


1 ' Intro ductlon

: Expenmenta.l verlﬁcatlon of the weak prmcxple of equwa.lence for atoms and el-’ S
" ementary partlcles has become the issue for discussion long ago, partlcularly in -

' cofinection with elucidation of the gravitational properties of antiparticles [1]. The
‘weak equivalence principle states,that ina given gravrtatlonal field all bodies with

' equal velocities move with equal accelerations [2].- -The most natural way for car-
" rying out experlmental verification of this principle is 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 s1te ’

_on the Earth'surface. =~ -

‘Difficult and very. 1nterestmg from the experlmental vrewpomt attempts [3] S -
to perform such experlments with " electrons (as prehmmary for ‘those with .
* - positrons)[4] failed to give any definite result due to accessory effects in the elec- .
trostatic shielding, which themselves are of considerable mterest(see the recent LA
" review[5]). In the last years experlments with' ant:protons[G] have been in plans .

o and those w1th antlhydrogen atoms under dlscuss10n[7]

" »2 Experlments w1th neutrons

: The only elementary partlcle whlch free fall acceleratlon was measured up to now,‘
s, the neutron. The most precise experlment of the Galilei- type where the fall of .
_ neutrons. travelhng prlmanly horizontally with a known velocity along a given path i
is rather an old experlment[8] The prec1sxon of the experiment is "
3.1073. The equivalence principle for neutrons was also verified by the methodof =~
. 4Koester[9] The best result of the processing.of the data from this expenments has
 the precision 2.5 - 1074[10]." ThlS ‘method is based on comparison of the neutron . -
: scatterlng lengths obtained in twé types of experlments .with.and thhout account . ' .
- for gravxtatlon In the latter case. the most reliable’ data are usually provxdede B
by premse,measurement of: the total neutron cross-sections in the electronvoltlj o
region and by the neutron- mterferometrlc measurements with ideal crystals This .- ‘
expenmental data must be corrected for the scattermg momentum dependence of
" §the electromagnetlc components of the total scatterlng amphtude the amplltude oo
‘of polarization scattermg, neutron-electron scattermg, Schwmger scattermg and_ s
~* to take into account the influence of the resonance scattering." ' The latest and" .
" most exhaustwe summary of the necutron scattermg lengths and the correspondmg, s

" was measured =

" references are given in [11].

~In Koester s measurements of neutron scattermg lengths the grawtatlon refrac- T
{ tometer is used.In it the horlzontal beam of neutrons under the action of Earth'-'*.' :
%, gravitation falls onto the surface. of @ liquid mirror and being reﬂected comes 1nto o i)
a detector. The critical helght of the total reflection depends on the optxcal poten- i .
t1a1 of the mlrror which is the characterxstlc of the interaction of. a neutron w1th a
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coefﬁcrent and it is compared’ thh the' calculated one' after the »
' ‘made for thé' capture ‘and diffuse scattermg of heutrons in'a llquld modlﬁcatlon of -
- the optical potential due to local fiéld effects;’ ‘inertial forces and angular dwergence A

where N.is the number of nuclei in.a unit. volume of a nurror, bis the ooherent .
scattenng length.on a bound nucleus:of, the liquid;m; is the inertial'mass.of the
“neutron,u is magnetic moment- of .the neutron, B-the. value of ;magnetic.induction ,

“in the medluml It is evident that the. cr1t1ca.l helghtiof the total reﬂectlon equals :

‘ where mg is the grav:tatlonal mass of the ‘netitron;ais’ the neutron’ fr
acceleratlon “What ‘is ‘actually ‘measured is the helght proﬁle of the* reﬂectlonb'
rections are

“of the initial beam, etc. If one neglects the difference between the gravitational
‘and inertial masses entering equations (1) and,(2),-it.is possible. to determme the
neutron scattering length on the nuclei in a Tiquid.” o :

