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For the first time an attempt has been made to detect a new type of fundamental interaction, viz., 
the nomagnetic spin interaction (the "arion" long-range interaction of A. A. Ansel'm and N. G. 
Uraltsev, Phys. Lett. 114B, 39 (1982), Phys. Lett. 116B, 161 (1982), and A. A. Ansel'm, JETP 
Lett. 36,55 (1982). The arion long-range interaction is similar to the weak magnetic spin interac- 
tion, but differs from the latter in particular in that its existence is due only to oriented spins but 
not to moving electric charges. Within the sensitivity of the experiment the result is negative, 
which places a restriction on the parameters of the hypothetical arion field. It is established that 
the arion interaction between nuclear and electron spins is no stronger than 10-"-10- " of their 
magnetic interaction. 

PACS numbers: 14.80.Pb 

1. INTRODUCTION 

The problem of the possible existence of fundamental 
long-range interactions other than electromagnetic and gra- 
vitational is undoubtedly of exceptional theoretical and ex- 
perimental interest. The present work is devoted to an at- 
tempt to observe a specific spin-dependent long-range 
interaction: the "arion" long-range interaction of Refs. 1-3, 
in an experiment on the change in the nuclear spin preces- 
sion frequency of the isotopes 199Hg and 'OIHg in the arion 
field under conditions in which the magnetic field is reliably 
monitored. We have established that there is no arion inter- 
action in a certain range of the parameters characterizing it. 

In Ref. 2 we noted that the arion interaction can be 
observed by any methods of detection of a weak magnetic 
field. The arion field is created by oriented spins (for exam- 
ple, of a ferromagnetic material), and the accompanying 
magnetic field can be compensated by eddy currents in a 
conducting shield. In the present work we have used the 
combination of shielding of the magnetic field with a careful 
monitoring of its magnitude. 

The idea of the experiment is as follows. The spin 
precession frequencies of nuclei of two types 1 and 2 are 
measured in a magnetic field H, these frequencies are w, 
= y,H (i = 1,2), where y, are the gyromagnetic ratios of the 

nuclei. In the experiment we monitor the quantity 
S = w, - (y,/yl)wl, which is by definition zero if the preces- 
sion is due only to the magnetic field. We surround the work- 
ing volume, which contains the nuclei and the inductor of 
the field H, by a ferromagnetic shield located in an external 
magnetic field Ha which is coaxial with the internal field H. 
The small part AH, of the external field which penetrates 
inside the shield as the result of the fact that it is not a perfect 
shield will lead to some shift of the frequencies w, (by an 
amount y,AHa), but the equality S = 0 is of course pre- 
served. 

Now consider the hypothetical arion field created by 
the polarized electron spins of the ferromagnetic material of 
the shield. We shall take into account that the magnetic field 

of these spins inside the shield is almost exactly equal to 
( - Ha), since it compensates the external field Ha to an 
accuracy AHa <Ha (this is what the shielding mechanism 
consists of). Since the arion field is created by the same elec- 
tron spins, the magnetic field ( - Ha ) can serve as a measure 
of it. The interaction of the nuclear spins with the arion field 
leads to a change of their precession frequencies by an 
amount yfHa, where the "gyroarionic" ratio yf includes 
both the characteristics of the nucleus i and the parameters 
of the arion interaction. Thus, on turning on the external 
field Ha the precession frequencies of the nuclei, with 
allowance for the arion interaction, will be 

and now the quantity 6 is different from zero: 

since in the general case the gyromagnetic and gyroarionic 
ratios are in no way proportional. In contrast to yf, the value 
of which must be established from experiment, the ratio e/ 
f l  can in principle be calculated exactly. In this way it is 
possible to find the parameter A, which is of the order of 1. 
As a result, by measuring S as a function ofH, it is possible 
to determine the constants yf of the arion interaction of the 
nuclei. In the experiment we obtained a limit 
yf/yi 5 10-lo - lo-", which means that the magnetic ac- 
tion of the polarized electrons in the mercury nucleus is at 
least 1010-1011 times stronger than the arion interaction. 

Before proceeding to a detailed description of the exper- 
iment and a discussion of its results, let us recall the theoreti- 
cal assumptions which underlie the hypothesis of the arion 
long-range intera~tion,'-~ which is accomplished by mass- 
less Goldstone particles-arions. 

