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DECEMBER 1, 1936

PHYSICAL REVIEW

VOLUME 50

A Very Accurate Test of Coulomb’s Law of Force Between Charges

S. J. PuimproN AND W. E. LAWTON, Worcester Polytechnic Institute, Worcester, Massachusetts
(Received September 30, 1936)

The exponent 2 in Coulomb’s inverse square law of force
between charges in empty space has been found experi-
mentally to be correct to within 1 part in 10% The well-
known electrostatic experiment of Cavendish and Max-
well with concentric metal globes was replaced by a quasi-
static method in which the difficulties due to spontaneous
ionization and contact potentials were avoided. A ‘“‘reso-
nance electrometer” (undamped galvanometer with ampli-
fier) was placed within the globes, the input resistor of the
amplifier forming a permanent link connecting them, so
as to measure any variable potential difference between
them. It was shown theoretically that the presence of the
resonance electrometer would have no effect on the result
and that it could replace electrically a part of the inner

globe. The galvanometer was observed through a “‘con-

ducting window' at the top, made so by covering it with
salt water., No effect was observed when a harmonically
alternating high potential ¥ (>3000 volts), from a spe-
cially designed ‘‘condenser generator'’ operating at the
low resonance frequency of the galvanometer, was applied
to the outer globe. The sensitivity was such that a voltage
v=10"% volt was easily observable above the small fluc-
tuations due to Brownian motion.

If the exponent in the law of force were not exactly 2
but rather 2-4¢q then g<v/VF(a, b) where F(a, b) =0.169,
a and b being the radii of the globes. This gives ¢<<2X107°
in space remote from matter. The formula for F(a, b) was
derived by Maxwell's theory in which the effect of gravity
is assumed negligible. Reasons are given for believing that
this assumption does not invalidate the result.

-
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PHYSICAL REVIEW LETTERS
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York, 1966).

M. A. Bethe, Z. Phys. 71, 205 (1931); L. Hulthén,
Arkiv, Mat. Astron. Fys. 26A, No. 11 (1938).

%7. des Cloizeaux and J. J. Pearson, Phys. Rev. 128,
2131 (1962).

‘M. E. Fisher, Amer. J. Phys. 32, 343 (1964).

5The most thoroughly studied system of this type

is CsMnCly - 2H,0. See J. Skalyo, Jr., G. Shirane, 8. A.

Friedberg, and H. Kobayashi, Phys. Rev. B 2, 1310,
4632 (1970).

R. Dingle, M. E. Lines, and S. L. Holt, Phys. Rev.
187, 643 (1969).
" TB. Morosin and E. J. Graeber, Acta Crystallogr.
23, 766 (1967).

——

"For a review see W. Marshall and R. D. Lowde,
Rep. Progr. Phys. 31, 705 (1968).

'For k; perpendicular to the chains, Eq. (1) is nearly
exact. See R.J. Birgeneau, J. Skalyo, Jr., and G. Shi-
rane, to be published.

g, 1. Birgeneau, H.J. Guggenheim, and G. Shirane,
Phys. Rev. Lett. 22, 720 (1969).

"In this paper, for convenience, all momenta are
referred to the room-temperature hexagonal axes.
There is a small monoeclinic distortion at 128°K, but
this is not of importance here.

M. T. Hutchings, G. Shirane, R.J. Birgeneau,

R. Dingle, and 5. L. Holt, to be published.
13p. B. McLean and M. Blume, to be published.

New Experimental Test of Coulomb’s Law: A Laboratory Upper Limit on
the Photon Rest Mass

E. R, Williams, * J. E. Faller, and H. A. Hill
Department of Physics, Wesleyan University, Middletown, Connecticut 06457
(Received 22 January 1971)

A high-frequency test of Coulomb’s law is described. The sensitivity of the experiment
is given in terms of a finite photon rest mass using the Proca equations. The null result
of our measurement expressed in the form of the photon rest mass squared is u’=(1.04
+1,2)x10""" em™, Expressed as a deviation from Coulomb’s law of the form 1/#2*¢, our
experiment gives ¢ =(2.7+3.1) x107'%, This result extends the validity of Coulomb’s law

by two orders of magnitude.
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VOLUME 21, NUMBER 8 PHYSICAL REVIEW LETTERS 19 AucusT 1968

NEW GEOMAGNETIC LIMIT ON THE MASS OF THE PHOTON

Alfred S. Goldhaber and Michael Martin Nieto*
Institute for Theoretical Physics, State University of New York at Stony Brook, Stony Brook, New York 11790
(Received 25 June 1968)

On the basis of recent precise data on the earth’s magnetic field, a new upper bound
on the mass of the photon is obtained using a method that was originally proposed by
Schrédinger. The limit is 1.15%X1071% em™!=2.3x1071% eV =4.0x 10" * g, which is
four orders of magnitude better than the best laboratory measurement, that of Plimp-
ton and Lawton.

