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The fine-structure intervals of the lowest two triplet D states of “He have been obtained by a new method:
Ground-state atoms are excited by a discharge to the triplet metastable state, which then undergoes a two-step
optical excitation to the triplet D states, where level-crossing measurements are made. The experimental results
for *D,-*D; (MHz) are 1400.67 % 0.29 and 591.25 = 0.14 for the 3°D and 4°D states, respectively; for *D,->D;
(MHz) they are 75.97 = 0.23 and 36.15 = 0.24 for 3°D and 4°D. These values are much more precise than
the previously available data, obtained by optical, particle-bombardment level crossing, or beam-foil quantum-
beat spectroscopy, and are consistent with the previous data except for one case, where a previous measurement
of 33D,-3°D; by electron bombardment level-crossing spectroscopy is believed to be in error. These new experi-
mental values for the fine structures of the triplet D states of “He clearly indicate the inadequateness of existing

theoretical calculations of these fine structures.

I. INTRODUCTION

The experimental determination of the fine struc-
ture of the triplet D states of “He (or an isoelec-
tronic ion) is of very special interest in atomic
physics, because it provides a critical test for a
calculation on the L-related properties of a two-
electron system, where L is the total orbital angu-
lar momentum. For example, two recent calcu-
lations!'2 on the important subject of singlet-triplet
mixing in helium predict the following: (i) mixing
increases from zero for S states to near complete
for F or higher-L states; and (ii) mixing decreases
as the principal quantum number » increases.
However, the values for the mixing coefficients
given by these two calculations'? differ signifi-
cantly (by up to a factor of 2). Furthermore, the
theoretical predictions seem to contradict some
rather qualitative experimental findings: experi-
ments® on proton excitation of helium seems to in-
dicate much larger singlet-triplet mixing in 3D
than predicted, while experiments* on electron ex-
citation of helium seem to indicate that mixing in-
creases as n increases for the F states. Thus,
there are serious doubts as to the validity of the
calculations on the singlet-triplet mixing in D
states, and other states, in helium. An accurate
experimental determination of the fine structure
of the D states provides a critical test of any cal-
culation on mixing coefficients and fine-structure
intervals (these two quantities come from the
same set of integrals).

The previous measurements of the »°D fine
structure all employ direct nonoptical production
of the state from the ground state; the methods
include optical spectroscopy,’ electron-bombard-
ment level-crossing spectroscopy ,¥ion-bombard-
ment level-crossing spectroscopy,”® and beam-
foil quantum-beat spectroscopy.® All previously
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available experimental data on the lowest two D
states are listed in Table I. Accuracies obtained
are about 1% or worse, except in one case, where
Kaul,” using ion-bombardment level-crossing
spectroscopy, obtained the 33°D,-3°D, intervals

as 1327.2+1.1 MHz. The previous measurements
of the fine structure all suffer from some accura-~
cy-limiting drawbacks: Optical spectroscopy ob-
viously suffers from the large Doppler broadening
of helium. Electron-bombardment level-crossing
spectroscopy suffers mainly from the serious
curvature of the electron beam, and the curvature
changes as the applied magnetic field changes.
This effect tends to cause a systematic error in the
measurements of the fine or hyperfine structures,
which may explain why the fine structures of 4 *P
and 5 °P states of *He obtained by this method are
significantly 1~<s than those obtained by micro-
wave-optical techniques.'® Ion-bombardment
level-crossing spectroscopy suffers from the fact
that ions are rather inefficient in producing a trip-
let D state (with an alignment) from the singlet
ground state, and hence a long integration time is
needed. Beam-foil quantum-beam spectroscopy® !
apparently lacks the accuracy that level-crossing
spectroscopy or optical double-resonance spectro-
scopy are capable of, perhaps because it is not
easy to make precise measurements of the modula-
tion of the decaying fluorescence as a function of
position or time.

In the present experiment, a new method in-
volving a three-step excitation to a ®D state has
been used to obtain fine-structure intervals in the
3D state. Fluorescence from 33D, 43D, or 53D
at 5876, 4472, or 40264, respectively, was ob-
served. All the Am =2 level-crossing signals in
33D and 4°D states have been observed. Attempts
to observe level crossings in higher 3D states
have not been successful yet, due to too much
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stray light being detected with the present appara-
tus. For the two states studied, the fine-structure
intervals are obtained with much improved accura-
cies.

