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Fluorescence of the visible triplet lines of mercury
(4047, 4358, 5461) was obtained by exciting a mixture of
mercury vapor and a small amount of nitrogen by radiation
from a quartz mercury arc. The Auorescence was ob-
served at right angles to the exciting light beam and the
polarization of each line, isolated by suitable filters, was
measured by the method of crossed Wollaston prisms.
Measurements in zero magnetic field (polarized excitation)
gave 88.2 percent for 4047, —65.5 for 4358, and 14.55
for 5461, compared to theoretical values (broad line
excitation) of 84.7, —67.0, and 8.7 percent, respectively.

Measurements were then made of the polarization as a
function of a magnetic field applied in the observation
direction and the mean life of the 7'St state calculated
from the data. The mean life of this state as measured by
4047 and 4358 was 0.8&0.1)&10 sec. at about 3.0 mm

nitrogen pressure. The mean life as measured by the line
5461 was about 0.6&0.1X10 ' sec. The collision cross
section for the 7'S& state against nitrogen was measured by
measuring the polarization of 4358 at a field of 3 gauss and
varying nitrogen pressures, giving the .result o.~~ = 1.3
)&10 '6cm'.

INTRODUCTION

sEVERAL attempts have been made to meas-
ure the mean life of the 7'5& state of mercury

by various methods. This state gives rise to the
lines of the visible triplet (4047, 4358 and 5461)
and experiments have been performed on the
three lines which give a measure of the Incan life
of the 7'S& state. One would expect theoretically
that, as a result of measurements on each of the
three lines, the value obtained for the mean life
of the upper state should be a constant and not
depend on the line used for the measurement.
In two experiments which have been performed
to date, the results have not been in agreement
with the expectation. For example, Randall, '
using a resonance lamp with electrical cut-off,
found the mean life of the 7'Sl state to be
5.75X10 ' sec. , when measured by 4047 and
4358, and 2.37)&10 7 sec. when measured by
5461. A similar result was found by Richter, '
who measured the polarization of the three lines
obtained as fluorescence when a mixture of
mercury vapor and nitrogen was irradiated by
light from a mercury arc. By measuring the rota-
tion of the plane of polarization of each line
caused by the application of a small magnetic
field in the direction of observation Richter cal-
culated the following values of ~ as measured by
the three lines: from 4047, 0.5&(10 ' sec. ; from

4358, 0.6/10 ' sec. ; and from 5461, 2.2X10
sec. Mitchell' has pointed out certain mistakes in
Richter's calculations mainly arising from er-
roneous theoretical considerations. Since neither
Richter nor Randall obtained results that could
be accounted for on the basis of any reasonable
theoretical assumptions and since the authors
felt that improvements on Richter's method
could be made, they undertook the following in-
vestigation.

APPARATUs AND METHoD QF MEAsUREMENT

The method used is similar to that of Richter
and consists of optically exciting mercury vapor
in the presence of a few millimeters of nitrogen
with light from a quartz mercury are lamp.
Mercury atoms in a resonance tube absorb the
line 2537 from the arc, thereby reaching the
6'Pl state. On collision with nitrogen molecules
some mercury atoms are transferred to the 6'Po
state from which they may reach the 7'S& state
by absorption of the line 4047 from the arc. The
fluorescence of the visible triplet occurs when
mercury atoms in the 7'S& state revert to the
6'Po, ~, 2 states. If the direction of observation of
the fluorescence is at right angles to that of the
exciting beam, and if the resonance tube is
situated in a region of zero magnetic field, the
fluorescence lines will be polarized. The applica-

' R. H. Randall, Phys, Rev. 35, 1161 (1930).'E. F. Richter, Ann, d. Physik 7, 293 (1930); 17, 463 'A. C. G. Mitchell, Phys. Rev. 43, 887 (1933).Hereafter
{1933). referred to as II.
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FIG. 1, Diagram of apparatus.

tion of small magnetic fields, applied in the
direction of observation, will cause the polariza-
tion of the lines to decrease. From these meas-
urements the mean life of the 7'S~ state can be
calculated.

