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Neutron-wave-interference experiments with two resonance coils
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Neutron resonance spin-eckliRSE) phenomena are investigated experimentally and theoretically. In our
experiments, spin precession produced in a classical manner and by neutron resonance is combined as two
arms of a spin-echo machine. A magnetic-field scan in the classical SE coil reveals a spin-echo signal of the
precession produced by the NRSE arm. The neutron spin-flip probabilitythe resonance coils turns out to
be a key parameter of the NRSE arm. The limiting case0 and p=1 lead, respectively, to Larmor
precession with phasg; in the static magnetic fields of the NR flippessto NRSE precession witkh,. The
case X p<1 produces quantum interference resulting in additional echoes with ptdasasp, + ¢»)/2 and
b=+ (d1— P,)/2. The amplitude of each pattern depends on the spin-flip probabiliand the initial
polarization. These experiments demonstrate explicitly the quantum-mechanical principle of linear spin state
superposition of neutron particle waves, and the interference as a result of that.

PACS numbd(s): 03.75.Dg

I. INTRODUCTION cated in both arms of the interferometer. Laterhiga and
Golub, experimenting with two RF spin flippers, developed
Spin-echo(SE) neutron spectroscopy, first introduced by heutron resonance spin ecidRSE as a new method in SE
Mezei in 1972[1], has developed into a powerful method to SPectrometry. It must also be mentioned that an analogous
determine the energy transfers in neutron beam scatteririgf/€nomenon of interference between two waves was dis-
experiments. In this method the energy transfer or velocit ssed by Ramsey in his resonance method of the separated

change of neutrons caused by a sample is measured by co OS-Ci."?ting fieldsgs,g]l. He considered ar?eamhwirt]h spi!?%ld
. .2 ) = t two-
paring the Larmor precession in a well defined magnetic fiel articles (a two-level systempassing through these fields

X hile being in resonance with the particle’s magnetic mo-
before and after scattering. The strength and length of thgyent. The transition probability between the levels was cal-

magnetic field and the stability of the precession devices ofylated. The calculations demonstrated the neutron wave in-
the SE machine determine the resolution and accuracy of therference between the two possible wave paths through
SE experiment. spin-momentum space.

Though the SE technique is well established after nearly This paper contains a description and theoretical consid-
thirty years, a new development started wherhi@aand eration of experiments with two RF spin flippers in which a
Golub proposed an alternative possibility to produce spirPartial rather than a complete spin-flip process occurs. This
precession in zero fiel@ZF precessionbetween two reso- results in the appearance of four neutron waves in the space
nance spin flippers containing RF cdi&-4]. In a number of between flippers. Thesg waves interfere and each pair _of
articles they investigated the main principles of the ZF pre{hem produces a new distinct interference pattern. We will
cession and carried out experiments showing advantages afiye @ theoretical treatment of this problem. For simplicity
possibilities of the new “mode” in SE—spectrometry. The € of the resonance condltlons is considered to be fulfilled,
possibility to create this unusual precession in the ZF regioh€-» the frequency of the RF field matches the Zeeman en-
between two RF spin flippers was first discussed in thérdy difference between the two spin eigenstates produced
works of BadureK5,6] and Meze{7]. It is based on under- DY the permanent field. In spite of this restriction, the solu-
standing Larmor precession as an interference phenomendi@n contains all details arising from the partial spin-flip pro-
between two superposed neutron waves. Mezei in his pap&fSS, as one tunes the spin-flip probability from 0 to 1 by
[7] explained that inside the static magnetic field region the/arying strength of the RF field. The formulas describing the

: . . > appearance of four neutron waves in this double-resonance
incoming neutron wave with momentuknwill become the

superposition of spin state waves with a phase shift or polar(::-xperlment are derived in Sec. Il. Section Il gives details

oo . C T .. concerning the setup. It contains elements of both the spin-
ization rotation angle, which is given by the momentum dif- : ) : .
echo technique and three-dimensional analysis of neutron

ferencek, andk_. There are other possibilities, besides ayg|arization. The results of the measurements are given in
static magnetic field, to create a phase difference betweeggc |v/.

neutron states. A pair of RF spin flippers can produce such a
difference. Using the perfect crystal neutron interferometer, II. PRECESSION AS INTERFERENCE BETWEEN
Badurek and co-workel%,6] demonstrated that one can ob- PLANE NEUTRON WAVES
serve an interference pattern caused by RF spin flippers lo- o ) _
A. Precession in stationary field
Larmor precession may be understood quantum mechani-
*Email address: grigor@rvv.Inpi.spb.su cally [7] by realizing that a plane neutron wave
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exp(kox)exp(—iwt) with initial wave numberk, and energy a
h o is split into two plane waves with wave numbdrs and B I

k_, as soon as the neutron enters the figldThe wave is /—\ /—\
assumed to travel along thxeaxis, so the wave vector equals X

