Pis’ma v ZhETF, vol. 93, iss. 8, pp. 461 { 468 © 2011 April 25

Search for long-range forces by means of ultracold neutrons (1)

A. P. Serebrov^{1)}, O. M. Zherebtsov, S. V. Sbitnev

Petersburg Nuclear Physics Institute RAS, 188300 Gatchina, Russia

Submitted 25 January 2011 Resubmitted 21 March 2011

A method of using a gravitational spectrometer to search for long-range forces between neutrons and atoms is proposed. The constraints on the strength of long range forces within the range of 10�^{10}−10�^4 cm can be obtained from the experiments on measurements of the total cross section of interaction of ultracold neutrons with atoms of noble gases (He, Ne, Ar,^{86}Kr) and the data on the coherent neutron scattering length of the nucleus. The ˛rst result of such type analysis is presented.

Search for deviations of gravitational interaction from the 1/r^2 law (inverse-square law) in the range of small distances is extremely important in order to verify both the theories assuming existence of additional dimensions [1, 2] and supersymmetric theories in which existence of new very light particles is supposed. The exchange of these particles leads to additional interactions between nucleons [3{5]. The review of theoretical and experimental works on search for deviations from the inverse-square law is presented in works [6, 7]. In the given work we will discuss forces which can appear at distances 10^{−10}−10^{−4} śm. From the point of view of search for deviations of gravitational interaction from the inverse-square law these forces should be named the short-range forces. But in nuclear interactions a characteristic scale of distances is of the order of 10^{−13} śm, thereby for nuclear physics the interaction at distances of 10^{−10}−10^{−4} śm are long-range forces. We have stopped on the de˛nition of long-range forces because it is a question of interaction of a neutron with a nucleus. Such a term is speci˛ed in the title of our article.

There are di¸erent methods of search for long-range forces in the interaction of elementary particles [6{8]. Within the range of 10^{−11}−10^{−9} śm researches are carried out by means of neutrons at the energy of the order of electron volt [9, 10]. For distances 10^{−4}−10^{−2} śm the laboratory experiments investigating gravitational interactions of bodies are used [11{17]. Within the range of 10^{−10}−10^{−4} śm there are rather e¸ective methods using thermal and cold neutrons [9, 18]. In the given article there will be discussed a question of possibility to use ultracold neutrons for the range 10^{−10}−10^{−4} śm.

The scattering amplitude of a neutron by atoms can be expressed in the following way

f(q) = f_{nucl} + f_{n−e}(q) + f_{long range}(q), (1)

1)e-mail: serebrov@pnpi.spb.ru

where f_{nucl} is a nuclear scattering amplitude, which is usually expressed through scattering length b, f_{nucl} = = −b, f_{n−e}(q) is the amplitude of neutron-electron scattering, which arises due to scattering of a neutron by charges distributed inside the nucleus and the electron shell of atoms. Further we will not consider contribution from the n − e interaction, because this e¸ect occurs mainly for fast neutrons [19]. The following term in the equation (1) does relate to a hypothetical long-range interaction (in comparison to the nuclear one) of a neutron with a nucleus. f_{long range}(q) is a spin independent amplitude of interaction, which can arise as a result of exchange by a scalar or vector boson. In case of a scalar type of interaction the potential of interaction is written as an attractive potential, for a vector boson exchange the potential of interaction is written as a repulsive one φ(r) = ±g^2_±Mhce^{−r/λ} 4πr , (2)

where M is mass of atom of gas in units of nucleon mass m_n. In formula (2) the lower sign corresponds to a scalar type of interaction, the upper does to a vector type of interaction.

Correspondently, the amplitude within the Born approximation can be presented in the form

f_{long range} = − m 2πh^2 ∫ φ(r)e^{−i}qrdV = = m2m h^2 g^2_±Mhc 4π λ^2 (λq)^2 + 1

, (3)

where m is reduced mass m = m_nm_A/(m_n + m_A), mass of an atom of gas m_A = m_nM, q = |k^′ −k|, is a momentum transferred to a neutron, k and k^′ are wave vectors of the particle at rest before and after collision. The momentum q is connected with the neutron recoil energy ε by a simple relation: q = √ 2εm_n/h. An experimental search for additional terms in the scattering amplitude can be based on the fact that a

Ŕĺśĳňă ć ĘİŠŤ šőň 93 ćżŕ. 7 { 8 2011 461 long-range interaction gives contribution to the scattering amplitude at small transferred momentum q or at small scattering angles. The scattering amplitude at θ = 0 or q = 0 can be measured at a high accuracy in neutron-optical experiments with an interferometer [18]. This result should be compared with f_{nucl} = −b to ˛nd out presence of additional members in equation (1). For example, comparison of measurements with interferometers and experiments with the Bragg di¸ractometer allows strong enough restrictions [9] to be obtained.

