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The theory of the cascade level-crossing effect as formulated by Happer is evaluated for zero-nuclear-spin
atomic systems and extended to include the case of a polarized initial state. We have used this theory to
interpret our cascade-Hanle-effect results (zero-field level crossings) to obtain the lifetime of the two resonance
levels, 1s,('P, ) and 1s4('P, ), of the 2p '3s configuration of neon. The resonance lines 744 A (1s4-'So) and 736 A

(1s,-'Sf)) are produced in the cascade to the ground 'S, state when a beam of metastable 1s,('P,) and 1s,('P,)
neon atoms is excited by selected lines of the 2p'3s-2p'3p transition array. Our results are r(1s,) = 1.65 + 0.16
nsec and v(1s4) = 20.5 + 1.5 nsec.

I. INTRODUCTION

The lifetimes of the 1s,('P, ) and the ls, ('P, )

resonance levels of neon have been the subject of
considerable experimental' "and theoretical in-
vestigation. " " A variety of techniques were
used in these measurements including Fabry-
Perot determination of emission profile widths,
exponential decay under pulsed-electron excita-
tion or beam-foil excitation, and even lifetime
lengthening due to imprisonment of resonance ra-
diation. These measurements are all subject to
interpretative complications" ": radiative cas-
cading in the case of impact excitation, collision-
al broadening in the case of emission profiles,
and photon entrapment when the resonant photon
passes through unexcited neon gas before being
detected. A comparison of the various measure-
ments of the lifetimes shows a wide discrepancy
among the reported values. In view of these dis-
crepancies we felt that the level-crossing tech-
nique, essentially free of the above-mentioned in-
terpretative complications, could be fruitfully ap-
plied in the measurement of these lifetimes.

No cascade level-crossing studies involving the
resonance levels of neon have been reported since
the wavelengths of the lines from the 1s,('P, ) and
ls, ('P, ) states to the ground state 'S, are 744 and
73o A, respectively, and no structural transparent
material exists at these wavelengths. Our exper-
imental procedure was as follows: An atomic
beam consisting of 1s,('P, ) and 1s,('P, ) metastable
atoms of neon was produced by the electron bom-
bardment of ground-state neon atoms. The meta-
stable beam passed through a region of uniform
variable magnetic field which was directed either
along the beam or opposite to it. The 1s,('P, ) and
ls, ('P, ) metastable atoms were selectively excited
to one of the several 2p(2p'3p) states depending on

the wavelength of the incident resonance radiation
from the neon resonance lamp. The excited state
will subsequently decay to one of the lower reso-
nance levels ls, ('P, ) or ls, ('P, ) and also to the
metastable state from which it was optically ex-
cited. The branching ratios for the decay to the
various 2p'3s levels depends on the excited state;
i.e., different excited states have different
branching ratios. The fluorescent radiation of
744 A (1s,-'S,) and 736 A (1s,-'S, ) resulting from
the decay of the resonance levels to the ground
state was detected as a function of the applied
magnetic field. The magnetic width of this cas-
cade Hanle signal depends sensitively on the life-
time and g value of the excited state and the reso-
nance levels.

The low-lying levels of neon spectra are shown
in Fig. 1 and those levels and lines involved in the
present experiment are shown in Fig. 2. Through-
out this paper the levels of neon will be designated
by Paschen notation. The LS designation of states
shown within the brackets is only for convenience
in identifying the states.

II. THEORY

Cascade-Hanle-effect signal. The theory of
cascade -Hanle-effect exper iments is similar to
the theory of level-crossing spectroscopy and has
been treated in the pioneering work in this tech-
nique by Gupta, Chang, and Happer. " We shall
use their notation in this paper.

Four atomic states are involved in the experi-
ment (see Fig. 3), and we shall call these states
i (initial), e (excited), b (branch), and f (final).
In the present experiment the nuclear spin I is
zero. We shall designate the electronic angular
momenta in the initial, excited, branch, and final
states by J;, J„J„andJz, respectively. Initial-
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FIG. 2. Atomic states and lines involved in our cas-
cade level-crossing experiment.

state atoms are transferred into the excited state
by a beam of polarized resonance radiation. Ex-
cited-state atoms decay spontaneously into the
branch state, but we do not observe the visible
fluorescent radiation which is produced by the de-
cay e -b. The branch-state atoms decay spontane-
ously to the final state, and we do observe the un-
polarized fluorescent light (XUV radiation) which
is produced by the decay 5 -f. This cascade

fluo-

rescentt-light intensity depends on the properties
of the four atomic states.

