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ABSTRACT

A description is given of an apparatus suitable
for an advanced undergraduate laboratory experiment
illustrating the Hanle Effect (zero~field level
crossing method) in Hg vapor. ' :

/]




I. INTRODUCTION

The Hanle effect provides a simple illustration of the phéno—
menon of reéonancé radiation and a metﬂod of measuring the life-
times of the energy level transitions involved. It can be demon—
étrated in an effective way by an éxperiment sultable for an
advanced undergraduate laboratory.‘ The equipment required has
been purposely kept to a minimum, én@ of such nature as to be
found in a standard physics laboratory. Once‘built, the experiment

13
‘can also be used as a classroom demonsiration. The Hanle effect

can be explained cléssically as well as quantum mechanically, and

thus lends itself to an introductory experiment.in atomic physics.

. II. HISTORY

The term resonance radiation is given té the process whereby
an atom abéorbs light of a certain fréquengy aﬁd emitts radiation
of the same f;equency. The atom absorbs a gquantum of light which
causes a transition-from the ground: state 'of the atom to & higher

" energy level. It then returns tg thé originai gfouna state. by
radiating a quantum of.iight of the same'eneréy as that absorbed.

I ’ i . i
Thus resonance radiation must be. of such frequency that it connects

the ground ététe‘ﬁith a higher, excited state.




-2

It has been observed that if the exciting radiation is
polarized, the emitted resonance radiation of an atom is also
polarized with its electric vector in the same direction as’
that of the exciting light. “In 1922, Rayleighqrdiscovered thi;
effect using the 25372 line of mercury.

Wood and Ellett2 in 1924‘investigated the effect of~a
ﬁeak magnetic field at various orientatiohslto the inqoming,
exciting light on the polarization of emitted resonance radia~
tion in mercury. The outgoing beam was exémined along fhe line
of the inoo&ing beam and;iﬁ two directions perpendiculér to it.
They found that the radiation observéd perpendicular to both the
incoming beamﬁand the direction of its polarization was polarized
with its elecitric veétorlin fﬁe same directioﬁ as the incoming
beam. Applying a field of Z:gauss decréased fhe ﬁolarization of
the emitted radiation.

3

Hanle” also investigated £he bolarization of the 2537 line
of mercury and the effect of applied magnetic fields. He shone
resonénce light on alcell pontainiﬁg mercury vaﬁor an@ observed
the outcoming radiation from the ceii'in a direction perpéndicular
to the incoming beam (Fig. 15. He observed the direction of |
polarization of thé émi%ted light for various oriéntations of the
electric vector of the polérization of the incoming‘beam. He

also placed the resonance cell in a'magnetic field at various

orientations 4o the incoming and outgoing beams and observed the

o
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degrée\and direction of the polarization ofkthe emitted radiation.

Dééending on the orientation of the magnetic field and the
direetion'of polarization of the exciting light, Hanle found that
for fields around one gauss, the degree of polarization of the
observed outgoinglbéém wag decreased and its direction of polari-
zation rotated. Thié effec%vcan be explained by the classical
model of an excited atom behaving as a damped oscillaﬁor precessing

with Larmor frequency about the applied field.4

Hanle also gave a
gquantum mechanical éxplaination of the ‘effect.

©If uﬁpolarized liéh% is used; and the outgoing beam observed
perpendiéular to the exciting light, then thé application of a
weak field perpenﬁicular to both the inooming and outgoing beams
will increase the intensity of the emiftea radiation. This effect
has been used to measure the lifetime of the atomic transition
producing the fesonanéé radiation. .The éxperiment deséribed in

this paper demonstrates this effect of magnetic fields on un~

polarized resonance radiation.

III.. THEORY

' ' -Classical Explanation

The zero-field level crossing method or Hanle effect using

unpolarized light can be explained by the classical model of an
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excited atom acting as a damped oscillating electric dipole
precessing with Larmor frequency about a magnetic field.

