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1 Introduction 

. •. . 

Experimental verification of the weak principle of equivalence for atoms and el- ' 
ementary particles has become the issue for discussion long ago, particularly in 
connection with elucidation of the gravitational properties of antiparticles (1]. The 
weak equivaience principle st~tes,that in a.given gravitational field all bodies with -
equal velocities niove with equal accelerations (2]. The most natural way for car- · 
rying o~t experimental verification_ of this principle fs to perform the· experiment 
of Galilei~type with atoms and elementary particles,e.g.to measure their free fall 
acceleration and ·then compare it with those of massive bodies for the same site 
on the Earth surface. 

Difficult and very interesting from the e~perimental viewpciint attempts (~] 
to perform such experiments with electrons · ( as preliminary for · those with 
positrons)(4] failed to give ~y definite result due to accessory effects in the _elec­
trostatic shielding, which themselves are of considerable interest(see the recent 
review[5]): In the last years experiments with antiprotcms[6] have been in plans 
and those with antihydrcigen atoms under discussion[7]. . 

. r . . 

2 ~xperi~ents with neutrons · 

The onlyelementary'particle which freefall acceleration was measured up to now . 
is .the neutron. The most precise experiment of the Galilei-type where .the fall of 
neutrons.travelling primarily horizont~lly with a known velocity along a given path 
wasineasurecl - is rather an old experiment[S]. The.precision of the experiment is • 
3 • 1073 • ·The equivalenc~ principle for neutrons was also verified by the method of 
Koester[9]. The best result of t,he processin~ 9f the data frol!l ~his experiments _hn:s, 
the precision 2.5 · 10-4 (10] .. This method is based on comparison of the neutron 
scattering lengths obtairied in tv_:6.types of'.expedrnents: ._with .ancl without account . 
for gravitation. In the latter case the mo~t reliable' data are us.'!~ny· provided . 
by precise, measurement of. the total neutrOn cross-sectioris in. the electronvolt' 
region and by the_n:eutron-interferometric measurements with ideal crystals. This 

, experi~ental <;lata must be.corrected for the scattering momentum.dependence of 
Jthe electr~magnetic components of the total sc,attering amplitude: the ampHtude. 
of polarization "iicattering, neutron-electron scattering, Schwinger scattering and 
to take into account the influence of the reso~ance scattering> The latest and 
most exhaustive ·summary of the neutron scattering lengths and the corresponding 
references are given in [11]. ·. · ._ _ · · · . . 

In Koester's measuremcnfs':of•neutron scattering le'ngths the gravitation refrac­
r"\ tometer is used.In it the horizontal bearnof neutrons under the action of Eartp 
~.Jgravitation falls onto the surface.of,a, liquid mirror and be_i,ng reflected comes into· 

a detector. The critical hl;!ght of the total reflection depends on the optical poten-_ 
tial of the mirror,which is- the _characterist_ic of the int~raction ofa neutron.with a. 
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... _where .N: _is the number ~f nuclei in,a uµit volume.of a mirror, b is the ®herent 
,scattetjn:g length:on a b~uncl ,IlU!!leus•of,,the liquid;mds, .. t.~e inertial:mass.of:the 

· neutron1µ is magnetic µioment _of Jh.e ,neutron,B;~he .value of.magnetic..induction 
)n the ~eclium •. It is {!videntthaUh{!.cri_tical heightof the t~tal reflection equals: 

.1;~: ·:. ,,~ .:l .:r~·:'-' ·,>·•· ,-" .t ··/• ,-:·:~~ • "~t ·£ :: . ..';:.;•~•/:~ 1 ;!. '~.<1 1 

•• ... :· • ,c.' _ ,''--: - , ,h-=.Vo/m9ai. :·,,:.<·· • , ,!: ·-:!:·,-::, (2) 

: where. ~9 is the ~ra~itatio'ii~ iriass' of the 'neutrbn;,i'i(th~ 'iieuti:on' {iiii fall 
; accelerati'~n:· What ·is 'actually measured is. the height piofilJ of the''reffe~tion 
coefficie~t ·~d it is comp~ed. with thii" calc'ul~ted 'on'e' iuter tne··~orrections ·k-e 
made for' the i ca1>ture and diffuse' sJ~ttering of neut:on's in' a'liquid, 'iriodifid.tic,n·of 
the optical potential cl tie to local field effe~ts/inertial fo~ces ~a 'ii.ughlar divergen'ce 
of the initial beam, etc. ff one neglects the difference between the gravitational 
and inertial masses entering equations (1) an~,(~),)tAs: po;,si_!>le ~o 

