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POTENTIAL OF THE NEUTRON LLOYD's MIRRORINTERFEROMETER FOR THE SEARCH FOR NEW INTERACTIONSYu. N. Pokotilovski *Joint Institute for Nulear Researh141980, Dubna, Mosow Region, RussiaReeived September 18, 2012We disuss the potential of the neutron Lloyd's mirror interferometer in a searh for new interations at smallsales. We onsider three hypothetial interations that may be tested using the interferometer. The hameleonsalar �eld proposed to solve the enigma of aelerating expansion of the Universe produes interation betweenpartiles and matter. The axion-like spin-dependent oupling between a neutron and nulei or/and eletronsmay result in a P - and T -noninvariant interation with matter. Hypothetial non-Newtonian gravitational in-terations mediates an additional short-range potential between neutrons and bulk matter. These interationsbetween the neutron and the mirror of a Lloyd-type neutron interferometer ause a phase shift of neutron waves.We estimate the sensitivity and systemati e�ets of possible experiments.DOI: 10.7868/S00444510130401011. INTRODUCTIONIt is believed that the Standard model is a low-energy approximation of some more fundamental the-ory. Most popular extensions of the Standard Model,supersymmetri and superstring theories, predit theexistene of new partiles and hene new interations.These new partiles were not deteted up to now be-ause of their too large mass, or too weak interationwith ordinary matter. This last ase is of interest inour disussion of a searh for new hypothetial weakinterations of a di�erent nature.The possible existene of new interations withmarosopi ranges and weak oupling to matter ur-rently attrats inreasing attention. A large numberof experiments have been performed to searh for newfores in a wide range of distane sales. Here, weonsider the possibilities of the neutron Lloyd's mir-ror interferometer in searhing for some of these newinterations.The Lloyd's mirror interferometer (Fig. 1), wellknown in the light optis, has not yet been disussedin the experimental neutron optis.The geometri phase shift is determined by the dif-ferene of path lengths of the re�eted and nonre�etedbeams:*E-mail: pokot�nf.jinr.ru

'geom = 'II;geom � 'I;geom == k hpL2+(b+a)2�pL2+(b�a)2 i � 2kab=L; (1)where k is the neutron wave vetor, L, b and a aregiven in the Fig. 1 aption. The last equality is validwith the relative preision better than ab=L2. The geo-metri phase shift linearly depends on the interfereneoordinate b. This means that the interferene pat-tern I / sin2(�ab=�nL) in the absene of any poten-tials is sinusoidal with high preision ab=L2 � 10�8 ata � b � 10�2 m and L = 1 m. The period of osil-lations in the interferene pattern is �os = �nL=2a,where �n is the neutron wavelength, and is approxi-mately 1�m for the energy range of thermal neutronsand reasonable parameters of the interferometer. Butfor very old neutrons in the �eV-energy range, the pe-riod of the interferene osillations approahes dozensof �m, and an interferene piture an be registeredwith a narrow (about 1�m) slit at a detetor windowor with modern high-resolution position-sensitive neu-tron detetors.The idea of a possible appliation of the Lloyd'smirror interferometer for the searh for new hypothet-ial interations between matter and partiles onsistsin measuring the neutron wave phase shift produed bya hypothetial mirror�neutron potential. We here on-sider three atively disussed hypothetial interations:the osmologial salar �elds proposed to explain theaelerated expansion of the Universe, the axion-like701