A. Theory for unpolarized ground state

In our treatment rve shall adopt a density-ma-
trix approach to evaluate the cascade Hanle effect.
The present theoretical discussion is a slightly
revised version of the theory given to the authors
by Happer. " %'hile we have made use of some
formulas given by Gupta, Chang, and Happer in
their work on the alkali metals, two differences
between our experiment and theirs necessitate a
modification of their theory. These are as fol-
lows: (1) Neon has a zero nuclear spin so a com-
plete reduction of all angular integrals ean be
made; and (2) because we produce our initial
state by electron bombardment, the possibility
exists that the ground state is al.igned so that one

must consider the consequences of alignment on
the Hanle signal.

The starting point for the calculation of the cas-
cade Hanle effect when alignment or coherence ex-
ists in the ground state is the density-matrix equa-
tion

dp 1 d~'&p—= —rP+ —.„[X„P)+d
In this equation the first term dp/dr is the total
rate of change of the density matrix, -l p is the
rate of decay due to spontaneous emission,
(I/ih)[X„p] is the rate of change of phase due to
evolution under the zero-order Hamiltonian, Khf,
+Xz„.,„,and d "p/dt is the rate of increase of
population by optical excitation to the state, or
spontaneous decay into the state. " The levels in-
volved in our derivation are shown in Fig. 3. This
equation for the excited state becomes

~&rnn e e= -~e P~ —& &mn Pmn

2vUe
+ 2 2 @2 ~PmpV'typhon'&*

(d ]eS
Pe&

and for the branch state becomes
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where we use the notationP „=(mIPI p) and cd'„

=(E' E-„')/h. The last term in Eq. (2) may be ob-
tained by forming the density-matrix equation
from Eqs. (II.9), (II.31), (II.32), and (II.33) in the

paper by Happer and Mathur" and taking the limit
as ] becomes lar ge so that e ' ' -0. We have
also assumed that the exciting spectral profile be
uniform.

The rate of emission of photons into solid angle
dQ which arises from the decay of the branch
state may be derived fr om Fermi' s "golden rule, "
and xs

(4)
2'|7'PPl C 6

1,cf,B

If Eq. (4) with b and f replaced by e and b, re-
spectively, is integrated over all angles and po-
larizations, one obtains the last term in Eq. (3),
which is appropriate since we do not observe any
excited to branch-state photons. Under steady-
state conditions dp' „/dt = dp„'z/df = 0; so Eqs. (2)
and (3) may be solved and substituted into Eq. (4)
yielding

(5)

m, n
p, V, 4

This result simplifies for the case of the unpolarized ground state as

p' =2J,1 p Ij;p)(j; pl,
1

1 II

so that

9 Pl) )p'„.(~le* P=2 le Plu)() Ie* P
+ (6)

We may now evaluate the middle and outer pairs of matrix elements in Eq. (5) by using the expression

g e Pl p)(pie* P= " "(2J;+1)P (-1)~'"W(j;J,1L; 1J,)E~„(e,e*)T~(j,j),
L, )If

where we have made use of

(8)

Here, f„is the absorption oscillator strength
from state i to state e and 1

„

is the partial decay
rate from state e to state i.

The subscript "Rose" in Eq. (8) means that the
reduced-matrix element is that defined by Rose"
rather than that defined by Racah. Another neces-
sary relation for simplifying Eq. (5) is

3m'c'h r, I,(2J, + 1)
4 2e

x T~~( J~J,)W(1j,j,L;J,J,), (9)

where

( 1)M L Af

(r, + fM~')(r, + fM~') ' (10)

B =(9R /8II)r„I' (2J, +1)(2J +1)

x W(J,.J,1L; 1J,)

x W(1 J,JI, L; Jg J,)W(1LJfJI„1Jg),

I

where W is the Racah coefficient and T~~ is de-
fined by Happer. " When we use Eqs. (6)-(9) to
eva. luate Eq. (5), we obtain the satisfying result
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8, = ve'f;, U/m&u;, h,
= g e„(e „)*(-1)" 'C(llL; m, M —m) .

must now, however, resolve the ground-state
density matrix into spherical tensor components
via the relation

U„,the polarization tensor of the detected light,
is defined by an equation similar to that for Ez.

B. Case of poIarized ground state

Equation (5) is still valid for the general case
where polarization exists in the ground state. We

p'= Q( I)"p-e(~;~i)&e(Ji~;).

The following three relations enable us to simplify
the middle-bracketed term in Eq. (5):

P T„'(&;Z;)P=Q (-I)"-'*[(2J;+I)(2A+1)(2L'+I)]'~'&&;llP II&.&{&.II PII&;),.„

(e P)p'(P e+) =-,'mh~. f (2Z +1) Q (-1) [(2L+I)(2I '+ I)]'~' 1 4, J T [Ez {p')z]

where Q& js defined by Happer and Mathur in their Appendix. Comparing Eqs. (6), (7), and (15), we see
that if we replace E~„in Eq. (7) by h „where Se is defined by the expression

„)~ )z, ~ [(2A + 1)(2L' + 1)]'~'
W(Z, J,l I.; 1Z,)

L' L A

then the rest of the analysis proceeds as in Sec. II A resulting again in Eq. (10) but with Se replacing E„.
If we expand Eq. (16) by separating out the A =0 term, we obtain

which shows that b~ reduces to E~~ for an unpolar-
ized ground state since (p')'= I/(2Z, + I)'~' and all
other (p')i =0.