(kg,0,0); hence the wave is represented asiky( Due to
the law of conservation of energy, the total enefigy does
not change and these waves satisfy the equation

2 2 2
ﬁzko B h2K4 B B_ﬁzk, i uB n
2m, 2m, M7 2m, K
from which one findsk, andk_ in first approximation: FIG. 1. (a) Sketch of the system of the magnetic fields of the
two RF spin flippers with a guide field between thefn) (k,x)
munB diagram of the wave vectors as a function of position along the
kt = koi , (2) b
) eam.

wherem,, un, andv are the mass, the magnetic moment, at the rate 2r. Nevertheless, such a nonstationary inter-
and the velocity of the neutron, respectively. ference pattern exists and was observed for the first time by
At the end of the field at point=1 the phase&,x and  Badureket al.[10] using stroboscopic neutron detection. The
k_x of both plane waves have progressed by differentime-dependent behavior in ZF precession may be halted by
amounts, but here the splitting inkg andk_ is lifted, so the  transmitting the neutron through another RF spin flipper
phase difference stops to grow and is equald#te-(k,  identical to the first one. Then both, . andk__ return to
—k_)I=(2u,/fiv)Bl. Because it is not explicitly necessary k, and also the difference in evolution rate in tinagg dis-
that the field is homogeneous alordut may depend or,  appears by emitting or absorbing the photon in the second
it is better to speak about the phage as an integral flipper. Thus, the growth of both the spatial and time phase
Jilk(x) —k_(x)]dx. So the Larmor precession is presenteddifference, i.e., the precession, is halted.
as an integral over the difference in wave numbers of the Figure ¥a) shows schematically the system of the mag-

split plane neutron waves. netic fields of two RF spin flippers with the guide field be-
tween them. Figure (b) is the (,x) diagram, i.e., diagram
B. Precession in time-dependent field of four different wave-vector paths between the flippers as a

function of position along the beam. The levdds, and

Af , Golub and Gaehler d t o
ew years ago, L0lub an aehler demonstrid k__ represent the splitting in momentum when the spin-flip

e e e AL e Bl oprobabiy» of b opers i sal 0 1, wile~ an
distanceL from each other. If spin flipping occurs, the total K-+ appear whemp=0, that is, RF power switched off. In
energy of the neutrons is no longer conserved because g:,us_last case we return to the u;ual Larmor precession in the
exchange of a photon of enerdyoge between the neutron static magnetic _f!elds of the ﬂlppers. However, when the
state and the RF field. Its frequency is adjusted such that thgSonance conditions are not fulfilled, thass less than 1,

photon energy exactly equals the Zeeman energy differencd! neutron states repres_ented by the lines in Fig. 1 really
between the two spin eigenstates of the neutron in the statfP€Xist and can be occupied by the same neutron. To observe
field, that is, their interference, contrary to earlier authors working in this

field, we varied the flipping probability of our RF spin flip-
hwge=—2u,B. (3) pers by varying the amplitude of the RF field. This is a

common practice in other resonance techniques, e.g., nuclear
Depending on the strengByg of the RF field, the probabil- magnetic resonance.
ity for the neutron to change its spin eigenstates, by absorb- Figure 2 is helpful to analyze the phase shift between
ing or emitting a photon, can be changed between 0 and Jairs of neutron waves after leaving the second flipper. When
During the spin flip in the RF field, neutron spin states withthe RF power is switched off, this phase shift is proportional
momentak . andk_ will gain or lose an amount of potential to the shaded area | and equalg,=[[k;_(X)
energyAE=2u,B. Then, upon leaving the static field their —k_, (x)]dx, where the integral is taken over the whole
potential energy is released as a kinetic energy change. Thength of the two-flipper systemk, _ ,k_. indicate the
splitting of the wave vector is not lifted, but doublekl: paths of the neutron waves split in the first flipper. This is
becomes k__=ky—(2u,B/Av); k. becomesk, . =kg referred to as “DC” precession, that is, Larmor presession in
+(2unBl/fiv). In the zero-field region after the flipper these the static field of the flippers only. When RF power is
waves interfere and their phase differense [§[ k. (x") switched on(spin-flip probability p=1) the amount of ZF
—k__(x")]dx’ —2wget implies an effective precession in precession is proportional to the shaded area Il and is equal
space. This spatial precession, however, takes place in zeto ¢,= [k, (X) —k__(x)]dx.
field [so-called “zero-field ZF) precession’. In a static ex- As noted earlier, when€p<1 all four k levels in the
periment this is unobservable because the phase differenspace between flippers will be occupied by a neutron. The
between the two interfering waves continues to grow in timeshaded areas Ill and IV in Fig. 2 correspond to phase shifts
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R S nent only. Coefficients in the spinors accounting for the spin

0 = % —— .y state of the initial wave and depending on the spin-flip prob-

ability of the flippers determine the occupation nhumbers of

the neutron wave on each level, i.e., along each line in the
diagram.