&1 EIXE. SchrodingerM#18H THRo1=5LLY,
Proc. Roy. Irish Acad., A, 49, 43 (1943) ZIFEAUSAUTIER O BT,
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Goldhaber and Nieto (1968)
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FIG. 1. Dominant space plasma current systems shown in a “cut-away” view of the Earth's magnetosphere.
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VOLUME 35, NUMBER 21 PHYSICAL REVIEW LETTERS 24 NOVEMBER 1975

Limit on the Photon Mass Deduced _from Pioneer-10 Observations of Jupiter’s Magnetic Field*

Leverett Davis, Jr.
Depavitment of Physics, California Institute of Technology, Pasadena, California 91109

and

Alfred S. Goldhaber
Institute for Theovetical Physics, State University of New Yovk at Stony Brook, Stony Bvook, New Yovk 11794

and

- Michael Martin Nieto

Theovetical Division, Los Alamos Scientific Labovatory, Univevsity of California, Los Alamos, New Mexico 87545
(Received 9 July 1975)

We report an analysis of the Pioneer-10 data on Jupiter’s magnetic field, in which the
mass p of the photon was treated as a free parameter. We set a limit of p<2 x 10~ 1! em~1
=6 x10"%ev=8 x10"*? g. This is the smallest limit so far obtained from direct measure- 13
ments. We compare our result with other published limits.
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http://prl.aps.org/abstract/PRL/v80/i9/p1826 1

VOLUME 80, NUMBER 9 PHYSICAL REVIEW LETTERS 2 MARCH 1998

Experimental Limits on the Photon Mass and Cosmic Magnetic Vector Potential

Roderic Lakes
Department of Engineering Physics, University of Wisconsin-Madison, 147 Engineering Research Building,
1500 Engineering Drive, Madison, Wisconsin 53706-1687
(Received 2 June 1997; revised manuscript received 11 December 1997)

A novel experimental approach based on a toroid Cavendish balance 1s used to evaluate the product
of photon mass squared and the ambient cosmic magnetic vector potential A. The method 1s based
on the energy density of the vector potential in the presence of photon mass, not on measurement of
the magnetic field. The experiment discloses A )u%, < 2 % 107? Tm/m?, with Moy I"as the characteristic
length associated with photon mass. Consequently, if the ambient magnetic vector potential 1s A =
10'* Tm due to cluster level fields, u7' > 2 X 10" m. If we conservatively use galactic fields prior to
a reversal, then ;u.;l > 1 X 10” m, a figure still superior to that derived from the Jovian magnetic field.
[S0031-9007(98)05451-9]

PACS numbers: 12.20.Fv, 14.70.Bh, 41.20.Jb, 98.80.Cq
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PHYSICAL REVIEW LETTERS week ending

VOLUME 90, NUMBER 8 28 FEBRUARY 2003

New Experimental Limit on the Photon Rest Mass with a Rotating Torsion Balance

Jun Luo, Liang-Cheng Tu, Zhong-Kun Hu, and En-Jie Luan

Department of Physics, Huazhong University of Science and Technology, Wuhan 430074, People’s Republic of China
(Received 24 August 2002: published 26 February 2003)

A rotating torsion balance method is used to detect the product of the photon mass squared and the
ambient cosmic vector potential A,. The signal is modulated by rotating the torsion balance to ensure
the effectiveness of detection for all possible orientations of the vector potential. The influences of
sidereal disturbances of environment are also removed by virtue of this modulation method. The
experimental result shows ‘[LE,},AE < 1.1 X 107" Tm/m?, with ,u;;‘ as the characteristic length asso-
ciated with photon mass. If the ambient cosmic vector potential A, is 10" Tm due to cluster level
fields, we obtain a new upper limit on photon mass of 1.2 X 107! g.

DOI: 10.1103/PhysRevLett.90.081801 PACS numbers: 12.20.Fv, 14.70.Bh, 98.80.Cq
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» Asurvey of existing and proposed classical and quantum approaches to
the photon mass
G. Spavieri et al.: Eur. Phys. J D 61 (2011) 531.