The light from a water-cooled and magnetically
deflected quartz-mercury arc (Fig. 1) was made
parallel by the lens L& and passed through the
Wollaston prism Wi, which was transparent to
wave-lengths greater than 2200. The two polar-
ized images of the source were focussed on the
resonance tube R, which was surrounded by a
shield by means of which one image could be cut
out. The resonance tube was made of glass and
had a fused quartz window cemented to the front
end with picein wax. An all quartz tube could
not be used since quartz fluoresces in the blue-
green when irradiated with ultraviolet light. The
fluorescence light, escaping from a square hole
in the shield (about 1 mm on each side), was
made parallel by the lens L~ and sent through the
two Wollaston prisms TV2 and W3. The prism S'q
was fixed while W3 could be rotated so that its
axis could make any desired angle with that of
R'2, and the angle could be read to 1 minute with
a scale and vernier. The polarized images of the
hole were then brought to a focus on the photo-
graphic plate P. The various lines were isolated
by means of filters4 placed at the lens L~. All
lenses were of fused quartz.

4 The filters used for the lines were: For 5461, Corning
filters No. 351, 2 mm thick and No. 512, 4.39 mm thick; for
4358, Corning filters No. 038, 2.55 mm thick and No. 585,
4.52 mm thick; for 4047, Corning filters No. 585, 4.52 mm

A large Helmholtz coil placed about the ap-
paratus served to neutralize the earth's field to
less than 0.01 gauss. A smaller Helmholtz coil,
placed with its axis along the direction of observa-
tion, was used to apply known magnetic fields to
the resonance tube. This coil was calibrated by
the standard inductance method with the help
of a Brooks inductometer, so that the field pro-
duced by a given current Rowing through the coil
was known to 0.5 percent.

The nitrogen used in the experiment. made by
heating NaN3, was stored in a Rask over metallic
sodium. Any desired pressure of nitrogen could
be admitted to the apparatus by means of stop-
cocks. Pressures were read on a McLeod gauge.
The pressure of mercury vapor in the apparatus
corresponded to the vapor pressure of mercury at
room temperature.

The determination of the degree of polariza-
tion of any line under given experimental condi-
tions was made photographically by taking four
or five exposures and varying the angle made by
the Wollaston prism S'3 with respect to W2 for
each exposure. At a certain angle a, two of the
images will be of equal intensity, for which condi-
tions the polarization is given by I'= —cos 2o..
The approximate positions for equal angles was
found by taking exposures at angular settings
differing by several degrees and examining the
plates. visually. In the final measurements ex-
posures were made at angle settings one degree
apart and the plates run through a recording
microphotometer. On the resulting tracing the
heights of the two peaks corresponding to the two
images were measured. Calling these two heights
a and b, a curve was drawn in which (ri, b) /(a+9)— ,

was plotted against the angle setting, and the
position of equal images determined from the
curve. Only exposures taken on one plate were
used for the determination of a given angle. The
zero position of the two Wollastons, i.e. , the
angle reading for which the principal planes of the
two prisms were parallel, was determined to
within 5 minutes of arc.

In the determination of the degree of polariza-
tion the time of exposure varied from thirty
minutes to two and a half hours depending on the

thick and No. 305, 3.62 mm thick together with 3 cm of a
solution of 2.5 g I~ in 500 cc CC14. For a discussion of these
filters see E. J. Bowen, J. Chem. Soc. 2236 (1932}.
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line being measured, the pressure of nitrogen,
and the strength of the depolarizing magnetic
field. Frequent exposures were made to test for
the presence of scattered light by placing a glass
plate between the exciting light source and the
resonance tube. Plates showing any trace of
scattered light were, of course, discarded.

In all experiments the current through the arc
lamp and that through the magnet used to de-
Hect the arc stream was kept constant. The
temperature of the water used to cool the arc was
measured as it left the cooling chamber and ar-
rangements were made to keep this temperature
fairly constant to within about two degrees.
Later experiments showed, however, that varia-
tions of the temperature of the cooling water
from 15'C to 25'C had no measurable e6ect on
the degree of polarization obtained.

POLARIZATION IN ZERO FIELD

With a pressure of 3 mm of nitrogen in the
resonance tube, the degree of polarization of the
three lines was measured in zero magnetic field.
For the lines 4358 and 5461 the exciting light
was polarized with electric vector vertical while
for 4047, on account of the low intensity of this
line, unpolarized exciting light was used. The
values of the degree of polarization for the line
4047, obtained with unpolarized light, were
placed on a basis for comparison with the other
lines, which were obtained using polarized excita-
tion, by employing the well-known relation
Pp= Pp/(2 —Pp), in which Pp is the degree of
polarization measured with unpolarized exciting
light and I'0, that to be expected if the exciting
light is polarized with electric vector vertical.
The values of the percentage polarization in zero
field using polarized excitation (Pp) for the three
lines are given in Table I. The theoretical values
of the percentage polarization calculated from

the known hyperfine. structure are given in
column 3 of the table. The minus sign before
the value for the line 4358 denotes that this
line is polarized with its electric vector at right
angles to that of the exciting beam.