Lately the method of studying quantum states of a neutron in the Earth gravitational ˛eld near the matter surface [20] has been actively discussed. However, there is lack of real statistics in these researches therefore we are going to propose in this article more statistical method.

A direct method of research would be the method of a small angle scattering, as existence of long-range forces results in appearing of scattering at small angles. In this method there are obvious problems connected with existence of a small angle scattering resulting from scattering on the texture of the matter and multiple scattering. Besides, initial divergence of a beam does not permit to distinguish scattering at very small angles from the beam divergence.

In this article one suggests reconsidering an approach to the method of a small angle scattering and switching to registration of small recoil energy instead of small angles of scattering. A new method suggests using gas of ultracold neutrons (UCN) as a target that is collided with the ‚ux of atoms being in the same trap. Criterion of a signal of scattering caused by long-range forces is transfer of ultimately small recoil energy ∼ 10^{−7} eV, which can be registered with the help of a trap of ultracold neutrons.

For thermal neutrons the recoil energy to a neutron ∼ 10^{−7} eV corresponds to a scattering angle 2 · 10^{−3} radian, which is within divergence of an incident neutron beam. For cold neutrons this scattering angle is twice higher, but it does not yet exceed divergence of a neutron beam.

The method of a trap of ultracold neutrons ˛lled with the investigated gas (He, Ar and other heavy one-atomic noble gases.) allows recoil energy about 10^{−7} eV to be registered. On the other hand the total cross section of UCN with gas will not include areas with recoil energy smaller than 10^{−7} eV. Therefore it is possible to compare the scattering amplitude from interferometer measurements f(0) with the amplitude obtained by the UCN method.

One of possible schemes of an experiment is presented in Fig. 1. It allows to use the available equip-

Fig. 1. The experiment setup: 1 { trap of UCN, 2 { the input valve, 3 { the absorber-former of spectrum of UCN, 4 { the detector of lower barrier neutrons, 5 { a foil with the boundary velocity above the one of UCN after spectrum formation, 6 { the valve for the background measurement with the detector of upper barrier neutrons, 7 { the valve for output of UCN after storage, 8 { the detector for counting of UCN after storage

ment of PNPI in ILL. UCN ˛ll the trap at an opened valve (2) and closed valves (6) and (7). The absorber (3) is placed in the bottom position at a distance \h" from the trap bottom. When equilibrium density in the trap (1) is achieved, the valve (2) is closed. The UCNs are stored in the trap for the predetermined time t_{hold} to form the spectrum with maximal UCN energy mgh. Then the absorber (3) is pulled up to the upper position near the top of the trap.

Ultracold neutrons interact with walls of the trap and with the investigated gas, which ˛lls the trap. The trap and the investigated gas are maintained at the room temperature. The temperature of UCN gas is 10^{−3} Ł. In coherent re‚ection from the matter the energy of UCN is conserved. Non-elastic scattering occurs when a neutron is scattered by atoms of gas and when UCN penetrate into substance in re‚ecting from the wall. In both cases there is energy transfer by the order of kT . The energy transfer of the order of 10^{−7} eV is of low probability for the above mentioned processes. Nevertheless at re- ‚ection from the substance there is a quasi-elastic scattering which was revealed experimentally [21]. Due to long-range interaction with atoms of gas the quasi-elastic scattering with the recoil energy of the order 10^{−7} eV would be also possible. Processes with the energy transfer of the order of kT and ∼ 10^{−7} eV are easily distin-

Ŕĺśĳňă ć ĘİŠŤ šőň 93 ćżŕ. 7 { 8 2011 guished in the present installation, as UCN having obtained energy ∼ kT leave an experimental trap. Such neutrons are not detected. Neutrons which have obtained a small recoil energy can still be stored in the trap, if their energy near the bottom is less than critical energy of the trap. Critical energy of the foil is equal to mgh. Therefore neutrons which have obtained a small recoil energy can overcome a potential barrier of the foil (5) and ˛nally can be registered by a detector (4). For registration of these neutrons the valve (6) is opened just after lifting the absorber. The closed valve (6) is used for measuring the background with the detector (4). To distinguish processes of quasi-elastic scattering on the surface of the trap from scattering with the investigated gas measurements are to be made both with the investigated gas and without it.