Although in its simplest form the standard model of the 
electroweak interaction requires existence of only one Higgs 
doublet and correspondingly of one neutral physically ob- 
servable Higgs boson, in reality there are no reasons to as- 
sume that the Higgs spectrum is so sparse. On the other 
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hand, practically any extension of the standard model (su- 
persymmetry, technicolor, grand unification, inclusion of 
the generation symmetry group) requires a significant in- 
crease of the number of scalar fields. Here one may have 
Goldstone degrees of freedom-physical Goldstone Higgs 
bosons not absorbed by gauge bosons by means of the Higgs 
mechanism. An indication of the possibility of existence of 
such particles may be, for example, the various technicolor 
models, in which it is assumed that the Higgs particles are 
composite. Here the independent chiral rotations of techni- 
quarks, of which Higgs bosons consist, correspond to addi- 
tional global symmetries which are spontaneously broken as 
the result of formation of condensates of techniquarks. Here 
each spontaneously broken global symmetry corresponds to 
a physical Goldstone boson. 

References 1-3 have discussed in various models the 
properties of the neutral Goldstone boson-the arion, which 
is a massless analog of the axion of Weinberg and Wilczek4 in 
the case in which the corresponding global symmetry is not 
broken by an anomaly. The following properties of the arion 
are comparatively model-independent. 

1. The arion is a neutral, strictly massless, stable pseu- 
doscalar boson with even charge parity and a semiweak in- 
teraction with fermions which is diagonal in flavor and 
which preserves P and C parity. The interaction of a fermion 
f has the form 

9 = x j  (Gr@)'hmf ( f  i Y 5 f )  a, (2) 
where G, is the Fermi constant, mf is the mass of the fer- 
mion, a is the arion field, and xf is an unknown parameter 
involving the ratio of various vacuum mean fields. 

2. There are no more than two arions, of which one 
interacts with quarks and leptons, and the other only with 
leptons. 

3. The interaction of an arion with u and d quarks 
differs only in sign: 

4. The interaction of an arion with nucleons can be cal- 
culated rigorously in the chiral limit; the coupling constant 
is proportional to the mass of the nucleon, and not to the 
current mass of the quark: 

L Z ' = X , ( G ~ ) ~ ) ' ~  (-gn) [ (Pir5p) - (fiiySn) la; (4) 

here g, = - 1.25 is the axial form factor of 0 decay. 
5. Exchange of arions leads to a potential energy of in- 

teraction of two fermions fl  and f,: 

which is equivalent to the interaction of two magnetic mo- 
ments with a "magneton" equal to (GF/8m/Z)112xf. If one of 
the fermions is a nucleon, then the corresponding parameter 
is Xp,n = Xu,d ( - g~ 1. 

References 1-3 discussed experimental restrictions on 
the existence of the arion. From absence of the decays $--my 
and Y (Y ' ) -my we can state thatx, < 0.6 (Ref. 5) andx, < 1,6 
and from the absence of the decay K - m a  (Ref. 7) it follows 

that at least xu < 1. (The latter restriction, it is true, may be 
more rigid. The estimate xu < 1 is based on the fact that the 
arion interacts only with the divergence of the isovector axial 
current (2) (Ref. 8); in any case the restriction on the corre- 
sponding parameter in the case of an axion should be signifi- 
cantly stronger.) The absence of anomalous splitting of the F 
levels in molecules of orthohydrogen9 leads to a restriction 
on the existence of the interaction (4),1° which in our nota- 
tion corresponds to xu < 3.5. Finally, the interaction (1) 
between leptons leads to a correction to the anomalous mo- 
ment of the leptons: 

p = p ~  ( l + x a 2 ~ ~ m ~ / 8 ~ ~ ~ 1 ( T j ,  

which gives a restriction for the interaction of an arion with a 
p meson and an electron: x, < 3.6 and x, < 100. 