For the interference patterns I, Il, 1ll, and IV, the linear
superposition of pairs of waves implies that initially the
spinor component$ and| are equally occupied. This means
experimentally that the polarization corresponding to the Ist,
lind, 1lld, and 1Vth terms is perpendicular to the quantization
axis which we take to be theaxis. The areas V and VI are
characterized by a sum ¢fand? spinors, so one of the spin
states is not occupied, which implies that the polarization is
parallel to the quantum axis Hence the interference pattern
corresponding to the areas V and VI appears when one spin
state is initially more occupied than the other. When both of
them are initially equally occupied, the last pattern witz
disappears but the other three terms withz become ob-

servable.
FIG. 2. The shaded areas show the phase shifts between pairs of
the neutron waves after leaving the second flipper. C. Quantitative approach

) In order to derive all these effects quantitatively, we have
3= K+ (X) —k_ 4 (X)]dx and ¢3=J[K+—_(X)  to treat the behavior of a plane neutron wa¥ét,) with

—k__(x)]dx. One can show thapz= ¢5=(b1+ $2)/2, SO injtial occupation numbers at timg(“'?) in the system of

these interference “terms” correspond to half the “sum . A .
area” of | and Il. The interference terms withb, two RF spin flippers separated in space by the distanas

_ B ' -~ a solution of the Schidinger equation. Herg is the time at
= JIk 00—k, _(]dx and b, =Lk, (x) —k__(x)]dx which the neutron enters the first RF flipper. First we con-

correspond to the shaded area V and VI. They are also equglld : . .
L . “Sider the wave of a neutron with velocity passing through
to each other and to half the “difference area” of Il and I: the first flipper of lengtH producing a static fiel®, and a

¢4:¢4:(¢ﬁ_.¢1)/f2' Wwe will show th:t thesc? twob:ast transverse rotating magnetic field with frequergyand am-
:ﬁrms are E[ g |nte_r”e:_enc$ ;I)asttgrns I Ramsey's probiem Qjivyde Bre. The Schrdinger equation for this system can
e separated oscillating field8,9]. t%e written as

The waves are not specified completely by plane waves a
assumed above, since the state function contains also a spin gy — unBo wnBre exp(i wot)
part, which is the reason that all these waves actually appeari# rTa ( . (t).
One can follow in Fig. 1 what happens to both spin states HnBrr €XH( =l wol) #nBo 4
along the beam path. It is indicated at different positions in )
Fig. 1 by arrows] and |, which correspond to the spinor When w, satisfies the resonance conditidB), i.e., wg
components] =(3) and | =(9). Eachk level between the = y,B, with y,= —2u,/#, its solution for a neutron leaving
flippers in diagram 1 can be identified by one spinor compothe system at a timg + 7 (wherer=1/v) can be writteri8]

cog b7/2)exp(i wg7/2) —i sin(b7/2)exp(i wg(t,+ 7/2))

i sinbri2)exp—img(ty+712)  cosbri2exp—imgri2) | T (W= CltL ¥ (ty). ©)

V(ti+71)=

Here we introduced the designatidn=y,Bge. Next the  “key” role in the distribution of the neutron wave over the
neutrons fly through a spatefree of magnetic field. In this differentk levels in this double-resonance experiment. One
space they are not influenced by the magnetic field until thegan derive the expression for the spin-flip probabititirom
enter the second flipper at the momépt- 7+ T, whereT Eq. (5). Assuming the initial occupation numbesgt;) =1
=L/v. So only the time-dependent part of the spinor func-and 8(t,) =0, the spin-flip probability is given by the occu-
tion is changedW (t;+7) becomes¥(t,+ 7+ T). Finally  pation number of the spinor componengfter the flipper:
upon leaving the second flipper gt+ 7+ T+ 7 the neutron B .
states may be described according to Es). by W (t;+ p=B*(ty+ 1)(ty+ 7)=si(br/2). ©®)
+T+7)=C(ty+7+T,7)W(t,+7+T). Hencep depends on the value of the amplitugland timer
The spin-flip probabilityp of the RF flipper plays a which is proportional to the neutron wavelengthSo a dis-

063601-3



GRIGORIEV, KRAAN, MULDER, AND REKVELDT PHYSICAL REVIEW A 62 063601
tribution of the polarization over the two states is describeding” probabilities 2(1-p)p while its phase ivo(T+27).
by sin and cos functions of the argumegt/2. Equation(6)  The phases of all these terms are drawn in Fig. 2 as the
means that full spin-flip occurs for shaded areas I, II, lll, and V.

