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ABSTRACT

Zero—field level crossing techniques have been used to méasure
~some upper state 1ifetimes of the helium atom. The upper states of the
atom were excited in a discharge between two capacitor plates. A radio
.frequency voltage was applied to these plates by a 450 MHz source. The
emitted'light was modulated by rotating a quarter-wave plate in front of
‘a'polaroid in the beam of emitted light, The polarization, which is
directly related to this.modulation,,was measured by a phase sensitive

lock-in amplifier. o : -

The halfwidths of curves obtained by plotting the polarization

against the magnetic field strength for the nlD - 21P transitions

8 8

yielded lifetimes of; 2.71 x 10 = sec. for the 3lp state, 3.97 x 10

sec. for the 41D state and 4.48 x 10—8 sec. for the 51D state.
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CHAPTER I

© " "INTRODUCTION

‘1.1 Introduction

The lifetimes of states in atoms and molecules, or the transition
: pfobability between these states ha§e been, for many years, a difficu;t
'proberty tobmeasure., In the past, elaborate methods have been used
" which involve interconnected éystems which have properties which are
.difficult to measure accurately. In my opinion, the‘difficulty in measur-
ing these properties or lack of knbwiédge of these propértieé produces
unreliable résults. For example, the Hook method ipvolvés an accurate
measurement of the partial pressure of the absorbing gaé; In the
following experiment the 1ifetimes have’beén measured by the Hanle
' éffect. This is a straight-forward method that involves measuring only
the polarization of thevemifted light as a function of the magnetic

field strength.

' Basically, the Hanle efféct meésures the natural width of a
spectral line with a resolution of tﬁe order of 10-5 A. This will seem
incredible when one considers foday's spectrographs and monochromators
which have a résélution of about 10-2 A}’

Consider two Zeeman levelsvsplit By'a magneticffield asbshown in -
- Fig. 1. Notice that they are'éomplefeiy‘resolved at a large magnetic
field,g(case]). Aé.the magnetic fieldvdepreases, thé 1evelsbcome
closef together ana the two levels can inferfere witﬁ each other.other,

(case 2). By measuring the degree of interference as a function of the

' magnetic field, the width of the energy levels can be calculated. (This.



interference will later be shown to be reléted to the polariiatiom of
emitted light.) The interference‘effeéts? mentioned above, are similzax
to the interference effects of a double slit diffraction pattern. Im
the double slit exéeriment one cannot distinguish which slit a certaiﬁ
photon came through. Similarly in our experiment, when the two states

of the atom overiap, one cannot distinguish what state the atom was in.

The Hanle effect has been used in the past to measure lifetimss of
atoms. But, its use was limited mainly to transitions excited by
absorption of resonance radiation. .In the present experimenkt, elecirom
excitation is used. Now, one would expéct that the selectiom of mola-

‘cular states or atomic states that one can measure, is almost unlimitec.

. ' ! ‘ e
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FIG, 1;-Sp1itting of Zeeman Sublevels
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Specifically, the lifetimes of the 31D, 41D, and’51D»energy levels
-0of the helium atom have been measured. These lifetimes are known
. relatively accurately, thus, the wvalidity of the use of electron excita-

-tion to observe Hanle effect signals is substantiated.



CHAPTER II

“THEORY

2.1 Introduction

There is a classical and a quantum mechanical tfeatment of the
‘theory; AThe classical treatment, I feel, is beneficial to the experi-
~~menter in visualizing what is taking”place at the time of the experiment.
The~qﬁantum treatment can be used to obtain a theoretical value for
-polarization. During the discussibn of the quantum theory a desc%iptioﬁ
‘of the exéitation mechanism will be given. Following this'there will

be a short description of the mode of excitation of the helium atom.

2.2 Classical Mechanical Theory of the Hanle Effect

~+In order to discuss the Hanle effect classically one uses, as a
-model for the atom, an.oscillating-electric dipole which possesses a

.magﬁetic dipole momentaﬂL , perpendicular to the dipole axis.

If this dipole is set intq oscillation along the x-axis with a
frequency 7 it will emit radiation in a direcfion perpéndicular to
the dipole axis. The electric vector 6f the eﬁitted radiation will be
-parallel to the dipole axis (see Fig.'Z). If one obsefves this
rradiation-along the z-axis, the signél will appear polarized 100% in the

x direction.

:Now, one places a magnetic field H=H K along the z-axis. If we

wassume A to be of the form L¢ ‘= Y L, where L is the angular momentum,
the magnetic field puts a . torque-on the dipole, and causes it to precess

about the z-axis with an angular frequency W/ = S H. - Now, the angle to
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- the z-axis of the E vector of the emitted radiation will be:

O = wt = Ht ,. ~ ' (1)
Tﬁe amplitﬁde of the emitted radiation is radiation damped, with a time
-constant 2‘ T, whefe T r_epresents the mean life o‘f _the upper state
involved. Thus the observer, looking along the z-axis, will see time

'::depéhdent electric field components of the form:

. B e
Ay (1) --Aoacos(u/t)e i(vt+8) 2

L o / (2)
‘ AY(C) = Ao Sin(w t)e—l(Vt"*'S) e.-t 2

e

or the intensity of radiation with electric vectors along the x- and

y-axis is:



-the

Ix (8) | Ao cosz(w t)e
(3

Ao s inz(w't) e _t/t

Iy ()

--Usually one observes, over a long period of time, T, in comparison to

T . Now the intensities become:

T oo
Ix = Slx(t)dt = SI (t)dt
0 0
T - (4)
I, = SIY(t)dt = SI (t)dt
0 0
The polarization "P'" is defined to be:
Ix - I : B o ’

Ix + Iy

Substituting Equat_idn 4 into 'Equation 5:

oo
S(coszwt - sinzwt) e—t/z dt
P = O
- ) w
o Se-t/t it

(G ' 0

.performing the integration and substituting & = 4+ H in Equation 6 we

find

S SR N
1+(2,a.H?:)2 - -

'-.If«one.plots "P" .as a function of H, a curve of the form shown in Fig. 3
is obtained.