Incomparably stronger restrictions arise from astro- 
physical considerations if one takes into account the energy 
loss of the Sun and of red giants as the result of emission of 
arions." In order that the Sun's energy flux associated with 
the reaction y + e-*a + e not exceed the photon luminosity, 
it is required that x j  < lop5, and if we believe the estimates 
for red giants, then x% < 10-12. The same order is obtained 
also for the restriction on x i  as the result of arion production 
in a process of the Primakoff type, in which the yya vertex is 
determined by quark triangle diagrams. On the other hand, 
as was mentioned in Refs. 2 and 8, although the absorption 
of arions as a result of the inverse reaction a + e+y + e in 
the Sun is very small (mean free path - loi4 cm-x; 2), ab- 
sorption as the result of the three-particle process a + e 
+ p + e  + p  leads to a mean free path one thousand times 

smaller. For x, =: 10 the arion mean free path becomes - lo9 
cm, which already is substantially less than the radius of the 
Sun. Therefore it is not excluded beforehand that arions 
could be quite efficiently absorbed in the Sun. The thermal 
conduction then increases greatly, and this leads to a rapid 
decrease of the size of the hot part of the Sun (T- 1 keV) and 
eventually to a considerable decrease of the arionic energy 
loss. To be sure, this hypothesis requires a radical review of 
the generally accepted models of the Sun and it is not clear 
whether it is self-consistent. 

Laboratory data on the interaction of the type (4) essen- 
tially do not exist. In Ref. 10 an attempt was made to evalu- 
ate the possibility of existence of spin-dependent long-range 
forces by taking into account that in the magnetic field of the 
Earth a negligible fraction of the nuclear spins must be ori- 
ented. This estimate gives an extremely crude restriction 
which in our notation can be written as xu < lo6, which sim- 
ply makes no sense since for xu - lo6 the interaction (4) is 
much stronger than the ordinary magnetic interaction. 

Thus, the estimated values for the interaction of the 
type (4) are extremely varied, which makes it desirable to set 
up a direct experiment according to the scheme described 
above. 

2. EXPERIMENT 

As the object of study we chose the mercury isotopes 
199Hg (labeled by the subscript i = 1) and ,OIHg (i = 2) with 
respective nuclear spins 1/2 and 3/2 and with gyromagnetic 
ratios 759.3 and - 280.3 Hz/Oe. For mercury atoms in the 
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FIG. 1 .  Block diagram of apparatus: 1-working sample, 2--orientation 
light beam, 3-field vector H,, Ginterrogration light beam, 5-photo- 
detector, &amplifier, 7-inductor, &quartz crystal oscillator, 9 and 
10-frequency dividers, 1 1-synchronous detector, 12-phase meter, 
13-recorder. 

gas phase there is a well developed technique of optical po- 
larization of the nuclei, which combines a high degree of 
polarization with an effective optical monitoring system, 
and this is why these isotopes were chosen. 

The figure shows a block diagram of the apparatus in 
which the experiment was carried out. The working sample 1 
is a quartz cell containing a 50% mixture of the vapors of 
atoms of the mercury isotopes at a pressure Torr. The 
sample was placed in a constant magnetic field Ho of 
strength -0.1 Oe. The temperature of the cell was main- 
tained at 150 "C. Here the time of transverse relaxation of the 
nuclei was 17 sec for ' 9 9 ~ g  and 27 sec for 'O'Hg. 

Optical orientation of the atoms of the working materi- 
al was accomplished by circularly polarized resonance radi- 
ation at 2537 8L.12 

The orienting beam 2 was produced by a spectral lamp 
with the isotope '04Hg and was transmitted along the direc- 
tion of the field Ho. The signal of the nuclear magnetic reso- 
nance from the oriented atoms was recorded by means of the 
transverse Faraday effect.I3 A linearly polarized interroga- 
tion beam 4 was transmitted at right angles to the field Ho. 
This beam was provided by a second spectral lamp filled 
with the isotope '02Hg, in which the 2537 A spectral line is 
shifted relative to the absorption lines of the working mer- 
cury isotopes as the result of the isotopic shift. 

To produce an undamped precession of the magnetiza- 
tion vectors of the mercury nuclei, a spin generator was used. 
The feedback circuit of the generator included a photodetec- 
tor 5, an amplifier 6, and an inductor 7.  The amplifier 6 was a 
broadband linear amplifier. Two oscillations were generated 
simultaneousIy, with frequencies equal in the first approxi- 
mation to the Larmor frequencies of precession of the two 
types of nuclei: w, = y,Ho and w, = y2Ho. For the chosen 
value of the field Ho and for the relaxation times ' T2 of the 
mercury nuclei given above, the condition of coexistence of 
the two frequencies of generation in one linear portion of the 
feedback circuit ('T,)-' (ly, - y21Ho is satisfied. 

