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ABSTRACT

The lifetimes of the 3d'1r(v=0) J=1, 2 and 3 states
have been measured using zero-field level crossing techniqgues.
The transitions observed were the R-~-branch members of the
3d'z » 2p!r transition. The upper state is excited in a
discharge between two capacitor plates to which a radio-
freguency voltage is applied. The measurements were made
using first aA18O MHz R.F. source and later using a 450
MHz source. Polarization of emitted light was measured by
rotating a polaroid in the beam and phase>sensitive detecting

the resulting modulation.

The . depolarization curves obtained by plotting the
magnetic field strength against the polarization of the
R(0), R(1), R(é) lines yield halfwidths, when extrapolated
to zero pressure, of 2.37x.12 géuss, 2.60+,15 gauss and
3.25+.25 gauss. The halfwidths Véry linearly with pressure
in the discharge cell yielding collision cross-sections of

roughly 1.5x10"!'* cm?,

Using the high field Landé g values of these states,
their lifetimes are (2.66+.12)x10 ®sec., (3.83%.2)x10 °%sec.,
and (3.93+.25)x10" ®sec. for J=1, 2 and 3 respectively.

The discrepancy between the first and the latter two life-

times is discussed.
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CHAPTER . I

INTRODUCTION

Lifetimes or‘oscillator strengths of excited states
of atoms and molecules have traditionally been measuréd
through a determination of transition probabilities. The
.most reliable of these techniques is probably the Hook?
méthod thch yields, under favourable conditions, oscillator
strengths to 10-20% accuracy. Common to these méthods is
the requirement that the partial pressure of the absorber
must be accurately known. 'If the absorption occurs from the
ground state of a stable gaseous atom this may present no
pfoblem. If, however, the absorption is produced by atoms
or molecules of low vapof pressure or by an unstable molecule
it is very difficult not to make large errors in détermining
the nuﬁber of absorbers present. More recent fechniQues such
as the phase-shift and delayed coincidence methods? do not
suffer from the abo?e shortcomings but do fequire fast "gates”
with risetimes shorter than the excited state lifetime under
consideration or other sophisticated electronics. Since in
many cases lifetimes are of order 1O—Béeconds or éhorter, it
is again eaéy to make efrors of considerable magnitude. _The
use of zero—fieid level crossing to determine lifetimes
suffers from none of these limiﬁations and has been used
to measure lifetimes of_many'atomic étates and more recently

to measure excited state lifetimes of NO*, OH®, and CS°®.



An energy level diagram for the observed singlet
states of molecular hydrogen is shown in FIG.1l. The 1levels

" shown are the lowest vibrational, rotational levels of each

 *Jie1eétronic state. . This thesis concerns itself primarily

- with the 3d%*I (v=0) J=1, 2, and 3 state lifetimes. The
--light observed arises from the transitions R(0), R(1l),

and R(2) of the (0,0) band of the 3d}L » 2p}y system

- corresponding to the transitions

J=1 - 2ptr wv=0 J=0

Jg=2 > J=1

J=3 =~ J=2
reépedtively.

A more detailed energy level diagram for these
states is shown in FIG.2. The transitions observed in

this thesis are marked with arfdws.

The electronic portion oif the wave function of
these states ought to resemble'those of the atomic Helium
3D states hénce'we expect lifetimes of the same order of

8

magnitude, or roughly 10 ® seconds?.

Also observed were several 3K'% - 2p?I transitions
and a 3d1H > 2p12 transition. Information obtained on

these states 1s contained in Appendix III.

The Hanle Effect

[o]
In 1922 Rayleigh® discovered that the 2537 A_line

- of mercury excited by resonance radiation, was polarized if
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were obtained from Diekel®

‘Figure 1 - The singlet states of hydrogen (H,)
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QieWed at right angles to the exciting beam. Wood® and
Ellet!? investigated this effect further and found that at
low pressures, in thé abserice of a magnetic field the emitted
rédiation was élmost completely polarized.with ité electric
vector parallel to that of the exciting light. Small
magnetic fields in certain directions were found to decrease
:the degfee of bolafization. The addition of foreign gases
was also found to decrease the polarization. Hanle!!,
performing a more thorough investigation found that the
application of a‘ﬁagnetic field perpendicular to-the
exciting light aiong the direction of observation not only
‘decreased but aiso rotated the plane of polarization of
emitted light. Breit!? explained the effect in classical
terms and showed that the degree of pblarization, P; is

~given by the expression

CP(H) _ .1 : B |
- P(0) »i'+(geHT)‘ ' : (l)
YUme

where P = Iy-L , I, is the inténsity of iight with electric
vector-alo£é+%he electric vectbr of the exciting beam and
>IL'that with perpendicular polarization, H is the'applied:
magnetic field, T is the mean radiative 1ifetime, ge 1is |
thé magnetic moment of the atom. A condensed Versigg of

the classical theory is given in § 2.2.

By plotting P(H) we may then easily obtain the
product gt, from eq.(1l), and anvindependent measurement

of g yields the radiative lifetime t.:



A more complete account of the early work onv
poiariéation of resonance radiation is given by Mitchell

and Zemansky®!?.

The Hanle effect 1s a special example of "level-
crossing", the appearance of interference effects when two

states are degenerate to within their natural linewildth.

Electron Impact Polarization

Light emitted from atoms eXcited by low energy
(~20 e.V;) electrons will in general also exhibit polariz-
ation relative to a directién along the electron beam.
Measurements of polarization were made for a number of
atoms by several workers from 1925 to 1935'%. The polar-
izétion in general depends on the incident eiectron
~energy in a complicated mannef, and nonadequate theory
has yet been devised. The depolérization of light emitted
by helium excited by slow electrons, in response to a
magnetio field has.been observed by Pebay-Peyroula et all?.
The signals have the same magnetic field and lifetime
dependence; given by eq.(i), as those produced by optically
‘excited atoms. Descourbeslsralso_repprts non-zero field
level-crossing in the 3P states of He using electron
excitatibn. Polarization of 1ight emitted from H, triplet
states excited by electron impact has been reported by

Patrick Canill et all”’.

In this work, the radiative lifetimes of the



3a'y v=0 J=1, 2, and 3 rotational>statés of molecular
hydrogen have been meaéured by zero field level-crossing
ﬁsing electron impact to excite the states in a manner

- similar to that Pebay—Peyfoula et all®. These lifetimes
have not been previously measured and should provide a

check on wave functions calculated for these levels.

A brief, very readable review of lifetime

measurements is given by Stroke®.

Notation and Symbols

The only majdr departure from the conventional
éymbols are those used in denoting the various states.
Conventionally," refers to the lower state and ' refers to
the upper state in a transition, In this thesis we zdd to
this convention that ground state gquantum numbers are un-

primed. J is the total angular momentum exclusive of

nuclear spin and v is the vibrational quantum number.

- Some ambiguity may also be encountered between
g, the polarization vector of an emitted photon and E=83

the Landé g-factor for a state; the latter wiil nearly

e

always be accompanied by H, or its equivalent, Sme
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CHAPTER II

. THEORY

§2;1 Introductidn

In this chapter we will discuss first thé Hanie
effect analogue 1in classical terms. Eollowing.this the
Quantum mechanical description of the effect usually
referred to as level-crossing, will be presented. The
theory given will follow the treatment of Franken'?® quite

closely.

Next we will consider the sgructure of the
gféuhd states and the 3d'r levels of the hydrogen molecule.
The transitions 1s'l = 3d'Z will be discussed in terms of
ground state populations and allowed electric multipole

transition moments.

Finally we will attempt to describe the relevant

portions of the excitation mechanism.

'§2.2 The Magnetié Field Dependence of Polarization in

“"Classical Terms

In order to discuss the Hanle effect classically
we replace our molecule by an electric dipole which pos-
sesses an angular momentum L perpéndicular to the dipole

axis and a magnetic moment u = ulL .
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Figure 3 - Hanle effect co-ordinate system

| Further, we suppose that at some time t, the
dipole is set into oscillation with angular frequency V.
vThé:dipole then emits radiationiwith'its electric vector
parallel to the dipole axis which at time t is at some
angle 6(t) to the x-axis. 1In the absence of any torques
on the dipole, 6(t)=6(0)=0. If however a magnetic field
g=HZ£ is placed along the z—éxis, the dipole precesses
~about the' z-axis with angular velocity w=pH and 6(t)=
=pH(t-t;). The amplitude of radiation is radiation damped
with a time constant 2t. Thus an observer looking along the
z—akis, having a referencé system &,n,z where £ and n are
inclined at angle d$to x and y reépectively; will observe

a time dependent electric field with components:

-
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' : . _t=t
Eg(t)=Aocos[w(t_t1)_¢]e‘1(Vt+5)e 27T

| . _E:EL
En(t)=AoSin[w(t-t1)_¢]e"l(Vt+5)e 2T

or the intensities of radiation with electric vector along

the & and N axes:

Ig(t)=Iocosz[w(t—tL)—¢]e
. bt | (2)

| in(t>=1°sin2[w(t-t;>-¢]e

Now,\if our observer does not differentiate light
emitted in the interval (t,,t1+T) where T>>T, the intensities

observed are

£t +T o
= I.(t)at =
e ftl E( ) K ftllg(t)dt
€.1+T o
I.= ftl I (t)at = jtlln(t)dt
. . . I,-1
The polarization P(¢,H) is then Té3§T or
: & -ty
jzgcos2[w(t-t1>-¢]-sin2[w<t-t1>-¢1}e Toat
o T
ft? dt
performing the integration,
_ 1 ) |
P(¢,H)= i:T§B?TT[COSZ¢ —2wTsin2¢] (3)

and substituting w=uH

- P(¢,H)= Iir%ﬁﬁ?Ty[cosE¢—2uHTsin2¢]
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For the special case of ¢=0 this reduces to

_ 1
POD= 5wy

a ‘sketch of this shape is shown in FIG. 4.

Hyp
Figure 4 - Polarization for ¢=0

It should be noted that when‘g%%% = 1/2 the "lifetime"
T of the oscillator is given by T = 55%;
. | 2

For the case ¢ = n/4

_ =2uHT
PH)= oo

yielding the curve shown in FIG 5.

T
e
S
N

4

-Hyo2

- ——— e wn -]

Figure 5 - Polarization for ¢ = m/l
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- This cufve not only yields the lifetime but also the sign

- of the magnetic moment of the oscillator.

From eq.(3) we may also see that the direction
‘of polarization rotates with increasing magnetic field,
>‘for P takes on its maximum value at a given ﬁagnetic field
for an angle ¢ such that %% =0, i.e.
-2sin2¢ - MuHTcos2¢ =0, or:

¢ = tan '(2uHT)

Up to this point we have tacitly assumed that our
radiating system was composed of only a single oscillator
éét into motion along the x-axis at time ti. Actually we
have N oscillators excited at fandom times tj and having

their initial motions on axes distributed about the x-axis.

The intensities seen by the observer due to n
oscillators incoherently excited along the x-axis and
décayihg during time T>>T1is just

n T | . .
Ig(t)=j§1 £ T (t,,t)at nftjlg(tj,t)dt

114

R

n T
In(t)=j__2_1 { In(tj,t)dt nft In(?j,t)dt

J

which again leads to equation(3) for the polarization.

We now consider an oscillator excited in the

- X-y plane with its axis at an angle 6, to the x-axis.
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The polarization seen by the obseryer'is then

P(¢,%,H)=11T%iﬁ?77{cos2(¢-;60) - 2uHtsin2(#-6,) 1]

Summing now over n oscillators with initial axes symmastrics=llir

distributéd about the x-axis in the x-y plane

n
P(¢,H)= )} P(¢,6,,H)=
j=1 Y
= Fo [co§2¢ - 2uHTsin2¢ ] : {83
IT+(2uHT) ? i
;0
where Po= = ) cos20; |Po <1

J=1
Thus although the polarization has been decreased, tne

polarization shows the same field dependence.

Similarly 1t can be shown, although more tsdiously,
that for a symmetric distribution of oscililators in the
X-y plane the maximum polarization is again only decrzasec

but no change in its magnetic field depencence occurs.