Consider an atom located at the center of a coordinate
system exposed to polarized light in the Y direction. The atom
will act as an oscillating dipole oriented in the direction of
the electric vector of the incoming light. If a magnetic field
is applied in the 'Z direction, the dipole will precess about
~the direction of the field with a frequency @ = T“H; where ¥
is the gyromagnetic ratio. The oscillations are damped by a

damping factor | T/U. , where T is the lifetime of the

Il

atom in the particular excited state. The intensity of the emit-

ted light is given by5

’ - _:.2~r1t ‘ )
Al « (pxn)e . o (1)

where P is a unit vector in the direction of the electric
dipole and 7 is a unit vector in the direction of observation

of the outgoing beam. After a time t, the coordinates of ‘5 are
? = (sin e.cos,Cot, sin © sin w4, cos @ ). (2)

The direction of observation is chosen along the X axis perpendi-

cular to the incoming beam and the magnetic field.

—

n = (1,0,0).
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Then Pxn = (0, cos® , —sine eincot), (3)
o - _t
and dIO<(cos2e + sin‘® sinzuOt)e . (4)
To find the total intensity of emitted radiation it is
necessary to average over © for unpolarized exciting radiation,

and integrate over times greater than - T ; the lifetime of the

transition.
I e f(cosze + sin2@ sinzw t)e” dt
o
w ! .
It . .
- f(%ﬁsmzwwe as. T (5)
Sy 2
Thus _ ) _
I 1ed (2 wx)? -
1+(2L0t)2
where
w . gel
- 2me  °

The intensity of the emitted light{‘as seen at right angles
to the incoming unpolarized beam, is a function of the applied
magnetic field, the lifetime of the transition producing the
resonan;e radiation, and the' g vélqé of “the excited state. Thus
a plot of intensity as a function éf magnetio field produces an

inverted Lorentzian line shape (Fig. 2). The lifetime can be
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determined from the value of the field at half maximum on the

intenéity curve. At that point

T = = & (6)

2w geH

=

W

P1 state for even isotopes of

mercury by Brossel and Bitter6 as 1.4838 £ 0.0004.

g has been measured for the

The Hanle effect can aiso be explained pictorially (fig. 3).
The incoming unpolarized light is resolved'into,two cémponents,
the electric vector of one component vibréting‘in the X direction,
the other iﬁ the .Z direction. In the presence of zero'magnetic
field, the outgoing light will contain a polarized coaponent with
electric vector vibrating along the direction of obse;vation (By
of the incoming beam), and one component polarized in the 2
direction pefpendicular to the diréction of observation (B ).
Since thé cqmponent vibrafing along the line of observation cannot
be seen, the outgoing light will‘appear poléfized in the 2
direction.- .

Consider a magnetic field épplied in the 2 direction.
The incoming light polarized barallel to the field will not be
affected. Howe&er, the component of light with electrié vector
fibrating perpendicglar to the f;eld will excite an atom whose

electric dipole precesses in the XY plane about the field. The

outgoing light will contain an unchanged oomponenﬁ in the Z,
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direqtion (E‘\ of the incoming Beam), and a’ component in the Y
direction due to the rofation of B, through an angle u;f.

Since B remains unaffected by the application of a
magnetic field in the Z direction, it can be considered as a
backgrouna contribution.\ The analysis 6f the Hanle effeot.is
concerned only with Elq. and. the same result is obtained by
polaxizing the incoming light along the direction of observétion.
With zero field no light will be observed. '

Whgn a magnetic field is applied in the Z"direction, the
vector EJ:- will precéss ébout the Z axié with a frequency w .
At any time t, it will férm an angle (ot with the direction of
observation along the X axis;..This_vector can be resolved into
two/oomponents, Esinput' perpendigulaf té thenline of sight, and
Ecoswt along the line of sight. ‘The observed l:Lght will be
Esinlﬁt 'polarized‘in %he Y. direction. Since w = ¥ H, the
magnitude of Eéincot wiil incféase as the &alue of the field is

increased from zero.

- Quantum Mechanical Explanation

According to a quaﬂtum mechanical treatment given by Briet7’8
the observed increase in light intensity with increased field is
produced by the interference of the cdmponents of the emitted

: 'l
radiation. The dipole matrix element giving the transition between
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levels is given by fam’ where 4L1s8 the magnetio_quantum number
of the excited state and m is the quantum number of the ground
state.
A =
ﬁxm = ulesrm> ,
where € is a unit vector in the direction of polarization. In

zero magnetic field, the m = +1 levels give a contribution

o 2 .2 2 of % ,
’fm + £, = foq + Touq = 0101 (7)
' '1+(w’t‘)2

In the presence of a magnetic field, the m = ¥4 contributions

appear as fg1 + fg_1 . An evaluation of the Briet formula for
the simple case of a J = 0 +to J‘= 1 -transition has been given

9

by Anderson.