II. THEORY OF THE FINE STRUCTURES OF “He

The Breit Hamiltonian Hj describes the fine-
structure interaction and singlet-triplet mixing
(to order o®) in a heliumlike ion of nuclear charge
Z, and is given by the following, in atomic units'2:

Hp=Hg,+Hgg, &y
where

Hg =HS +HS,, (2)
with

Hy,=30°Z (1, 3,/73+1,08,/73) (3a)

Hgo=- %az(’fm‘-sl +i;1' 5,)/7%,

([, 3,4 1,-8,)/7%, (3b)

and

HSS = ((12/’}’?2)[/}’?2-51- -§2 - 3(—51. ;12)(.5’2' ?12)] ’ (4)

where T,,=T, - T,,1,,=T,,xp,, and .1.21 =T % B, -
Equation (3a) gives the self-spin-orbit coupling
of each electron through the Coulomb field of the

r K -2[L(L +1)]/2¢’
) ey —K-2t
2[L(+1)]2¢ -2(2L - 1)(2L +3)7
1/7’12+HB: 0 0
0 0

where K is the exchange integral, ¢ the “reduced”
spin-orbit matrix element in the triplet states (or
the spin-orbit parameter), 1 the “reduced” spin-
spin matrix element in the triplet state (or the
spin-spin parameter), and ¢’ the “reduced” spin-
orbit matrix element between the singlet and the
triplet state (or the mixing parameter).

From Eq. (6), we see that J=L+1orJ=L -1
states are pure triplet states; however, the J=L
eigenstates for nonzero L are mixtures of singlet
and triplet states, i.e., the predominantly triplet
J=L eigenstate ®, (often simply called the triplet
J =L state) is given by

¢t=(7¢1+¢2)/(1+72)1/2 ’ (7)

where y is the so-called mixing coefficient,!+1415
obtainable by diagonalizing Eq. (6). Calculations'?
show that in helium, y~10-* for P states, ~10-2

nucleus; Eq. (3b) gives the self-spin-orbit cou-
pling of each electron through the Coulomb field
of the other electron, together with the mutual
spin-orbit coupling between the two electrons.
Equation (4) gives the spin-spin interaction be-
tween the two electrons. We may note that the
complete Breit Hamiltonian contains other terms
(like “contact-interaction” terms) which do not
affect fine structures or singlet-triplet mixing,
and these terms have been omitted.

We shall limit our attention to the case of sin-
gle-excited electrons only, i.e., with the inner
electron in a 1s state, and the outer electron in a
nl state. Hence the total electronic orbital angu-
lar-momentum L equals [. We shall work with
the following four degenerate “basis states” with
the same J:

~@,. singlet state with J=L;
@,: triplet state with J=L;
@,: triplet state withJ=L+1;

®)

@,: triplet state withJ=L~-1.

The matrix elements of Hy+1/7,, with respect
to the basis states given by Eq. (5) can be con-
veniently expressed in terms of a few “reduced”
matrix elements, as was done by Araki et al.,*?
whose results are given in Eq. (6):

0 0 ]
0 0
-K+2L¢ 0 ) (6)
+2L(2L - 1)n
-K-2(L+1)¢
+2(L+1)(2L +3)n |

r

for D states and ~1 for F, G states. If the ex-
change integral K is much larger than &, 1, and
¢’, then

y=[L(L+1)]/28'/K . (8)

The eigenenergies of 1/7,,+Hy are obtained by the
simple diagonalization of the matrix given in Eq.
(6). The effect on the eigenenergies, as various
parts of the operator 1/7,,+H, are introduced, is
illustrated schematically in Fig. 1.