In Appendix 8 we discuss further the effect of
alignment on the Hanle signal.

III. EXPERIMENT

A. Apparatus

The atomic-beam apparatus used in this experi-
ment has been described in detail by Burger and
Lurio. " A beam of metastable neon atoms is pro-
duced by electron bombardment of the ground-
state neon atoms in the source chamber of the
atomic-beam apparatus. The energy of the bom-

barding electrons is much greater than the
threshold for the metastable production and there-
fore atoms in the higher excited states are also
produced. These excited states, being very short
lived, decay directly or by cascade to the meta-
stable and ground-state emitting photons. The
beam we observe, therefore, consists of meta-
stable- and ground-state atoms traveling with a
mean velocity of 6.6x10' cm/sec. In the interac-
tion chamber the atoms in one of the metastable
states are optically excited by linearly polarized
resonance light of appropriate frequency. A
static magnetic field is maintained along the di-
rection of the beam by a pair of Helmholtz coils.
The component of the stray magnetic fields in the
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plane perpendicular to the beam is cancelled to
almost zero by two pairs of compensating Helm-
holtz coils.

The neon resonance lamp, a quartz cellof 22 mm
outer diameter and 10 mm path length, is mounted
at the end of a tunable Evenson cavity driven by a
2450-MHz microwave power source. The micro-
wave power is empirically adjusted and the cavity
tuned to obtain maximum intensity in the reso-
nance lines of interest. The optimum intensity of
the various lines for various different conditions
of the resonance lamp and microwave power was
measured in a separate experiment using agrating
spectrometer and a photomultiplier tube. The
neon in the resonance cell was filled to a pressure
of 10 mm of Hg. The light from the resonance cell
was focussed into the interaction region using a
simple f-1 optical arrangement of two condensing
lenses, and was linearly polarized using a com-
mercial polaroid: type HN32. The visible spec-
trum of neon consists of many closely spaced
lines. The resonance lines of interest (6266,
6334, 7032, and 7438 A) are isolated using nar-
row-band interference filters. Our selection of
these lines is just due to the fact that these are
the only lines that can be reasonably well isolated
with interference filters. The interference filters
are mounted just outside the quartz window in the
interaction chamber rather than just in front of
the resonance lamp because the transmission
curve of the interference filter gets broadened
with the angular spread of the incident cone of
light. The effectiveness of the interference filter
in blocking the neighboring closely spaced lines
from the line of interest was also tested using a
monochromator. A Schott RG715 (10 mm thick)

0
colored-glass filter was also used for the 7438-A
line.

The magnetic field at the center of the interac-
tion region was measured by a transverse Hall
probe and the component of the stray magnetic
field in the plane perpendicular to the beam direc-
tion was cancelled to less than 5 mG. A small
correction to the main field due to nonzero com-
ponent of the stray field along the beam direction
was also applied. Since magnetic fields of no
more than 13 G were ever applied, no water cool-
ing was needed, and the main magnet assembly
was conveniently located inside the vacuum cham-
ber. Over the volume of interest in the interac-
tion region, the magnetic field was homogeneous
to better than 2%.

A channeltron electron multiplier which is in-
sensitive to the visible photons (incident reso-
nance radiation) is used to detect the cascade-
fluorescent XVV photons (744 and 736 A). The
channeltron is located 8-10 cm from the center
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FIG. 4. Details of experimental arrangement and
measurement technique.

of the interaction region perpendicularly above
the beam. Since the magnetic fields employed
are no greater than 13 G, no magnetic shielding
of the channeltron is required and the gain of the
electron multiplier unaffected. This was tested
in two ways. As shown in Appendix A, the cascade
fluorescent signal has no magnetic field depen-
dence when the incident resonance light is polar-
ized parallel to the magnetic field, and any depen-
dence of channeltron detected signal on the mag-
netic field would arise entirely due to the depen-
dence of the gain of the channeltron on the mag-
netic field. It was observed that the detected sig-
nal averaged over many sweeps of the magnetic
field showed no detectable dependence on the field.
The channeltron was irradiated by the 2537-A Hg
line to which itis sensitive, and the channeltron sig-
nal averaged over several thousand sweeps of the
magnetic field also showed no field dependence.
The channeltron is shielded from ions by a stack
of thin parallel copper plates (3.2 mm apart and
2.5 cm deep) which were alternately biased at 0
and +100 V. To minimize the background signal,
the channeltron is out of the direct line with any
wide-angle portion of the beam.

