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Abstract

After a brief introduction, the Neutron ResonaBgén Echo (NRSE) principle is discussed classidallgec.
2. In Sec. 3, two idealized 4-coil NRSE spectromsetee discussed (one using singieoil units and one using
paired "bootstrap” coils), some ideal-case expoassare given for the spin-echo signal from th@setsometers
and some theoretical limitations are discussed.ofemuantum mechanical discussion of NRSE is pteden Sec.
4 and some theory about the spin echo signal engiv Sec. 5. Factors affecting the spectromeiestsumental
resolution are discussed in Sec. 6. In Sec. 7riatyaf engineering issues are assessed in thextoof stated
performance goals for a NIST Center for Neutrondlesh (NCNR) NRSE spectrometer. In Sec. 8 some dont
Carlo simulations of the NRSE signal examining¢bebined influences of some of the spectrometeeifeptions
are presented and compared with the analyticaigiteds developed in previous sections. In Seco$sible
alternatives for a NCNR NRSE spectrometer confitjomaare assessed and a preliminary discussidmeof t
spectrometer neutron guide requirements is preseAtsummary of some of the useful formulas cafop@d in

Appendix A.

Key words: Quasi-elastic neutron scattering, Neutesonance spin-echo spectrometers, Neutron imstrtation

Simulations.

1 Introduction

Neutron Resonance Spin Echo (NRSE) [1, 2] is waaéthe conventional Neutron Spin Echo (NSE) [3]
technique, whereby the long solenoids used indtterlare replaced by r.f. spin-flippers separétedaps in which

there is nominally zero magnetic field. For thiagen the former is sometimes also referred to aso“Eield Spin



Echo”. Neutron Spin Echo spectrometers distingthsimselves from all other types of neutron specttenby
their ability to resolve energy changes in a neuscattering event that are much smaller than iieegy width of
the incident beam. This is because the degreeaoféiit” of the neutron spin orientation causedheyihcident
neutron velocity spread in a constant magnetid figlcorrelated with the neutron speed and caraheated, to first
order, over the scattered neutron beam path bysiexethe magnetic field direction over an equingidight path.
The very small neutron velocity changes that oattine scattering are revealed by measurement@amgarison of
the final beam polarization with a reference inethno energy change is known to occur. By contrast,
conventional time-of-flight spectrometers where i@asured quantity is the neutron arrival time jg@mum

arrival time uncertainty is imposed by the incidpatse duration and the velocity spread of thedent beam that it
causes. These can only be reduced by restrictengebtron energy bandwidth with the associateddbsgensity.

Some of the more important issues for NRSE spe@ters are explored in the following sections.

2  Classical description of resonance spin echo

2.1 Classical principle of operation

One of the advantages of neutron resonance shm(&RSE) spectrometers over classical precessitin p
(NSE) machines is geometrical. The long solendids impose significant restrictions on the incidandl scattered
beam paths in NSE spectrometers is eliminated iBERR

In NSE and NRSE instruments the mechanism of ¢hgran velocity determination is quite different.the
most common NRSE configuration, four short resomdntlipper coils replace the static field bouniéa of the
classical NSE spectrometer and the interveningespatween the flippers has zero magnetic field. rmhéelds in
the first and second coils must be phased-lockddéso in the third and fourth coils. This is besmthe phase of
the r.f. field at the time of neutron passage thtothe coil effectively acts as the neutron cloglopposed to the
number of Larmor precessions in the solenoidsadfreventional NSE instrument.

Descriptions of the r.fzflipper coil as used in NRSE machines can be fdariefs. [1] and [2]. Henceforth,
we use the coordinate system used by Gahler anubGoRRef. [2]. Note that this coordinate systefffieds from the

one used in Ref. [1].

! Such that the product of the magnetic field aredflight path length is equal in magnitude for qesdastic neutron scattering.



With reference to Figure 1(a), consider an incideanochromatic beam of neutrons of velogjtytraveling
along they axis, initially polarized parallel to theaxis. In the coil, a static magnetic field of magde By is
applied in thez direction and an oscillating r.f. field is applieda plane perpendicular By (i.e., in thexy plane).
We will use the notatioh,to define the length (in the beam direction) @& thgion of intersection of the static field

region (lengtHgg) with the r.f. field region (lengtly), i.e.,
nl (1),

sincelgg andly; can never be exactly the same. Therefore, iftdtgcdield region completely encloses the r.f.ioeg
| .= Is and if the r.f. region completely encloses théistaeld regionl,; =1z, Note that ,is distinct from thdength

of the coil which is a useful parameter in some instancedsadefined by

Loy =1, Ol 4 (2).

coil
If one field region completely encloses the otlax i usually does), Eq. (2) simplifies to

Icoil = maX(l By J rf ) (3)
Itis usual in r.f. flipper coils for the staticeld to completely enclose the r.f. field regionerdfiore, when
discussing flipper coils we will always assurge I;; and Ly = Igo (Which is slightly larger than) as indicated in

Figure 1 Thereby, it is always assumed that the r.f. fieldombined with a perpendicular static field lire tcoils

whereas there is the possibility for (usually shetatic-only field regions either side of the cdil.

The following classical argument is not rigorouslye but provides the most "pictorial” illustratiof the
NRSE principle. The classical result agrees wethwlie quantum mechanical result provided thatdhewing
approximations can be made:
1. The magnitude 0B, is very much greater than the magnitud8e{see [4, 5]).
2. The oscillatory field can be approximated by a pwotating field for the most important magnetiddie
interactions.
3. The Zeeman splitting due & (14Bo) « the kinetic energy of the neutran,v/2.
Thus, it is convenient to consider the oscillafiie¢d as consisting of two counter-rotating compatiseas shown in
Figure 2, where theesonantcomponent is the one that rotates ingame directioras the Larmor precession due to

the static fieldBpand can be described by



B, = B (Tcosw t+] singt) (@)
where the sign ofys is chosen appropriately. The current classicat@pmation ignores the much weaker
influence of the counter-rotating (non-resonantpponent of the r.f. field.
Consider first the neutron spin with respect @ gtatic fieldB,. If By» By, the neutron spin may be assumed to
precess in thgy plane with a Larmor angular frequenay
@ = V,By ®)
wherey, is the gyromagnetic ratio for the neutron, defiasahe ratio of the magnitude of the neutron magne

moment to the magnitude of its angular momentungrevh

2
¥, =% =1.83247% 10 rad’'s 7 (6)

n

andy, is traditionally defined as the maximum comporathe neutron magnetic moment measurable along a
single axis.

If By is measured in Tesla, we have
wy|radss |= 1.832472 1®,[ | )
or

Vo[MHz]| =29.16478,[ T ®)

If the r.f. angulafrequency ay, is tuned exactly to the valug, one component of the r.f. field rotates
synchronously with the precessing neutron spin athmr axis (i.e., is “on resonance”-Figure 1(b)), socaa also

write

w; [rads'|= 1.832472 1®,[ |i on-resonance ©)
and

v, [MHz] =29.16478,[ T on-resonance (10).

Because we are ignoring the effects of the counatiating (non-resonant) r.f. component, Figure B{mws only

the resonant component of the r.f. field.



In the rest frame of the resonant componem®,fi.e. the frame rotating in they plane at angular speed
wx=ay), the neutron spin precesses around the axisatkby the direction dB; in this frame (Figure 1(c)) at an

angular frequencyy, where
Cl)p = ynBrf (11)
and gains a precession anflaround this axis that depends on the time spethieim.f. (combined) field region, i.e.,

Vo

M, Bf LAn (approx valid for small beam divergence (12)

|
=yB.t = yB L=
B=V,By; ynrfv h

n
wheret is the time of flight of the neutron through aadlse region,;. Note that the approximation in Eq. (12)
originates from the assumption that the beam desag is sufficiently small that the substitutionl ;/v,, can be
made. In order to creater#lip of the neutron spin arouril; (such that the neutron spin returns toxheplane),

the magnitude oB,; must be tuned to satisfy

VA h ,
Bl = m = nT—— for small beam divergence (13)
ynlrf ynmnlrfAn
from which we have
6.78223% 10 6.782232 10
B, [T]= = (14).

|,f[m]/1{/°x} i |,,[m]/1n[ﬁ}

Note that the peak amplitude of the r.f. field haise the magnitude of the resonant component @& = 2By). In

other words,

Br?k [T] — 231 [T] - 135645< ];04 — 13564>5 01@
by [m]/]n|:A} I,,[m]/ln[A}

Typically, the time of flight through such coilsf(®everal cm in length) is around #(within a factor of a few,

(15).

depending on the neutron wavelength), therelaris typically only a few tenths of a mT. This catts withBg
that ranges up to about 25 mT or beyond. Certdarlthe higher values d@,, our assumption th&,» By is still
valid.

If the initial phase angle of the neutron slgigsthe resonant componentBf at the point of entry into the r.f.

field by ¢ (see Figure 1 (c)), and if Eq. (13) is satisfied exiting the field region the neutron spgadsB,; by ¢in



the rotating frame. Transforming back into thefi@me at the coil exit, we must add on the phasagé of the r.f.
field during the neutron flight time through theldqe wl #v,) plus the (usually small) additional Larmor presiens
angle in thexy plane due to thB, field-only regions either side of the r.f. coiy(lge-l ;)/V,). Consequently we find
that the neutron spin has changed its phase aggla bmount 2+ wl /v, = 2¢+ wl .ifVi. In fact, for arideal 77
flipper, the neutron spin phase change in theisgbverned by the operator
P =y+y-¢ (16),

where "unprimed" and "primed" refer to the "entrelhand "exit" of the coil respectively. It is imgant that a
consistent sign convention is adopted (see Sert@&count for changes in the directions of tlhdicfields (and
consequently the direction of the resonant r.fdfemponents)

Noting also that when the coil is tuned for reswea

' IBO
Y =¢/+%V— 17),

n

the operator in Eq. (16) can be rewritten as
' |BO
¢ =2w+az,v—-¢ (18).
n

Again we have assumed small beam divergence bgaiepl the time of flight through the coil byyv,. If an
intervening zero field region of lengthg between the first coilX) and second coiB) truly has zero field, the
outgoing phase angle of the neutron spin fromA&dd preserved until its entry into cdl(a timeLg/v, later),
whilst the r.f. field in coilB (which is phase locked to the field in c8)l has advanced by an amount »g/v,,. Thus

we have
' IBO
b = Pn = 2[//A+0'6V__¢A (19)
n
We have chosen the initial polarization directialoig thex-axis) to defineg,=0, therefore Eq. (19) becomes

|
b, = 21//A+a6vi (20)

n

and

2 Note that therflipper device that is used in conventional NSExeen the first and second solenoids is not nepeas&RSE because the
fields really are reversed. In conventional NSE the two solenbale the same field direction (to avoid strommlgion of the solenoids) and the
effective reversal of the field is achieved witle tdditionalzflipper.



' L Lg |
Yo = Ypray2e = wA+wo(“BV—B°) (21).

Applying Eg. (18) again at the exit of the secoideftical) coil 8) with thesame field directionswve obtain

L.+l
-9, = @, = 2%(’*5\,—%) (22).

n
We notice that after exiting cddl the initial phase angle/,, between the r.f. field in coA and the neutron spin at
the entrance to cof\ (which is random for a continuous neutron bearsqpipears from the equation. Similar
arguments hold for the third and fourth coisandD), other than the signs of the spin phase change®eaersed

by applying the static fields in the opposite dii@t to those in coilé\ andB, i.e.,

J+
B¢ = -2%@ (23)

n
In principle, this means that phase locking ofttiiefields between coild andB can be performed independently of
that in coilsC andD, provided that the frequencies,, are the same.

We conclude that the net spin turn in each arthe&pectrometer is proportional to the time afttiof the
neutron in each arm, independentlywgfenthe neutron enters each arm. The net spin phasgehn the whole

spectrometer is therefore

L+l L+l L.+l L 4
P=0r~¢s = 20 ( ABV% o)L CDv:r ) - 2y,B, ( AB\: = Ci ! (24),

where we have substitutedfor v, in Eq. (22) (incident beam) angfor v, in Eq. (23) (scattered beam) to account
for the fact that the neutron speed can changes@atiering event.

Note that this expression is identical to the egpion for a conventional NSE spectrometer witlcgssion
solenoids of length = L g+l gp= Lcptl gp With axial fields of magnitudB,, apart from the factor 2. Note that
Lagt! gp@andLcptl g correspond to the separation of the mid pointhetwo coils in each arm of the spectrometer
and where typically g, Lcp» |50 The factor 2 corresponds to a factor 2 incremsesolution at equivale®L in
both techniques. However, achieving higher valde®,an the long solenoids of a NSE machine is usualtye
easily achieved than in the compact coils tradéityremployed in the r.frrflipper (see for example Sec. 7.3.3.1)

consequently, the factor 2 does not automaticadiyify “twice as good”. A slightly more general easf the 4



single 7zcoil arrangement is treated in Sec. 3.3 wheregtssibility of different coil lengths is accountid and
specific phase angles are tabulated for eachlfielthdary of the spectrometer. In Sec. 3.4 andvafig sections
the “bootstrap coil” technique [2] is introducedeanh it is shown how the factor 2 can becore#hereN is most
commonly a small even integeX ¢ 2).

In contrast with conventional NSE, classicallyprecessions occur along the zero-field beam patN&RISE.
However, the similarity of the equations describiing net spin phase change (Eq. (24)) means taado signals
may be analyzed in identical ways for both techegjuHenceforth, we will concentrate on elastic/olastic

applications of the NRSE technique.
2.2 Dispersion of the flipper coils

2.2.1 Single flipper
Forpolychromaticheams, the coil is tuned farspin flips for the mean incident neutron veloc{ty or mean

incident wavelengthA;) so that according to Eq. (12)

V) h et tuning conditi
= —— = T——— coil7#flip tuning condition (25)

B
‘ " ynlrf ynmnlrf </]|>

We see immediately that exaeflips aroundB,; occur only for asinglevelocity or wavelength iBy| is kept
constarit We refer to the wavelength-dependence of thegssion angle arour8 asdispersion For a general
wavelength;, corresponding to a deviation from the mebih= A-(4;), we have:
B(A)= 1+ 24 oA (26).
(4)) (A
Eqg. (26) ignores differences in neutron flight tsxierough the coil due to beam divergence, whiehuaually small
compared to those caused 4y/A;.
A less tharvrrotation of the neutron magnetic moment aroBpéh the rotating frame is illustrated in Figure 3
for the particular case df < (4)). From Figure 3 we see that some depolarizationrsatue to the velocity spread.
For moderated), this is largely determined by the component efitiagnetic moment out of thg plane, (i.e., the

angleg), however, a (usually) smaller uncertainty in $ipin direction within thety plane also occurs (i.e., the angle

% It has been proposed to rarBg|[for situations where the neutron energy is stoogrrelated with its time of emission, for exampit
spallation sources. However for continuous soutitiess not feasible.



X)- For symmetric distributions of about the mean, the anglés uniformly distributed above and below the

plane and its magnitude depends on the agigleis zero forgy= 0 and maximum fogy = 7#2. In fact,

cose = \/ cody + sihy cosB (27)

and

cosy = cosy _C(S)isiw co¥ (28).

We see from Figure 3 that fatd — 0, 83— 77 £ — 0, and thereforg — 0, as expected.

The ratio of the polarization with dispersion e tpolarization ignoring dispersion (= 1) aftergiag through

the device for a spectrum of (continuous beam)ririog neutrons is therefore

< F)dis,p >
F?deal ()

(4)

(Qualitatively this is the component of the actsih unit vectors projected onto the “perfect” sgirection,

:<Cosg co$\/>=< coxy - sy C(ﬁ>= -1 §i¢’[ +1 {%AH (29).
1(A)w

averaged over alyand over the neutron spectrumj;)). We note that for a continuous be@nis random over &

radians and when performing the average aver Eq. (29) for many random values @fwe can setsinfy) = 1/2,

therefore

P, _
disp _ <cosg co$!(> =%|: 3+ C({slriﬂ after average ovef, continuous beam  (30).

(4)

Using the identity cg8= 1-2sif(4/2), we end up with

ideal

. mA
—= =sin? (——'] averaged over, continuous beam (31).

This is exactly the quantum-mechanically derivesiitefor the spin flip probability for therflipper (see Eq(122)
in Sec. 4.2.1.1) when the flipper is tuned for nese and for exactflips for the mean neutron wavelengtty.
Finally, Eqg. (31) must be averaged oifgk), the normalized incident wavelength spectrumhsa t

<%>.( =1 (Ai)sinz(g&—:JdAi (32).

ideal W



Forrectangular intensity distributionsith (A;)-AApw/2 < A, < (A)+AAwf2 andl(A) within this range given by

lok = 14w, We have

2N+ Dy

P, f i
<ﬂ> (rectangula) = 1 [ sif Ei} dA,

Rdeal 1 coil A FW 2(4) =Dy 2 </1i>

2
2(A )+ D ey
2

-2 [ sin (’—TLJ dA (33).

A/1|:W </1i> 2 <AI>

- e s

For neatness, we define the fractional full widthhe spectrum by, i.e.,

AY)
Qpy = < /]F\>N (34),
then Eq. (33) is expressed more neatly as
P,
— ) (rectangulaf = 11 SiGEO’ij (35).
Pideal 1coil 2 aFW” 2

Fortriangular intensity distributionsvith FWHM = 4Arwnv, We can use the symmetry of the integral for the

two halves of the triangle, where we can use thienatized function

)= {“ (* —<4>)} -

AA FWHM

in the intervakA)) - Adewhm < A < (A, therefore

<Eisp >1wiI (triangula) =ML Mf { ¥ 2/]_—<A>j S'ﬁ[%ﬁj oo

ideal FWHM () ~Apym FWHM

In analogy with Eq. (34) we set

Aevwnm = W (38),

then this integral becomes

10



Pdisp . 1 1
trianauladl == +—— ( + coé/my 20,
< ideal >1C0i|( g ') 2 nzgéWHM ( é FWHM)) ( )

For Gaussian intensity distributiongith FWHM = AArwhm, We can also use the symmetry of the integral for

the two halves of the Gaussian with the normalfzedtion

4In2 4In2 2
1(A)= =202 exg ——22 (4 —(A (40),
( ) mAIEWHM IEWHM( < >) :|
therefore,

<P_> (Gaussiah= 412 exp- 212 (Ai—<4>)2} s?rﬁgd—:gd/t @)

2
ideal FWHM 0 M FWHM

Using the definition otr-whm from Eq. (38) for the Gaussian distribution thiteigral becomes

PdiSp fath — 1 T ’ aéWHM
—=L)  (Gaussiap==| & exp-|— | —twiM (42).
IDideal 1coil 2 4 In 2

2.2.2  Approximation for M flippers

The above equations apply to a single flipper. &vihen there ar®! flippers (e.gM = 8 for a 4-coilN = 2
bootstrap machine), and we assume that the nespeetrum remains unchanged as the neutrons traerse
spectrometer (elastic, no absorption/scatteringadmation) with identical coils, we can make tlodldwing
approximation as long as the cumulative spin rotetiut of thexy plane stays relatively small: We write Eq. (31)
approximately as the product of the flipper effigiees for theM coils, prior to averaging over the spectrl(h),

i.e.,

22 (M) = sin™ (%T—'J (43).

The overall average flipping efficiency for the spemeter is therefore described for the rectangtiangular, and

Gaussian incident spectra by expressions simil&qgm (33), (37), and (41), but with the’siaplaced by sfif, i.e.,

11



2(A)+Dpy

<%>M coils (reCtanQUIa): AAZ I SIHVI (%TJ_I»J dAI

ideal

A j 2 4
JT

MFW 22M

n
where(kJ implies the binomial coefficient

(nj:n(n—l)(n—Z)...(n— k+1) s,
k k!
From Eq. (44) we have
. T
(=) ) g 0
I:i>dea| M coils . M mFW k=0 k (M _k) .

For triangulad (4):

) —
<%> (triangular) = ¥ 2 J' ( Bi/]—wj siR [%TJ_IJ dA, (47),
ideal / M coils FWHM () =By FWHM i

from which we obtain

(. oo (et =]

ideal

Finally, for Gaussiam(A;)

<%> .(Gaussial)lz ml/:fvzmmj. {Ailé:l; (Ai_<Ai>)2:| ?P’i( 2(] >]d4 (49).

ideal

Note that this expression does not account foobwous truncation required by> 0. This integral is
complicated and a good approximation is providedlnyerical evaluation of the integral to an upfraitlof two

to three times the FWHM.

12



The accuracy of the approximation fdr> 1 is demonstrated by some special case Mont® Caltulations in

Sec. 8.2.1.

. P'sp . . .
Table 1 and Table 2 show some predicted valu sot for uniform, triangular, and Gaussian
M coils

ideal

wavelength distributions about the mean andMaor 8 (i.e., a typical 4-coilN = 2 bootstrap configuration) amd =
6 (i.e., a MIEZE-II typeN = 2 bootstrap configuration) respectively. The Gaarsresults were obtained by
numerical integration of Eq. (49) between the Igk) — (1)+24Axwum. Using higher upper limits of integration
showed no change in the fifth significant figurelar spectral truncation problems are encountered @ip to 0.5
in this case, so the values in the tables shoulglible. Note that they are quite similar to thengular case.
These figures, which are independent of the Fotiree to a very good approximation, represent the
theoretically maximum attainable signal for a n@mezwavelength band in the limit of an otherwisefquely
constructed spectrometer with perfect polarizerselMimperfections are present, typically this isipper limit on

the spin-echo signal in the short Fourier time timi

13



Table 1. Flipping efficiency versus full width (FWfectangular distribution) or full width at halfaximum

(FWHM) (triangular, Gaussian distributions) fdr= 8 srcoils.

Paisy/ Pigeal (M=8)

ArwiFwHM
Rectangular Triangular Gaussian
0.1 0.98378 0.96831 0.96613
0.2 0.93778 0.88600 0.88155
0.3 0.86916 0.78127 0.77880
0.4 0.78750 0.67898 0.68064

0.5 0.70237 0.59115 0.59587




Table 2. Flipping efficiency versus full width (FWfectangular distribution) or full width at halfaximum

(FWHM) (triangular, Gaussian distributions) fdr= 6 srcoils.

Paisy/ Pigeal (M=6)

AEWIFWHM
Rectangular Triangular Gaussian
0.1 0.98779 0.97600 0.97427
0.2 0.95266 0.91138 0.90715
0.3 0.89874 0.82378 0.81999
0.4 0.83194 0.73158 0.73102

0.5 0.75870 0.64689 0.64987




Special Note

Gahler and Golub [2] ignore the (usually smallylary and give an expression fmose) in terms of the root mean square (r.m.s.) value
of & &ms Which works for small values af However, for these reasons, their expression doegredict exactly the quantum mechanical
flipping efficiency and also the reader should beaf substituting, for example, FWHM values &rinto their expression (their Eq. (33)). The
latter equation is valid for discretel about the mean, therefore their expression muavbeged over the appropriate velocity distributio
F(Vn).

For sufficiently smalk, we have cas~ 1-€/2 and

> 2
P = <COS€> = 1‘% = 1_<£T> = CO§ (50)-

This is convenient for assessing the combined efife@ neutron beam passing throdtsimilar 7zcoils, where the’s add in quadrature [ii],

whence
8( M ) = N & (51)

andeis the value for aingle 7zflipper. Therefore,

P(M) = <cos\/ﬁe> = cos/Mg,,, (52)

where the approximation is valid provided tha‘tl\/l & is sufficiently small.

2.3  Coil resonance width

The coil flipping efficiencies given in the previ® section are for optimally-tuned coils (exacbrescewy =
wp and exactrflips for the mean wavelengti)). They account only for dispersion. For moderddéd, dispersion
leads mainly to rotation of the spin vector outtef intende-y plane accompanied by a usually small rotation of
the spin component within they plane. An interesting additional question concerms-optimal tuning of the coils
arising either from (i) systematic differences bextw the Larmor frequency) and r.f. frequencydy) or (i) that
caused by static field inhomogeneity when= «; i.e., to what tolerance muak matchay? Or alternatively, what
is the resonance width? Alvarez and Bloch [6] pdedi a quantum mechanical result for the flippirficieincy
(valid for static field magnitudes that are muctyéa than the oscillating field magnitude) thatlimes the effects

of these frequency differences, which (almosthiirtoriginal notation is

16



2
sz(uHJj 14 ] 28H
2h H,
P= (53)

2
1+ ]28H
Hl

wheret is the time spent in the oscillating fiejd; t equates to oyf/2 in Eq. (12) (thus containing tldéspersive

part of the depolarizationl, is the amplitude of the oscillating fiefl2B;; = B and

*

AH =H,-H, (54)
is the difference between the actual value of thgcsfield and the value required for exact resmes(i.e., when

wy=ak). Thus, we can re-express Eq. (54) as

AH :yin(%-wﬁ):%(vo-vﬁ) (55).

In our notation Eq. (53) becomes

2
2(-w
Sin2 (ynBrflnrnﬁAnj 1+ (% pkrf)
2h ynBrf

(56),

2
sin? (ynBrf InmwAnJ 1+ Wy — Wy
2h ynBrf

2
— Wy
1+
{ ynBrf }

where it is understood thit= | ¢ for the typical flipper coil. For the special cabatB; is tuned to produce exaat

flips for the mean wavelengtid)), Eq. (56) becomes (see also Eq. (11))

17



B,s tuned for exactrflips for A\=(A) (57).

For By tuned for exactrflips for A, = (A,), we can also write Eq. (57) (using Eq. (13)) as

2

sin® (m”j 14T (=)L, (4)
2(A,) mth
P= > B tuned for exactrflips for A,= (A, (58),
m, (e -, )1,(4,)
7Th

1+

which, for exact resonancey = ) reduces to Eq.(31).

These equations can be used either to examirféphimg efficiency as the r.f. frequency is detdrfeom a
precise nominal Larmor precession frequency (pedetic field homogeneity, fixedp) or to calculate the effects
of static field inhomogeneities (giving rise tomead ofwy values), wherwy is tuned to the mean value @f. The
first of these cases is of interest when operatisgspectrometer and the latter is of concerneaspiectrometer
design stage. We plot the function in Eq. (58) uerthe frequency difference (in kHz) in Figure 4lfg= 3 cm and
for the special case of tisinglewavelengti,, = (A, (zero dispersion approximation). This isolatesdfiects due
to ay- @ (which, in contrast to dispersion, lead mainlg&polarizing rotations of the spiwithin thex-y plane)
from the effects of dispersion itself, as descrilmethe Sec. 2.2. Of course both effects co-erigtaneral.

Note that the Alvarez and Bloch formalism daesaccount for the case where the static field magmeitcan

no longer be considered large compared to thelathied field magnitude. In this case, the Bloch¢ggie shift (see
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Sec. 7.3.6.1) must be taken into account and eatiythe r.f. flipper cannot function as intendetlemBy/B; falls
too low.

The full width at half maximum of these resonanuaeves for a general value Igfis very well fitted by

3.16x 10
u{mL%[i}

Perhaps a more useful quantity is the frequendy feiia 1% drop in the flipping efficiency. This well fitted by

AV [HZ] = (59).

the following similar expression

198
Linﬂﬁn[&}

Thus for longer wavelengths and longer coils tls®mnance sharpens, requiring a greater coil turéngracy with

AVqgy, [ HZ] = (60).

respect tawy-ayr. Consequently, the tolerable field inhomogeneégréases dsandA, increase.

2.4 Influence of7#flipper efficiency on polarization

The term "flipper efficiency" conventionally exdes spin-independent inefficiencies such as soadgter
absorption in the device. Thus foralipper of flipper efficiencyf = 1, a fractiorf of the spin-down component of a
beam is converted to spin up and vice-versa. Caelgrfractions (1) of the spin down and spin up components

are transmitted with no change of their spin dice. Thus for an incoming beam containing intéesiof spin up
and spin down neutrons given Iq;/ and |, respectively, the corresponding intensities indhgoing beam are
Iy =flg+(1-F)1; (61)
and
I;=flg+(1-f)I, (62)
The incident beam polarization is, by definition,

P—Ig_lg (63)
) ==
o +1,

so by the same definition, the outgoing beam héarization
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=|l+_|l—=(1—21=)(|g—|(;)= )
£ 17 +1; 1+, (1-2f)R ©9

Thus the outgoing beam polarization is just th@ming beam polarization multiplied by the factor2f). Note that

for a perfectr#flipper (f = 1), P;= -Po, as expected.

3 Illustrations of idealized 4-coil NRSE instruments

In the following examples, we illustrate the penfiance of a 4-coil unit NRSE spectrometer by assgmi
“perfect” 7#flipper coils (Sec. 3.1). In Secs. 6 and 7, weass departures from the idealized performancdalue

the non-ideal nature of the components.

3.1 The perfect#lipper coil

We define the “perfectiFflipper coil as having the following properties:

1. “Dispersionless” — the exaetflip operation is assumed to be independent ofalemgth (i.e., all neutron spins
start and finish in they plane - see Sec. 2.2).

2. Perfectly uniform and stable applied static fiBlgwithin the beam area.

3. Perfectly stable (frequency and magnitude) andssiigal r.f. fieldBy.

4. Perfect perpendicularity of the static, r.f. fieldsd beam direction= zero divergence beam).

5. Perfectly-defined field boundaries along the bedmction.

6. Zero stray fields or leakage fields in the "zemldl regions.

7. Perfectly transmitting for neutrons.

Consider the coordinate system in Figure 5 whegeotigin of they-axis is chosen to coincide with the entrance to
the first rrflipper (A) as shown. We will assume that the static fieldyni@de,B,, in coilsA andB is the same and

that the static field magnitudBy, in coilsC andD is the same. i.e.,

By =By =B (65)
and
B, =By =B (66).
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When ther#lipper r.f. frequency is on-resonance, we cartevri
— B —,, —
o =a =y =y,B, (67)

Wi =af = =,B (68).
For elastic and small energy transfer quasielastittering (where the detailed balance factorsemsally 1 and the
scattering function is symmetrical around zero gpéransfer), we havgv) = (v;). Therefore, the magnitude of the

r.f. field is tuned to createrflips for the mean incident velocity;) for all coils. This implies

= M = ;TL fork=A,B,C,D (69).

B
f ynlk ynmn|k<Ai>

3.2  Animportant note about signs

In Sec. 3.3 and especially in Sec. 3.5 we musiwatdor reversals of the directions of the stéétds B, from
one coil to the next. This is important becauseréiversed direction d, reverses the direction of the Larmor
precession and consequently switches the resoffiafiéld component to the counter-rotating compur(¢ghat has a
different absolute phase angle). This latter sibmais simplified mathematically (with no loss afrerality) if we
assume that the r.f. field oscillates alongttaxis, since the shift of r.f. phase angle thabagganies the change of
sign amounts only to a flip of the sign &f In the following sections, expressions for thagdchanges throughout
the spectrometer are written in tabular form, aiiyi with signs that account for general statiddfidirections in the
coils. This helps when justifying specific sequenoéstatic field directions required for the spewteter to work,

especially in the discussion of bootstrap coil pair

3.3 A4 *"perfect” dispersionless singlecoil NRSE with zero stray fields and well-collinredtbeams

The 4-singlerrflipper arrangement is illustrated in Figure 5. W the operator (Eq. (16)) for the neutron spin
phase in the coil regions and assume truly zetd iirethe gaps between the coils (allowing Eg. ({tobe used).
Phase locking of the r.f. frequency between chitndB and betwee® andD is assumed (allowing expressions of
the type (21) to be used), but no phase lockinfef.f. between the two arms of the spectromstezquired
(henceyk is unrelated ta). By assuming well-collimated beams (éss1), we have replaced neutron flight times

with expressions of the typéy, or L/v, wherel or L is a dimension along the beaw éxis.
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We now construct a table of phases through thetispeeter, applying the above assumptions and $ggns
account for general static field directions. Foample, sgriy) = "+" if the static field lies alongztand sgniBy) = "-

" if the static field lies alongz The result is shown in Table 3.
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Table 3. Phases for singiecoils with zero stray fields between coils showimyv the field direction signs for the

resonant component of the r.f. field appB s chosen to oscillate along thaxis).