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Fig. 1. Three possible on�gurations of the neutronLloyd's mirror interferometer: (A) the standard Lloyd'smirror geometry; (B) interferometer with two mirrors,only the bottom one is re�eting; (C) the length ofthe re�eting mirror is dereased twie to avoid multi-ple re�etions. All planes are vertial, and hene thee�et of gravity on interferene is redued. The heightof the slit above the re�eting plane is a, L is the dis-tane from the slit to the detetor surfae, b is thedistane of the detetor oordinate from the re�etingplane, l = aL(a+ b) is the x oordinate of the beam-IIre�etion point from the mirrorspin-dependent pseudosalar nuleon�nuleon and/ornuleon�eletron interation, and hypothetial devia-tion of the gravitation law from the Newtonian one atsmall distanes (non-Newtonian gravity).2. CHAMELEON SCALAR FIELDThere is evidene of the aelerated expansion ofthe Universe. The nature of this e�et is one of the

most exiting problems in physis and osmology. It isnot yet lear whether the explanation of the fat thatgravity beomes repulsive at large distanes should befound within general relativity or within a new theoryof gravitation. One possibility to explain this fat isto modify the general relativity theory, and there area number of proposals of this kind. Among variousideas proposed to explain this astronomial observa-tion in an alternative way, one of popular variants is anew matter omponent of the Universe, a osmologialsalar �eld of the quintessene type [1℄ dominating thepresent-day density of the Universe (see [2, 3℄ for thereent reviews).Ating at osmologial distanes, the mass of this�eld should be of the order of the Hubble onstant:~H0=2 = 10�33 eV/2.The massless salar �elds appearing in string andsupergravity theories ouple to matter with gravita-tional strength. Beause of the diret oupling to mat-ter with the strength of gravity, the existene of lightsalar �elds leads to a major violation of the equiva-lene priniple. In the absene of self-interation of thesalar �eld, the experimental onstraints on suh a �eldare very strit, requiring its oupling to matter to beunnaturally small.The solution proposed in Refs. [4�9℄ onsists in theintrodution of the oupling of the salar �eld to mat-ter of suh a form that as a result of self-interationand the interation of the salar �eld with matter, themass of the salar �eld depends on the loal matterenvironment.In the proposed variant, the oupling to matter is ofthe order of one expeted from string theory, but is verysmall on osmologial sales. In the environment of thehigh matter density, the mass of the �eld inreases, theinteration range strongly dereases, and the equiva-lene priniple is not violated in laboratory experimentsfor the searh for the long-range �fth fore. The �eldis on�ned within the matter that sreens its existenefrom the external world. In this way, the hameleon�elds evade tests of the equivalene priniple and the�fth fore experiments even if these �elds are stronglyoupled to matter. As a result of the sreening e�et,the laboratory gravitational experiments are unable toset an upper limit on the strength of the hameleon�matter oupling.The deviations of results of measurements of grav-ity fores at marosopi distanes from alulationsbased on Newtonian physis an be seen in the exper-iments of Galileo, Eötvös or Cavendish type [10℄ per-formed with maro-bodies. At smaller distanes (10�7�10�2) m, the e�et of these fores an be observed702



ÆÝÒÔ, òîì 143, âûï. 4, 2013 Potential of the neutron Lloyd's mirror interferometer : : :in measurements of the Casimir fore between loselyplaed maro-bodies (see [11℄ for a review) or in theatomi fore mirosopy experiments. Casimir foremeasurements may to some degree evade the sreeningand probe the interations of the hameleon �eld at themirometer range despite the presene of the sreeninge�et [9, 12, 13℄.At even smaller distanes, suh experiments are notsensitive enough, and high-preision partile satteringexperiments may play their role. In view of the abseneof eletri harge, experiments with neutrons are moresensitive than with harged partiles; eletromagnetie�ets in sattering of neutrons by nulei are gener-ally known and an be aounted for with high prei-sion [14, 15℄.As regards the hameleon interation of elementarypartiles with bulk matter, it was mentioned in [16℄that a neutron should not show a sreening e�et: thehameleon-indued