Starting with the initial polarization along thedirection

br=m. (M [a(ty)=1 andB(t,)=0], one can find for the final polariza-
) i i tion component®,,, P,,, andP,,

In classical terms this means that the amplitude of the RF

field, the length of the RF coil, and the neutron velocity P,=(0)=0 (12)

should be matched such that a “rotation of the polarization oo T

vector” over 7 takes place during the neutron travel time _ _

through the RF coil. P2y={oy=0, (12

Now we proceed to calculate the final polarization in the B

P,;=(1-2p)°—4p(1—p)cogwgT). (13

X,Y¥,z directions using the resulting functiow (t;+7+T

+ 7). The polarization componeif; is found by calculating ) L
(o)) =W* (ty+ 7+ T+ 7)o ¥ (t,+ 7+ T+ 7), whereo; is the The calculation of the polarization componefsg, andP,,

(2x 2) Pauli matrix for that polarization component. To pro- Produces time-dependent terms only, which after averaging
duce results which can be compared with experiments, waut, results in zero valu_e of these pqlarlzatl_on components.
need to specify the polarization state of the neutron bearh'© t€rm dependent on time appearsy, and it consists of

before entering the first flipper. When we start with polariza-

tion along they direction, the occupation numbedigt,) and
B(t;) of the spinor components are both equal tq2L/
The final polarization components are denogd, Py,

andP, where the indices refer to the initial and final polar-
ization components, successively. The polarization compo

nents in thex, y, andz directions consist of numerous terms.
Most of them are oscillating functions of tintg and hence

do not contribute to the time-averaged polarization as is med?

two time-independent terms only. The first termRp, [Eq.

(13)] corresponds to a spin-flip in each flipper and it ap-
proaches zero, whemr= /2, that is, the spin-flip probabil-

ity p equalss. It is trivial that its phase equals zero since
there is no sinusoidal term. It is referred to as “0 phase”
term. The second term is the one appearing in the Ramsey
problem[8]. Its phasew,T corresponds to shaded area V in
Fig. 2. The amplitude 4(1— p) of this term is also a product

f flipping and “unflipping” probabilities.

sured in our experiments. We may therefore average ou In the last calculation the initial polarization is parallel to

e o t}le magnetic field, so only one spin state is initially involved
these terms obtaining for the polarization componéys, (Fig thhe owest scherrile uppgr saithere are t\yvo on.
P,,, andP "o ’

yy» yz

tributions to the final polarizatiorP,, coming from the
waves being at the levels, , andkg. It is clear that the

Po.=(0o)=(1—p)2cog2wy7)+ p° codwo(T+ T
»= (02 =(17p)" 0% 2wo7) ¥ p~ COL20o(T + 7)) waves belonging to the sankdevel and the same spin state

—2p(1—p)codwy(T+27)), (8) have no difference in total energy. Therefore, there is no
evolution in time of their phase difference. Since two waves
Pyy=<0'y>=(l—p)2Sin(Za)OT)+p2 SiN(2wo(T+ 7)) are present on each level, both pairs of waves after interfer-
) ence produce stationary patterns which are, in fact, intensity
—2p(1=p)sin(wo(T+27)), ®  variations as a function of phase line integéal So the two
intensities of both levels add up ty-dependent polarization
Pyz=(02)=0. 10 with independent total intensity. We notice that both inter-

fering waves on the leved, , have the “down” spin state,
i.e., the interference pattern has negative polarization. The
two waves at the leveky with “up” spin state produce a
pattern with positive polarization. Thus the probabilitieto

find the neutron at the levelgy andk, , are given by

In the above formulas, sitb7/2) was substituted by the
spin-flip probabilityp of one flipperEq. (6)] and cod(b7/2)
was substituted by the spin-nonflipping probability—{).

In Egs. (8) and (9) one can see that when the spin-flip
probability is not equal to 1, that is, for example<®7/2
<w/2, three terms will be present in thig,, andP,, polar-

o ) R(ko)=a* (ty+ 7+ T+ 7)a(ty+ 7+ T+
ization components. The first term corresponds to the usual (ko)=a™(ty+7 Naltitr 7

Larmor precession in the static magnetic figlglof the flip- =1-2p(1—p)[1+cogwqT)], (14
pers and its phase i$,=2wq7=27y,Bol/v. This is the in-

terference of those parts of the neutron wave without spin Rk, )=B*(ty+ 7+ T+ 7B+ 7+T+1)

flip in both the first and second flippers. Its amplitude is

equal to (1 p)?, i.e., the “nonflipping” probability in the =2p(1-p)[1+cogwoT)]. (15