The metastable beam was monitored by measur-
ing with a picoammeter, the current of ejected
electrons which resulted when the metastable
atoms impinged on a gold target. The details re-
garding the electron-bombarder gas-handling sys-
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tern and other pertinent specifications of the ap-
paratus have been described previously. "

B. Technique of measurement

The technique of measurement is indicated in the
block-diagram form in Fig. 4. A saw-tooth wave
is used to drive a Kepco BOP36-5M programmable
power supply which provided the current for the
main pair of Helmholtz coils. Since no unilateral
drift either in the beam or in the incident reso-
nance light was detected during the course of a
run, a saw-tooth wave instead of a symmetrical
triangular wave was used to sweep the magnetic
field. A trigger pulse generated at the beginning
of each sweep was used to generate the control
commands for the multichannel analyzer (MCA)
used for data accumulation. Drifts in metastable
beam and lamp intensity were small and averaged
out over a large number of sweeps. Typically, a
run consisted of 5000 sweeps of the magnetic field
la,sting for approximately 12 h of data a,ccumula-
tion. This enabled us to measure small field-de-
pendent effects in the signal such as the difference
between the asymptotic value and the minimum
value of the cascade fluorescent signal. The ran-
dom variations being averaged out, the statistical
noise in the accumulated counts was usually less
than half a percent. The magnet power supply,
the sweep generator, etc. , were found to have no
detectable instability or drift during the course of
a run.

The magnetic field produced by the IIelmholtz
coils was determined from the voltage drop across
a precision 1-0 resistor in series with the coils.
To determine the varying magnetic field, the out-
put across the 1-Q standard resistor was fed into
the MCA in the "analog" mode for five sweeps of
the field. The magnetic field was measured be-
fore and after each run, and no noticeable drifts
were present.

The Bell 640 gaussmeter in combination with
the temperature compensated probe has a quoted
accuracy on the 0-30 6 range of 0.05% of the full
scale value plus 0.5% of the reading. The esti-
mated aeeuracy of the magnetic field measure-
ment is about a percent. The error in field mea-

surement introduced by the use of the MCA was
small, as was verified by measuring known static
fields.

C. Measurements and results

The experimental data, consisted of the intensity
of the cascade-fluorescent photons (744 and 736 A)
and background due to the metastable beam as a
function of the applied magnetic field, for the in-
cident resonance light linearly polarized perpen-
dicular to the magnetic field. The beam back-
ground in the absence of the exciting light did not
show any detectable dependence on the magnetic
field. The conditions in the electron bombarder
were found to affect the beam background, but no
quantitative conclusions could be drawn. Since the
ehanneltron is shielded from the charged particles,
the beam background was concluded to be due to
the photons originating in the electron-bombarder
region and also to the eollisional deexcitation of
the metastable atoms with the residual gas atoms.
The pressure in the interaction chamber was typ-
ically 5&10 ' Torr. A detailed investigation of
this beam background was undertaken by Burger
and I.urio" in their lifetime measurements in
helium, and we believe their conclusions are
equally applicable in our present work. Typical
beam-background counting rate for a metastable
beam of 8x 10' atoms/sec is about 10/sec, much
greater than the dark current of the channeltron
which is about 0.1/sec. For all the incident reso-
nance lines studied except the 7438-A line, the
cascade-fluorescent photon counting rate was at
least 15 times greater than metastable beam back-
ground. For the 743S-A line the ratio of the fluo-
rescent-light signal to beam background was at
best 2:1. In light of this and the small field de-
pendence of the signal, long integration times
were required. The scatter of the experimental
data was very small and within the expected sta-
tistical fluctuations.

As shown in Appendix A, the theoretical cas-
cade-fluorescence signal as a function of the ap-
plied magnetic field for the decay of an excited
state e through two branch states b and b' is given
by

It(H) =A+9 1 —4(POH/h) g~.r~ garb 1[1—4(PoHy h) g, 7',g~, r, b, ]
[I+4(g,T, yoH/h)'][I+4(g, 7g)ioH/fi)'J [I+4(g,v, p,H/8)'][I+4(g„v„,p,H/6)']

Here, A. a,nd 8 are constants which account for the
light-independent background and for the arbitrary
amplitude of the light-induced signal. For neon,
b and 6' correspond to the 1s, and 1s, states. In
Table I are listed the partial decay rates I",~ from
which the branching factor y = I'„,/I'„can be eval-

uated. As can be seen from our table, each ex-
cited state decays predominantly to only one
branch state; the y factors to the less-populated
branch state being y(2p, ) =0.031, y(2p, ) =0.096,
and y(2P„)= 0.012. Thus to an excellent approxi-
mation we can consider only the decay of the ex-
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TABLE I. Partial decay rates and branching factors.
Results are from Ref. 23.

x10

8500

Initial
state

Branch
state

Partial
decay rate
(107 sec ~)

Branching
factor y

8400

2p5
2P5
2ps
2p s

2p io

2p fo

1s&

1s4
1s2
Is 4

1s2
1s4

2.17
0.067
0.287
3 ~ 00
0.012
0.935

0.029
0.096

0.012

8300

82000

8100

TABLE II. Lifetimes and gz factors of 2p states in-
volved in present experiment. Results are averaged
values from Ref. 23.