. For detailed consideration of the basis,of this method see [12]..There itis shown'

k ' that in fact the ratio.of the scattering lengths, determmed by, the gravrtatlonal a.nd -
nongrawtat]onal methods is equal- to ‘

e
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where A is the free fall acceleratron of a’ macroscopxc body, mg( G) and
o 12 : f s - Tyl Do P .
C) a.re the gravrtatlonal and mertla.l masses of carbon atoms Wthh are, used o

. as standard in the measurement.of atomic and nuclear masses.:

" Strictly speaking if it is established that 4.=-1, then. A=a- under condltxon of ‘

. 'lequa.hty of the gravitational and inertial masses of the atoms i.e:; ifthe’ equlvalence, .
: ':'PrlnCIple ‘holds for the-atoms.: . - b 0 ot e ‘

: Second, the quantum formula (1) isa consequence of the averagmg of the Fermr ‘

quas:potent:al T O I IR A I RNty VR P E SN O A P

AR V= 2 ﬁ( )y‘s({:,._b_")’ AT ;;e,(,,4)

whrch is choosen to have 1t matched to a correct:value of. the scattenng ampli- '\

~~tude in the first order Born approximation. The second order of the: perturbation
. theory for this potential gives a divergence. The formula (1) has never been tested
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_the gravitating mass and the test body egual to several centimeters.
ha.rdly hope that ‘the precision of; the verification of the equivalence principle for

out expenmentally Wwith the prec1sxon clauned in the papers [9] and [10] to be the

: precxsxon of verification of the

“equivalence pnncxple for neutrons

against the above cited a.rguments

. The verification precision of the equivalence pnnclple for macroscoplc bodxes '
achieved the level 8g/g < 10~12 [13]) in the experiments using astronomical dis-

tances betweén the gravitating mass and the test body, and a level of ~ 10-13
[14] and 2- 10~ [15] in the laboratory experiments with the distance between

microscopic particles can ever achieve the like level. However, experiments with
macroscopic and mlcroscoplc objects are supplementa.ry in a sense [12], because
the mass ratio of test bodies in both types of experiments is ~ 107, Therefore

; The Ga.hlel type expenments [8] are. -
straightforward, free of the use of quantum consequences a.nd have better defence

One can ..

. the poss1b1hty of i increasing the precision of direct experiments of the Galilei type”: j

by a factor of several orders of magmtude can be of interest.

3 Proposed method

:Ina Gahlel-type experlment one measures the time, t,

in the Earth gravxtatlonal field through the dxﬂ'erence of heights h:

‘it takes a test body to falll -

h= v,,t+at’/2 ’ )

" Here v, 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 same order.

.- For example, in the experiment [8] the neutron horizontal flight distance was 180m.

When travelling it the neutron with the veloclty ~ 10%cm - s~! fell down to 20 cm;

and if one wants to have the precision in @ ~ 10~5 the height difference of the

splits of the detector and the source (collimator) has to be measured to a precision
" of 1p, the angular collimation of the initial beam must be within 107 —10-2. '
- Here the scheme of an experiment is proposed, which permits one to’ increase.
‘the precision of verification of the equivalence principle up to several orders of
'rnagmtude as compared to the level achieved in the experiments (8]~ -{10]. The 1dea3

~ consists in precise measurement of the time of flight of neutrons with a prelimi-

nary formed resonant spectrum of velocities in the Earth grav1tatlonal field. This -
spectrum is proposed to be formed with the help of an interferential filter (the. . ..

Fabri-Perot mterferometer), and the tlme-of ﬁlght spectrometry accomplxshed us-

: -mg a thin film ferromagnetic shutter.

The schematlcal layout of the experlment is shown in fig.1. Ultracold neutrons

‘"_"'7"';""9’7‘" .