two flippers. The second term in Eq8) and(9) corresponds

to the interference of the waves with spin flipped in eachTheir difference results in a polarizatid?,,= a* a— B* 8
flipper. Its amplitude is equal tp? and its phase is@,(T  and coincides with Eq(13). In fact, the probabilityR
+ 7). It is the so-called “zero-field precessiof2—-4]. The changes as the cos function of the phasgl, so when
third term is the interference between those two. It is a suR(kg)=1 atwgT=(2n+1)7 (n is an integer numbgrthen
perposition of the waves with spins flipped twice and notR(k; ;)=0 and vice versa ab,T=2ns. As seen from Egs.
flipped. Its amplitude is the product of flipping and “nonflip- (14) and(15), their sum is always 1R(kg) + R(k,,)=1.
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NR arm of Classical arm MD 12
_ SEsetup  of SEsetup — T Pyeor
000000 ST
& = o8 -
P RI SFI SF2R2 LC R3 A MC E .
S 0.6 -
FIG. 3. Schematic drawing of the setup realized at the SP beam E N
line at IRI Delft: P, polarizer;R1, R2, andR3, polarization rota- = 044 . .
tors; SF1 and SF2 are the RF spin-flippers; LC, Larmor oAil; -g .
analyzer; MC, monochromator crystal; MD, set of detectors for @ 02 . "
guasimonochromatic beams. The system consisting of SF1 and SF2 0.0 . ' '
makes up the first arm of a spin-echo setup. The plgasaused by 00 05 10 15 20 25 30
the interference between any pair of neutron states is measured as Phase ¥ (rad)

the fieldB, generated in LC needed to compensate this phase. So

the LC makes up the second arm of the spin-echo setup. FIG. 4. Dependence of the spin-flip probabilityin one RF

flipper on the amplitude of the oscillating fieBkr at wavelength

A=0.232 nm: full line, Eq.(6); symbol, experiment described in
IIl. LAYOUT OF THE DOUBLE-RESONANCE Sec. IVA.

EXPERIMENT

. . . . IV. RESULTS
The measurements described in this paper were carried

out using the polarizing mirror setup SP at IRI, Delft. Figure A. Spin-flip probability

3 gives a schematic outline of this setup. A polychromatic A5 was mentioned above, the spin-flip probabifitys an
neutron beam emerging froa 2 MW swimming-pool type  important quantity that determines the amplitude of the SE
reactor is polarized by polarizé?. Using rotator R1) the  signals in this double-resonance experiment. It was measured
polarization of the beam can be successively rotated towards A =0.232 nm in a separate experiment with only one flip-
one of the laboratory axes (j=y,z), i.e., parallel(z) or  per between polarizer and analyzer by varying the amplitude
perpendiculafy) to the guide field. The system consisting of of Bgg. In this setup one measures in fa@f,. From the
two RF spin flippers is located downstream this rotdkdr. ~ definition of the polarizationp is connected toP,, by p

The two flippers can be considered as a first arm of a spin=(1—P,,)/2.

echo setup. In our experiments we set the valuBpf 99 G Figure 4 shows the spin-flip probabilifyas a function of
and the frequency of the oscillating field 291 kHz, respecthe phasey=b7/2= y,Bgd N/23 with B=v/\. It can be ob-
tively, to fulfill the resonance condition E¢3). The length ~ served from Fig. 4 that the spin-flip probability has its maxi-
of the RF coils is 0.1 m and they are placed at a heart-tomum aty= /2 and drops as the phagebecomes bigger or
heart distance of 0.4 m. After transmission through the twesmaller. The experimental functiop(y) differs strongly

RF coil system, the polarization can be rotated again toward&om the theoretical one given in E¢), plotted with a full

the axisj (j:yyz) by rotator R2. The second arm of the line. The difference between these two functions may be
spin-echo setup is a block shaped cpiklled “Larmor  connected with the nonsharp boundaries of the magnetic
Coil” (LC)] of length 0.32 m which produces a static mag-field Bge and B,. In fact, the amplitude of the oscillating
netic field I§1. Its direction is opposite to the static magneticf'eId B_RF decreases smoothly toward Fhe bl R.F .
. . = . S We will demonstrate in the next section that the amplitudes
field in the flippersBy. The “Larmor coil” is followed by a

. - of the SE signals in our experiments are ruled by the experi-
third polarization rotator R3) and an analyzerA). By g b y P

B flocti h B6IC mentally measured spin-flip probability rather than by the
ragg reflection at a monochromator CryslC), neutrons theoretically expected one. In the experiments given below,
are reflected into the neutron multidetect®D). Since the E

. . : the phasey was varied by tunind or the amplitude of the
MD has different scattering angles for the eight detectors, i scillating fieldBgg. Additionally, the multidetector system

allows us to simultaneously measure the spin-echo signal F . : :
: . D (Fig. 3) allows one to varyy by analyzing experiments
eight different values of the neutron wavelengkhs 0.190, at dhgfergent)neutron Waveleng)tﬁs y yzing exp

0.204, 0.210, 0.220, 0.225, 0.232, 0.243, and 0.260 nm. The
spread of the wavelength spectrum in each detector is 0.02
nm, approximately.