The detector (8) is used to measure the number of UCN in the trap after di¸erent storage time. In this case the valve (7) is opened rather than the valve (6). Measuring UCN storage time at di¸erent gas pressure, we can determine the total cross section of UCN interaction with atoms. As UCN are sensitive to a small energy transfer, this cross section will include interaction due to long-range forces. We can compare the obtained result with nuclear scattering cross section. Additionally we can make measurements (either with gas or without it) when an absorber is not lifted as well as with a lifted absorber. In the ˛rst case cross section will include the e¸ect of very small energy transfer because such neutrons can reach absorber. This e¸ect will not be taken into account in case with a lifted absorber. Thus one can measure the e¸ect of very small energy transfer and compare with the expected value due to nuclear scattering. Probably in the latter case it can be a statistical problem because of measuring a small di¸erence of two big values. Therefore the method with foil and a detector (4) will be a preferable one.

Another possible scheme of measurements is to use only the detector (4) but change position of foil (put in, take out) to make measurements with the same detector. Such a scheme was used in our measurements of lower energy upscattering of UCN in process of storage in the trap [21].

Summing up, we can conclude that two experimental methods have been discussed: the method of total cross-section measurements and the method of abovebarrier neutron measurements. Potential sensitivity of both methods will be discussed later.

Let us carry out calculation of the di¸erential cross section depending on the recoil energy transferred to the ultracold neutron. To simplify the problem we will assume that before collision UCN was at rest. The atoms of gas are scattered at UCN. Neutrons obtain the recoil energy. We will consider the amplitude of an additional long range interaction of a neutron with the atom consisting of M nucleons.

The di¸erential cross section of scattering of a neutron with an atom should take into account the amplitude of nuclear scattering and that of scattering (3) due to an additional contribution from the potential (2):

dσ = |f_{nucl} + f_{long range}|^2d˙ = = ( b^2_{free nucl} ± g^2_±M π b_{free nucl}m_nc^2 ~c λ^2 (λq)^2 + 1 + +f^2_{long range} ) d˙, (4)

where the element of solid angle d˙ is connected with the energy of an incident atom { E_A through the following formula: d˙ = π(M + 1)^2 M dε E_A . (5)

For the di¸erential cross section the following expression has been derived

dσ = |f_{nucl} + f_{long range}|^2 = d˙ = = π ( (M + 1)^2 M b^2_{free nucl} ± g^2_±M(M + 1) π b_{free nucl}m_nc^2 ~c × × λ^2 2m_nελ^2/~^2 + 1 + (M + 1)^2 M f^2_{long range} ) dε E_A . (6)

Now we will integrate expression (6) over the recoil energy from ε_1 to ε_2.

σ(ε_2, ε_1, E_A) = π [ (M + 1)^2 M b^2_{free nucl}(ε_2 − ε_1)±

±g^2_±M ~cb_{free nucl}(M + 1) 2π ln ( 2m_nλ^2ε_2/~^2 + 1 2m_nλ^2ε_1/~^2 + 1 ) + +(g^2_±M)^2 ( m_nc 2π~ )_2 × × Mλ^4(ε_2 − ε_1) (2m_nλ^2ε_2/~^2 + 1)(2m_nλ^2ε_1/~^2 + 1) ] 1 E_A . (7)

The integral UCN scattering cross section when UCN will be escaped from the trap with critical energy (E^{trap}_{UCN} ) is:

σ^{escape}(ε_{max}, E^{trap}_{UCN} , E_A) = = π [ 4b^2_{free nucl} ( 1 − E^{trap}_{UCN} (M + 1)^2 4E_AM ) ±

±g^2_±M ~cb_{free nucl}(M + 1) 2πE_A × Ŕĺśĳňă ć ĘİŠŤ šőň 93 ćżŕ. 7 { 8 2011

× ln ( 8m_nλ^2E_AM/~^2(M + 1)^2 + 1 2m_nλ^2E^{trap}_{UCN} /~^2 + 1 ) +

+(g^2_±M)^2 ( m_ncM π~(M + 1)