POLARIZATION IN APPLIED MAGNETIC FIELDS

With a nitrogen pressure of 3 mm in the
resonance tube the polarization of each line was
measured when a magnetic field was applied in
the direction of observation. Measurements made
for various values of the intensity of magnetic
field up to 5 gauss are shown in Fig. 2, in which
the percentage polarization I'(II)is pl'otted
against the intensity of the magnetic field. In the
figure the experimental data are given by the
circles (4047), triangles (4358), and squares
(5461), while the curves are theoretical ones
whose significance will be discussed later. In
making the measurements of the percentage
polarization in applied fields the same procedure
was adopted as in those made in zero field. In
order to be sure that no fluctuations in the arc
lamp were occurring which might change the
value of the percentage polarization obtained, a
test exposure was made on every plate. This was
accomplished by taking an exposure in zero
applied field with the Wollaston set at an angle o.

for which images of equal intensity had been
obtained for the previous exp'eriments in zero
field. In the series of experiments represented by
the points in Fig. 2, no significant variation in the
zero field polarization was observed.

As in the case of the zero field measurements,
the results for the line 4047 were obtained using
unpolarized excitation. The points shown in
Fig. 2 were obtained by computing the degree of

/Oe

TABLE I. Percentage polarzsatzon in sero field veith
polarized excitation.

/0

b0

Line

4047 88.3 &0.1
4358 —65.7 &0.9
5461 14.57 &0.16

84.7 100—67.0 —100
8.6 14.3

Polarzsation (percent) Po
calculated

Measured With hfs Without hfs

Mean life
7'S1 state

(sec.)

0.8X10 s

0.8X10 8

0.6X 10-8

gl g
gP'~ ~~ ~wegm~mw~ ~

/4

H(faust@eg l2 8 ie

FrG. 2. Percentage polarization as a function of magnetic
field, Circles, 4047; triangles, 4358; squares 5461.
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polarization which would have occurred had
polarized excitation been used. The method of
computation given by Breit' consisted in multi-

plying the observed polarization P(II), obtained
with unpolarized excitation, by (2 —Pp) where Po
is the polarization in zero field obtained from the
experimental values given in Table I.

Finally, experiments were performed to show
the eA'ect of nitrogen pressure on the degree of
polarization. With a magnetic field of 3 gauss
applied to the resonance tube, the degree of
polarization of the 4358 line was measured at
several nitrogen pressures. The results are given
in column 2 of Table II. It will be noted that, at

TABLE II. Percent polarization of the 4358 line at various
nitrogen pressures. H =3 gauss.

N2
Pressure

in mm Hg

2.50
3.20
3.95

Polarization
percent P(II, p)

Line 4358

40.19
41.20
43.35
42.26

1

f(P)

1.261
1.302

1.368

constant magnetic field, the degree of polariza-
tion increased with increasing nitrogen pressure,
in agreement with similar experiments performed

by Richter. Other experiments showed that the
degree of polarization in zero field was independ-
ent of the nitrogen pressure over the range
examined.

' G. Breit, Rev. Mod. Phys. 5, 91 (1933), see p. 124.

DIscUssIoN oF REsULTs

(a) The zero Beld polarization

A comparison of the percentage polarization
obtained with that to be expected from the
known hyperfine structure of the lines in ques-
tion shows that for the two lines 4047 and 4358
the agreement is quite good, while for the line
5461 the percentage polarization observed is
definitely higher than that expected theoretically.
The theoretical calculation' was made under the
assumption that the exciting source had "broad
line characteristics" as far as the 4047 line is con-
cerned, i.e. , the intensity at the center of each
hyperfine structure component is the same. If the
source had "narrow line characteristics" (i.e. ,

the intensity of each component is that which
would be given by a source entirely free from
self-absorption), the degree of polarization ex-
pected should have been much higher.