Location y Neutron spin phase angfe r.f. field phasey
EntranceA 0 0 Un
Exit coil A I 2n+sgnBe™) (1v) el Bol A Un+sgnBa”) (1) ylBolla
sgnBc")sgnBo”)[ ¢a+sgnBo”)(Lvi) il
EntranceB Ia+L ag 2Yn+sgnBo™) (1) 1l Boll
Bo|(In+Lag)]
2sgnBq")sgnBo®)[ ¢atsgnBq’) (1) ylBol (
sgnB")sgnBo”)[ ¢a+sgnBo”)(Lvi) il
Exit coil B |A+LAB+I B LAB+|A)]+Sgn@08)(1/\/i)%|50"B-zwA-
Bol(Ia+L ag)]+SgnBa°) (1) Jol Bolls
sgnBq")(Lv) HlBolla
Sample
(non-spin 2sgnBd")sgnBo”)[ ¢a+sgnBo )W) HlBol( sgnBs")sgnBo®)[ ¢a+sgnBe™)(Lvi) il
flip or Ia+Lastls+Les Lag+l A]+sgn@0®) (1) yil Bolle- 2n- Bo|(Lag+ a)]+SgnB0°) (UW) il Bol (s +L
coherent sgnBd")(Uw) 4l Bolla B9
scatterer)
2sgnBq*)sgnBo’)[ ¢atsgnBa’) (1) ylBol (
EntranceC |A+LAB+| stlestlsc LAB+| A)]+SgnBOB)(]JV|)}ﬁ|Boll B-ZZ/IA' l//c
sgnB:")(Lw) 4l Bolla
24c+sgnBo”) (L) | Bull -
(2sgnB0")sgnBo°)[ ¢a+sgnBa”) (1/vi) il 5ol
Exit coil C IatLagHe+LestLscHe e+sgnBo) (V) WlBillc
(Lagt a)]+sgN @) (Vi) Wil Boll 5= 24fn-
sgNB:")(Uw) 4l Boll a)
24ic+sgnBo°) (L) | Bill -
(25gnB")sgnB°) ¢a+sgnB) (Vi) lBol  SINBo”)sgNB)[ e+sgnBo)(Lvi) il
EntranceD |atLagtlgtlestlsctctlep
(LagH A]+SgNBo™) (1) 4l Boll =24 Bi|(Ic+Lco)]
sgNB:")(Uw) 4l Boll a)
ExitcoilD  IatLagHetlestlscHetleotp  2(SgnBoS)sgnBo®) tetsgnBo) (I mlBr  sgnBo®)sgnBo®)[ we+sgnBo®) (1vi) pl
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|(lc+L co)])+sgnBo”) (Lve) i Bullo-
{24+sgnBo)(Uvi) flBill c-
(259nB4")sgnBo°)[ ¢a+sgnBd) (L) il ol
(LagH A)1+sgNB0°) (1vi) il Boll - 24

sgnBy")(L/vi) ylBoll )}

Bi|(Ic+Lco)] +sgnGo”) (v Bl
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Applying the signs shown in Figure 5 (i.e., S = sgnB°) = "+" and sgnB,°) = sgnBy°) = "-"), we reconstruct

Table 3 as shown in Table 4.
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Table 4. Phases for singiecoils with zero stray fields between coils appdythe field direction signs indicated in

Figure 5.
Location y Neutron spin phase angfe r.f. field phaseay
EntranceA 0 0 Un
Exit coil A Ia 2nt+ (LN | Boll a Unt (L) Wl Boll a
EntranceB |A+LAB ZI/IA"'(J-/Vi)}ﬁlBO“A [//A+(1/Vi)}'ﬁ|BO|(LAB+I A)
Exit coil B |a+Lagtls (V) | Bol (2L g+ At ) Unt (1) 1l Bol (Las+! A+l 8)
Sample
(non-spin
ﬂ|p or |A+LAB+IB+LBS (1/\/|)}ﬁ|50| (2LAB+I A+| B) wA+(1/Vi)%1|BO|(LAB+I A+| B+L53)
coherent
scatterer)
EntranceC Ia+Lagtlg+LlestLsc (1/VI)M‘I|BO| (2I—AB+| atl B) e
Exit coil C |A+LAB+IB+LBS+LSCHC 24[/(;-(1/Vf)}'ﬁ|51||C-(l/\ﬁ)ynlBol(zLAB‘H A+| B) [//(j-(l/Vf)}ﬁlBllIC
EntranceD |atLagtlgtLlestlscet ctlep ch—(llvf)MBﬂlc—(ﬂm)%|Bo|(2LAB+I atl B) l//c-(l/Vf)}ﬁlgll(l C+LCD)

(VW) | Bol (2L nH At 6)-

Exit coil D |A+LAB+|B+LBS"I-SC+IC+LCD+ID l//C'(l/Vf)%lBll(IC*'LCD"'I D)

Qi) lBa| (2Lept e+l p)
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Observations

1. From Table 4, it can be seen that unrelated ptagbe r.f. in each arm of the spectrometer is i@mal. This
is because the random r.f. phase angleand ¢ on entry to coilA andC are canceled on leaving coflsand
D respectively.

2. The final spin phase angle of the neutron exitioi [0 does not depend on the distance between the seodnd
B and the sampld_§g and the sample and the third dBilLsg).

3. The final neutron spin phase from Table 4 is:

¢‘ :|:%(2LAB+|A+I B) _a').l.(z‘CD-f-I C+I D)j|

v, v,

(70).

_ BO(ZLAB+IA+IB)_Bl(ZLCD+|C+ID)
_yn Vv Vf

If each of the coils are identical in length (ile5 Ig=lc=1p =15,= |1 = |), then the phase angle of the neutron
spin at the exit of coiD reduces to

b, = 2[%(% +)_@fle! )} = ZK{BO(LABH ) _Bifloot! )} (71).
v v v v

Finally, Eq. (71) can be rewritten more neatly biyoducinglLy andL,, the distances between timéd-pointsof the

coils in the first arm and second arm respectivehyere

Lo = Lg +I (72)
and
L = Lep +l (73)
so that Eq. (71) becomes
P, = 2{6‘“‘0 —Q{—Ll} =2y { Boly —BLLl} (74).
v Ve v oo
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3.4 The “bootstrap” coil technique

3.4.1 Bootstrap configurations

Gahler and Golub [2] appreciated that spin echidigorations of resonarreflippers are not limited to single
7eflipper unit arrangements, such as the one justriteed. Multiple flippers placed back-to-back wétkernating
static field directions can replace the singilippers at the zero field region boundaries. $alvé-coil unit spin-
echo arrangements are shown in Figure 6. When thareonerzflipper (N > 1) comprises one unit, the
combination is referred to as a “bootstrap coifieTtechnique was first demonstrated experimenitalBef. [7].
Note that the static field directions in the secanth always mirror-image those in the first armc&ese closed
magnetic field loops are produced within the coit for evenN, leakage fields outside the coil regions are gfiyon
reduced with respect to oddleombinations and it has been demonstrated [8ltiieafield homogeneity within the
beam area is improved fbr= 2 with respect tt = 1. Furthermore, the (small) leakage fields eadb sf the even-
N bootstrap coil cancel to first order because therior precession that they induce is approximagglyal in

magnitude but opposite in sign.

3.4.2  Practical limits to the value of N
Bootstrap coils withN flippers effectively multiply the spin turn by adtor ofN, thereby increasing the
resolution of the spectrometer by the same fadtarhis will be illustrated foN=2 in Sec. 3.5. However,
instrumental non-ideality can limit the maximumuwelofN that can be used.
1. The most obvious practical limitation is imposedthg fact that the beam must travelksémes the number of
coil windings, multiplying the thickness of absarpiand scattering material in the beam by the daoter.
2. The total power dissipation is proportionalN@nd the difficulty of heat removal from the cailsits is
increased.

3. The dispersion of therflippers means that increasing non-zexeomponents of the spin vectors result as the

neutron traverses more coils. Gahler and Golub Bpthat the expectation values (@) and(g,) each

contain 2' terms in sifi(1Bl/v,) and/or co¥(uBl/hv,) wherem runs up toN andv, is the neutron velocity.

Because these rapidly-varying functions of veloteyd to depolarization of the beam, Gahler anditsalso

show thatdv,/v,, must become increasingly smalld#ncreases to compensate their negative effect.
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In view of the compromises imposed by 1, 2, andngi the advantages of evBIrfor stray field suppressioi = 2

is almost universally used in existing NRSE speuntters.

3.5 A4 “perfect” dispersionless=2 bootstrap coil NRSE with zero stray fields arallveollimated beams

In the bootstrap pair the main consequence ofi¢hedirection reversal mid-way across the coilt isi1 that
the resonant component of the r.f. field switclethe counter-rotating component in the secfiipper. This has
the effect of reversing the sign gfand ofay. In order to illustrate features that are likehggent in a real bootstrap
coil, it is assumed that the transition from omftipper of the pair to the other takes place asmsmall gaj,
which is the same for all coils. This gap is alsewuaned to be "zero field" (or a region where thaystields of the
adjacent coils exactly cancel resulting in zerofiedd). By adopting the procedure outlined in S&& and applying

the specific field direction signs indicated in &ig 6 forN = 2, we obtain the values given in Table 5.
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Table 5. Phase angles for &4= 2 bootstrap coil NRSE applying the static fielghs as indicated in Figure 6 fisr

=2.
Location y Neutron spin phase angfe r.f. field phasey
EntranceA; 0 0 Un1
Exit A, ™ 2t (V) | Boll ma Wt (W) il Boll ax
Entranced, [artlg 2LV 1l Boll g “Yar (W) plBol(Iart o)
Exit Ao larH gt a2 ~Aifns (1) | Bol (3l ar+ 21 g+ a2) Y- (L) ol Bol (It g+ a2)
Entranced, [art g+ a2+l ag -Aifna- (1) 1l Bol (3l art 2l g+ 2) “ (1) Yol Bol (It g+l az L ag)
Exit B [artl gt aztL agt B1 2t (UV) 1l Bol Lzl az- 2L ne- 1) (U)ol Bol (IaxH g+l L pgtl 82)
EntranceB, lar+2l g+ aztLagt g1 2+ (1) il Bol (1 aa-l az-2Lag-ls1) Yt (ANl Bol (1ar+ 2 g+ azt L et 5a)
() | Bol (la+ 4 g+ 31 az+4L ag+ 3l g1+ )
WYart (L) Wil Bol (lar+ 2l g+ aztLagH gt
Exit B, lar+2l g+ aztLag+ g1t B2 =
ls2)
Pe2
Sample
(non-spin
Wart (V) Wl Bol (last 2l gH azt L asHgatl
flip or Iar+2lgH aztL agtlgrtlg2tLas Pe2
gztLag)
coherent
scatterer)
lart2l gt artL agtl i+l g2t Lest
EntranceC, P2 Yer
LSC
lart2l gt astL agtl i+l g2t Lest
Exit C; Zer-(UN) KBl - e Yer (W) plBillca
Lsctlca
|A1+3|g+| A2+LAB+| Bl+| BZ+|-B§+
EntranceC, 2tfper-(Uve) ol Ball oo g2 ~Yert (I IBil(Iert o)
Lsctlca
lart3lgH aztL agtl gitl gotLest
Exit C; At (V) )l Bl (Bler+ 2l gH o) + g2 “Yert(Uve) WlBul(leat! gH o)

LsctH crtl ca
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EntranceD,

Exit D,

EntranceD,

Exit Dz

|A1+3|g+| A2+LAB+| Bl+| BZ+|-B§+

LscH citlcotlen

|A1+3|g+| A2+LAB+| Bl+| BZ+|-B§+

Lsctl citl cotLleptl oy

lart4l gt artL agtl i+l gotLest

Lsctl catl cotleotlon

lart4l gt artL agtl i+l gotLest

Lsctl citl cotleotl bt b2

“Aert (W)l Bal (3leat+2l gH o)+ g2

2t (UVe) Wl Bal (-l catlcot 2L ot pr)- @2’

20t (V) | Bil (-l catl o2l ot pa)- @2’

¢BZ’ -

(L) Bl (lcr+a g+ Bl e+ 4L cot3lpat b2)

(Vi) 4l Bol (| ar+41 g+ 31 az+ 4L as+3l g1+ 82)

(W) wlBil(Icr+al g+3lco+4L co+ 3l pat b2)

-tea+(Uve) | Bal (leat gl e+ L ep)

et (N I Bil (leH gHlezt L oo+ p1)

Wer- (L) Wl Bl (L o1+ 21 g H e L o o)

Yerr

(W) Bl (1 cr+2l gH ot L oot o+ )
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Observations

1. From Table 5, it can be seen that unrelated phagbe r.f. in each arm of the spectrometer is it@mal.

2. The final spin phase angle of the neutron exitioig ©, does not depend on the distance between th8goil
and the sampld_§g and between the sample and the €gi(Ls).

3. The final neutron spin phase from Table 5 is:

Byl +lso+3(1 o+ o) + 4L ot )|
V.

_ Bl|:|C1+|D2+3(|C2+I D1)+4(LCD + g)}
Vf

bo> =V, (75)

If the individual 7zflippers are identical in length (i.8a1 = 1a2 = 1g1 = lg2 =lc1 = lc2 =Ip1 =1p2 = Igg), and we
consistently use the symbldio define the total length of the entire bootstpajr unit, i.e.] = 2gy + 4 (i.€.,
including the gap in the middle), then the phaggeanf the neutron spin at the exit of cbd (Eq. (75)) reduces to

BO[LABH]_BJLCDH]}

v, v,

(76)

¢D 2 = ¢NRSE = 4y n[

By comparing Eq. (76), with the equivalent Eq. thee single N = 1) 7#flipper case (Eg. (71)), we see that there is
an additionaboublingof the spin phase angle change by using bootpaap. In fact it can be shown [ii] that this
additional factor of 2 actually correspondd\tathe number of coils in the bootstrap coil utdierefore we can

rewrite Eq. (76) quite generally as

(77).
Vf

¢NRSE: 2Nyn|: BO[LAB +|] : Bl[LCD+I]j|

Finally, Eq. (77) can be rewritten more neatly biyaducinglLy andL,, the distances between tméd-pointsof the
bootstrap coil units (i.e., with equivalent physicderpretation as Eqgs. (72) and (73) in Mhe 1 case) for the first

arm and second arm respectively, where
L, =Lg ! (78)

and

L= Lo+ 79)

so that Eq. (77) becomes
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Vi f

:92641.8\{50[ L ”M[O%_ Bl TL A, [ﬂ

Ourse = 2Nyn|:BOLO_%} - LEM[B)LOAi_Ble]

(80)

With regard to differences that may exist in tligplers of a real spectrometer it is interestingate from
Table 5 that the innexflippers in each arm contribute three times thie sgrn of the outer coils whereas the zero-
field gaps between the coils of a pair (designateld) contribute at the same rate per unit length asrtter-coil

zero-field gaps (see also Eq. (75)).

3.6  Coils with dimensional uncertainties

In order to analyze the effect of dimensional utaisties, we use the following model. The modeaiuases
that the center lines of eaetcoil are fixed and that (Gaussian) fluctuationghia coil lengthAlg,, are created by
equal width but independent Gaussian distributi@fsvidth A """ = A15™"#/42) of the winding flatness on
each side of the coil. For now, the zero-fieldhtigaths between the coils are assumed to bezeutyfield so that
the neutron spin direction does not change in them.

We define the coil length deviation on the lefdaight hand sides of the colil 4, andA f; respectively,
wheredf is negative if the coil surface is on theside of the nominal coil surface position (neutesrives earlier)
and positive if on theyside of the nominal position (neutron arrivesripté/e see that the r.f. phase at the entrance

to the first coil can vary about the nominal vatlue to fluctuations in the coil length where

C:/)” Af (A (81),

n

v, =, +son(B)

wherey, is the instantaneous phase of the resonant compohthe r.f. field with respect to the neutrorinsat the

entrance to the coll in thgerfectsituation. At the coil exit the r.f. phase is

= vson(B0) (1, -1, (A)+ o1, 4)
o " (82)
-, rsan(B) (1, a1, ()

n
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so from Eq. (16), the neutron phase at the exitadil A is

W

By = 2, + sgn( B )= (1, +f (A) +Af(A) -4, (83).

\Y/

n

On entry to the second c&| we have

P =P (84)
and

% (La-t,(4+21(8)]

n

W, =san(By) sorf Bé*){w; + sg(B})

=sgn(By ) sgrf B;‘){wm + sgbBoA)“v’: Lo+ I + A7 ( B))} o
At the exit of coilB, we have
v :¢B+sgn(|3§)w” (15, -af (B) +Af,(B))
- sqn(E¢) sgr(BoA)[wm + sgb) 2 g 1, -0, B))} &)

c\‘/)” (15, - Af, (B)+4f,(B))

n

+sgn(B§)

Therefore the neutron phase at the exirobil B is

w

¢ =2sgn(BY) sgff BOA){wm + SgNBY) = ( Ly + Iy, +AT, ( B))}

rf
Vn

+sgn(B?) “ (15, -4, (B) +Af,(B))- sor 3;*)%( I, +AT (A +AT(A) (e,
_2‘/’in +¢in

At the entrance to a third cdll, we have
P =95 (88).
Assuming that the r.f. in co is phase locked to cdl (we do this so that this #flipper coil argument can be

extended to alNl = 2, 4 7#flipper per spectrometer arrarrangement in Sec. 3.6.2)
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. =sgn(BS) sgif B ){ws + 89(180)

=sgn(B§) sgr(BO)

At the exit of coilC, we have

0= voon(ee)

=son{ ) o)

+sgn( Bg) a\jf

n

so that

# =2s0r(B5 ) sgifBY)

“2sgr(E?) sof B )[w.n - sofie)

+sgn(BOC) V'

n

+sgn(By) C\{/)”

n

(15, -4, (C)+Afq(

n

sgn(BB) sor{ B ){w.n + sgbBo)

+sgn(By) V”

n

(15, -af, (C) +Af(C))

n

rf

son(B¢) sg BY)| ¢, + 59(185)65

+sgn( B(?) c\(/)”

n

(1, - &, (C) +Af,(C))

son(B2) sor{ B ){w.n + sofef)

+sgn( B(?)

y (Loc +15 +f,(C)

n

) sorf B) -

(Is, +aF, (A)+Af(A)+ 2, -,

At the entrance to thé"4&oil D

and

b =dc

(Loc +15 +AF, (C) -2

(Lsc +1q +f, (C)-A

-Af (B)+AfL(C))}

"Ly + Iy, + (B))}
f (B))

(Lo + I, +F( B))}
f.(B))

(LAB+| +Af ( ))}

_AfL(B))
(et 1o 1, ))}
(I ~Af (B)+Af,(8B))

(89).

(90)

(91).

(92)
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Wy

W, =sgn(BY) sgr(BS){t//é + sgfiEf)
:sgn(BC?) sglfBg)x

Vn

_sgn( BS) sort Bé*){t//m + sg(g)) C\‘/)”
sgn(Bé:) sgr(B(?) "

W

+sgn(B§‘)

n

A (Lep +1g, +4f, (D) =21, (C)

+sgn(B§) y

n

At the exit of coilD, we have

= ()

n

=sgn(B7) so &)

(1s, - Af, (D) +4f, (D))

(4]

son(B; ) so{ B)| ¢, + sof)~"
sgn(B(‘,:) Sgl’(B:) . "
+sgn(B§‘) 1

n

C\‘/)rf (Lco +1g +AfL(D)‘AfL(C))

n

+sgn(B§)

+sgn( Bg’) C\ll)”

n

(1s, -f, (D) +af (D))

so that the neutron phase at the exit of theall is

(Lo -01,(Q) A1 D))}

(Lo + Iy +AF, ( B))}

y (Loc +15, +4F, (C)-2f, (B))

(Lo + 1, +Af (B))

y (Loc +1, +4F, (C)-2f, (B))

(93).

(94)
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sgn(B5 ) sor{ &) >
a)rf
Vﬂ

sar() s ) o, + safe) - L1, =21, (8)

+sgn( B(f‘) C\j”

n

#5gn(BF ) (Lo +1q, +44, (D) -4, (C))

n

¢y = 2sgr(BY ) sgrf BS)

(Lec +1g, +AF, (C)-af, (B))

sgn( B(f‘) sgr(BOA)[zpm +sgn( Bé*)c::—”(LAB +lg +AfL(B))i|
—ZSgn(Bé:) sgrﬁBoB) o "
- (Lee +1q, +2f, (C)-af (B))

n

+sgn(B§‘)

+2sgn(B?) so By)| ¢, + sgbBbA)%( L + I +Af, ( B))} (95).

ij (1, -4, (D) +4f (D)) - sgr(B"C)c\‘ff

n n

+sgn(BY) (15 —af, (C)+af(C))

Wy Wy

+sgn(B8)— (I, -Af, (B)+4f,(B))- so(B7)

n n

(IBo +AfL(A)+AfR(A))_ .+,

We now consider two cases.

3.6.1 First arm of a 4-N=Ircoil NRSE
In this case, the net spin turn in the first afithe spectrometer in the absence of stray fieddgven by Eq.

(87) with sgnBy") = sgnBy’) = “+” so that
w
¢IB — 2 rf
Vv

n

i
Vn

(Lao +1g )+ —-[F (B) +f o(B) -Af (A) -t A+,
(96)

- Vrf [ZLO +AfL(B)+AfR(B)—AfL(A)—AfR(Q]+¢in

3.6.2  First arm of a 4-N=2tcoil NRSE
In this case, the net spin turn in the first afithe spectrometer in the absence of stray fieddgven by Eq.
(95) where, for consistency with previous notatised in Sec. 3.5, we interprét,g” as the nominal galy between

the bootstrap coil pairlsc” as “Lag” and “Lcp” aslg of the second coil pair. We also change the ranati-A,,
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B—A, etc. for consistency with notation in the previgigcussion of bootstrap coils (Sec. 3.5). In tlise we have

sgnBy™) = sgnBy™?) = “+” and sgnBy™?) = sgnBtY) = “” and Eq. (95) becomes

5 @ Al +4,+8, —OF (A)-AOF o(A)-AF (A)-Af(A,) iy
% v, | +Af (B)+Af, (B)+ATf (B)+Af(B) "
_ Wy (‘”—o_AfL(Al)_AfR(Al)_AfL(A&)_AfR( A&)J+¢

(97).

v, [ +0f (B)+Af, (B)+Af, (B,)+AT(B)

4 Quantum mechanical description of NRSE

Gahler, Golub, and Keller [8] have discussed plrtheam magnetic resonance in quantum mechaeicast
and derived formulas for spin ¥ particles passingathey axis. They show that for neutron magnetic inteoact
energies very much smaller than the neutron kireetargy entering the field regiop B, < ¥2myvi?) (where
reflected matter waves at the field boundary candigected), quantum mechanics predicts the saysiqath
results as the classical treatment, although tteegretation of the mechanism involved appear®fit.

Quantum mechanically, a s ¥ particle such as the neutron has spin angutanentum of magnitude

A /S( S+ 1)h = x/éh/Zbut its component along any given axis may onlyehawnagnituden: wherems=+%.

4.1 Polarized beam traversing a static field

Consider a beam initially polarized along thdirection traveling along whose wavefunction can be written
as a plane wave (which can be considered as tlegmgition of equally probable spin up and spin daetates with

respect to the axis)

1|1 i(kiy-et)
= — eV 98
Y, 5 L} (98)

When the neutron enters a static magnetic fieldieghplong thez-direction, thez-component of spin angular

momentum is either +#0r -¥4. The associated parallel spin state is reducgodtential energy bys;,B, and the

antiparallel spin state is increased in potenti@rgy byz,B,. At the field boundary, the potential gradient s

the kinetic energy of the of the parallel spinestatincrease by,B, and the kinetic energy of the antiparallel spin
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state to decrease B, so that the total energy is conserved. Thus thetiki energies of the two spin states differ

inside the field and the wavefunction inside ttadistfield region is

v, - i e—mnBoy/hw e.i(kiy—azt) :i e—i%Y/ZV é('ﬁ y-at) ©9)
B \/E gl HnBoy/my \/E gay/2y '

where the total splitting of the spin up and spimvd states is
AEg =24,B =haw, (100),

whereay can be interpreted as the classical Larmor preme§®quency. The expectation value of the poédiin

alongx inside the field region is
. 1 g@y/2v i y-at) 0 1] 1 | e'@v/ {(ky-at)
<U><> _an [Ux]w% _E[e—i%y/zw}e 1 0 ﬁ gay/2v ¢

1 ei%)’/‘/. (102).
=5 oY/ =cos(@y/v)

Here, the relative phase of the spin up and dowrewé#s a cosine function of the distance travehedugh the field.
This is exactly equivalent to Larmor precessiothim classical case.

On exiting the field, the two spin states becormgesherate and the neutron spin states retain theratated
relative phase angleyls/v; with which they exited the field region. This phangle does not change in the
subsequent zero-field region and is classicallyiedent to the termination of the Larmor precessiothe zero
field region. This situation is illustrated in Figu7. Further accounts of these energy changebeéound in Refs.
[9], [10], [11], [12], and [13].

Sometimes Eq. (100) is expressed in terms ofidisglin wavevector magnitude of the two states NRSE

applications it is always true thdEg, < %, the incident neutron energy, therefore we catewri

n* ok

and the accumulated phase difference can be wetjaivalently aszodk.

Ak = 2Mhtn By (102)

Note that the initial eigenvector (Eq. (98)) o theutron is not an eigenvector of][ but can be expressed as

a linear combination of the spin-up and spin-dopinars for thezcomponent, i.e.,
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Eq. (103) implies that if the expectation valughafz-component of the spin at the exit of the fieldioagvas

measured, the spins would be equally distributéa gp and spin down with respectzo

4.2  Passage through a static field with superimposegepelicular oscillatory field
With a superimposed perpendicular oscillatingifigee Kriger [14]), tuned such thagt= c«y, transitions

between the spin up and spin down states (sepdvgtdd = 71&)) can be induced via exchange of quanta with the

r.f. field. Golub, Gahler, and Keller [13] treaganeral case consisting of three regions; twocstiaid regions (|
and Ill) sandwiching an intermediate region (Il)rex¢he static field coexists with a perpendiculsciltating field of
lengthd along the beam direction. These authors use thgepiies of Eq. (103) to simplify the problem bgating

the +z and -z components of the eigenvector separately. Furthey, assumey; << « (equivalent to thet{By «

Yimyvi?) assumption above) wheran® = iy (whereby reflected matter waves at the potentahiary can be

ignored and various simplifying approximations elgo ~ w/v; etc. can be made outside of the exponentials).

Using the symbol3 for the transmission amplitude with subscript fof elastic (no exchange of quanta —i.e., no

spin flip) and “1” for inelastic (exchange of quantith spin flip) and "+" and for spin up andwin respectively

with respect t@, these authors produce the following expressions:

1
For the spin up stat%o}
T, =T,"=0 (104),
__ . @ e d
T, =-1——e " sin| w,— (105),
2w, v,

. d
T = e_lgq cos w, d +if sinw d (106)
0 AVi C(.)A AVi

and for the wavefunction of the neutron in thedhigion (i.e., after exiting the combined fieldjimn)
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T+e—iwby/2v
° i(kiy-at)

P (1) = Tl_e—i[(@f ‘%)y/v—wﬁt} €

[ —i‘sg ; ]
e v (co{wA Ej +ilt sir(a)AED g
V) v

— e' (ky-aqt)

- ﬂei% sin(%gj e_i[(% e t}
2w, v

where

with

(207),

(108)

(109)

whereq (in their notation) is the classical Larmor pred@sd$requency of the neutron spin arouByd(equivalent to

a (Eq.(11))), i.e.,

a)r = yn Brf
0
Likewise, for the spin down stai el
T =T, =0
T, =e “| cos w,— |- i— sin w,—
Vi Wh v
T =-i “ e Visin(a)Agj
20, v

and

ei (ki y_(“ft)

Y (2) =

(110)

(111)

(112)

(113)

(114)
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1
so that the wavefunction in region Ill given andming beam polarized along ¢/, = ﬁ{l} is

CO{C«) —d j
A
\/i

=L
[//III _\/E

. d
ie—

e Y sin

[+3)

. £ .
+ 11— SI

Wh

e

ot

[a-5ed]

(115).

iapy/2v, _

ie—

+e"

Tt

The probability of a spin-flip involving a photor@&hange with the r.f. field is

e

-|-1+

@i

w ied )
— e Y sin
2 A

9)

d
Wy "

and the non-spin flip probability (where the enedggs not change) is

T,

4.2.1 Special cases

4.2.1.1 Exactresonance

W=[w

2)=

Wh

. d
Zied
e (co{

L E
+i— si
wA

it

2

W\ —

2

‘)

This is the condition for whiclhy = a, therefores = 0, ap = w/2, consequently

=L
[//III - \/E

Cco
{2\4
. (a),d
=l sin

2y

wd

|

Sl
e I(UbZVi

. {a)rd
-isin =
je_i%[zi_t] + co{

2y

jei%izi-t]

|

i Y
P
%2\4

wd
e

ei(ki y-at)

and the probability of a spin-flip involving a pleatexchange with the r.f. field is

ECE

and the non-spin flip probability is

-|-1+

7@:gﬁ(

wd
2y,

(116)

(117).

(118)

(119)

ei(ki y-at)
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g

20\ e |2 _ wd
(1)=[15](2)= co§( o j (120)

I
We see that unlesgd/v; = (2N+1)77 whereN is an integer, an incomplete spin inversion oc¢tosresponding to a

flipper efficiency < 1); i.e., r.f7#flippers only produce exactflips for a unique velocity (as was shown cladéjca

in Sec. 2.2).

4.2.1.2 On-resonance, with dispersion, flipper tuned opliyrfar v;=(v;)

If, additionally, the flipper is tuned optimallpif the average velocity;), we have

d
W—=71T (121).

(v;)

Thus, Egs. (119) and (120) can be re-expressed as

T (W)=

Tl+

2(2) = sirf (7—21%—'@ = Sirf(l—;dl—iJ P(sf) tuned for exactzflips for A, =(A) (122)

and

T,

V,

‘)= (2) = cod (’_27<V_>]

co$§| ——— P(nsf) tuned for exactflips for A =(4) (123)

2(4)

respectively.

Note that the quantum mechanical spin-flip probiibfor a neutron of wavelength (Eq(122))is exactly

P.
equivalent to the quantitﬁ = <COS€ CO$’(> derived from the classical treatmgste Sec. 2.2 and Eg§l)).

ideal

4.2.1.3 On-resonance, exatflips for all velocities (i.e., no dispersion olomochromatic)
"No-dispersion” implies that the classical coratitior exactzflips aroundBy is satisfied fomll velocities,

i.e., wdlv; = 77 therefore Eq. (118) becomes

. y _
e"‘b(?vi )

_ i (ky-aat)
= e 124
l//III \/E _i%[ y _t] ( )
e 2v;
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and the probability of a spin-flip involving a pleatexchange with the r.f. field is

T @=[v](2=1 (129

and the non-spin flip probability (where the enestpys the same) is

T “(1)= \TO'\Z(z) =0 (126).

Note that under these conditions exact spin ingareccurred in region II.
Region Il is defined from 8 y < d so that shifting the coordinate system to the efitgion Il, we have
. y-d
'%{f't}
—ile ‘M

l//m == ei(ki v-a) (127)

V2 e-i%[v;d-t]

2y

The expectation value @k at the exit of the coil is

N

<Ux> :‘/jrn {O 1}/4“ =
10 iz%[u—t]
e (128)

of w4 w55

Thus, at a fixed position y, the spin precessesgtlar frequency @. This precession is sometimes called
"anomalous" because it is not predicted in thesgtas case where the neutron spin stops preceafiieigexiting the
coil. This guantum-mechanical result is used tdarpvhy MIEZE spectrometers work.

We should be able to equate the argument of BE) (&ith the spin phase angle of a neutron at %iteoé coil
A, given in Table 4, where it was assumed that ¢haron spin was initially polarized alomgand the same

assumptions of exact resonaneg$ «) and zero dispersion were made, i.e.,
: 1 1 1
=20, +—V,|B|la =20, +—l, =24, +—w,l, fromTabled  (129)
v v Y

with the argument in Eq. (128) evaluateg= (the coil exit)

2v

=200, (i -tj (130).
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By identifying ¢ with et andd with |5, we see that the two equations are equivalent.

Qualitatively, a kinetic energy splitting of th&d spin states occurs on entry to the cdit(= 7iap) due to the

static field gradient, whilst the total energy (nddic + potential) remains constant initially. Tio¢al spin inversion

that occurs in the flipper involving exchange obfiins with the r.f. field (see Eq. (125)) causestttial energy of

the two states to become split byad, but leaves their kinetic energy unchanged (pilit by 4E, = iiap). At the

coil exit, when crossing the static field boundahg kinetic energy splitting does not disappearit(did in the

static-only field case (Sec. 4.1)). If the spindgrsion due to the r.f. field is 100%, additional splitting in kinetic

energy (byia) due to the static field gradient at the exit baany occurs (i.e., the kinetic energy splitting dies

at the exit of the first coildE,= 2ia)). This explains the & precession frequency in region Il (see Eq. (128))

This situation is shown (for perfect spin stateeirsion) in Figure 8. Further accounts of theseg@nehanges can

be found in Refs. [9], [10], [11], [12], and [13].