)_2 × × λ^4 (8m_nMλ^2E_A/(M + 1)~^2+1)(2m_nλ^2E^{trap}_{UCN} /~^2+1) ] . (8) The lower energy UCN scattering cross section when UCN will be still storage in the trap is:

σ^{low}(E^{trap}_{UCN} , E_A) = = π [ (M + 1)^2 M b^2_{free nucl} E^{trap}_{UCN} E_A ± ±g^2_±M ~cb_{free nucl}(M + 1) 2πE_A ln(2m_nλ^2E^{trap}_{UCN} /~^2 + 1)+

+(g^2_±M)^2 ( m_nc 2π~ )_2 Mλ4Etrap_{UCN} /E_A (2m_nλ^2E^{trap}_{UCN} /~^2 + 1) ] . (9)

It should be mentioned that we have assumed for simpli˛cation that initial UCN energy is equal to zero. Such a simpli˛cation does not matter but makes the calculation much easier.

Formulae (7){(9) are written for the ˛xed kinetic energy of an atom. For further calculations we should integrate over the ‚ux of incident atoms. As it has been noted above, the installation setup enables to measure the total sections of interaction of UCN with gas using the detector 8, and the di¸erential cross sections of very small energy transfer using the detector of the abovebarrier neutrons 4. In the following paragraph the ˛rst experimental opportunities are considered in detail.

The probability of UCN storage in a trap is the sum of probability of UCN losses:

(τ^{total}_{stor} )^{−1} = τ^{−1}_n + (τ^{gas}_{stor})^{−1} + (τ^{walls}_{stor} )^{−1}, (10)

where τ^{−1}_n is the probability of neutron decay, (τ^{gas}_{stor})^{−1} is the probability of UCN losses due to interaction with atoms of gas and (τ^{walls}_{stor} )^{−1} is the probability of UCN losses due to interaction with trap walls.

The probability of UCN losses due to neutron interaction with atoms of gas can be measured as the di¸erence of UCN storage probability in a trap with some gas density and with zero gas density:

(τ^{gas}_{stor})^{−1}(n_A) = (τ^{total}_{stor} )^{−1}(n_A) − (τ^{total}_{stor} )^{−1}(n_A = 0). (11) Now let us calculate the magnitude of the value (τ^{gas}_{stor})^{−1}(n_A) taking into account an additional contribution from the long-range interaction. The probability of UCN losses due to collision with atoms of gas can be written as follows:

(τ^{gas}_{stor})^{−1}(n_A) = ∞∫ Emin

d˘(E_A)

E_A 4^M

(M +1)2 ∫ εmin dσ(ε)+

+n_AV_{2200}σ^0_{capt} = n_A —V_Aσ^{total}_A , (12)

where d˘(E_a)/dE_A is a ‚ux of atoms incident on an ultracold neutron, dσ/dε(ε) is a di¸erential cross section depending on the recoil energy, according to formula (6), σ^0_{capt} is capture cross section reduced to neutron velocity V_{2200} = 2.2 · 10^5 cm·s^{−1}, σ^{total}_A is the total cross section, which consists of the scattering cross section (σ_{scat}) and capture cross section (σ_{capt}): σ^{total}_A = = σ_{scat} + σ^0_{capt}V_{2200}/ —V_A (the scattering cross section (σ_{scat}) takes into account a nuclear and long-range interaction), E_{min} is minimum energy of atoms, after colliding with them a neutron is able to escape the trap E_{min} = E^{trap}_{UCN} (M + 1)^2/4M, ε_{min} is minimum recoil energy when UCN escape from the trap. (For simpli˛cation UCN initial energy is equal to zero, then ε_{min} = E^{trap}_{UCN} ), E_A4M/(M + 1)^2 is maximum neutron recoil energy. The ‚ux of atoms is

d˘(E_A) dE_A = n_A —V_A (kT )^2

E_A exp { − E_A kT } , (13)

where n_A is the number of atoms in cm^{−3} at temperature T , —V_A is the average velocity of atoms of mass m_nM at temperature T , —V_A = 4(kT/2πm_nM)^{1/2}. The gas density

n_A[cm^{−3}] = 2.687 · 10^{16} × P_A[mbar] × 293/T [K], (14)

where P_A is the experimentally measured gas pressure.

