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unit consisted of about 80 mg of iron, enriched
in Fe" to 31.9%, electroplated onto a polished
side of a 3-in. diameter, 0.040-in. thick disk of
beryllium. The electroplating technique required
considerable development to produce films with
absorption lines of width and strength that satis-
fied our tests. The films finally accepted, reso-
nantly absorbed about 1/3 the recoil-free y rays
from our source. Each unit of the absorber was
mounted over the 0.001-in. Al window of a
3 in. x1/4 in. NaI(T1) scintillation crystal in-
tegrally mounted on a Dumont 6363 multiplier
phototube. The multiplier supply voltages were
separately adjusted to equalize their conversion
gains, and their outputs were mixed.
The required stable vertical baseline was con-

veniently obtained in the enclosed, isolated tower
of the Jefferson Physical Laboratory. ' A statis-
tical argument suggests that the precision of a
measurement of the gravitational frequency shift
should be independent of the height. Instrumental
instability but more significantly the sources of
systematic error mentioned above are less criti-
cal compared to the larger fractional shifts ob-
tained with an increased height. Our net operating
baseline of 74 feet required only conveniently
realizable control over these sources of error.

The absorption of the 14.4-kev y ray by air in
the path was reduced by running a 16-in. diam-
eter, cylindrical, Mylar bag with thin end win-
dows and filled with helium through most of the
distance between source and absorber. To
sweep out small amounts of air diffusing into the
bag, the helium was kept flowing through it at a
rate of about 30 liters/hr.
The over-all experiment is described by the

block diagram of Fig. 1. The source was moved
sinusoidally by either a ferroelectric or a moving-
coil magnetic transducer. During the quarter of
the modulation cycle centered about the time of
maximum velocity the pulses from the scintilla-
tion spectrometer, adjusted to select the j.4.4-
kev y-ray line, were fed into one sealer while,
during the opposite quarter cycle, they were fed
into another. The difference in counts recorded
was a measure of the asymmetry in, or frequency-
shift between, the emission and absorption lines.
As a precaution the relative phase of the gating
pulses and the sinusoidal modulation were dis-
played continuously. The data were found to be
insensitive to phase changes much larger than
the drifts of phase observed.
- A completely duplicate system of electronics,
controlled by the same gating pulses, recorded
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FIG. l. A block diagram of the over-all experimental arrangement. The source and ab-
sorber-detector units were frequently interchanged. Sometimes a ferroelectric and some-
times a moving-coil magnetic transducer was used with frequencies ranging from 10 to 50 cps.
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Expressed in this unit, the result is
(hv) /(b, v) =+ 1.05+ 0.10,exp theor

where the plus sign indicates that the frequency
increases in falling, as expected.
These data were collected in about 10 days of

operation. We expect to continue counting with
some improvements in sensitivity, and to reduce
the statistical uncertainty about fourfold. With
our present experimental arrangement this should
result in a comparable reduction in error in the
measurement since we believe we can take ade-
quate steps to avoid systematic errors on the re-
sulting scale. A higher baseline or possibly a
narrower y ray would seem to be required to
extend the precision by a factor much larger than
this.
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TEMPERATURE-DEPENDENT SHIFT OF y RAYS EMITTED BYA SOLID

B. D. Josephson
Trinity College, Cambridge, England

(Received March 11, 1960)

Recent experiments by Mossbauer' have shown
that when low-energy y rays are emitted from
nuclei in a solid a certain proportion of them are
unaffected by the Doppler effect. It is the pur-
pose of this Letter to show that they are never-
theless subject to a temperature-dependent shift
to lower energy which can be attributed to the
relativistic time dilatation caused by the motion
of the nuclei.
Let us regard the solid as a system of inter-

acting atoms with the Hamiltonian

H =Qp.'/2m. +V(r, r, ~ ~ ~ ).
2 g

The Mossbauer effect is due to those processes
in which the phonon occupation numbers do not
change. It might appear that in such cases the
energy of the solid is unaltered, but this is not
so, as the nucleus which emits the y ray changes
its mass, and this affects the lattice vibrations.
Suppose the nucleus of the ith atom emits a y ray
of energy E, its mass changing by Dmin = E/c'-

