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Optical determination of alkali metal vapor number
density using Faraday rotation

Z. WU,M. Kitano,W. Happer, M. Hou, and J. Daniels

We present a convenient and reliable method for measuring the number density of the alkali metal vapor.
The method is based on the diamagnetic Faraday rotation of the plane of polarization of nearly resonant light
by the alkali metal vapor, and it is suitable for optically thick vapor where the conventional integrated
absorption technique fails.

I. Introduction

It is well known that in many atomic physics experi-
ments a major uncertainty in the results is due to the
lack of precise knowledge of the atomic number densi-
ty. In many experiments with saturated vapors, the
atomic number density is inferred from the tempera-
ture of the cell that contains the atomic vapor and a
condensed phase of the substance. In this procedure
the vapor is assumed to be in thermal equilibrium,
which often is not true. The reason that alkali metal
vapor in a sealed glass cell is often not in thermal
equilibrium is because of its reactivity with the glass.
As a consequence, the vapor pressure usually depends
on the properties of the cell wall,the distribution ofthe
alkali metal on the cell wall, etc. This point has been
discussed at some length by Bouchiat and Brossell (see
also Ref. 2).

Another way to determine the atomic number densi-
ties, which does not require the assumption of thermo-
dynamic equilibrium, makes use of the interaction be-
tween atomic vapor and resonant light. Here the
measured quantity always depends on the product of
Nl and t,with N being the number density of the atoms
interacting with the light, 1the path length through the
vapor, and t the oscillator strength of the transition
inducedby the light. Therefore,knowledgeofNl will
permit determination of t and vice versa. Among
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these methods, one of the most frequently used is the
integrated absorption method.3 A single-mode dye
laser beam is tuned across the resonance line of the
atoms under study. The integrated absorption cross
section C1(V)is given by

1
f <T(v)dv=7rcrJ = Nt f In[IoII(v)]dv, (1)

where re = e21mc2 is the classical electron radius, 10 is
the incident light intensity, and l(v) is the intensity of
the transmitted light. Therefore, the integrated ab-
sorption f In[lo/1(v)]dvyields the atomic number den-
sity N provided one knows the values of t and l. How-
ever, this method is not suitable for optically thick
vapor where the light is almost completely absorbed
near the line center.

In this paper we report a method which we found to
be convenient and reliable for determining the atomic
vapor number qensity. This method utilizes the dia-
magnetic Faraday effect of the atomic vapor. In prin-
ciple this is the same method used to measure the
oscillator strength.4 The only difference is that the
roles ofNand t are interchanged. Since this method is
concerned with the far wing of the abserption line (i.e.,
based on the virtual absorption.ofthe resonant light),
it is at its best for optically thick vapor, thus comple-
menting the absorption technique which is most reli-
able for vapors of moderate optical depth.

We have used this technique routinely in our labora-
tory to check the vapor densities in sealed-off glass
cells containing Cs, Rb, and K metal. The apparatus
is inexpensive and available in most laboratories. The
only unconventional piece of equipment is a photoelas-
tic modulator which greatly simplifies measurement of
small rotation angles.

II. Theory
Our method is based on the Faraday rotation of

polarized light in a magnetic field, the theory of which
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will be reviewed in Appendices A and B. Here we
summarize the main results.

In the presence of an external magnetic field the
alkali metal vapor becomes birefringent and has differ-
ent indices of refraction for right (1- and left (1+circu-
larly polarized light. This causes the plane of polar-
ization of the incident linearly polarized light to be
rotated. The rotation angle 1::.8,called the Faraday
rotation angle, is given by the following equation:

(n:"- n~)l
tJ.()=7r '

>-..

where n~(n:J is the real part ofthe index ofrefraction
n+(n-) for (1+(0"-)light, and Ais the wavelength.