We can rewrite formula (12) in the following form:

(τ^{gas}_{stor}n_A —V_A)^{−1} − σ^0_{capt} —V_{th}/ —V_A = π(M + 1)^2 M b^2_{free nucl}×

× ∞∫

Etrap_{U CN} (^M +1) 2 4M dE_A E_A 4^M

(M +1)2 ∫ Etrap_{U CN} E_A (kT )^2 e^{−EA/kT} ×

× [ 1± g^2_±M^2 π(M + 1) m_nc^2 b_{free nucl}~c λ^2 2m_nελ^2/~^2 + 1

+(g^2_±M)^2× × M^2 (M + 1)^2 ( m_nc 2π~_{free nucl}

)_2

λ^4 2m_nλ^2ε/~^2 + 1)^2 ] dε E_A . (15) After integration we can extract contribution due to long-range forces in the following form:

´^{excape} 1 = Ŕĺśĳňă ć ĘİŠŤ šőň 93 ćżŕ. 7 { 8 2011

Fig. 2. Dependence of an expected experimental e¸ect ´ on parameters g^2 and λ for helium: (a) the case of a repulsive potential, i.e. an exchange by a vector boson; (b) the relation between parameters g^2 and λ for a repulsive potential if the e¸ect ´ is equal to 0.3, 0.03 and 0.003; (c) the case of an attractive potential, i.e. an exchange by a scalar boson; (d) the relation between parameters g^2 and λ for an attractive potential if the e¸ect ´ is equal to ±0.3, ±0.03 and ±0.003

= [ (τ^{gas}_{stor}n_A —V_A)^{−1} − σ^0_{capt}V_{2200}/ —V_A 4πb^2_{free nucl} e^E trap U CN kT (M +1)2 4M − 1 ] = = ± g^2_±M(M + 1) 8πb_{free nucl} ( ~c kT ) e^{z(λ)}E_1(z(λ))+ + g^4_± 4 M^2(M + 1)^2 (8πb_{free nucl})^2 ( ~c kT )_2 e^{z(λ)}E_2(z(λ)) z , (16)

where E_1(z) and E_2(z) are exponential integrals. The value z(λ) ≡ (M + 1)^2 4M ( ~^2 2m_nkT λ^2 + E^{trap}_{UCN} kT )

is a function of a few variables: M, λ and T .

The expression in the squared brackets (on the left side of formula (16)) is an expected experimental e¸ect due to the long-range interaction. It is de˛ned as ´^{escape} because it is an e¸ect with escape of UCN from the trap.

Let us calculate the value of an expected experimental e¸ect ´^{escape} depending on values g^2 and λ. The case of repulsive potential (a vector boson) and the case of attractive potential (a scalar boson) signi˛cantly di¸er in the form of the e¸ect. In the case of a vector boson the e¸ect is positive for any values g^2 and λ. For a scalar boson the e¸ect can change a sign depending on values g^2 and λ. In Fig. 2ă, c the form of a possible e¸ect for both cases is shown. Fig. 2b, d shows the correlation between g^2 and λ, which arises when this surface is

5 Ŕĺśĳňă ć ĘİŠŤ šőň 93 ćżŕ. 7 { 8 2011 crossed by the planes ´^{escape} = ±0.3, ´^{escape} = ±0.03 and ´^{escape} = ±0.003. In case if φ > 0, the value ´^{escape} can be only positive. In case φ < 0, ´^{escape} can have any sign. Therefore at ´^{escape} > 0 de˛nition of a sign on potential from an experiment is ambiguous. As a rule we will be compelled to analyze both cases: with φ > 0 and with φ < 0.

As seen from Fig. 2 the method of comparing the scattering cross section of UCN and nuclear scattering cross section becomes insensitive in the area of 10^{−8}−10^{−4} cm. This is due to slightly increasing logarithmic dependence in (8) at a su‹ciently high energy of incident atoms at room temperature (lowering the temperature of the gas may give some progress). Thus the integral measurement method of UCN essentially measures the scattering cross section in the ˛eld of the forces less than 10^{−8} śm (λ < 10^{−8} ). Method of measuring low-energy neutrons is sensitive down to λ ≈ λ_{UCN} i.e. 10^{−6} cm (λ^2_{UCN} = ~^2/2m_nE^{trap}_{UCN} ). (In the formula (9) under the logarithm is ratio of λ to λ_{UCN} .) To identify long-range forces with λ > 10^{−6} cm, one should compare the scattering cross section of UCN with the value of 4πb^2_{free in}, where b_{free in} is scattering length is measured at the neutron interferometer: b_{free in} = b_{free nucl} + b_{long range}.