Excitlng-
light

wavelength
(A)

Excited
state

Excited-
state

lifetime
(nsec)

g~ value
of excited

state

cited state through the dominant branch state.
This is essential as otherwise we will have too
many parameters to determine meaningfully from
the experimental signal-to-noise ratio of our data.
After finding the best-fit parameters for the single
decay-mode approximation, we can correct for
the small effect of branching on our results.

We could now fit our data by the theoretical ex-
pression given in Eq. (18) with the y term omitted.
When, however, we examine the form of Eq. (18)
with the y term omitted, we see that it is com-
pletely symmetric in g,~, and g, 7, depending only
on the product and sum square of these quantities.
Hence, the result of least-squares fitting our ex-
perimental data to this theoretical function will be
two sets of values for g,T, andg, T„i.e., g, T =(k,
ggTI, = P and g, T, = P, g, T, = n. To decide between
these solutions is not possible unless one has some
prior information on the relative size of the life-
times.

Since the lifetimes of the 2p states have been
measured by a number of different people and with
excellent agreement between their results, we de-
cided to fix g, 7, in our fitting procedure and solve
for g, 7, . The values we adopted are given in Table
II. For the 7032- and 7438-A lines very consistent
results were obtained, which yielded a value of
v(ls, ) =20.5+ 1.5 nsec. Typical data and fits to

8000
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FIG. 5. Typical. data and theoretical fit to 7032-A
line.

x10

4100

4000

3900

3800

3700
Ã

o 3600
O

3500

'l 't

II

j'

(I

i

3400

the data are shown in Figs. 5 and 6. Branching
did not introduce any change in this result. Our
uncertainty was estimated in two ways: first from
a histogram of the 7 values obtained from a fit to
33 runs on the 7438-A line and 10 runs on the
7032-A line, and second from a plot of y,

' vs gyTy

in which the remaining parameters were opti-
mized at each step. This procedure is discussed
by Bevington' and Amdt and MacGregor. "

A similar approach on the 6266- and the 6334-A
line gave poor fits to the data with regions of data
lying off the theoretical curve. This is illustrated
in Fig. 7 for the 6266-A line. A careful study of
our experimental procedure was under taken. Our
first thought was that alignment might be produced
in the electron gun which would distort the Hanle
signal. This was the motivation for our derivation
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FIG. 6. Typical data and theoretical fit to 7438-A
l.ine.
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FIG. 7. Typical data and theoretical. fit to 6266-A
line.

of the Hanle signal when alignment is present in
the initial state. This analysis shows (see Ap-
pendix B) that alignment will not distort the Hanle
line shape. As we shall show convincingly in what
follows, the problem actually arises from incom-
plete isolation of the exciting line from the lamp.
There are three strong neon resonance lines in the
region of interest which can excite the metastable
neon beam, namely, 6217, 6266, and 6334 A. The
transmission band of an interference filter
broadens and shifts to shorter wavelengths for

FIG. 8. Typical data and theoretical fit to 6266-A
line including l.eakage of 6217-A line through inter. —

ference filter.

light not normally incident on the filter. Our fo-
cusing arrangement used for f Ioptics with-the
consequence that some 6217 A light is transmitted
along with the 6266-A line and some 6266-A light
along with the 6334-A line, each pair of lines
branch predominantly to different states. Let us
consider the 6266-A exciting line first. The Hanle
effect of the 6217-A interfering line is completely
known from results in Table II and our value
r(ls~) =20.5 nsec. (The filters completely isolate

TABLE III. Summary of all lifetime measurements of the 1s2 and 1s4 levels of neon.

7 (is/
(nsec)

T (1s4)
(nsec) Year Author (Ref.)

Experimental
technique

1.51+ 0.14

1.87+ 0.18

1.81+ 0.14

1.3 + 0.1

1.546 0.06

1.51+ 0.1

1.65+ 0.16

16+ 8
20

20.8+ 3.5

31.7+ 1.6

29.8 + 2

31.2+ 3

20.5+ 1.5

1933
1955

1967

1969

1970

1971

1971

1973

1974

1975

N. Schutz (1)
V. Phelps (2)

H. Kuhn, E. Lewis,
and E. Lewis (4)

G. Lawrence and
H. Liszt (5)
J, De Jongh and
J. Van Eck (6)
S. Kazantsev and
M. Chaika (7)
J. Kernahan,
A. Denis, and
R. Drouin (8)
D. Irwin,
A. Livingston,
J. Kernahan (9)
E. Knystautas and
R. Drouin (10)
N. Bhaskar and
A. Lurio

Natural linewidth
Imprisonment of reso-

nance radiation
Corrected self-

broadening of reso-
nance radiation

Decay after pulsed
electron excitation

Self-absorption

Alignment in a
discharge tube

Beam foil

Beam foil

Beam foil

Cascade level
crossing
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TABLE IV. Calculated values for the lifetime (in nsec)
of the ls& and 1s4 levels of neon.

v (1s4) Author (Ref.)