interation potential of bulk mat-ter with neutron an be observed. It was also proposedin [16℄ to searh for a hameleon �eld through the en-ergy shift of ultraold neutrons in the viinity of a re-�eting horizontal mirror. From the already performedexperiments on the observation of gravitational levelsof neutrons, the onstraints on parameters harateriz-ing the strength of hameleon�matter interation wereobtained in [16℄.Chameleons an also ouple to photons. It was pro-posed in [17, 18℄ to searh in a losed vauum avityfor the afterglow e�et resulting from the hameleon�photon interation in a magneti �eld. The GammeV-CHASE [19, 20℄ and ADMX [21℄ experiments based onthis approah are intended to measure (onstrain) theoupling of the hameleon salar �eld to matter andphotons.In the approah proposed here only, the hameleon�matter interation is measured, irrespetive of the ex-istene of the hameleon�photon interation. The ap-proah is based on the standard method of measuringthe phase shift of a neutron wave in the interationpotential.Irrespetive of any partiular variant of the theory,testing the interation of partiles with matter at smalldistanes may be interesting.In one of popular variants of the hameleon salar�eld theory [4�9℄, the hameleon e�etive potential isVeff (�) = V (�) + exp(��=MPl)�; (2)where V (�) = �4 + �4+n�n (3)

is the salar �eld potential, MPl is the Plank mass,� is the loal energy density of the environment, � == (~33�d:e:)1=4 = 2:4 meV is the dark energy sale,�d:e: � 0:7 � 10�8 erg/m3 is the dark energy density,and � is the interation parameter not predited by thetheory.The hameleon interation potential of a neutronwith bulk matter (mirror) was alulated in [16℄:V (z) = � mMPl� �2 + np2 �2=(2+n) � z��2=(2+n) == � � 0:9 � 10�21 eV�2 + np2 �2=(2+n) � z��2=(2+n) == V0 � z��2=(2+n) ; (4)V0 = � � 0:9 � 10�21 eV�2 + np2 �2=(2+n) ; (5)where � = ~=� = 82�m and m is the neutron mass.To redue the strong e�et of Earth's gravity, themirror of the interferometer is vertial. The neutronwave vetor k0 in potential V isk02 = k2 � 2mV~2 ; k0 = k � mVk~2 : (6)The phase shift due to the hameleon-mediated in-teration potential of a neutron with the mirror, de-pending on the distane from the mirror, is obtainedby integration along trajetories ' = H k0ds = 'II�'I,where 'I and 'II are the phases obtained along traje-tories I and II (see Fig. 1):'I = kpL2 + (b� a)2 � mV0p1 + (b� a)2=L2k~2��n�1 �� LZ0 �a+ b� aL x��n�1 dx == 'I;geom � p1 + [(b� a)=L℄2��n�1�n(b� a) (b�n � a�n) ; (7)'II = kpL2 + (b+ a)2 � mV0p1 + (b+ a)2=L2k~2��n�1 �� 24 lZ0 �a� b+ aL x��n�1 dx ++ LZl �b+ aL x� a��n�1 dx35 == 'II;geom + p1 + (b+ a)2=L2��n�1�n(b+ a) (b�n + a�n) : (8)703



Yu. N. Pokotilovski ÆÝÒÔ, òîì 143, âûï. 4, 2013Here, l = aL=(a+ b) is the x oordinate of the beam-IIre�etion point from the mirror,  = mV0L=k~2, and�n = (4 + n)=(2 + n).The phase shift from the hameleon neutron�mirrorpotential is'ham = 'II;ham � 'I;ham == ��n�1�n "b�n � a�nb� a r1 + (b� a)2L2 �� b�n + a�nb+ a r1 + (b+ a)2L2 # �� ��n�1�n 2abb�n�1 � a�n�1b2 � a2 : (9)For a nonstritly vertial mirror, the omponent ofthe Earth's gravity normal to the surfae of the mirrorprodues the potential Vgr = {mgz, where g is the a-eleration of gravity and the oe�ient { depends onthe angle � between the gravity vetor and the mirrorplane. At � = 1000, we have { � 5 � 10�5. This linearpotential leads to the additional phase shift'gr = 'II;gr � 'I;gr = {gm22k~2(a+ b) �� h(b+ a)2pL2 + (b� a)2 �� (b2 + a2)pL2 + (b+ a)2 i � {gm2k~2 abLa+ b ; (10)alulated in analogy with Eqs. (6)�(9).The Coriolis phase shift due to Earth's rotation [22℄is 'Cor = 2m~ (
 �A); (11)where 
 is the vetor of angular rotation of Earth andA is the vetor of the area enlosed by the interferom-eter beams.With A = abL=(a+ b), for the loation of the Insti-tute Laue�Langevin (where a good very old neutronsoure has been onstruted [23℄), we have'Cor = 0:16abLa+ b rad;where a, b, and L are expressed in entimeters. Asexpeted, it is similar to the gravitational phase shiftin its dependene on both the slit and the interfereneoordinates.We must also alulate the phase shift of the neu-tron wave along beam II at the point of re�etion. Ne-gleting the imaginary part of the potential of the mir-ror, we write the amplitude of the re�eted wave asr = exp(�i'refl) with the phase