The proposed scheme of the experiment for measurement of integrated cross sections by the UCN method purposefully for the problem of long-range forces has not been realized yet. However we can use results of the experiment on measurement of (P τ) { values, published in Ref. [22]. We can use results of measurements for He and Ar. The simplest situation occurs for^4He, which does not possess a neutron capture. The data on argon can be used as well, since the capture section for argon is known rather well.

For helium the cross section determined by experiment [22] through value (P τ)can be expressed from formula σ^{He}_{scat} + σ^0_{He capt}V_{2200}/ —V_{He} = (n_{He} —V_{He}τ^{gas}_{stor})^{−1} = = (P τ^{gas}_{stor} · 2.687 · 10^{16} —V_{He})^{−1}, where 2.687 · 10^{16} is the number of helium atoms in 1 śm^3 at pressure 1 mbăr, —V_{He} is an average velocity of helium atoms at the room temperature (293 Ł) —V_{He} = 1.240 · 10^5 cm·s^{−1}; P τ = = (467 ± 33) mbar·s. Then, σ^{He}_{scat} + σ^0_{He capt}V_{2200}/ —V_{He} = = (0.642 ± 0.045) · 10^{−24} cm^2, it is measured with accuracy of 7%. The capture cross section of natural He because of admixture of He^3 is equal to 0.0075·10^{−24} śm^2 for velocity 2200 m/s, correspondingly σ^0_{He capt}V_{2200}/ —V_{He} = 0.0133·10^{−24} cm^2. Then scattering cross section σ^{He}_{scat}(exp P τ) = (0.629±0.045)·10^{−24} śm^2. It is coherent scattering cross section σ^{He}_{coh scat}(exp P τ), incoherent scattering cross section for natural He is equal to zero. The coherent neutron scattering length with helium is measured with accuracy of 1%. It is presented in tables [23] as length of coherent neutron scattering with the bound nucleus since the tables submit data for most nuclei in the bound state with the substance b_{bound nusl, He} = 3.26(3) · 10^{−13} cm. Since in our case one discusses scattering with a free nucleus, we should recalculate the scattering length for bound He nucleus in regard to the scattering length with a free nucleus of helium using the equation: b_{free nucl, He} = = b_{bound nucl, He}M_{He}/(M_{He} +1) = 0.2608(24)·10^{−12} cm. Accordingly, the cross sections with a free nucleus, calculated from the scattering length with a free nucleus will be: σ^{He}_0 = 4πb^2_{free nucl, He} = 0.855(16) · 10^{−24} cm^2. Then,

´^{escape}

1,He =

σ^{Hescat}(exp P τ)e

Etrap U CN kT (M +1)2 4M σ^{He}_0 = 4πb^2_{free nucl, He} − 1 = = −0.264 ± 0.054. (4.9σ). (17) At the con˛dence level of 95% (2σ) the e¸ect lies in the range (−0.36; −0.16). In Fig. 3 area (g^2, λ) for ´^{escape}_1

Fig. 3. The shaded area is values g^2 and λ from the experimental data (P τ) for He and from present analysis. The straight line near the shaded area is values g^2 and λ from the experimental data (P τ) for argon and from present analysis. The painted area is excluded values g^2 and λ from works [9, 10]. The possible constrains^{86}Kr for are shown by dotted lines at the accuracy of measurement of (PAτ^{gas}_{stor}) and the coherent neutron scattering length about 2% is shown at the con˛dence level of 95% for the case of an attractive potential. There is no solution for repulsive potential.

For argon there are the following tabular data: for coherent scattering amplitude [23] b_{bound nucl, Ar} = = 0.1909(6) · 10^{−12} cm, σ^{Ar}_0 = 4πb^2_{bound nucl, Ar}(M_{Ar} + + 1))^2 = 0.436(3) · 10^{−24} cm^2, the capture cross section