The high polarization of the 5461 line is not
understood at present. Since the 4047 line is the
only line absorbed to any appreciable extent by
the mercury vapor in the resonance tube, and
since the fluorescent lines 4047 and 4358 do not
show a degree of polarization too high to be ac-
counted for on the basis of a broad line source, it
is probable that the characteristics of the source
cannot account for the result obtained in the case
of 5461.

The apparatus was carefully checked to be
sure that no systematic error of measurement
could be operative in making the observed
polarization too high. With this object in view
the zero position of the two Wollaston prisms
was rechecked using the Auorescent line 5461,
depolarized by a magnetic field of 20 gauss, as a
source, and the results were in agreement with
those previously obtained. The resonance tube
was observed between crossed Nicol prisms to
see if strains might be causing erroneous results,
but no strains were found.

It is conceivable that the Huorescence radia-
tion is partially absorbed in getting out of the
resonance tube and that this might account for
the observed results. The light path through the
vapor in our apparatus was less than 5 mm, and a
calculation made with the help of the data of
Pool and Simmons' on the absorption coefficient
of the various hyperfine structure components of
the 4047 line shows that no appreciable effect can
arise from this source.

(b) The mean life of the 7'S~ state

The mean life of the 7'S~ state may be obtained
from curves of the polarization P(IV) against the
magnetic field as shown in Fig. 2. Provided such a
series of points is at hand the mean life may be
obtained by fitting the data to the theoretical
curve

&0(q ~)
&(II)= ZZ" l+ I (t'II/~~)gv(~) &3'

'M. L. Pool and S. J. Simmons, Phys. Rev. 44, 997
(1933).
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The use of this method has been discussed in
detail in II. Curves 1 and 2 of Fig. 2 were ob-
tained from Eq. (1) using the hyperfine structure
values of Po(yn), the correct values of g~(n) for
the various hyperfine states of 7'S& and a value of
7 —0.8 X 10 sec. Curve 3 was obtained using
T= 0.6 X 10 ' sec. and not taking into account
hyperfine structure.

It was pointed out in II that, while I'0 is quite
sensitive to the hyperfine structure of the line in
question and also to the nature of the source,
the value of the mean life obtained from a curve
of P(H) against Po is quite insensitive to these
factors. This is especially true in the case of
mercury where most of the light comes from the
isotopes of even atomic weight. If, now, P(H)/Po
is plotted against H discrepancies in the values of
I'0 cancel out and a value of v. can be obtained.
Fig. 3 shows curves of P(H)/Po against H for the
line 4047. Curves 1, 2 and 3 are drawn for mean
lives of 0.7, 0.8 and 0.9 X 10 ', respectively,
under the assumption that there is no hyperfine
structure. The dotted curve is obtained when
hyperfine structure is considered for the mean
life 7 =0.8X10 ' sec. Kith this method of calcu-
lation the mean life of the 7'S~ state, obtained
from the observations on the three lines 4047,
4358 and 5461, measured at a nitrogen pressure
of 3 mm, is 0.8X10 0.8X10 and 0.6X10
sec. , respectively, to within about 10 percent.

The results for the mean life of the 7'S~ state
seem to be the same whether measured by the
line 4047 or 4358. The value for the mean life ob-
tained from the measurements on the 5461 line
appears to be smaller than that measured by the

+s Z =&Axis-~s«.

--'V=0.g f(o ~s.c /rgb'

j/ pQ&$JJ
2

other two lines by about 25 percent. This dis-
crepancy would seem to lie outside of the experi-
mental error of this investigation. The dis-
crepancy is, however, not very great and in view
of the anomalous value obtained for the per-
centage polarization of 5461 in zero field, the
three results for the mean life may be considered
to be essentially the same. There is no evidence
from this investigation that the mean life as
measured by 5461 is four times as large as that
measured by the other two lines, as has been
reported in the other two investigations.

P(H) = Po/ I 1+[(eH/mc) gr]' I, (2)

which is similar to (1). If, now, nitrogen is pres-
ent it may quench the mercury atom in the 7'S&

state. The result of collisions of nitrogen with the
classical oscillator in a magnetic field would be
to damp the amplitude of oscillation before the
oscillator had a chance to precess very far. A
calculation, similar to that made by Turner~ for
the quenching of resonance radiation, shows that
a formula similar to (2) may be used provided r
is replaced by rT/(r+T), where T is the time
between collisions, and provided that nitrogen
has no effect on the polarization in zero field.