The change in energy, I, of the solid is given
by

0E = (aH) = 0(P.'/2m. ) = -5m. (P.'/2m. ')i Z i

where Tz is the expectation value of the kinetic
energy of the ith atom. The energy of the y ray
must accordingly be reduced by 5Z so there is a
shift of relative magnitude 0E/E =Tg/mtc'. The
same formula can be deduced by regarding the
shift as due to a relativistic time dilatation.
To estimate Ti we make the following assump-

tions: (i) The atoms all have the same mass,
and the kinetic energy is equally distributed
among them. (ii) The kinetic energy is half the
total lattice energy, i.e., we assume that the
forces coupling the atoms are harmonic. Under
these assumptions Tf/m; = -,'U, where U is the
lattice energy per unit mass. The relative shift
is thus given by 0E/E =U/2c'. For Fe at 300'K
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As we proposed a few months ago, ' we have now
measured the effect, originally hypothesized by
Einstein, ' of gravitational potential on the ap-
parent frequency of electromagnetic radiation by
using the sharply defined energy of recoil-free
y rays emitted and absorbed in solids, as dis-
covered by Mossbauer. ' We have already re-
ported' a detailed study of the shape and width of
the line obtained at room temperature for the
14.4-kev, O. 1 -microsecond level in Fe". Partic-
ular attention was paid to finding the conditions
required to obtain a narrow line. We found that
the line had a Lorentzian shape with a fractional
full-width at half-height of 1.13x10 "when the
source was carefully prepared according to a
prescription developed from experience. We have
also investigated the 93-kev, 9.4-microsecond
level of Zn" at liquid helium and liquid nitrogen
temperatures using several combinations of
source and absorber environment, -but have not
observed a usable resonant absorption. That work
will be reported later. The fractional width and
intensity of the absorption in Fe" seemed suffi-
cient to measure the gravitational effect in the
laboratory.
As a preliminary, we sought possible sources

of systematic error that would interfere with
measurements of small changes in frequency using
this medium. Early in our development of the in-
strumentation necessary for this experiment, we
concluded that there were asymmetries in, or
frequency differences between, the lines of given
combinations of source and absorber which vary
from one combination to another. Thus it is ab-

solutely necessary to measure a change in the
relative frequency that is produced by the per-
turbation being studied. Observation of a fre-
quency difference between a given source and
absorber cannot be uniquely attributed to this
perturbation. More recently, we have discovered
and explained a variation of frequency with tem-
perature of either the source or absorber. ' We
conclude that the temperature difference between
the source and absorber must be accurately
known and its effect considered before any mean-
ing can be extracted from even a change observed
when the perturbation is altered.
The basic elements of the apparatus finally

developed to measure the gravitational shift in
frequency were a carefully prepared source
containing 0.4 curie of 270-day Co", and a care-
fully prepared, rigidly supported, iron film ab-
sorber. Using the results of our initial experi-
ment, we requested the Nuclear Science and
Engineering Corporation to repurify their nickel
cyclotron target by ion exchange to reduce cobalt
carrier. Following the bombardment, in a special
run in the high-energy proton beam of the high-
current cyclotron at the Oak Ridge National
Laboratory, they electroplated the separated
Co'7 onto one side of a 2-in. diameter, 0.005-in.
thick disk of Armco iron according to our pre-
scription. After this disk was received, it was
heated to 900 -1000 C for one hour in a hydrogen
atmosphere' to diffuse the cobalt into the iron
foil about 3x10 ' cm.
The absorber made by Nuclear Metals Inc. ,

was composed of seven separate units. Each

PRL 4 
(1960) 
337



Einstein Cross Einstein Ring

Images from HubbleSite.org

http://hubblesite.org


(Maoz Figure 6.10)

© 2006 Nature Publishing Group 

 

limits on the frequency of Jupiter-mass planets have been placed over
an orbital range of 1–10 AU, down to M% planets15–17 for the most
common stars of our galaxy.
On 11 July 2005, the OGLE Early Warning System18announced the

microlensing event OGLE-2005-BLG-390 (right ascension
a ¼ 17 h 54min 19.2 s, declination d ¼ 2308 22 0 38 00 , J2000) with a
relatively bright clump giant as a source star. Subsequently, PLANET,
OGLE and MOA monitored it with their different telescopes. After
peaking at a maximummagnification of Amax ¼ 3.0 on 31 July 2005,
a short-duration deviation from a single lens light curve was detected
on 9 August 2005 by PLANET. As described below, this deviation was
due to a low-mass planet orbiting the lens star.
From analysis of colour-magnitude diagrams, we derive the