Consider an inéoming beam polarized along the direction of
observation. The emitted radiation is composed of g7+ énd a~
components produced byjthe transition J =1, m =11 to J = 0,
m=0 (Fig. 4). 1In the presence of zero field these.<7 compoﬁents
(oircularlyvpblarized in the XY plane) ére degenerate in energy
and combine éo as to produce linearly polérized light vibrating in
.the diyection of obsefvation° Thus no light is observed.

In a‘magnétié field the Zeeman levelé of the excited state

are split and the energies of the G * and O T ' components are
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no longer degenerate. These components combine to produce light
polarized at an angle to ﬁhe directién of observation and thus will
not exactly cancel each other ag they did in thé présence of' mero
field. As the field increases in magnitude, the magnetio sub-
levels will become further split and there will be a greater con-
tribution to the emitted.light. The intensity of the outgoing

light as a function of applied magnetic field will form an inverted

Lorentzian curve.

Iv. EXPERIMENTAL PROCEETURE

fhe lampHWas focused on a resonance cell containing mercury
vapor and the emitted radiation observed at 90O to the incoming
beam (Fig. 5). A péir of Helmholtz coils was oriented around the
resonance cell.with its axis perpendicular to both the incoming |
and outgoing beams. The intensity of the emitted resohangg radia~
tion was then measured as a functién of the appliéd mégnetic field.

A second set of Helmholtz coils was used to eliminate the horizon-

tal component of the earth's magnetic field.
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V. APPARATUS

The exciting light was produced by a Blak-Ray and Mineral-
light Short Wave UVS 11 lamp/IO operated by a dclpower supply. The.
iamp was connected in series to a variable ;esiétor and a 2h choke
in ordef to minimize the 'plasma fluctuations in the lamp. Suit-
~able intensity anq stability wexre 5btained with the lamp operated
at 100 to 150 volts and 60 ma. L L

The incoming light was focused apﬁroximately on the center
"of the resonance ceil by two converging quartz legses 40 mm in
diameter.

The emitted radiation waé detected by a luci£e rod whosé
tip was coated with a solution of.éodium salicylate which fluo-
resces under ul%ravioiet light. A.sméoth surface on the outside
of the rod was produced by fire polishing. The tip was shaped so
as to reflect down the‘light pipe all light produced by the sodium
salicylate aon the tip (Fig..6). The condition for total reflec—

tion along the pipe is givén byiﬁ{
d = ©oRsin(42°), - - . - ' (8)

where R is the radius of the rod; d 1is the length of the shaped
tip, and 420 is the critical angle for total-reflection inside

lucite.11
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A quartz window Duﬁont K 1306 photomultiplier tube with a
Mumetal magnetic shield was used as a detector. In order to
detect 'the small change in current from the photomuliiplier dube
- with changes in applied magnetic field, a negative current with
respect to the output was applied to the oubtput of the photo-—
multiplier tube to reduce the background current (Fig. 7). The
light intensity was measured by a General Radio Company 1230-A

1

electrometer. A type 601 Keithley electrometer was alternatively
used. | | .
The fesonanoe cell %as oonétruotéd from a quartz tube'one
inch in diameter, closed.at one end with a graded seal on the .
open end. This tube was Jjoined to a glass tube long enough to
extend below the Helmholtz cbils placed around it Qith a side
arm extension. A drop of méroury liquid was introduced into the
tibe thrgugh the side arm, and then the whole tube was evacuated
to a pressure of 10—4 mm of mercury, and sealed off. Itlwas
found that cooling the lower pértion of the tube containing the
drop of mercury to OOC increased the signal to noise ratio.