20-27
20—24.5
20.3-24.4

2.07—2.74
1.26—1.8
1.56—1.91

A. Gold and R. Knox (11)
P. Gruzdev and A. Loginov (13)
M. Aymar, S. Feneuille, and
M. Klapisch (12)

the 7032- and 7438-A lines. ) Only the amount of
signal leaking through the 6266-A filter is unknown.

With this amplitude as a free parameter we re-
fitted our data and found that the least-squares
residual dropped by a factor of 7, an excellent fit
to the data resulted, and the fit was quite sensi-
tive to the mixing amplitude and the lifetime of
the 1s, state. In Fig. 8 we show the same data as
in Fig. 7 but with 32% admixture of 6217-A light.
All 6266-A line runs were reanalyzed with the re-
sult 7(ls, ) =1.65+ 0.16 nsec. A reanalysis of the
6334-A line data also gave excellent fits and re-
sults consistent with 20.5 nsec for the 1s4 state.

IV. DISCUSSION OF RESULTS

A summary of all known measurements of the
lifetime of the 1s4 and 1s, levels of neon is given
in Table III. We may make several observations
on these results. The first two measurements
are historical and should not be considered in the
same light as the more recent results. The re-
sults for the 1s4 state divide into two groups with
values near 20 nsec and values near 30 nsec. All
the values near 30 arise from decay measurements
in which a number of excited states are initially
populated many of which cascade through the 1s4
state. It appears that the time-dependent filling
of the 1s4 state is not properly accounted for in
these measurements leading to their excessive
lifetime values. Results for the 1s, state interest-
ingly do not show this trend.

For comparison, the theoretical predictions for
the lifetimes are given in Table IV.

Of all the techniques used to measure neon life-
times, the level-crossing method described in this
paper is most free of corrections provided isolated
resonance lines are used in excitation. Such lines
are easily obtained with a. dye laser (one was not
available to us) as shown by Dunning, Cook, West,
and Stebbings. " We anticipate that the resonance
lines of all the noble gases will shortly be rnea-
sured with better than 2% precision in the near
future using dye lasers and level-crossing tech-
niques.
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APPENDIX A

We will derive here the expression for the ob-
served cascade Hanle signal as a function of the
external magnetic field II, the polarization of the
exciting light, and the lifetimes of the excited state
(7,) and branch state (v~) for the various initial
states involved in the present experiment. The in-
tensity of the cascade fluorescent photons is given
in Eq. (10). The coefficient Bz which occurs in the
cascade fluorescence signal R in Eq. (10) is inde-
pendent of the external field; it only determines the
sign and the magnitude of the signal. The magnetic-
field dependence of the cascade fluorescence signal
comes about through the two resonance denomina-
tors in which ~b and co, are the Lamor frequencies
of the branch and excited states, respectively:

&u~ = Hg~(e/2yne) (A 1)

and similarly for (d,. The predicted signal agrees
with our intuitive idea of the process when, for
example, one of the levels has a very short life-
time. Consider the case when I', » I, so that the
second factor in the denominator of Eq. (10) hardly
varies as (d, ranges from 0 to I',. Under that con-
dition

R=+( I) Bc(I-, ', ,M)I', I't +~1, , (A2)

(I' +i&u~M)I'
LM b b e

(A3)

i.e., almost the same as a pure Hanle effect in the
branch state.

The atomic states involved in our present cas-
cade fluorescence experiment in neon is shown
in Fig. 2 along with the wavelength of the exciting
light and the detected fluorescent light.

We shall evaluate Eq. (10) for various cases of
the initial, excited, and branch states. In the neon
spectra the actual coupling is much closer to the

which is almost the same as the pure Hanle effect
of the excited state. This can be understood as
follows: Consider a magnetic field such that I',
« ~,M and I', » cob M. Then in the presence of this
field the initially excited linear combination of
states will undergo a large change of phase while
in state e, whereas it will undergo only a negligible
change of phase in the state b. Thus the observed
photon will carry information principally about
the lifetime and gj values of state e. Similarly in
the other extreme case I', » I'b:
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TABLE V. J;=2, J,= i, J,=1, Jf=0.

4'(2i fI; 1 i) 4'(11kI; i 1) 8'(L110;11) h~/I e~ I yf +P

TABLE VII. J, =0, J~=1, Jy=l, Vf =0.