following reddening-corrected colours and magnitudes for the
source star: (V 2 I)0 ¼ 0.85, I0 ¼ 14.25 and (V 2 K)0 ¼ 1.9. We
used the surface brightness relation20 linking the emerging flux
per solid angle of a light-emitting body to its colour, calibrated
by interferometric observations, to derive an angular radius of
5.25 ^ 0.73 mas, which corresponds to a source radius of
9.6 ^ 1.3R( (where R( is the radius of the Sun) if the source star
is at a distance of 8.5 kpc. The source star colours indicate that it is a
5,200 K giant, which corresponds to a G4 III spectral type.
Figure 1 shows our photometric data for microlensing event

OGLE-2005-BLG-390 and the best planetary binary lens model.
The best-fit model has x2 ¼ 562.26 for 650 data points, seven lens
parameters, and 12 flux normalization parameters, for a total of 631
degrees of freedom.Model length parameters in Table 1 are expressed
in units of the Einstein ring radius RE (typically,2 AU for a Galactic
Bulge system), the size of the ring image that would be seen in the
case of perfect lens–source alignment. In modelling the light curve,
we adopted linear limb darkening laws21 with G I ¼ 0.538 and
GR ¼ 0.626, appropriate for this G4 III giant source star, to describe

Figure 1 | The observed light curve of the OGLE-2005-BLG-390
microlensing event and best-fit model plotted as a function of time. Error
bars are 1j. The data set consists of 650 data points from PLANET Danish
(ESO La Silla, red points), PLANET Perth (blue), PLANET Canopus
(Hobart, cyan), RoboNet Faulkes North (Hawaii, green), OGLE (Las
Campanas, black), MOA (Mt John Observatory, brown). This
photometric monitoring was done in the I band (with the exception of the
Faulkes R-band data and the MOA custom red passband) and real-time
data reduction was performed with the different OGLE, PLANETand MOA
data reduction pipelines. Danish and Perth data were finally reduced by the
image subtraction technique19 with the OGLE pipeline. The top left inset
shows theOGLE light curve extending over the previous 4 years, whereas the
top right one shows a zoom of the planetary deviation, covering a time
interval of 1.5 days. The solid curve is the best binary lensmodel described in
the text with q ¼ 7.6 ^ 0.7 £ 1025, and a projected separation of
d ¼ 1.610 ^ 0.008RE. The dashed grey curve is the best binary source
model that is rejected by the data, and the dashed orange line is the best
single lens model.

Figure 2 | Bayesian probability densities for the properties of the planet
and its host star. a, The masses of the lens star and its planet (M * andMp

respectively), b, their distance from the observer (DL), c, the three-
dimensional separation or semi-major axis a of an assumed circular
planetary orbit; and d, the orbital period Q of the planet. (In a,M ref refers to
M% on the upper x axis andM(on the lower x axis.) The bold, curved line in
each panel is the cumulative distribution, with the percentiles listed on the
right. The dashed vertical lines indicate the medians, and the shading
indicates the central 68.3% confidence intervals, while dots and arrows on
the abscissa mark the expectation value and standard deviation. All
estimates follow from a bayesian analysis assuming a standardmodel for the
disk and bulge population of the Milky Way, the stellar mass function of

ref. 23, and a gaussian prior distribution for DS ¼ 1.05 ^ 0.25RGC (where
RGC ¼ 7.62 ^ 0.32 kpc for the Galactic Centre distance). The medians of
these distributions yield a 5:5þ5:5

22:7 M% planetary companion at a separation
of 2:6þ1:5

20:6 AU from a 0:22þ0:21
20:11 M( Galactic Bulge M-dwarf at a distance of

6.6 ^ 1.0 kpc from the Sun. The median planetary period is 9þ9
23 years. The

logarithmic means of these probability distributions (which obey Kepler’s
third law) are a separation of 2.9 AU, a period of 10.4 years, and masses of
0.22M( and 5.5M% for the star and planet, respectively. In each plot, the
independent variable for the probability density is listed within square
brackets. The distribution of the planet–star mass ratio was taken to be
independent of the stellar mass, and a uniform prior distribution was
assumed for the planet–star separation distribution.
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