As the source of the arion field we used the spin system 
of an eight-layer Permalloy shield, inside which were placed 
the cell with the mercury vapor and the inductors of the 
constant field H, and the radiofrequency fields. Orientation 

of the spins of the ferromagnetic material of the shield was 
accomplished by an external magntic field H, which was 
collinear with the field Ho. 

The frequencies of oscillation of the spin generator in 
the absence of the arion interaction are determined by the 
expression 

oi=y,H,+ ('Tz)-' tg qr+ei+ (yiHi8) z / ( ~ i - ~ i ~ )  =yiHo+Air 

where pi is the phase advance in the feedback circuit at fre- 
quency wi , which depends in particular on the relative orien- 
tation of the interrogation beam and the axis of the inductor 
coil of the radiofrequency field; E~ is the total light-induced 
shift of the precession frequency"; (yi H,. )'/(mi - mi, ) is the 
Bloch-Siegert shift due to action on nucleus i of oscillations 
with a foreign frequency wi, and amplitude Hi.. 

In the presence of an arion interaction the generation 
frequencies should change and become equal to oi = y iH  
+ A + oia . This change is recorded in the following way. 

By dividing the reference frequency Po of the quartz crystal 
by k, and k, times, frequencies PI = Po/k, and P, = Pdk,  
are synthesized. The oscillations of frequency PI are used for 
capture of the oscillations w, of the spin generator. For this 
purpose the oscillations of the frequencies w, and PI are 
compared in a phase detector. The comparison signal is used 
to reduce the modulus of the magnetic field inside the shield 
to the value H determined by the relation o, = P,, i.e., to the 
value H = (P, - A, - w ,, )/y,. In the mode with stabiliza- 
tion of the frequency w, the difference of the frequencies o2 
and P2 is 

O ~ - P ~ = ~ + O Z ~  - - r' "lbr 
11 

The quantity L! is set equal to zero by choice of the values of 
the frequency-division coefficients k, and k,. Here the differ- 
ence of the frequencies w2 - P2 coincides with the previously 
introduced quantity 6, deviation of which from zero should 
indicate existence of the arion interaction. In practice the 
measurement is made by means of a phase meter which the 
frequencies P2 and 13, are fed to. At the output of the phase 
meter a difference is observed in the phases of the oscilla- 
tions, and the dependence of this difference on time is the 
desired effect S- t .  

Turning on the magnetic field Ha which orients the 
spins of the shield can lead to violation of the equality S = 0 
and to the absence of the arion interaction as the result of 
parasitic effects of the following origin. 

1. The magnetic field which penetrates through the 
shields changes the direction of the vector of the working 
field H, thereby changing the quantities pi .I5 To remove this 
effect the axis of the coils which create the variable field Hi 
was aligned with the direction of the interrogation beam. 

2. The penetrating field changes in addition the gradi- 
ent of the working field. This produces a broadening of the 
magnetic resonance line, leading to a shift of frequency, if 
pi #O. However, in the presence of rapid motion of the mer- 
cury atoms there is an effect of averaging of the inhomogene- 
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ity, which reduces the broadening of the resonance to a negli- 
gible amount. l4 

3. The external magnetic field changes the conditions of 
the discharge in the spectral lamps producing the orienta- 
tion and interrogation beams. To remove this effect, the 
spectral lamps were placed in ferromagnetic shields. In addi- 
tion at the points of location of the lamps the external mag- 
netic field was compensated by additional magnetic systems. 

The measurements were made as follows. In the ab- 
sence of the field Ha an extended record was made of the 
drift of the phase of the difference of the frequencies o2 - P,, 
which contains in the general case a component 6.t linear in 
time and due to errors in establishing the values of k, and k,, 
and a random component with an average value equal to 
zero and with a variance which depends on the time of obser- 
vation. The desired effect would be a change of the compo- 
nent linear in time of the drift of the phase in response to a 
change of the polarizing field Ha. The measurements were 
made in runs of duration 0.5 to 1.0 hours each. 