By suitable setting oR1, R2, andR3 we can measure The polarization as a function of the figl] in the second
Pyys Pzzs Py, @andPy,, where the first and second indices arm of the SE setup was measured at the different values of
indicate the initial and final polarization components. These\ available and for several amplitudes of the oscillating field
polarization components are measured as a function of thBge. Figure 5 shows the spin-echo signals at four different
phaseg. It is expressed by the value of the magnetic field  wavelengths when the RF coils are switched @k£=0).
in the “Larmor coil” which is necessary to compensate this So these SE signals correspond to Larmor precession in the
phase¢ collected by the spin in the first arm of the SE magnetic field of the flipperB, (shaded area | in Fig.)2lt
machine. So, in these experiments we unite threeis seen that in order to compensate the phada the first
dimensional polarization analysis and the spin-echo techarm of the SE setup we ned®} =125 G. We indicate this
nique. with “DC” signal. The small fringes at the left side of the

B. Double-resonance experiment
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1.0 1.0
A =0.204 nm
0.5 0.5 1
= S
A 0.0 A 0.04
A =0.204 nm
-0.5 -0.59 y=1.42rad
p=0.85
1.0 v -1.0 ,
0 100 200 300 ' 100 200 300
1.0 1.0 . .
A=0.225nm : 7 F
0.5 0.5
< o
~ 0.0 ~70.0
A=0.225nm
-0.5 -0.59 x=1.57rad
105 100 00 -1.0 P -
Lo 2 300 ' 100 200 300
A=0.232nm 1.0 T .
0.5 1
. 0.5 I ZF
A, 0.01 2 DC nt
R 0.0
-0.5 A =0.232nm
-0.54 x = 1.61 rad
-1.0 p=0.9
100 200 300 1.0 .
1.0 0 100 200 300
A=0.260nm 1.0 T
03 0.5
2 . ZF
Ay 0.0 2 DC Int
R 0.0
-0.5 A =0.260nm
051 x=1.74rad
-1.0 =0.
0 100 200 300 qolt= .
B, (Gauss) 100 200 300
B, (Gauss)

FIG. 5. PolarizatiorP,, : the spin echo signals at four different o ] ) )
wavelengths as a function of the phasei.e., as a function of the ~ FIG. 6. PolarizationP,, as function ofB,, i.e., the spin-echo
“compensating” fieldB, in the Larmor coil(LC in Fig. 3, when  Signal at four different wavelengths wiBire=3.0 G. For thisBgr

the RF coils are switched ofBge=0. This pattern is referred to as 2t these wavelengths the argumanof Eq. (6) takes values such
“DC.” that p~0.85 for A=0.204 nm,p~0.95 for A=0.225 nm,p~0.9

for A=0.232 nm angh~0.7 forA =0.260 nm. The patterns marked
main signal appear because of the presence of two slightiyDC,” “Int,” and “ZF” refer to the corresponding terms in Egs.
different wavelengths with different amplitudes in the wave-(8) and(9).
length spectrum.

Figure 6 shows the SE signals for four different wave-DC pattern is observed within the error bars at this wave-
lengths at an RF amplitud@z-=3 G. The phaseyg of the length. We note that fog far away from=/2, atA=0.260
flippers according to Eq6) are mentioned in the figures. For nm the “DC” pattern appears again.

A=0.225 nm, i.e.p~0.96, the SE appears at the valRe As it is pointed out in Sec. IVA, to change the spin-flip
=260 G. Itis marked “ZF.” For smaller values ¢f at both ~ probability one can also change the amplitude of the oscil-
sides ofy=#/2, additional patterns appear at the position oflating field Bgg instead of\. Figure 7 gives the patterns
the DC pattern: aB,;=125 G (also found with RF power “DC,” “Int,” and “ZF" observed for A=0.232 nm at am-
off) and halfway between positions of the DC and ZF pat-plitude Brr equal to 3.0 G, 2.42 G, and 2.15 G, i.g,
terns, i.e., (12%260)/2~190 G. This is the pattern corre- =1.57 rad, 1.3 rad, and 1.12 rad, respectively. The experi-
sponding to the interference term in E¢8). and(9), marked  mental spin-flip probabilityp,,,, according to the points in
“Int.” Fig. 4, giveSpexpzé, 2 and 0.96, respectively. Again, the

The amplitudes of the patterns “DC,” “Int,” and “ZF” measured amplitudes of the pattefaster reduction byP,
correspond nicely to the amplitudes<{}?), p?, and 2(1 =0.7) correspond to the calculated ones using Egjsand
—p) of the terms in Eqs(8) and (9) with p equal topey,,  (9).
plotted by the squares in Fig. 4. For instance, Xet 0.232 To observe the SE signal corresponding to the areas V
nm with the RF power switched off, we find,=0.7 (Fig. and VI in Fig. 2, we have to scan the polarizatiBp, as a
5). With RF power on, the amplitudBg=3 G, we find function of B;. According to Eq.(13) in casep+#1 the SE
from Fig. 4 p~0.9. Then the polarization of the patterns signal appears with amplitudepdl — p) Py and at the phase
“DC,” “Int,” and “ZF” will have the values Ppc=(1  (¢zr— ¢pc)/2. We indicate this SE signal as “Ramsey”
—p)?Py=~0.01, P\y=2(1—p)pPy=0.11, andP,=p?P, term (“RT”) referring to the problem set and discussed by
~0.56, respectively. In accordance with this calculation, ndRamse)[8,9]. Figure 8 gives SE signals 8z=2.15 G for
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FIG. 7. PolarizationP,, as function ofB,, i.e., the spin-echo 0 phase
signal at three different values Bfkr and for the same wavelength 0.5 / RT
A=0.225 nm. For thesBg¢ at this wavelength the argumegtof gf’o o ” ”
Eq. (6) takes values such that=0.96 forBge=3.0 G, p~0.66 for ' i < 0.260
= 0. nm
Brr=2.42 G, andp~0.33 for Bge=2.15 G. The patterns marked -0.5 1 x=1.4rad
“DC,” “Int,” and “ZF" refer to the corresponding terms in Egs. Lo p=07
(8) and (9). o 100 200 300
B, ( Gauss)