1
d~t.!!t~ine ihe 

neutron scattering length on the nuclei in a liquid. · · 
, : , ·. , For. detailed consideration ofthe _basis.of this method see (12] .. Thereit is shown 
that in fact the: ratio of the scattering lengths, determined,by the gravitational and 
_nongravitational methods is equal to: · 

,, ... · -: 12•'. 
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· .. where A, is the f~ee fall ~cceler~tion. of a _:~~:ros~~~ic bo~y, n:;(20}, ~d ~;c2 C) axe tl~e ~ayitat_io~al and,i!}~itial in'~~~s ~f:~arboit·a~o~s:~hlcli. ar~:u;ed 

as standard in the measurement._of atomic and nuclear masses. · .; , .. 
.. Strictly speakinq if.it is established that~:= 1, then A=a under condition of 

· equality of the gravitational and inertial masses ofthe atoms, i.e;, ifthe'equivalence 
·. principle holds for the atoms. : .t • , c , :. , , 

· • Second, the quantum formula (l) is a consequence of the averaging of the Fermi· 
quasipoteritial: , .. , . . 

V 2 1i2 '( "(- . ~) ; . " '.~ ,,r- (m,;),/ ,r ~ r., : . (4) 
•'! 

which is choosen to have it matched to a correct-value ofthe·scattering ampli­
tude in the first order Born approximation. The second order of the-perturbation 
theory f~r this potential gives a divergence. The formula (1) has never been tested 
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out experimentally Mth the precision claimed in the papers [9] and [10] to be the 
precision of verification of the . _ 

-equivalence principle for neutrons. The Galilei-type experiments [8] are 
straightforward, free of the use of quantum consequences and have better .defence 
against the above cited _arguments. · 

The verification precision of the equivalence principle for macroscopic bodies 
achieved the level og / g < 10-12 [13] in the experiments using astronomical dis­
tances between the gravitating mass and the test body, and a level of ~ 10-13 

[14) and 2 • 10-14 [15) in the laboratory experiments with the distance between 
the gravitating mass and the test bopy egual to several centimeters. One can 
hardly hope that the precision of the verification of the equivalence principle for 
microscopic particles can ever achieve the like level. However, experiments with 
macroscopic and microscopic objec~s are supplementary in a sense [12), because 
the mass ratio of test bodies in both types of experiments is ~ 1027• Therefore, 
the possibility of increasing the precision of direct experiments of the Galilei type-· 
by a factor of several orders of magnitude can be of interest. 

3 Proposed method -

·. In a Galilei-type experiment one measures the time, t, it takes a test body to fall: 
in the Earth gravitationalfield through the difference of heights h: 

h = Vvt + at2 /2. (5) 

· Here Vv is the vertical component of the velocity of a test body (a neutron) at· 
a moment t=0. Should one 'attempt to improve the precision of determination of 
acceleration a to several orders of magnitude as compared with the result of the 
experiment [8], the precision of all other quantities in (5) must be of the sanie order. 
For example, in the experiment [8] the neutron horizontal flight distance was 180m. 
When travelling it the neutron with the velocity ~ 105cm • s-1 fell down to 20 cm; 
and if one ~ants to have the precision in a ~ 10-5 the height difference ~f tlie 
splits of the· detector and the source (collimator) has to be measured to a precision 
of 1µ, the angular collimation of the initial beam must be within 10-1 - 10-8• · 

Here the scheme of an experiment is proposed, which permits one to·incrcasc 
the precision of verification of the equivalence principle up to several orders of 
magnitude as c~mpared to the level achieved in the experiments [8]-[10]. The ide~ 
consis_ts in precise measurement of the time of flight of neutrons with a prelimi­
nary formed resonant spectrum of velocities in the Earth gravitational field. This 
spectrum is proposed to be formed with the help of an interferential filter ( the 
Fabri-Perot interferometer); and th:e time-of-flight spectrometry accomplished us­
ing a thin film ferromagnetic shutter. 