It should bé-clear that the perturbation which
excited the oscillator should be short in duration comparéd
to the radiative lifetime for the above derivation to applzr.
The time involved in the collision is of order 1071

seconds thus this should be well satisfied.

The oscillator should also not be subject %o re-
orientation or interruption by collision with its nsighbors,
or a change in the polarization will again result. %o

apply the preceeding theory tc an atomic or molecular
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system we need merely evaluate the maghetic moment p=guoL

where ﬁo is the Bohr magneton = 5%3 . Thus finally:
Py geHT
P(d) H) W[COSZ(b - 51n2¢] (5)
1+ (=2===)
mc

§2.3 Quantum-Mechanical Description of Level Crossing

In 1933 Breit?? derived a quantum mechanical
expression, the "Breit formula", for the radiation rate
 from coherently excited, nearly degenerate sﬁates of a
system. This Qas largely ignored until 1958 when
Franken’ét al?! reported the measurement of the fine
structure in some Helium levels using level—crossing} They
re-derived the "Breit formula", under conditions of pulsé

excitations as well as excitation by white'light.

Consider a "three" level system with ground
state |a> and excited states |b> and |c> with the energy

'~ of |a> taken for convenience to be zero.

b <= U,H'

m

o
i

Figure 6 - "Three" level system
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They have magnetic ;ublevels m, U, and v, respectively.

"i{.e. We have the unperturbed sfates:

la,J,m;t> = |a,J,m> m=-J,-J+1,...,J
- ' - - (io 4T, /2)t -
|b,d",u5t> = [b,J",u>e p==J',=J+1,...,J"
B , —(iwv+FC/2)t : ,
le,d",v;t> = Je,T",v>e v==J",-J"+1,...,J"
' Eu | 1
where wa;ﬁ*” Ea is the energy of state a, and Pa=¥;

expresses the radiation damping of the state.

At time t=0, the atom is assumed to be in one of
its ground states |a,J,m> when it is subjected{to a pulse’
perturbation Q Which may excite it to some of the stafes
Ib,J‘,QS. The state vector of the system using first order
perturbation theory is then at subsequent times: |

|  —(iw 4T /2)%
[xm;t> = |la,J,m> + ) |b,J',u><b,J',n|Qla,J,m>e wob
‘ u ,

Now the states Ib,J',u> are assumed capable of decaying to the
stateslc,J",v> by emission of a photon of polarization g.

The rate at which this occurs is given by

Rm,b,c(Q’g’t) = g |<xm;t]g-£|c,J",v>|2

Where ger is the dipole moment operator. Since any one of
the ground states m could have been excited we sum over m
as well to obtain the total instantaneous emission rate of

photons of polarization g at time t.

Ry, (Q,8,t) = %g l<xstlg rle,d",v>]?
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~ Substituting for [y ,t> we obtain:

- o (iwﬁ—Fb/z)t _
Ry (Q:8,t) = JT|] e <b,J7',ulqla,g,m>>
- myv u . o _

*<b,J',ulgerlec,J",v>|?

‘1 ”and éxpanding the square, this becomes

< | [i(w —w )T, It
Ry, (Q,g,t) = [J0 [ e M WP

RATTRRY D BBy
where - Qg = <alQ|8>
Eag = <alg-r|s>

Now if we have N systems each subjected to an
impulse at random times within the interval (0,T) and
observe the system for a time T>>%', the radiation rate

observed becomes:

T = w.
Ry, (Q,8) =AN& R.,(Q,g,t)dt = N& Rbc(Q,g?t)dt
o Q@ 18 1 &y
- um- mp 'S tvevy
-0 II] T e
mup'v -i wu—mu|
Q. QA 18 1,8
- um my ' "u'vevy
= NT II7 1 - ,“( ) e
_ .
mup'v it wu 0 |
‘This is the "Breit formula". Some of its implications are
easily investigated.
1) - If the Various'|u> and |u'> are well resolved (i.e.

IT(wu—wu,)|>>l), the sum in the Breit formula
(eq.(6)) reduces to just those terms for which ﬁ=u'

oY)« 2 2 -
Roo () = 11T 10,171, 1* = R

this is just fluorescence with no interference terms.



- 17 -

- 2) If, however, IT(wl—wu')ls-l we obtain some inter-

" ference terms as well, setting A= Q Q g

- 1
P TRL-EINI-N Alm,u,u',v)

1

Ro + 11 T IR

R (Q,g)~ ~— -
c mouAL 1 1T(wu wu,

)

Ro + )V 7 ACm,u,u'yv) . A*(m,u,u',v)

mouSy l—lr(wu—wu,) .1+1T(wu—wu,)

| 1
USSR L °
’ ° %guzu' Trr o ~0, )

«{A+A¥ + iT(wu—wu,)(A—A*)} (1)

It will be shown in Appendix I that A=0 unless u-py'=2, it

wWill also be shown that in this experiment A has the form

A=Aoe21¢, where ¢ 1s the angle g makes with the x-axis.

Then if the levels exhibit a linear Zeeman effect in a

magnetic field Wpy T Oy * ggzﬁu
and- W o-w o, = £Sy
uoou me
Hence i
2A
e (0o,0) = Fo + 11 ] 2o
mop>ut 1+ (B ECT) 2
+{cos2¢ - geHT31n2¢} (8)

The polarization P, with respect to the axis & is then

R C(Q3g3¢) - Rbc('Q,g,Cb‘*"TT/Z)
R C(Q,g,¢} + Ry (Q,8,0+1/2)




- 18 -

Substituting the expressions for Rbc from eqg.(8),

” 1 . 2
P=—1 L2 377 A(mu,u',v)
geHT 2 Ro . o] s Mo )
1+67&TJ muu>u
. _ geHrt
{cos2¢ — sin2¢}
Po .
: Ht .
= — " {cos2¢ - B 5inog} (9)
2
l+(geHT me
me
2
Py = R Xz Z Ao(mau:U':\))
o] m\)u>ul .

Comparing eq.(9) with the expression for the polarization
derived classically (eq.(5), §2.2) we see that, except for
a difference in the definition of P,, the two expressions

are the same.

§2.4 The 3d'%f Levels of H,

In the highly excited states Qf light molecules
such as H, and He,, the rotation of the nuclei may be
sufficiently rapid at even small rotational quantum numbers
that the Born-Oppenheimer?? approximation, the resolution
-of the total eigenfunction into a product of electronic,
vibrational and rotational eigenfuﬁctions, is no longer
valid. We must describe the states in terms of the coupling
between the internuclear axis and the electronic motion,

and the coupling of électronic motion with the axis of rotation.

The various types of coupling in a molecule are
described by Herzberg?® and usually referred to as Hund's

case a, b, ¢, d, and e in their extreme limits. The 3g3!Z



states of Hz can be well described as having a coupling
between Hund's case b and 4. A treatment of this coupling

* when he analyzed these states. A

was given by Davidson?
more recent discussion of coupling intermediate between
case b and d has been given by Von I. Kovdcs and A. Budé?®

who also derived the Zeeman splittings expected in a magnetic

field. , : -

The application of this theory to the 3d! levels

of Hz is found in Appendix II.

In the next seétion we will see that the excitation
'perturbation may be expanded inielectric multipole moments.
It is convenient here to éstablish which of these.moments
will have zero, and which will have ndn—zero expectation

values between the ground state 1s'% and the 3d!'r state.

As is well known a molecule Compoéed of atoms with
nuclear spins I: and iz will have a resultant nuclear spin
T =T; +Ta, Io +TI2 -1, ...., |T1 = I2|. TFor H, this
means that I = 1 or O. The rotational levels alternately
have these values of I; in particular for thelzg states,
even J states have I = 0 and odd J étates have I = 1.
The transition from a state with I = 0 to one with I = 1
is an exceedingly improbable eveht having in the pure
liquid transition probability of order 10~ 7 sec. !'.

Ruling out this transition we have then the selection fule

JV o= J,J2,34, ...
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The parity of the states specifies which of the
multipole moments are zero between state J and J'. We
note that L' states have parity (—1)J and that the electric

2%-pole moment‘Q(z)

has parity (—1)2. It is then easy to
see that <a,J|Q(Z)|B,Ji2n> where n is an integer;'is Zero
unless % is an even integer; furthermore, from the properties

‘of spherical harmonics one can show that:

<a,J|Q(2)|B,Ji2n> = 0
unless 2n<%, and in the case n=0, 2>2J, so that for the

firét nonvanishing electric multipole moment between 12+

(2)
op -

states we have the electric gquadrupole moment Q

In the discussion of level crossing we always’
assumed that the ground state |u,J> was specified and for
at&mic<problems this is usually so. When considering
molecglés at thermal equilibrium we find that at room
temperéture not one, but several rotational states are
populated with their pépdlations given by the Maxwell-

Boltzmann distribution law, i.e. the population N_ of the

J
state J is given by -
3
_ kT
‘ NJ = NfJe
where fJ is the degeneracy of the state = (2J+1)(2I+1)
I is the energy of the state J
16
is Boltzmann constant = 1.38...%x10 ergs/C°

is the absolute temperature .

A R

is a normalizing factor



The relative ground state populations at room
temperature and those when lowered to 80°K remembering

the ortho-para conversion restriction are tabulated in

Table I.
J " at 292°K - at 80°K I
0 132 .2491 0
1 .663 | L7492 1
2 115 L0017 0
3 .086 7 x107°% 1
b - .004 0

Table I - Relative Populations of the First Few
- Rotational Levels of Hydrogen at Thnermal

Equilibrium.

It can be seen that at room temperature the J'=2
state will, under the previous selection rules, be excited
having either the_J=O and J=2 states as ground state. When
the temperature is lowered to 80°K however, noAsuch
ambiguity exists any more and only the J=0 state will serve

as ground state.



§25 The Excitation Matrix Elements. Q

In order to apply the Breiﬁ formula wé must find
an expression for the perturbation matrix elementstaB.
Even though the laws governing electroneatom collisions at
non relativistic energies are completely known, the calcul-
ation of low energy scattering cross séctions is extremely .

complex and has only been attempted for the simplest atomic

cases?®.

Referring to eq.(9), §2.3, it should be notéd
that so long as PO#O'and is independent of the magnetic
field, its numerical value 1is irrelevaht to the determination
of T. Therefore, digressing somewhaf, we will consider what
can be said of P, in the absence of a magnetic field. The
level. crossing formulism is not convénient for this; instead,
the exéitation and decay are now considered as two independ-

ent processes. We consider first the decay.

To be specific let us consider a hypothetical
transition J=1 -» J=0 observed along an axis perpendicular
to the‘axis of quantization (z-axis). The transitions thus
observea are Am=t1 and Am=0 ﬁaving polarizatiohé perpendicular
and parallel to the zZ-axis respectively. If all three
étates m=0, +1 and -1 of the J=1 level are equally populated
the emitted light should show no polarization since the z-
-axis was arbitrarily chosen. If however, the excitation'.
mechanism populates the state m=0 differently from the

states m=t1, either the Am=+1 or the Am=0 transitions
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dominate as the source of emitted radiétion.and hence the

light will be polarized along or perpendicular to the z-~axis.

When the’pdpulations of different |m| are unequal
the molecules are said to be aligned and 1in general the
radiation emitted will show. some polarization with respect
to the axis of guantization. Thus to obtain a P,#0 it is
only necessary that the excitation align the molecules. If
fhe colliding electron has sufficiently low energy it is
easy to show that alignment occurs.

Let the electron travel along the z-axis with
momentum P = Pi, and be scattefed inelastically by the molecuis
at a distance R. The angular momentum of the electron about
the scattering centre is then £ = BXE,.in particular & = 0 ;

“after the collision we assume that the energy of the electron

is sufficiently small that [2'|= |P'xR|<<h, i.e. the energy
) P|2 h2 R .
, . v
of the scattered electron E 2m<<§ﬁﬁr’ then 2 ” 0.
Thus for the collision AQZ = 0 and conservation of angular

momentum for the whole system then implies that AJZ'= 0.
Thus 1f the collision increases J, alignment of the upper-
stéte levels occurs. If AJ<0 we need as an extra condition
that the scattering cross sections for‘different |m| be

non-equal.