. fall acceleratlon of a neutron: 1.neutronguide,
N for the formatlon and modulation of the neutron flux, 4. thin film interferential

: ﬁlter, 5 thln film ferromagnetlc shutter 6 pollshed sﬂlcon plate, 7 neutron detector =
o 8 vacuum volume - S
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Flg 1 The scheme of the proposed experlment on the measurement of the free'?'t" k
2.collimator, 3.thin film system’

L from thc neutrongmde 1 through the colhmator 2 come to the assembly 3 con-:;:
sisting of a thin film interferential filter 4 and a thin ﬁlm ferromagnetlc chopper 5,

both’ evaporated on the surface ofa pohshcd silicon’ plate 6.The neutrons outgomg ;

vertlcally upwards fall down in the gravrtatlonal field onto the surface of ahori- .-
: zonta.lly posmoned detector of neutrons 7, having the form of a dlSC w1th a hole in "

the ‘center.’ The detector may be shlfted vertlcally The whole of the 1nsta.llat10n

" is'placéd 1nsrde a cyhndrlcal vacuum vessel (1t is sufﬁce to ma.mtam the vacuumf |
: better thaii'1 Torr) o . : ;

The 1nterferent1al ﬁltcr isa planc thrce-layer thln ﬁlm system, in whlch the;':'k
‘have dxﬁ'ere

PR SR
RS R

; 'rcfractlon indices for neutrons In thxs system between two. ..
potential’ barrier: a gap' 1s located w1th a lower potcntlal for ncutrons ‘The in- o
terfcrometer cxplorts thc rcsonant phenomena arxsmg on tra.nsmxssron of wavesj '
, through two or niore’ low transparcnt wcal\ly absorbmg layers(potentxal barncrs) o
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: F1g 2 a. Scheme of the interferential filter, b. Calculated cefficient of the trans-

: mission of neutrons through the filter, c.Spectrum of the transmitted neu--
trons:1.theoretical calculation for an ideal filter,2. matching the Gaussian distri- -

“bution in the depth of layer 3 at the dlspers1on o= 42A 3. spectrum of neutrons‘
tra.nsmltted through the plate h .

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 different. values of -
. scattering lengths,determining according to equation (1) the values of potential

for. neutrons. Apparently the possibility of application of multilayered thin film
.~ structures (to increase the neutron reflection coefficient) was first mentioned in

'the pubhcatlon 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 glancmg 1nc1dence) The possibility of application of multilayered inter-

ferential filters to formation of resonant spectra of ultracold neutrons was shown a3 v
in [19]. There is dlrect analogy between the interferential structures for neutrons :
" and the planar potent1a1 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 s1mplest S
' 1nterferent1al filters was demonstrated with the use of a gravitational spectrometer .- .
“and the tlme-of flight method. Flgure 2a shows the structure of the mterferentxal‘
system, formed after.thermal evaporation on the polished silicon plate of the lay- :

ers: Cu-Al-Cu and the sequence of the potentlals for neutrons, arising in this
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Flg 3 The scheme of ﬁlter and the calculated coeﬂ'icrent of neutron transmxssron
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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 homogenelty of the thickness of Al- layer in the structure:the Gaussian :

distribution of the thickness of this layer on the surface of the 1nterferentra1 filter -
‘fwith‘ the dispersion ¢ = 42A; and ideally. homogeneous layer-(a.= 0). Figure
9¢ '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 1nterferent1a1 filter with a relatlvely\ ,
7 la.rge 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 =

: kshown in fig.1 the time of flight of the neutron from the ﬁlter with the shutter to
’ the detector in the Earth gravxtatlonal field is determlned by the formula '

where the index i corresponds to the number of ‘a'resonance in the spectrum, o

“v; is the velocrty of neutrons in this resonance. If 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+1 unknown values:n is the

- number of resonant velocities, m is the number of different values h in equation (6) EE
and the free fall acceleration a.At the number of resonances in the spectrum n=10" :

" ‘and the number of different heights of the detector m=2 one has 20 equatlons w1th'~
_ 13 unknown values. .



The position of the resonance in the spectrum is determmed by the helght of

the potential barriers and the width of the gap;- l between them. Sensitivity of -
‘the position of a resonance on the veloc1ty sca.le, v, to this gap varlatlons for most.
valuable in this expenment high neutron velocities has the form év/v ~ 6I/I. For -

“the relative dispersion of resonance positions. not to-exceed 1073 at the‘thickness
of the gap between the barriers lpm, it is necessary to have the dispersion of the

gap ~ lnm.’ Contemporary methods of ‘manufacturing thin films developed for :

the purposes of electronics can’ guarantee such;homogeneity.