'refl = 2aros(k?=kb) � � � Æ'refl; (12)where Æ'refl = 2k?kb � � � 2 kkb a+ bL ; (13)k? is the neutron wave vetor omponent normal tothe mirror surfae, and kb is the boundary wave vetorof the mirror. This phase shift linearly depends on b,similarly to the geometri phase shift 'geom.The re�eted and nonre�eted beams follow slightlydi�erent paths in the interferometer. Therefore, inthe vertial arrangement of the re�eting mirror, theyspent di�erent times in Earth's gravitational �eld, with�t = 2ab=Lv, where v is the neutron veloity. Thedi�erene in vertial shifts of the re�eted and nonre-�eted beams is �h = 2gab=v2, and the phase shift dueto this di�erene is�'vert = kg2abL=v4: (14)With our parameters of the interferometer, this valueis of the order of 10�4.The total measured phase shift is' = 'geom + 'ham + 'gr + 'Cor + 'refl: (15)The gravitational phase shift an be suppressed by in-stalling the mirror vertially with the highest possiblepreision. On the other hand, the gravitational phaseshift may be used for alibration of the interferome-ter by rotation around the horizontal axis. The phaseshifts due to Earth's rotation 'Cor and re�etion 'reflmay be alulated and taken into aount in the anal-ysis of the interferene urve.Figure 2 shows the alulated phase shift 'hamfor an idealized Lloyd's mirror interferometer (stritlymonohromati neutrons, the width of the slit is zero,the detetor resolution is perfet), the gravitationalphase shift 'gr at { = 5�10�5 (the deviation of the mir-ror from vertiality is 1000), and Æ'refl (kb = 106 m�1).It is essential that the sought phase shift due tohypothetial hameleon potential depends on the in-terferene oordinate nonlinearly. The e�et of the hy-pothetial interation has to be inferred from analysisof the interferene pattern after subtrating the e�etsof Earth's gravity, Coriolis fore, and re�etion.Figure 3 demonstrates the alulated interferenepattern for the same parameters of the interferometeras in Fig. 2 for two ases: (1 ) with the geometrialphase shift 'geom, the gravitational phase shift 'gr at{ = 5 � 10�5, and the phase shift of ray II at re�etionÆ'refl = ��'refl (kb = 106 m�1) taken into aount;704
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Fig. 2. The neutron wave phase shifts 'ham in theLloyd's mirror interferometer with the neutron wavelength �n = 100Å (the neutron veloity v = 40 m/s),L = 1 m, and a = 100 �m, and with the interation pa-rameters of the hameleon �eld with matter � = 107,n = 1, and n = 6. Also shown: the gravitationalphase shift 'gr at { = 5 �10�5; the Coriolis phase shift'Cor, and the e�et of re�etion Æ'refl = � � 'reflat kb = 106 m�1. The period of osillations in theinterferene pattern is �os = �nL=2a = 50 �m
(2 ) the same plus the phase shift due to the hameleon�eld with the matter interation parameters � = 107and n = 1.After subtrating all the phase shifts exept thepurely geometrial one, the interferene pattern shouldbe strongly sinusoidal with the period of osillations de-termined by the geometri phase shift: �os = �nL=2a.The number of osillations in the interferene patternwith the oordinate less than b is nos = 2ab=�nL.It follows from these alulations that the e�et ofthe hameleon interation of a neutron with mattermay be tested in the strong-oupling range with theinteration parameter down to � � 107 or lower.The existing onstraints on the parameters � andn an be found in Fig. 1 in Ref. [16℄. For example,the allowed range of parameters for the strong-ouplingregime � � 1 are 50 < � < 5 � 1010 for n = 1,10 < � < 2 � 1010 for n = 2, and � < 1010 for n > 2. Itan be seen that Lloyd's mirror interferometer may beable to onstrain the hameleon �eld in a large domainof the oupling parameters.