If the polarization at a given magnetic field
and pressure of nitrogen, P(H, p) be measured
as a function of the nitrogen pressure and the
quantity

(c) The effect of nitrogen on observed values of
P(H). Collision cross section

It was found in the above experiments that
P(H) at a given value of the magnetic field in-
creases with increasing nitrogen pressure. This
may be explained by letting the mercury atom in
the 7'S& state be represented by a damped clas-
sical oscillator of mean life ~. The oscillator will

precess in the magnetic field II. If there were no
foreign gas present to disturb the oscillator, the
amplitude of the oscillator should decrease to 1/e
of its original value in a time 7., and the plane of
the oscillation should be rotated through an
angle q calculated from the Larmor precession
velocity. The net result of this process is that the
polarization observed, P(H), should be given by

Frc. 3. I'(II}/I'0 as a function of magnetic 6eld. ~ L. A. Turner, Phys. Rev. 23, 464 (1924}.
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1 (1 P(H—, p)/P, i
J'(P) ~ P(H p)iPo &

be plotted against the pressure p, a straight line
should result whose intercept is mc/eHgr and
whose slope, (A&r, '/g)(mc/eH), where o,' is the
quenching cross section and

t'2m% mg+rng) &

kT mlm2 )
If the values of 1/f(P) for the experiments on

the line 4358 taken from Table II are plotted
against the corresponding nitrogen pressures a
straight line results which gives a value of 7.= 0.88
X 10 ' sec. and of 0. '= 1.3 )& 10 "cm'. This result
must be taken as only an approximation to o-,'
and v, since in the theoretical treatment hyper-
fine structure was not considered. The experi-
ments were performed, however, at such a

magnetic field (H=3 gauss) that the value of
P(H)/Po, calculated on the basis of hyperfine
structure, is not essentially different from that
calculated neglecting hyperfine structure.

Finally, it must be emphasized that, in the
experiments in which the mean life of the 7'Si
state was measured by observations on the three
fluorescent lines, rT/(r+T) was measured and
not r. Since, however, the nitrogen pressure was
kept constant at 3 mm in these experiments, a
short calculation shows that the values of the
true mean life as measured by the three lines
should have the same relation to each other as
do the values given in Table I.

In conclusion, the authors wish to acknowledge
their indebtedness to Dr. R. L. Garman, of the
Chemistry Department of the Washington
Square College who kindly made the intensity
measurements with the microphotometer.

A Calculation of Mass Scattering Coefficients

L. M. HE'LL, Ohio University

(Received February 28, 1934)

By means of graphical integration, the mass scattering coefficients of the substances carbon,
aluminum, iron, tin and gold have been calculated over the wave-length range X =0.4A to 1.1A.
The results show: (1}the mass coeAicients obtained agree reasonably well with those obtained
experimentally by Coade, Mertz, Hewlett, Statz and Allen; (2) the mass scattering coefficients
may be expressed by the relation, o./p =0.0230Z - 'X, over a wave-length range X=0.4A to 1.1A
and upwards from atomic number 12; (3) the part of the scattering coefficient due to incoherent
scattering averages 20 percent lower than that value expressed by the Dirac or the Klein-
Nishina formula.

INTRoDUcTIQN

XPERIMENTAL values of the mass scat-
~ tering coef6cients of x-rays have been

determined for a number of elements directly by
Coade, ' Mertz, ' Statz' and Hewlett4 and indi-
rectly by Allen. ' As yet no satisfactory theoretical
calculations have been made that agree with the
experimental values. It was the purpose of this

' E. H. Coade, Phys. Rev. 30, 1109 (1930).' P. Mertz, Phys. Rev. 28, 891 (1926).' Statz, Zeits. f. Physik il, 304 (1922).
4 Hewlett, Phys. Rev. 20, 688 {1922).

. ~ Allen, Bull. Am. Phys. Soc. 8, Nos. 5, 6.

study to calculate the value of these coefficients
from the existing accurate knowledge of the
intensity of x-rays, as a function of the scattering
angle, scattered by gases and powdered crystals.

METHOD

The intensity of x-rays scattered by a single
electron is given by the classical theory' as

I„=IO(e' 2/rrPc'R') (1+cos' 8)

' J. J. Thomson, Conduction of E/ectricity Through Gases,
3rd Ed. , p. 321.