4.2.1.4 Off-resonance, exactflips for all velocities (i.e., no dispersion olonochromatic)
"No-dispersion” implies that the classical coratitior exactzflips aroundBy is satisfied fomll velocities,

i.e., wdlv; = 77 therefore from Eq. (108)

_ |V
O P

(131)

so there is no simplification of the wavefunctiam £# 0.

4.2.1.5 Passage through a second similar coil a distard@anstream (on-resonance, no dispersion or
monochromatic)
Golub, Géahler, and Keller [13] extrapolate the afawmction exiting the first coil through a zeroldigpath
lengthL to the entrance of a second similar coil downstréaquivalent to the first arm offh= 1 NRSE) and show

that the wavefunction exiting the second coil igegi by

l//exnszﬁ %[LTd] gl (132)

e
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so that the expectation value of the polarizatidth wespect tx at the exit of the second coil is

. L+d
e'z“b[Ti]

o1 1
<0-x>_wexitB|:1 o:|l//e><itB_2

oof [

The presence of the second similar flipper coihvilite same static field orientation as the firsirfon images" the

(133)

neutron energy history shown in Figure 8 and tinetic and total energies of the two spin statesrtdwe their
starting valueg;. Therefore, in contrast with the precession sedneaexit of the first coil, the polarization aet
exit of the second coil and thereafter remains wonsThe phase angle«L +d)/v;, agrees exactly with the

classical result for the phase change in thedinst of theN = 1 spectrometer, as expected (see e.g. Eq. (71)).

4.3 What is the effect df; # Izo? - Coil tuning

Forany spin inversion to take place, the r.f. field mbstapplied in a region where the static field soal
present (i.e., there is a Zeeman splitting to irdinansitions between states). Secondly, thehdtgns must have a
frequency close to that of the splitting (resonarscethat transitions occur with high probabilisgé Sec. 2.3).
Finally, for optimum flipping probability, Eq. (13hust be satisfied in the overlap region betweersthtic and r.f.

fields, of lengtH ,, applying the definition in Eq. (1).

4.3.1 Monochromatic beam with static field region enahgsthe r.f. region {i=lgo, l.=ly)

The monochromatic beam case eliminates the coatjait of dispersion and for a coil tuned as desctib
above, therefore the spins always remain inxghglane after passage through the coil. This istbx#ue situation
depicted in Figure 8. The static-field-only regi@ah side of the r.f. region behave only as Lanpnecession
regions as described in Sec. 4.1 where the speteps at ratey around thez axis with the corresponding spin
phase angle shift in they plane. However, because the effect of the spiarsign in the "r.f. 4By" region (length
I =) is not manifested until the neutron reaches Kiteoé the static field region, the effective Larmarecession

continues at a rate) over the entire coil length.{ = lzo) and at a rate& in the zero field region after the coil.
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Thus for an initial spin direction along the phase of the spin a distahcgownstream of the static field region is

given by
UX(L) =a)o(|Bb +2L) Igo enclosedy (134).

Using the definition of coil length in Eq. (3), wavel . =I B’ therefore we can equally write for this case

coil
o, (L) =W, (ICoil + 2L) lgo encloses (135)

with | .= |;; so that the specifiezflip condition is

h
By =rm——— Igo encloses; (136).
ynmn IrfAn

4.3.2 Monochromatic beam with r.f. region enclosing ttetis field region (o=, l:=lgg)

This case averaged over time is depicted in Fiuidote that in the "r.f.-field-only" regions easide of the
static field, the time-averaged field directiomamdom with respect to the neutron spin and satieeage kinetic
energy and total energy of the neutron spin statesin unchanged. Spin inversion and photon exaaogur
only in the region where the static and r.f. fieqdle coincident, where all the change in total gnéskes place. As
before, the effect of the spin inversion on theskinenergy is only felt at the static field boundafter which the
time-averaged r.f. field does not change the mmt&inetic energy. Thus for an initial spin directialongx, the

phase of the spin a distaricelownstream of thetatic field regions given by

g, (L) =w, (I gt 2L) I+ enclosessg (137).

X

However, using the definition of coil length in E8), l.oi =11, N0 longer allows us to write an expressiondpim
terms of the coil length; as in Eq. (135). Therefore, if we always definas the distance downstream of sitatic
field regionEq. (134) can be used for both geometrical cases.

For this case, we havg= I, so that the specifigzflip condition is

h
ﬂ—
Yom,lgod,

» I, enclosesg, (138).
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4.3.3  With dispersion or when detuned from resonangaéBion encloses B

With dispersion or when the coil is not exactlyr@sonance for all neutrons (e.g., due to statid fi
inhomogeneities), a fraction of the neutrons doflipin the superimposed "static field + r.f. fi#lregion. Thus the
unflipped neutrons behave similarly to neutrona fpure static field (see Sec. 4.1 above), whikstlibped
component is subject to the behavior describectin &.2 and subsequent sections. This situatitiussrated (for

the case where thg field region encloses the r.f. field region) ig&ie 10.

5  Analysis of the spin echo signal

In the following, the emphasis is on quasielaafiplications of the NRSE. Equation (77) is appaterfor a
well-collimated beam. If we now account for the tegaature and a more general direction of the heercan

write the neutron spin phase gain in the first afrthe spectrometer as

@, =2Ny, BOA (139).

i*—0

Similarly, the spin phase change (loss) in the sé@m is

@, =—-2Ny, Bll? (140)
v,.L,

wherey, is the neutron gyromagnetic ratig, ; is the initial/final neutron velocity vector aridoylis a unit vector

parallel to the axes of the first and second arfitkespectrometer (and perpendicular to the cad)aand it is

understood by the "-" sign in Eq. (140) that tledidirections in the second arm are such that thegrse the spin

phase angle change with respect to the first arm.

5.1 Small divergence approximation

Forsmall beam divergencedth coil axes that are perpendicular¥o and V; , we can approximate Egs.

(139) and (140) by

¢, = 2Ny, —BS/LO (141)

and
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¢ =-2Ny, % (142)

f
respectively, wherg andyv; are scalars, so that the net spin turn at theyasials given by Eq. (80).
Forquasielastinon-spin flip scattering that is sufficiently naur (ov « v;), we can write
Vi =V +0V (143)
so that Eq. (80) is approximately

(BL,-BL)v+BLAV| _ 5( BY v+ B
vi(\{+5v) } = 2Ny{ \f i (144)

¢NRSE = 2Ny,

where

o(BL)=BL,-BL (145)
is often called the spectrometsymmetry
The measured quantity in neutron spin echo ideélto the polarization of the scattered beanhdf t
polarization is analyzed in the same directiorhaspolarization direction of the incident beam (&ssd here to be
thex axis), the polarization of the scattered bearelsted (classically) to the cosinedifrsg averaged over all the

scattered neutron trajectories i.e.,
P, = (COSPyrsr) (146),

where() implies a statistical average ovelaege sample of scattered neutrons, where from Eq. (&4have

" o - CO{ Ay {J(BL)W:E%LOJVD

V.

{25 o o[22 o2

(147)

This expression must be averaged over all posgdilees ofv; (the incident spectrum) and all possible valuedvof

(= vi- v) determined by the scattering. Noting tRais approximately independent af i.e.,

Q =%sin9 (148),
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where Zis the scattering angle, we can write
P(v,0v)d(0V= § Qw) & (149)
and forsmallenergy transfers (smadbandv; = v; ) we have from the definition of kinetic energy

= (150).
m(v+y)  mv o my

) 2hw how hw

If S(Q,a) is symmetridn w(usually a good approximation for quasielastidtecang) and substitutingv =

hadmyy; from Eq. (150), the average over ihedistribution characteristic of the scattering sénfpr a giver,

becomes

where the "sine" part of the expansion in Eq. (1digappears in the integral for symme®€,«) and the

[

denominatorJ. S( Q a)) kw=1 for a normalized scattering function is implicit.

—00

Note that the quantity precedimgin the second cosine argument in Eq. (151) wi{&h) = 0 (i.e.,BoLg = ByL;) is

often referred to as the spin-echo timgss i.e.,

2N# N ?
T\rse = #BOLO = %(—rﬁj BOLOAiS (152)

where

rwdrd= 0372 n [ Tl 4] 4]
=1.27794 16 Nv,[ MH}L[ ”]‘("i[o%jg

so that (6.13) may be rewritten as

(153)

V.

P.(v) :CO{ 2NV{5(BL)DIO Y Qw) cofer ) @ (154).

Averaging over the normalized incident velocitytdimution, F(v;), the final polarization is
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P :IF(W)CO{ 2Ny, {@D d\(jf g Q) co$ar,pee) @ symmetricQ,(155)

where the denominatsfrF (\/i ) d\( =1 is implied. It is convenient to express the lefht integral in terms of the
0

normalized incidentvavelengttdistribution,l(4;), so that Eq. (155) becomes

P =J- | (Ai)CO{ZNVH ”Ea_( BL) /]iJ dA J- S( Q) Co§wrypee) dw symmetricS(Q,a) (156)
0

—00

where the first integral

2Ny,mad( BL)
h

[1(4)cos(KA)dA =F(K)  witnkK = (157)

is the Fourier cosine transform of the incident @lamgth distribution with respect ka This Fourier transform
gives the oscillatory echo signal in asymmetrimsc@cans of{BL) around 0 at fixedyrsg Whose precise form is

characteristic of the form of the incident spectrufh).

5.2 The echo point

Forelasticscattering (or no sample), we haye v; anddv = 0 for all neutrons. Fajuasielasticscattering,
(ignoring the very small influence of detailed bada at these small energy transfers), we Kave (v, (ov)=0 and
Vv, # Vs in general. In both cases, if the incident beamiimlly polarized, the maximum polarization aetanalyzer
is found when the first term in Eq. (144) is zere.( two arms of the spectrometer are symmetiizetbd such that

ABL)=0]). This is called the “echo point”. At the ecpoint Eq. (144) becomes

B,L,0v
Prrse = 2Ny = Lg at the echo point{BL)=0) (158).
vV,

We note that:
1. Forelasticnon-spin flip scatteringdy = 0), the initial polarization state of the beanthisoretically reproduced

at the analyzer when tuned to the echo point.

2. For narrowguasielasticnon-spin flip scattering where we can make the@pmation
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nw=2(v-v) = Hyru)(v-y) = mw (159)

therefore we can write Eq. (158) as

¢NRSE: ZNVN?O_LO how = WI |\ pse at the echo point (160).

i
where fyrseWas defined in Eq. (152).
To find the echo point (i.e., tuningBL) = 0) usually eitheB orL is fixed. In conventional NSE spectrometers
L (for the two precession paths) is fixed alis varied. In 4-coil NRSE spectrometers, usuBlig fixed for all

coils anddL (L of one arm) is varied.

5.3 Some special cases

From Eq. (156), we have

We note the following:
(i). At the echo pointdBL) = 0), P, is the cosine Fourier transform of the scattefingrtion S(Q,a) with respect to

w, i.e.,

00

P = I S( Qw) COS(OJTNRSE) dv quasielastic non-spin flip scattering at echimp(XBL) = 0) (161).

—00

(ii). For elastic non-spin flip scattering or navgae (§(Q,w) = A ), cos(winrsy = 1), then

X

e 2N o( BL
P :j [ (Ai)cos[ y"m”h ( )Aij dA elastic non-sin flip scattering or no sample )16
0

(iii). For elastic, non-spin flip scattering or sample §Q,a) = A &) with a quasi-monochromatic incident

wavelength spectrum (i.d(A;) — &A)), then

o CO{ZNynmﬁ( BL)

h /]ij elastic non-sin flip scattering or no saenghd (4)— JA) (163).

This means that:
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(a) Atthe echo pointd(BL) = 0),P,= 1 atall values ofB,.

(b) The signal varies consinusoidally as a functioagyfmmetrydBL) with a periodicity given by

J(BL) = Lil = ﬂ (164).

2 rT‘ln yn N /1i yn N
5.4  Detected Signal

5.4.1 Perfect polarizer, analyzer and non-spin flip sratg

In an NRSE instrument, for a perfect polarizer andlyzer, the non-spin flip quasielastic signahia detector

is
I, = %(1+<cos¢NRSE>) = %( B( CORIT \ped) = —;( 1P)
= %{h]:F(vi)co{ my{d(\?L)D d\(_]i,  Qw) cofwrpee) de -
For quasielastic scattering whose scattering fanatan be represented by
S(Quw) :7_1Tr2+;hzwz (166)

where/ is the energy half width at half maximum, the dé&td signal at the echo poi{BL) = 0) is

1 r
+ 7 E[1+ex{_ETNRSEJJ (167)

where the second term is proportional to the inegtiaite scattering function. The advantages of maasthe
scattering function in the time domain insteadhaf énergy domain are especially of significanceabse the
measured data, which is the convolution of theteday function with the instrumental resolutiométion in the
energy domain, becomes the product in the time duoriiaus, the scattering function is extracted fribwm
measured data simply by division by the resolutigrction. This feature allows for very sensitivedshape
analysis.

Monte Carlo simulations of spin-echo signalg thastrate the behavior of Eq. (165) are showfiguare
11 for a variety of incoming and scattered beamadtaristics (non-spin flip elastic and quasi-étastattering).

Columns 1 to 3 are for elastic non spin-flip saattg (or no neutron energy change through the speeter).
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Column 4 is for quasielastic non spin-flip scatigriFor each of these simulations there are no leasige effects,
coil dispersion is switched off, antB, = Al (zero field inhomogeneity and perfect dimensiohthe flipper coils).
Additionally for columns 1 and 4 zero beam divergeis assumed. The effects of coil dispersion erspin echo
signal are studied in Sec. 8.2. These particuhaulsitions were performed for aN&2 bootstrap coil NRSE with,

=2.0m,|,=3.0cmly=0.0 cm, andl; = 8A, for 10° < B(T) < 0.025. The asymmetric scan is performed \Bigh=

TNV
B., with (Lo- L4) varied ten minimum periods each side of the sytrimposition (i.e., betweedt10————

v.NB™

whereB,"®is the maximum applied static field (0.025 T),responding tayrse= 19.1 nsABL) was varied by
changinglL; with respect td... (i.e., ABL) =BdL). The beam divergence, if any, is symmetrical altioei nominal
axes of the spectrometer arms. Under these conslitibe echo is found b= L;. The left hand column of Figure
11 illustrates the effect of broadenidg; for elastic, non-spin flip scattering (or no sae)pln the extreme, purely
monochromatic case @), = 0, the signal is cosinusoidal with respectitqas predicted in Sec. 5.3 case (iii)) with
ABL) =BAdL for one signal period given by Eq. (164). ok > 0 the maximum signal is achieved at a unique
spectrometer setting and A8 increases the primary envelope of the echo siggtatens around the echo point.
Note that the period also decreases inversely ptiopal toB, (= B;) (and henceywrsg, as predicted by Eq. (164).

The second and third columns show the effect@iiasing the neutron flight path differences thtotkge
spectrometer for (i) a purely monochromatic incidegam and (ii) a triangular wavelength distribatigith 44,/(A;)

= 10% respectively. The divergence figures inditheemaximum angle per unit wavelength with respethe

beam axis.

The fourth column demonstrates the increasingdydrdecay of the echo point signal with respecit@eas
the quasielastic width is increased (as predicyeBdp (167)). This example was calculated usingraly
monochromatic incident beamd4; = 0). The Lorentzian scattering function was gatest by selecting random

Lorentzian deviates according to

hw=-T tan[ﬂ(ran{—0.5,0.}'>)] (168),

subject to the maximum sample energy gain resiriéiw< E;, wherekE; is the incident neutron energy.
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5.4.2 Imperfect polarizers with non-spin flip scatterimgno sample

Real polarizing devices transmit a fraction of Wreng spin state which results in a reductiorhef NRSE
signal. It is important therefore to correct daitauch a way as to isolate depolarization dueds#mple dynamics
from instrumental depolarization as far as it isgible.

Considering the quantum mechanical descriptiaih@fpolarization in terms of spin up and spin down
neutrons, the polarizing efficiency of a "+" pola is numerically equal to the polarization ofimitially
unpolarized beam obtained after action of the jmdarUsing the definition in Eq. (63), the polation after the
action of the initial polarizer is

12 =17
p = 2 F (169)
BT

where | and |, are the intensities of + and — neutrons in thebafter the polarize?. Note thaPs can vary

between +1 and -1. The incoming unpolarized beatataf intensityl, can be described by equal + and -

components, i.e.,

lo=1,=2 (170)
0 075
The total intensity after the polarizer
S =1 =T =T g
p —'p P_P2_P|O (171)

where we have used the boundary condition thgbddiect + polarization efficiencyPg=1), only the + state
neutrons of the originally unpolarized beam aragnaitted (i.e., one half of the neutrons of theming beam) and
we assume that this total number is conservedhfficient polarizersTr is the spin-independent transmission
factor of the device with 0 ¥-< 1 due to effects such as absorption or scattefirgm Eqgs. (169) and (171) it is

easy to show that after the polarizer:

+
o

12=T, o (1+p) =T, o (14 p) (172)
4 2
and
_ | |,
I, :szo(l— P.)= TP—S(l— R.) (173)
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Therefore, the combined action of the polariZryith the analyzerA), both oriented to transmit + spin neutrons,

for non-spin flip scattering is expected to giva@smitted intensities

I +

—2(1+ R)(1+ P) = TPTl

e A—§ (+ P)(+ B) @74

15, =T, 2(1+F>) T.T
Likewise

loa=T, '2_ (1-P,)=T.T 'L; (1-R)(1- R)= TPTA'—§(1— P (- R @75

with the total beam intensity after the analyzer
IS T I —TJA (1+PP) (176).

Therefore, the final polarization for non-spin fipattering is

- +
PPA=IPA Len - Pot Py (177).
IPA+IPA 1+PFPA

If two 7flippers of efficiencyf; andf, (see Sec. 2.4) and spin-independent transmidsi@ndTs, and are placed
between the polarizer and the analyzer, and remengpinat the effect of @flipper of efficiencyf is to multiply

the incoming polarization by the factor (f}-fsee also Sec. 2.4), we infer by analogy with. E§jg4) and (175) that

the + and - intensities downstream of the analfizer, at the detector) are

lop =T, T, T.T, '8 (1+ B)(1+ R)

loa =T, T, ToT, |8 (1- R)(1- R) both flippers off (178)

loa =T, T, T T, 4(1+ R.P)

o

loa =T, T, ToTa2 (1+[1- 2] B)(2+ B)

@ |

lpa =TTy, ToTa (1 [1-2f] R ) (1~ B) only flipper 1 on (179)

_o
8

Z°(1+[1— 2{] R.R)

loa =T T, ToTa

56



loa =T, T, ToT, §°(1+[1 2t] B)(1+ P)

lea :TfleszTA%o (1-[1- 28] B)(1- R) only flipper 2 on (180)
o I

Ié/; :TflezTPTAZO (1+[l_ 2 fz] PP R\)

|;A:Tfle2TPT (1+[1- 28][2- 28] R)( % R)

oo|O

lpa =TTy ToT, go(l [1— 2 fl][l— 2f ] P)( R) both flippers 1 and 2 on  (181)

IL°,§=Tf1Tf2TPT (1+[1-28][1- 28] R R)

-hlo

As pointed out by Hayter [15], the ratio of theatstor count ratesp,®, measured with botreflippers switched off

to the count rates with the two flippers switched-off", "off-on" and "on-on" provides three "flipm ratios"R;,

R,, andRy, respectively which no longer have the spin-indeleeih pre-factors common to each measurement. We
thus have three equations for the three unkndwiis and the product of the polarizer and analyzacieficies

PsP4, which can be solved to obtain

PP, = Riz(Rl_l)( %_1)

(RR-R) o
¢ =(R)(*RR) (183)
2R RR

The flipping ratios can be determined for multi-Enigistruments by using a diffuse, non-spin fliptsering sample
such as quartz.

In anM-coil NRSE instrument with non-spin flipping sampl@.g. pure nuclear coherently scattering
samples), the polarization (NRSE signal) is redifomeh the ideal value by the product of these unsiental

inefficiencies. Therefore, the corrected sigiRaly,, is related to the measured sigileas by
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P = I:jmeas (184)

corr = M
PPPAE! (1-21)

5.4.3 Imperfect polarizers with spin flip scattering
When there is a sample that modifies the spir sththe incoming neutrons, the spin transfer fiomcof the
sample has to be taken into account just like ginetfon (1 - 2) for the flippers. Table 6 shows relative spipli

probabilities for various types of nuclear scattgrior non-magnetic samples.
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Table 6. Spin flip probabilities for non-magnetangles.

Incoherent
Scatter Coherent
Spin Isotope
Non-spin flip 1 1/3 1
Spin flip 0 2/3 0
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Consider a non-magnetic sample that flips a fraajiof the neutron spins, so that in exact analogi ttie 77
flipper (Sec. 2.4) and Eqg. (64), the polarizatifterathe samplePs, is related to the polarization before the sample,
Pi, by

P, =(1-2q)P (185)
Consider the simplest example of a single isotppes incoherent scatterer. We see that 1/3 of¢lrons have
their spins unchanged by the sample whilst 2/3efrteutrons have their spins flipped Ayl hus we have a sample
flipping efficiency given byg = 2/3 and consequently

P 1
FS = —5 non-magnetic, pure isotope incoherent seatte (186).
f
This means that the spin-echo signal amplitudedsiced to 1/3 and the minus sign means that theséghal is

inverted (i.e., minima instead of maxima). For ttese, Eq. (184) would become

P - 3I:jmeas (187)

corr - M
PPPAU (1-2f)

For a more general non-magnetic case where bathispdherent and coherent scattering are presentight

have

e 250
H(5(9+ 5.9

where we have assumed that the relative proba&sildf coherent and spin-incoherent scattering issmndy S.o(Q)

(188)

andS,«(Q) respectively, therefore

K 3Scoh( Q) ~ %e( Q

P 3(5.,(97 5.(9)
This represents an upper limit on the size of iie scho signal. For this case, Eq. (184) woulcbhee
Pl Sl 9+ S )
R[] (-20)[38.(9- 5. 9]

(189).

P

corr

(190).

Other scattering cases including paramagnetimfiesignetic, and antiferromagnetic samples have tisenssed

by Mezei [3].
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In order to determine the exact spin-flip / nomsip behavior of the sample, it can be measwwét just the

polarizer and analyzer with just one flipper oroffrin a conventional polarization analysis arramget.

6 Elastic instrumental resolution function

The spin echo phase is given by Eqg. (80), i.e.,

Prrse = Po — @, = %[BOLOA - BiLA ]

At the echo poinf{gnrse = 0, however, even for elastic scattering or maa (4 = A; ), gnrsehas a spread of
values, Agyrsearound its mean value because the téBghg andB;L,; have some spreat{BylL,) andA(B,L,) 4 due
to instrumental imperfections. Consequently, andA¢g; are non-zero and this “blurs” the real informatibat we
wish to obtain which is the change in polarizatitue to the energy transfer distribution of the tex@tg process

The instrumental blurringd(BL), which can never be completely eliminated, deteesitheelastic
instrumental resolution functiondeally, for the widest dynamic range we dedira Agyrsebe dominated by the
spread i, — A;, not by uncertainties in the term& to as high fields as possible. Agsegincreases, the
spectrometer signal becomes increasingly destrbyet{BL) as the spin fan-out that it creates increases.
Eventually, when the fan-out increases beyond abguhe polarization (NRSE signal) may become toollsfoa
the spectrometer to be usefully operated. Thergfarghing to higher Fourier times usually involkegping4(BL)
within increasingly tight tolerances.

Assuming Gaussian uncertainties on the valué&safdL and ifB andL are assumed to be independent
variables, we expe@yrsealso to have a Gaussian distributignrsg- At the echo point(BoLo) = ((B1Ly)),
o(dnrsa is symmetrically distributed about zero (polati@a aligned along the-axis). For the Gaussian distribution

9(¢nrsa, the elastic scattering polarization aloa@,’, is

4 PLEASE NOTE we use the symbal“to imply astatistical spreadnot to be confused with th&used to imply alifferencewhen talking
about the asymmetBolo- BiL;.
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ICOS(¢NRSE) g (¢ NRSQ d¢ NRSE

R (Aghner) =—
_([g (¢NR$E) d¢ NRSE (191)
(A¢E\F€VSEM ) FWHM
=exp T 162 = F{ 0. OQA¢NRSE ) }
or the inverse relation
Ag ™ =4 fin2 | 2| = 111142
Purse = nein F = . F (192).

We use this convenient relation when estimatingtspmeter tolerances in Sec. 6.1.

For alinear fan-out of the spins centered about zero, chaiiaettby limiting values A@rse -, We have

SinA
P (Agnese) = ﬁ (193).

P(twrsd Must remain comfortably greater than zero (tylpicB.’> 0.2 defines an absolute minimum for quasi-
elastic measurements to be feasible at most nestnartes). This is because the elastic and quastiebkignal
strength cannot exceed a maximum proportion&dfor pure coherent scatterers) and sometimes deraly
less for incoherent scatterers (see Sec. 5.4.8)€efdre, excessive counting times or poor signabise ratio are
likely to result from increasingurseinto a regime where tie becomes too small. Consequently the magnitude of
A(BL) may ultimately limit the spectrometer measuriagge.

Purely coherent, elastic scatterers such as Gr&@ibopack, and carbon black have all been used f

measuring the resolution function in spin-echo speceters.

6.1  Analysis of contributions to resolution functiontidwable flight path differences and static field

inhomogeneity

The spin echo phase for a perfectly tuned spem@maf =V, |Bo| =V | Bl|) is given by Eq. (80),
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:92641.8\{50[ T Lo ”M[OAJ_ Bl TL[ A, [Aﬂ

The above equation provides the mean valugg§:brought about by the mean value$Bgf, andB,L,. In order to

Ourse = 2Nyn|:BOLO_%} - LEM][BJLOAi_BlLf]f]

estimate the spread gfrseabout the mea)gyrsg due to static field, dimensional uncertaintias] Beam
divergence, we assume equal spreadg,@andg,, i.e.,Ag, = A@;, and that the spectrometer is operated at the echo

point (i.e. (@) =(@1)), so that for Gaussian uncertainties we have

Dburse = JOPZ+DPE = 249, (194).

We also use Eq. (192) to conveniently relate thesSian FWHM phase fan-odgyrseto the elastic (resolution)
polarizationP?, i.e.,
AP =4 1In2 | 1
¢NRSE - nzin F
X

We analyze first the effect of field inhomogeneitley assuming zero flight path uncertainties, ambsdly, the
flight path uncertainties by assuming zero fielddmogeneities. We also separate the flight patemaiaties
caused by spectrometer dimensional fluctuation® ttwose due to beam divergence. For the effecivefgence,

we cannot assume Gaussian uncertainties as explairgec. 6.1.4.

6.1.1 Field inhomogeneities
We remember that the effect of fluctuations indtegic fieldB, can be considered classically as providing an
additional advance or lag of the spin directiorhwiéspect to the rotating frame of the resonantomponent. For a

single 7#flipper we have

0g, =y —(@))ty, = %VH(BO ~(By) I A :—r;:‘ynABOIBOAi (195).

For 2N 7#flippers in each arm with similar Gaussian fludtoms in the field values about the meB,™""™, the

contribution toAg is given by

AGFVM = ApPWH =[O % AN IN-Gl (196)
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so that (using Eq. (194))

h 1
ABFWHM = A FWHM (197)
0 m,lyn NlBOAi NRSE

whereM is the total number ofrflippers in the spectrometer. Therefore

4 In2|n(10j 7.2 10° 'f{loj
AB(;:WHM — h R< ~ R<

N=086=0 1 leo/]i Nleo [m]/ii {,&}

Tesla  (198).

Specifically for a 4-coil unit spectrometer whéfe= 4N

2 In2|n(;0j 3.6x 10° Ir{;}]

ABFVM = = Tesla  (199).

o A s

The success of Eq. (198) is demonstrated in Fitjirend Figure 13 fax = 1 andN = 2 respectively.

6.1.2 Coil flatness
In order to estimate tolerances on the flight petiyths, we return to the expanded equations septmgg,

(and ¢;) which contain the individual contributions (tHathess model used is that described in Sec. &) now
we assumelgy= 0.
(a) For a 4=1)-coil NRSE, we have from Eq. (96) for a givemtnen trajectory,

Wy

&, =V—[2L0 +Af, (B) +Af (B)-Af (A -Af (A
n

where we have set,=0 (perfectly polarized incoming beam) and the /i andA f are the deviations of the
coil surface from perfect flatness on the left aigtit hand sides of the coil respectively. Assumiiog similar coils,

Af_ and4 fz have Gaussian distributions of equal FWHMEY™, we can write

FWHM FWHM
Ag, _ JANAFPM _ Af N =1 (200)

% 2NL Lo

whence
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2In2 In 2.54x 10° —10
L A¢FWHM X
= Q0 _TNRSE = meters (201).

AfFWHM -
V2 4 B [T]/]

We can also write the FWHM fluctuation in the deihgth, 4, in terms ofa f™V"™ where

In21 1

A¢FWHM 2h nzin p°

AI}I;WHM‘ - /2AfFWHM =L, NRSE  — x
A870800 %, my. B

3.6x10° Ir(;'oj

= meters

B,[T] [,&}

(202).

(b) ForN=2 bootstrap coils, for a given neutron trajectovg, have from Eq. (97):

5 :&{4LAB+419+ 8, —OF (A)-Df o(A)-Af (A)-Af R(AZ)J
K +Af, (B,)+Af, (B)+Af (B)+Af(B)

n

n

= (4L, -0 (A) -1, (A) -0 (A)~AT(A)+ AT (B) +AL( B)+A {( B)+4 {( B))

where we have set,=0 (perfectly polarized incoming beam) and the te/hfi andA f are the deviations of the

coil surface from perfect flatness on the left aigtit hand sides of the coil respectively. Assumiiog similar coils,

thatAf_ and4 g have Gaussian distributions of equal FWHM £Y"™, we can write

A¢0 — V4NAfFWHM — A.I:FWHM

= ,N=2 (203)
4% 2N, JNL
whence
1
A ey /2|n2 In| = 2.54¢ 10° 7
AfFWHM - Lo NRSE = (204)

my, \/_80/1 \/_BO[T]/]

We can also write the FWHM fluctuation in the deihgth (length of th&, field) in terms of4 ™" where
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n2in| & |  3.6x10° 1] =
2h P R

“my, INBJ :\/WBO[T]A{,&}

APV ‘ meters (205).

= \/_ZAf FWHM

AB,=0,A8=0

Eq. (205) seems to be generally valid, tNB" not being apparent in tié=1 case (Eq. (202)). The success of Eq.

(205) is demonstrated in Figure 14 and Figure I™Nfg 1 andN = 2 respectively.

6.1.3 Coil parallelism

Related to the coil flatness is the question oélpelism which may actually impose the major eegiring
limitation. The tolerances on the coil length dre $ame as indicated in Sec. 6.1.2, however, eofgglarallelism
leads to a predictable and continuous change ldf fi@ths over the beam area. If we assume tha2B§) defines
approximately the maximum tolerance in the stagildflength, then we can introduce an approximate c

parallelism tolerance where

n2in| = 3.6x10° [ If =
1 2h P 1 R

T = = rad (206),

max(a |y ) My,  VNB ma{a ko) g 7] F}

where z?nil;;f is the maximum tolerance angle between the ergrand exit surfaces of the static coil windings and

a andl .y are the coil dimensions defined in Figure 15.

6.1.4 Beam divergence (simplified model)

We use a simplified model in order to estimatdyitally the effects of beam divergence on thestita
resolution (polarization). More realistic beam diyence models have to be treated numerically amdescribed
later (see Sec. 8.3). The simplified model assuimesthe spectrometer components (coil boundasasples etc.)
can be described by thin planes perpendiculammnainal beam direction which is assumed to appliaély for the
incident and scattered beams. A divergent incidestattered beam is represented by randomly gejeichjectory
polar angles1§ or 44 up to specified maximagd™ andA48™ respectively where all@ are defined with respect

to any axis parallel to the nominal beam axis.
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A4 is assumed to affect all path lengths before dmepde andA4 all path lengths downstream of the sample
plane. This situation is illustrated in Figure I6such a model, the effect of beam divergence indreasalll
distances between planes normal to the nominal laedsrby the same factor 1/cd#];).