* Terrestrial and Extraterrestrial Limits on The Photon Mass
A. S. Goldhaber and M. M. Nieto: Rev. Mod. Phys. 43 (1971) 277.
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Authors Year q/e Interaction source Photon source
Grodzins et al 12 1961 10719 Electric field Decay of Fe®” (laboratory test)
Stover et al2® 1967 107t Electric field Laser (laboratory test)
Present work 2012 107 Electric field Laser (laboratory test)
Cocconitt 1992 10728 Magnetic field Extragalactic radiation
Cocconi & Raffelt?22 1994 107%® Magnetic field Radio pulsars
Sivaram®> 1994 10727 Charge asymmetry CMB
Semertzidis et alt 2003 10716 Magnetic field Laser (laboratory test)
Kobychev and Popov2 2005 107*! & 107**  Magnetic field Extragalactic radiation
Caprini and Ferreiral? 2005 10738 Charge asymmetry CMB
Altschul® 2007 107%% & 107%¢  Magnetic field Extragalactic radiation
Sivaram and Arunt? 2010 1073 Magnetic field  Hawking radiation from a black hole

TABLE I. Status of upper limits on the photon charge: There have been three laboratory tests to constrain the photon charge;
two of them employ electric fields, one by Grodzins et al22 and the other by Stover et al 2%, and the third one involves magnetic
deflection’”. Even the best limit among the three laboratory tests is at least ten orders of magnitude weaker than the limit
obtained from charge asymmetry in the CMB datal2?, which is the least stringent bound among those based on astrophysical

observations. http://arxiv.org/abs/1209.2052v1
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Caprini & Ferreira (2005)

http://prl.aps.org/abstract/PRL/v98/i26/e261801

'J

CMBOESEDEFDERIZR > CLDICHICE

L CERBAT D C

FeFDELIIATIDH T CIRE

e y/e < 10M-35}

E T ) VIRIFIED
=12

Constraints on the electrical charge
asymmetry of the universe

C Caprini' and P G Ferreira®

! Département de Physique Théorique, Université de Geneve, 24 quai Ernest
Ansermet, CH-1211 Genéve 4, Switzerland

2 Astrophysics, University of Oxford, Denys Wilkinson Building, Keble Road,
Oxford OX1 3RH, UK

E-mail: chiara.caprini@physics.unige.ch and p.ferreiral@physics.ox.ac.uk

Received 2 December 2004
Accepted 3 February 2005
Published 17 February 2005

Online at stacks.iop.org/JCAP /2005/1=02/a=006
doi:10.1088 /1475-7516/2005 /02,006

Abstract. We use the isotropy of the cosmic microwave background to place
stringent constraints on a possible electrical charge asymmetry of the universe.
We find the excess charge per baryon to be go_p < 10 ¢ in the case of a
uniform distribution of charge, where e is the charge of the electron. If the charge
asymmetry is inhomogeneous, the constraints will depend on the spectral index,
n, of the induced magnetic field and range from g._, < 5 x 1072 (n = —2)
to gop < 2 X 10 26¢ (n = 2). If one could further assume that the charge
asymmetries of individual particle bpecwb are not anti-correlated so as to cancel,
this would imply, for photons, ¢, < < 10~3%¢; for neutrinos, g, < 4 x 107%¢; and
for heavy (light) dark matter paltlcleb Gam < 4 x 1072 e (gam < 4 x 10~ 30?3

Keywords: CMBR theory, physics of the early universe
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Bound on the Photon Charge from the Phase Coherence of Extragalactic Radiation

Brett Altschul™

Department of Physics, Indiana University, Bloomington, Indiana 47405 USA
(Reu,n ed 28 March 2007; puhlnhui 27 June 2007)

If the photon possessed a nonzero charge, then electromagnetic waves traveling along different paths
would acquire Aharonov-Bohm phase differences. The fact that such an effect has not hindered
interferometric astronomy places a bound on the photon charge estimated to be at the 10732¢ level if
all photons have the same charge and 10™*¢ if different photons can carry different charges.
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Semertzidis+ (2003)

http://prd.aps.org/abstract/PRD/v67/i1/e017701

PHYSICAL REVIEW D 67. 017701 (2003)

New laboratory technique for measuring the photon charge

Y. K. Semertzidis, G. T. Danby, and D. M. Lazarus*
Brookhaven National Laboratory, Upton, New York 11973

(Received 9 August 2002; published 9 January 2003)

A measurement of the deflection of a laser beam 1n a modulated magnetic field with a prototype apparatus
has produced an upper limit on the charge of the photon of 8.5X 10 '7e. It is shown that an improved
apparatus could attain a sensitivity of 10™*'e.

DOI: 10.1103/PhysRevD.67.017701 PACS number(s): 14.70.Bh
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Haskins+ (2012)

http://arxiv.org/abs/1209.2052v1

Laboratory limit on the charge of photons by electric field deflection

A. Hankins, C. Rackson, and W. J. Ki
901 12th Ave Department of Physics, Seattle University, Seattle, WA 98122, USA
(Dated: September 11, 2012)

The deflection of a laser beam traveling through a modulated electric field is measured using
phase-sensitive detection to place an upper bound on photon charge. An upper limit of 10~ e
1s obtained. The experiment involves a number of experimental techniques that are commonly
encountered in modern precision measurements and is suitable for both advanced undergraduate
and beginning graduate students in physical science as a laboratory exercise.
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