The result. No effect was observed within the accuracy 
limited by certain residual systematic errors of a hysteresis 
nature, which significantly exceed the random phase drift. 
Thus, for successive values of the field Ha equal to 0, + 72, 
0, and - 72 Oe the average value of 6 took on respective 
values 7.5.10-4, 8.10-4, and 0 .5~10-~  f 0.5.10V4 
deg/sec. These results permit us to assume that a change of 
the polarizing field A (Ha ) = 144 Oe in any case does not lead 
to a change of 6 by more than 7.5.10-4 deg/sec: 

6/A ( H a )  <1.5.10-' H,/Oe . 

3. DISCUSSION OF THE RESULT 

The restriction obtained in the experiment on the value 
of 6 /A (Ha) corresponds to a restriction on the product 
E = Ryla/yl: 

~<2.10-". (6) 

Finding the parameter R for a known ratio y2/y1 reduces to 
calculation of the ratio of the matrix elements 

where summation over the neutrons and protons of the given 
mercury isotope is understood. Although there are no fun- 
damental difficulties in calculation of this ratio, nevertheless 
in the case of the mercury isotopes 199 and 201 technical 
difficulties arise: use of the standard programs for calcula- 
tion of nuclear constants, which have been well checked in 
other nuclei, turns out to be unsuccessful in the case of these 
mercury isotopes. We shall therefore restrict ourselves to 
giving the result obtained for the quantity A in the simplest 
approximation, in which a) we took into account only mixing 
of single-particle states with states in which the total mo- 
ment is made up of the single-particle moment and the rota- 
tional moment (R = 2) and b) we estimated the renormaliza- 
tion of the gyromagnetic and gyroarionic factors as the 
result of polarization of the nuclear core. The value of R 
turned out to be - 0.1, but in view of the remarks made 

above it obviously does not follow that we should place too 
much confidence in this estimate. We should rather consider 
it to be a lower-bound estimate. Indeed, we can suppose that 
the deviation ofR from unity in a series of nuclei is subject to 
approximately the same spread as the deviation of the mag- 
netic moments of the nuclei from the nuclear magneton (the 
average value of the modulus for stable nuclei is 1.5 with a 
spread from 0.1 to 6). As a result of the remarks made above, 
we shall rewrite the value obtained above for the restriction 
on the quantity E = Ryla/y, in the form yIa/yl < 10-lo- 
10- ". This smallness of the arion interaction in comparison 
with the magnetic interaction is also given in the abstract of 
this work. 

We shall now express the result in terms of the param- 
eters of the arion interaction. For interaction of the nuclear 
spin with the electron spin we obtain from (5) an expression 
for the quantity E of (6): 

where 

In this formulap, = 2.79 andp, = - 1.91 are the magnet- 
ic moments of the proton and neutron in nuclear magnetons, 
I, is the orbital angular momentum of the proton, and sum- 
mation is understood over all protons and neutrons of the 
corresponding mercury isotope. 

The crude theoretical estimate mentioned above led to 
the values 

from which we obtain 

Therefore the inequality (6) means that 

We note that the experimental restriction adopted apparent- 
ly is actually exaggerated. The observed evolution of the 
phase as a function of the value of the polarizing field Ha 
does not fit into the logic of the hypothesisof the arion inter- 
action, but is more likely the result of parasitic effects pro- 
duced by reversal of the magnetization of the inner shells of 
the shield. At the present time the apparatus is being rede- 
signed for the purpose of obtaining a usable accuracy at a 
level limited by random drift of the phase. 

4. CONCLUSION 

In the present work we have carried out the first experi- 
ment to search for a nonmagnetic interaction between ori- 
ented spins of electrons and nuclei (the arion long-range in- 

1 1 06 Sov. Phys. JETP 58 (6), December 1 983 Aleksandrov et a/. 1 106 



teraction). We have been able to establish that this 
interaction does not exist at a very low level in comparison 
with the "natural" interaction corresponding to a magni- 
tude of the arion moment of the electron and quark 
p, = (GF/87n/Z)-', i.e., to values x,  = x, = 1. In a pre- 
vious letter3 we emphasized, however, that in some models 
the values of xf can turn out to be substantially less than 
unity. Therefore it appears to us that further search for the 
arion long-range interaction will not be useful. 

Finally, it seems obviously to us that search for a long- 
range interaction of nonelectromagnetic (and nongravita- 
tional) origin presents interest outside the framework of spe- 
cific theoretical constructions. 

We are grateful to N. G.  Ural'tsev for helpful discus- 
sions and to L. B. Okun' for his constant interest in this 
work. 
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