2

P(0)

o _ P(H,)
“The lifetime, T , can be found by noticing that when =

N =

- is given by:

Tan e o ®



POLARIZATION

- MAGNETIC FIELD +

FIG. 3--Typical Polarization
Curve

In the case of an atom, one must evaluate the magnitude of the

-magnetic moment . g;ﬁ),where Atp is the Bohr magniton:

e

2mc

Ao
In the preceding description it is implied that the only depolar-
.ization can also be caused by a collision of one atom with its neighbour.

‘Another constraint on- this theory is the time of the excitation
-process. That is, it must be short.in comparison to 7€ . Our excitation

~#process by electron collision is of~thé;order of 10_14 seconds.

_2;3 Quantum-Mechanical Description of the Hanle Effect

~In 1924 Hanle observed the depolarization—of polarized light by a
(3)

magnetic field. “In 1933 Breit derived avquantum mechanical expression

-zwhich -described the4Han1é effectl(a).gThen in 1959,Franken(5) rederived
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it for level crossing experiments (zero field level crossing is called

' .the Hanle effect).

‘Breit was puzzled with the lack of -completeness in the mathematical

~description for the following situation:

-One considers a fouf-level syétem, with ground sﬁates |a7 and
 excited states i) lc)> ,and |dY . (See Fig. 4.) Let étates | by
l»aﬁd |c> Be Zeeman sublevels of.ong.state, then the sePafatioﬁ between
‘<these states will be a function of the magnetic field. .Now there are

three cases which have to be explained;

i) completely separate states |by and oy
~ii) completely oveflapping states |by and lc)

" o=~jii) an intermediate situation between case (i) and "(ii).

Ib>

1)

Id>

la>‘_

+FIG, 4--Four Level System



Before 1933, cases (i) and (ii) were completely explained mathe-
matically. But, there was no expression for case (iii). Breit explained

(6)

-~ the third case. Below, I will give the'expression for all three cases.

- F(fg) is the radiation emitted when light of polarization £
excites state |a) to states [b) and |c) and then decays down to state

|d> by emitting light of polarization g. .

~case (i) R(fg) = | fab a |° *H fac 2edl (9)
.Fase (ii) R(fg) = lfab 8hq * fac gcdl | (10)
~case (ifi) R(fg) = c S Lia faj 8id B4j (11)

ij 1-i7T@E - E) R

The expreésion for case (iii) is called the Breit formula,‘whére j and
i‘réferbto the Zeéman sublevels of the excited state. Ej is the energy
of the ith excited substate. fia and gidiare dipole.transition;matrix
.elements between the states in qugstion, given by:
£, = K5 T, ilE A, I-1, 2
859 T <> J> il g z|&"> J-1, 4)
where‘g is defined to be a vector along the dipole axis. The above
expfeSsions for fia and Bi, are fdr dipole transitiops which stipulate
" that AJ = tl. In this experiment electron excitation was uséd to
excite the helium atom from a 'S state,(J = 0)’t6 a 'D.state J = 2).

"Thus the expression for f;  cannot be used and for the time being, will

be replaced with Q;, which will be dealt with later.

b " Ec:£> 1, the expression for R(fg)

For a large magnetic field, E
zreduces to the same expression. given for case (i) earlier. For a zero

. ~magnetic field E. - Ec =.0-.and R(fg) reduces to case (ii) as is expected.

b

“Now, from the expression for R(fg) we can see that for a moderate magnetic

field, the factor [1 - iT(E; - Ej )/'l{]‘-flremains in some of the terms..
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Hence R(fg) is dependent on both ¥ and the magnetiic field. Therefore,

by controlling the magnetic field one is capable of solving for 7

In order to adapt the Breit formula for this experiment, it is
broken up into two parts; one dependent and the other independent of
the magnetic field. The independent part is segregated by noticing that
in terms when 1 = j; Ei - Ej = 0, the respective terms are independent
of the magnetic field. These terms are represented by RO;
Ro B z Qia ? gid2 ’ (12)
i

Rewriting Equation (11) in the two parts as stated above and setting:

Q. Qaj Bigq 8q; - A (aijd) _ (13)
_ A(aijd)
R(fg) = R + .:E .1 - 1i7T(E. - E)n (14)
it ] i 7]
A A%
R(fg) = Ro + .Z .1 - iT(E, - E.)*hJr l1+ix(E, - E,) h
i>»] i J i ]
1 i ’Z‘(Ei - E.))
R(fg) = R+ )y ) 2 (A+A*) + h ] (A—A*ﬂ (15)
i>j 1+ T (E; - E)) -
i j - .
It can be shown that A =O unless Imi_ -mj] = 2, and that A has the form

A= Ao exp(Ziq)) where ¢ is the angle between the x and y axes of the
atom's coordinate system and the § and 5 axes of the observer's
coordinate system. Assuming that the levels exhibit a linear Zeeman

effect in a magnetic field, then:

-hgeH_u,omi
By = By ¥ ¢
hgeH e ,
hence; E, - E = —m : (16)
. 1 ] mc

Substituting Equation (16) into Equation (15) and simplifying,
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2 A

1 - geHT __
R(FE() = R+ X ——  [cos 20- £= sin 201 (17)
i2j Hz ‘
173 1+ EE5H '
‘ mc
- The polarization, with respect to the axis is defined to be:

_ RO) - r(d + m/2)
P = @) F RO + T2 - (18)

"Substituting Equation (17) into Equation (18) and simplifying, one gets:

P = - 1 5 I{Z_ > A (cos 2¢ - g%c_ sin 2¢ ) : (19)
Hx ' '
1+ &0 ° 0 | |
Po . . ) ! )
P = ' 7 ~ (cos 2¢ - _gt%lci’_f_ sin 2¢) (20)
. . ., B
-~where P0 = Ro 2 Ab (a13d)‘

i2]
Comparing Equation (12) with the gxpressliqn for the polarization derived
ciassically (Section 2.2), one can see by setting ¢ =QO , (this was
~~done .automatically in the classical explanation in order to simplify it)
the two expressions are the same, except for a difference in the defini-

tion of' P .
. . o

2.4 The Excitation Matrix Elements

v~1n order to apply Equation (12), we must find an expression for
the perturbatidn,ﬁatrix elements Qia' “Even .though laws governing
electron .atom collisions at non-relativistic energies are completely
“known, the calculation of lowvenérgy«scattering‘cross-sections is
extremely complex and -has 6n1y.beennattempted for the most simple .atomic
cases. Referring to Equation (125,’it should be noted that as long as