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Fig. 3. The alulated interferene pattern for theneutron�mirror interation via the hameleon �eld (theparameters of the interferometer are the same as inFig. 2): (1 ) the geometrial phase shift 'geom thegravitational phase shift 'gr at  = 5 � 10�5, and thephase shift of the ray II at re�etion Æ'geom the gravi-tation phase shift 'gr at  = 5 � 10�5, and the phaseshift of the ray II at re�etion Æ'refl = � � 'refl(kb = 106 m�1) are taken aount; (2 ) the same plusthe phase shift due to the hameleon �eld with thematter interation parameters � = 107 and n = 13. AXION-LIKE SPIN-DEPENDENTINTERACTIONThere are general theoretial indiations of the ex-istene of interations oupling mass to partile spin[24�28℄. Experimental searh for these fores is apromising way to disover new physis.On the other hand, a number of onrete propos-als were published of new light, salar or pseudosalar,vetor or pseudovetor weakly interating bosons. Themasses of these new hypothetial partiles and theiroupling to nuleons, leptons, and photons are not pre-dited by the proposed models.The popular solution of the strong CP problem isthe existene of a light pseudosalar boson � the ax-ion [29℄. The axion oupling to fermions has the generalform gaff = Cfmf=fa, where Cf is a model-dependentfator. Here, fa is the Peei�Quinn symmetry break-ing sale, whih is not predited, and hene the ax-ion may a priori have a mass in a very wide range,10�12 eV < ma < 106 eV. The main part of this massrange from both low and high mass boundaries wasexluded as a result of numerous experiments and on-straints from astrophysial onsiderations [30℄. Astro-7 ÆÝÒÔ, âûï. 4 705



Yu. N. Pokotilovski ÆÝÒÔ, òîì 143, âûï. 4, 2013physial bounds are based on some assumptions on-erning the axion and photon �uxes produed in stellarplasma.More reent onstraints limit the axion mass to10�5 eV < ma < 10�3 eV with aordingly very smalloupling onstants to quarks and photons [30℄.The axion is one of the best andidates for the olddark matter of the Universe [31; 32℄.Axions an mediate a P - and T -reversal violat-ing monopole�dipole interation potential between spinand matter (polarized and unpolarized nuleons or ele-trons) [33℄:Vmon�dip(r) = gsgp ~2� � n8�mn � 1�r + 1r2� e�r=�; (16)where gs and gp are dimensionless oupling onstants ofthe salar and pseudosalar verties (unpolarized andpolarized partiles), mn is the nuleon mass at the po-larized vertex, s = ~�=2 is the nuleon spin, � is thePauli matrix, r is the distane between the nuleons,� = ~=ma is the range of the fore, ma is the axionmass, and n = r=r is a unit vetor.Several laboratory searhes (mostly by the torsionpendulum method) provided onstraints on the prod-ut of the salar and pseudosalar ouplings at maro-sopi distanes � > 10�2 m (see reviews [34�37℄).There are also experiments on the searh for themonopole�dipole interations in whih the polarizedprobe is an elementary partile: a neutron [38�41℄ oratoms and nulei [42; 43℄ (see the orretion in [44℄).For the monopole�monopole interation due to ex-hange by a pseudosalar boson [33℄,Vmon�mon(r) = g2s4� ~r e�r=�; (17)the limit on the salar oupling onstant gs an beinferred from the experimental searh for the ��fthfore� in the form of the Yukawa-type gravity poten-tial U5(r) = �5GMme�r=�=r:g2s = 4�Gm2n�5~ � 10�37�5; (18)where �5 is the ��ft-fore� Yukawa-type oupling on-stant.It follows from the experimental tests of gravita-tion at small distanes (see reviews in [34; 35℄) that g2sis limited by a value 10�40�10�38 in the interationrange 1 m > � > 10�4 m. The sensitivity of theseexperiments dereases with dereasing the interationrange below approximately 1 m.The pseudosalar oupling onstant is restrited bygp < 10�9 from astrophysial onsiderations [37; 45℄.