The Helmholtz coils were constructed with a 5.cm average
radius to produce an average field of 24 gauss/amp over the

12 The coils were designed to have

volume of the resonance cell.
a resistance of approximately 25 ohmg in order to match the

emitter—~follower circuit.
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The ratio_of the magnetic field to current through the coils
was calculated %rom the dimensions of the Helmholtz coils, and their
resistance measured using a5ohm precision resistor and a FPluke 83814
differéntial voltmeter. The coils were célibrated at 1.1 gauss/volt
to within 1.4%. The magnetic field was constant to within 0.1%
along the axis of the coils Qithin the volume of the resﬁnance cell.

An inverter emitter~follower circuit was desiéned to supply
the Helmholfz'coils with a variable voltage with a range of 3.5
volts positive and negative (Eigs. 8 and 9). With suoh a cilrcuit
it was poséible to emplo& fhe 156 volt saw;tooth swéep‘from a type
545A Tectronics osoilloséope to @rive ﬁhe cbiléu .The output inten-—
sity from thé électrometer was then fed into.the épope input to
obtain an intensity vs‘voltage curve. Photographs were oObtained
of the scope %faoe:(Fig, 10)-

Tﬁe intensity curve was also recorded on a Hewlett—fackard
Moseley 7035A'X—Y recorder. The’outpuf of the electromeﬁgr was
plotted on the ordinéte and'the:voltage through the éoils.on the
aboissa (Fig. 2).x‘Suoh a.§urvé could also be obtained withfa chart
recorder ﬁhosé timé_soéle was adjuéted to the time'sweep of the
oscilloscope. The X-Y recorder was also used to obtain a.ourve
for the voltagé sweep output of the emitter—follower circuit
(Fig. 9). '

The entire apparatus was oriented in a north-south direction




C—=13-
so as to allign the Horizéntal component of the éarfh’S‘magnetic‘
field of 0.17 gauss along the direction of observation. A second
set of Helmholtz colls was placed'about the resonance cell with
its axls along thé earth's horizontal field in order to nullify
it. 'The vertical component of‘the earth's field produced a bias

on the applied field in the 2 direction.

Vi. RESULTS

Tﬁe intensity vs magnetic field curves obtained were of the
pfgdioted Lorentzian shape. it was fou@d tﬂat the amount of
asymmetry in the curve was Verysénsitive%o the positioning of
the detecting light pipe. Slight deviations from,9OO producea
noticeable'asymmefry in the wings of.thé curve. The curve was '
also sensitive to the position»of theulamp with respect to the
focusing lenses,' |

The .lifetime was determined from the value of the field at’
ﬁalf maximum (see equation 6) as 1.3 x 107! gec for a Mercury vapor
pressure insidé.the cell qprrespondiﬁg to 2400, énd 1.2 x 16_7 sec
at 0°C. The greater valué of the lifetime at higher pressures is
due to coherencé‘narrowinwo The atom density inside the cell ié
suffioient'£6 prqduoe a Tinite pfoﬁability fér'the incoming light

to be absorbed more than once before leaving the cell. Thus the
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observed lifetiﬁe is greater than the true lifetime and is a.
function of the pressure inside the cell. This effect has been
caloulated “oheoreﬁcally by Ba,rm%u for single imotopes of
mercury. A quantative comparison with his results cannot be
made for this experiment since naturally abundant mercury was
used in the resonance cell. However, the broadening .of the curvé
with increased pressure can be sh&wn qualatatively. Barra% has
calculated the true lifetime for all isofépes of mercﬁryvto be
1.18 x 1077 sec.

The'mercury vapor in the lamp and in the resonance cell

contained the natural abundance distribution’ of mercury isotopes

(mable 1).
TABLE 1
NATURAL ABUNDANCE OI* ISOTOPES OF Hg

Even Isotopes S 69.88%

Hg202 . 29i27 )

Hg2OO 23.77

Hg198 9.89

Hg196 ‘0.10
0dd Isotopes ' . 30.12%

Hg201 13.67

16.45 : !

Hg199
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The main purposé of the experiment was to design an opera-
ting demonstration of the Hanle effect that could be pfaotioally
censtruoted as an advanced‘unﬁergraduawe experimentAusing‘a
miﬁimum of eéuipment.  The apparatﬁs lends itself to suoh'a pro—
ject because of its sihpléiteohniques and use of bagic physical

concepts.
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