In the far wing, where the absorption is negligible,
the real parts of the indices of refraction are given by
[see e.g., (A28)]

n~ = 1 + no ::I:on,

where

Nre>-"f/ge~+...,
no=~> >-..o

Nre>-"8/ge KI-'BBlhon =-
47rC (>-"- >-"0)2

K =

{
.~ for D1line,
'i for D2 line.6

d

(>-" - >-"0)4+ . . . ,

From Eqs. (2) and (3) we get for 1::.8at the far wing

Nre>-..t/gelKI-'BBlh 2d
tJ.()(>-")= + 4 + . . . .

2c (>-"- >-"0)2 (>-"- >-"0)

The apparatus described in the next section permits
us to measure 1::.8(A),the mean rotation angle of light,
averaged over the normalized instrumental profile g(A
- A') of a monochromator. We have

tJ.O(>-")= f tJ.()(>-../)g(>-..- >-../)d>-"'. (5)

Substituting Eq. (4) into Eq. (5) and expanding l/(A'-
AO)2in terms of l/(A - Ao)2,assuming g(A' - A) = g(A -
A'), and keeping terms of order no higher than l/(A -
Ao)4, we get

- 3A~.a A A
tJ.()(>-")= tJ.()(>-")+ ",,2 = 2 + 4 ,

(>-"- >-"0)4 (>-" - >-"0)2 (>-" - >-"0)4

where g2 depends on the instrumental function and is
given by

g2 = f >-..2g(>-")d>-",

and' A2 and A4 are given by

Nre>-..t/geIKI-'BBlh
A2= ,2c

A4 = 2d + 3A'1IJ2'

The quantity A2 is inferred from the experimentally
measured Faraday rotation angle with the aid of Eq.
(6). The factors on the right-hand side of Eq. (7) are
all known except for the atomic number density, which
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can, therefore, be determined from the measured Fara-
day rotation angle with the help of Eqs. (6) and (7).
The method used to determine the number density of
alkali metal vapor is described in detail in the next
section. Variations of this method should be applica-
ble to other experimental situations and other vapor
species.

(2)

III. Experimentand Analysis
The experimental arrangement is shown in Fig. 1.

The alkali metal is contained in a spherical Pyrex cell
(3-c.m diameter). For the alkali metal and vapor to be
as close to thermal equilibrium as possible, the cells
were cured (i.e., they were kept in an oven at ""'80°C for
about a week) before they were used for the experi-
ment. The cell is situated in an oven and is heated by
hot airflow. The temperature is monitored by two
calibrated resistance temperature sensors. One of
them is placed on top of the cell and the other at the
bottom. The temperature readings of these sensors
are within 0.5° of each other during the experiment.

The light source is a tungsten-halogen lamp (250
W). Before being focused by lens L1 into the cell, the
light passes through a water tank, which is used as an
IR filter to avoid heating the cell by the IR component
of the light. The linear polarizer LP in front of the cell
is oriented beforehand so that the signal is null in the
absence of the longitudinal magnetic field. This ori-
entation of the linear polarizer corresponds to the
steepest variation of the signal vs rotation angle. A
longitudinal magnetic field B (1724 G) is generated by
water-cooled Helmholtz coils. The. field is calibrated
using an Rb magnetometer. The light, after passing
through the cell, is focused by lens L2 onto a photoelas-
tic modulator (Hinds International, PEM 80), which is
used to modulate the polarization of the transmitted
light at a frequency JIm=42 kHz, thus making possible
the phase sensitive detection of the Faraday rotation
signal. The modulation amplitude, f3is chosen to max-
imize the signal [see Eq. (B41)]. The light is then
focused by lens L3 onto the entrance slit of a mono-
chromator (McPherson model 218) to obtain the wave-
length dependence of the rotation signal. The mono-
chromator slit widths used in most of the measure-
ments correspond to an instrumental width of 0.5 A
(FWHM). A photomultiplier tube (Hamamatsu
R928) is mounted on the exit slit of the monochroma-
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Fig. 1. Experimental arrangement.