P°¢ 0 and is independent of the magnetic field it will have no effect
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on the shape of the curve, Since it was experimentally observed that

P %ﬁo there was no need to calculate Q, .
o ia

2.5 The Helium Atom

A diagram of the pertinent 1evelé of the helium atom is given in
Fig. 5. The 38 state normally has a relatively large lifetime because
dipole transition from a triélet to a singlet state in helium is forbidden.
Thus after a period of time this state becomes populated. This could make
the mode of excitation as is shown by the dotted lines in Fig. 5. But
there afe the following complications which make the previous mode
unlikely. Firstly, since the atom in the triplet state frequently
collides with the walls of the discharge cell, its lifetime is shortened.
And secondly, since the electron density is small, there is a relatively
long period of time between collisions of atoms and electrons. Thus
the population of the 38 state is considerably smalier than expected. From
the above argument, the transition 1S - 1D (full 1line in Fig. 5) would be
more probazble. A suitable explanation would say thaﬁ a percentage of thé
atoms are excited to the 1D states directly from the 1S ground state,
and a percentage is excited via the metastabie 3S state. The proportion
depends on the densiﬁy of electrons with energies of 20 ev. in tﬁe discharge

cell,
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CHAPTER III

EXPERIMENTAL DETAILS

(7)

3.1 Experimental Arrangement

The expetimental system required to detect the Hanle effect
described earlier, is composed of four main parts; 1) a cell containing
a radio frequency excited dischafge, 2) a ﬁomogeneous variable magnetic
field in the discharge region, 3).an optical filter which passes only
the spectral line of interest, and 4) a device for detecting and
measuring polarization. A schematic diagram of the apparatus is shown

in Fig. 6.

The discharge cell is placed between a pair of capacitor plates
which lie parallel to the y-z plane. These plates are connected to a
power supply which produces a radio-frequency electric field of the
| +

form E = (Eocosultf?, thus causing free electrons to oscillate in the -X

direction.

A homogeneous magﬁetic field is produced by two sets of Helmholtz
coils. One is used to cancel the earth's mégnetié field in the y
direction, and the other is used to produce a variable magnetic field
H= Hﬂ in the z direction. The light fravelling in the zvdireqtion is
passed through a monochromator ﬁhich is set to transmit the wavelength

of interest. This radiation is detected by using a photomultiplier, the

output of which is fed into the signal channel of a lock-in amplifier.

5 .

To detect the polarization of the signal, a rotating quarter-wave
plate was used. Before entering the monochromator,'the signal passes

through a rotating quarter-wave plate, and a fixed polaroid with its
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éxis in the y direction. The polgrized cbmponent of the light‘is

thus modulated at four times the rotational frequency of the quarter-

iwave plate. This rotational frequency provides a reference signal for

the lock-in amﬁlifier (see Section 3.5). The output of the phase-

sénsitive detector now shows the degree of polarization. The output

of the lock-in amplifier is connected to the y-channel of the x-y

recorder. The g channel is controlled by the voltage across the
.wHelmholtz coils producing a field E—=_ﬁ§. These -coils are driven by é
. -spower supply and an amplifier whose output is slowly swept to produce -
~ fields of the form H = H_ + B t where H I - 15 gauss and Hmax = 4+ 15

gauss.

3.2 The Discharge

The discharge apparatus consisted of a cylindrical pyrex discharge
cell 5 cm in diameter and 2.5 - 3 ém»in length. The cell was connected
~-to the vacuum system-by al cm 0.D. pyrex tube as shown in Fig. 9. The
gnds ofvthe discharge cell are slightly convex in shape to provide
.mechanical strengthqagainst,air pressure. vA circular brass plate of
7.cm in diameter is placed at either end so that it extends about 1 cm
- beyond the edges of the celi. ~The plates wére paraliel to the z-y plane.
The output of a radio ffequency transmiffer is' coupled to these plates
in a manner described in Section 3.7.
The cell and plétes are shown fullvscaie in Fig. 7. For convenience,

ithe- coordinate axes .used throughout the discussion are also shown.

The discharge is. assumed -to-consist.of a dilute gas of neutral
-atoms .and a much smaller number of free electrons and ions. The motion

‘of the electrons in.a radio-frequency electric field, ‘assuming a complete
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FIG. 7--Cross-section of Discharge Cell and Capacitor Plates

absence of collisions and a zero magnetic field, is governed by:

mx = eE_cos wt
ek

X = 2 cos wt
mw

~and the kinetic energy K.E. is given by

eE
1 .2 _ 1 0.2 . 2
K.E. = Fmk = - (o) sin” wt

The application of a small magneti'c field H = Hk yields:
mX = eE_ cos wt - eHy

my = eHX

‘Solving these equations:

: ) eE0 1 _
x(wt) = - (¢ ) cos(wt)
‘ o wz i -1/2 os(w
ywt) = Z x(wt + W2)
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where V = el
m

This describes an electron moving in an ellipse whose ratio of major

to minor diameter is 7—=. For our case — : (see Table I).

ey,
In order for the above description to meet the conditions of the
discharge cell, three conditions must be satisfied; 1) The mean free
path of the electron should exceed the amplitude of its motion.
| 2) Collisions of
electrons with the walls of the discﬁarge cell must also be rare events.
This merely means that any dimension of the discharge cell ought to
exceed considerably, the amplitude of the electron's motion.
3) Electrons must
.be sufficiently energetic to sustain the discharge; that is, they must
have sufficient energy to ionize the occasional molecule in ordef to

make up for electrons lost by recombination.

Table 1 lists some of the properties of the motion of the electrons in

an oscillating electric field.

TABLE I.--PROPERTIES OF ELECTRON MOTION IN AN R.F. ELECTRIC
D.C. MAGNETIC FIELD

Minor Axis to

ETgeguzzei Amplitude of Major Axis Ratio
Frquency K E r-zg e Electron Motion in 10 Gauss
(*10° Hz) * " ‘max ev.. (Ma jor Diameter) Magnetic Field
200 200 V/cm 2  mm .035
500 500 V/cm 0.8 nm .014

In order to see how well the first condition is satisfied we com-

pute the mean free path, L, between molecule of cross-section , dis-
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tributed with a density p ; L = 75%? . Then at a density of 6.68 lolq/cm3

and assuming a cross-section of 10A; L = 1 .cm. From these figures we

‘see that the condition is fairly well satisfied.