In order to isolate the effect of the beam divergeon the elastic resolution one can considenarstrical
spectrometer at the echo point with no field inhgemeities such th&;L;=BgL,, {@o)=(#1) etc. The elastic

resolution is still given by Eq. (146), i.e.,
R =(cospyese) = cofdy~ 1))

2Nrn1yn % I‘f)/]i
h

We also assume small divergence which allows ongite ¢o = etc. (see Sec. 5.1). With these

assumptions the expression Ry simplifies to

P =(cos(¢, ~¢,)) = cog(go) + A, ~[(#) +2¢.])) =( cokdp,~2g)) (207

For a trajectory in the incident arm of the specteter, we have

Ay AL _|_1 -1 (208).
() L, |cosaq

The distribution of4¢, for random48&is by no meanslose to Gaussian or uniform. Because we are asgusmall

divergences (i.e44™ and44™* are small - certainly within the range of anglasaintered in the NRSE), we can

write for all incident arm trajectories:

AG?
Ag, =(¢,)(1-cosrg) = <¢0>T (209)
and likewise at the echo point
YA AG?
A, :<¢1>(1_ COsAG, ) :<¢1> 2f :<¢o> 2f (210).

(Note A¢, andA¢; are not necessarily small numbers becaggecan be very large). Therefore, finally

0
X

ABy=0Al,=0

= <CO{<¢;)> [AQZ —AHE])> (small divergence, at echo point, only angularentainties)

(211).
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The average in Eqg. (211) can be expressed in tefthe double integral over the range4s] andA44 which are
both assumed to be uniform in probability in thega (044™Y, (0,48™) permitting the average to be written

simply as

Ag?"ax A emax

j jco A92 Aef]]dAHi dAg,

I:)xo - emaxA Qmax (212).
i f

It can be shown that Eq. (212) reduces to

el 4]

Px =
AB,=0,Al,=0 <¢0> Aeimaerfmax

@1

whereC, andS; are the Fresnel cosine and sine integrals respictiefined by

=[eod ¢ o
: (214)
!

(3]

()=¢y = w =9.26418 10NB [ TL[ rivli[o% (215).

and

Certain approximations t8; andS, for simplified programmability have been discusbgdielenz [16] (note that

the 776 term in his Eq. 3b should be multiplied %y and Heald [17] or the integrals can be evaluatederically.

For the particular case o™ = UA™™| = UGnad, EQ. (213) becomes

T

X |nBy=0 Al,=0 = <¢0> Aeriax

68



or in terms of the instrument parameters:

o o TG, {Clz(\/szyn%MMm}si( /wwm}
AB,=0,Al,=0 2wayn Eé [G/]i Th Th

(case of44™ = U™ = Uénal) (217).

The success of Eq. (213) in describing the retatiip betweem§,,.andP,’ is demonstrated in Figure 21 and
Figure 22 for realistic examples with quite larggues of @) (Tnrse=15 NS,N=1 andyrsz=30nsSN=2 respectively)
such that the arguments ©f andS,; exceed unity in the plotted range (as evidencethéyalues shown on the
right hand sidg-axes) and with48™ = U™ = Uénad (Eq. (216)) for simplicity.

In the present context it is useful to h&2as the dependent variable and ask “what is thérman
permissible value o#f,.,| to achieve a given value B{>?” Unfortunately, because of the compké,.,
dependence of the right hand side of Eq. (216rsien of the equation is not tractable. Furtheemthre traditional
approximations foC; andS, discussed in Refs. [16, 17] and others do not thadchselves to neat closed forms
either, even for small arguments, since the nuroerdtEq. (216) involves large powers of the argatfer
sufficient accuracy. However, we note that the esjmn ofC,%(x)+S,%(X) involves terms iK™ n=0, 1, 2,...
with alternating signs for the first few terms. Aher function that has the same powers and sigtizeas first

terms would bec exp(ax):

o nAnt+2 0 4
xzexp(—ax“)zza X7 _ @, @x aXt, (218).

~ i 1 21 3l
The expansion o,%(X)+S,%(x) for the first few terms is

CZ(x)+ S (¥ =x*-0.21932"+ 0.020616°~ 0.0010183- 7.7563 10°+

(219),
+1.9623« 10°x*2— 1.9468 IbHx*+ 09.74%7 T@*°+...

therefore it seems logical to try setting the partera in Eq. (218) to the value of the magnitude of secterm
coefficient in Eq. (219) 7#/45~ 0.21932 which would make the two leading termsiigal in Egs. (218) and

(219). This should certainly work well far< 1 since the higher order terms rapidly becomdigiete. The

resulting terms of Eq. (218) are then
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4

5 ( X
X2 exp| —
45

—4.2287x 10°x**+ 1.545% I0x*°- .843x10°x*+...

j:x2—0.21932x6+ 0.024054°- 0.0017583+ 9.6405 10°+ (220)

for which the first four terms are quite similarttmse in Eq. (219). It turns out that this appneedion can be

applied with about 1% accuracy upxe xi0, ~ 1.15, where the fan-out of the spins due tadihergence (¢

(see Eq. (209)¥ Tx0/2 ~ 0.77} is still less than Zrradians, i.e.,

CI(x)+SF(N= iexp[—ﬂ:—):j , <~1.5 (221).

In fact the approximation does not deviate abov & x up to about 1.8, at which poidip, = 1.677(as is seen

from Figure 21 and Figure 22.

/2N ,
Now identifyingx with %WAHWX, Eq. (217) can be inverted using the approximaitio&g.

(221) yielding
h 45In(10j
P
X~ X7 -851x10°

2N, B 1 NE,[T] L [m] A | A]

7h _ 6.7x10°
VB g )L fm]A[ 4]

~

AG

maX|ABO=O,AI,,=O

(222).

|08, .| <~ 1.15\/ [rad]

The results of this latter approximation are plbts the blue curves in Figure 17 and Figure 18.

Although the suggested limits of applicability ilegl by Eq. (222) (for 1% accuracy of Eq. (221 &r4
mrad and 6.0 mrad for tié= 1 andN = 2 cases respectively shown in the figures, thE@pmation works quite
well also for larger angles.

In the preceding sections, the relations betwkeninhcertain quantities and the elastic polarina#g are
valid assuming thatiB,, 4lgo, or A48in isolation is the only uncertain quantity cobtiiing to the resolution function.
Because all three parameters will have some uriegrtaheir individual tolerances have to be tightean predicted

above to compensate for the depolarization creagetie other two. It is difficult to assess whicdrgmeter
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tolerance is easiest to achieve but some ideaedfpiectrometer requirements is obtained by settiegB,, Alg,
andAd@ contributions to the depolarization approximatdyial. Forequal contributionswe assume that the

tolerances will be approximately\B times the values given by Egs. (199), (205), @2@) respectively, i.e.,

fln 2In 2.08x 10° /
ABFWHM = TeSIa (equal contribs t8,%) (223).
Comy, x/BN

[m]/‘

Note that4B, is defined byN, Iz, andA; only and is independent Bf, or zero field region parameters.

}In2|n 2.08< 10° /
A FWHM —

= meter< (equal contribs t®,%) (224).

e V3N BM reb[m

Note thatdl is defined byN, By andA only and is independent b, or zero field region parameters. Finally,

h 45'“(;")

6Nrr}]yn % LOAi

NG ~4.91x 10°

max

I

NBO[T] LO[m] A [A} (equal contribs t®,%)  (225).

6.7x10°
\/NBO[T] L,[m] A [/‘i}[ ;

Note that4d,.xdepends ord and on both the flipper coil and zero-field paréene N, By, Lo (i.€., Lag, |0, andly)).

ro|a

max|

Even though these parameters also appear in thessipn formukss theA*-dependence of the latter means that
A6.xis not uniquely defined by the quantityrse(i.€., the same value @frsemay require different values of

AbG.xdepending on the values Nf By, Ly andA).

6.1.5 Some examples (equal contributions to depolarinatio
Consider requiring the elastic (resolution) paationP,’ to be greater than some specified minimum value at

a reference point with equal contributions comirayf 4By, Algo, andA46,,.. We consider the poirmrsg= 30 ns at
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8 A with N = 2, forM = 8 7rcoils, withBy= 0.0393 TL,= 2 m. Using Egs. (223), (224), and (225), severslllts

are shown in Table 7.

72



Table 7. Parameter tolerances required to achispeeified minimum elastic (resolution) polarizat® for mygrse
=30 ns at 8 A with the above spectrometer dimerssig,=0.0393 T) with approximately equal contributionghe
depolarization coming fromdB,, Algo, andA44,,,. The final column putglg,.«in the context of the critical angle of

natural Ni at the same wavelength.

ForP.> 4By (FWHM)[UT] < dlgo (FWHM)[um] < Abnax[mrad] < ABnax/6(8A, nat. Ni) %

0.1 93 71 5.4 39.0
0.2 78 59 4.9 35.6
0.3 67 51 4.6 33.1
0.4 59 45 4.3 31.0
0.5 51 39 4.0 28.9
0.6 44 33 3.7 26.7
0.7 37 28 3.4 24.4
0.8 29 22 3.0 21.7
0.9 20 15 2.5 18.0
0.95 14 11 2.1 15.1
0.99 6 5 1.4 10.0
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The results in Table 7 are summarized in FigureNifle the particular sensitivity of the instrunednt

resolution on the beam divergence once a certa@shiold angle is reached.

7  NIST NRSE PROJECT GOALS

7.1 Desired function
The most desirable criteria for a NIST NRSE instemt are summarized as follows:
1. Emphasis on quasi-elastic scattering — coil tilisngot necessary.
2. Large solid angle coverage and multi-angle measein¢capability.
3. If possible, the spectrometer should be able tesxEourier times akrse= 30 ns atl = 8A and be fabricated
with sufficient precision to allow useful measurenssto be performed at this measurement point.
4. Offer usable incident wavelengths at least dow fofor high-Q capability.

5. Must have a short Fourier time measurement capabili

7.2 Spectrometer dimensions and field magnitudes reduo accesggrse= 30 ns al = 8 A
From Eq. (153) we have

radnd = 03727808 ] TU[ [ 4

where we assume thBg= B, so thatL,= L, at the QENS echo point. In order to accegse= 30 ns all = 8 A, we

must satisfy the condition
N (Bb [T] Lo[m])max > 0.157 criterion for accessinggse= 30 nsat=8 A  (226)

where BoLg)maximplies the maximum attainable value of the pradst,. If we choseN=2 as the most likely
bootstrap factor, noting the advantages of édamd the disadvantagesibeing too large as outlined in Sec. 3.4,

this condition amounts to fulfilling:

(BO [T] Lo[m] )max >0.079Tm criterion for accessingrse= 30 ns atl = 8A with N = 2 (227).

Obvious limitations on the maximum valueRyfare imposed by the maximum curreninding density of the

static field coils. This depends on the lengthsesrsection, material, temperature of the windiagsl, the ability to
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remove heat. Increasing the zero-field drift patigths linearly increases the maximum achievalleevef 7yrsg
however the major disadvantages are the consetpgidtreduction in solid angl€l(1/L%) and possibly limitations
imposed by available space. Owing to these comssraind the linear dependencerngfseon By, it seems
reasonable to attempt to maximize the static flds far as possible. EvaluatiBgandL, for 7yrse=30 ns atl; =
(A) = 8A, we have, for example,
Bp=0.08 T,Lo=1m,N=2
Bp=0.04 T,Lp=2m,N= 2.
The largest static fields produced to date in waterled NRSE coils using pure aluminum windingsatreut By=
0.025 T. In this case we would neeg- 3.14 m forN = 2 (which appears too long for our available flepace) or
elseLo= 1.57 m foiN=4. Apart from the increased restrictions on the&imam incoming bandwidtiiA/A when
usingN = 4, doubling the number afflipper coils has the obvious disadvantage of tiyeacreasing the
complexity and setup of the spectrometer and thi®p is very unattractive for a multi-angle instrent.
Confining ourselves tBl = 2 and a maximurh, of 2 m, pursuing the goal of increasiBgtowards 0.04 T
presents itself as one of the more attractive apti@he consequences of attempting to reach #ii inagnitude

are explored in the following sections.

7.3 Bootstrap NRSE coil components and specifications

7.3.1 General description

TheN=2 bootstrap NRSE coil, a most recent example d€lwis shown in Figure 20, is composed of back-to-
back static field coils with equal but oppositelyposed field directions. Each static field coil leses an r.f. coll
(whose colil axis is perpendicular to that of thaistcoil). The r.f. coil must be placed inside #tatic field coil in
order to avoid significant r.f. attenuation in tinetallic structures of an enclosed static field.geimetal plates
capping each end of the static field coils condnagnetic flux between the two coils. An outemetal shield
enclosing the entire assembly apart from the beamdows helps reduce the magnitude of stray fietdsréng the
zero field regions. For quasi-elastic applicatiditth the static and the r.f. coil axes are perertal to the beam
direction. To profit from the advantages of the NERBchnique over conventional NSE, the NRSE coilstrbe

moderately compact in the beam direction. Becausdéam traverses both the static and the r.fwéodings,
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there are particular restrictions on the windingemals that may be used in the beam area (se€/Seg). High
resolution requirements also impose restrictionthershape of the windings themselves. These draat fitctors

will be discussed in the following sections.

7.3.2  Aluminum windings: transmission and small anglettecang

Because the beam must traverse both the stdticciid and the r.f. coil windings, the neutronioperties of
copper exclude it as a winding material for therbeagion. For non-superconducting windings, thetrobsious
choice is aluminum. However, even pure aluminumrtesly 60 % greater resistivity at room tempethan
pure copper.

For a 4N = 2 coil NRSE instrument, the beam must traversgad of 16N = 32 layers of static and r.f. coil
windings. Assuming that each winding layer hassidu@e thickness$, we can estimate the anticipated maximum
transmission of all the coils from the total scattg cross-section of pure aluminum at room temipeea Some
results for different winding thicknesseare shown in Figure 21. Note that the values gufg 21 are optimistic
because (i) impurities (e.g. from anodization & #ttual winding material) are not accounted fal @ij) the
transmission especially above 4.7 A will be redué¢lde operational winding temperature exceeds B@@hich it
is likely to do significantly).

Very crudely, ignoring Bragg peak structure at alangths below about 4.7 A, we can assume the
macroscopic neutron cross-section of Al at all terafures of interest is about 0.11tfor A < 4.7A. Therefore,

we have

Ty ~exp(-0.1%[ c) A< 4.7/ (228)

Calculating the equilibrium temperature and tempeeagradients of the windings is complicated aegehds on
the detailed coil design. In order to partially gmnmsate for elevated winding temperatures at higJd-bperation of
the coils (and perhaps to some extent the decrereinission due to the anodization), we approtdrtize
macroscopic cross-section e 4.7A using the average of available data for glweninum [18] afl = 300 K and

atT = 800 K in the hope that this provides a conseveatistimate. For the 300 K data we have approxignate
[0} [0}
" (300K)[cm1]=( 6.4+ 8.94[ %)x 10 Az 47 (229)

and for the 800 K data we have approximately
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>, (800K)|[ cm* |= ( 1.9% 1.175[ /Bx ™ = 47 (230).
Therefore, we use an effective aluminum macroscoqss-section of
sef [cm‘1]=(1.28+ 1.03[ %)x 10 A2 4.7, (231)

for the purposes of estimating the coil transmissio

In order to estimate maximum tolerable thicknegsethe coil windings in the beam direction frohet
neutron transmission perspective, we assume thatt#tic field coil windings (which usually havedarry higher
maximum currents than the r.f. windings) have thada and the r.f. windings have thicknd#3, such that the total
thickness of windings traversed by the beam irsfiectrometer is ™ = 24 for N = 2. If we choose a transmission
criterion such thafy(A = 8 A) >~ 80%, then, usingy*"in Eq.(231), we require thamust not exceed a maximum
value,tna, Of about 1.0 mm (i.e., the static field coil wings have thickness of about 1 mm, the r.f. windihgve
thickness of about 0.5 mm). For the coilsthe skin effect at ~1 MHz frequencies may resthetr.f. winding
thickness to smaller values (see Sec. 7.3.4.7).

In coils constructed by the Institut Laue-Langefilrl), Grenoble, France, Laboratoire Léon BrillayiLLB),
Saclay, France, and the Forschuigaktor Munchen-II (FRM-II), Munich, Germany, 0.4mthick anodized
aluminum band has been used for the windings withreodization depth of abouta® for insulation. However the
anodization layer has incorporated water which gjige to strong small angle scattering that magrisotropic.

This small angle scattering can be greatly redingedloiling the wire in O under pressure at about 200 °C [11].

7.3.3 Static field coils
An early static field coil using circular sectighwire developed for the Zeta spectrometer atithe

Grenoble, is shown in Figure 22.

7.3.3.1 Current in the static field coll
Sufficient static field homogeneity over the bearea may be achieved by passing the beam through a

restricted area near the axial center of a longnstl. The field at the center of a long solensid i

B =Nl (232)
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whereyy is the permeability of free space with=477x10" NA™. In S| units we have
B, [T] = 4rx10" n[ m‘l] I[ A] =1.26< 10° n[ nﬂ I[ 4‘ long solenoid approximatio(233),

whereB, is the static field in Tesla is the winding density in t | is the current in Amps. Equivalently, the

current in the coil at field, is

|[A] = 2510 BT gy BlTL (234).

7 n[m'] n[ m*]

Thus the required current is inversely proportidnahe winding density and is directly proportibtaathe required

field B.

7.3.3.2 Resistance of the static field coil windings

The resistance of the static field coil winding is
R=——""— (235)

wherel,, is the total length of the coil winding,, is the cross-sectional area of the winding wire afT) is the
resistivity of the winding at its operating tempera T. The winding length per turn (see Figure 23) fa t
rectangular cross-section coil is approximateB#ag,) assuming the winding thickness is negligible cared with

a andlg,. For the particular case of single layer windirthg, total number of turndlg, is

NBO =1 any single layer winding (236)

axial n

so that the total length of any single layer wigdaround the rectangular coil form shown in Figlfsas

L, =2Ng (a+ly)=2,.n(a+1,) (237).

The outer surface area of the rectangular coil fisrm

A&urf = 2|axial (a+ |3)) (238)1

so Eq. (237) can be rewritten as

|W =A,N any thin single layer ding around rectangular coil form (239).

7.3.3.2.1 Resistance of single layer rectangular cross-seetiadings

Forrectangularcross-section section windings (Figure 23) thesigectional ared,, is given by
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A, = th rectangular cross-section windinggth h, thicknesg (240)

so that, using Eqgs. (239) and (240), and notingftirea single windindh < 1/n with the equality representing the

tightly wound limit Eq. (235) becomes

_p(M)nA, (7)1 Ay

R= h = : any rectangular cross-section, single layer wigdi(241)
with
T)r?
R= M tightly-woundrectangular windings thickness (242),

representing the tightly-wound limit 6E1/n. Thus, for a giver\s,, the resistance of thightly-woundcoil
increases as treguareof the winding density and is inversely proportbto the winding thickneds Logically the
resistance is alwaysinimizedfor a givenn, Aq, t, by ensuring that the windings are tightly wouimts this

maximizesA,, for a givenl,,.
7.3.3.2.2 Resistance of single layer circular cross-sectiordings
Forcircular cross-section section windings, the cross-sedtiama of the windingh,,, is
A, = iTrvﬁ circular cross-section windings of radiys (243)

so that using Eq. (239) again and noting that feingle-layer circular winding we have the constrai< 2r,, with

the equality representing the tightly-wound casg,(235) becomes

T)n 4p(T) ¥
= p( ) zpéu” = ,0( ) At any circular cross-section winding, radiys (244)
71T T

w

R

with

4o(T)n?
R:M tightly-woundcircular windings, radius, (245)
T

representing the tightly-wound limit. Thus, foriaen A, thetight-windingresistance increases as tbeof n

(as opposed to® in the tightly-wouldrectangularwinding case where it is assumed thistkept fixed).
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7.3.3.3 Voltage for static field coil

7.3.3.3.1 Voltage for single layer rectangular cross-sectigmdings

The D.C. voltage required to maintain the stagtdfB, in the general rectangular winding case is (frays.E

(234) and (241)), and noting that for a single wigch < 1/n with the equality representing the tightly wouirdit

_2.5x10 p(T)[em] A, [ 7]

VeIR = OO

. ) single rectangular winding, width thicknesg  (246)
_25x18 p(T)[@m]|n[m" | A, ]
> B,[T]

T t[m]
with
T)[Q 5 ’

V[V] = 25x10 '0( )[ m] n[m ] A [m ] BO[T] tightly-wound rectang windings, thicknets$247)

T t[m]
representing the tightly-wound limit. Thus, thetagle required to maintain a fieRj for the tightly-wound case
increases proportional &, proportional to the winding density, and inversgigportional to the winding thickness
in the beam direction for a given coil surface ai&¥a see that the voltagensnimizedfor a givenB, by tightly

winding the coil within the available surface area.

7.3.3.3.2 Voltage for single layer circular cross-section eiimgs

The D.C. voltage required to maintain the stagdfB, in the general circular winding case is (from Egs.

(234) and (244))

p(T)[em] Ay [m’]
(7 [m])’

The D.C. voltage required to maintain the stagtdfB, in thetightly-woundcircular winding case is (from Eqs.

V[V] =2.5x10° BO[ T] any single circular winding, radiug (248).

(234) and (245))

V[V] :%p(T)[Qm](n[m'l])z Ay [m?] B[]
p(T)[Qm] &urf[mz] tightly-wound, circular windings (249).

(mfmy

=2.5x10°
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Thus the voltage required to achieve a giBgm the circular wire case is independent of thedinig density other
thann cannot exceed a value of If(Pfor a single layer. Qualitatively, this is becaukecreasing decreaseR at

the same rate thafsee Eq. (234)) must increase to mainiyn

7.3.3.4 Power dissipated in the static field coil

7.3.3.4.1 Power dissipated in single layer rectangular ceesgion windings
The power dissipated in the coil with single layerctangular windings in the general case is (fEm. (234)
and (241) or (246))
2
P[w]=(1[A]) R[Q]
6.25x 102 p(T)[Qm] A [m2] , any single rectangular winding, widththicknesg (250).
= 772 -1 (BO [T])
n[m™ Jt[m] h[ m]

The power dissipated in the coil in the tightly-wady rectangular winding case is (from Eqgs. (234) @#2), or

(247)) is

6.25¢ 167 p(T)[@m] A, [ m’ ]
78 t[m]

P[W] = (BO[T])2 tightly-woundrectangular windings thicknesg251).

Thus, for a giver\s,r, the power dissipated in the tightly-wound codreases inversely proportionally to the
winding thickness and is independent afor h (essentially a current sheet). We also note trepbwer increases
as the square of the required figgl As was the case for the voltage, we note thaa feingle windindh < 1/n with
the equality representing the tight-winding lintiterefore by comparing the general case (Eq. (2&ith)the tight
winding case (EqQ. (251)), we see that the powesighgéed isminimizedfor a givenB, by tightly winding the coil

within the available surface area of the coil form.

7.3.3.4.2 Power dissipated in single layer circular crosdisaavindings

The power dissipated in the coil with single Igy@rcular windings in the general case is (frons H@34) and

(244) or (248))
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6.25¢ 107 p(T)[Qm] A, [ m’ |
7 afmt] (e [m])

_ 1258 A(T)[Qm] A, (] 2
L1210 plTm A [

P[w]=

(Bo[T])

any single circular winding, radiug (252).

where the equality represents the tightly-wounde emishn=1/(2r,,) (from Egs. (234) and (245), or (249)):

1.25¢ 16° p(T)[Qm] A, [ 7]
s r,[m]

P[W] = (3) [T])2 tightly-woundcircular windings of radius,  (253)

Therefore, the tightly-wound coil represents ti@imumpower condition for circular wire. Furthermoreeth

circular wire should be as thick as is tolerablenfaimize the power.

7.3.3.5 Summary and static field coil power concerns

As we saw in Sec. 6.1.2, we are likely to be degliith rectangularcross-section wires for the static field
coils. Two primary concerns arise if: (i) excesstuerent must be supplied to the coil and/or (i§re is excessive
heat dissipation in the coil. Item (i) can be addeal by choosing a valuemfthat is sufficiently high that reaching
the current for the required maximum valueBgis not an issue. The first step to addressing {{@ns to tightly
wind the coil because this minimizes the powerig&on as heat for rectangular windings, as showsec.
7.3.3.4.1. Atfter that, the problem becomes quitestrained. Equation (251) identifies these constsaiirstly,As,
cannot be too small because the coil has to bemuffly large to ensure adequate field homogeneitlin the
beam area. At higlyrsg the field homogeneity requirement is quite stf$ete e.g. Sec. 6.1.1 and Sec. 6.1.6).
Secondly, the winding thickness in the beam dioggti must remain sufficiently small to ensure goodtrau
transmission (see Sec. 7.3.2), and thirdly thestigdly is constrained by the limited choices ohding material that
can be used in the beam area and the temperatwiecdt the windings can be maintained. Althoughréguired
maximum fields of a few 10s of mT do not appeamtiagly high, heat production from the coil is patially quite

large. This is illustrated in the following examgle
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The coils produced for the neutron centers LLB,,IERM-II, and Hahn-Meitner Institut (HMI), Berlinse tightly-
wound 4 mm wide< 0.4 mm thick anodized aluminum band supplied bys¥émann Umwelttechriikwith n = 250
M2, lyia= 0.2 m,a + lgo= 0.25 m for a beam size of about 2.5%12.5 cm, so thatg,s(see Eq. (238)y 0.1 nf. For
these coils at maximum field¢~ 0.025 T), we have (from Eq. (234)¥ 80 A. For pure Al down to about liquid

nitrogen temperature, we have
P (T)[@mM] =1.14x 10°T( K- 6.% 10 (254).

Therefore, specifically for aluminum, we have (fr&g. (251))

2
Py [W] = ( B, [T])Z%WZ.ZT( K) - 43K 16) tightly-wound rectangular windings (255).

ForT = 300 K we havé®,(0.025 T)= 2.7 kW. ForT = 350 K, we havé,(0.025 T)= 3.3 kW. Note that if the coils
could be cooled to liquid nitrogen temperatar@0 K, P, is more than an order of magnitude smahe20 W).

If the same coils were used to achieve 0.04 Teaayould have = 128A (which is likely excessive), with a
room-temperature power dissipation of approximat@l94£/0.025) x 2.7 kW= 6.9 kW. This is challenging

because we cannot allow neutron-absorbing cootaritaverse the beam area. Furthermore, the equitib

winding temperatures are likely to significantlycerd room temperature with associated temperatadiemts.

7.3.3.6 Required static field coil current stability

The values in Table 7 imply th4By/B, must be around 0.1% in order to achi®/¥8 A, 30 ns) 0.5 for
typical spectrometer dimensions. Even if the stiéid coil were to produce perfect field homogenéiiB, = 0),
we would nonetheless have to impose a coil custtility of the order of 0.1 % (i.edl/l <~ 10°). However, we
certainly do not wish to have the current stabitiyne close to being the limiting factor 4B,. Preferably the
current stability should be at least an order ofnimde better (i.e4l/I < 10%). Furthermore, long term current
drift (e.g. in response to temperature changegs)ldradso be in this range. Current supplies offgstabilities in the

10° range are commercially-available, so we do ndtimate this being a major problem.

® Certain commercial equipment, instruments, or riateare identified in this paper to foster untamsling. Such identification does not imply
recommendation or endorsement by the Nationaltiietdf Standards and Technology, nor does it irtipdy the materials or equipment
identified are necessarily the best availableergurpose.
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7.3.3.7 Effect of coil dimensions on field homogeneity diedd magnitude

From geometrical, field homogeneity, field strdngnd winding resistance points of view, it isfprable that
the static field coils be short in the beam dim@ttigiven that the coil width must to be somewhigewthan the
beam width. Reducing the coil thickness in the bdaection tends to allow the perpendicular ax@aidth of the
coil to be reduced without loss in field homogeyeiithin the beam area. This principle is illust@ty
considering the axial field of eylindrical open-endedolenoid (see Figure 24), where instead of thetba@kness
in the beam direction we refer to the coil radilise field at axial positiox is

(COSO’— CO$) = :UOnI laxial/z_x + Iaxial/2+x (256).

Tt o] Yt o)

This can be re-expressed in terms of the dimersssrjuantities

B= /’IOnI

i (257)

axial

which is the axial distance from the solenoid ceat@ressed as a fraction of the half-length ofslenoid and

n= IA (258)

axial

which is the ratio of the diametet, of the coil to its axial length, so that

B _1 1-u N 1+ u

unl 2 \/(,72_'_(1_#)2) \/(,72+(1+ﬂ)2)

(259).

In the “long” solenoid limit G, > 1), the field at the coil center is maximized4nl), whereas at its ends it is
half this value (#onl /2 — limit of Eq. (259) withu = 1 andr” « (1+£)%). This fact alone shows that the axial length
of the coil must be substantially greater thanhtbight of the neutron beam. Figure 24 shows thiatian of the
axial field normalized to the maximum attainabkdi (suonl) for solenoids with various ratigg= d/l ;i
calculated using Eq. (256). Figure 25 reveals @katincreases:

(i) The axial range over which the field can be hetéeltoB(x = 0) decreases.
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(i) The maximum achievable field (at the centdgkreases. This reduction becomes quite signtfimaces
increases above about 0.4.

This latter consideration is particularly importamthe present application where the goal of aghgethe highest
fields is already hampered by high current magmituaind where field reduction due to oversized atitaild be
avoided wherever possible. Usually, detailed fedttulations are required to optimize details @f ¢bil windings
and coil dimensions.

Using the crude example of the cylindrical solenaibove, suppose we wish the maximum axial lenfitheo
static field coil to be 0.3 m, the beam height.330m, and the requiredBy/B, is about 0.1%. With reference to
Figure 25, this means thBg(x/ = 0.1)= 0.99B(x/= 0). This occurs forp <~ 0.045, i.e., for coil diameters of 0.0135
m or less. Although this example just considersatkial field variation for a cylindrical solenoii,suggests that
careful control of the coil dimensions perpendicttathe coil axis may be required to achieve sidfit field
homogeneity over the beam area in the NRSE coflsoOrse, detailed field calculations are requii@the

approximately rectangular cross-section NRSE ¢oiksstablish what is acceptable.

7.3.3.8 Caoil flatness issues

As demonstrated in Sec. 6.1, the dimensionaldalsrs on the coils to achieve high resolution areahding.
This means that the winding support must be acelyratachined and the windings themselves must befiad.
The use of anodized pure aluminum band not onlyshtl create a geometrically well-defined fieldioagbut also
eliminates the curved field lines that can be gateerin the vicinity of circular cross-section veir& his has been
discussed by Dubbeet al.[19]. The existence of a magnetic pressure (see7S8@8.10) is also of concern for
maintaining the shape of the windings. Usually tkiguires some kind of clamping of the windingsigh fields

outside of the areas that are traversed by the beam

7.3.3.9 Winding methods
Coil winding machines exist commercially, howevgmod experience has been obtained using machinist'
lathes. These machines offer the desirable combmaf precise translational and rotational speadsd, adjustable

torque settings.
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7.3.3.10 Magnetic pressure on the coil windings and theictmaaical constraint
Magnetic pressure in a coil refers to the radiaté exerted on the coil windings due to the diffee in
magnetic flux density inside the coil compared witat outside the coil. The magnetic pressBrg, exerted on

the windings at the center of a long circular soidris

2
g = i (260)
244,
from which we have
_ B[T])’ 2
Pmag[Nmz] =% = 4x103(B[ T]) (261).

ForB = 0.04 TPy~ 637 Nm? (= 0.0063 Atm).

For the approximately rectangular section coiksolis NRSE, Ampere’s law predicts that the magmtatithe
field inside the coil is similar to that of a cydirical coil carrying the same current, assuming tha field outside
the coil is negligible with respect to the fieldide the coil. Therefore, we assume that the magpetssure is also
given by Eq. (261) near the center of a long regttar section coil.

For a coil wound on a rectangular former with Isligre-tension, we can approximate the action ef th
magnetic pressure on the band-like windings byntkeehanical problem of an evenly-loaded beam whods are
constrained. According to Ref. [20], the maximunfletdion of the winding at the center is

_ Wl
Ires = 354 |

(262),

wherew is the load per unit length of the bedjris the unconstrained length of the be&ns Young’'s modulus for
the winding material, andis the moment of inertia. For the band-like (raegislar) windings of widthh and (small)

thicknesg, the moment of inertia is

= h—t3 (263)
12
The load per unit length is
w= Pmagh (264)

so that Eq. (262) can be re-expressed as
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P

— 'mag'u
ymax - 32Et3 (265)
ie.,
2 4
ymax[m]:1.25x 1(j (B[T]) Iu[m]3 (266).
E[Nm‘zjt[m]

For pure Al windingsk = 7.1x10"° Nm®) with t = 0.4 mm (as used in existing coil8)= 0.04 T, and a typicd), for
the coil face traversed by the beam of about 0.2&e@nhavey,,.,= 17 mm. This is clearly unacceptably large,
therefore in order to maintain the coil dimensiarithin required tolerances, the windings must tzarged for high
fields.