The condition on ﬁhe scattered electron energy

’ (o}
(above) is quite stringent, for R = 5A and z'i%O for

instance h? N , 5o that even in cases
E i PMRZX10Z 0.15e.V. : ) )
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where the ground state angular-momenﬁum is zero and the
polarization can be uniquely predicted it is not expected
to be realized experimentally where much greater energy

excesses occur.

\

When P, is not independent of the magnetic field,
-as will be the case for non—zerovfield level crossings, the
matrix eléments AO muét be computed as a function of
magnhetic field. For this reason as well as for the sake
of completeness, the relative mafrix.elemehts for excitation
to the various u, u' will be considered, No adegquate theory
exists and various approximatioﬁs such as the Born approx-
imafion are valid only at energies above a few hundréd e.V.
Nevertheless, because of its relative simplicity and for
lack of a much better theory, the Born approximation will
be used. It is expected that although absolute cross-
sections so obtained will be highly erroneous, relative

matrix elements Qmp, Q will be at least qualitati?ely

mu !
correct. These matrix elements are used explicitly only
in the discussion in §5.2 where the effect of hyperfine

splitfings of the order of the naturél linewidth, will be

considered.

We let p and p' be the momenta of the incident
electron before and after the collision. Then for transition'
probability amptitude,-QBa, from a state a to B, whose
energies differ by EaB’ we take in accordancé with the

: s 270
Born approximation<’;


http://will.be
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: ' —g-ze .
Qup(psa) = <Bl[Ue drlla>

. —
- p'-p 2mEuB

|QI = I

where g =

‘.3‘1‘,

r 1s the incldent electron's position vector
U 1is the ihteraction potential; taken to be the

electrostatic interaction

' . o :e.z. IR e.2
U({Rn,Re},re) ) —= - T
e,n|"e™n|  |Te

with Rn = the position vector of nucleus n
‘{n} = the set of nuclei
, Re = the position vector of electron e

{e} = the set of molecule's electrons

m is the mass of electron

Carrying out the'integration over r, we obtain

: -ig° B—i
Qo = <Bl I e o>

ie{e,n}

We expand the exponential in a power series and obtain

Qg = Q52+ @f2) + Qi) 4 éi) (10)
> : 5T
Where ( ) 9
e L) _ <
— = <Ble) R, | o>
(1) B illal %

or the electric 2-2 pole moment in the q direction between

the states B and a.
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]

(Qég) = <Bl1]a> Gds'from orthogonality of |a> and |B8> )

L

For E = lhe.V. and R, = 5%10" *cm IQQ'Bi

<1
so that this series expansion, eq.(10), converges approx-
imately as %T . We have seen in §2.4 that for our states

(1) _ 4(3)

QB& = Qg = 0, hence we may approximate QBa by:

T \
Wa o <B|e-'% =" Ry lo>
2 ie{n,el |q|

For a specified g this completes our problem,

but unfortunately g is not specified unless p'

0,

i.e. %ﬁ = EaB’ so that we must make a further approximat-

ion. We expect that so long as p' is small, g will lie

' b
approximately along -p; setting k =—, k' = g = k'-k

E.'
— 'h 2 -

The directions ¢ takes are easily seen from the following

st

diagram (FIG.7).

Figure 7 - The Scattering Angle Q
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By conservation of energy k' is restricted in magnitude to:

x| - [ —2&
hz

il

Ikt

, o
The maximum angle g makes with -k is then §=sin ?% .

Thus for a 16 e.V. incident electron scattered with an
‘energy of 2 e.V., |a] < /ég— ~ 20°; if the electron is

scattered so that k' 1s spherically symmetrically dis-

tributed, <q>.= -k i.e. <Q> = 0, and
2 a2
. 2ee _ 1 [ k'%sin?gdB
<sintf> = o j (k-cosB)?
o | .
27 -
B - —]:— k‘I»ZSin-ZBdB _ O( (_l_{_'_)u)
2T Jo k2 S k
x'?2 Ktyty
= k2 T O((E—) )

hence,-usihg the same k and k' as above,
<sin?Q> < .06
leading to - |
/:5;: < 1he,
Although this is'th an impressively small dispersion we

shall assume in deriving the Breit formula matrix elements

g k'- . ~ : :
—= - — = 1 and hence the matrix elements QBa are

o]
5

"proportional to those of the electric quadrupole moment

ol

ox Specific formulae and the application of these

formulae to the transitions observed are found in Appendix I.

e



CHAPTER III

EXPERIMENTAL DETATLS

“‘ §3.1 Experimental Arrangement

In view of the discussion in the preceeding chapter

the essentials of this experiment should consist of a dis-

"v'cherge excited by 15 - 20 e.V. electrons‘travelling along

ﬁhe g—sxis, a homogeneous variable magnetic field in the

discharge region, a filter for resolving a given transition,
and a device for detecting and measuring polarization. The
basic apparatus is shown in FIG.8; no attempt at scaling or

realism was made in this sketch.

A discharge cell is placed between a pair of
capacitor plates each parallel to the'y—z plane. Between
these plates a radio-frequency electric field of the form
E = (Eocosdt)g causes free electrons-to oscillate in the
*x direction with the appropriate energy. Centered about
the discharge are 2 bairs of Helmholtz coils; one to cancel
the vertical component of the earth's magnetic field, the
other to produce a field H = Hﬁ. Light emitted in the z
direction is focussed by a pair of lenses onto the entrance
slit of e monochromator to spectrally resolve the transition
of interest Light appearing at the exit slit of the

monochromator falls on a photomultlpller whose output is

.>fed into the s1gna1 channel of a lock-in ampllfler
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The light passing betweén the two lenses 1s passed
ﬂ.through a polaroid, with its plane pérpendicular to thé
’>:beaﬁ, which is rotated- @out the x-axis. The polarized
]component.of light is thus modulated at twice rotational
 frequency.' A small light and photodiode plaqed at the rim
of £he poiaroid, one on either side provide a reference
'vsignal for the lock-in amplifier. The output of the lock-
, in_amplifier is connected to the y—channel of the xéy
'récérder. The x-channel is controlled by the voltage
across Helmholtz coils producing the field H = HQ. These
coils .are driven by a pair of power supplies and an amplifi-
er whose output is slowly swept to produce fields of the

X:+10>gauss.

fofm_H = Heo+H)t where Ho=-10 gauss and Hma

A guarter wave plate is placed in the beam with
its fast axis at 45° to the x-axis in the x-y plane just
before the entrance slit of the monochromator to elimilinate
the efféct of the monoéhfomator transmitting y polarized

light preferentially over x polarized light.

To ensure that the effects observed were not due
to the R.F. fields, the experiment was performed using
 frequencies f=180 MHz and later with f£=450 MHz and corres-—

ponding changes in electric filelds.

§3.2 The Discharge

-

The discharge apparatus consists of a cylindrical

pyrex discharge cell of 5 cm diameter and 2.5-3 cm length
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- connected to the vacuum system by two 1 cm 0.D. pyrex tubes
"as shown in FIG. 10. The ends of the discharge cell are

slightly convex outwards to provide mechanical strength

" S against air pressure. A circular brass plate of 7 cm

'vdiameter is placed at elther end so that it extends about

1 cm beyond the edges of the cell. The planes of the plates
-are parallel to the axis of observétion. The output of |
. a radio freguency transmitter is coupled to these piates

in a manner described in 83.5.

The cell and plates are shown full scale in FIG. 9
below. For convenience the co-ordinate axes used throughout

the discussion are also shown:

SERENONSREN

N
]
N
N
1
I8!
K
N
N
N
N
.
N
N
N
N
.
bl

Figure 9 - Cross-Section of Discharge

Cell and Capacitor Plates
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'." The discharge is assumea toaconsist of a’dilute
’ gasvbf neutral molecules and a much smaller number of free

E eleétrons. The motion of the electrohs in a radio—frequency
-'felectric field, assuming a éomplete absence of collisions

~and zero magnetic field is governed by:

mX = eE,coswt

: el

X .= coswt
mw?

and the kinetic energy X.E.:

_ 1 o
K.E. = 2mx

(ggg)zsinzwt

W

N
S

The application of a small magnetic field H = Hk'yields,

still assuming no collisions or damping,

eE,coswt-ely

mX

eHx

my

solving these equations:

LY = eEg 1
X(UJ'D) = - m m‘ cos(wt)
_ })_' _eH
y(wt) = wx(wt+ﬂ/2) s v==2

- in other words, the electron moves on an ellipse whose
ratio of major to minor diameter is %.
In order for the above to meet the conditions of

the_diséharge cell, 3 conditions must be satisfied:

1) elastic'collisions of electrons with neutral



molecules ought to occur sufficiently infrequently.
- This may be restated as: the mean free path of
the electron should exceed the amplitude of its

. motion considerably.

2)> collisions of electrons with the walls of the
discharge cell must also be rare'events, This
. merely means that any dimension of the diséharge
cell ought to exceed considerably the amplitude

of electron motion.

3) electrons must be sufficiently energetic to
- ; ' ionize the occasional molecule in order to make
up for electrons lost by recombination and sustain

the discharge.

The third condition implies that we must give our
electrons a maximum kinetic energy or order 20 e.V. Table 2
lists some of_the properties of the motion of the electrons

in an electric field oscillating at frequehcy f = 21mw.

Condition 2 (above) is clearlyvsatisfied for all
the frequeﬁcies tabulated in Table 2 in a discharge cell
of the size used. In order to see how well the first con-
dition is satisfied we compute the mean free path, L
betWeen molecules of cross-section o, distributed with a

density p:
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’frequency E, required amplitude'of minor axis to

(XlOG-Hz) to produce electron motion major axis ratio
K;E.max=20e.V. (major diameter) 1n 10 gauss

magnetic field

100 100 V/cm Y mm o7

200 200 V/cm 2 mm - .035

500 500 V/cm 0.8 mm | : .014

Table II —'Properties of Electron Motion in an
R.F. Electric and D.C. Magnetic Field

; Then at a density of 1.77X1015/cm3 (.05 mm Hg at
) : . . o
room temperature) and assuming a cross-section of ~10 A?
we find the mean free path L = 6 mm. Thus at these densities

the foregoing description of the electrons' motion can at

best be expected to be qualitative.

§3.3 -The Optical System
As shown in FIG. 8, a pair of plano-convex lenses
of focal length F = 20 cm each and aperture F/6, are placed,
one at its focal length from the discharge, the other at.
itsvfocal length from the entrance slit of -the monochromator,
so that light originating at the centre of the discharge
travefses the space between the lenses in é parallel beam
and is focussed onto the entrance slit of the'monochromator.
- Between the lenses a rotating polaroid is placed; the

’apéfture of the polaroid is large enough not to constitute
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. “ié “Stép" in the‘optical system. _The%rotating polaroid is
.fshan.in FIG. 16. At the wavelengthé'this experiment was
V'*befformed’(ﬂ930 Z) the monochromator, an F/8 Spex 1 m
f;instrumeﬁt, haé, when used in second order, a dispersion
'“of‘~6z/mm, and a resolution of better than O.lZ. S1lit-
- widths 6f 0.3 mm for both entrance and exit slits were used
thréughout, yieldingva resolution of NEZ. The mohochromator
'—was fdund‘to polarize incident light in a manner that
ivéfied with>wavelength. At 4930 Z it polarized 1light
‘approximately 80% along the y—éxis (parallel ﬁo the grat-
Ving 1ines), As this leads to modulation of light intensity
~at the exit slit when unpolarized light is incident on the
"rotating polaroid, the monochromator must be made insensitive
to poiarization. This was_accomplished by placing a quarter-
wavé-plate with its faét (or slow) axis at U45° to the x-
and y-axis. A variable wavelength quarter-wave plate
described in §3.10 was produced for this purpose. Because
it is not immediately obvious how the quarter-wave plate
corrects for the monochromator polarization a brief theor-

etical treatment follows.