By consulting Table I, one can see that condition (2) is easily

satisfied for the discharge cell that was used.

Condition 3 is satisfied when the pressure in the cell is greater.

than .060 mmHg. (This value was found experimentally.)

3.3 The Optical System

The light from the discharge passes throuéh a pair of plano-
convex lenses, one of which is placed at its focal length away from the
discharge, the other is placed at its focal length away from the entrance
slit of the monochromator. A rotating quar ter-wave plate is placed in
the parallel beam of light bétween the two lenses (see Fig. 6). The
aperture of the Quarter-wave plate is large enough not to constitute a
“stop" in the optical system (see Fig. 9). In front of the slit of the
monochromator a piece of polaroid was placed perpendicular to the axis
of observation. .Observations were performed at wave lengths of.4387A,
4922A, and 6678A. The monochromator, an F/8 Spex, oge metre instrument
had, when used in second or&er, a dispersion of 216A/mm, and a resolution
of better than 0,1A. Since there were no spectral lines within 30A of
the:above mentioned lines, it was possible to use slitwidths of 0.3 mm
yielding a resolution of 2~ 2A. The rotating quarter-ﬁave plate followed
by a polaroid with its axis of acceptance in the y direction, was used
to detect the polarization of the light, instead of what seems more
straightforward, a rotating polaroid. The former method was used |

because the efficiency of the monochromator was found to depend upon the polar-
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ization of the emitted light. By placing the polaroid in front of the
entrance slit of the monochromater, the effect of the monochromator was
cancelled. A detailed calculation in Appendix (1) will show that when
a signal is emitted from the discharge, which is polarized at an angle
© to the x-axis, the system explained above pfoduces a signal of the
form:
’ Wt

V() = Z _1+A[cos4 +1] cos 26-1

\ > 5 sinfwt sin 2e

where wr 1s the frequency of the rotating quarter-wave plate,

3.4 Lock-In Amplifier

The lock-in amplifier consists of avtuﬁed pre-amplifier with a Q
of about 10 and a phase sepsitive detectof. The lock-in ampiifier used
in this experiment is a PrincetonAApplied'reseérchAModel 120, which has
a linearity of‘l% and a gain of 104. .The output is D.C. thV at full
scale. 1In the mode it wés used, the reference signal triggers an
internal sinusoidal reference signal. In this exéeriment a three-secpnd

‘time constant was used throughout.

<

With the chépped input signal from the photomultiplier,
- the output signal of the lock-in amplifier is proportional to the
polarization, P, of the emitted light referred to the x-axis. With an
_input signal V(t) an output éighai, S, is of the form:_

T/27w 2+ 1)Y7T

s 2—%&/— > V(t)cos(vt- $)d(vt)
‘ n=1 2n- . ' '
where: . ¢ is the selected phase angle .

VY is the tuned frequency

T is the time constant’
!
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So long as T is sufficiently large, incoherent signals will average
to zero. Substituting in the expression' for V(t), determined earlier as

the signal from the photomultlpler (see Sectlon 3.3):

- e 5{1 + cos4wt] cos 2© +-;- sin4 wt sin 28 - l’}cos(vt - $d)d(vt)

where W is the frequency of ro‘tation of fhe quarter-wave plate. From ‘
.the explanation in Section 3.5 it can be seen that V = 4w | (i.e, four
cycles are gone through for each revolution of the quarter-wave plate).
By setting 47 =0

| 27

S S{-coséuwt 4 gos Awtz: cos 2@ " cosau{iz: cos 26
| 0 | S

_'::*31n4 wt cosgwt sin 2e€ } d (4 wit)

.SOCcos 2e =c0526 -sinze =P

Thus the output signal, S, of the phase sensi'tive' detector is proportion

- to the polarization, P, of the emitted light. -

3.5 Rotating Quarter-Wave Plate and Reference Signal

The rotator is shown in Fig. 8. A quérter-wave plate is glued
to.a two-inch i.D. brass pipe which is fitted tightly inside large-ball-
:bearings. A sewiﬁg machine belﬁ'is laid over the pipe and the motor

-~pulley rotates the~quarter-wéver1ate.'iThe motor; model CH3GRH,
“Universal Electric Company, runé»at”lOSQ_r.p.m. and delivers .05 H.P.
‘The motor pulley has a 1.2 inch diameter.  Thus the quarter-wave plate

~1is rotated. at app.roximately 10 cycles per..second.

"..The revolving -quarter-wave plate also.furnishes the reference
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H

" signal; painted sections were symmetrically placed around the perimeter
of the quarter-wave plate in order to interrupt a light signal falling

:~on -a -photodiode at a frequency 4 W (see Fig. 8).

3.6 Vacuum System

llThe vacuum system is shown in Fig. 9. It isia conventional glass
.:Asystem pumped by a "Cencoijvac.14" mechanicalvpﬁmp which is capable

E éf reducing the pressure in the systeﬁ to less than 5 x 10-4 mm Hg when
}_é liquid nitrogen cold trap was used to pfevent backstreamipg of pump
w0il. Helium gas was leaked into the systemAthrough a needle valve. The

leakage rate established the equilibrium pressure'df the system.

Starting from the reduction valve on the pressure bottle, helium
at £ 2 pounds per square inch abové atmospheric pressure wés passed
- through é flexible rubber hose to a cold ;raﬁ filled half-way with
'éctivated charcoal.. This cold trap was utilized to purify the commercial
~~helium that was used. From there, the_gas préceeds through some mor e
flexible rubber hose to the neeéle valve and-from there, at low preséure,
- to the discharge cell. About halfway between the discharge cell and the
- needle valve, a Pirani.gagge was éttacﬁed,,iJust above the discharge céll
a McLeod gauge was attached. Both of these were connected to the system
'_'via glass stopcocks. Proceeding downstream from the discharge cell
another cold trap was encountered béfore,the gas was pumped out by the
~mechanical pump. 4A11»connecting-g1ass tubing ﬁa$ an inside diameter of
.7 mm. Some flexibility in the position-of;ghe discﬁarge ceil was pro-
~vided Ey the gr;und glass swivel joints,;By which it was connected to

~the vacuum system.