It follows that the onstraints obtained and ex-peted from further laboratory searhes are weak om-pared to the limit on the produt gsgp < 10�28 inferredfrom the above-mentioned separate onstraints on gsand gp. Although laboratory experiments may notlead to bounds that are strongest numerially, measure-ments made in terrestrial laboratories produe the mostreliable results. The diret experimental onstraintson the monopole�dipole interation may be useful forlimiting a more general lass of low-mass bosons irre-spetive of any partiular theoretial model. In whatfollows, the onstraint on the produt gsgp may be usedfor the limits on the oupling onstant of this more gen-eral interation.It follows from (16) that the potential between thelayer of substane and a nuleon separated by the dis-tane x from the layer surfae isVmon�dip(x) = �gsgp ~2N�4mn (e�x=��e�(x+d)=�) == �V0e�x=� (d� �); (19)where V0 = gsgp~2N�=4mn, N is the nuleon densityin the layer, and d is the layer thikness. The �+� or��� depends on the nuleon spin projetion on x axis(the surfae normal).Phase shifts of beams I and II due to the interationin Eq. (19) are alulated similarly to Eqs. (7) and (8):'I = kpL2 + (b� a)2 + mV0k~2LpL2 + (b� a)2 �� LZ0 exp �� 1� �a+ b� aL x�� dx = 'I;geom ++ mV0k~2 pL2 + (b� a)2 �b� a(e�a=� � e�b=�) == 'I;geom + 'I;pot (20)and'II = kpL2 + (b+ a)2 + mV0k~2LpL2 + (b+ a)2 �� 24 lZ0 exp �� 1� �a� b+ aL x�� dx ++ LZl exp �� 1� �b+ aL x� a�� dx35 == 'II;geom + mV0k~2 pL2 + (b+ a)2 �b+ a �� (2� e�a=� � e�b=�) = 'II;geom + 'II;pot: (21)706
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Fig. 4. The neutron wave phase shift Æax at di�erentinteration ranges � of the axion-like spin-dependentinteration with the produt of the oupling onstantsgsgp = 10�18. Lloyd's mirror interferometer has thesame parameters as in Fig. 2For the spin-dependent potential in Eq. (19), thesigns of the potential V0 and, aordingly, the phaseshift 'pot are opposite for the two spin orientations withrespet to the mirror surfae normal. The di�erene inthese phase shifts, measured in the experiment, is('+I � '+II)� ('�I � '�II) = 2('I � 'II) = Æ': (22)The geometri, gravitational phase shifts and the phaseshift of beam II at re�etion alulated previously areindependent of spin.The phase shift due to the axion interation is'ax = 2�ab2 � a2 h(1� e�b=�)� b(1� e�a=�)i ; (23)where  = gsgpN�L=4k. For b = a and �=a � 1, wehave 'ax ! �=a.Figure 4 shows the neutron wave phase shift 'axfor di�erent interation ranges �. Lloyd's mirror inter-ferometer has the following parameters: neutron wavelength 100Å (neutron veloity v = 40 m/s), L = 1 m,a = 100�m, and the interation strength gsgp = 10�18.The possible sensitivity seen from this �gure showsthat onstraints on the monopole�dipole interationthat an be obtained with the method of the neutronLloyd's mirror interferometry are ompeting with thebest onstraints urrently obtained by other methods(see Ref. [37℄).Figure 5 shows the alulated interferene patterndue to an axion-like spin-dependent interation. Thegradient of the external magneti �eld r(�n �B) nor-mal to the mirror plane (�n is the neutron magneti