the different wavelengths which imply spin-flip probabilities
p=0.1, 0.3, 0.4, 0.5, and 0.70, respectivédge Fig. 4 The FIG. 8. PolarizatiorP,,: the spin echo signals at four different

position of this signal is just equal to half the difference Wavelengths wittBge=2.15 G, the positive axis d,. The ampli-
between the DC and ZF patterns, i.8,=(265— 125)/2 tude 2.15 G of the RF field and observed wavelength determine the

=70 G. The SE signal arounl; =0 (“0 phase” term) at phasey [Eq. (6)] such that the spin-flip probability takes values

. . . ~0.1 for A=0.204 nm,p~0.3 for A=0.225 nm,p~0.45 for\
A=0.204, 0.225, a_nd 0.260 nm is well described bly the f|rsf;O.232 nm, angh~0.7 fé’”\:o_%o am. The pattféms “RT” and
term of Eq-(13.)- Itis abgent ah =0.232 becausp~ > and “0 phase” refer to the corresponding terms in E3).
then the amplitude of this term must be equal to O.

The only puzzle is that the amplitude of the SE signal at .

(B,=70 G) equals half the incident polarization, while the polarization is a rotating  vector Ppc ntre
theory [Eq. (13)] predicts full polarization. This stimulated = (Pqsin(¢),Pycos(),0). The results of both experiments
us to investigate the negative part of the phase scale, i.ecan be expressed by formulas in the following. The action of
changing to negative values of the fi@q in the “Larmor” the “Larmor” coil with the magnetic fieldB, in the direc-
coil. Indeed, we observed the second term with also half thgon y on the polarization vectdﬁz(PX,Py,Pz) can be de-
magnitude of the initial polarization &;=—70 G (Fig. 9. scribed by the rotating operator:
An explanation of the phenomenon observed may be as fol-

lows. The polarizatiorP obtained in the “Ramsey” experi- cogB;) 0 sin(By)
ment is an oscillating function of the phaseqT): Pg P'= 0 1 0 Po. (16)
=(0,0Pocos@T)). It is shown in Eqs(11)—(13) that only —sin(B;) 0 cogB,)

the componen®,, is not equal 0, while the time-averaged

P,x=Py,=0. The oscillatingz component of the polariza- ) ) )

tion can be considered as a sum of the two counter—rotating]‘:tua”y' the rotating angle is equal t,B,l /v, wherel is.
polarization vectors with half initial amplitude each one. (e length of the “Larmor” coil, but for simplicity we omit
Thus, one can imagine the “Ramsey” pattern as a result of ghe factors and say simpB;. In case of Ramsey’s experi-
rotation of the initial polarizatiof®? in the two, opposite but ment we have foP, the vectorPgr=(0,0P, cos¢) men-
coexisting, static magnetic fields, both of them being perpentioned above. Applying the rotation operator to this polariza-
dicular to thez direction. We point out that this situation is tion vector one get®; =P, sinBy)cos), P;=0, and P,
fundamentally distinct from the case of the “DC,” “Int,” =PycosB,)cos)=(1/2)Py[ cos+B,)+cos—B,)], i.e.,
and “ZF” patterns. Then, according to Egé)—(10) the this results in two SE signals with half amplitudes and
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p=075 FIG. 10. (a) Effective action of the two flippers on a neutron
1050 2200 -100 0 spin described in a rotating frame picture. The rotating frame is
B, (Gauss) defined with thez axis parallel to the applied static field in the

flippers. Forp=%, a spin initially along thez axis is rotated over
FIG. 9. PolarizatiorP,,: the spin echo signals at the four dif- 90° towards thety axis by the RF fieldwhich is static in this
ferent wavelengths witlBrr=2.20 G, the negative axis ;. rotating framé. The spin is rotated again 90° in a certain direction
depending on the time spent between the flippers, i.e., depending on

_ Lo = the neutron wavelength. A different arrival time at the first flipper is
phased; == ¢. When we substitut®pc in,refor Po in EQ. sketched below(b) Effective precession relative to the rotating

