1,2, 3 designate

solitons of the first three orders.

"30
20

?

o~ - “magnetic density” in a spherical
v -2 - soliton originating at a f1rst order
phase transition. :

Spherical solitons of analogous configurations can -originate at ~other -first order

reorientation phase transitions. It follows from theory that when the field value corresponds
.o the metastability range, the formation of solitons has a threshold character, i.e., at each
value of the field, the soliton energy can have values starting from. a definite value. The
energy of such excitations decreases near. the spinodaly points. At disintegration  of the
- “phase state, the soliton-energy becomes‘negatlve relative to the initial state, i.e., solitons
‘can arise spontaneously. The radius of such solitons is on the!order of 700 A. Magnetic
solitons are virtually the ordered germs of a new phase state. Whereas, at a field value less
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Fig.9 Radial distribution of the -

than the splnodaly point, the emergmg solltons collapse it is possible to expect that above
the spmodaly pomt they can become the macroscoplc ‘domains of a new phase state

The ‘dynamic type magnetrc solltons are exotic ob_|ects in the physics of condensed
matter, and_have not been observed in expenments, yet It is possible .that the phase
transmon represents an unique situation in which they can be mamfested But, this is not a
simple task in an experiment. The preset value of the field should be reached qu1ckly 50
that phase reconstructlon by means of ‘the growth of domams onglnatmg ‘at’ different
1nhomogenert1es (1mpurrty 1nclusrons crystallrte boundanes domain boundanes of "the.
initial state) will -not materialize before the metastabrlrty state_is reached. The specrﬁc
character of the ‘solitons, as different from other germs of the new phase “consists in the
fact that they have a definite configuration (amplitude and form), are described by. the -
motion equatlons have a relat1ve1y small size and, possibly, a comparatlvely long lifetime..

Therefore, it is possible to try to extract the neutron drffractron on solrtons from dlffractlonb =

scattering on the bulk of a crystal; L : :
First of all, if the mosaicity of the crystal is small enough the enure 1ntens1ty of the '
diffraction peak in the process of phase reconstruction should be appreciably increased due.
to the small size of the solitons originating in large quantity at the phase dxsmtegratlon
Besides, the, soliton configuration should be manifested in a definite angle distribution of
the neutron diffraction near the Bragg direction. In the last case, the standard techmque of
small - angle - scattering. near the Bragg posrt1on of the crystal is appllcable The only
complxcatlons are connected with' the necessrty of qurck changes in the ﬁeld value and with
the time analysis of the neutron: scattenng

8. Conclusion o

At present there is experrence in usmg pulsed magneue ﬁelds in. neutron 1nvest1gatxons
at the pulsed reactors IBR- (6 kW.in the rare burst regrme), IBR—30 and IBR 2 and at the
spallatron source KEK In addruon, several d1ffracuon measurements thh a pulsed field at
a ‘steady state reactor are known. Not only the pulsed neutron Sources are suitable’ for such
research. - Steady-state reactors with.a high flux.of thermal neutrons are appropnate for'
diffraction mvestrgauons on srngle crystals w1th a pulsed magnet1c ﬁeld on. the order of

“10° Oe. angle pulsed thermal reactors in the single’ burst regime are’ also su1table for

diffraction measurements. The instantaneous flux of thermal neutrons ‘at the IBR-2 reactor

 at the spallation’ source of. ISIS and at designed ‘spallation sources with power of about 5

MW is sufficient for some expenments using 1ne1ast1c coherent scattermg on srngle crystals-
with a pulsed magnetrc field of such value. The IBR-2 reactor is espec1ally suitable due to
its low cycle frequency.: “The peak flux of certain smgle pulse neutron sources permits the
possibility of diffraction experiments with ultra-strong magnetic ﬁelds 108 Oe).

In ‘our  opinion, ‘the use - of: a - pulsed magneue field in combmauon thh neutron
scattenng may be prospective for the followmg research :

1) Determination of: quasi- statlonary magneue structures mduced by an extemal ﬁeld

2) Studymg reorrentatron kinetics and relaxation processes at ﬁrst order magneue phase '
transitions. ey o - . AL

3) Invesugat1on of magnet1c interactions by means of measurmg dxspersxon relatlons at
the action of an external ﬁeld usmg melasue coherent neutron scattenng

17




4) The quest for “exotic” magnetic excitations - quasi-particles. in - crystals, such as
spatlally localized dynamic type . solifons, which probably originate “at the first order
. transition. For ‘that, it is possible to use’ diffraction measurements at the phase
d151ntegrat10n, 1nc1ud1ng small angle dlffractron scattermg near the Bragg. posrtrons of the
crystal.

Cons1derat10ns expressed in this ‘work are applrcable not only to the use of pulsed
magneue fields in neutron mvestrgatrons, but they are also true for other  cases of
condensed matter research at abrupt changes of an external action, for example at pulsed
pressures or pulsed electrrc fields. -

Thanks are due to K.Krezhov and Yu. N. Pokotrlovskn for very useful d1scuss10ns of the
; perspecuves of using pulsed magnetrc fields in combrnatron with pulsed neutron 'sources
and to Ann Schaeffer for help in preparmg the paper for publrcatron
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