We consider an electromagnetic wave whose electric
vector makes an angle G'With the_x—axis, travelling along
the’zFaxis.. It falls on a polarizer rotating at angular
frequenéy w. -The incident light has then an electric vector

- E with cdmponents‘EX and Ey feferred to the usual x, y, 2z

reference system.
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i(kz—vﬁ)

x5
Il

A,cosfe

E
y

A sineei(kz—vt)'
(o]

and its polarization referred to these axes is
P = cos?6 - sin?®®6

The electric field Ep along the polaroid axis (at an angle
wt to the x-axis) is

Ep = Aocos(wt—e)el(kz_vt)

The light then falls on a A/4 plate with its fast axis at
/4 to the x-axis and its plané perpendicular to the
z-axis calling E, the electric field along its fast axis

- and E, the electric field aiong its retarding axis:

i(kz~vt)

E, Epcos(ﬂ/u—wt)e

i(kz-vt)

1l

E, Epcos(3ﬂ/u—wt)e

passing through the A/U plate E,; suffers a phase shift

§ and E, suffers a phase shift S+n /4.

The components of the field after passing through
the A/l plate are then:
ié

Eh = E,e

El = By

.

ei(6+ﬂ/U)

or in terms of the x and y components:

1 1 L
E)'( ”f—gz(Eu‘\'El) —/‘—2=(E"-1EL)
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B} =/B(BI4EL) = /A(E,+iE,)

The monochromator passes aE§ + BE% where its polarization =

2 2
%T%%y along the y-axis. The intensity of light appearing

‘at the exit slit is then:

T « (aE§)2+(BE%)2

2 2
= OL—;B—(EZHEZ)

- 062+82E2
2 p

2 2 .
=2 ZB cos?(wt-6) ' (11)

Thus we obtain a signal of exactly the same form we would

have obtained if the monochromator were not there, reduced

2 2 .
only by the factor & ;B . The photomultiplier then
produces a signal V{(t) = C+:cos?(wt-6) where C is a constant

depending on the photomultiplier efficiency and gain, the
efficiency of the optics, and the intensity of radiation

emitted from the discharge.

§3.4 The Vacuum System A . ‘ .
The vacuum system is shown in FIG. 10. It is a |

conventional glass system pumped by a "Cenco-Hyvac" |

mechanical pump which is capable of reducing the pressure

in the systeh to less thanﬂ5><10—‘+ mm Hg when the liquid

nitrogen cold trab to prevent backstreaming of pump o0il is

in place. Hydrogen gas 1is leéked into the system by a

needle valve; the leakage rate eétablishing the equilibrium

pressure of the system. When the discharge was.submersed
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in liquid nitrogen any impurities in the hydrogen tend to
freeze on the walls of the discharge.cell. The hydrogen

obtained from a high pressure bottle 1s sufficiently impure

1thhat within a few hours the discharge cell walls become

~quite opaque, therefore two cold traps were installed

'further'upstream.

Starting from tbe reduction valve on the pressure
bottle, hydrogen at ~2 poundéyinz above atmospheric pressure
passes through a flexible rubber hose to a cold trap filled
halfway with activated charcoal. From the charcoal trap

it préceeds through ~20 cm of hose to thg needle Valvevand
ffom there at low pressure to a second cold trap. Proceeding
downstream from the second cold trap ﬁovthe discharge cell,
about halfway along,a Pirani and a McLeod gauge are attached
to the system and cénnected via glass stopcocks. Proceeding
downstream from'the discharge cell another cold trap is
encountefed before the gas is pumped out by-the mechanical
pump. All the connecting élass tubing has an inside
diameter of -7 mm. Some flexibility in the position of

- the discharge cell was pro#ided by the ground glass swivel

- Joints by which it was attached to the vacuum system.

When data was being taken the pressure in the
system was measured at about 2 hour intervals with the
McLeod gauge and continuously monitored with the roughly

:calibrated Pirani gauge.
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§3.5 R.F. Supplies and Coupling

The 180 MHz source was a simple oscillator using
a 928 B tﬁbe. Its schematic is shown in FIG. 11. The
plétes take onvan R.F. voltage about ground potential while
the cathode is fed from the negative terminal of é power
supply at a potential of -80V to -600V. The "tank" circuit
lfor the plates consists of a strip of thin copper sheet
approximately 1l cm wide and 30 cm long, grouﬁded at the
centre and attached to one énode at either end. Feedback to
the grids is provided by'a 30 cm length of 16 guage in-
sulated cobper wire whose loop is laid between the plate
strip loop. At the plates the impedance ahd R.Fﬂbvoltage
is sufficiently high to obviate tranéformers or special
coupling circuits. The discharge capécitor plates were
coupled to the plate "tank" circuit by a length of 3008
(characteristic impedance) twin lead wire. The wire was
attached to the copper strip at points, equidistantbfrom
the groundéd point, where méximum power transfer was és—
timated to occur. In practice, the maximumvpower transfer

occurred at contact points about 8 cm from the centre.

The power output was estimated to‘be abbut
5-— 10W at a cathode botential of 300V. This oscillator
had several drawbacks. iThe power output was quite un-
stable over periods exceeding 10 minutes, rather large
fractions of R.F. power were radiated into thé surrouhding
room, and the oscillator had a tendency fo pulse its output_

in bursts repeatéd at intervals of order of 107% seconds.
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Later, the source was fepldced by a ﬂSO MHz
- transmitter consisting of an»R.C.A. MI—17M36—1 trénsmitter
used as ﬁdriver” and a Canadian Marconi Model 163-107
'{high frequency power amplifier with an output impedance of
500 and output power of aﬁproximately 50W. If we have a
"1:1 standing wave ratio (S.W.R.) on a 500 line and 50W
is tfansmitted, the R.F. voltage available is bnly 50V.
'Since-we need a field of order L400V/cm between the discharge
1cépécitor plates and the plates are spaced at 3 cm,
léOOV is required. Voltages of this order were obtaiﬁed
by the "I matched" resonant circuit shown in FIG.12. A
length of RG 8-U cable carried the power to this circuit.
By adjustment of the contact point A (see FIG.12) an
approximate impedance match between the resonant circuit

and transmission line may be obtained. The circuit is

.. tuned to resonance by moving the crossbars closer together

or further apart, while keeping them equidistant from the

capacitor plates.

§3.6 Helmholtz Coils

The earth's magnetic field cancelling coils have
a 19.5 cm mean dilameter, and are spaced 9.7 cm apart; each
has 50 turns of #24 copper wire.. When the 2 coils are
placéd in series the field produced at the centre is
approximately 5 gauss/A. These coils are expebted to reduce
1the earth's field to less than .01 gauss; i.e. by at least

a factor of 50. The inhogeneities near the centre are of
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order (%} where r is the displacement from the centre and

R is the coil radius. For our 5 cm discharge cell,‘(ﬁ) ?(%

‘or about 1 part per 250.

The coils which'provide the applied maghetic field

‘must have the same absolute homogeneity but this time in a
“total field of 10 gauss; 1.e. they muét provide for ing
homogeneities <10~ 3.
of 37 cm and spacing of 18.5 cm were used. The inhomogene-
ities incurred with these coils should be roughly one part
in 4x10%® over the discharge region. These colls each had
100 turns of #18 copper wire. The coils were used in

parallel and in this configuration the field produced at

the centre is approximately 2.4 gauss/ampére.

There was no need to calibrate the smaller coils
as it is only necessary to adjust the current until a zero
field was reached. The vertical component of the earth's
field within the Helmholtz coils was zeroed usiné a rbtat—
ing coill with its axis of rotation along thé horizontalv
component of the earth's magnetic field. Fields down to
apprdximately .01 gauss could be detected this way . It
~was later found thét a dip needle can be used to this

effect with about the same accuracy.

The larger Helmholtz coils were calibrated in
terms of voltage across the coils as a function of field

within. The field measurements were made first with a

Therefore larger coils with a diameter

4

il
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‘"Bell 240" Hall probe gaussmeter.- Bebause of the somewhat

erratic behavior of this gaussmeter the measurements were

‘checked with a "Magnion FFC-U4" rotating coil magnetometer.
. ;in'ofder to save calibfating the x-channel of the x-y

.recorder, the position of the pen was measured as a function
ofvfield. " With the recorder on the 2V/in scale (which was
"alwa§s used in its calibrated mode) the field in the dis-
. éharge region was found to be 3.60%.08 gauss per inch of
,pén movement from the centre. The coils were usually run
with a 19 resistor in series. The field produced was then
2.00%.04 gauss/in.

§3.7 Current Supplies for Helmholtz Coils

The current for the earth's field cancelling
coils is prdvided by a small power supply delivering up to
1v and.ISOmA into the coils. Its schematic is shown in
FIG.13. At 0.65V (~110mA) the ripple is approximately

1mV and the D.C. drift is less than 10mV.

The currenﬁ delivered to the larger Hglmholtz
coils is supplied by a pair of "EICO 1064" power supplies
and regulated by a D.C. power amplifier?®® whose schematic
is showh in FIG.14. The amplifier delivers up to 7A of
either polarity into a 10 load With reasonable linearity;
has a véltage gain of approximately uniﬁy and an input
impedance of approximately 10KQ. The amplifier is controlled

by the voltage supplied by a mechanically swept -10V to
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410V source shown in FIG.15. ‘The sweep time is about

7 minutes.

 5Q:§3,8 Lock-in Amplifier

| o The lock-in amplifier consists of a tuned pre-
amplifier with a Q of aboutilO and a phase sensitive detector.
The lock-1in amplifier used in this experiment, Princeton
;Appliéd Research Model 120, has é 1in¢arity of 1% and a gain
‘of 10". The output is D.C. #10V at full scale. In the
mode,it was used, it suppliés ifts own sinusoidal reference
signai triggered by an externally supplied reference signal.
In éhis experimént a 3 second time constant was used through-—

out.

The funotion of fhe phase seénsative detector is
easily understood. Essentially, if given an input signal
V(t) it produces a signal

oy TL2TV 2(n+l)mw :
s = 5= ] [ V(t)cos(vt-¢)d(vt)
n=0 2nm .
where ¢ is a selected phaée angle, v is the tuned frequen-
cy, and t is the time constant. So long as T is sufficient-

[§

-ly large, incoherent signals will average to zero.

We can now see what the lock-in amplifier does

to our signal derived in eq.(11) § 3.3.
2T : ‘
S « fo cos? (wt-0)cos(vt-9)d(vt)

“Chbosing v=2w and ¢=0,


http://mode.it
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2m :
S « fo cos2(wt-6)cos2wt d(2wt)
[ ] .. . L

« cos26 = cos?6 - sin?6 = P
In other words, the lock-in amplifier output signél is
just proportional to the polarization of the emitted light

referred to the x-axis.

§3.9 The Rotating Polaroid

The polaroid rotator is shown in FIG.16. The-
polarcid is glued to a 2" T.D. brass pipe which is fitted
tightly inside a large ball-bearing. A sewing maching belt
laid over the pipe and the motor pulley rotates the polaroid.
Tﬁe-motor, model CA3GRH, Universal Electric Co., runs at-
1050 r.p.m. and delivers %6 H.P. The motor pulley has a
2" diameter and a belt groove of 1%% inch diameter. With

this arrangement the polaroid is rotated at approximately

14 cycles/second.

The 1ight.to be. "chopped" passes through the-
‘centre of the pipe. Two quarter segments of the rim of
the polaroid are painted bléck to intefrupt light from a
smali lamp behind the polarcid periodically as the polaroid
turns. Light from the lamp falls on a photodiode, placed

in front of the polaroid disk.

§3.10 The Variable Quarter-Wave Plate

e

The quarter-wave plate used is based on one

described by Happer and Saloman?®.
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When fused quartz 1is stressed it becomes bire-
fringent with 1ts optical axis alongﬁthe direction of

strain. The relative retardation between a wave with electric

.3-;Vecﬁoffparalle1 ~ and one with its electric vector perpen-

o dicular to the direction of strain increases with the stress

,applied. This effect is made use of to construct the

variable Wavelength quarter-wave plate shown in FIG.17.