Ŕĺśĳňă ć ĘİŠŤ šőň 93 ćżŕ. 7 { 8 2011

[24] σ^0_{Ar capt} = 0.675(9) · 10^{−24} cm^2 and incoherent scattering cross section σ^{Ar}_{incoh scat} = 0.225(5) · 10^{−24} śm^2. From experiment [22] (P τ)_{Ar} = 260 ± 6.7 mbăr·s, then σ^{Ar}_{coh scat} + σ^{Ar}_{incoh scat} + σ^0_{Ar capt}V_{2200}/ —V_{Ar} = 3.65(9) · · 10^{−24} śm^2, where —V_{Ar} = 3.921 · 10^4 śm·s^{−1}. Then σ^{Ar}_{coh scat}(exp P τ) = −0.365(10) · 10^{−24} cm^2 and

´^{escape}

1,Ar =

σ^{Arcoh scat}(exp P τ)e

Etrap U CN kT (M +1)2 4M σ^{Ar}_0 = 4πb^2_{free nucl, Ar} − 1 =

= −1.84 ± 0.24. (18)

This result demands realization of new experiments. Nevertheless we can present the area g^2, λ based on the available (P τ) data for He and Ar. For He the value ´^{escape}

1,He lies in a range between −0.37 and −0.16. For

argon we can use minimal possible value ´^{escape}_{1, Ar} = −1. This analysis is presented also in Fig. 3.

The result of this analysis is incredibly strange, moreover, we can see from Fig. 3 that this results for He and Ar are excluded by results of analysis [9, 10] which was obtained from neutron scattering cross section at the energy 1 ev, from neutron scattering length and from taking into account the contribution from n − e scattering. (In principle the sensitivity of proposed method at the accuracy 2% of measurement of (P_A, τ^{gas}_{stor}) values is comparable with sensitivity of methods discussed in introduction [9]. For example at the accuracy of measurement of (P_Aτ^{gas}_{stor}) and the coherent neutron scattering length 2% for^{86}Kr possible constrains are shown by dotted lines in Fig. 3. The e¸ect of long-range forces is proportional to nuclear mass therefore the usage of Ne and^{86}Kr will be very e¸ective. These atoms are chosen because of small capture cross section.)

Now it is necessary to notice that the above presented analysis assumed that the scattering lengths in tables [23] are nuclear scattering lengths. However, (as has already been pointed out above) if long-range interaction really exist the measurements of scattering lengths by means interferometers (b_{free in}) should include also the scattering length of long-range interaction (b_{free in} = b_{free nucl} + b_{long range}) since the scattering length is measured at zero scattering angle, i.e. 4πb^2_{free in} = 4π(b_{free nucl} + b_{long range})^2. Therefore more correct analysis gives the following formula which can be considerably simpli˛ed for λ > 10^{−7} cm:

´^{escape} 2 = [ (τ^{gas}_{stor}n_A —V_A)^{−1} − σ^0_{capt}V_{2200}/ —V_A 4πb^2_{free in} ×

× exp { E^{trap}_{UCN} kT (M + 1)^2 4M } − 1 ] =

±g^2_±M ( (M + 1) 8πb_{free in} ( ~c kT ) e^{z(λ)}E_1(z(λ))− − ( M M + 1 ) λ^2 πb_{free in} m_nc ~ ) + +(g^2_±M)^2 ( (M + 1)^2 4(8πb_{free in})^2 ( ~c kT )_2

e^{z(λ)}E_2(z(λ)) z + + ( M M + 1

)_2 ( m_ncλ^2 2π~b_{free in}

)_2 − − ( m_ncMλ^2 16π^2~b^2_{free in} ) ( ~c kT ) e^{z(λ)}E_1(z(λ)) ) ≈ ≈ ∓g^2_±M ( M M + 1 ) λ^2 πb_{free in} m_nc ~ + +(g^2_±M)^2 ( M M + 1

)_2 ( m_ncλ^2 2π~b_{free in}

)_2 . (19)

The analysis using the simpli˛ed formula (19) for ´^{escape}

2 and λ > 10^{−7} cm is shown also in Fig. 3. The area (g^2, λ) for ´^{escape}_2 is shown for the case of a repulsive potential at the con˛dence level of 95%. There is no solution for an attractive potential. One can see that the determined area of values g^2 and λ is again excluded by results of analysis [9, 10]. The similar analysis could not be realized for Ar because correction for capture cross section is too large.

The presented discrepancy for He and Ar can be caused by the di¸erent reasons: 1) systematical errors of experiment, 2) e¸ect of collective interaction of UCN with atoms of gas, since UCN wave length is about 5 · 10^{−6}−10^{−5} cm but distance between atoms is about 10^{−6} cm at the gas pressure 10 mbar. In this case the detailed measurements of dependence of P_Aτ^{gas}_{stor} value from the gas pressure are necessary.