-..When data was being taken, the pfeésure was measured with the
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McLeod gauge before and after each run.: it was noticed that, for
pressures less than .075 mm Hg, when the étopcock(to the McLeod gauge
was opened the inteﬁsity of the discharge changed in apﬁearance to the
" naked eye. .Thus the stopcock was opened only while pressure readings
‘were taken, then it was closed and we waited about five minutes until
the discharge returned té é steady state Before the run was taken. The
:Pirani gauge.was used as a check fof preséure fluctuqtiohs. Runs were
.tékén for various pfessures between .300 aﬁd .050 mﬁ Hg. The pressure

. +
readings were accurate to -7%.

The discharge was periodically observed with a small hand spectro-

graph in order to check the purity of the spectrum.

3.7 'R.F, Supplies and Coupling

The source was a 450_Mz transmitter. ‘It consisted of an R.C.A.

" M.I., -17436-1 transmitter used as a "driver" ana a Canadian Marconi,
Model 163-107 high frequency_power amplifier. With an output impédance
of 500 an output power of approximately 50w was transmitted. The R.F.
,ﬁoltage'available.is 50 V. Since we needed a field 6f order, 400 V/cm.
'VBetween thé discharge capacitof plates, énd the plates were spacéd at

3 cm, then 1200 V is required. Voltages of ghis order were obtained by
the " " matched" resonant circuit shown in Fig. 10. A length of RG 8-U.
cable carried the power to this circuit. By ad justment of the contact
point A, (see Fig. 10), an approximate iﬁpedancg match between the
resonant circuit and the transmission line may be obtaiﬁed. The circuit
is tuned to resonance by movihg fhé croés-bars closef together or further
apart, while keeping them equidistant from‘the capacitor plates. The
advantage of using sﬁ;h a high frequencyvsource is that it has a negligible

effect on other parts of the apparatus such as the phase sensitive
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detector or the x-y recorder.

3.8 Helmholtz Coils

- The applied magnetic field in the x-direction was designed to be.
~homogeneous in the area of the discharge cell to about 1>part per 4,000,
.In general, inhomogeneity near the centre of the Helmholtz ‘coils are
-0f the order (%)4; where "r" is the radius of the test area (discharge
...cell), and "R" is the radius of the coils, Thefefore, Helmholtz coils
with é diameter of 37 cm and a spaciné of 18.5 ém were uéed in series.

These coils each had 100 turns of #18 wire..

- ~The.current delivered to these Helmhdltz coils 1is suéplied by a

pair of "EICO 1064" power supplies and regulated by a D.C;'power

: -amplifier, whose schematic is shown in Fié. 11. The amplifier delivers
-up to 7Ajof either'polarity into a 1> - load withreasonable linearity;
has aAvoltage géin of approximately unity and an input impedancé‘of

approximately 10KsfL . This enables fhé»cdils to give a magnétic field

Qf.anywhgre between T15 gauss,

Tﬁe sweep .of the magnetic field is controlled by an R.C. circuit
'whose output is fed into a éréamplifier befqre'going into the circuit,
-as shown in Fig. 12, The time constant of the R.C. circuit is 20
minutes, thus by varying the gain of its‘preamplifier, thé sweep time
‘can be selected befween 3 and 20‘minutes. Most runs were done with a

_sweep time of 7 minutes.

The calibration of these coils was done with a "Bell 240" Hall
~gaussmeter. The accuracy of this - gaussmeter was tested by using it to
measure a magnetic field of & 1.5K gauss that was known to be accurate

~to 0.5%. The'"Bell'240";Ha11-gaussmeter v~measuréd the strength of this
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magnetic field to  within 0.5% of the knoﬁn‘value.. Since the specifica-
tions for the gaussmeter stipulated thatlits scale could be changed with
an error of less than 1.5%, this gaussmeter was believed to be accurate
to 2%. In order to save calibrating the x-chaﬁnél of the x~-y recorder,
the position of the pen was measured as a function of the field. With
the recorder on the 2 V/in. scalé, (which was always used in its

calibratidn mode), the field in the discharge region was found to be

3.90 t .08 gauss per inch of the pen movement,

" The direction of observation which was alsolthe direction of the
applied magnetic field was align with the horizontal component of the
éarth's magnetic field. With this orientation the earth's magnetic

field was cancelled by the applied magnetic field.

The vertical component of the earth's magnetic field is cancelled
by a set of smaller Helmholtz coils which were placed inside the pre-
viously mentioned ones. These coils can be made.smaller with the same
ébsolute homogeneity in magnetié fields because one is dealing with a
smallef magnetic field. These coils aré 19.5 cm{in diameter ahd 9.7 =

apart. Each coil has 50 turns of #24 copper wire.

The current for the abové coilé i§ provided by a small power supply
delivering up to 1 V and 150 ma.. Thus, when the 2 coils are placed in
series the field produced at the centre can reach approximately .7
ggass. Since the ébject of these coilé-was‘to make the vertical cdmpoment,
(y-axis), of the mégnetic field Zero? the calibration, of sorts, was
done with a dip needle. That is, the dip needle was placed in the position.
of‘thé discharge cell, and the current was adjusted until fhe dip needle

read zero magnetic field. Fields down . to appfoximately .01 gauss could
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'be measured this way.

3.9 Photomultiplier

. The photomultiplier is an E.M.I. 9558QB with an S-20, (NaKSbCs),
éﬁrface and a quantum efficiency of 20%. It was operated with a cathode
fq anode potential of -1280 V. The dynode chain résistprs were all
33KLL . The anode is connected to‘ground by a iOOKJ]. resisﬁor. The

' abbreviated circuit is shown below in Fig. 13.

cathode Db D D,

100K

AW .
33K 33K 33K - 33K

0]

V=-1280

FIG., 13--Photomultiplier Wiring System

""3.10 X-Y Recorder

'The'x—y recorder used was a Varian model F100 having a linearity

of 1% and input impendance of 100K o into each channel.