Note that Eq. (265) contains the unconstrainedttenf the winding to the"power, therefore it is often
feasible for the clamping plates to incorporat@pen window that allows passage of the beam (sesxtomple
Figure 12). For example, if this window is 0.03 nid&y thenl,~ 0.03 m and Eq. (265) yielgg.x~ 3.5m, which

is well within the acceptable range (see for exanipble 7).

7.3.4 r.f. coils

7.3.4.1 Brief description of existing r.f. coil designs

The r.f. coils, two examples of which are showifrigure 26, are of similar general design withheam
passing through the (gray) aluminum windings atdbiécenter. The fields are returned through the arch-
shaped coils which greatly reduce r.f. power Idasnduced currents in (and consequent heatinguwfpunding
metallic structures, including the static fieldlsoiThis also prevents significant perturbationth® static field. The
coils outside of the beam area are wound with ighuency (very thin stranded) copper wire to mazénm
electrical conductivity. The electrically-insulagimeturn coil former material, used by our Europealfeagues, is
similar to the fiberglass/epoxy composite usedrintpd circuit boards. The method used at the bt rhaintaining
tension on the aluminum windings is to stretchuiedings over silicon-based rubber o-rings coveséti Kapton

tape (rubber containing carbon has been found i) bu
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7.3.4.2 r.f. circuit and impedance matching

The NRSE spectrometer operates at a single fregudeneach scan point (axrsg. Typically, an NRSE scan
might consist of 10 or 20 points and therefore d@Mdifferent r.f. frequencies. Thus, even thotlghdrive circuit
is “narrow” band for each measurement point, it nngstunable through more than a decade of rduieacies.

In this application at high frequencies, it is wnfant to match the characteristic impedancesef th
transmission line with that of the load to prevesitections of r.f. power from the load toward gwurce. Reactive
elements in a circuit (inductance and capacitasigg and return energy to the source unless tbeitcappears
purely resistive (i.e., the voltage and the cureaetin phase). This is the condition for impedamegching.
Equivalently-stated, the power factor (= égswherefis the phase angle between the current and thegeomust
ideally equal 1. Alternatively stated, the net aafadive reactance of the circuit cancels the nductive reactance.
Impedance matching not only maximizes the efficjeoicthe circuit, but also prevents distortion loé tr.f. signal
caused by reflected, delayed signals. A lossleagiabcable may be considered as an inductancaradlpl with a
capacitance as shown in Figure 27. By losslessnean a perfectly insulating coaxial dielectric witkgligible
wire resistance. In this case, the characteristfeidanceZ,, of animpedance-matchechble atnyfrequency

appears purely resistive with magnitude

ZO - /Lcable :\/I' (267),
Ccable C

whereL' andC' are the characteristic inductance and capacitpecanit length of cable if the cable is uniform.
Typically, for coaxial r.f. cableg, is 50Q by design. The task is then to match the impedahtte rest of the
circuit (including the r.f. coil) to emulate a resve value of magnitud&, Consider the r.f. filter circuit shown in
Figure 27. The power supply acts like a currents®and the choke protects the source by giviagigh output
impedance at high frequency. The r.f. coil candmesered as the combination of the inductancetlzderies
resistanceR. The parallel tunable capacitar€geallows maximization of the power factor by cancglthe
inductive reactance of the r.f. coil (which increagroportional to the frequency). In other wotbs,tunable
capacitance&, is necessary to maintain the imaginary part ofitfeedance of the circuit at zero, because the
capacitanc€&,; must also change with frequency to maintainréee part of the circuit impedance at the valige
(the impedance would otherwise decrease with isimgarequency causing signal reflection back talsahe

source and most of the voltage drop would occursscthe cable)C, also A.C.-couples the r.f. coil to the power
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supply so that the undistorted r.f. voltage trubgitlates about 0 V. The reciprocal load impedasfdie combined

Cy, Gy, L, Rpart of the circuit is

R- j(wL—a;j
1 1 P 3

:J 2 5
Z ad . 1 1
o R+ j| wL——— 2 -
J( a)CJ R +{a)L j

1 1

(268),

where we have used = -j/ «C, X, = jat, and the complex identity=y y'/y’, etc. For exact impedance matching,
we require Ref,.q) = Zy With a zero voltage-current phase difference wiietans that In,.q) (and consequently

IM(1/Z0a4)) is zero. From Eq. (268), therefore, we have

R (for exact impedance matching) (269)

1
Z 2
° R2+(a)L—1

aC

1

and

)
aﬁz_ - 2=0

R? + a)L—i
aﬁl

Note that we considdR, L, andZ, as fixed (for the moment we are neglecting thesibs high frequency

(for exact impedance matching) (270).

dependence d®(«) due to the reduction of the effective conductingss-sectional area of the wire caused by the

skin effect (see Sec. 7.3.4.7)). From the impedamatehing conditions (269) and (270), we obtain

C1 (a)) = (for exact impedance matching) (271)

and

_ _ R : :
G, (a)) = = R (for exact impedance matching) (272).
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For these particular values 6f andC,, we can construct a simplified table of voltagasyents, and impedances
remembering that the cable acts like a pure remistafZ, (as does th€,, C,, L, R part of the circuit), and these

two sub-circuits reduce to a 2:1 voltage dividealfle 8).
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Table 8. Circuit values at exact impedance matcfiieg whenC, andC, are given by Eqs. (271) and (272)).

ZO!
Cy
c L R C, CiLR Call
CiLR
CiLR
y v, (CZ_LJ .n(Ji_wzij ( +Jac2JR Vi A Vi
2C, zw 2\ z, 2\Z, 2 2 2 )
V. _aC
Wl 1 . v 1 1 J in 2 V 1 n n
| ( +Jax:2j 2 ol =4 jaC —| —+jaC
: 2\z, z, 2 2\z, ) P %
j J R+j(wL——j
z - L T 2
CLE]_ J R aQZ aCl ZO ZO
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More realistically, the transmission line insulabas some conductance (representeGhy) and non-zero

resistance, represented Ry (@s shown in Figure 28). Distortionless cablesfalbeicated such that

G _R
C L
where again the prime represents “per unit lengdtlote that if such a circuit is used to driMecoils in parallel (for

example the four coils of one arm of &42 coil NRSE), the current throu@h will be M times greater than for the

single coil. Care must be taken to ensure that#ipacitors handle these currents.

7.3.4.3 r.f. coil frequency, currents, and voltages
The r.f. coil dimensions used in this and subsagsections are shown in Figure 30. The symbold tryeto
preserve consistency with the static field coilgpaeters shown in Figure 23. From Table 8 at exapetance

matching we have (substituting the valueCgfc) from Eq. (272)):

V . -R
V=l n| - [B"R 274)
27, R
whereV,, is thesupplyvoltage with
|VL|:wL\i L (275)
2\Z,R
and
V . -R
IL: o1+ —ZO (276)
27, R
with
L Vo | L (277)
24\ Z,R
so that
.V,
|, =—j—+ 278).
L=") ol (278)

We see thaV/, is proportional to the frequency ahdnd the current lags the voltage by 90°, as erpefor a pure

inductance.
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Obtaining the maximum frequency of operation &f th. coil imposes the principal technical chafjen
Because the r.f. frequency must match the Larmecqssion frequency in the static field coils, weeh@ccording
to Eqg. (10))v= 1.17 MHz forBy= 0.04 T (729 KHz foBy= 0.025 T). Also, according to Eq. (15), the peék r

field is optimally-tuned according to the mean dwrit wavelength with

1.35645 10'
L [ml(4)] A

so that the largest r.f. field magnitude is defibgdheminimumincident wavelength. Using the long solenoid

B 7] @)

approximation (Eq. (233)), we conclude that thekpmaarent required in the r.f. coil is approximatel

| [A] = B [T] 3 1.356x 10°
H[NAZ]n, [m?] M NAZ |, [m* ]I, [m](A >[,&}
= 108 (in air) -

ne [ m ]l [m](A >[B\}

whereny; is the winding density of the r.f. coil, so thaetroot mean square (r.m.s.) current is approxisate

pk 5
mo[A] = 1, [A] 9.592x 10 . 76.3 e
,L/[NA‘Z]nrf [m*]l, [m]{)li){A} n, [m* ]l [m](4 >[A}
According to Faraday's law applied to a coil ofucthnce.,
—
V=-L at (282)

of which Eq. (278) is obviously a solution for stmidally-varying currents and voltages. For a simelly-varying

current | (t) =1 rfk sing)t the maximum rate of change of the current is

(di/dt),  [As*] =1[A]ey [s?] =1.832 1017 AB,[ 1 (283)
and for a long solenoid we can use the approximatio

L=u nrzf |a:fxia| Ay (284)

(A = ay x I, see Figure 57), whence
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L[H] =4mx107 (n, [ m‘1])2 1 [ A, [ nf]
~1.26¢10°(n, [ m*]) i [ n}A, [ ]

so that Eq. (282) can be rewritten using Eqgs. (2&83), and (284), and replaciAg by a; x |;;, whereay is the r.f.

(285)

coil dimension perpendicular to both the beam dimacand to the r.f. field direction:
A7
I:m ] Iaxial [m] a‘rf [ m]

()[A]

We see from Eq. (286) that the maximum voltage matimaximunB, and minimumA. We will assume that the

VP [V]=2.5x10 ki B[ T] (286).

minimum useful wavelength is 2 A. From Eq. (14) éotypical r.f. coil thicknesk; (in the beam direction) of 2.5
cm, we havs3"{(l; = 0.025 m{A) = 2 A)= 2.71 mT. The peak current in the r.f. coil witnding densityn =
250 m' is approximately,"{(ns = 250 m', I = 0.025 m{A) = 2 A)= 8.64 A. This is approximately one order of
magnitude less that the maximum currents requiréle static field coils of similar winding densgi

Typical r.f. coils such as those shown in FiguBerRay have self-inductances of the order of (480.H.
ForL = 50/H, 1= 8.64 A, wy= 27s(max)= 7.35¢<10° rad &', we havedl/dt~ 6.3x10 As™ and a peak voltage
across the r.f. coil of around”{(ns = 250 n¥, I; = 0.025 m{A) = 2 A)= 3.2 kV. This high peak voltage poses
various challenges for electrical insulation, swiitg), and other circuit issues covered in Sec4723Typically
Teflon-insulated high voltage cables are limitedbout 1.5 kV. The peak voltage in this example ld@erhaps
impose a limitation on the minimum operational wangth.

Another quantity of interest which must be mainégi below breakdown voltage is the voltage betvieen
adjacent windings in a tightly-wound coil,"". This is simply the total voltage difference asrtise coil multiplied
by the fractional length of one turn with respecttte total winding length on the coil. The lattiexction for tightly-
wound rectangular windings is just/l i = /(0 laxia) = 1Ny, whereNy is the total number of turns on the r.f.
coil, i.e.,

wo _ Ve _ Ve

pk T
Nl N,

f "axial

(287).

94



7.3.4.4 r.f. power supply voltage at exact impedance matghi
We can equate the magnitude of the r.m.s. cuimethie coil at exact impedance matching (from Tableth
Vi, replaced by/,,&"° with the required value &, (from Eq. (272)) and with the required r.m.s. entrmagnitude

from Eq. (281), whence

9.592x 10° I YVAs

rms

u[NAZ [y [m](4) A 2/%R

Im[A] =

exact impedance matching (288),

whereVime °is the r.m.s. voltage of tiEower supply Therefore, if we assuni is 50Q, we require a power

supply voltage of

V]~ 152.74/ZO[Q]R[Q]0 _ 10794R0Q] :
[P Ll A [m e ()] A

(289).

exact impedance matchirg,=50 Q

ForR=1Q, nsim™]l{[m] = 10, the supply voltage is approximately 1001¥4]. Note that this is typically much

smaller than the high frequency voltages generateasss the r.f. coil itself.

7.3.4.5 Power dissipation in the r.f. circuit and in thie coil
At exact impedance matching Rgfq) = Zo, Im(Zaq) = 0 (see Sec. 7.3.4.2), and the resistance ddritiee

circuit is Z,, therefore the heat dissipated in the whole dirisui

)

rms

27,

P

rf circuit

me exact impedance matching (290)

=2(1)'z, =

wherel s is the total current delivered to the circuit froime power supply. Using Eq. (289) ..~ with Z,=

50Q, we have

2

1

n [m i [ ()| A]

Using the example given in the previous sectian,(forR= 1 Q, ngm™]ls[m] = 10) we haveé® greui= 117

P circuit [W] =1.165x 10 R[Q] exact impedance matching, = 50Q (291).

WI/(A[A])?, i.e.,= 30 W for a minimum wavelength of 2 A.

95



The power dissipated as heat in the r.f. coinly due to the coil resistance (the reactanceratety stores
and releases energy back towards the source). Fatie 8 at exact impedance matching the voltagesadhe coil

(assuming essentially all the resistaftis due to the coil) is

\VAalt
Vi z% Z—+ jaC, |R at exact impedance matching (292).
0

Therefore the power dissipated as heat in theat@kact impedance matching is

Vr_:]ii_l_.aﬁ 2 (VPS)2 )
2 |z, jaC, =

coil

2
(Irrfms) R exact impedance matching (293),

where we have used the value®ffor exact impedance matching given by Eq. (27.2), one half of the total

power dissipated in the circuit (c.f. Eq. (290)Hissipated in the r.f. coil at exact impedancecimag.

7.3.4.6 r.f. coil cooling
Because the maximum currents required in theaifs are not so large (of order 10 A), experiehas shown
that compressed air cooling of the r.f. coil suefécusually adequate to maintain the coils atonegisle

temperatures (certainly below 100 °C) for coils king at frequencies of up to about 750 kHz.

7.3.4.7 The skin effect and the resistance of the r.f. wirildings

An unfortunate consequence of induced eddy cusrmdl Lenz’s law at high frequencies is the comatioh
of current towards the outer surface of the cormtudthis phenomenon is commonly referred to asshim effect”.
The skin depth (or thickness for the current tbtfall/e of its outer surface value for a thick conductdr)is

inversely proportional to the square root of thegjfrency; in fact

o= |— (294),

whereg is the conductivity angl is the permeability of the wire.
Two undesirable consequences result. Firstlyabistance of the wire can increase rapidly wbbacomes
comparable to or less than the wire diameter. kKamgple, the skin depth for copper at the highesjdencies

required (~1 MHz) is about 68m (0.065 mm). Secondly, the rise in resistance itheasing frequency affects the
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signal velocity at different frequencies causingpéirsion even in a ‘distortionless’ cable. Howetss latter effect
is mitigated in this case because bandwidth of fhé extremely narrow for each spectrometerirsgtt

One solution for minimizing the skin effect in thé coils operating at about 1 MHz is to use nipldt small
diameter (preferably ), individually-insulated copper wires in paraltather than fewer thicker conductors. This
is the method that has been used for the coils sliowigure 26. Unfortunately, this is only possilidr the return
coils and not the part of the coil that is in tleaim which must use aluminum windings for adequatestnission.

For aluminum, the skin depth at 1 MHz is abou&8(0.083 mm), i.e., for aluminum we may assume that

O [Mm] = (295).

83
Jv[HZ]
For band-type windings, whehe>> t, the ratio of the D.C. resistand®, to the winding resistance at
frequencyv, R(V), is approximately given by
12
j dx

R(v) 0 t AR
= band-like windings witlh >t (296).

R ) t/f exp(—;(_J dx 25{1— EXF{_Zta'H

Note that in the low frequency limi>> t, therefore

R(V) = t =1 o>t (297).

v (g

as expected, and in the high-frequency litit J, therefore

Rlv)_t

R 25 t>»> 3 (298),

i.e., the winding of thicknedsin the high frequency limit has approximately B. resistance of a conductor of
thickness 2 with the central core volume behaving like a petrfesulator. Applying Egs. (295) and (296) for the
= 0.4 mm thick aluminum band cited in Sec. 7.3.2s@e that the resistance at 1 MHz is about 5 tgnester than

the D.C. resistance with a current at the centéh@ftonductor less than 9% of the value nearulface. Note that

in this particular example, the conductor resistaaicl MHz would drop by less than 10% even ifdbeductor was
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made arbitrarily thick. Consequently, increasing tthickness of the windings beyond a few f&6f a millimeter

at MHz frequencies leads only to small power reidnst with unnecessary losses in neutron transnmssio

7.3.4.8 Allowable AB/B,; andAl /I

In eachr#flipper coil, the neutron spin ideally precesda®iigh an angleraroundB,; during neutron passage
through the coil. The actual angle of precessiothefspin abouB is determined by the dispersion due to the
spread of incident wavelengths, as discussed inZ2cHowever, an additional loss of polarizatftymgping
efficiency by a similar mechanism results if thesxa spread in the magnitudeR or of the length of the r.f. field,
l+. We wish to maximize the operational neutron badtiwof the spectrometer in the interests of mazing
intensity. Therefore, it is reasonable to requi the effects ofl(Bls) be small compared with the effects due to
dispersion. In this way, acceptable operation efitistrument is sustained for the largest possilél. A(Bl ) can
be reduced by appropriate coil engineering. Becafifiee similarities with dispersion, we can use @&&) (for

triangular distributions for botd(Byl 1) and4A) with arwhw (s€e Eq. (38)) replaced by an effective value

2 2
eff A( Brf lff ) + A/]FWHM
Tewnm = (299)
Brf Irf </1 >
or else the equivalent of Eq. (49) for Gaussiatritistions with similar parameter substitutions.
We choose a reasonable criterion Wheredliﬁr(lrf)/B,fln‘)2 is at most 10% ofA(AFWHN/UIi))Z, ie.,
aglh o <1.050 0 (300).

A comparison of the estimated flipping efficiencfestriangular distributions and fod = 8 flipper coils assuming
(i) only dispersion and (ii) the above criteriorg(£300)) for the combined effects of dispersiod A(Bl) is
shown in Table 9, which demonstrates that thesgdntes create measurable but reasonably smatiti@usiin the

flipping efficiency.
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Table 9. Flipping efficiency for triangular disttitions of (i)44 (dispersion only) and (il combined with effects

of A(Byl,) using the criterion expressed in Eq. (300)NB+8 7zcoils.

ArwhM Paisy/ Pideal (M=8)
(= Aewnu{A)) (%) Arwhm (ONly) With dewin™ = 1.05kwim
10 0.96831 0.96519
20 0.88600 0.87604
30 0.78127 0.76533
40 0.67898 0.66009
50 0.59115 0.57179
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If we assume typical spectrometer operatioo=jiw <~ 10%, then we require

A(Byl, )

rf lrf

<~0.03 (301).

If we assumequalfractional error contributions due #iB;; and4l;, we have

A(B.L) _anB, Y,
Brf lrf Brf Irf

Forls = 0.025 m, using Eq. (302), we hatlg <~ 0.6 mm, which is not excessively demanding wily/B; =

<~0.02 (302).

JB"B+™ <~ 2 %(which is more than an order of magnitude morexeslahan the required static field
homogeneities that are of the order of tenths effercent (see for example Table 7)). Using EqR)#7e above

criterion can be re-expressed as
2.9x10°

s [m]</]l>[,&}

For the samé; (= 0.025 m) and a wavelength range from 2 A td\18B,* varies from about 2.7 mT to about 0.45

ABX[T] = (303).

mT respectively), we requitdB"* <~ 60T at 2 A and4B™* <~ 10uT at 12 A.

7.3.5 Stray fields in the “zero field” regions

There are inevitably stray fields within the "zdigd" gaps that give rise to unwanted Larmor gesion
around the local stray field direction. In the viarases, these can severely reduce or even délser@gho signal.
Sources of stray fields are leakage fields fromciies themselves, the earth's magnetic field, @hdr externally-
produced magnetic fields. Evédhbootstrap coils greatly reduce the coil contribatby providing compact, closed
return paths due to the oppositely-opposed fialdations. Furthermore, any leakage field also lpgsite sign on
each side of the bootstrap coil, resulting in stfirder cancellation of the Larmor precessiomitses upstream and
downstream of the coil. The tight conduction ofdiénes between the coil pairs (and away fromzbi field
regions) is also greatly improved by using highnpeability t~metal caps linking the coil ends. Leakage fietds i
the zero-field flight paths are further reduceddbgctically encapsulating the coil irametal screen with the
exception of the beam areas. External sourcesaf Beld (such as the earth's field) are pradiyoaliminated by

surrounding the sensitive flight paths with mukirmed (~-metal shielding [21] (see also Sec. 7.7). For anmeet
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stray field integrated along the spectrometer aath fengthl of magnitudeBg,, the corresponding mean net

additional precession angle is

<A¢Stray>[rad] ~ Vn:‘n Byol(4) =4.6%10B,,[ TL] rﬂ1</]>[0% (304).

For example, if the dominant stray field comporisritom coil leakage, the leakage field lines témtbe aligned
along the direction of the static fields. If we iog@ the constraint that the net precession angladh arm of the

spectrometer should not exceed about 10°, therequgine

3.8x10°

If A= 8A this corresponds to a stray field integrahbbut 5x10 Tm (forL =2 m andBgray Of about 0.2uT

By [ T] L[M] < (305).

integrated ovel). Gahler, Golub, and Keller [8] show measuredystields obtained outside a typicaimetal
capped\=2 bootstrap coil. The stray field magnitude foctsa coil with an internal fiel&, of 1.67 mT is about 3
UT for about the first 0.05 m falling to less thab QT at about 0.2 m from the coil. The estimated stialg
integral on one side of the coil from this measwrenis about 8xI0Tm. AtBy= 0.04 T internal field, we might
expect the stray field integral to be about (8®4107/1.67x10%) ~ 1.9x10° Tm (38 times greater than the value
given forA = 8 A above). In his Ph.D. thesis, T. Keller [2Bpws that the field integral of such coils coudd b
reduced by an additional factor of about 30 by agdhe/+metal screen around tie= 2 coil. In this case we
anticipate a typical stray field integral magnituseoneside of the coil unit of about; = 6.3x10° Tm atB,= 0.04
T with a similar stray field integral magnitudiz on the other side (but causing a precession iopipesite sense).
If the 4N=2 coils are arranged as shown in Figure 6 andyfbieal residual net leakage field integral due@achN
= 2 coil unit (X4;-4,)) is added in quadrature for the two coil uniteath arm, using Eq. (305) we have a stray

field integral cancellation criterion given by

3.8x10° 2.k 10P

V2(0)[ A ~ ()[4]

(A, =0,)[Tm] <~

(306)
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For the/ = 8A example above, we requitd,- 4, <~ 3.4x10 Tm for 10° net stray field precession in each arm.
For 4, = 6.3x10” Tm, this means that the typical stray field calatiein need only be about 50% in this case. This

appears entirely achievable.

7.3.6 Measurement of smathrse

7.3.6.1 The Bloch-Siegert shift

Up to now the resonant component of the r.f. fledd been approximated as a pure rotating fieldtand
counter-rotating component has been essentiallyréagh However, the applied r.f. field is ascillating field not a
pure rotating field. Bloch and Siegert [5] treatkd case that really exists in the resonance op# fspin-1/2
particle traversing a static field with a superirapd, perpendicular oscillating field. This problsncomplicated
and does not have an exact solution. However,shewed that for increasirigy/B,;, the solution increasingly
approximates to that of a "static + circular" figlith a similar-shaped resonance curve, howeverrghonance
frequencydeviatesrom the classical Larmor frequenay, by a fractional amount equal to

Awgs _ ‘a)rf _%‘ _ By
@, w, 16B?

(307).

Typically for high-resolution operation of the NR8pper coils this fraction is small. For exampéecording to
Eq. (15), forl ,= 0.03 m and short wavelength operatidr=(2 A), B; = 2.26 mT. FoBy= 0.04 T,daxd ap ~ 2x10*

corresponding to about 233 Hz. However, at pwss dass can be a significant fraction of the Larmor fregcye

7.3.6.2 Solution using NSE mode operation of coils

WhenB, starts to become comparableBg the flippers do not perform well. Kopeéal.[11] provide some
idea of when this is likely to occur. Their coilsase to operate satisfactorily for static fieBgs 2.7 mT for1 <6
A. Assuming that these r.f. coils are no greatanthbout 0.025 m thick in the beam direction, werifrom Eq.
(15) that the peak r.f. field at which problemsarcis forB™ >~ 0.9 mT 0B, >~ 0.45 mT. Thus we will assume

that theszflippers must be operated under the following o

Brf

<0.17 approximate condition for operating in NRSE mode (308).
0
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This condition clearly limits the dynamic rangetioé NRSE instrument with respect to lalow By)
measurements. One possibility for measuring shautier times, proposed by Gabhler, consists of hgmff the r.f.
field to all the coils and running in classic NSBde. In a 4N=1 coil configuration one or both of the staticlsan
each arm can be operated. The fields are orientdweicorrect sense in this case so thatfipper is required
between the two arms of the spectrometer as imaerional (longitudinal field) NSE instrument; caguently
Larmor precession occurs within the coil lengtlopposite directions on each side of the samples iBhllustrated
in Figure 31. Several points at lawcan be measured by adjusting the field magnitadke active coils.

The situation is more complicated in a bootstr@ipadnfiguration (for exampl®l = 2). In this case, all r.f.
fields are switched off (as in tie= 1 case), however the static field directionshmnselves are inappropriate for
operation in NSE mode. Several solutions to thidb@m are illustrated in Figure 32. In case (d)staltic fields
remain on but azflipper is placed between the two opposing cdila bootstrap pair, essentially reversing the field
direction of the second coil. Conceivably, thedidirection in the second coil of the pair couldréeersed by
reversing the current direction in the coil, bueaofthe two coils are constructed from a singledivig and this
option is not practical. In case (b), if the caits be switched out of the circuit independenth}y ehe fields that
have the correct direction are switched on. (tikés(b) but only one coil of the correct field dation is switched
on in each arm. Note that if the static fields previded bypermanentnagnets (see Sec. 9.2) only option (a) is
feasible unless magnets of the wrong field directice physically removed from the beam. For permamagnets

the NSE scan must be performed by rotating the etagn change the field integrals.

7.3.6.3 An example of a combined NSE-NRSE mode scan
For NRSE operation we havgssegiven by Eq. (153), i.ezyrsdns] = 0.37271IN Bq[T] Lo[m] (A[A]) 3, where

(combining Egs. (308) and (14)) for satisfactory®Rmode operation we have
o] [0}
B, [T] I,,[m] A, [A} >~ 4x10* TmA  for satisfactory NRSE mode operation  (309)
whence

i1

l[m]

TNRSE[nS] >~1.5¢ 10 for satisfactory NRSE mode operation(310).
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If we chooseN = 2,L,=2 m,A,= 8 A, and = 0.03 m for this scan we anticipate that it is flmlesto operate in
NRSE mode fomgse>~ 1.3 ns. This correspondsBe>~ 1.7 mT in this case. For smaller values,ahe

spectrometer must be run in NSE mode. In NSE mazlbave

rve[nd = 0.37MB, [ 11, rﬂ{/ii [ ADs (311),

whereM is the total number of static field coils energizH the maximunBy is 0.04 T withM = 8 (i.e., the
configuration shown in Figure 32(a)), we can us€&N®de up tayse~ 1.8 ns ford = 8 A, i.e., theras a possible
overlap between the upper NSE mode and the low&HENRode if the scheme in Figure 32(a) is adoptetheS
dummy data points are plotted in Figure 33 showlmggscan points that result from evenly-spacedesatiB, in
the range from about 1.7 mT (the minimum field ’BRSE operation in this example) to 0.04 T for b®E mode

(red circles) and NRSE mode (blue squargg)vas chosen equal tgfor this example.

7.4  Defining the major instrument parameters for theSERnstrument using coils

We now investigate some of the major constraintthe instrument parameters imposed by the proposed
instrumental performance goals combined with theemigid technical constraints for an NRSE instraimngsing
resonance coils. This is by no means an exhaughend additional compromises may be necessaopably the
major factors are as follows:

1. We wish to accesgrse= 30 ns atl = 8A. This has implications for a minimum achievabiagnitude oBL,
embodied in Eqg. (226).

2. Once 30 ns al = 8 A is accessible, we wish to achieve a resmiutinction signal (polarization) greater than
or equal to a stated minimum vali’. These conditions are approximately describedds: 223) to (225)
for the required static field homogeneity, coilflass, and beam divergence.

3. The anticipated neutron transmission of the winglisigould be >~ 80 % dt= 8 A. This concerns the thickness
of the windings in the beam directidn;The transmission for aluminum windings may béngstted using the
macroscopic cross-section given in Eq. (231).

4. Maximum limitations on the static field coil curtéminimum coil winding density (see Eq. (234)).

5. Capacity to remove heat from the static field c(skse for example Eq. (255) for tightly-wound recfalar

aluminum windings), given estimated constraintstencoil surface area, the winding thickngssjaximum
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operating static field3,"® (as constrained by condition 1 above), and thens@vailable for cooling without
interfering with the neutron beam (see Sec. 7.3.3.5

6. Maximum limitations on the voltage across theadil atB,"** (see Eq. (286)), limited by cabling and
insulation breakdown issues (practical maximumbmfua 1.5 kV).

We will assume for the reasons given in Sec. 3a#itthe number of coils in the bootstrap is univityggiven byN =

2 and that the windings are made of aluminum.

Condition 1for N = 2 imposes the constraint already given by Eq7)2i2e.,
(BOLO)max >0.079Tmr Condition 1: Criterion for accessimigrse= 30 ns atl = 8 A withN = 2 (312).

Condition 2imposes resolution requirements fbr 2 which may be stated as follows assuming equuatritbutions

from each term (see Eqgs. (223) to (225)):

1.47x 10° Ir( F}‘)j
(@) ABY™M[T]< -
|Bo[m]4m

1.47% 10° |r{;0j
(b) AIF™[m]< :

BO[T])Ii[,&}
s[mulnalAl

4.7x10°

(©) A, [rad < 3.4% 10° .
B [TIL[m]A| A

We will also assume that these conditions musglisfeed at least fod = 8 A, thereby being automatically satisfied
for A < 8 A but not ford > 8 A. Choosind?? at (30 ns, 8 A» 0.5, the resolution conditions 2(a), (b), and (c)

simplify to the approximate relations below, wharéc) we can use thequalityin condition 1 as representing the

minimumproductBol, required to achieve 30 ns at 8 A, i.e., the refegepoint at which condition 2 must apply:
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@ ag[r] < LT

lg, [m]
6
(b AFY™ [m] < 15¢10° Condition 2: To achiev®,’> 0.5 at (30 ns, 8 A) (313).
? B[]
1.12x 10°

©) AG,,[rad < = 4x 10°

VB[ T] Lo[m]

Condition 3amounts to having a total aluminum winding thickm&aversed by the neutrons of less than 24 mm.
Using the 2:1 winding thickness ratio for the statif. field coil windings used in the exampleSec. 7.3.2, we will
treat this condition as only influencing one of tiigical parameters in the above list, namelyttiiekness of the
static field coil windings. The condition for thegsent purposes is therefore stateti<at mmon the understanding
that the r.f. coil can work satisfactorily with vdimg thickness< 0.5 mm.

Condition 4can be stated as

Sull

8><1Cfn[m_1] < .

wherel .« is a stated upper limit. If we choose a statitdfmil upper current limitation df,,x= 100 A, condition 4

can be restated as

B,|T
Ll] < 1.25x10* Condition 4: To achievg,,< 100 A in the static field coil windings @1
n[m*]
Condition 5for aluminum windings amounts to determining theximum operational power dissipated as heat in

the static field coil (i.e., at the maximum opengtstatic fieldB,"*) — see Eq. (255P(B,™) and assessing whether

it is reasonable:

Py (B™)[W] = (a)ma*[T])z%(n.zT( K) - 4.3% 10)

We will assume an equilibrium winding temperatufd & 400 K. MinimizingP(B,™®) in condition 5 is aided by

choosing thenaximumallowable value of (i.e., 1 mm from condition 3), so that conditiové&comes:
2
Pu(BY)[W] = 2.45<10(B™([ 1) A, [ n]. T=400Kt=tpe=10°m.