(16) with rotation operator of the magnetic fieR} in thez  frame for two wavelength spectra that have wavelengths thatare
direction[exchangey andz elements in rotation operator in out of phase relative to each other. Different wavelengths are indi-
Eq. (16)], we find P, =Py cosB,)sin(¢)+PysinBy)cos(®)  cated by three arrows having a slightly different precession relative
=Pysin(B;— ), P)’,: — Pg sin(B4)sin(¢) + Py cosB;)cos(p) to the rotating frame. Note that the effective sense of precession in
=PycosB,—¢), andP,=0. As is seen from the formulas, the upper and lower part of the figure has different signs.
the oscillating polarization vector results in two SE signals
with ¢==B; and half-amplitude. In contrast, the rotating useful for describing effects that are related to experimental
polarization finds its “echo” at only one magnetic field  neutron beams that have a finite wavelength spread.
=B;. The static magnetic field of the flippers defines a frame
that rotates with the Larmor frequency of the polarized neu-
tron spins(the “rotating frame”). The RF field has a fre-
quency exactly matched to it and can therefore be described
Finally, it should be noted that the discussion above is noby a static magnetic field perpendicular to thexis in this
sufficient yet to explain the finding of two separated echoesotating frame. The neutron spin entering the first neutron
in Ramsey’s experiment since for a single wavelength thédlipper defines the timeé=0 and the spin is taken to be
oscillations as a function oB; add constructively yielding parallel to the+ z axis. During the stay in the flipper the RF
only one observable oscillation over negative and posBive field rotates the spin towards they axis; this defines the
values. However, since the monochromator produces a cery axis of the rotating frame. When the neutron leaves the
tain wavelength spread, a damping of the echo signal occufipper there is no magnetic field left, and therefore the spin
for B, values far from the echo. classically does not precess. However, the phase of the ro-
It is illustrative to describe this facet in a classical picturetating frame defined above can still be followed. In Fig.
such as it is often applied in for instance nuclear magnetid(0(a) this is indicated by the arrow that gives a certain rota-
resonance: a description in terms of precession relative to #on of the rotating frame relative to the spin. Depending on
rotating frame. As will become evident, this is especiallythe velocity(wavelength of the neutron it arrives at the sec-

C. Classical “rotating-frame” approach
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ond flipper at a time./v later. The spin encounters the sameent sense of precession, the applied field should be of posi-
magnetic field strength and in this field the spin will precessive sign for one and of negative sign for the other wave-
again with the Larmor frequency equal to the rotating framdength spectrum. This explains why two echoes with half-
frequency. However, the phase of the rotating frame encourintensities can be observed: one for each wavelength spectra
tered there is of importance, since the phase of the RF field igith oppositeB values. Note in this respect the additional
directly coupled to it. As is indicated in the figure, there is a“peatings” in the polarization as a function d farther
certain static angle between the rotating frame and the REway from the origin at-125 G. This indeed indicates that

field of the second flipper. It is this angle that determines thgpo wavelength spectrum has a “fine structure” as described
spin rotation by the second RF field. (like a comb.

For a neutron beam with a certain spread in wavelengths The situation for the other three oscillatiorDC,”
there will be a distribution in the time§ and therefore the ’
direction of the RF field relative to the rotating frarfm the
phase of the RF fie)dwill have a distribution of values. In
Fig. 1Qb) this is indicated by the circle and three different
spin vectors with slightly different wavelengths. The differ-
ent rotations define the effective precession in a sense that is
the same for all these spins. After rotation in the second

flipper the dlrectlop of thIS' precession is conserved. HOW- | this paper we give a theoretical description of polarized
ever, when observing the different wavelengths one can stafgeytron double-resonance experiments. The particular case,
that neutrons that have time-of-flight valuesland of T \yhen the resonance condition is fulfilled, is considered. The
+(7/ wg), respectively, will encounter RF fields that ae  gescription shows clearly the appearance of four possible
out of phase. The effective resulting precessions in the rotatime-independent spin-echo signals as a result of the inter-
ing frame after the second flipper will have opposite signsterence between neutron waves in such a system. We have
therefore for this wavelength spectrum. introduced the spin-flip probability and the initial polariza-
The neutrons arrive at different times at the first flipper,tion as key parameters of this system. The phases of the SE
so the orientation of the rotating frame is changing at a rat@jgnals observed are determined by up to eight interfering
wo With respect to the laboratory franjower part of Fig.  aves. The experimental data are well described by the pro-
10(@)]. In this picture it is for this reason that in the labora- posed theoretical picture. It is also worth noticing that the

tory frame the effective precession between the flippers onlyrediction of Ramse8,9] for a polarized neutron beam was
yields az component that is time independent. This was al-experimentally tested.

ready noted above after the Eq$l) and(12). If, however,
all neutrons would arrive at the same time at the first flipper
a_md vyould have exactly th_e same wavelength, the_re woulq be ACKNOWLEDGMENTS
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