The major compbnents are a piece of fused quartz
" X‘l" X %6” ground flat and parallel on two opposing
edges,la brass case, and a steel pressure plate to dis-
tribute.the force from a %" N.F. thread screw over the
ground face of the quartz plate. 1In an effort to reduce
the pressure inhombgeneitiés due to irregularities Qf the
contact surfaces; fhe surfaces of the steel plate, the
quartz plate, and the inside bottom surface of the case
are spaced by 2 pleces of %6” X % " x 1" teflon Eye
inspection with crossed polaroids while the screw 1s
tightened to strain the quartz shows that except at the

corners a fairly homogeneous quarter-wave plate is pro-

duced.

The Quarter¥wave plate is adjustéd by tightening
- the screw until unpolarized light from the dlscharge

produces a gzeroc output signal from the lock-in ampllfler

7/
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§3.11 Photomultiplier

The photomultiplier used for thie experiment
is an E.M.I. 9558QB. It has an $-20 (NaKSbCs) surface.
The gquantum efficiency at 4900 X is said by the menufac—
turer to be ~23%. It was operated with a cathode to anode
potential of -1280V. The dynode chain resistors were all
.33KQ while the cathode to first dynode potential is maln-
tained at -150V by a zener diode. The anode is connected
to ground by a 100KQ resietor. The abbreviated circuit

is shown below in FIG.18.

CATHODE D, D

100K
150V

33K 33K

AAANA-

100K

CB e Dj is the j'th dynode

A1l resistors 1 Watt
V=-1280V .

Figure 18 - Photomultiplier Wiring Schematic

§3.,12 X-Y Recofder.

The Xx-y recorder used was a Varian model F100
‘having a linearity of 1% -and input impedance ef 100KQ

into each channel.
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§3.13 TLiguid Nitrogen Bath

The R(0), R(1), and R(2) lines of the (0,0)
band of the 3d'T -+ 2p'll transition are separatedvby about
3Z.which is eaéily resolved by the monochromator with
fairly wide slits. The R(4) line of the same eleétronic,
vibrational transition however falls almost on the R(l)
bline and has about the same intensity. It was found that
cooling the discharge eliminated the line almost completely.
This ié not surprising since the R(4) transition arises
ffom the J' = 5 level of the upper state. Under the
selection rule derived in the theory section this level
is populated from the J = 3 level of the ground state.
Thus the line strength of R(M).would.bewexpected to be
proportional to the population of thekgfound state J = 3
level. Referring to Table I, §2.M, we see that wheréas
J = 3 has an appreciable population at room temperature
(compared with the J = 0 and J = 2 from which R(1) afises),
~at liquid nitrogen temperatures its population is negligible.
To lower the temperature of the discharge, the discharge
cell is placed inside a large vacuum Dewar fitted with a
2 inch diameter flat window oh the front outside side,
and the Dewar is filled with liquid nitrogent‘ The liquid
nitrogen level decreaséd at a rate of roughly % inch per'
hour and was observed to boil at the surface of the discharge

cell only when the H, pressure inside exceeded EOOﬁ.
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§3.14 Data Processing

The graphs plotted by the x-y recorder (sece
FIGs.1l9 and 21) were subjected to numerical processing to
extract the halfwidth, Hi,s. Relative values of the
polarization were read from the graphs at 0.2 inch inter-
vals to provide 39 data points. The points were then
used to fit a function of the form:

Co
T+ (H-Hy)?2
Hz, ~°

172 .

1
H

P =0y + [cos26 - =—(H-H,)sin26] (12)

12

where Ci1, Ca, Huz,.Ho and 6 are parameters fitted by a
computer "least squares" fitting routine (U.B.C. L.Q.F.).
The fitted curves are shown in FIGs.20 and 22. At each of
the hydrogen pressures used, 6 to 8 (depending on signal
to noise) graphs were prodﬁced and independently fitted

by (12). The average Hy. was then computed for that
pressure, plotted as a function of pressure and extrapol-
ated to zero pressure (sée FIGs .23 and 245. From these

Hi)2 v.s. pressure graphs the radiative lifetime and cross-

sections are computed as will be seen in the next chapter.
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CHAPTER IV

EXPERIMENTAL RESULTS

§4,1 Lifetimes

A typical experimental plot of the polarization
curve obtained, using the 450 MHz discharge, is shown in

FIG.19. A similar graph is shown in FIG.21 for the discharge

excited by the 180 MHz R.F. field. Their respective "least

squares" fitted curves are shown in FIG.20 and 22. The
polarization scale is arbitrary and normalized to 0.9 on
the computer generated'plots. The halfwidths of the curves

obtained at the various pressures are tabulated in Table IT1I.

In figures 23 and 24 the averége halfwidths, ﬁug,
of the curves are shown as a function of pressure in the
vacuum system. The error bars in ng represent statistical
errors only, while the error bars in pressure represent

the maximun error in reading the McLeod guage.

The halfwidth of a line at zero pressure may
be converted to the upper-state's lifetime, using:

T, = —_ Ho 1s the Bohr magneton.

J 2gJu0HV2 ?

The extrapolated halfwidths and lifetimes levels

of the J=1, 2, and 3 of the 3d'%f, v=0 state are tabulated

in table IV. The g factors used are those given by Dieke®’.



R(0)

POLARIZATION

SWEEP DURATION 420 SEC.
TIME CONSTANT 3 SEC.
PRESSURE 0.05 mm Hg

1628 A

MAGNETIC FIELD
i

.0

I
~-6.0

T X { - 1 i 1

-4.0 -2.0 2.0 b oo" 6.0 8.0 GAUSS

Figure 19 - Experimental Level-Crossing Curve for the R(0) Line
Using U450 MHz Excitation

—89_



_59._

MAGNETIC FIELD

X - Experimental Point

) L] ) [] ] 1 T 1 [}

8.0 -6.0 -h.0 =-2.0 2.0 4.0 6.0 8.0
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"Figure 22 - Least Squares Fitted Curve for the
R(0) Line Using 180 MHz Excitation
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- % , e
J g5 Hy, (gauss) Hy, (gauss) T( 10 sec) t( 10 sec)
300°K 180MHz 80°K 450 MHz 300°K 180MHz 80°K 450MHz

1 .901 2. u7+.1 2.27+.1 2.55 2.78
2 .571 2.60+.08 | 3.83
-3 . h4Ls 3.41+.1 3.10+.2 3.74 4y 12

Table IV - Extrapolated Halfwidths and Lifetimes

The halfwidths obtained fof each of the individual

runs 1s contained in Table V.

§4.2 Collision Cross-sections

From the slope of the Hy, v.s. pressure graphs, a
reasonable estimate of the collision cross-sections may be
obtained if one makes some plausible assumptions about conditions

in the discharge.

We assume that the nuﬁber of free electrons in the
discharge is small compared to the number of neutral molecules,
and we assume that the number of eﬁcited molecules is small
cémpared to the number of ground state molecules; then any
collision an excited molecule suffers will be with one in
the ground state. The equation for the upper state population,
N¥, for molecules excited at time t=0, méy thén be written in

terms of the two competing decay processes,

gﬁ*

b~ N ¥ _ *
@ T N¥-gVN¥*N | (13)
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R(0) 450 MHz

90u 700 500 35y
3.43194 3.14845 $2.71100 2.75137
3.40270 3.25614" 3.17868 2.69689
- 3.43443 3.15160 2.92867 2.74707
3.48059 3.20694 2.98884 2.68692
3.33747 3.02103 2.7U4L68
3.23944 2.82810 2.75787
average 3.437+£,18  3.223+.031 2.943+.07 2.731%.014
R(1) 450 MHz
h.61027 4.41363 3.93656 3.44569
I.91537 4,26093 3,76604 3.41708
4.62872 4.38411 3.74870 3.32601
4.52513 4,39620 3.45032 3.38945 -
. 8L251 4.12871 4.00709 3.53151
4 .81395 3.96007 3.39896
average 4.723+.07  4.317+.06  3.811*.09  3.418+.03
R(2) 450 MHz
: 6.10883 5.41178 5.18763 I, 143328
5.54281 5.91381 L., 72888 L .54597.
6.97308 5.31858 4.94178 4.12689
5.98210 5.85825 4 ,80084 h 17776
6.74916 5.61430 4.26244
5.86058 5.91132 4., 34724
average  6.203+.25  5.676¢.13  4.915+.11  4.316%.07

Table V - Polarization Curves' Halfwidths



- 66 -

~ 'R(0) 180 MHz

- 15u 33u 50u

2.60260 2.85038 2.96818
2.87502 2.88300 3.03098
2.51146 2.70572 2.90821
2. 64745 2.79014 2.95136
2.57688 2.83666 - 2.98517
2.67594 ' '
" average  2.648%.056 2.813+.035 2.969%.022

R(2) 180 MHz
3.74852 4.33185 4.33183
3.87775 4,08811. L. 35565

) 3.64140 4.12431 4.43897
3.57200 4. 22226 4.31595
3.96459 465773

average 3.761%.1 4.192%.065 4,420+ .07

Table V(continued) — Polarization Curves' Halfwidths
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‘where T, is the radiative transition probability, o is the
colliéion cross-section, v is the relafive velocity of colliding

’molecules, and N is the density of neutral molecules.

Solving eq.(13) we obtain

o~Tot-ovNt e—F(N)t

N¥(t) = N, = No

thus the inverse lifetime
1 _ _
T = I'(N) = TotovN
then

dl ~ ov or, o = QE%QH (1)

o]

from our graphs we have 9%%& , which may be related to
ar by the following substitutions

an
I'= 2g;5u0H
where N, 1is Avogadro's number/Molar volume
| P is the pressure in standard atmospheres
To = 29?°K
T is the\absolute temperature of the gas in °K
fhen

ar 28JUOT dH i

dN = N,T, dp

or more conveniently

dar _ =7 em®y T "dHMg g
aN 5‘98X10 Zauss sec To2J dp
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finally, substituting this into eq.(iU)

"T85 amy,  emdy
Tov dp gauss sec

o} = 4. 98x10"

where Hy, is measured in gauss and P is measured in microns

(= 107 °mm Hg).

The values obtained for the collision cross-section,
agsuming T = 300°K-in the room temperature discharge and
86°K in the liquild nitrogen cooled discharge, and assuming
Boltzmann velocities, are listed in Table VI. It is also
assumed in calculating these cross-sections that the pressure

in the discharge cell is that measured by the McLeod gauge.

,-

J ' o o
T=300°K T=80°K
(o]
1 157 A2 102 A?
2 116 A?
’ [o] o]
3 167 A2 131 A?

Table VI - Collision Cross-sections

§4.3 Polarization

The absolute polarization of the light observed at
zero maghetic field was measured by placing a stationary
polarold in the light beam and_comparing the lock-in amplifier ,
output, S,, with that obtained without the second polaroid,

S1. The polarization P of the.light is then obtained from:
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SL_ | where T is the polaroid transmittance.

2TS,

_ ,Undef the best conditions, the polarizations thus found were

P =

,at.EOu pressure of order 10%, 10%, and 5% for the R(0),

'Q_IR(l), and R(2) lines respectively. P varies widely with

‘_the conditions of the discharge. Qualitalively, the polariz-
- ation decreases with increasing pressure, at 100y it is
foughly half of that observed at 50u. Impurities in the

discharge also decrease the polarization considerably.

§4. 4 ‘Uppér State Populations

| " If the electronic-vibrational wave function of a
molecule does not vary too drasticaily with increasing rotation,
the relative populations of the rotational levels of the
excited state may be computed from the relative intensity of
transitions to the lower state. The'relative populatioﬂ
NJ; of the state J! is then proportional to the sum of the
intensities of the R,.P, and Q transitions arising from the
same upper state. Denoting the intensity of the transition

A(J) (A represents R, P, or Q) by IA(J)’

Ngv = Irea-n) ¥ Iqany * Iren)

Assuming a constant spectral response of the photomultiplier
' o

and constant monochromator efficiency over the .100A scanned,

the relative intensities of the relevant transitions were

measured to ~10% accuracy and the populations N

It computed.