We substitute the value 8§ for a rectangular form coil (Eq. (238)) so we have
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Pa ('-%max)[W] = 4.9x 16( B™{ 1])2 | n](a[ m+ g | n]|),T=400 Kt = tyae= 10° m.

We will assume from previously-developed coils that anda must be at least about 7 times larger than thenbea
dimensions to achieve sufficient static field horogity over the beam area. For a 3cBcm beam, this translates

into a = |, = 0.2 m. Alsolgg= 0.03 m, therefore, substituting these values fypacal situation we have:
2
Py (B)max)[W]wp = 2.25% 1(5( I?bm“[ 'I]) Condition 5: Max power in typical static coil Wil = 400 Kt =

tmax= 10°m (1 mm),a= |4 = 0.2 m/lgo = 0.03 m(315).

Finally, condition 6 can be stated as (see EQ.)}286

[m-l] |:Xia' [ m] & [m] B(;"ax[ T]

[k

where forVs"®= 1500 V, we have

n
2.5x10 — < V™

ne [ m* 15 [m]a, [m]
g

This condition must be true fal operating conditions and consequently also fomtirgmum operating

Bi*[T] < 0.06 forv,"*<1500 V.

wavelength, which we choose As 2 A, where the voltage is maximized. Because fhéield homogeneity
requirements are typically an order of magnitudeemelaxed (see Sec. 7.3.4.8) than the requir¢id §ield
homogeneities (see for example Table 7) at higbluésn, we will assume thaf,,., andas need be only three

times the beam size (i.e., we will makg, = a = 0.09 m). Then condition 6 becomes:
N, [m'lJ Bomax[T] < 15 Condition 6: FoN;™< 1500 V forl" s = @ =0.09 m andl = Ayin = 2 A

(316).

We make one further simplification to express ctiadil in terms of the maximuiy, (By"*) only. The technical
conditions 2(b), 4, 5, and 6 are all worst-casthatmaximum fieldB,"®) that can be obtained in the instrument.
We might reduce the maximum necessary fidby reasonably maximizing the inter-coil separatigin

condition 1. A value ofo= 2 m is about the longest value that one may ageisn terms of available floor space for

the instrument. However the disadvantage of inéngds, further is that the instrumental solid angle afeq@tance
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reduces proportional toll#. Choosing.,= 2 m, therefore and also the minim@gof this range which helps

alleviate other tolerances, the maximum necessald/ fcondition 1 - Eq. (312)) becomes:
By ™ = 0.0395T for Ly=2 m.
Therefore conditions 2(b), 4, 5, and 6 become afEdy:

Al BFOWHM [m] < 3.8x 10°(i.e., about 38m or less — see Eq. (313)(b)).

n[m'l] > 316 (Minimum static field coil winding density fdr< 100 A — see Eq. (314)).

The minimum achievable power dissipated as hetheamaximum operating field," is (from Eq. (315)):
Py (B™)[W],, = 3510W  T=400K,t=10°m,laia =0.2mJg=0.03 m (317).
From Eq. (316) we have:

Ny [m*] < 380 (limiting r.f. coil inductance).

The parameter values 2(c), and 3 have already detenmined in this example d#)..< 4 x10°rad andt = 10° m
respectively.

The remaining parameter range to be determine¢hjs Phis is somewhat driven by what is achievablie
coil design, but we have seen (Sec. 7.3.3.7) thatlvalues ofgg aid in achieving the required static field
homogeneity. Given that the static field coil mestlose both the r.f. coil and necessary structiorelseat removal,
we anticipatdgg= 0.03 m as imposing an approximate practical Idimgit on the static field coil length (as has
been assumed in many of the examples given abdsge)g this value, condition 2(a) amounts to desigra coil

that can achieve
ABF™[T] < 5x10°

ForB,"® = 0.0395 T, this corresponds to a static field bgeneity to about 0.13 % or better.

7.5  Coupling coils

The author is grateful to Roland Géhler of the I@renoble, for providing information about thesds
The w~metal shield surrounding the coils cannot be ddsecause a polarized neutron beam cannot be passed
throughz~metal without significant depolarization. Thus fiaenetal tube must be open-ended. The open-ended

tube by itself has field lines penetrating pariatito the openings, thus in order to maintain oarf the
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polarization direction at the entrance and exthefi~-metal shield, coupling coils (CCs) are used. Géttlal. use a
L-metal tube of about 0.1 m diameter into whichisdduced a (0.15 to 0.2) m long (in the beam tioeg,
rectangular cross-section CC. Another example@Egenetration into a-metal shield on the NRSE-TAS
spectrometer at the FRM-II is shown in Figure 3de Thagnetic field axis of the CC is perpendicutethe beam.
The residual field of the polarizer (and analyzgrhe entrance (exit) of these coils is usuafigva hundreduT.

The field magnitude in the CCs is also typicalliger hundreduT. The windings on the polarizer side are bent
outwards (this is visible in Figure 34) in orderetasure an adiabatic transition from the polariizdd to the CC
guide field whilst minimizing neutron scatteringdaabsorption in the CC windings. If the adiabatadition is

met, the neutron spins follow the direction of @@ guide field. On the inner (sample) side of tliésCthe neutrons
pass abruptly through the windings and a non-atimbansition results, whereby the polarizatioredtion
immediately prior to passing through the windingiplieserved. In order to ensure this, the CC rdielas are
conducted sharply into an additionametal shield that surrounds the inner ends ottik thus avoiding a gradual
stray field gradient downstream that could afféet polarization direction. Finally, the CCs (anah¢ethe
polarization direction) can be rotated through @@hout loss of polarization. For the ILL "Zeta"sinument, both
the polarizer field and the initial polarizatiorrefition is vertical (along). The CCs are used to rotate the

polarization to lie along for normal instrument operation, or alonfpr individual tests of the flipper coils.

7.5.1 Conditions for adiabatic and non-adiabatic fielhsitions
"Adiabatic" and "non-adiabatic" spin transitiomsspatially and/or temporally-varying magneticdierefer to
two extremes:
0] Adiabatic: the spin direction can perfectly follake field direction at all times.
(i) Non-adiabatic: the neutron passage is sufficieflay that the spin cannot follow the change offfiel
direction at all and remains in its original diiect
For the CC it is convenient to consider a rotabba magnetic field, of constant magnituBlgiqe initially parallel

to the spin direction, that rotates uniformly thgbuan angley over a flight path lengtt. The neutron of constant

velocity v, sees in its rest frame a magnetic field rotatinfgesguency@, where

Q=y-2 (318).
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This situation has been represented graphicaligrins of an effective field in a coordinate framed to the
rotating field by Ramsey [23] and other authore (Bigyure 35). In thadiabaticcaseBg; = Byige (i.€., §— 0),
therefores remains approximately parallel By, in the rotating frame and consequently the spiiovie the
change of direction of the guide field in the ladnfie. In thenon-adiabaticcase B« = £/ ), (approximately
independent oBgy,i4e &— 772), and the spins precess at a 1@g:= 2. In the lab frame, therefore, wheBg,ige
rotates with®, the spins stand still, i.e., they do not folldve thange of direction &, We note that the anglg

is given by

6 =tan™ 2 = tan* UL (319).
yn Bguide yntuided

An order of magnitude for the required guide fieklsbtained by considering several examples ohareasing
approach to pure adiabatic rotation of spins (desng ) through an angle/= 772 brought about by a uniform
rotation of a guide field (of constant magnituBg;}d) over a flight path of 0.5 m (for example, a tbalispacing

between the polarizer and the coupling coil). Témults are shown in Table 10.
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Table 10. Estimated minimum (fixed) guide field magdes, By,iqd, required to produce &2 rotation of a neutron
spin that follows a guide field rotation @f2 radians over a distance of 0.5 m. The resutisvghat the guide field
magnitude must both increase in order to approguireadiabatic transition and also generally iasee
proportional to neutron velocity, as expected. fiisient guide field magnitude leads to loss ofgr@ation in the

required direction. The actual conditions for adiébrotation are usually determined experimentally

|Bguidel for =

va(msY) AR) Q(y=n2d=05m)=w, 18 (10°) /180 (1°) 71800 (0.1°)

1000 =4 10007 = 100uT =1mT =10 mT

500 =8 500n =50uT =05mT =5mT
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7.6 Alignment of theB, fields using coupling coils

The coupling coils (Sec. 7.5) provide a conveniaaains of aligning the static fields of the cailshe
spectrometer. This may be performed by rotatindithe axis of the coupling coil such that the meutspins are
aligned along the requirdg}, field axis. TheBy field of each coil is switched on one at a timd #me static field coll

is adjusted until the maximum signal is measuredl dietector placed downstream of the analyzer.

7.7 Magnetic Shielding

It is essential to reduce net stray field integjialthe "zero-field" flight paths to the orderafew x 10’ Tm
(see Sec. 7.3.5). At high static fieBg this partially involves magnetic screening of théividual coils units
outside of the beam area. Significant sources @real magnetic fields must also be excluded. Kan®le, the
action of the unshielded earth's magnetic field giag rise to a precession of several turns owgpigal 2 m drift
path, which additionally can vary depending ondhentation of the spectrometer arm. Furthermore,
uncompensated neighboring magnetic environmentsaaage worse complications, especially if the field
magnitude changes. Therefore, the neutron drifigphetween the coils must also be magneticallydsie

One of the best magnetic shielding materials isaled '-metal”. y-metal is an alloy with typical
composition 75 % Ni, 2 % Cr, 5 % Cu, 18 % Fe, wittlensity of about 8.75 géilt has the property of being very
soft magnetically, having a very small coercivédiiand an extremely high permeability at low fistdengths. The
high permeability is associated with the materidgh ability to attract and conduct magnetic flinek. With a
single-skinned, 1 mm thick-metal tube, Dubberst al [19] were able to obtain a shielding factor foe #arth's
magnetic field of about 20, from about iDto about T, although the resulting seveygalm field integral over 2
m drift paths is still insufficient by nearly a @rdof magnitude for achieving the goals outline&ét. 7.3.5. It has
long been known that the magnetic shielding fat@ignificantly improved by using multiple-skinnetields with
intervening air gaps [24, 25]. The specific cagetfiple-skinned concentric cylindrical and sphatishields was
first treated in a simplified mathematical way byllg/[21]. Dubbers [26] further simplified the cwilirical

geometry, multi-skinned case formetal in the thin-shell approximation that agregt the rigorous calculations
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to about 1 percent in most cases. Dubbers reitetias the shielding is most effective when thdlshametersD;,

grow in geometric progression, i.e.,

=k (320)

wherex is a constant. Using this approximation, the tebaélding factors, for n concentric shells with constant

diameter ratiok is given approximately by

S= Lt (K2_1)+(n/(2+n—2) 2

n+l

Dk 2

NEN

2

i n+1
valid forkK < —— (321)
nK K- -1 n

wherey4 t4/D; is the shielding factor of the innermost shelti@meterD,, thicknesg;, and permeabilitys.
Equation (321) demonstrates the value of using pagimeability withn > 1, given that; cannot be large for
practical purposes arg; cannot be smaller than allowed by the enclosedumgentation. However, minimizing
not only increases shielding performance but asiices the cost and weight of the shield. Magmséiields should
also be closed wherever possible since magnetitlifes can penetrate into openings by up to abeetimes the
opening diameter. Closure better maintains thectahce path continuity, increasing shielding perfance. Shield
closures should also be rounded where possiblaibedhix lines negotiate gentle radii better thiaarp angles.
One disadvantage with the high permeabilitysafetal is its low saturation field (the saturatfaid is inversely
proportional to the permeability). If this proveslie a problem, for example, in the vicinity ofugerconducting
magnet, the magnetic shielding layer closest tditgk field can be fabricated from a lower perméighinaterial to
avoid saturation. Successive shielding layers neafabricated from increasingly high permeabilitytenal, as the
field magnitude at each layer reduces.

After fabrication of the+metal shielding structure, the whole assembly rbesinnealed in a dry hydrogen
atmosphere at about 1200 °C for several hourshytleogen atmosphere helps remove carbon and ottoer t
impurities. The high temperature relieves stres#t-bp during fabrication, and allows the nickeystallite grain
boundaries to expand. Such an annealing can irctbagpermeability of the alloy significantly, tggily by a
factor of 40. However, careful handling of tenetal after annealing is required. Mechanical keaeadily disrupt

the nickel grain structure and negate gains broafbut by the annealing process.
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7.8 Beam optics for high-resolution operation

Special corrective beam optics are likely requiedchieve the high-resolution goals of the maeh8ome

evidence for this is presented in Sec. 8.3. A tetatudy of the beam optics will be presented separately.

8 Monte Carlo simulations of NRSE instrument perfoncel

Some Monte Carlo simulations are presented heteviidate some of the analytical models of theSER
presented in the previous sections. Numerical igcies are invaluable for modeling complex casesrevhwny
coupled variables play a role simultaneously, whiie analytical models are useful for making festimates of the

required instrument parameters.

8.1 Effects of field inhomogeneity, coil length uncénts, and beam divergence (simplified divergenceletp

in the absence of flipper dispersion

Forall calculations in Sec. 8.1 the simplified beam djegice model described in Sec. 6.1.4 is adopted, the
incident and scattered beams are assumed to hasartteuniform divergence, and flipper dispersion is sivid
off. The spectrometer configuration in each caseNs-2-bootstrap coils,d=L;=2 m, kg= 0.03 m. Figure 36 to
Figure 38 show instrumental resolution functiomsFigure 36 the simulation uses approximately equal
contributions from field inhomogeneity, coil lengihcertainty, and beam divergence, as calculatecrdinig to
Egs. (223), (224), and (225) to give an estim&8d8 A , ryrse= 30 ns) = 0.7, 0.5, and 0.3 with an incident reut
wavelength of 8 A. The specific values,(FWHM)/B,, Ais(FWHM), and half-width divergenced@axi=
Abnax) calculated using these formulae are the valueskown in the legend. It can be seen that thelaietl
polarization values atyrse= 30 ns are indeed in good agreement with thoséigted by the formulae.

Figure 37 uses the same instrumental uncertaiati¢sose used for the® (8 A , rrse= 30 ns) = 0.5 case in
Figure 36 (i.e.4Bo(FWHM)/By = 0.13 % dlgo(FWHM) = 38.9um, and half-width divergencé6,.xi = A6naxr [S€E
Figure 16] = 5.2 mrad), but with a mean incidesttnon wavelengtt) = 12 A instead of 8 A. Note th& = 0.5
at the longer wavelength occurs at a larger vafugge(= 67.5 ns).

Figure 38 highlights the detrimental effect of imgvan incident and scattered arm divergence ebpnvéo

that of the of a natural Ni guide At= 8A (i.e.,46axi= 46nax= G(Nat. Ni, A = 8 A)~ 13.8 mrad in an otherwise
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perfect spectrometesIB, = 4lg, =0). The simulation is fog;) = 8 A and shows that the polarization is almost
destroyed by the beam divergence f@ise> 15 ns in this case.

Figure 39 shows a simulation that uses the sasteimental uncertainties as those used foP;;ﬂéS A, Twrse
=30 ns) = 0.5 case in Figure 36 and in Figurei.g7, 4B,(FWHM)/B, = 0.13 % Algo(FWHM) = 38.9um, and
half-width divergencel@haxi= 46max s [SEE Figure 16] = 5.2 mrad), with a mean incidesutron wavelengti;) =
8 A only this time the sample is assumed to quasiigially scatter according to a Lorentzian in ggewith /-
(HWHM) = 0.025.£V. The blue curve is the simulated raw (includiegolution effects) quasielastic signal (black
curve) divided by the resolution function (red aifalso the blue curve in Figure 36]), which is pamed with the

theoretical intermediate scattering function (eXpi{} inrse - green curve) showing good agreement. The

corresponding simulateglastic(resolution) spin echo signal (asymmetric scarmygée= 30 ns (0.0393 T for this
geometry) is shown in Figure 40. The simulagedsi-elasticspin echo signal (asymmetric scanhaise= 30 ns
(0.0393 T for this geometry) is shown in Figure 41.

Figure 42 is an identical simulation to that shawfrigure 39 apart from the quasielastic half-widf the
Lorentzian is now 0.0peV instead of 0.025eV. Again very good agreement between theory andlation is

obtained if dispersion is ignored.

8.2  Simulating effects of flipper coil dispersion

All the calculations in this section use the siifigd divergence model (see Sec. 6.1.4), whereiegige.
The 7£coils only produce exagtflips for a single wavelength and a perfectly-toited beam. These
approximations are implicit in the formalism presghin Secs. 3.3 and 3.5, which is useful for iHatson of the
technique. The effects of coil dispersion, desctilmeSec. 2.2, become apparent when different veagths are
present. They can be accounted for numericallygpjyang the following compound transformation oe thcident
spin vector:
1. Rotate the coordinate system aroundzhgis so thak — x’ which points along the mean r.f. field directien (
[¢+ W12 = ¢r+ w t.0i/2) experienced by the neutron during its passagrutfir the coil (duratiotyy=I'/v),

wherel’=l/ cosf, and@is the polar angle of the trajectory with resgedhe positivey-axis.
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2. Perform the Larmor rotation due By (angular frequencys = y,By) aboutx’ for a timet,,; (total angle =

abtcoil)-

3. Transform the resulting spin vector back into lednfe.

ie.,
Bl By B
) nbBo . . nPo
0_;( cos(&gn( Eb)|:|l,l/| +2vcosH:D S”{ 5|gr( %) |:|l//| ' ¥ cos&}} 1 0 0
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J, |- ((eo)[me {r( %)[|w|+;”C;D 0 o] - o
g, 0 0 1l |o sin 1\’20; cos( }\/,ni;,)

o sn( ) -

280 1] of ol ) bl

YnBol
% co¥

O-X

Bn| Bp|
—sin(sign( BD) |:|z//| + ;,ncoosgiD co{ sigr( %) |:|z//| + :/nc(())yiD O'y
0 0 1\ 9,

(322).

8.2.1 Numerical verification of analytical approximatiofts coil dispersion

The validity of the approximations representedtog. (46), (48), and (49) (see Sec. 2.2.2) forrilgag the
depolarizing effects of coil dispersion figr coils is easily demonstrated by Monte simulatimnghich coil
dimension errors, field fluctuations, and beam djeace are all switcheaff, with "perfect” polarizers, and no
sample (or perfectly-collimated elastic scatterjrag)d with dispersion switchemh according to Eq. (322). In this
case, the simulated polarization with respect éxtaxis at the exit of the spectrometer should be@pmately
equal to the values given by the above equationgefangular, triangular, and Gaussian-shapedémti
wavelength spectra. Results for rectangular waggtespectra withey = A47/(A)) between 0.1 and 0.5 are shown
in Figure 43. Results for triangular and Gaussiamelength spectra witheyuw = 44™"™/(A) between 0.1 and 0.5
are shown in Figure 44 and Figure 45 respectivig results foreyewnm = 0.2 show that the approximations
made in Sec. 2.2.2 for extending the single cakda theM-coil case are accurate to about 0.06 % (rectarjgula

and about 0.4 % (triangular or Gaussian). &&frwim = 0.5, the approximations are accurate to abou¥®.2

(rectangular) and about 6 % (triangular or Gaugsian
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8.2.2 Simulations of spectrometer signal with flipperlabspersion turned on

All the simulations in this section use the sdrasic spectrometer configuration as used in Ség. 8.
namely 4N = 2 bootstrap coild,;=L;= 2 m,lgo= 0.03 m/|;=1 mm. AdditionallyA) = 8 A and the instrumental
uncertainty parameters calculated according to @98), (224), and (225) that give a predicted comth effect (in
the dispersionless case)Ryf (8 A , fyrse= 30 ns) = 0.5 (i.e4By(FWHM)/By = 0.13 % Algo(FWHM) = 38.9um,
and half-width divergencd68,.xi= 46nax¢ = 5.2 mrad). However, now with dispersion thedeat wavelength
monochromatizationgA™"( ), comes into play.

Figure 46 shows the dispersive elastic resoliftimation for44™"/(A) = 10 % (triangular) (black curve)
with the above instrumental uncertainties. The lolurve is the equivalent resolution function in #iesence of
dispersion (which is also the blue curve in FigdBeand the red curves in Figure 39 and Figure B2¢.red curve is
the simulated resolution function fdd,™"™/( ) = 10% in the absence of instrumental imperfecti@es, the
simulated effect of the dispersion in isolation,iethis practically independent @frsg. The green curve is the
result of dividing the dispersive resolution functiby the effect of the dispersion in isolatiord(seirve) which
essentially reproduces the dispersionless resaldtioction. In this case, therefore, the effecthef dispersion due
to A"V = 10% is to reduce the polarization to about 97%he dispersionless resolution for &lkse

Figure 47 shows the identical resolution funcs@mulation as that in Figure 46 apart from thedeacit
wavelength band has been increased frokh""™/(A;) = 10% (triangular) tadAd ™™ ;) = 30% (triangular). The
larger incident wavelength band has a significalattger but still approximatelgrsgindependent effect on the
resolution function. In this case the effect of tigpersion due tdA™"™/(A) = 30% is to reduce the polarization to
about 79% of the dispersionless resolution fomalke

Figure 48 is the exact analogue of the quasielastiulation shown in Figure 39 (also wittFWHM) = 0.025
1eV) except that dispersion is now turned on witabhoad incident wavelength banda™"™ /() = 30%
(triangular). The blue curve is the simulated rawl(iding resolution effects) quasielastic sigraa¢k curve)

divided by the resolution function (red curve [atke black curve in Figure 47]), which is compawéth the

theoretical intermediate scattering function (eXp{} insse - green curve). Even for the very broddl there is quite

reasonable agreement between the blue and the guean The simulated elastic (resolution) spineesignal and
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guasi-elastic spin-echo signal (asymmetric scangjza== 30 ns (0.0393 T for this geometry, dispersiveease

shown in Figure 49 and Figure 50, respectively.

8.3  Simulations with an improved divergence model at@e/beam size effects (no corrective optics)

In the previous calculations (Sec. 8.1 and S&).tBe simplified beam divergence model (Sec. §\ak used
to verify the validity of the analytical approxinmats given in Sec. 6.1. This model is useful fadicting orders of
magnitude of resolution effects. However, the iracidbeam is usually provided by a neutron guidedhees rise to
approximately random andz components of the trajectory angle up to maxim&¢f;) and8.(A;) respectively.
Furthermore, the scattered beam divergence, inlieence of special optics, is usually defined kysdmple and
the collimation between the sample and the dete€tas more realistic situation is sketched in Fggbl and forms

the basis of the model used in the following caltiohs. For the polar angi at the guide exit, we have

tang :\/( targ,)’ +( tard,)” (323)

or in the small angle approximation

6 =6 +6; (324).

If the spectrometer is designed to accept this langange, the polar angi also characterizes the beam divergence

in the incident arm of the spectrometer.

In the small angle approximation (Eq. (324)), wa oa@adily calculate the probability density distriion of the

polar angled produced by an ideal guide. This situation issiitated in Figure 52 for a general case witgved,.
Equation (324) represents an arc of a circle ausadwith origin (8, &) = (0, 0), confined to the box whose upper
limits are 8= 8 and&,= 7. Because thé, and g, distributions are assumed to be uniform, the godinadensity

for a polar anglé?is just proportional to the length of the arc segirof radiust. Therefore, we have

p(g)="_Y

=— for @< min( 8,67 325),
(.1 s
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for min(8 A7) <6< ma{6 67) (326),

c

P(6)= {7—2-[— cos* [%] - co‘{%ﬁzﬂ 6’592 for ma(<6’cX ecz) <@< 1/(6’5)2 + (6’;)2 (327).

where the denominatdt*x 47 is the area of the rectangle which normal268 to unit area for uniforn(4) and
P(&). The probability density distributio®(8), for the case illustrated on the left of Figu&is shown on the right
of the figure. It is immediately obvious tha¢é) is far from uniform, whence the main weaknesthefsimplified
divergence model (Sec. 6.1.4) is identified. Timepder case of equal horizontal and vertical divaogegivesg.* =

87= g. and the above Egs. f&(6) reduce to

e
P(O)=—— for@< 8 328
( ) 27 A (328)
and
P(6)= {7—2-[— 2005‘{%)}% forg, <6< B, (329).

The resulting?(8) function is illustrated in Figure 53. Therefockgarly an improved model is necessary for
rigorous calculations.

In the following more realistic calculations, ediils are assumed to have equally sized beam-dgfimindows
at their entrances and exits. The entrance ofitsecbil is assumed to be uniformly-illuminatedthwa beam that
has uniformx-y andz-y plane angular distributions witup to &*(4) = kA and 83(A) = kA respectively, where
Ky andk; are independently-specified constants. The saig@lesumed to be a thin cylindrical shell of radiugth
its axis along the-direction (about the worst typically-encounteradhple geometry with respect to maximum
flight-path differences). The neutron trajectot@esving at the sample are those that can be distiveen random
points on the first coil entrance window to randpaints on the sample without obstruction, subjedhe
conditions thatg| < &*(4) and B < 8%(A). The sample is assumed to be an isotropic seattéth no self-
shielding so that all possible trajectories betwesenscattering point to the exit window of thet lesil are assumed

to be equally probable and 100% detected.
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Figure 54 shows examples of resolution functicsiagithis model fodl = 8 A with 44/1 = 10 % (triangular)
for three coil window sizedAj,;» = Hyin=1 cm, 2 cm, and 3 cm) assuming that a naturgluile (i.e., withx, = ;=
1.73x10° rad A?) is placed very close to the entrance to the ioiit The diameters, and the height, of the
sample in each case were chosen so that the pdjsaimple cross-sectional area is equal to theowirsize (i.e.,
ds= Wyin, hs= Hyin). FOr ease of comparison with results in the prnesisection, the dimensions of the spectrometer
were chosen identicald= 2 m,l ,= 0.03 m,N = 2) and4By/B, and4lg, were chosen to have exactly the values that
gaveP,’(1 = 8 A, ryrse= 30 ns) = 0.5 with the simplified divergence mioghen-dispersive case). The differences
with respect to Figure 36 are then attributablthéodifferent incoming and outgoing beam divergsraed to the
cylindrical sample geometry. Note that the onlyveuin Figure 54 to resemble the curves in Figurés36r the
smallest window size (1 cm1 cm). For each of the three cases shown in Figiré/,i/Lo< 8(8A) for Wiin(Huwin)
=1cm, 2 cm andlV,i/Lo= G(8A) for W,,in(Hwin) = 3 cm, so we expect that the coil windows maréess determine
both the incoming and outgoing beam divergencd ithiiee cases. The Monte-Carlo-generd?ég for the
incoming {) and scattered)(trajectories ofletectecheutrons, corresponding to the cases in Figuraif@ishown in
Figure 55. For comparison, Monte Carlo valueB(@ for Wi,i,(Hwin) = 3 cm andl, = 1 A are shown in Figure 56.
In this caseWiin/Lo ~ 96,1 A), therefore we expect that tiieomingbeam divergence is driven by the guide
characteristics rather than the coil window size $&e from Figure 56 thBf6) for theincidentneutrons indeed
resembles that of the guide (c.f. Figure 53), wagtbe scattered divergence is determined mok,hyH.in) and
resembles that of the maroon curve in Figure 58xpected. It is clear from Figure 54 that the ddgtion of the
resolution function caused by increasig;, (Huwi,) limits the size of these windows unless additiauerective
optics is applied to narrow the flight path distrilon through the spectrometer. For example, éncibntext of
being able to perform useful measurementsa= 30 ns withlo= 8 A, the use of 3 cm 3 cm windows without
corrective optics gives an unacceptably poor si¢ged Figure 54). Even 2 cx2 cm is on the limit of being useful
in this case.

Studies of corrective optics permitting the uséaoder incident beam sizes and larger scatterathiselid

angles will be presented elsewhere.
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9  Towards the definition of the NIST NRSE instrument
9.1 Possibilities using MIEZE-II configuration

9.1.1 General instrument features

The general features of the so-called MIEZE-IlIctpemeter [27] are shown in Figure 57. In the copmfation
shown, the MIEZE-II can be equated to a multi-aersion of a conventional anti-symmetric arrangenodifiipper
coils but with the fourth coil unit replaced bytaih" detector at exactly the same position. (Téeosd and third
bootstrap coils are formed by the annular coil@unding the sample area). In contrast to similadyaed MIEZE
(“Modulation of Intensity Emerging from Zero Efféitx spectrometers, the r.f. frequency of the thre# units is
identical. The discussion in Sec. 4.2.1.3 illugtsavhat happens when tHB ebil unit is absent: When the r.f.
angular frequency is tuned to the Larmor frequergythe spin up and spin down states of the neutairr their
kinetic energy spitting after leaving the thirdlamiit, corresponding of a precessional angulaguesncy of 2y (for
N = 1 coils) or 4y (for N = 2) coils. Because the quasielastic echo poifttuiad forLy= L, for the 4 (identical) coil
unit arrangement, a modulation in the detectedsite at angular frequencyad (N = 1) or 4ay (N = 2) is found
when the separation between the third coil cemdrthe detector plane is equal to the separatidheofirst and
second coil center plandsy). At this position, the intensity oscillates beemehe maximum and minimum

polarization states with maximum amplitude.

9.1.2 Toroidal r.f. solenoid
An annular7zflipper that serves as thé*and 3 coil units (as illustrated in Figure 57) would &@ovel
development for NRSE. It is conceivable that thfiecoil could be constructed as a single rectarrgeiass-section

toroidal solenoid as long as the voltages can péwehin reasonable limits.

9.1.2.1 Self-inductance of the toroidal r.f. solenoid

The self-inductance for a toroidal r.f. solenoidaroid radiugig IS @pproximately

N 2 2
,Uolrfrf A _ :L;onl\rlf A (330)
axial

L =

toroid
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whereNy is the total number of turns on the r.f. solentlig,y is the axial length of the solenoid (in this ctse
mean circumference)’fgxia| = 27Troroig), @aNdAy is the cross-sectional area of the solenoid (tha anclosed by a

single winding). Substituting the winding dengity(= N/l ) into Eq. (330), we have

I‘toroid [H] = 2nrtoroidll'lonff Af = 8]72 X 10-7(nrf I: rn_l:|)2 l;oroid [ rd Af I: nf:'
=7.9%10° (n, [ M*]) s [ A, [ 1]

We now consider the probable dimensions of theidat coil. The uncertainty oB; x |, may be somewhat

(331).

relaxed for the r.f. coils when compared with treguired for the static field coils at the highesltues ofB,
because only a singlerotation of the spin is required arouBgl The flipping efficiency is naturally limited byoit
dispersion so that relaxing the tolerancedfBl ) must usually be accompanied by a restrictiorhefliandwidth,
A/ (see Sec. 7.3.4.8). Nonetheless, it is likely thatr.f. coil does not have to be greatly ovediaéh respect to
the beam height in order to achieve a field homeggthat is not too costly in bandwidth. From E286), for a
toroidal coil, we may substituter®,,.iq for . If we impose a high voltage restrictivpP*< 1500 V we end up

with
nrf [ml] rtoroid [m] a'rf [ m]

()[A]

We assume that a coil height (side of the rectapgipendicular to the beam directi@g)= 0.1 m provides

B,[T] <9.5x10° (332).

sufficient r.f. field homogeneity within the beamea. The toroid radius, g, must be sufficiently large to
accommodate sample environments. A reasonable isligiq= 0.3 m. The choice af,.iq does not affect the
instrumental resolution but it may affect the usadilid angle. In order to estimate the worst easeise the
maximum envisioned value &, and the minimum value &#;) (about 0.04 T and 2 A respectively), then it folto
from Eq. (332) that,(Bo = 0.04T, (A) = 2 A rioria = 0.3 m,as = 0.1 m)< 16 m* (or 1 turn every 6.3 cm) to

maintain the r.f. voltage within acceptable rangethe spectrometer limits.

9.1.2.2 Resistance and inductive reactance of the toroitlaolenoid

The resistance of the r.f. coil winding is
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|rf

|:ioroid = IO(T) Av:x (333),

wherel," is the total length of the r.f. winding aAg" is the cross-sectional area of the r.f. winding, i

f o~
l\;/ - 4mtoroidnrf (arf + Irf ) (334)
and

Ay =toh, (335)

so that Eq. (333) may be rewritten as

arm,

R _ ,O(T) toroid nrf (arf + ln‘ )
oroid ~

trf h’f

Using the above example with= 0.025 m and,.iq= 0.3 m, the perimeter of one winding i®2l ) = 0.25 m, the

(336).

total length of the r.f. winding fam; = 16 m" is approximately,/ (n¢ = 16 m*, as = 0.1 ml; = 0.025 M) 25 1oroid

=~ 7.5 m. If the windings are rectangular and theimar width possible (tightly wound), we can set tdth of
the windingh; = h;™®= 1/n;. Forn;= 16 m?, we haveh, ~ 0.063 m. Choosing a value for the winding thiclenies
the beam directioty = t,,.x= 4004m given in Sec. 7.3.2, the cross-sectional aregheofluminum winding ig, =

4x10%16 = 2.5x1F n? (0.25 cm). The minimum resistance of the rectangular saatimding is therefore
ch?rlcr)]id [Q] =3x 105,0(1-) [Q n’] (337).