· The schematical layout of the experiment is shown in fig.I. Ultracold neutrons 
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Fig. I The scheme of the proposed expe~iment on the measurement of the free . ' 
fall acceleration of a neutron: 1.neutronguide, 2.collimator, 3.thin film system· 
for the formation and modulation of the neutron flux, 4.thin film interferential 
filter, 5.thin film ferromagnetic shutter, 6.polished silicon plate, 7.neutron det_ector; 
8.vac~ti1~1'v~lu~e ·, -- .. -· . : .:, . . ; .-_ . --. . . . , •- · · · 

-from the. neutrorigltlcle 1 thr611gh the 'collimator.£come _to the aisembly ;, :~on~., 
sis ting of a 'thin fil~ inferferential filter 4 and a thin film ferromagneti~ chopper 5, 
both evaporated.6n th~ su;face of a polished silicon pl~te 6.The ~ei:itrons outgoing, 
vertically up~a~~ 'ran dow~ in th~ g~a--~itational field onto the -~u~face of ~ .hori­
zontally positioned detedrir 'ofnetitrons 7, having the f~r~ of a dis~with-i h~le in .·. 
the'ceiiter: 'The dete~tor' may.be'~hifted ve'rtically: _Tp.e.whole ~f the iii~tallation,_.· 
is pla~ed' inside a.' cylindrickil V~C~lU~ vessel '(it is suffice to' maintain th~ ~cu~'ui. 
better thari 'f 'Torr). • _ : _ -' . _ . : _ -. _ -_ . ' : _ _ _- . :: _ . < . . _· . . _ 

·, ~he :illtei-_fetenH.{l'filter 
0

is _ a planethree-iii'.yer ~_hin fili1 syst~m. in '.;.,hi~h _th~ \ 
layefs'.ha:ve:diffJi-enfi-~fiactibi1 indices for neuttons.' In _this system between two 
potcritia1'harrier{1i'.''gap is loci'ited with.a l~w~r J>Ot~ntial for ~eutr~n~. The in­
terl~rome\er'expl~its tli~ 'reso'ria~F phenomcna,\1.;i~ing ~n f~ansi'uissio~ of w~v~s, 
thrc:iugh·twci o~'mor~'lo'w transp·arerit',.w'eakly aosorbing layers(pote~tial ban;-iers), 

- ,~- \.:..\">•'i' •f .-~: ,· .','.·::_ . .- .·_,:, ·.:. •. '' _',,•.i. .,_. , 
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Fig.2 a.Scheme of the interferential filter, b.Calculated cefficient of the trans­
mission of neutrons through the filter, c.Spcctrum of the transmitted ne"u­
trons:1.theoretical calculation for an ideal filter,2.matching the Gaussian distri­
bution in the depth of layer 3 at the dispersion a = 42A., 3.spectrum of neutrons 
transmitted through the plate 

allowing for formation of standing waves. Under resonance the transparency of 
this layered system increases drastically. For neutrons the role of potential barriers 
and gaps between them can play thin films_of substances with differentvalues of 
scattering lengths,determining according to equation (1) the values of potential 
for. neutr_ons. Apparently the possibility of application of multilayered thin film 
structures (to increase the neutron reflection coefficient) was first mentioned in 

'the publication of V.F.Turchin [16]{see _also [17]). In [18] a thin film layered sys-
tem was used for the first time in experiment (in reflection geometry at thermal 
neutrons glancing incidence). The possibility of application of mwtilayered inter­
ferential filters to formation ~f resonant spectra of ultrac~ld neutrons was sho~ · 
in [19]. There is direct analogy between the interferential structures for neutrons 
and the planar potential superlattices for electrons [20], playing an important role 
in modern microelectronics. In,[21] the simplest case of a double-humped barrier 
was considered and in the experiments [22] and [23] the operation of this simplest 
interferential filters was demonstrated with the use of a gravitational spectrometer 
and the time-~f-flight method. Figure 2a shows the structure of the interferential · 
system, formed after.thermal evaporation on.the polished silicon plate of the lay~ 
ers: Cu-Al-Cu and the sequence of the potentials for neutrons, arising in this 
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Fig.3 The scheme of filter and the calculated coefficient of neutron transmission 

structure. Figure 2b shows the calculated transmission coefficient through such 
a structure as a function of the neutron energy in two different assumptions con­
cerning the homogeneity of the thici{ness of Al-layer in the structure:the Gaussian 
distributioit of the thickness of this layer. on the surface of the interferential filter 