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Fig. 6. Neutron wave phase shift 'ax at di�erent in-teration ranges � of the axion-like spin-dependent in-teration with the produt of the oupling onstantsgsgp = 10�18. Lloyd's mirror interferometer has thegeometry shown in Fig. 1B with the same parametersas in Fig. 2, and the distane between mirrors 100 �m4. NON-NEWTONIAN GRAVITYNew short-distane spin-independent fores are fre-quently predited in theories extending the StandardModel. These interations an violate the equivalenepriniple if they depend on the omposition of bodiesor the type of partiles.Preision experiments to searh for deviations fromNewton's inverse square law and for violation of theweak equivalene priniple have been performed in anumber laboratories (reviews an be found in [10; 34�37℄.The pioneering ideas of multidimensional models�rst formulated in the �rst half of the XXth entury(G. Nordström, T. Kaluza, and O. Klein) reeived re-newed interest in [46�48; 50℄. The development of su-pergravity and superstring theories required extra di-mensions for their onsisteny. A more reent promis-ing development ontained in [49�53℄ proposed meh-anisms in whih the standard model �elds are loatedon the 4-dimensional brane while gravity propagates tothe (4 + n)-bulk with a larger number of dimensions.As a result, the gravitational law may be di�erent fromthe Newtonian one.The frequently used parameterization of a new spin-independent hypothetial short-range interation po-tential has the Yukawa-type formUY uk(r) = �GMmr e�r=�; (25)

where G is the Newtonian gravitational onstant, Mand m are the masses of gravitating bodies, � is a di-mensionless parameter haraterizing the strength ofthe new fore relative to gravity, and � = ~=m0 isthe Compton wavelength of the partile with the massm0. The mass m0 an be the mass of the new salar�eld responsible for the short-range interation. In thisase, � � g2s is the produt of the salar oupling on-stants. Alternatively,m0 an be the mass of the lightestKaluza�Klein state (whih is the leading-order mode)when the short-range interation omes from an extra-dimensional extension of the standard model.The strength � is onstrained to be below unityfor � � 100�m [37; 54℄, but for shorter distanes,the measurements are not as sensitive, being ompli-ated by the Casimir and eletrostati fores [11℄. Thesensitivity reahed in the experiments aiming to testspin-independent interations between elementary par-tiles and matter is by orders of magnitude worse: for� = 100�m, it is at the level � > 1011 [55℄, with theloss of sensitivity at shorter distanes.The potential following from the interation inEq. (25) between a layer of substane and a neutronseparated by the distane x from the layer surfae isVY uk(x) = 2��m2nNG�2e�x=� = V0e�x=�; (26)where N � �mn is the nuleon density in the layer, �is density of the mirror, and V0 = 2��m2nNG�2 in thisase.The potential in Eq. (26) has the same oordi-nate dependene as the axion-like interation poten-tial in Eq. (19), and therefore the expressions forthe phase shifts are similar to Eq. (23) with  == 2����2m2nL=k~2.Figure 7 shows the phase shifts due to the non-Newtonian interation in Eq. (26) at the same parame-ters of the interferometer as in Fig. 1 and � = 10 g/m3.For the �inverted� Lloyd's mirror geometry, whenthe re�eting mirror has a muh lower density suh thatits gravitational e�et is insigni�ant ompared to thee�et of the upper mirror, the phase shift is'Y uk = 2�b2 � a2 �� ha(e�a=� � e(b�a)=�) + b(1� e�a=�)i : (27)For b ! a and �=a ! 0, we have 'Y uk ! , with asigni�ant gain in sensitivity for �=a� 1 ompared tothe geometry in Fig. 1A and Eq. (23). To avoid mutiplere�etions in this ase, the geometry of Fig. 1C may beapplied, in whih the re�eting mirror has only half thelength in Fig. 1A. This gain is illustrated in Fig. 8.708