8'(011I;11) &(111&;ll) +'(&110;11) h&/I I
&

A

—1

6
-3/160m

—3/327( 1

3

1
3

-3/167t

E,'= g e.e.*„(I)--"-)C(I-IL;~n, m -m),
m=Oy +I

(A4)

where e is the complex polarization vector of the
exciting light. In terms of Cartesian axes, the
magnetic field is along the y axis, the direction
and polarization of the exciting light is along the
x and z axes respectively, and the direction of the
detected unpolarized cascade-fluorescent light is
along the z axis. The components of the exciting-
light polarization tensor for the case in which the
exciting light is polarized perpendicular to the
magnetic field are

E,'=E', = —,', E2(=E' =0, Eo= I/V6,

E'=Z' =E'= 0 EO= I/W3
(A5)

The detection of unpolarized fluorescent light is
obtained by summing the contribution due to the
two mutually orthogonal polarizations of the fluo-

j-j scheme than to the L-8 coupling scheme. For
electric dipole transitions the following selection
rules apply: changeof parity, AJ =0+ 1, AM~ =0,+1,
and J=0-J=0 forbidden. In our present experi-
ment the electronic angular momentum of the vari-
ous states are for the initial state J,. = 0 or 2, for
the excited state J,= 1 or 3 (transitions to states
j,= 3 are possible but do not lead to a cascade),
for the branch state J~=1, and for the final state
J&=0. The values of the various Racah coefficients
used in evaluating the coefficient B~ given in Eq.
(10) for I.= 3, 1, 0 are listed in Tables V-VII.

The components of the exciting and detected
fluorescent light polarization tensors E~ and U~,
respectively, can be expressed as

rescent light. The components of the fluorescent
light polarization tensor U„for the case in which
the detected light is polarized normal to the mag-
netic field are

U,'= U.', = ~ ) U'= U' = 0, Uo= I/WB)

O' = O' = U' = 0, U = I/v 3,~l 0 & 0

(AB)

and when the detected light is polarized parallel
to the direction of the magnetic field, they are

O,'=O', =O', =V', =0, ',V=- /3',
O,'=O', =U0=0, Uoo= I/v3.

The I.= 1 component of the polarization tensor is
always zero in this geometrical configuration.
Substituting for the coefficient 8~from Tables V-
VII and Eqs. (A5)-(AV) in Eq. (10), we find that
the intensity of the unpolarized fluorescent light
for the case in which the excited state branches
exclusively to a single branch state is

(AB)

where the coefficients n and P for various cases
are listed in Table VIII. %hen the fluorescent light
detected is along the direction perpendicular to
both the exciting light and the magnetic field, the
intensity is given by Eq. (AB) in which P is re-
placed with -P. The signal R in this case depends
on the magnetic field H through the following re-
lation:

1 -4( ]/.,/h)'( g,r,)(gp, )H'

[(~ (2g v p+/) )'][1~.(2.((,r, gH/) )]), *

z,r„r„
BwI",I'~

TABLE VI- Ji = 2 J~ 2 Jt, l~ Jf 0 TABLE VIII. Values of &and P appearing in Eq. (A8).

(221L/j 1 2) 8 (12 1L/j 12) &(&11 0j 1 1 ) &I/Fg& Igf Ap

2 —47/300

1 1/~180

0 1/~15

7/v'300

1/M15

J.
3

3

1

3

-21/160&[

3/327I

8
243

21
87

243
12P

87
4p

8

4
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1.40

1.30

1.20

~ 110

1.00

0.90
4 6

MAGNETIC FIELD IN GAUSS

10

FIG. 9. Theoretical plots of R from Eq. (A9) for
branching to a single state. The values used in the plots
are (1) upper curvege=1, g&=1.034, T, =19.5 nsec, Ty

= 1.5 nsec; (2) lower curve g~ = 1.984, gg = 1.464,
=26.45 nsec, T& =20 nsec. A =1 and B =0.33 for both
curves.

(A10)

where

In (A9) P essentially determines the ratio of the
magnetic -field-dependent to the field -independent
part of the signal, and in certain cases P is quite
small. This ratio can be increased if one detects
polarized fluorescent light instead of unpolarized

When the exciting light is polarized parallel to
the magnetic field, the only nonzero components
of E~~ are E' and E,'rsee Eq. (A7)j. Therefore, in

Eq. (10) only M = 0 terms contribute and R becomes
field independent.

R is symmetric with respect to the interchange
of gp, and g,w, . The shape of the signal computed
from Eq. (A9) corresponding to some typical ex-
perimental situation (assuming branching to a
single state) is shown in Fig. 9. The values of the
atomic parameters used in the calculations are
indicated on the figure. For the case in which

7, = &, the cascade-fluorescence signal falls off
rapidly as the magnetic field is increased until
H =H~ where the signal is minimum. As the mag-
netic field is further increased the signal increases
slowly to the asymptotic value. When ~, «7'„the
signal monotonically falls off to the asymptotic
value without reaching a minimum, and further-
more the half-width is much larger than in the
other case. The magnetic field H~ where the cas-
cade-fluorescence signal reaches a minimum is
obtained from solving the equation 8R/SH and is
found to be

light. However, in our experiment, the detected
cascade-fluorescent radiation lies in the XUV
range (744 and 736 A) and no suitable polarizers
are available for this wavelength.