3.11 Data Processing

When running the experiment the phase angle ¢ was difficult to set

accurately to zero. Also, the polarization signal was not noise-free.
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Thus, to obtain a more accurate value of the halfwidth, Hy , the graphs
2

plotted by the x-y recorder were'subject‘ﬁo numerical processing.

Relative values of the polarization were read from the graphs at
0.2 inch intervals to provide 33 data points. The points were then

fitted by a function of the form:

c

P = C + 7 cos 20 - — (H - H )Sin 2%]
1 1+-_—§—-(H-H)2[ Hy o
o
2
where Cl’ C2, H, , Ho’ and © are parameters fitted by a computer '"least"
2 X .

squares' fitting routine, (U.B.C. L.Q.F.)."Froﬁ these fitted curves,
the H;5 for about 7 different pressures bgtween 0.050 and 0.300 mm Hg
were obtained for each transition.- These values of H%-were plotted as
a function of pressure and extrapolated to zero pressure. From these

extrapolated values the radiative 1ifétimes of the 31D, 41D, and 51D

- levels were obtained.

3.12 Special Optical System

For the 31D<- 21P spectral line at 6678A, it was found that, by

scanning the spectrum, there were no neighbouring lines between 6100A

and 7010A. Thus, it-was possible to replécé the monochromator by an
Optics Technoldgy Inc. interference filter; set nd. 3099, filter no.

666 (see Fig. 14). The specifiéations Qﬁ this filter-indiéatéd.a pass-
band of 6700A * 200A. A line which sh@wed up at 7010A had no appreciable
effect when viewed through the filter. Since this filter had no polar-
izing effects, it was possible to.measure the absolﬁte amountvof.polar-
ization; and the steadiness of fhe overall signal as the magnetic field.

was swept. To measure the percentage of polarization as a function of
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FI1IG, 14~-Special Optical System.

the magnetic field, the rotating quarter-wave plate was removed, The
light was transmitted, in turn, through a polardid, the filter, and

then into the photomultiplier. The signal from the photomultiplier was
then fed directly into the x-y recorder, bypassing the phase sensitive
detector. This procedure was repeatéd, except wi£h the polaroid removed,
to measure how the entire signal varied with the magnetic field strength.

' This method was used only to measure the polarization and stability of
the light emitted from the discharge. The previous optical system was

used to measure the lifetime of the 31D state of helium.
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CHAPTER IV

RESULTS

4.1 Lifetimes

In this experiment the 1ife£imes of three energy levels were
measured. As mentioned previously they wére the 3D, 4D, and 5D simzist
étates of the helium atom, 1In Fig. 15 is shown a typical esperimemzzl
plof of the 41D polarization curve., In Fig.16 is its '"least squares™

fitted curve.

The halfwidth, H%, was measured for Hanle signals at szveral
pressures. Graphs of H% plotted as a function of pressure zre showm
in Figs. 17, 18 and 19 for the SID,‘Q}D and 31D levels respsctively. Tze
halfwidth of a line at zero pressure was obtained by extrapotation. Th=

upper state lifetimes, , were computed from the following equatfozn:

h

T- B
ars’

i

The lifetimes obtained for these levels are listed in Table LI, IIL, end
IV along with their respective lifetimes obtained by various other workzrs.
Besides the‘three states mentioned above, the 61D, 71D, 81D Zng
91D states were attempted through the transitions nlD - 21P- But.~He.‘

" signal to noise ratio was so small for these transitions, tkat no woriz-

while data was recorded.

4.2 Cross-sections

.,

The lifetime of a certain level is shortened as a resmlt of coliii-

sions of an atom with its neighbour. The number of collisicus per s=zcrud
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TABLE II.--LIFETIME OF THE 5 D STATE OF HELIUM

(xlO-ssec) Author : Technique | Date
6.6 .4 I. Martison:et a1, (12 Beam foil ’ 1969
-4.91?.2 Descomps et al.(la) " Magnetic Resonance 1960
4.9 t.5 J. P. Descoubes (13 Level Crossing 1967
7.9 .6 Pendleton & Hﬁghes(s) .Diréct observation of decay 1965
4f6 t.3 Kindleman & Bennett(g) ‘ Delayed coincidence _ 1963 -
6.3 1.9 Bridgett & King(lo) | Direct observation af decay 1967
4.6 .3 Osherovich & Verolaimen(ll) Delayed éoihcidence B968.
7.16 ~ Wiese et al.(lz) -‘A Theoretical A 1965

4.48%t.4 Ours Level Crossing
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TABLE III.--LIFETIME OF THE 41D STATE OF HELIUM

(x10 “seéc) Author Technique Date
3.8 .3 I. Martison et al.’®  Beam foil 1969
3.91t.2 Descomps et al.(la) Magnetic Resonance 1960
4.1 .5 J. P. Descoubes(13) Level Crossing 1967
4.7 .5 Pendleton & Hughes(s) Direct observation of decay 1965
3.0 .5 Kindleman & Bennett(g) Delayed coincidence 1963
. (16) i o .
3.5 T4 Fowler et al. Direct observation of decay 1964
3.9 L5 Bridgett & King(lo) Direct observation of decay 11967
3.8 .5 Allen et al.(17) Direct observation of decay . 1969
v . (12) ,
3.66 Wiese et al. Theoretical 1965
Ours ., Level Crossing

3.97%.4
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TABLE IV--LIFETIME OF THE 31D STATE OF HELIUM !