. with the dispersion a = 42A.; and ideally homogeneous layer ( a = 0). Figure 
2c'shows the experimental transmission coefficient, measured with the method of 
time of flight correlation spectrometry [23]. -Figure 3 shows the scheme and the cal­
culated velocity spectrum of neutrons for the interferential filter with a relatively 
large gap between potential barriers, which· permits one to form a respectively. 
large number of resonances in the spectrum, what is essential for the proposed 
method of measurement of the free fall acceleration 'of a neutron. For the device 

shown in fig.I the time of flight of the neutron from the filter with the shutter to 
t4e detector in the Earth gravitational field is determined by the formula: 

t; = ( v; .+ Jv? - 2ah) / a, (6) 

_where the index i corresponds to the number_ofa· resonance in the spectrum, 
v; is the velocity of neutrons in this resonance. ff the spectrum contains n well re­

. solved resonances and m runs of measurement are performed at different positions 
of the detector, one obtains m·n equations with m+n+l unknown v'alues:n is the 
number of resonant velocities, m is the number of different values h in equation ( 6) 
and the free fall acceleration a.At the number of resonances in the spectrum n=lO 
and the number of different heights of the detector m=2 one has 20 equations with 
13 unknown values. 

J 
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The position of the resonance_ in the spectrum is determined -by the height of 
the potentiiJ barriers and: the width of the gap; I, betwee; them. Sensitivity of 
the position of a resonance on the velocity scale, "., to this gap variations for most 
valuable in this experimerit·high neution v~Io~it'ies has the form fo/v ~ 81/1. For 
the relative dispersion of resonance positions-not ·to exceed rn-:3 at the·thickness 
of.the gap between the barriers '1,im; it is necessary to ha~e the dispersion of the 
gap ~ 1nm. Contemporary methods of manufacturing thin films developed for 
the purposes of electronics d,ah1gti

1
ar~tee; ~u_cµrhon:i9geneity. . i 1 

Modulation of a neutron fl~x for;the tim,e~of;-fl.igh~ spe~tro,metry can be realized 1f: 
with the help of a thin flitµ,: ferrprria:gnet~c ·shlltter [24] for; ultracold neutrons, 
especially suitable for the. correlati~n:type_ ,sp~ctrom_etry .. {25]'. 'The principle of 
this shutter consists in f~t .remagnetization of thin ( ~'lo3A.) ferromagnetic films 
and respectively fast changing of ~agnetic part of the potential in equati.on J 1 ) .. 
The'correlatioii method gives.the largest gain in statistical ai:c~rii.cy ~ ·ci>inpii.red.' 
with the conventional one, especially when one has several large peaks in the 
spectrum. The structure of the spectrum shown in fig.1, meets this requirement 
well. 

,, 

4, -· · Qriarititative ·estirri~te ·art.he. ser.isitivity .... 
,; ' • • .~ •• • ,; • '·· • ,- • • ;_ ,' .' ,} ~ • • I • • ,·,• ._ ~; .; ,•· ; • • : • f e '. •, • ·• • • ! ~ ·; i 

Th~flux:density of ultr~cold Iieutrons·cufrently' avaiiable i~ ·,:,:.:i04cm-2 >s-1 and''. 
there i~ hope for futher progress [26];[27]. Let'. us issu'm.e that the maximum veloc-' 
ity of the ultracold neutrons used in tlie measur~ment is 6 m · s-1, the diamete/ of 
the vacuum cylinder is 'lni,arid consequently the neutron collimation angle is equal 
tcr±4°·(condition·that the neutrons camiot leave the~·cylinder due to·horizontal· 
motion when flying up and falling down); "If the working area'of the shutter and; 
iiitetferotneter is $0cm2 and the incoming neutron flux has isotropic angulardisfric. 