In the preceding discussion we limited ourselves
to the case in which the cascade-fluorescent signal
from a single branch state was detected. Even if
the excited state decays to more than one branch
state, the case discussed above is experimentally
valid provided one detects the photons from a
specific branch state b to the final state. The pres-
ent experiment reported in this paper does not
satisfy this requirement. The optically excited
state decays to two branch states and the initial
state. The cascade fluorescent signal that is de-
tected consists of XUV photons emitted from the
spontaneous decay of the two branch states to a
single final state. The photon detector counting
the cascade-fluorescent photons has very nearly
the same sensitivity for these two wavelengths
(744 and 736 A). Since direct dipole transition be-
tween the initial and final state is forbidden, the
partial decay of the excited state back to the initial
state has no effect on the detected signal. The
contribution to the cascade-fluorescent signal due
to the two channels of decay of the excited state to
the branch states is the weighted sum of the indivi-
dual contributions, the ratio of the weighting fac-
tors being proportional to the branching ratio. In
our experiment the total angular momentum of each
of the two branch states is the same (viz. , J= 1)
and hence the coefficients o. and P in (A10) is the
same for both channels of decay. However, g~ for
the two branch states are quite different. The cas-
cade-fluorescent signal for such a case is just the
sum of two terms of the form given in Eq. (A8) or
(A9).

APPENDIX B

The effect of alignment of the initial state on the
cascade Hanle signal is discussed here. Our initial
states are the metastable states 1s,('P, ) and

1s,('P, ) of neon produced by electron bombard-
ment of the ground-state ('S,) atoms. It is well
known that electron excitation can produce align-
ment in the metastable states. For electron ener-
gies near the threshold, &M~=0. In the case of
neon, the M~ =0 level of the metastable state will
be produced more preferentially if one neglects the
electron exchange effect. Electron-exchange re-
sults in &M~ = a 1. Electron excitation produces
only alignment; not polarization.

As discussed earlier the effect of alignment of
the initial state on the cascade Hanle effect can
be studied by introducing the exciting light polar-
ization tensor S~~ instead of E~~. 8~~ is defined in
Eq. (16). Sepa.rating the A=0 term, we can write
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M'

(B2)

In the case of alignment and no coherence in the initial state, it can be quite easily shown that only (p')~~o
terms contribute. Furthermore, (p')'„(p')o, (p')'„.. . , (p'),' i are the only nonzero components for J,. = inte-
ger and (p')', , (p'),', . . . , (p'),'»~ ' are only nonzero components for J,. = half-integer. For neon only integer
values of J,. need be considered. Making use of the properties of the 3-j amd 9-j symbols, we obtain the
following expressions for the components of the effective light polarization tensor:

1 J, J;
So=@0+ ' 1 J, J,. C(220; 00)(p'),'Eo,5(2J, +1)

2 0 2

(B3)

i.e., 8', is a linear combination of E,' and E,'. Similarly,

1Z, J,.
8~ = E»' 1+ ' 1 J, J, C(121;Mo)(p')o

v15(2J, +1)

1 1 2

for M=o, +1. S» is zero whenever E»' is zero. Since C(121;Mo) is independent of the sign of M, the factor
with the curly brackets in Eq. (84) is the same for M=+I and -l.

Finally,

1Z, Z,. 1Z, Z,.

$»=E»2 1+ ' C(242;Mo)(p')O3»5 1 J, J; +C(222;Mo)(p')05 1 J, J,.{2J,. +1)

2 2 4 2 2 2

1 J, J,-
(2J,. +1)vS

W(J; J,12; 1J,)
0 2 2

E,'(p');c(022; oo) .

We observe that 8'„for M c 0 is directly proportion-
al to E~2 and the constant of proportionality is inde-
pendent of the sign of M. h,' is a linear combina-
tion of Eo and Eo The alignment of the initial state
influences the cascade Hanle effect only through
two independent parameters (p')'„and (p')', . The
expression for the cascade-fluorescent signal is

(r, + fM~, ){r,+ fM~, )

The magnetic-field-dependent terms are for M4 0.
For our experimental configuration [Eq. (A5)] E»
= 0 for all M and E» = 0 for M =+1. Expanding (86)
and substituting for S~~ in terms of E~~, it can be
shown that R retains the same magnetic field de-
pendence as (AB). The only difference is that the
constants n and P are different. In other words,
the observed cascade Hanle signal retains the
same shape independent of alignment of the initial
state, although the amplitude of the signal depends
on the degree of alignment.

*This paper is based on a thesis submitted to Columbia
University by N. D. Bhaskar.
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