Level Crossing

- (xlO-Sseé)Author Technique Date
1.2 1.3 J. P. Deécoubes(IB) Level Crossing 1967
1.6 T.2 fendleton & Hughes(S) Direct observation of decay 1965
.1.6 tT.4 Kindleman & Bennett(g) .Delayed coincidence 1963 .
1.8 £.5 Fowler et al.(16) Direct obser§ation of decay 1964

.1.55%t.5 Allen et al.(17) "Direct obéer&ation of decay 1969
1.6 1.1 Qéherovich & Verolaimen(ll) Delayed cbincidencé 1968
1.5 Wiese et al.(lz) " Theoretical | 1965‘
2.71%.3  Ours |
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is proportional to the pressure. Therefore, from the slope of the H,
. : .

versus pressure graphs in Figs. 17, 18 and 19, one can calculate

reasonable values for the cross-sections of the helium atom in various

energy levels, From Appendix 2 the cross~section, , is:

1
et

(slope of H; curve) (2.59 x 10-12)cm2
2

o =

where n» is the mean velocity of the atoms (assume that'jC'ié independent
of © ) and is the density of the atoms at a pressure, P2, which is
the pressure it would take to divide the lifetime in half, The cross-
sections of the helium atom in the 31D, 41D; and 51D states are listed

in Table V and plotted as a function of the square of the quantum number

n in Fig. 20,

TABLE V. --CROSS-SECTIONS

Atomic State n ' Cross-section

3'p | 266 A
41p | 366 A
s51p 440 A

4.3 Stability and Polarization of the Discharge

It was important to know if the amplitude of the signal from the dis-
charge varied with the magnetic field. This was tested by looking at the
'31D - 21P transition ae discussed.in Section 3.12 (i.e. using ah interferehce
filter instead of the monochrometer). Below is shown a trace from the x-y
recorder, of the amplitude of the emitted light. as a function of the magnetic
field (Fig. 21). As we assumed in the theory, it was unaffected by the
magnetic field to within 17%.

Another interestiﬁg feature was investigated. This was the percentage

of polarization of the signal. Again, this was done by observing
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the 31D - 21P transition line through an interference filter. As one can
see from Fig. 22, at a pressure of .095 mm Hg, the polarization is about
3%, using the phase sensitive detection system we were able to obtain a
large signal to néise ratio for pressures between .060 mm_Hg and .250

mm Hg.

The minimum pfessure of helium at which the discharge would con-
tinually run waé .060 mm Hg. At .050 mm Hg the diséharge could be started
with a Tesla coil, but the intensity would decrease fo zero within 30
‘seconds. I assumed that thé electron source was helium atoms. Thus at
-lower pressures the discha;ge-did not:function because of too low a
density of electrons. The above mentioned use of the Tesla coil

‘strengthens this argument.

At .060 mm Hg the dischafge would run proficiently only when thé

stopéock to the McLeod‘gauge was left open. (It was assumed that
.mercury vapour was present.) Within about 3 minutes after this stopcock
was closed, the amplitude of the intensity and polarization of the-light
~signal decreased by a factor of 5. Also, the width of the cﬁrve became

broader. Below, in Fig, 23,fare shanl_fwo polarization curves; one with
wfhe stopcock opened and mercury vapour present and the other with no
~mercury present. Both.have a tota1»préssure of .O60'ﬁm~Hg. This

change in intensity Caq be-explained.bY'a change in the electron density.
 SinceLthe ionization’energy of mercury.is less than helium, a discharge
----- -of a mixture of mercury;and helium at..060 mm ﬁg will have a higher

.density of free electrons than.a:discharge of pure helium.
‘The discrepancy of H, in Fig.‘23 could have been caused by an
2 . . .
unstable discharge. At .060 mm Hg of pure helium the discharge is more

or less at its excitation threshold (i.e. unstable). Thus the magnetic
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field could have had a large effect on the intensity of the emitted light

: thch would have an effect on H;.
/ ‘ .

4.4  Experimental Errors

3

a) Magnetic Field

The calibration of the magnetic field was done with a gaussmeter
- that was capable of measuring the magnetic field to an absolute accuracy .

of 0.2 gauss.

F.The linearity of fhe magnetic field calibration could be gffected
byg.-ohmic heating Qf tﬁe cbils, hysteresis éffects in nearby ferro-
mégnetic materials, and residual earth magﬂetic fields, To-invéstigate
this;.the output of the gaﬁssmeter Was‘fed into the y-channel of the x-y
recorder and the magnetic field, which was fed into the x-channel, was
sweﬁt from -15 gauss to +15 gaﬁss. From this'recording it was observed

that the magnetic field was linear to within 1%.

b) Pressure in the Discharge

Due to the scale on fhe McLeod'gauge, the accuracy éo which the
_préssufe could be measured was 7%. From Fig. 10, it‘ié noted-thét fhe
pressure in the discharge cell couid be different from that iﬁ the
McLeod gauge. But these pressureé are still proportional to eaéh other,
Therefore the extrapolated_values.of H% are éo;réct, but the slope_of

" the H, versus pressures curves could be out by 20%. This would effect
2 ’ . ) .. ) :

only the calculation of the cross-sections.

- ¢) Temperature in the Discharge
‘;-'The temperature of the gas in the discharge affects only the cal-
culation of the absolute value of the cross-sections. Since the relative

" ’values are unaffected, this error has no effect on the straight line for
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the plot of the cross-sections asla functioﬁ of n2 in Fig. 20. The
temperature of the discharge was assﬁmed'to be 3000K, the room temper-
ature. The computed cross-section varies as T%, thus a $25°K error in
the assumed temperature of the discharge will affect the results by

only 4%.

d) R.F. Broadening

The radio frequency electric field, E, of the dischargé is about
300 ~ 400 volts/cm. In general this will broaden the polarization
curve. In a weak'magnetic field (R.f. frequency 1}7)&& - ujj) a Stark
term is taken into account and the polarization curve then has the form:

P \
o
A Ly - Z
1 4+ T [c EF + (Ldi Ldj) J

P =

"-When one compares this expression for P with the one that was derived
earlier for P, it becomes apparent that the presence of the Stark polar-
- 2.4 . ' . .

zing term, ¢ E ', will tend to broaden the polarization curve. 1In a

(18)

paper by Lombardi this broadening was reported to be as much as 30%

'for low energy tranéitions. A shielding bf the radio frequency electric
.field,‘g, by free electrons in the‘discharge could possibly be a reason
'.to disregard broadening due.to Stark polarization in this éxpériment. As
mentioned in Section 4.3, therg wés a‘bfoadenipg of H;2 ét.low pressqres
(and hence low electron densities),:whichAWOuld be consistent‘with the
 free electron shielding hypothe;is.\ Also the va}ues of H% in this

. -experiment. are on the whole,. narrower than values measured previously

byvother workers.,
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CHAPTER V