‘Modulation of a neutron ﬁux for: the tlme-ofrﬂlght spectrometry can be reahzed :

with the help of a thin ﬁlm‘, erromagnetlc shutter [24] for: ultracold neutrons,

especially suitable for the correlatlon-type spectrometry [25] . The prmcxple of

~ this shutter consists in fast remagnetization of thin (~10%4) ferromagnetlc films
and respectlvely fast changxng of magnetic part of the potentlal in equation (1). ~ ~
The' correlation method gives the largest gain in statistical accuracy as comparedt ’
‘with the conventiorial 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 Quantltatlve estlmate of the sen51t1v1tyf"
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: The ﬁux dens1ty ‘of ultracold neutrons currently avallable is'~ 104cm Js~Vand’
. there i$ hope for futher progress [26], [27] Let: us assume that the makimum' veloc-""
ity of the ultracold neitrons used in the measurement is 6 m-s~1; the diameter of .
~'the vacuum cylinder is Tm, and consequently the neutron colllmatlon angle is equial -
to'+4°:(condition’ that’ thé neutrons- ‘cannot.leave: the cyllnder due to horlzontal/'k'
- motion when flying up‘and fa.lhng down). ‘If the workmg area'of the shutter and”
interferometer is 50¢m? and the i 1ncom1ng neutron flux has isotropic angular distric
_bution, then tHe neutron flux at the detector is equal‘to 2.5710%s ~!(in fact, in the:

. mirror neutronguides the angular distribution of ultracold neutrons'is mgmﬁcantly;f’ :
..focused in' the forward direction, which must. essentially. increase the: experimen-< -
- tal count rate). If the flux reduction on passing through a ferromagnetic shutter B
.- equals 0.3 [24], and due-to correlatlon ~0.5, the neutron flux at the detector will .-

be equal to 4 - 102s~!. The typical spectrum of the ultracold neutron flux has
the form’ n(u) ~ 3 Therefore the main part of the intensity is concentrated at

~ the’end of the time-of-flight spectrum n(t) =~ ¢ If the number of channels in™
‘ the time of ﬂlght spectrum is equal‘to ~ 103 and if one takes into account the’ 10%“
_most’ intensive resonances w1th the FWHM equal to'~5 channels then’ accordmg”

. to the model estimates the mean number of ¢ounts undet” the peak will be ‘equal
to'2-10° pet day. with the dispersion ~ 6* 103, As the approxrmate analysis shows
. in this case the- position of the'peak in ‘the time scalé can ‘be determlned w1th the

‘ to the rotation of the Earth globe according to:

- - precision 2-1073 of the channel w1dth This gives the prec1s10n of determmatlon of

bafa~2- 10-¢ for a round day measurement. s -

To guarantee the necessary time resolution, the thlchness of the worlung layer
of the detector 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 -

: th;ickness of the worlqng layer as small as several microns. The strict horlzontahty ‘

of the worlung layer of the detector is of great importance in this experiment, . -

- because it is necessary to guarantee minimal dispersion of the value k'in eq. (6)-
- the difference of the heights of positions of the chopper and the detector. This -

horizontality can be achieved in the device. havmg the working and sc1ntlllat1ng‘
layers depos1ted on the surface of the transparent disc, floating on. the surface
of a transparent liquid(oil).Scintillations are counted by photomultlphers located
under the back side of the disc: :

In the method proposed here the correctlons to the free fall acceleratlon due :

a= no - v*/R —‘2vu{ - cosz,o;-‘ cosy, . - , (7) ‘

where ap is the local gravitational acccleration, v is the horizontal component

of the ncutron velocity relative to the Earth, R is the local radius of the globe, '
-t is the latitude and ¥ is the angle between the neutron’s veloc1ty horlzontal

component and east dlrectlon are very small as compared ‘to the expenmental :

mcthods of-[8],[9], [10]

-
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