. butiori, then th'.e neutron flux at" the detector is equal:t6 2.s·, 103s-1 (fo fa~t, in the 
mirror neutronguides. the angular distribution of ultfacold neutrons 'is significantly: ,· 
focused in, the for.ward direction, .which i:nust essentially increase ·the experinien~ " 
tal count rate). If the flux reduction on passing through a ferromagnetic shutter 
equals 0.3 [24], and due-to correl~tion;., 0.5, the neutron flux at the detector will 
be equal to 4 • 102s-1 • The typical spectrum of the ultracold neutron flux_ has 
the fortn n(v) -~ v3

• Therefore'the main part or' ~he intensity i~ dcince~trat~cfat 
the' end of the time-of-flight· spectrum n(t} ·;.._, t3 '.'' If the :n~ber of 'chkn:eis in·~­
the time of flighispectrum is equal·to ,.,; 103 and ifone:take~'fato .. accounf the 10' · 
most 'intensive resonances ~ith :the FWHM 'equal to:~ 5'chtuuiels,then accordirig·. 
to the model estimates the m~an nui:nber of c~unts undet' the· peak will be ·equal ' 
to 2. 106 per day with the dispersion ~ 6 ·· 103 • As the· app'roxi~ate ~nalysis shO\ti 
in this caiie the-position of the peak in· the•tim.e seal~ ·can :be ,dcit~rmined with the 

. ~ ~ .. ~ : ", " :; , _;,_ 
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• precision 2 • 10-3 of the chan~el width. This· gives the precision of determination of 
Sa/a~ 2 · 10-5 for a round day measurement. · · . 

To guarantee the necessary time resolution, the thickness of the working layer 
of the detecto'r has to be as small as possible. The most appropriate variant. of the 
detector is the scintillation detector of ultracold neutrons (28], which can have the 

, t}tick,ness of the working layer as small as several microns. The strict horizontality 
of the working layer of the dete~tor is of great importance in this experiment, 
because it is necessary to guarantee minimal dispersion of the valu'e h in eq. (6)­
the difference of the heights of positions of the chopper and the detector. .This 
horizontality can be achieved in the d~vice.having the working and scintill~ting 
layers deposited on the surface of the transparent disc, floating on the sutface 
of a transparent liquid( oil).Scintillations are cou~ted by photomultipliers located 
under the back side of the disc. 

In the method proposed here the corrections to the free fall acceleration due 
fo the rotation of the Earth globe according to: · · 

a = a0 - v2
/ R - 2vw · cost.p ; cost/J, (7) 

where ao is the local gravitational acceleration, V is the horizontal' component 
of the neutron velocity relative to the Earth, R is the local radius of the globe, 
<p is the latitude and 1/J is the angle between the neutron's velocity horizontal 
component and east diredion,are very small as compared to the experimental 
methods of[S],[9],(10]. · · 
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IloKOTH.lloBcKHii IO.H. E3-93:.220 
06 SKCnepHMeHTaJibHOH IlpoBepKe CJiaOOro npHHil,Hlla 
SKBHBaJieHTHOCTH WI.SI HeHTpoHa , 

1 .· ' 

- .. . - . 

PaCCMOTpeHa SKCnepHMeHTaJibHaSI CHTya~ C npoBepKOH CJia6oro npHH­
_n;Hna SKBHBaJieHTHOCTH AJISI HeiiTpoHa. OT~e11eao, 1ITO HaH6oJiee qyBCTBHTMb- . 
~blii B aacroSI~ee BpeMSI s~cnepHM:HTaJibHbIH MeTOA; ocaoBaiiHhlii.Ha cpaBHe- 'I! 
HHH BeJIH'IHH AJIHH pacceSIHHSI HeHTpoHOB, H3MepeHH:WC rpaBHTaD;HOHHhlM H • 
HerpaBHTan;HOHHbIM cnoco6aMH, He HMeeT AOCTaTO'IHO qpororo OOOCHOBaHHSI: 
· npeAJIO)KeHa cxeMa npSIMOI'O SKCnepHMeHTa ra.n:weeBCKOI'O '.l'HITa C HC~0Jib30-. 
BaHHeM TOHKOITJieHO'IHOI'O HHTepq>epoMeTpa '1>a6pH ~ Ilepo n npen;H3HOHHOH . 
BpeM.smpoJieTHOH cneKTJ>OMeTpHH YJibTpaxOJIOAHbIX aeii-rpoHOB. MeTOA Il03BO­
JI_SleT npoB~f HTb yaHB:JlC<11I~~OCTb cB""?AHOI"() naAeHHSI aeiiTpoaa c To11HOCTbIO 
Jiy11IDeJ O . . -·.. . . 
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