CONCLUSIONS

The accuracy of this method, as in most experiments, depends on
the signai to noise ratio. Before the signal reacﬁes the photomultiplier
Vtif‘mﬁst pass through a quarter-wave plate and a monochromatér which
reduces the entire signal by about 507%. The signal which is being
- measured, is proportional to the percentage of polarization of the
 emitted 1igh£. As was shown in Section 4.3 this is only about 3%;
Thérefore, a criterion for performing this experiment is a strong light

source,

An improvement which would simplify the expérimental procedure and
increase the signal to noise ratio would be to replace the monochromator

with an interference filter than has no polarizing effects,

Excitation'of an atom or moleculs by an‘electron Beam permits
Hanle effect measurements 6f.most states of atoms which haQe strong
g dipole transition to a lower state.and possess‘Zeéman sublevels, An
upper limit on the lifetimes that can;be measured (how narrow'H% is in
Fig. A), depends on the linearity of the varying magnetic fields and the
accuracy of the cgntfol-of»the_earth‘s magnetic field. In this case
-the upper limit is 10_7 sec. ‘The lower 1imi£.of lifetimes is affected
by the size of the product of g't. ‘if gT 1is large the polarization

~curve that fits the equation .

P | | ‘o
o Ce S

P = 2
1+ (g 8TH)

will be extremely broad. ' To measure broad curves a high signal to noise"



= 52 -

ratio is required. Thus with the light source used in this experiment

a lower limit of 10-10 sec is set for the product of g7,

From the graphs in Figs. 17, 18 and 19, one can see that the
experimental values of H; plotted as a function of pressure form a
2

convincing straight line.

The straight line agreement of the graph in Fig. 20, which is a
plot of the cross-sections as a function of the square of the quantum

number, agrees with the classical theory of the atom.

There is good agreement between the values we measured for the
lifetimes of the 41D and 51D states and the values previously found, as

can be seen in Tables II and III.

There is a noticeable discrepancy between our results and previous
measurements of the lifetime of the 31D 1éve1. We used the same techrique
Tto.meésure T , for all three levels, aﬁd the extrapolation shown in
*Fig.19seems reasonéble. We are unable to suggest why éur results and
those of previous.measurements.for the 31D level are in such bad agree-

ment.
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APPENDIX I

ROTATING QUARTER-WAVE PLATE

The optical system described in Section 3.3 is schematically

shown below in Fig. 24,

FIG. 24--Optical Schematic

A signal, polarized at an angle . to x-axis, is transmitted from
the discharge cell in the z-direction. The x and y components of the

" signal are:

E

< Aoéose exp [ i(kx—'vt)]

()

Ey Aosin 6 exp [ i(kx-'vt)]' v | R

The polarization is defined to be:

2 2
Ex,—E 2
P = ——2—-—% = cos © - sin ©
E - E
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This signal wés then passed through the ,rQ-tating quarter-~wave plate.

To express the outcome, I set up a rotating coordinate system. It was
fixed to the quarter-wave plate, such that E; was parallel to the slow
“axis and E, was perpendicular to the slow axis. This coordinate system
was rotating at a frequency w . The E;, and E, coordinates, expressed

in terms of E and E , are:
. X y

]

E Excos(wt +¢) + Eysin(wt +¢)

It

E, Eycos(wt +¢) - Exsin(ut + @)
where 4) is an arbitrary phase angle. Setting 4) = 0 and expressing

the signal after it had passed through the quarter-wave plat'e in terms

of Ef1 and E .

=
I

E, exp(id)

Ejexp i(§ - T/4) =-1iE, exp(i &)

Transforming into the stationary x-y coordinate system:

2]
I

cos(wt)E“l - sin(uth_L'

sin(u';t)_E - cos(wﬁE_L

<]
[

At this point the signal passes through a polaroid with its axis

in the y direction. Now the above signal becomes:

" '
E = E
y y

The polaroid was align with its axis of polarization parallel to the
axis of polarization of the monochrometer. Therefore the signal which

passed through the monochrometer and reached the photomultiplier was
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the same as the input signal to the monochrometer. The signal recorded

" by the photomultiplier is proportional to:
11 2 2 .
lEy = Isin(wt)E,, "= 1 cos(wt)Ey , _ (2)

| By substituting the above values for E, and E, into Equation

(2) and performing some algebraic operations, one gets:

) ' . 2 : .
o A ' :
"i2 0 ' [cos4 + 1 ] 1. ] }
: - —— - —ee - e - =
I-Ey ' > { 1+ 5 cos 2 "% su@wijs:.n 28r (3)
" As is shown in Section 3.4, when this signal is analyzed by the phase
sensitive detector the output signal L is:

‘ ' Aoz’”- 2 C 2 |
"L oC 16 cos’ ® - sin®

Using the definition of polarization given earlier, it is seen
that the output of the phase sensitive detector is proportional to the

polarization.
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APPENDIX 11X

CROSS-SECTIONS

The following assumptions were made about the discharge:

<

i) The number of free electrons in the discharge cell is small
compared to the number of neutral atoms,

ii) The number of excited atoms is small compared to the number

of ground state atoms.,

From these assumptions, the lifetime of an excited state of an atom is

shortened by collisions with atoms only in the ground level. 1If one

considers a plot of'H%as a function pressure and remember that H, o 7%?
S - %
then the following properties are noted (see Fig. 25).

.
S
I
>

£3F+% ’’’’’ i
Hy :
: |

O R Pressure

FIG. 25-~Sample Cross-~Section Plot

. When the pressure is zero no transitions are caused by collisions.

At pressure P = PZ’ T is % of its value when P = 0, The number of

‘s 1 o
transitions per sec., N* = —— by definition.

T

Therefore, the number of

transitions, N, at P = Pz'is twice the number of transitions, N* at
. . i H
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P = 0., Half of N is a result of the collision and half is a result of
spontaneous radiation, Therefore, at a pfessufe P = PZ’ the number of
. * -
collisions is M = N‘ = -%— but M = arpo. Therefore, the following
expression can be derived for o~ :
- o = E—;’—T— = (Slope of H%! curve) - (2.59 x 10-12cm2)

where ©° is the cross-section, @ 1is the density at a pressure of

P =P, and A7 is the mean velocity of atoms.
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