~ Q(J) is completely absent from the I-»I bands hence the sum

"reduces to:
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Nyv = Igegio1y ¥ Ipoeny

The numbers N experimentally obtained normalized so that

J!
their sum equals unity are listed in Table VII. The numbers
-in the column headed by 300°K pertain to the discharge at room
temperature while those headed by 80°K pertain to the dis-
charge immersed in liquid nitrogen. Comparing these pop-
ulations to those of the ground state given in Table I (8§82.4)

suggests that the selection rule AJ=0,#*2 derived in chapter Il

is fairly well obeyed.

J Nyv ' Ny,
325°K . . . B0°K
0 o oarH - -007%
2 el
3 - .358 - .hoe6
: 4' SN ) -1 .031%
. 5 : . | .'1,27. o '. . _\. _'_0,52,

Table VIT —bExperimental Upper State Populations

¥ P(1) and R(3) can not be resolved by our apparatus.
The values given assume that J'=4 has at least
half the population of J'=5. Probsoly the
population of J'=0 is less than that stateg,
while the population of J'=4 is greater. '



§4.5 Experimental Errors

a) Discharge Stability

The szt serious experimental shortcoming is the
sensitivity of the discharge to the magnetic»field
applied. An up to 10% decrease in intensity éould be
observed at fields of about *15 gauss. The effect was
not reporducible enough to permit'any_gain in taking
account of it in the curve fittiggs. As might be expect-
ed‘the effect was worst at the lowest preasures, where
the discharge was somewhat unstable even without any

magnetic field.

Aséuming that the intensity of light emitted varies
as Io(1-C2H?) with ¢~ O(10 %2gauss” ! ), the appafent
polarizatién curve then produced is of the form

(1-02H2)11T%E§?77
and for -10 gauss <H< +10 gauss the Lorentzian fitted
has a halfwidth only a fraction of a percent smailer than
that without the factor. The optical surfaces, however,
introduced a polarization of ~3% into the unpolarized
component of the light. Then, assuming the same field
dependencé of the intensity, the signal produced by the
lock-in amplifier'has the form

2,2 : Ps
(1"‘C H ) —dIO+W

so that the resultant signal has a fitted curve somewhat

broader than the true Lorentzian. The effect is estimated
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to produce changes in the apparént halfwidth not exceed-

ing 1% for our curves.

b) Magnetic Field
The magnetic field calibration errors may be devid-

ed into non-linearities and miscalibration.

The magnetic field in the discharge region will in
general not be quite proportional to the voltage across
" the coils. This is due partly to ohmic heating of the
~coils, and partly to hysteresis effects in nearhby
ferro-magnetic materials. Both of these effects should
however be quité small in this experiment. In addition,
the residual earth's field perpendicular to the applied
field, causes a slight non-linearity. More serious are
non-linearities in the x channel of the Xx-y recorder,
i.e. pen displacements are not quite proportional to
the field. The non-linearities introduce a ﬁaximum error

of about 1% in Hyp.

In addition to non-linearities the linear errors such
as made in the reading of data from graphs represent
another 1% random error. The gaussmeters avallable were
oniy capable of measuring the magnetic field to an
accuracy of .1 to .EVgauss.. Thus a 2% systematic error -
which does not effect the relative lifetimes of the states,

but does affect the absolufte 1ifetimes,—/arises.w

Inhomogeneities of the magnetic field in the
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discharge region were notvmeasufable with our gausmeter
and probably do not exceed .1'géuss leading to negligible

broadening of the lineshapes.

The errors in the magnetic field will thus contribute
about 3.5% error in the absolute lifetimes or 1.5% error

in the relative lifetimes.

¢c) Pressure in the Discharge

It should be clear from FIG.10 that the pressure measured
.by the McLeod gauge will differ from the pressure in the

discharge cell. We still expéct the pressures to be

-7 proportional to.those meaéured, so that we introduce no
errors in the extrapolated lifetimes.. For the cross-
sections, hbwever, the particle densities are needed.
Pressure measurements inside the discharge céll would be
difficult and.éccurate calculations equally difficult.
Pressures in the diécharge cell, shduld, judging from the
proximity of the McLeod gauge, be no more than 20 or 30%
less than those measured; The pressure difference is
probably greatest for the liquid nitrégen cooled dis-

charge.

d) Temperature in the Discharge

The temperature of the gas in the discharge again
affects only the calculated cross-section. The mean
free path of ground state H, at 50p pressure and 100°K

temperature is of the order of the size of the discharge
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cell, and the time between collisions is of order 10 %
seconds. hence we expect translational equilibrium to be
rapidly established with the walls of the discharge cell.
Assuming é power input to the cell of 10W, énd a thermal
conductivity of pyrex of .01 Watts cm—zcm_1/°K, the
inside walls will be at a témperature about 2°K higher
than the outside wall. Since the outside walls exhibit
no great temperature rise when the preSsure inside is
léss than 200 - 300 microns, it is inferred that the

gas in the discharge will have a temperature not ex-
ceeding the ambient témperature by more than 10°K. As
the computed cross-section varies as VT, a 10°K error

in the assumed température will.affect the fesults‘only

slightly.

e) Cascading
Although there is no direct evideﬁce that the 34!:
levels are not pbpulated by radiative transitions from
higher energy states, no such transitions have evér been
obsgrved. It seems likely therefore that these transitions
occur with very much lower probabllity than excitation

from the ground state.

f) Coherence Narrowing

When light emitfed by one molecule is absorbed by another
before leaving the discharge; the Hanle effect signal
will be "narrower" than the lifetime would indicate

because the composit system has a longer lifetime than
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the individual molecules. .This phenomenon does not occur
in these. levels because there are no electric dipole
transitions to the ground state, nor is there a meta-

stable state to which it can decay.

g) R.F. Broadening

The presence Qf R.F, fields will in general broaden
the polafization curves. In the presence of a weak mag-
netic field, it is possible to'take account of the Stark
term, providing.the R.F. freqﬁency v>>wu—wu,,'the Larmor
frequericy. The polarization curve then obtained is of
the form’: ’

P

. . i |
I2+C2E*+(w_~-w_,)?
Hou

(compare with eq.(9)) where C is a constant depending
on the polarizability'of the state, but independent of

v, and P=% . The apparent lifetime yielded from these

. I S
curves 1S5 Tapp = }/T'_ETCTE—‘*

In this experiment an E of approximately IOO—iSOV/ém
and’ 300-400V/cm were used. Thus the factor C2E" is
changed by a factor of at least 80, i.e. the correction
that should be applied to Tapp is changed by a factor of
g. SinceATapp does not appear to . decrease at the }arger
field, we conclude that C2E"<<T and T=1 within the

app
experimental accuracy. '
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§4.6 Helium U4'D Lifetime Compared With That Obtained From

Other Experiments

Perhaps the most convincing proof that the lifetimes
measured are not seriously affected by magnetic field in-
homogeneitles, R.F. fields and other broadening mechanisms
would be to reméasure the lifetime of a state whose lifetime
- has already been deterﬁined by other workers using various
methods. 1In particular a state with a narrower Hanle effect

curve than those measured in tﬁis thesis should be chosen.

A convenient example of such a state is offerd
by the atomic Helium L'D statevwﬁose transitions 4!D - 2'Pp
décurs at U922Z. This transition 1s very bright‘compared
to those observed in molecular hydrogen and has a relatively
"high polarization. The He 41D state has a lifetime of
approximateiy 4x107® sec. and a ILandé g factor of 1 so that

its Hanle effect curve should be some 30% narrower than the

narrowést of these observed for H; in this thesis.

A typical zero field level crossing_effect curve for
this state is shown in FIG.25. The curve extrapolating the
halfwidth to zero pressure is shown in FIG.26. The lifetime
thus obtained is (3.971.&)210—8 sec. in Table VIII, lifetimes

obtained by various other workers are listed for comparison.

The experimental work on this line was performed

by R.E. Bardsley of this laboratory..



S T(x10" %sec) Author : - Technique - = - Date

3.8 £.3 I. Martison et al.?" ‘Beam foil . . - - 1969
3.91%.2 Descomps et al.?’ Magnetic Resonance 1960
4.1 +.5 J.P. Descoubes?® | , ~ Level Crdssing | 1967
4.7 £.5 Pendleton and Hughes?®7 Direct observation of decay 1965
3.0 +.5 Kindleman and Bennett®®  Delayed coincidence 1963

 .3.5 .4 Fowler et al.?® Direct observation of decay - 1964
3.9 .5 Bridgett and King“° Directnobservation of decay 1967
3.8 .5 Allen et al.“! ' Direct observation of decay 1969
3.66 Wieée et al.*? . Theoretical : 1965
3.97+.4 ours - ! : - Level Crossing

_LL_

Table VIII - Lifetime of the 4!'D State of Helium



SWEEP DURATION 420 SEC.
TIME CONSTANT 3 SEC.
PRESSURE .075 mm Hg

)
4922 A

Flgure 25 - Experimental Level Crossing Curve for the
Helium 4!'D + 2!P Transition



HALFWIDTH -
(GAUSS)

L ! 1 T T

1
50 100 150 200 250 300 PRESSURE

(x10~3mm Hg)

Figure 26 - 4!D Curve Halfwidth as a Function of Pressure

_6L_
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CHAPTER V

DISCUSSION OF RESULTS AND CONCLUSION

§5.1 Introduction

Under the Born-Oppenheimer approximation we eXxpect

 -the lifetimé of a state to depend primarily on the elect-
'Ironic and vibrational parts of the wave function and only
-Qery weakly on the rotational part of the wave function.

" For the states measured,vhowever, there appears to be a large
.discrepancy between the lifetimes of the J=1 state

t(2.66i.1 )x10" ®sec] and the lifetimes of the J=2, and 3

states [(3.85#.15)XIO—Bsec]. The question naturally arises,

whether this discrepancy is real, and, if it is, how might

we account for it.

§5.2 'Hyperfine Effects

We will first consider whether this lifetimé dis-
crepancy could be real. 1t seems very unlikeiy that there aré
experimental errors large enough to account for the 50% dis-
crepancy 1in lifetimes, we will therefore re-examine the
theory. Primary requirements for the application of.the theory
to thié experiment are that the Zeeman effect be linear and
that the Landé g factor be known. Throughout this discussion
‘we have ignored the effect of non-zero nuc;ear spin on the
Zeeman effect. As is well known, in the absence of an external
field, the nuclear spith couples to J to form a total
angular momentum F=I+J, I+J—1,....,[I—J[. When a large

magnetic field is applied they become decoupled and precess



- 81'~

seperately about the field. The gAfaétbr, g at very low

I:? 3
fields is related to the high field grfactor 81 by

_ F(P+1) 4+ J(J+1) - I(I+1)
e = SF(F+1) =51

For the J=1 state this yields

21
267

&p
and using gy to compute the lifetime t = (5.32+.2)x10" ®sec.
which is now much too large compared to the J=2 lifetime

(J=2 has I=Q so that gF=gJ).

Besides the two 1limiting cases of the magnetic field
depéndence of the energy levelé we may consider the inter-
mediate case where the Zeeman effect is non-linear. We considsr
the Hamiltonian.&eof a system in a magnetic field H, with

angular momenta I and J coupled with a coupling parameter ao.
ﬂ,t: uoil}i + unI-H + u;EQJ_

where My is the nuclear magneton and as zero order eigen-

functions we take those at high field i.e.

|J,I,m >

J°M1
The non-zero matrix elements of this Hamiltonian are

<J,I,mJ,mIrﬁ|J,I;mJ,mI> = WomyH + u m H + am ms

‘and

<J,I,mJ,mIH»€|J,I,mJi1,m 1> = /I(J+1)-m 1)-

I gimg*

-/I(I+17;m1(m1$17
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The secular equation may be resolved into separate
systems of dimension <2I+1, whose eigenvalues are the energies
and whose eigenvectors are the states of the system.