Specifically for pure aluminum windings (using E854)), we have

Fioroid [m]nrf [m_l](a'f + 1 )[ m]

R (T)[Q] =(1.43x 10° T[ K] - 8.% 10 (338)
Al ( )[ ] ( [ ] ) trf[m]hrf[m]
and for this specific geometry case we have
e {AI}(T)[Q] =3.44x10° T( K) - 2.08 10° (339).

If the r.f. coil could be maintained at about 30Qi5,~ 2.73<10° Qm, then the resistance of the winding is
approximatelyRroid " A T = 300 K,rioroig = 0.3 Myt = 4x10% m, ns =16 m*) ~ 8 mQ. The inductive reactance

of the r.f. coil is given by

X [Q] =y [s*|L[H] (340).
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At Bo=0.04 T, when the coil is on resonance, from Bjjwe havew; = 7.3x10°rad & (vs=1.17 MHz). Fon,;=
16 Mm%, roreia= 0.3 m, and choosing; = 2.5x10° m?, we have from Eq. (331)= 1.5H, from which we have, =

11 Q. Therefore, X » Ruroig at the highest frequencies (in this example mioae three orders of magnitude).

9.1.2.3 Current and power dissipated in r.f. coil

In order to reach a maximum required r.f. fieldgmidude of about 2.7 mT (see Sec. 7.3.4.3), withraling
densityn = n(roia= 0.3 M) = 16 i, from Eq. (233), we require a peak current,pf 2.7x10%(1.26x10°x 16)
=134 Al Therefore, having eliminated the high agk problem we appear to run into problems witlk pegrent.
This may ultimately impose restrictions on the mimin wavelengtiNonetheless, because the load is almost
entirely inductive at high frequencies (see Set.292), the high frequency current in the colil |#gs voltage by
approximately 90°. The heat dissipated in thecoil is only that due to the resistance. In thengpda given in Sec.
9.1.2.2 for room temperature aluminum windingsrofs-sectional area 0.25 CRoroia= 8 MQ, therefore the
maximum r.m.s. power dissipated in the r.f. coii;ixproximaterDRMS’f{Al}( T =300 K, Foroid = 0.3 m,nys = 16 m*,

A= 2.5x10° ) = (134N2)2 x 8x10° ~ 72 W. This is not excessive.

9.1.3 Requirements for the MIEZE detection system

As shown in Sec. 6.1.6, high-resolution operateguires flight path length uncertainties no gretitan
several tens of microns and frequencies in the Z kiige. Therefore, the active part of the detastorquired to
be flat and thin whilst capturing neutron eventthim thicknesses of only tens of microns. The nsostable
detector type appears to be a scintillator-phottiplidr combination. The small event capture ddpb
implications for the efficiency of the detector &y and probably requireSlai-glass,°LiF/ZnS:Ag, or
®LiF/ZnS:Cu,Al,Au-type scintillator. Such scintillats also have the advantages of rapid decay tirtes
afterglow. The response time of the data acquisiigstem should preferably be in the 1 ns to lange and must
be able to handle up to about 4 MHz gated sighas= 2 bootstrap coils are used (note the signafisquency

4ay for N=2 — see Sec. 9.1.1).

9.2 Permanent magnet options for NRSE

One problem associated with the static field oihat neutron absorption and scattering in therexpable

number of windings traversed by the beam impos#ga upper limit on the winding thickness parbitethe
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beam. As we saw in Sec. 7.3.3.1, this may leadgio power dissipation in the coil at high fieldsn®may envisage
replacing the static field coils by a ferromagneti@nti-ferromagnetic material that transmits neng. Because the
static field magnitude can no longer be varied;anfyrsemust involve asymmetricakcan of the coil separation
in both arms of the spectrometer whilst maintairdyglL) = 0 (the echo point). This contrasts with chandhey
static field magnitude afBL) = 0 in the coil case. A schematic of a quasitelddRSE spectrometer using

permanent magnets to provide the static fibld (1) is shown in Figure 58.

9.2.1 Comparison of static field coils versus permaneagnets for NRSE

(a) Cail

e InrseScan is performed usually by fixilhg and varyingB.

* Requires anodized aluminum windings.

» High resolution applications require very flat gyatallel windings.

*  Flat thin (in beam direction) Al windings make puation of (0.03 to 0.04) Tesla fields challengikigat
dissipation is proportional to the coil surfacesafean be several kW for several tens of mT wifficigl Al
windings unless cryogenically cooled).

e Coil cooling is hampered within beam area.

(b) Permanent magnet

e InrseScan with fixedBg, B; and varyingoothLg andL;.

* High resolution applications require essentially ame tolerances (but probably easier to achieve).
» Field homogeneity should be very good inside thgmaetiand field boundaries are abrupt.

» Requires high transmission/ low scattering material

* Magnet must residimsidethe r.f. coil - requires an electrically insulafimagnetic material.

* Magnet possibly requires an externally-applied rsditon field.

» Fixed r.f. frequency - (no r.f. circuit tuning, &d impedance).

» Resonance width requires similar field magnituagesach magnet to within a few tens:df.

* No heat removal problem.
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e Compact with no coil circuitry (electrical or coad).

9.2.2 Definition of the required instrument parametersggermanent magnets
In the following, we develop a set of inequalitéefining parameter boundaries required to achtlege
requested performance of the spectrometer usinggent magnets. By no means do the parametersacter

here constitute an exhaustive list but they areiiigint contributing factors that drive the ingtrent performance.

9.2.2.1 Coil unit geometry
The coil unit would consist of a permanent magnetaterial surrounded by the r.f. coil (with a pargicular

field axis) as shown in Figure 59. We will hencélfiomake reference to the dimensions given in Figdre

9.2.2.2 Byl magnitude criterion for accessingsse= 30 ns ah = 8 A
The goal of accessingrse= 30 ns atl = 8 A is expressed by Eq. (226). If we assumettiere is an upper
limit on Lo imposed by spatial constraints (representet 5%), then we may define a minimuraquiredvalue of

B, criterion as:

0.157

B(;nax T - max
ysreo

minimumB, magnitude to reachgse= 30 ns al = 8 A (341).
9.2.2.3 Minimum wavelengthX = 2 A) r.f. voltage criterion
An approximate expression for the r.f. voltagéeinms of the r.f. coil parameters and the neutramelength is

given by Eq. (286), whera; andl”, are given in Figure 59:

(]t [a (]

M >{'&} o[ 7] (342),

where we know tha, cannot be smaller than the beam heightag&y ~ 0.03 m. Making this maximum voltage

VP [V]=2.5%10 "

criterion compatible with typical high voltage calhtings (see Sec. 7.3.4.3), we have
V™ <1500V (343)

which, from Eq. (342), equates to
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< 0.06 (344)

M [m-l] lf;fxial [m] al [m] B(;nax[-l-]

()[A]

as was the case in Sec. 7.4. We take the most diémgaminimum operating wavelength, which we asstorigeA

=2 A, therefore

ne [ m* ]l [m]a, [m] BY[T] < 0.12 (345).

We remember thd, is also subject to the constraint (341), therefeeerequire

maximum r.f. voltage at mia (= 2 A) criterion (346).

1 [l
N

9.224 Required Resolution: Tolerance criteria fo, Bo, and beam divergence

In order to ensure an elastic signal magnitudat téasP,’ at ryrsgA = 8 A) = 30 ns, maximum tolerances on
the values 0By, lgo, and the divergencdd are imposed. If the contributions to the depaktion of the beam due
to the uncertainties in these parameters are egatan use Egs. (223), (224), and (225) 8¢ "™, Alg™"™,
andAg..« respectively. We assume that the intrinsic fiddiation in the permanent magnet is a fixed propeft
the material of magnituddB,,,;and that the material can be cut to no better #manncertainty ofll,;in the beam
direction. If we choose a resolution sigRgl(7wrse= 30 ns A = 8 A)> 0.5 then Eq. (223) can be rewritten in terms

of a condition on the variable paramdigy i.e.,

2.2x10° o .
Bo[ ] originating fronzlB, criterion (347),

JN2B,,[T]
where we have substitutéd) = 8 A from our reference point. Note that this dition should not be especially
demanding for any realistically attainatB,,.. Likewise, for the same requireme®§(zrse= 30 nsA = 8 A)>
0.5, the tolerance condition (224), otilg,,; has reached a reasonable minimum value, imposesdition on the

magnitude oBq, i.e.,

2.2x10°
B[] <

JINAL_[m] NAl.[m]

subject to the minimum requirdg} condition (Eg. (341)), from which we have

(348),
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Al_.Im
LB””[m] >7.1x 10% originating fromdlig, criterion and minimum requireB,, criterion  (349).

Applying theP,’(7yrse= 30 ns A = 8 A)> 0.5 resolution condition to Eq. (225), we have
o 6
(Aemax[rad])Z(A = 8Aj < 4310 (350),
NB,[T] Lo[m]

subject to the condition (341) which leads to

Aé’max(/‘ = 8,&) <5.2x10° rac maximum divergence criterion fB( iyrse= 30 nsA = 8 &)  (351).

9.2.2.5 Tolerance criterion for B- r.f. penetration of the permanent magnet andrbles r.f. power

Variations of the magnitude &; within the static field region lead to reducegfiing efficiencies and
consequently reduced signal magnitudes. One sofi@itenuation oBy; is absorption of the r.f. field by the
permanent magnet and the associated heating. mébdaim-wave (MW) to short-wave (SW) frequency bérat
is relevant to the NRSE (i.e., far from moleculdarations that reside in the > 100 GHz microwavege, the
average value of the Poynting vector (which, fptane wave, is the energy densitthe phase velocity) in a
material of conductivityg, permeability ., and permittivity,s, may be expressed as

Y2

He ot — 2
SaV:T[wJWi;a ] (\/ﬁﬂw) exp(—[lqu(\/afe +o —cas)} YJ

12
_ H? [ we+afe? +0? 20U exp(—zzj
4 NoSe? +o? (\/ e +o’ + axs)

(352),

wheredis the attenuation length amdis the angular frequency of the electromagnetigateon. There are two

obvious limiting cases:
@ Perfect insulatoro — 0 andd — o where no electromagnetic radiation is absorbed.

(i) Good conductoro > weandd— (2/uow)*’? (otherwise called the skin depth [see Eq. (294)]).

For the good conductor,

Y2
S, =H? &)} ex (—ZXJ 353).
av rf |:80' p 5 ( )
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For the applied r.fH-field as shown in Figure 60 with a slab thicknkgs> Jin the direction of,, and slab area

ac, the Poynting vector may also be interpreted hevis:

S, = energy phase velocity energy _dy. _ pow

VO acdy dj ~ ac

(354)

i.e., the power per unit slab area, We see from Eq. (353) that almost 90 % of theen€rgy is absorbed in the
first layer of the slab of thicknegs as indicated in Figure 60. In fact, after a thiekdg, of the slab, the power

absorbed per unit slab area is

12 | 12
AS,, = H? [,;J_w} {1— exy{— Z%H = H [%} forl, >9 (355).
0_ 0

Note that the power absorbed per unit area incseaséhe square root of the frequency.

A criterion for the required electromagnetic prdjgs of the magnetic material is obtained by assgrthat
the attenuation of the r.f. field corresponds t@kue of4B which produces a precession angle of 1808round
the direction oB;; (see also Sec. 2.2), in whigimust not exceetl 2.5°. In this respect, the effect48,; does not
significantly compromise the usable bandwidthiA, (+ 2.5° corresponding to AA/A of aboutt 1.4 %, i.e., about 3

% FWHM). Thus, by setting

AB,
B =0.03 (356),

rf

we are requiring that the exponential in Eq. (3®&r the thickness of the crysth, is less than 0.03, i.e.,

I
exp[— 2ij < 0.0¢ (357),
o
which in turn implies
o= O.57|BD = 0.57, = 0.97 (358),
where
Y2
o= 2 (359).
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When Egs. (358) and (359) are combined with therrasce tuning condition for the r.f. frequency givey Eq. (9),

we have:
I, [m] =1, [m]
1.83x 10*

< 5 (360),

[arrtafnat)(fussxio [ ) o Fri [ ol T 183108, e[ P

subject to the minimurB, criterion (Eg. (341)).
If the criterion in Eq. (360) is satisfied, thé power absorption will be quite uniformly distdted throughout

the thickness of the slab and the power absorb#teislab volume is

Prfabs<0.03ac|_|"2;k WEtNWEra 20H
Jare? +o? (\/afgz +0%+ a)e)

(361).

The remaining issues are to verify that (i) the neig material can be sufficiently cooled and tfixt the absorbed

power does not alter the magnetic properties ofriaterial.

9.2.2.6 Examples

9.2.2.6.1 Some simplifications

The gross parameter envelope is defined by satgstygs. (341), (346), (347), (349), (351), andd)36
simultaneously, whilst ensuring other factors sastthe r.f. power absorption (Eq. (361)) and lefsetors remain
under control. In these examples, we make theMatig simplifications:

* We chooseN = 2 as this is the most likely bootstrap factob#oused in the spectrometer (see Sec. 3.4.2).
« Because there are two conditions involvinJ™; one involving the tolerance on the materials ter(§q. (349)
) and the other involving essentially only parametbat affect the r.f. coil inductance (Eq. (346)¢ attempt

max

to impose limits oy~ using Eg. (349), then examine the consequencdbkdatf. coil parameters in Eq.
(346) - specifically the coil winding density, giveertain limitations on the r.f. coil dimensions.
« For now, the choice of permanent magnetic is lpéirofor a material that satisfies Egs. (360) add (3

simultaneously whilst maintaining r.f. heating (£861)) at acceptable levels and providing hightireu

transmission and low scattering. The problems dateatwith Eqgs. (360) and (361) essentially redace
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finding agood electrically insulatingnagnetic material. Satisfying Eq. (341) requitesmaterial to have a

suitably large saturation field.
» Satisfying Eq. (351) most likely requires specialitton optical elements between the coils thatecbmelative
flight path differences to a level that does natsgty exceed the factor 1-1/c8g.

The above simplifications lead to the following sétonditions that must be satisfied simultanegusl

1.56x 10°
o [m <~ =7

< from Eq. (347 362).
m ABmat[T] (from Eq. (347)) (362)
Lg*[m] = 5.0x 1Al [ n}  (from Eq. (349)) (363).
Combining Egs. (363) and (346), we have
N [m* 15 [m]a, [m] < 7.7 1041, [ n (364).
Aemax(/l = 8,&) <5.2x10° rac (from Eq. (351)) (365).
1, [m]
< 18310 - (Eq.(360))  (366)

[Bc [T]u[na"] (\/(1.83x 10 B[ 1) e Fri] + o[ ] -1.83x 168 [ 1] le])}z
subject to

7.85x 107

BOI'T'IaXT _T
yEr

(from Eq. (341)) (367).

9.2.2.6.2 Example withN = 2, 0.01° slab parallelisra,= ¢ = 0.1 m, and4B5,= 50 4T

The slab parallelism of 0.01° is based on whabissidered to be reasonably achievable. Over destaph of

0.1 m, this corresponds th,,,=~ 20 zm. Using these values in the equations in Sec2 $.2., we obtain

1.56x 10°

lml< e

| <0.031m

Ly*[m]z5.0< 104l [ ) = L§¥= 1n

max

For this range of, ~*we have from Eq. (367):
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7.85x 102 BO(L';”X=1 m)z 0.0785T

Bmax T >—— — =
0 [ ] L?ax[m] BO(L';“aX:Zm)z 0.03931

A7y
ne [ m* |15 [m]a, [m] < 1.54
Assuminga; ~ ¢ = 0.1 m and" ;= a = 0.1 m (see also Figure 59), this condition isressed in terms of a

maximum winding density of the r.f. coil, i.e.,
[ m*]<154m'

Equation (366) using the above valud diecomes

BO[T],U[NA'ZJ(\/(LS?,X 16 B,[ 1) e[ Fni'] + o me*]" -1.83x 108, [ e[ le]Js 3.5 17

7.85x 107
ExCl

All of these parameters appear to be readily actikey

subject toBy"™[T] = (Eq. (367)).

9.2.3 Potential problems with the multi-angle permaneagnet geometry

One major issue associated with a permanent magtien in a multi-angle geometry is either one of
crowding of the fourth flipper coil units (detectan MIEZE-II configuration) agyrse(and hencé,) is reduced or
one of mechanical interference of the coil unitthwtie optical elements necessary to achieve kigblution. These
problems are illustrated in Figure 61. Both proklderan lead to an insufficient Fourier time ran@ieotrective
mirrors are in place, these are optimized for tlgbdst resolution (i.e., fdr, = Ly™™9, therefore their performance is
expected to degrade for shorter Fourier times whgrel " Although the resolution requirements are less
stringent at shorter Fourier times, the opticafgrenance degradation should not “out-pace” thexagian in the
resolution requirements &g is reduced, if possible.

If the presence of optical elements or the crogdihthe coils limits the range bf excessively, an NSE mode
of operation could take over from that point. Praffdy this should allow for an overlap of the NR&f! NSE mode

Fourier time ranges.
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Because the permanent magnetic field is fixedagmitude, one cannot adopt the method describ&edn
7.3.6.2 to measure short Fourier times in NSE mAdgossible solution is to rotate the magnets @nge the field

integral (see following section).

9.3  An NSE permanent magnet configuration?

It is interesting to compare the Fourier time monfia NRSE spectrometer using permanent magn#idiveit
of the NSE configuration using permanent magnetgogsible NSE configuration is shown schematidalllgigure
62 where Fourier time scans are performed by gilthe magnets as shown. Comparing the relativeiéotime
ranges of the NSE and NRSE configurations amowuntsinparing the effective field integralbiB,"">FL, for the
NRSE withBy *F1/c0S @nay for the NSE, wher@.is the maximum tilt angle of the magnet. For arSERmachine

capable of reachingrse= 30 ns atl = 8 A, we have
2NB"FL,=0.3Tm (368).

Large field ferromagnetic materials might hdgup to about (1 to 2) T. Therefore in order to readield integral

of 0.3 Tm with the NSE configuration would require

I
Cos¢max

This is too thick for any magnetic material to @&t good thermal neutron transmission, therefard\tBE

=(0.15t00.3 n (369).

permanent magnet configuration is appropriate @ryneasuring the lowest end of the Fourier timegea(just as

was the case with the coils — see e.g. Figure 33).

9.4  Spectrometer guide requirements

The limited area over which the static field ma&yHeld sufficiently homogeneous and the need toduice
corrective optics into the spectrometer arms déstatsmall area, low divergence, cold neutron Heathis
instrument. A curved or curved-straight polarizaugde - velocity selector combination with an erabifion
provides a highly polarized beam over a broad vemgth range with a fixed floor position. A polangiguide,
such as the one illustrated in Figure 63 at FRMybyvides a guide field not only for polarized rmeus inside the
neutron guide but also up to the spectrometer ecerdf the curved-straight guide geometry is addpthe

possibility of eliminating phase-space non-unifdies due to the curved guide exists above a centairelength,
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A’, by choosing the guide parameters according tpthscription of a “Phase-Space Tailoring” (PSTipggy28,
29]. From Table 7, we see that the tolerances einitident beam divergence are very stringentekample, if we
seek and elastic polarizati®® = 0.5 atzyrse= 30 ns andl = 8 A, we require a divergence corresponding iy on
28.9 % of a natural Ni-coated neutron guidd at8 A for equal contributions from the main cobtriors to the
resolution (see Sec. 6.1.5). Even if the beam daece was the dominant contribution to the elakjmolarization,
then we might still expect to require a divergenoamore than about3 x 28.9 %= 50 % of natural Ni (about the
critical angle of the uncoated glassz 0.5). We examine the implications for a PST guldsigned to achieve this
limit of operation.

To constrain the parameters for illustration pggmwe suppose that we will limit the beam siza (@ x H)
=3 cm x 3 cm beam and the total length of the ednstraight guide combination kg, = L. + Ly = 50 m, wheré..
is the length of the curved section dngis the length of the straight section.

There is a compromise to be made between the sbofton wavelength and gamma ray filtering ofgh&le
and the minimum wavelength of the instrument. Th@rtsneutron wavelength filtering of the guide nieey
characterized in terms of the “characteristic wamgth” of the curved section of guidk, In the small angle

approximationd. is given by the expression

/]C = ’M 1 (370)
p yNirnout

whereW is the width of the guidegis the radius of curvaturey, characterizes the factor by which the critical

angle of the reflective coating on the outer radifithe curved section of guide exceeds that afnahiNi, and;
characterizes the critical angle of natural Ni peit neutron wavelength and has the vake: 1.73x10° rad A™. A,
characterizes the points at which:
0] The transmitted beam in an ideal (perfect reflétstind circular curvature) long (no line-of-sight)
curved guide (ILCG) consists only of trajectorikatthave had no contact with the internal radius.
(i) The 2-D transmission of the ILCG with respect tecegnivalent (coatings characterized by the same
Myu) 2-D ideal long (divergence limited by criticalge) straight guide (EILSG) is exactly 2/3.
(iii) The wavelength below which the transmitted 2-D phemsace area decreases® (transmission with

respect to the 2-D EILSG A?).
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A reasonable compromise for useful intensity atisimum operational wavelength af,, = 2 A and good filtration
of epithermal neutrons is to skt~ 4 A.

If the required conditions for PST operation aeg,nt can be shown [29] thdt is given by the expression

y= Dy (371)
(mgut - ”ﬁ)
wherem,, characterizes the critical angle of the coatingreninner radius of the curved guide section. NiodeA
exists within the range frooh, (whenmyy > my,) up too (whenmy, = m,). Thus PST operation cannot occur for
< A, which is logical since it relies on neutronssmitted having undergone reflections from the imadius of
the curved section.
For the curved guide to be termed “long” (no lofesight [LOS]), its lengthl.., must satisfy (in the small

angle approximation):

L. 2L os=/8Np (372).
A particularly favorable (and luxurious) situatioxr gamma-ray filtering occurs wheén > 2 L, o5, Whereby neither
direct, nor once-scattered (reflection geometryhige rays are viewable. Thus we will set a furthmrstraint.. =
2L os i.e.,Lc = A(2Wp) in the following examples.
The displacement of the end of the curved-straggide combination with respect to the originaldguaxis at

the entrance (which may be an important parametiisirument placement) is given by

L (L
d,=d.+d, = p(l— co{jD + L, sw{;cj (373).

Parameters for several guides that satisfy the gRigle conditions with the above constraints arersarized in

Table 11.
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Table 11. Parameters for guides satisfying thelimsh PST guide conditions above a wavelenbthgiven the

constraintsi; = 4 A, L, = 50 m,W = 3 cm,L. = 2L, os With m,, > 0.5, my,; =0.5, for several radii of curvature. The

last two entries illustrate the effect on the gyideameters of coating first only the inner radifithe curved

section with natural Nirb = 1) [no change], then also coating the straigbtiee withm= 1 (e.g. an interchangeable

straight section), for better performance when afeg at lower static fields.

Assumed
I—str Mout
Ley(min) m, (for ~ maximum A’ (deal Displacement
L. (constr. (constr.
[minimum ideal My (to PST of guide end
(constr.  Lg = to
P Lios required PST achive guide with respect
= Lot — Lc obtain
(m) (m) Ls for operation required  operation  to origin
2L|_o§ with AC
ideal PST my > NRSE for A > guide axis,
(m) Lot (ILCG) _
(A>A7)] M) elastic A7) (R) deot (M)
=50m) =4 R)
polarization)

100 4.90 9.80 40.20 8.58 3.54 0.5 0.5 4.041 4.41
150 6.00 12.00 38.00 8.54 2.89 0.5 0.5 4.061 3.52
200 6.93 13.86 36.14 8.50 2.50 0.5 0.5 4.082 2.98
300 8.49 16.97 33.03 8.41 2.04 0.5 0.5 4.125 2.35
500 10.95 21.91 28.09 8.23 1.58 0.5 0.5 4.216 1.71
500 10.95 21.91 28.09 8.23 1.58 1.0 0.5 4.216 1.71
500 10.95 21.91 28.09 3.31 1.58 1.0 1.0 5.160 1.71

136



Table 11 gives examples of the type of guide patara required to achieve the reasonable elagtiakat the
highest fields, for which the only coated surfatéhe glass guide would be the outer radius ofctimeed sections!
To improve the guide performance when such stringenstraints on the beam collimation do not exgher a
guide with largem coatings could be used with interchangeable catioms, or conceivably one could have a curved
section with, for example, natural NhE 1) on the inner radius and top/bottom surfacék imterchangeable
straight sections, one having all Ni coatings dradther being simply of super-polished glass:(0.5). Take, for
example, thep = 500 m guide in Table 11: Substitutimg= 1 instead om = 0.5 only for the curved section
(keepingmy, = 0.5) does not change any of the listed parametethe functioning of the PST guide. If in adufiti
my, = 1 (an interchangeable straight guide of idehticaensions but witln = 1 is brought in), all that changes is
that the minimum required length of the straighttiem for PST operation reduces and the waveleative which
ideally perfect PST operation is achieved increasitie. Note that belowl., although ideal PST operation is
impossible, the existence of the straight sectioguade after the curve does tend to rectify ptessce asymmetries
[30] in the transmitted beam and for wavelengthsvbenA. andA’, this latter effect occurs in addition to partial
PST operation.

The guide systems described in Table 11 arerifltesi schematically in Figure 64 and their simalate
performance is shown in Figure 65, assuming ttet triginate from an in-pile beam port equivalenNiG-1 at the
NCNR with the Unit 2 liquid hydrogen cold sourcéde€Ee guides are modeled with no velocity selectdrre
polarizer. For comparison, the intensity of thesérg NG-5 guide at the beam exit preceding the BSE solenoid
is also shown under the same conditions of no itglselector and no polarizing cavity for a faimgparison.
Figure 66 shows the horizontal angular distributiéor A = 8 A for the guides listed in Table 11 and fae MG-5
guide which has®Ni coatings (1~ 1.18). Note that = 8 A is abovel’ for all the curved-straight guides in Table
11. The figure illustrates the uniform horizontabalar distributions within the limits imposed Whetcritical angles
of the straight sections (indicated by the vertlmald black lines — dashed for= 0.5 and solid fom =1 natural
Ni]) which is indicative of the near-ideal PST ogion of the curved-straight guides. Figure 67 shidve estimated
integral fluxes at the guide exits as a functiothef primary selected wavelength assuming (i) acil selector
with a triangular transmission function with respiecwavelength of peak transmission 0.83, opegatiith 10 %

AAIA (FWHM) and (i) a polarizing cavity having a wagabth-independent transmission of 0.45. We notettiea
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predicted flux of theny, = 1 guide is comparable to that of the NG-5 atNI®&E instrument under similar conditions

but with a reduced beam divergence (see Figure 66).

10 Appendix A: Summary of useful NRSE formulas

(Lo = length between coil centetstotal coil length] g, = length of onezflipper coil assuming the static field
region encloses the r.f. field regidgrlength of combined r.f. and static field regios\ally=; for 7zflipper coils),

N=number ofrzflipper coils in BootstrapV=total number ofzcoils traversed by the beam in the instrument).

Larmor angular frequency ¢z at resonance)

@ =V,B, Eq.(5

2
with =# =1.83247% 10 rad's ¥ Eq. (6).

Larmor frequency (=r.f. frequency at resonance)

B

Vo [MH2] = Ve [MHz] :y;—n =29.164B,[ T Ea. ).

Larmor period=r.f. period at resonance

1 _ 0.0342¢
Vo[MHZ] B[ T]

TO[/JS] = from Eq. (8).

"Effective 4-coil NRSE precession frequency"

Ver [MHzZ] = 2Ny, [MHz] =58.320MB [ T

Actual number of precessions in ordlipper coil lengthl ,,

V 27T

n

VOI T n _ 0
R ZZLH%BJIB"/] =7.3722 10B,| ]‘IBO[W[A}
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Approximate full width at half maximum of resonarmgve (i.e. 50% drop in polarizing efficiency) famgeneral

value ofl ,is very well fitted by

3.16x 16

|,,[m];|n[ﬁ}

AVeym [HZ] = Eq. (59).

Frequency shift for 1% drop in the polarizing efficcy is well fitted by

198

I,T[m]An[,&}

AVqops[HZ] = Eq. (60).

Tolerance orB, field in eachzzflipper in a machine with a total & 7#flippers (e.gM=8) (Gaussian -equal

contributions)

2 In2|n{1oJ 2.08 10° Ir{loj
FWHM h R< R<
AB, = = ——Tesla Eq. (223).
UZEN W NI, [m]A A}

Tolerance on coil flatness in eagflipper in a machine with a total & 7#flippers (e.gM=8) (Gaussian - equal

|

contributions)

n2in| | 2.0810° |
AI FWHM - 2h Px

e VNEA g (1] A

xo‘l—\

meters  Eq. (224).

| |

Tolerance on beam divergence in each arm of a maatith a total oM 7#flippers (e.gM=8) (uniform incident

and scattered polar angles upiif,,, - equal contributions)
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1 1
h 45In(PXOj In(PXOj

D=\ o S =4.91x10° - rad
.8 L NE[TI LA A o,
3
for |AB,,.] <~ 6.7<10 [rad

\/NBO[T] L,[m] A [K}

Net phase change in 4 equal coils, midpoints d§dnifirst arm separated Iy, midpoints of coils in second arm

separated bl

Purse = ZNVn[%_%} = Lrl?yn[%l-o/]l - BiL{‘f] Eq. (80),

v, v,

When tuned for QENS witBgLo=B,L

Drrsel radd = 92641_[30[ | M["ﬁ{_ al U Mf[oﬂ

NRSE Fourier timev=v;+dv, dv«v; approximation)

2N# N 2 2
TNRSEzﬁ% = %(—rﬁj Bol-o/]i3 = 2NV0LO(—rEj /]ia Eq. (152).

where

Fursc] N = 0.3727N B[ TL [ "]{Ai { @3
=1.27794 10 Nv,[ MH}L[ n]{/]‘[e%f

EaS3).

Effects of Dispersion: Flipping efficiencies
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Flipping efficiency for a wavelength for single flipper tuned for resonance and foratxaflips for the mean

neutron wavelengtfy;).

disp — cin? I_Ti
Sin (2 </]i>J Eq. (31).

Averaged over various incident wavelength distiidmg:

1. Rectangular

P,
< disp > (rectangula)’ = |:l +
1coil 2

Qe 7T 2

ideal

siEE lo (i ﬂ Eq. (35) withap,, =A<j—F§’ Eq. (34).

2. Triangular

Pdisp> . 1 1 , A
—F triangulan ==+———( + co$/mx Eq. (39) withar = —FWHM. Eq. (38).
< Lo ( ) 2 Ty ( ¢ FWHM)) ()

ideal

3. Gaussian

<—P‘"S"> (Gaussiar)n:EL ! ex{p(’—TT%—WD £0. (42) Wiy =B g (38),
P 1coil 2 4 In2 <AI>

ideal

Approximate maximum achievable static field foturns cnt (long solenoid approximation)

B,[T] =4mx107n[ m*[I[A] =1.26¢10°n[ nt]I[ A Eq. (233).

Required current in static field coil to producstatic fieldB,

1[a]= 2820 BT g5 BT

7 n[m'] n[ m*]

Eq. (234).

Magnetic pressure acting outwardsBEycoil windings
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Poog| NM? | =% =~ 4x10 (B[ 1))’ Eq. (261).

Approximate deflection of unconstrained windingdénl, due to magnetic pressure

Yimax|M] = 1.25¢ 10 I(EEE[I\TrL)iﬁUt[[rrﬂ]z Eq. (266).

Resistance of static field coil of external surfaceaA,; with tightly-wound, rectangular cross-section wirgs of

thickness

p(m)fem](r{m])" A [
t[m]

R[Q] = Eq. (242).

Required voltage across static field coil of extédisurface aref, with tightly-wound, rectangular cross-section

windings of thickness

V[Vv] =I[A]R[Q] :2.5;16 P (T)[Qm]:EnT;J Ag“”[mz]Bo[T] Eq. (247).