To clarify the problem new measurements are necessary not only for P τ data but also for capture cross section at UCN energy. The experimental measurements of the ‚ux of above-barrier neutrons will be particularly necessary. It will be helpful to ˛nd the possible systematical errors of experiment as well as the possible e¸ect of collective interaction of UCN with atoms of gas at the pressure about 10 mbar.

The method of measuring the ‚ux of above-barrier neutrons will be considered in the next article.

This work was supported by the Russian Foundation for Basic Research (project # 08-02-01052a, # 10-02-00217ă, # 10-02-00224ă) and by the Federal Agency of Education of the Russian Federation (contract # P2427, # P2540), by the Federal Agency of Science and Innovations of the Russian Federation (contract # 02.740.11.0532) also by Ministry of Education and Science of the Russian Federation (contract # 14.740.11.0083).

Ŕĺśĳňă ć ĘİŠŤ šőň 93 ćżŕ. 7 { 8 2011 5�

468 A. P. Serebrov, O. M. Zherebtsov, S. V. Sbitnev

1. E. G. Floratos and G. K. Leontaris, Phys. Lett. B 465, 95 (1999).

2. A. Kehagias and K. Sfetsos, Phys. Lett. B 472, 39 (2000).

3. I. Antoniadis, S. Dimopoulos, and G. Dvali, Nucl. Phys.

B 516, 70 (1998).

4. S. S. Gubser and J. Khoury, Phys. Rev. D 70, 104001 (2004).

5. A. Upadhye, S. S. Gubser, and J. Khoury, Phys. Rev. D 74, 104024 (2006).

6. E. G. Adelberger, B. R. Heckel, and A. E. Nelson, Ann.

Rev. Nucl. Part. Sci. 53, 77 (2003).

7. E. G. Adelberger, J. H. Gundlach, B. R. Heckel et al., Progress in Particle and Nuclear Physics 62, 102 (2009).

8. Yu. Kamushkov, J. Tithof, and M. Vysotsky, Phys. Rev.

D 78, 114029 (2008).

9. V. V. Nesvizhevsky, G. Pignol, and K. V. Protasov, Phys. Rev. D 77, 034020 (2008).

10. Yu. N. Pokotilovski, Yad. Fiz. 69, 953 (2006) [Phys.

Atom. Nucl. 69, 924 (2006)].

11. B. W. Harris, F. Chen, and U. Mohideen, Phys. Rev. A

62, 052109 (2000).

12. E. Fischbach, D. E. Krause, V. M. Mostepanenko et al.,

Phys. Rev. D 64, 075010 (2001).

13. R. S. Decca, D. Lopez, H. B. Chan et al., Phys. Rev.

Lett. 94, 240401 (2005).

14. S. K. Lamoreaux, Phys. Rev. Lett. 78, 5 (1997). 15. M. Bordag, B. Geyer, G. L. Klimchitskaya et al., Phys.

Rev. D 58, 075003 (1998).

16. J. Chiaverini, S. J. Smullin, A. A. Geraci et al., Phys.

Rev. Lett. 90, 151101 (2003).

17. D. Hoyle, U. Schmidt, B. R. Heckel et al., Phys. Rev.

Lett. 86, 1418 (2001).

18. G. L. Greene and V. Gudkov, Phys. Rev. C 75, 015501 (2007).

19. V. F. Sears, Phys. Rep. 141, 281 (1986).

20. V. V. Nesvizhevsky and K. V. Protasov, Class. Quant.

Grav. 21, 4557 (2004).

21. A. Serebrov, A. Vassiljev, M. Lasakov et al., Phys. Lett.

A 367, 268 (2007).

22. Yu. Yu. Kosvintsev, Yu. A. Kushnir, V. I. Morozov, and G. I. Terekhov, in Proceedings of the 5-th All-Union Conference on Neutron Physics, Kiev, 1980, Ed. L. Usachev, Moscow, 1980, p. 130.

23. L. Koester, H. Rauch, and E. Seymann, At. Data Nucl.

Data Tables 49, 65 (1991).

24. www.ati.ac.at/∼neutropt/scattering/Scattering lengths table 20010419.pdf.

Ŕĺśĳňă ć ĘİŠŤ šőň 93 ćżŕ. 7 { 8 2011