Neglecting the small term H,m H the secular equations are:

I
for J=1

Exu

gH-a =0 for the states [J,T,+1,+1>

(i.e. these are already eigenstates of the system)

mJ=i1 mJ= 0
mI= 0 mI=t1
my=*1 t) H-E o
mI= 0
= 0
my= 0 o -E
mI=i1 >
and
J
mJ=—1 mJ=O m.= 1
my= 1 mI=0 mI=—l
my=-1 ~1 ;J-0-E o 0
mI= 1
m._= o -E o =O
mI=O |
my= 1 0 o H H-0-E
J .
m.=-1
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The roots of these equatiohs'are shown as a function
of magnetic field in FIG.27. States.that can interfere to
produce level crossing effects are connected by double end-

-ed arrows.

We substitute the field dependent wave functions
and energies into the Breit formula, and use the selection

rule Am. =0 (this merely says that the I+J coupling is so weak

I

that the time involved in changing m.>>t). If for the

I
excitation we again use the electric guadrupole moment

Q(2)

<x we find after some lengthycalculations that the

Lorentzian can indeed by broadened by an o of .5 to 10 MHz
Without seriously distorting the lineshape. The dispersiVe
shape, obtained when the angle ¢ (see (§2.5) is changed to
4so = shows major distortions near H=0 for such an o. No

such distortions have been observed experimentally.

It should be emphasized that the magnitude of the
distortion depends on the excitation matrix elements; since
ours are only qualitative, we can not rule out entirély

hyperfine splittings comparable with the natural linewidth.

For the J=3 state the g factors g, for F=2, 3, and
b are respectively %gJ, %%gJ, and %gJ. If the 3 F states
are well resolved, the average g factor of these states is
.95 B> and assuming that each contributes to the signal
equélly the width observed.would be expected to be much the
same. |

The intermediate coupling case requifes the handling
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Figure 27 - Zeeman Effect in the Presence of Small
Hyperfine Splitting : )
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of 21 states and the labor involved is not warranted by

the present data.

§5.3 Electronic Wave Function Variation with J

If we assume that the lifetime discrepancy 1s real,
we must attribute 1t to the failure of the Born-Oppenheimer
-approximation{ As mentioned in Chapter II, the 3d! states
of H, suffer from L-decoupling. The state vectors of the
3d'Z states are derived as linear combinations of the Hund's

case b coupled Z, I and A states in Appendix II. 1i.e.
[z (J)> = AZ(J)|Z> + BZ(J)[H> + CE(J)|A>

where the AW are the expansion coefficients and |¥> are

the case b coupled states. Now using

1 AZ(J) BZCJ) CZ(J)'
TZ(J) Ty T STy
we attempt to solve for Tz, Ty and TA. Using the t obtained

assuming zero hyperfine splitting, solutions to any pair of
these equations exist only if at least one of the 1's is
negative. Hence it is clear that under the simple coupling

scheme considered we cannot explain the lifetime discrepancy.

If for the lifetimes we use those obtained assuming
avlarge hyperfine splitting compared to the natural width,
the equations are soluble and yiéld TZ~8X1O—asec. and
‘Tﬁ~u.5XlO—BS€C. But now, using gF={450 for the J=1 state, the

collision crossection of the J=1 state becomes only half of

that of the J=2 and J=3 states which seems rather unlikely.
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In addition to the simple céupling scheme considered
in Appendix II, there may be ”mixéd"Ainto the states a very small
fraction of a state with a very short lifetime. The mixing would
have to be greater for J=1 than for J=2 énd J=3 which is rare

but not impossible.

§5.4 Conclusion and Suggestions for Further Work

This thesis has reported the first measurement of the
molecular hydrogen 3d'% state lifetimes and their collision
cross-sections. The lifetimes are similar to that of the 3'D
state of Helium as expected. An apparent discrepancy betweén the
lifetime of the J=1 state and those of the J=2 and J=3 states
méy possibly be accounted for if one assumes a hyperfine splitt-
ing of a few MHz in the excited states J=1 and J=3; no evidence
of this was obtained in this thesis. Because the J=2 state lacks
any hyperfine structure, its-lifetime is the only one that can be
accepted with certainty. It\is sﬁggested that some of the ambig-
uity in the interpretation of the results for the J=l and J=3
states may be removed by searching fof a non-zero field level
crossing, preferably with the hyperfine levels of the J=1 state.
This level crossing would be observable only if.the hyperfine

splitting exceeds 20 MHz or so.

This method of measuring lifetimes should be applic-
able to almost any molecular or atomic lifetime providing the
state involved has a gt product in the range 10 ’sec to 107 %ec.

Refinements to the equipment could probably ektend this range

‘considerably.
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APPENDIX I

THE TRANSITION MATRIX ELEMENTS .

To compute the factors A and R, in the Breit

formula, we shall need for the excitation the matrix elements

of the quadrupole moment, Qﬁi), and for the decay those of

the dipole moment, g-r.

The element Qii) of the guadrupole moment tensor

may be rewritten in terms of spherical harmonics, YQm’

whose matrix elements are well known®'. In particular
(2) « _y /E
x = Yoo Yo o Y/ 300
abbreviating

: : J,m
<J,m|Y, |Jt,m'> = [Yzm]

Jt,m?
( J,m ’ J.:
LYz’O]J,m = 2[3m —J(J+l)][Y2)J
( J,m
Y, O] = [6(J+m+2)(J+m+1)(J—m+2)(J-m+1)]V2[Yg] |
T g, J+2
J,m o
[Yg +2J = [6(Jim—l)(Jim)(J;m+1)(J;m+2)]V2[Y2J
2T J,mE2 _ 3
J,m
[Yg +2] = [(Jim+l)(Jim+2)(Jim+3)(Jim+M)]V2[YZJ
2T J+2,mH2 . T42

J

where the factors [Yg] are reduced matrix elements independ-
. J 1 . .

ent of the magnetic quantum mumbers. - Because they enter into



A and R, only as common factors they'will be ignored hence-

forth and set equal to unity.

The dipole moment operator is similarly expanded
into the familiar raising and lowering operator, Letting ¢

be the angle g makes with the x-axis:

g = giecos¢ + gjesing

then gr = r cos¢ + ry31n¢

and setting Ri = rxiiry

or . R, + R_ and N =,.R_F - R_
' X 2 y 21

The matrix elements of R+ are:

, J,m 3
(r.) = [(Jm) (J#m-1)1W2R)_, =
" J-1,m:l J.m

1

" Again we will neglect the common factor Rg—l

calculations. Referring to eq.(7) (§2.3) we see that in the

in all subseguent

terms A, ﬁ>u'; since both states decay to a state v with'

v = ptl = p'zl we find that v = p'+1 and u = p'+2

so that (r )%’ = [R_)ﬁ:+l (Tyjsl = (iR 114
eIy < MR )y - N
Thus :
gty (a )b e
By = (a) Ve
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Specific Applications

The line R(o) arises from the transition seqguence

‘ ST 1" :
J o9, d i1.e. wv=0, pu=1, u'=-1, and m=+x1

- -(9,,010 /30

1,-1 _ g
2,271,-1 /'3

Um @ 2,010,-1 =

pm Cmy
0210
thus  A(l,p,u',v) = 160210

~ For m=+1

Q- Q

{
o
—~
<
N
“w
O
L —
-
» AV 3
e
—
<
N
»
o
L —
-
. -
[
‘,_l
|
i
(@]

pm “my !
g = 2e2l¢

gM'V Vi

and AG+1,u,u",v) = 16e°+9

‘thus ¥y Y A(m,u,u',v) = 32¢°%¢
mvu>u! »

Ro

2 2 12 » 2 2 2
1Q_q, 117l q ol *ley 1% Mey ol*+lQy 1 1%Me_y ol *+

: 2 2
+|Q1’1| lgl,OI

101.3

Hence P, = .632

The line R(2) arises from the sequence J J!

1

u
u

=
i
N

0 2
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z z' A(m:U;ﬁ'fl)= 96e21¢
mu>p!

similarly

TT A(mu,ut,+1) = 96e2t?

mu>u! ‘
J7 Y A(mu,ut,v) = 192¢°19
mup>u!
“and R, = 640
= 192 _
hence P, = 350 .6
. J J! a"
The transition R(2) arises from the sequence 173 7o

The non-zero combinations of matrix elements here are:

m > E,} > v

R B

-1 -7} S0
1 - %}. .2
1 - —i}' > o
I

B TS S |

and making the usual substitutions,

Y OA(+1l,u,u',+2) = lSMO/TUé2i¢

u>u!
z A(i:L:U:u',O) = 576@21(1)
u>u! '
I ACO,u,ut,21) = 1440e”t?
or I I Alm,u,ut,v) = 15,556921¢ R, = 112,992
muu>p ! ‘ ’

and P, = .275
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APPENDIX IT

________ - : THE 3d' STATES OF H:

T 8A2.1 Energy Levels and Eigenstates

The Hamiltonian for the rotating molecule may be

written in the molecule fixed frame

#_p + B(J -L )2 + B(J -L )2
n,L,|A],v (Tx=Ly) (Jg=Ly)

it

E

2 . 2 2 2
+ B[JX + JX + LX + Ly + 2JXLX + 2JyLy]

n,L,|A|,v

+ B[J? - J2 + L2 - L2 + st o+ 37U

= E
' n,L,IAI,V
h2
‘where .B = 5pr? 0 F is the internuclear distance

U is the reduced mass
L is the electronic angular momentum

J is the total angular momentum in the molecule
fixed frame '

2z is the internuclear axis
Jt = g #17

-+

1%

thiLy
Using Hund's case b basis functions and assuming "pure precession',
the non-zero matrix elements of%m are®?:
<L,A,J 8L, A+1,3> = BIL(L+1)-A(A£1)J¥2.[(JFA) (TtA+1)]Y2
<L,A,J|R|L,A,T> = B[J(J+1)-A2+L(L+1)-A2]'

Hence for the 3d! system the states |J,A> of interest are

|7,%2> = [A,>
3,21 = |1,
|g,0> = |2>

‘For these states the matrix elements are:
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Il

o % <z |
g = <I, [#fm,>

§ = <o, |#H|a,>

.
Bn[J(J+1)—2] + E

'BZ[J(J+1)]-¥ E

L>

I

BA[J(J+1)—6] + EA

BZH[J(J+1)L(L+1)]”Z

Coe = <zifgfm,>
n o= <I [§]b,>

.+ . We then obtain the eigenvalue equation:

n

PR ( \ ’

o £ € 0 0 (4,2 Y "Akz )
€ B 0 N G BT, B, T,
€ 0 B 0 n C,M_| = A-|c,m_
o n 0 _ 8 0 DA, DA,
0o o o 0 s | (7o) (Fy0_)

Transforming to a system of symmetric and anti-symmetric

wave functions:

I+

+ _ 1
o= S, 1)

A_)

+ _ 1
4 */2(A+

The above equation becomes, after some rearrangement of the

terms: N
(o vZe 0 0 0] (A7) (A)5 )
V2% 8 a0 o | [Bin BIT'
o n 8 0o 0l {ciat| = aelciat
0 0 0 B n By BT~
| O 0 0 n s | LC;A'J (C A7 )

whose solutions yield the energies and state vectors of the

-

. system.

The energies of the X and II state in the absence
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of any J°L coupling are unambiguoqsly known since £(J=0)
and I (J=1) are unperturbed.

1
Thus E. = 111,804.63 cm:

x
and E, = 112,064.91 cm™

I

The observed spectrum can then be used to find BZ’ BH’ BA’

BZH’ BHA} and EA'

The best values obtained by trial-and-error were:

E, = 112,488 cm'1
By = 27.2 cm—{
By = 27.76 em™
By = 28.11‘cmf1
BZH\= 26.39 cm“1
By = 27.54 cm_1

The energiles thus found for the states are listed in Table IX.