Power dissipated in static field coil of externaiface ared\, with tightly-wound, rectangular cross-section

windings of thickness

P[w]=1[AV[v]=(1[a]) Q]

2 m| A, | M 5 Eq. (251).
s 10 LA o ) q

Specifically for Al windings down td@ ~ 80 K

P, [W] :(%[T])Z%(nﬂ( K) - 4.37 16) Eq. (255).
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By required forzrflip (amplitude of r.f. field=By).

6.78223X% 10 6.782232 10
B, [T]= =

" [m]A“W _ 'n[m]An[Z\} Eq. (14)

Regquired peak amplitude of r.f. field

1.35645¢ 10* 1.3564% 10
BX[T] =28, [T] = =

L [m]/ln[,&} i I,T[m]/l{,&}

Eq. (15).

Approximate skin-depth in aluminum

83

Eq. (295).
Jv[HZ]

Iy [mm] =

Approximate ratio of resistance at frequendy D.C. resistance for band windings wbht

t/2
d
R(v) _ {X . t

= Eg96).
Y Jerl e wedg)
expl —— | dx 20| 1-expg -
.([ o 20

Approximate required peak current in r.f. coil

| [A] = B[T] 3 1.356x 10"
it ,u[NA'Z]n,f [m*] ,u[NA'Z]nrf [m—l:l , [m] M >['2\}
108 Eq. (280).

= (in air)

ne [m* 1, [m](A >[;\}

r.f circuit values at exact impedance matching doma
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r.m.s. current in r.f. coil at exact impedance nhéng (2, usually 502)

I4[A s
fAl 9.592x 10 _ 76.3 cq. 280

2T o ml [ A] [ ()] A

Irrfms[A] —

Approximate maximum voltage in r.f. coil (long sotéd approx, length’,,;, thickness in beam directidp width

perpendicular td" ., andl = as)

[ i [l ]

a >['&} 5[ 7] Eq86).

usingL = LNyl aiaA (EQ. (284)) which can be restated as:

VP [V]=2.5x10 "

Approximate self-inductance of long solenoid

L[H] =d4mx107(n, [ m‘1])2 [ A [ n?]
~1.26x10°(n, [ m*]) 1, [ n}A, [ d]

Eq. (285)

Required r.m.s. power supply voltage at exact immped matching (assuming=50.0) (typically much smaller

than HV across coll itself)

VP[] = 1527z [Q]R[Q] 10794 RQ]

rms ° o Eq. (289).
[ [l (4)] A L]y [mda)| A
the heat dissipated in the whole circuit is
o (Vi)
Rf circuit — 2( U;SS) ZO = ZZO Eq. (290).

Power dissipated as heat in the r.f. coil (occug due to its resistance) at exact impedance rirajdh

e, T )
= Z) Jw,

= |rffmS)2 R Eq. (293).

coil
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Approximate maximum rate of change of currentfinaoil

(di/dt),  [As*] =1[A]e; [s?] =1.832 1017 AB,[ 1 Eq. (283).

Approximate tolerances on r.f. coil

2 2
AlB; |
Using the criterial . = ( e ) +(A/]FWHM J Sl.OEMFWHM and A <10%
Brf In‘ </]I > </1 > <Ai> , we have

A(B,l, ) V0B, V2, 3

~0.03
Byl B b for equal contributions to resolution functiorg(E302)), with
2.9x10°
ABX[T] = - Eq. (303)
’ [m]<4>H
Al
and <~0.02 (see Eq. (302), i.e., fgr~ 0.025 m4l;; < ~ 0.6 mm).

rf

Length of toroidal r.f. coil winding, toroid radiuscross-sectio; x by

1 .
Iw - 4'ﬂrtoroid Ny (arf + Irf ) Eq3.

Self-inductance of toroidal solenoid of mean radiagsd cross-sectional aréa

Ltoroid [H] = thoroidluon?fp\f = 8772)( 10—7(nrf [ rn_l:Dz l;oroid[ IT] Af I: rﬁ}

) Eqg. (331).
=7.9x10° (nrf [ m_l:l) Koroid [ rT]Af [ nﬂ
Resistance of toroidal solenoid of mean radius
4ﬂroroi nr + lr
I%moid = IO(T) oo~ (aff f ) Eq. (336).

trf hrf
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Specifically for Al rectangular windings x hy :

Toroid [m]nrf I:m-l:|(arf + 1y )[ m]

Re°4(T)[Q] =(1.43x 10° T[] K] - 8.% 10 Eq. (338).
Al ( )[ ] ( [ ] ) tﬁ[m]m[m]
Stray fields
For stray field for total precession in arm of lénb, with <10° precession angle:
6
B, [T] L[m] < 2210 805
()] A]
Unshielded “Zero field path” precession due to Eartnagnetic field
<A¢Stray>[rad] ~ Vn:‘n Byol (1) =4.6%10B,,[ TL M4 Q[ % Eq. (304).

Example:Earth’s magnetic field (zip code 21737 Oct 8 208%)25x1C T, horizontal component=2.06x1{,

vertical component 4.83xF0T, L =2 m,() = 8 A, (Asiray = 35.8 rads = 2050°F 5.7 turns.
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Figure Captions

Figure 1. (a) Coordinate system showing initialtn@u polarization direction. (b) Larmor precesswith angular
velocity ay. of the neutron magnetic moment in #tyeplane due to the static fieRh alongz (viewed in the lab
frame); (c) Larmor precession pfaboutB,; viewed in a frame which is rotating (at angulaioeay a)

synchronous with the resonant component of théielfl (magnitudeB;; ).

Figure 2. A sinusoidal oscillating field of angufaequencyw, amplitude B; decomposed into two counter-

rotating components each of magnitigjerotating atcay.

Figure 3. Classical precession of the neutron m@gmoment around the resonant component of thiteld in

the rotating frame of the r.f. field component.

Figure 4. Coll flipping efficiencies calculated ngiEq. (58) fol ,= 3 cm for asr-flipper whose r.f. field magnitude
By is tuned optimally to produce exaeflips for monochromatic, well collimated beamssaigle wavelengtil,
(zero dispersion approximation). These curves kottepl as a function of the difference in the Larrfrequencyy,
and the r.f. frequency; in kHz. These curves can be used equivalentleeiftwe assume (i) perfect static field
homogeneity (fixedy) with varying v;; or for (ii) departures of, from the nominal valuéy) due to static field

inhomogeneity for the casg=(1;,) as well as general cases in between.

Figure 5. A 4-singlegrcoil NRSE instrument.

Figure 6. Some possibkeflipper spin echo arrangements.

Figure 7. On entering the static field region, dlegeneracy of the spin up and spin down statesefiaon, of

initial energyfiay with its spin vector lying in they plane, is lost due to the magnetic potential gnaidat the

entrance to the coil. Inside the field, the spinafial state is increased in kinetic energy/hB, and the antiparallel
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state is reduced in kinetic energy kB,. The total (kinetic+potential) energy remains @xat7 « throughout the

process. The total splitting igw, whereay is the classical Larmor angular frequency. Usuadly« a. On exiting

the caoil, the splitting disappears, but the relahase of the matter waves associated with timeugpand spin
down states has been shifteddaylgd/Vi, corresponding to classical Larmor precessiomefspin around the field

direction during its time in the field.

Figure 8. An r.f. flipper tuned for perfect spiip8 for a non-dispersive flipper (or a monochromatam). The r.f.
region is deliberately shown shorter than thesfaid region (as is the case for an r.f. codqad inside a static
field coil). The flipper is tuned for exactflips within the r.f. field region so thatBl,; /v; =77 In this case, by the
time the neutrons are exiting the r.f. field regiooomplete inversion of the spin states occurex@ange of
photons with the r.f. field (of angular frequengy=ay). The absorption and emission of r.f. photons radhat, in

contrast to the case shown in Figure 7, the totetgy of individual spin states is not conservedsizown. The

splitting of the total energy reaches a maximur@zafy at the exit boundary of the r.f. field, whilst thdditional

splitting in kinetic energy experienced due tosp@ inversion does not manifest itself until theaitmon crosses the

static field boundary on the exit side of the cBiecause the kinetic energies of the two statdsrdify 2iay at the

exit of the coll, the relative phase of the spinamol down states go in and out of phase correspgidia Larmor
precession angular frequency in the subseqeroffield region of 2. This precession in the zero field has been

referred to as anomalous or "wrong" Larmor precesby Mezei [10].

Figure 9. The oscillating r.f. field by itself doaot change the average energy of the neutromise Ifield overlap
region (lengtH ,~lgg), the spin inversion occurs where all the changhé total energy of the two spin states occurs
and where the effective Larmor precession anguigyuency isw. The additional splitting of the kinetic energy
brought about by the spin inversion is felt atélxé of the static field region, after which thdestive Larmor

precession frequency isi&
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Figure 10. This is similar to the situation showrFigure 8, but with a reduction in flipping effécicy due to
dispersion (see Sec. 2.2) or a departure fromxthet@esonance condition (see Sec. 2.3). A fraaifdhe neutrons
that are not flipped return to their original kilwet¢nergy state on leaving the static field rediaght gray dashed
lines) and these neutrons have no splitting of tfaéal energy. The flipped neutron fraction isnegented by the

dark gray dashed lines.

Figure 11. Some examples of Monte Carlo-simulat®EHN echo signals in the vicinity of the echo point
demonstrating the effects of varying different paggers in isolation. Columns 1 to 3 are for elastio spin-flip
scattering (or no neutron energy change througispleetrometer). Column 4 is for quasielastic nan-fip
scattering. For each of these simulations ther@margample size effects, coil dispersion is switicb#, andB, =
Alg, (zero field inhomogeneity and perfect dimensiofithe flipper coils). Additionally for columns 1 drt zero

beam divergence is assumed. The effects of diggeasi the spin echo signal are studied in Sec. 8.2.

Figure 12. Simulated and analytical predictionshefeffect ofAB, on the elastic polarizatio®. for mrse= 15 ns at

8 A, N = 1, with other spectrometer parameters giveneénpibt title.

Figure 13. Simulated and analytical predictionthefeffect of4B, on the elastic polarizatidhf for ryrse= 30 ns at

8 A, N = 2, with other spectrometer parameters givenérpibt title.

Figure 14. Simulated and analytical predictionshefeffect of Gaussian fluctuations of tteflipper length
resulting from independent Gaussian fluctuationthefflatness of the windings on the entrance aitcsiles of the

coil. In this exampleN = 1, iyrse= 15 ns and the other spectrometer parameterswae ig the plot title.

Figure 15. Simulated and analytical predictionshefeffect of Gaussian fluctuations of tireflipper length
resulting from independent Gaussian fluctuationthefflatness of the windings on the entrance aitdsiles of the

coil. In this exampldN = 2, ryrse= 30 ns and the other spectrometer parametersvame i the plot title.

Figure 16. Essentials of the "simplified" divergemodel.
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Figure 17. Monte Carlo simulated (black circles)l amalytical predictions for the relationship betwenaximum
divergencedé ., (A8 uniformly distributed up taé ma) andP, for the caséN = 1, fyrse= 15 ns. The other
spectrometer parameters are given in the plot fithe analytical approximation (as expressed by(EB) [Eq.
(216) for the particular case af§™®| = UG™™| = YUBbna]] describes the simulation very well and is repnésd by
the red curve. The approximation (Eq. (222)) thaigd be valid for48n. <~ 8.4x10 rad to within 1% is shown

by the blue dashed curve.

Figure 18. Monte Carlo simulated (black circles)l amalytical predictions for the relationship betwemaximum
divergenced .« (AGuniformly distributed up t@6 ) andP,” for the caséN = 2, ryrse= 30 ns. The other
spectrometer parameters are given in the plot fithe analytical approximation (as expressed by(EB) [Eq.
(216) for the particular case af§™| = PUG™*| = Ybn.] describes the simulation very well and is représd by
the red curve. The approximation (Eq. (222)) thaigd be valid for4@n,) <~ 6.0x1C rad to within 1% is shown

by the blue dashed curve.

Figure 19. Parameter tolerances (see legend fts)urguired to achieve a specified minimum elasésolution)
polarizationP,” for zyrse= 30 ns at 8 A with the above spectrometer dimerssi,=0.0393 T) with approximately

equal contributions to the depolarization comirgrdB,, Algg, andA&,ax

Figure 20. A N=2 bootstrap coil on the RESEDA spmueter at FRM-II. The zero field flight paths are
magnetically shielded by a double-skinnedetal enclosure (removed). Tpemetal screen on the face of the cail,
the r.f. coil air cooling connections (blue) ané static field coil water cooling connections (lpare visible

(photo kindly allowed by T. Keller, FRM-II).
Figure 21. Estimated neutron transmission of thralined 32 layers of windings for aNi= 2 coil NRSE assuming

that the static field and r.f. coil windings eacvh equal thicknegs These curves are based on the total cross-

section of pure aluminum at 300 K.
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Figure 22. A static field coil developed for thetZspectrometer at the ILL, Grenoble using circakstion Al wire.

This type of coil is used for lower resolution apations. (Photos kindly allowed by R. Gahler, JLL

Figure 23. Dimension parameters of the static fagid using tightly-wound rectangular cross-sectigndings.

Figure 24. A short circular solenoid.

Figure 25. Variation of axial magnetic field alothg axis of idealized solenoids of differing diaeredixial length

ratio, 7.

Figure 26. Two r.f. coils developed at the ILL. t &fmaller) uses anodized pure Al tape for the wigslin the

beam area. The larger model (right) uses circ@etien anodized pure Al wire. (Photos kindly all@iney R.

Gahler, ILL, Grenoble).

Figure 27. r.f. filter with lossless cablésincludes the resistance (likely mainly from the coil).

Figure 28. r.f. filter with losses in cables (caldsistance, represented Ry and conductance of dielectric,

represented bcapio)-

Figure 29. Part of the high voltage r.f. circuieddo energize the r.f. coils at FRM-II, Munich ¢pb kindly allowed

by T. Keller, FRM-II).

Figure 30. r.f. coil dimensions assuming rectangatass-section windings.

Figure 31. Using a &= 1 coil NRSE spectrometer in NSE mode for meagusmall Fourier times. The r.f. field is

turned off in the coils. (a) using the static fielitkwo coils for the precession fields (b) usihg static field of all

four coils to access higher
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Figure 32. Using a &= 2 coil NRSE spectrometer in NSE mode for meagusmall Fourier times. The r.f. field is
turned off in all coils: (a) all static fields onsing 7rflippers (b) (if feasible) switching off all wrorfield directions

(no rrflipper) (c) switching off all but two of the fids.

Figure 33. Fourier timer{rsg ranges resulting from evenly-spaced valueBydh the range from about 1.7 mT (the
minimum for NRSE operation in this example) to 0T0fbr both NSE mode (red circles) and NRSE modiee(b
squares). This example is fér= 8 A,N = 2,L,= 2 m, andg,= 0.03 m. The curve happens to correspond to a 40
neV quasi-elastic scatterer in a highly-idealizpdcirometer with quasi-perfect resolution (perfeitbal
construction, field uniformity etc.) and zero cdispersion. Identical values Bf were used for each mode. Note

that the NSE mode is highly compressedygsswith respect to the NRSE mode for equivalent stidids.

Figure 34. A coupling coil at the exit oftametal housing on the NRSE-TAS spectrometer aFRE -1, Garching,
Germany (photo kindly allowed by T. Keller). Thenglings are bent outwards at the exit to avoid atigan of the

beam and to ensure an adiabatic transfer fromdalsiper/analyzer field to the CC guide field.

Figure 35. The effective magnetic field in a conedé frame fixed to the rotating field. Two sitwai$ are shown

tending towards the extreme adiabatic and non-atimabases.

Figure 36. Simulated spectrometer resolution famctising the field inhomogeneity, coil length unastty and
beam divergence calculated according to Egs. (2€34), and (225) (simplified incident-scatterégedgence

model) to give an estimatd?}’ (1= 8 A , nrse= 30 ns) = 0.7, 0.5, and 0.3 with flipper dispensswitched off.

Figure 37. Simulated spectrometer resolution fumctising the field inhomogeneity, coil length unaatty and
beam divergence calculated according to Egs. (2@&34), and (225) (simplified incident-scatterédedgence
model) to give an estimatdt}’(1 = 8 A, mrse= 30 ns) = 0.5, but with,= 12 A. Coil dispersion switched off. The

uncertainty values used are given in the legend.
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Figure 38. This example shows the effect of incidem scattered beam divergence in isolation veittiom polar
angles up t@"*N (1 = 8 A) (simplified divergence model) with no ottsrectrometer imperfections and no

dispersion.

Figure 39. A simulated quasielastic experiment/fgHWHM) = 0.025.eV. Black curve- simulated "measured
data"; red curve - simulated resolution functioloigbcurve - simulated measured data divided by lsited

resolution function; green curve - theoretical imediate scattering function fér(HWHM) = 0.025.&V.

Figure 40. Simulated elastic (resolution) spin esigmal (asymmetric scan) airse= 30 ns (no coil dispersion) .
Note that the peak polarization at zero asymmétoukl match the value of the resolution curveate= 30 ns in

Figure 39 within statistics.

Figure 41. Simulated quasi-elastic spin echo sigg@immetric scan) atrsg= 30 ns (no coil dispersion). Note that
the peak polarization at zero asymmetry should Iméite value of the simulated raw quasielastic datae atrygse

= 30 ns in Figure 39 within statistics.

Figure 42. A simulated quasielastic experiment/fgHWHM) = 0.05.&V. Black curve- simulated "measured
data"; red curve - simulated resolution functioluiebcurve - simulated measured data divided by Isited

resolution function; green curve - theoretical intediate scattering function fér(HWHM) = 0.05.eV.

Figure 43. Simulated effects of flipper coil disgien for rectangular incident wavelength spectmagared with
analytical approximations (see Sec. 2.2.2) forawmivalues ofry = AATI(A), for a “perfect” instrument4B, = 0,

Algo= 0,464 = A6naxs= 0) and for elastic scattering (resolution fuonji

Figure 44. Simulated effects of flipper coil disgien for triangular incident wavelength spectra paned with
analytical approximations (see Sec. 2.2.2) forawsivalues ofrewum = A4™V™(A), for a “perfect” instrument

(4Bo= 0, Algo= 0, 46naxi = Abnaxs= 0) and for elastic scattering (resolution fuooji
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Figure 45. Simulated effects of flipper coil disgien for Gaussian incident wavelength spectra coetpwith
analytical approximations (see Sec. 2.2.2) forowmivalues oftewum = A4™V™(A), for a “perfect” instrument

(4Bo= 0, Algo= 0, 46naxi = Abnaxs= 0) and for elastic scattering (resolution fuooji

Figure 46. Comparison of resolution functions wilthack curve) and without (blue curve) dispersiaitched on
(AATYMICA) = 10 %, triangular) using spectrometer uncertainéixpected to giie’(A = 8 A, iurse= 30 ns) = 0.5
in theabsenceof dispersion. The dispersive resolution in theesize of all other spectrometer uncertainties is
shown by the red curve. The similarity of the ratfdhe black to the red curve (green curve) tosiheulated non-
dispersive signal (blue curve — also the red cunvEigure 39 and Figure 42) demonstrates that fieets of
dispersion are approximately decoupled from unagiés which lead to depolarization in the perpeatiir plane

for 4A4/1 = 10 %.

Figure 47. Comparison of resolution functions witkack curve) and without (blue curve) dispersiaitshed on
(AATYMICA) = 30 %, triangular) using spectrometer uncertainéixpected to giie(A = 8 A, iurse= 30 ns) = 0.5
in theabsenceof dispersion. The dispersive resolution in theemize of all other spectrometer uncertainties is
shown by the red curve. The similarity of the ratfdhe black to the red curve (green curve) tosiheulated non-
dispersive signal (blue curve — also the red cumigure 39 and Figure 42) demonstrates that fieets of
dispersion are approximately decoupled from unagiés which lead to depolarization in the perpeatiir plane

for 44/A1 = 30 %.

Figure 48. A simulated quasielastic experiment Wiitd WHM) = 0.025,eV with dispersion switched ON for a
very broad incident wavelength rang®{""/(A) = 30 %, triangular). Black curve- simulated "measidata”;
red curve - simulated dispersive resolution funttidue curve - simulated measured data divideslitmylated

resolution function; green curve - theoretical intediate scattering function fér(HWHM) = 0.025.&V.
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Figure 49. Simulated elastic (resolution) spin esigmal (asymmetric scan) airse= 30ns - dispersive case with
AAYPIOLY = 30 %, triangular. Note that the peak polarizatid zero asymmetry should match the value of the

resolution curve atyrse= 30 ns in Figure 48 within statistics.

Figure 50. Simulated quasi-elastic spin echo si¢gimmetric scan) afrse= 30ns - dispersive case with
ANYPMILY = 30 %, triangular. Note that the peak polarizatid zero asymmetry should match the value of the

simulated raw quasielastic data curvenage= 30 ns in Figure 48 within statistics.

Figure 51. A more realistic situation for determigpipath length differences in the NRSE spectrometer

Figure 52. Calculation of probability density faslar angleffrom an ideal guide characterized by uniform

horizontal and vertical divergence angles in thegyea0— 4 and 0— & respectively.

Figure 53. Probability density for polar anglérom an ideal guide characterized by equal unifborizontal and

vertical divergence angles in the range>(4.

Figure 54. Resolution functiond € 8 A) for the coil window and sample sizes giveritie legend. For ease of
comparison with previous results, the valueglBf/B, and4l ,; Ly andlg, are exactly those that giVQO(A =8 A,
Inrse= 30 ns) = 0.5 in the simplified model case. Thfekence here is in the incoming and scatteredrbea

divergence acceptance.

Figure 55. Simulate®(6) of incident and scattered neutron trajectories éxit the final coil for thel = 8 A cases
shown in Figure 54. It is expected that the divaogeis largely limited by the coil window sizes looth sides of the

sample.

Figure 56. SimulateB(6) of incident and scattered neutron trajectories éxit the final coil ford = 1 A with Wi,

=Hwin=3 cm. It is expected that the divergence onrbilentside is largely determined by the characterig(i€)
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of the guide, whereas tilseatteredbeam divergence is driven by the coil window sidge inset showB(4) on a

scale that is more easily compared with Figure 53.

Figure 57. Schematic of a possible MIEZE-II NRSEtinment configuration (as proposed by Géahler).

Figure 58. Schematic of a quasi-elastic NRSE ins#mt using permanent magnets to provide the dtakit

Figure 59. Schematic of flipper coil unit usingermanent magnetic material.

Figure 60. With the r.fH-field oriented as shown in a slab of good conduycatmst of the r.f. power is absorbed
perpendicular to the plane containiB@ndH (in the direction of the Poynting vector) withimetskin depthg, if Iz

>0

Figure 61. Possible mechanical interferences wisergypermanent magnets with a multi-angle geometry.

Figure 62. A possible NSE configuration using parerd magnets.

Figure 63. A section of the polarizing guide feggihe 3-axis NRSE at the FRM-II. The vertical bas the

permanent magnets (photo kindly allowed by T. KekRM-II).

Figure 64. Approximately modeled curved straightigugeometries for simulation of the guide systelewscribed

in Table 11.

Figure 65. Simulated differential flux spectdig(d]) for the guide systems described in Table 11 antNCNR

guide NG-5 at the beam exit upstream of the fiotgrsoid assuming no velocity selector and no podarri

Figure 66. Horizontal angular distributions foe 8 A for the guides listed in Table 11. Note that 8 A is above

A’ for all the guides. The figure illustrates theyaniform horizontal angular distributions withinet limits
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imposed by the critical angles of the straightisest (indicated by the vertical bold black lines fio= 0.5 andm
natural Ni]) which is indicative of the near-id&bT operation of these guides. The guide — curl@ co

correspondence is the same as shown in Figure 65.

Figure 67. Estimated integral fluxes at the guixieseas a function of primary selected wavelengisuaning a
velocity selector with a triangular transmissiondtion with respect to wavelength, operating widAA/A
(FWHM) and with a typical peak transmission of 0888l a polarizing cavity having a wavelength-indefsant

transmission of 0.45.

=1
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Figure 1. Jeremy C. Cook.
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Figure 3. Jeremy C. Cook.

160



0.8

o
e

Flipping efficiency
o
~

0.2

VoVl (KH2)

Figure 4. Jeremy C. Cook.

161



4 single 7flipper coil NRSE B, in xy plane

b Sample
L
ZQ ZD
BO A Bo B L cp (zero field)
Polarizer Analyzer
|'|_| Detector
D - -
i il :
P
L AB (zero field) B()C B()D
X I Iy
L
BS
Vi >
zero field J
_) Indicates direction of B, is static field
resonant component
of r.f. field
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Figure 11. Jeremy C. Cook.

168
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Figure 79. Jeremy C. Cook.
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0 .
P’ at Typee=15nS, 8A, Iy =0.03m, B(=0.0393T, Ly=2m, L,g=1.939cm, N=1, M=4
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0 o
P, al typge=30ns, BA, Iy =0.03m, B,=0.0393T, L=2m (L,,g=1.930m), N=2, M=8

only error in 6. Equal incident & scattered divergence
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Figure 85. Jeremy C. Cook.
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Figure 86. Jeremy C. Cook.
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Figure 87. Jeremy C. Cook.
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Figure 88. Jeremy C. Cook.
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Figure 89. Jeremy C. Cook.
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Figure 90. Jeremy C. Cook.
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Figure 91. Jeremy C. Cook.
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Magnetic field along axis of solenoids of axial length /. and radius r
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Figure 92. Jeremy C. Cook.
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Figure 93. Jeremy C. Cook.
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Figure 95. Jeremy C. Cook.
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Figure 96. Jeremy C. Cook.
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Figure 97. Jeremy C. Cook.
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Figure 98. Jeremy C. Cook.
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N=2, 1=8 A, I5,=0.03 m, L;=2 m, B;=1.7 mT 0 0.04 T
(QENS 40 neV FWHM, quasi-perfect resolution, no dispersion)
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Figure 100. Jeremy C. Cook.
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Figure 101. Jeremy C. Cook.
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Figure 102. Jeremy C. Cook.
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4 Boot N=2 (NON-DISPERSIVE) <A>= 8.0 A Triangular FWHM =10.0 %
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Figure 103. Jeremy C. Cook.
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4 Boot N=2 (NON-DISPERSIVE) <A> =12 A Triangular FWHM=10 %
Symm scan S(w)=5(w) (Res fn) echo ptat L =L, =2.0 m, Ig =1.0 mm

o—o Sim with Al (FWHM)= 38.9 um, AB (FWHM)/B =0.13% div, =div,= 5.2 mr
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Figure 104. Jeremy C. Cook.
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4 Boot N=2 (NON-DISPERSIVE) <A.>= 8 A Triangular FWHM=10 %
Symm scan S(w)=8(w) (Res fn) echo L, =L, =2 m, Ig=1 .0mm

1 o || = Sim with a1, (FWHW)=0, AB,(FWHM)/B =0 div, = div, =13.8 mr
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Figure 105. Jeremy C. Cook.
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4 Boot N=2 (NON-DISPERSIVE) <> =8 A Triangular FWHM=10 %
Symm scan S(a)=(T/m)/[I"+(hw/2m)’], ['=0.025 yeV echo ptat L =L, =2 m, | =1.0 mm
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Figure 106. Jeremy C. Cook.
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Echo signal at 7, ... =30 ns, elastic scattering, NON-DISPERSIVE flippers
A=8 A,L,=2m, |, =0.03 m, B,=0.0393 T, Ig=1 mm, AAL/R)=10%
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Figure 107. Jeremy C. Cook.
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Echo signal at t, oo =30 ns, QENS I'=0.025ueV, NON-DISPERSIVE flippers
L=8A,L=2m,I|;=0.03m,B, =0.0393T, l, =1 mm, AR/A)=10%
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Figure 108. Jeremy C. Cook.
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4 Boot N=2 (NON-DISPERSIVE) <A.> =8 A Triangular FWHM =10 %
Symm scan S(w)=(T/m)/[T*+(ha/2)’], '=0.05 peV echo pt at Ly=L,=2 m, | =1.0 mm
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0.7 || e—— Simulated Resolution function (P ~ 0.5 at 30 ns)
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Figure 109. Jeremy C. Cook.
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4 Boot N=2 (dispersive), <A >=8 A, Alg(FWHM)=0, AB (FWHM)/B =0, div,=div,=0.0 mr
Symm scan S(w)=3(w) (RES FN) echo ptat L =L,=2 m, I =0.03 m, Ig=1 .0mm
o
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T «  Sim a,,=0.5 rectangular
s 04 — Analytical o, =0.1, M=8
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02 — Analytical a,,=0.5, M=8
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Figure 110. Jeremy C. Cook.
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4 Boot N=2 (dispersive), <A>= 8 A, Al (FWHM)=0, AB (FWHM)/B =0, div=div,=0.0 mr

Symm scan S(w)=8(w) (RES FN) echo pt at L =L =2 m, I, =0.03 m, Ig=1 .0 mm

1.0
09 e a0 —
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' Analytical Oewim=0-4 M=8
— Analytical oy, ,,,=0-5, M=8
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Figure 111. Jeremy C. Cook.
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4 Boot N=2 (dispersive), <A>=8 A, Al (FWHM)=0, AB (FWHM)/B =0, div,=div;=0.0 mr

Symm scan S(w)=3(w) (RES FN) echo ptatL =L =2 m, I, =0.03 m, Ig=1.0 mm
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Figure 112. Jeremy C. Cook.
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4 Boot N=2 <A>= 8 A Triangular FWHM=10 %
Symm scan S(w)=5(w) (Res fn), echo ptat L =L,=2 m, Ig=1 mm
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'S 0.4 | == Sim (dispers) with Al_ (FWHM)=0, AB (FWHM)/B =0, div.=div,= 0 mr
‘—g =—u Sim (non-dispers) with Al (FWHM)=38.9um, AB (FWHM)/B,=0.13 %, div,=div,=5.2 mr
o Black curve divided by Red curve
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Figure 113. Jeremy C. Cook.
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4 Boot N=2 <.>= 8 A Triangular FWHM=30 %
Symm scan S(®)=5(w) (Res fn) echo ptat L =L =2 m, Ig=1 mm
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Figure 114. Jeremy C. Cook.
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Symm scan S(w)=(F/n)/[F2+
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*—* AB,(FWHM)/B,=0.13 % div.=div,=5°2 mr
—o Slmulated dispersive resolution functlon (P,=0.5 at 30 ns)

+—e Simulated raw QE data divided by simulated resolution function
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Figure 115. Jeremy C. Cook.
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Echo signal at t, =30 ns elastic scattering, DISPERSIVE flippers
A=8AL,=2m, |3 =0.03 m, B,=0.0393 T, Ig=1 mm, AL/(A)=30%
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Figure 116. Jeremy C. Cook.
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QENS echo at 1 =30 ns, I'=0.025 pneV, DISPERSIVE flippers
A=8 A, L,=2m, |;=0.03 m, B=0.0393 T, Ig=1 mm, AL/(A)=30%
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Figure 117. Jeremy C. Cook.
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Figure 118. Jeremy C. Cook.
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Figure 119. Jeremy C. Cook.
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Figure 120. Jeremy C. Cook.
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NRSE signal for nat. Ni guide (symmetric scan)
N=2, [5,=0.08m, Ly=L =2 m, k=8 A, ANA=10 %, AB,(FWHM)/B=1.297¢-3, Al,=38.9um

1.0
coil window 1 cm x 1 cm,
- h.=1cmJ_ =1cm
0.9 coil window 2 cm x 2 cm,
- hsam=2 cm,@sam=2 cm
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Figure 121. Jeremy C. Cook.
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Polar angle distributons neutrons at sample and neutrons at detector

Nat. Ni guide close to coil 1 entrance, A = 8 A
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Figure 122. Jeremy C. Cook.
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Polar angle distributons neutrons at sample (/) and neutrons at detector ()
Nat. Ni guide close to coil 1 entrance, A =1A, W, =H, . =3cm
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Figure 123. Jeremy C. Cook.
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Figure 124. Jeremy C. Cook.
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NRSE (N=1)
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Figure 125. Jeremy C. Cook.
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Figure 126. Jeremy C. Cook.
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Figure 127. Jeremy C. Cook.
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Polarizing mirrors

1. Coil crowding

2. Mechanical interference \
with optical elements

Figure 128. Jeremy C. Cook.
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NSE configuration (can oppose field directions with this geometry)
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Figure 129. Jeremy C. Cook.
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Figure 130. Jeremy C. Cook.
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Figure 131. Jeremy C. Cook.
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Figure 132. Jeremy C. Cook.
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Figure 133. Jeremy C. Cook.
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Velocity selector AMA = 10 % (FWHM), Tpk = 0.83, pol cav T(A)=0.45
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Figure 134. Jeremy C. Cook.
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