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Fig. 7. The neutron wave phase shifts 'Y uk in theLloyd's mirror interferometer of the geometry shown inFig. 1A and with the same parameters as in Fig. 2
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Fig. 8. The neutron wave phase shifts 'Y uk in theLloyd's mirror interferometer of the geometry shown inFig. 1C and with the same parameters as in Fig. 25. FEASIBILITYAs mentioned above, the interferene may be mea-sured step by step by shifting a narrow slit with thewidth Æb � �os. A better option is to use the oor-dinate detetor measuring all the interferene pituresimultaneously in this way. The urrent spatial reso-lution of position-sensitive slow-neutron detetors is atthe level of 5 �m with eletroni registration [56℄ andabout 1 �m with the plasti nulear trak detetiontehnique [57℄. With a 10B neutron onverter 1 �mthik, the registration e�ieny for 100Å-wave-lengthneutrons may be lose to 100%.

From Ref. [23℄, where the neutron phase den-sity at the PF-2 very old neutron (VCN) han-nel at the Institute Laue�Langevin was measured tobe 0.25 m�3�(m/s)�3 at v = 50 m/s, it is possi-ble to estimate the VCN �ux density as �V CN == 1:66 � 105 m�2�s�1�(m/s)�1 � 1 � 105 m�2�s�1�Å�1(for the boundary veloity 6.5 m/s of the neutronguide). On the other hand, Ref. [58℄ gives the largervalue �V CN = 4 � 105 m�2�s�1�(m/s)�1 for the samehannel.Using the Zernike theorem, it is possible to alu-late the width d of the slit neessary to satisfy goodoherene within the oherene aperture !, i. e., themaximum angle between diverging interfering beams:x = �!dsl=�n � 1, if the slit is irradiated with aninoherent neutron �ux. With ! = 2bmax=L, the slitwidth dsl � L�n=2�bmax � 2�m for bmax = 1 mm(20 orders of interferene at the period of interferene�os = �nL=2a = 50 �m at a = 100 �m).For the monohromatiity 5Å (the oherene lengthloh = 20�n), the slit width 2 �m and length 3 m,the divergene of the inident beam is determinedby the VCN guide boundary veloity 6.5 m/s: 
 == 6:5=100 = 0:065, the interferene aperture ! == 2b=L = 0:2=100 = 2 � 10�3, and hene !=
 == 0:03, the ount rate to all interferene urves witha width of 1 mm (20 orders of interferene) is givenby 105 � 5 � (2 � 10�4) � 3 � 0:03 � 10 s�1. In one-daymeasurements, the number of events in one period ofinterferene is about 4 �104. It is enough to observe thephase shift of approximately 0.1 orresponding to thee�et at � = 107.Distintive feature of the Lloyd's mirror interfer-ometer is the possibility to register all the interferenepattern simultaneously along the z oordinate startingfrom z = 0 (see Fig. 1). The measured interferenepattern is then analyzed as regards the presene of thesought e�ets, after taking the known orretions forgravity, Coriolis, and re�etion phase shifts into a-ount.The LLL-type interferometers [59; 60℄ may be usedin priniple to searh for new hypothetial interationsby plaing a piee of matter in the viinity of interferingbeams. But geometry of these interferometers does notpermit probing hypothetial short-range interations,the axion-like or non-Newtonian gravity, in this way.We an estimate the sensitivity of the LLL-type in-terferometer to the hameleon potential, whih is atu-ally not short-range. The phase shift in this ase is'LLL = 2p1 + (2a=L)2��n�1 (2a)�n�1; (28)709
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