The energies given by Diekel®

are also listed for comparison.
The fit of these energies can probably.be somewhat improved,
particularly at high J, by inclusion of the centrifugal

distortion term —DVJ?(J+1)2. A value of .02 for D, fits the

% state data well.

Corresponding to the enefgy eigenvalues found above,

the eigenstates of the system may now be found in terms of the

"pure" states Z,Hi, and Ai. Denoting the eigenstates I',
(Hi)', (Ai)' according to which state they.tend as BHA+O
and By ~0: | -
It = Ag]E> + Bo|MT> 4 oo™
(mF)1= Ap|z> + B|m™> + cpla®>
(A+)'= Aylz> + BA|H+> + CA|A+>
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- J Energy from Observed Energy from Observed
..aboy? theory eneg%y aboy? theory eneg%y
(cm *) {em *) (cm *) ~ (em )
. z )
0 111804.63 111804.63
1 1796.64 1797.11
2 1819.54 1819.78
.3 1888.90 1885.07
4 _ 2009.38 1997.49
o gt nt i ' T
1 112127.50 112127.23 112064.91 112064 .91
2 "2279.27 _ 2274 .24 2140.99 2139.61
3 . 2L472.01 2h63.04 2265.06 2264.09
L ©2709.58 2695.70 2Lho .74 2hh1,12
5 2669.87 2671.10
6 2953.38 2953.21
a* At ST \ A”
2 112533 112528.75 112522.96 112517.95
3 2769 2766.60 2734.12 2735.56
by 3075 1 3070.18 3005.42 3010.39
5 3335.Q1 ' 3338.57
6 3721.97 3716.85

Table IX - Energies of the 3d' Complex of H,

The coefficlents AW; BW’ CW’

levels of the symmetrized states‘Z',(H+)',_and (A+)' are listed

for the first six rotational

in Table X.

Using these expansions, another check on these wave

functiohs is provided by the ratios of the intensities of the



J As By Cy Ap B Cp A, B, C,
1 .901  -.h43Y 0 L3y .901 0 0 0 0

2 7830  =.550 .090 537 .TU6 .394 148 375 .915
3 787 -.602 .137 .560 .603 .569 .260 524 .811
it .759 -.629 .169 .557 L4192 .669 .338 .602 L7214
5 .739 -.6U6 .192 .550 LUu13 .726 .389 L6422 .660
6  .725  -.657 .210 543 .357 42l 661 616

.760

Table X - Expansion Coefficients for the 3d1+ States

_‘96 -
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R and P lines arising from the‘same upper state. Because the B
values of the states are almost identical the Franck-Condon
factors will be almost identical and will be set to unity. The

transition matrix elements, A for the 3d'(r)'»2plr will

J'>J"
then be given by

A = Ay (J)<z,J"[P|2,3'> + By(J)<I,J"|P[m,J'>

J1+J"

where P 1s the dipole moment operator summed over all directions.

The individual matrix elements are given by J.K.L.

"MacDonald?®? as:

<Z,J|P|Z,J+1>.= [L(T+1)/2T+1]Y2 P(J+1)
<z,J|Plz,7> =0 ' ' Q(J)

<z,J|Plz,J-1> = [L4J/(2T+1)]¥? R(J-1)
<H,I|P|T,J+1> = [37/(27+1)]¥2 | P(J+1)
<n,J|plz,i> = V3 | Q(J) |
<I,J|P|Z,J-1> =-[3(J+1)/23+1]%2 R(J-1)

The theoretical relative intensities thus found are listed in
Table XI for the first six rotational states' transitions to
the 2p12 states. Those measured experimentally are also

listed in Table XI for comparison. .

The energy levels and relative inftensities of lines
are not stringent tests of the foregoing theory; the former
because of the large number of parameters used to.fit the data;'
the latter because of the experimental inaccuracy. A more

sensitive test is offered by the Zeeman effect of these levels.
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Transitions I(Theor.) I(Exptl.) Theor. Exptl.

80°K 300°K TR(J'-1)  TR(J'-1)
Ip(sr+1) Ip(gre1)
| . B0°K 300°K

R(0) 2.74 i2 U6 2.5 3.2 2.7
P(2) 1.07 13 17
R(1) -3.20 4o 33 6.8 8 6.6
-P(3) 0.h7 5 5
R(2) 3.31 80 93 13 26 18.6
P(4) .26 3 5
R(3) 3.33 ' 20
P(5) .16
R(Y4) 3.32 .26
P(6) L11
R(5) 3.31 39

P(7) .09

Table XI ~ Relative Intensities of P and R Transitions
in the 3d't - 2pl'% (0,0) Band

§A2.2 The Zeeman Effect

The Zeeman effect Hamiltonian,fﬁm, may be written
H = woleH
under Hund's case b coupling, the term L+H may be rewritten as

oo (Led)(J°H) _ 2Lz + L1707 + 1757

L-H . J-H
J? 2J2

e
where L, J L™, and J* are all referred to the molecule fixed

Z,
frame. The non-zero matrix elements of“ﬁm are then (again
assuming pure precession):

T B8, T,ms = BeHAZ oy Hm
s My 1y 15Ty J(T+)g T Bgihst/ Mol
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UoHm :
<hd,my [ [Ae1,3,m> = -——  ETEFD)-A(A=1) /(T A) (T2AF1)
: : , 2J(J+1)

= gJ(A;Ail)UonJ

To solve now for the energies of the states in a
magnetic field, we can follow either of two courses. ﬁen]
may be added to £Q(§A2.1) and the perturbation matrix diagon-
aliéed again. This procedure would be necessary if the energy
 _sp1ittings due to the magnetic field were comparable to the
zero-field splittings. Although this is not the case for our
states, there is an interesting conclusion thaf can be drawn
from this procedufe. Let us in particular look at a complete
.set éf'states with common J and my = 1. The trace (sum of the
diagonal elements) of the non-diagonalized matrix is then just
‘the sum of the zero-field energies and the gJ(A,A)uoH products.
Diagonalization of the matrix leaves the trace invariant, hence
under any coupling scheme, the sum ng = ZgJ(A,A) where the
summation takes place over all coupled states. This conclusion
is independent of any coupling parameters and serves as a

test to determine whether the set of states considered is a

‘complete set.

The argument above does not yield information on the
individual g—féctors unleés the complete diagonalization is
éarried out. A simpler broceduﬁe'for finding gJ under the coupling -
scheme considered in §A2.1 is to use non?degenerate first order

‘perturbation theory with the perturbation Hamiltonian ﬁ%.
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Thus; for the I' state

1
gJ - Hmeo Z':J>mJ|ﬁ%|Z‘,J,mJ§'-

p2(T)es(2,8) + B2(De, (1T,1%) + c2()gy(at,a")

+ AZ(J)BZ(J)[gJ(Z,H+) + gJ(n+,2)]

g, (a%,1")]

_ + 4
+ By (3)Cy (I [ (7 ,87) +

The g factors thus found for the first six rotational levels
of the ' state using the coefficients from Table X are listed

in Table XII.

J g-theory g-experimental
1 771 _ .901
2 .541 W57
3 . log , 455
4 .320 | .387
5 .245 .331
6 .233 - .287

Table XII - g-values of the 3d!':r State

The g factors derived above, although showing a
qualitative agreement with those experimentally obtained??,
do not fit the data nearly as well as might be expected. It
" is worthwhile to examine whether the ¥ ,lI, and A states considered
do form a complete basis. The pure case b coupled states have
2

A | -
g-factors T Hence for the J=1 states, the sum of the

g-factors is 0.5. Looking at Dieke's experimental data,
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' gi(Z) = £.901 and gl(n+) = +£.,500. There appears to be no way
that these g-factors can be added to give a 0.5 sum; we can
therefore conclude that our set of basis functions is not
'cémplete. Thevaddition of other vibrational levéls to the set
will not help as the overlap integral_of the vibrational

wavefunctions B for v=v'+l should be quite small.

AyviAt,v!
Other candidates for inclusion in the perturbation treatment
include the 3'K level, a 17 state with both electrons excited,

which shows a small Zeeman splitting.

In order to ensure that the g-factors reported by
Dieke3° were not the result of arithmetic or measuring errors,
fhe.spectrum of Hy in a 24,500 gauss field was photographed
on a Jarrel-Ash 3m grating spetrograph. A reproduction of
a portion of the plate showing the R(0), R(1l) and R(?) lines
with polaroid perpendicular‘(a),vand paraliel (b) to the

field is shown in FIG. 28.

- The g-factors, gj obtained from the R(O), R(1),

and R(2) lines are:

g, = .900
g, = .597
g, = .U452

It should be mentioned that as R(4) overlaps R(1), the
splitting measured is open to question. These values are

in good agreement with those of Dieke.



R(2) R(1) R(O)

(a)

(b)

Figure 28 - The First Few Lines of the R Branch of
the 3d'z+2p!z(0,0) band of H,
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APPENDIX TIIT

OTHER STATES

In addition to the work done on the 3d12 states
discussed before, some preliminary work was also done on
the 3'K(v=2) J=1, 2, and 3 levels and on the 3d'Il (v=0)

- J=2 level.

§A3.1 The 3d'NI (v=0) J=2 State

It was felt that a rough knowledge of the lifetime
of the 3d'I and 3d'A would be useful in determining the
reason for the discrepancy in the 3d'f J=1, and the J=2
and‘3, lifetimes. The brightest, most easily reéolved‘line
is the Q(2) 3d1H+2p12(0+0)._ The polarization of this line
is‘negative. Data was 6btained for this line at pressurés.
of 30u and 20u. The extrapélation of the halfwidth is
subject to rather large errors, but as only a rough estimate
(£x20%) is required‘they should suffice. The halfwidths
obtained are 4.805+.045 gauss at 30u pressure, and
Iy ,385+,026 gauss at 20p pfessure. These halfwidths are
the average of 5 runs each and the errors quoted are_éta—
tistical only. The extrapolation yields a zero-pressure
hélfwidth of 36%.3 gauss. The slope, 9%%2 , suggests a
cross-section of &17032. The lifetime using Dieke's g-
value of .412 is then 3.84x10 °®sec. The individual half-
widths of the line obtained én each run are 1isted in‘

Table III.
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Q(2) of 3d'm»2p':

Pressure 30u 20ﬂ
.U.75U58 4.37138
4 ,81734 W 37775
4,68231 b, 40187
4.90070 .30700
4.87179 4.52766
Average L4 ,805+.0u45 4, 385+,026

Pressure 30ﬁ 31K+2p12

Transition R(0) R(1) R(2)
3.01 4.23 5.88
3.51 4,25 6.29
3.22 h.13 5.97
3.26 3.97 5.61
3.14 L. 54 - 5.31
3.14 4.13 5.59

Average 3.21+.08  4.21+.08 5.77+.15

R(2) at 20p has H;,=5.36
30u Hy>=7.66

Table III - Level Crossing Curve Halfwidths
(3a'm and 3'K)
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§A3.2 The 3'K State

| Although the information available on the 3!K
state has already been published*®, the data are listed in
Table iII. We attempted to measure the g-factor for these
states with little success.” The g-factor for the state
v=2, J=1 is .28%#.05; the large error arises because the
Zeeman pattern observed is only barely resolvéd and because
~iong exposures wére'required'which gave rise to somewhat
distorted lineshapes. The splitting on the higher rotational

lines could not be measured. | : -

The lines observed are the R(0), R(1) and R(2)

31K (v=2)»2plr(v=5).

Only the R(2) 1line has had its halfwidth ex-
trapolated to zero pressure; its gt product is |
(1.6+.15) 10 ®sec. at zero pressure. Assuming a cross-
section of 10032, its g-factor is appréximately .17 from
which we would compute a lifetime of approximately
8x10" ®sec. AsSuming the same lifetime and g1=.28, we
obtain for the J=1 state a halfwidth at zero pressure_of

2.46 gauss. Assuming the same cross-section for the J¥1
state, the halfwidth extrapolated'from.30u to zero pressure,
is 2.7 gaués. On the basis of our somewhat unwarrented

assumptions this is in surprisingly good-agreement.
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