The (triplet) fine-structure intervals are!®

E(J=L-1)-E(J=L+1)=2(2L +1)(-¢+3n),
E(J=L)-E(J=L+1)=2(L+1)[- £-3(2L - 1)71]
_éEst) (9)

where dE; is a positive quantity not necessarily
small compared with |§| or |71| , and represents
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FIG. 1. Effect on the eigenenergies as various parts
of the operator 1/7, + Hy are introduced.

the “repulsion” between the singlet and the triplet
J =L eigenstates due to their mixing. Theoretical
results of the fine-structure intervals for the low-
est two 3D states, all calculated according to the
above scheme but with various approximations, are
listed in Table I.

IIl. THEORY OF STEPWISE EXCITATION LEVEL-CROSSING
SPECTROSCOPY

The theory of the effect on atomic fluorescence
due to level crossing'® for the case of a one-step

ture,'®2° and is summarized in the Breit-Franken
formula.?? However, for a two-step optical excita-
tion, the fluorescence from the higher excited
state m is complicated by the presence of the low-
er excited state u, in which optical pumping, level
crossing, etc. would cause “interference effects.”??
We shall simply call the fluorescence from the
higher excited state m stepwise fluorescence,
following the nomenclature of Kibble and Pancha-
ratnam,?® who first dealt with the theory of step-
wise fluorescence in a semiclassical perturbation
treatment involving polarizability, for white-light
excitation. We shall derive the formula for the
stepwise fluorescence in another way, in a densi-
ty-matrix formalism along the line of Gupta,
Chang, and Happer.?®* The sublevels of the ground
state, lower excited state, higher excited state,
and final state are labeled g, u or u’, m or m’,
and n, respectively. The density matrix of the
ground state, lower excited state, and higher ex-
cited state are denoted by p°, p?, and p?, respec-
tively. At steady state (i.e., rate of change of
density matrices being zero) and for white-light

xcitation, the density matrix of the lower ex-
cited state is related to that of the ground state
by23

TABLE I. Fine-structure intervals of 3°D and 4°D states in ‘He.

Fine-structure intervals in MHz

Work 3D, -3°D, 3%p,-3%D, 43p,—4%p, 4°p,-4’D,
Experiment
Present work 1400.67+0.29 75.97+0.23 591.25+0.14 36.15+0.24
Brochard et al.? 1448 + 30 90+ 24 615+ 30 54 + 30
Descoubes P 72.5+0.5 35.8+0.4
Buchhaupt © 74.6+1.0 35.8+1.0
Kaul ¢ 1399.9+1.1
Berry et al.® 142025 712 576+ 30 40%5
Theory
Araki ! 1353 75 : 567 28.5
Bethe, Salpeter 8 1390 92.7 587 39.1
Moser et al. M+ 1409 83.8 598 411
Parish, Mires' 1473 126 633 60
Van den Eynde 1414 85.8 600 41.8

et al. MK

2Reference 5.
YReference 6.
“Reference 8.
dReference 7.
®Reference 9.
fReference 16.
gReference 12.

hNote: fine structures not explicitly given by these authors, but derived from their work.

_iReference 17.
I Reference 2.
kKReference 1.
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where T is the polarization of the first-step excita-
tion light, p is the dipole operator, and ', is the
reciprocal of the coherence lifetime of the lower
excited state. Similarly,

b o m|E-PpTH-8*|m")
mm* Fm+iwmm:

(1)

where € is the polarization of the second-step ex-
citation light. The intensity I(f,€, ) of the step-
wise fluorescence of polarization U, is given by

I1(f,&,8)="Tr(pe), (12)

where £ is the fluorescence light operator®:
Lo ) T-Bnyn|pT*. (13)
n

Thus, the stepwise fluorescence intensity 7 is
given for white-light excitation, in general, by
combining Eqs. (10)-(13). If we further assume a
totally unpolarized ground state (not optically
pumped), i.e., assume

pS =i Zg: lexel , (14)

where N, is the total number of ground-state sub-
levels, then we can easily see that the stepwise
fluorescence would be given by

(unmemufug) (unm: em: ulfulg.)*

g (Ty+iw, ) (T, +1w )

I(1,8,0)=K

bl

(15)

-

where K is a constant, fz-f-ﬁ, e =-§-5, w=Uu*e p.
Equation (15), first derived by Kibble and Pancha-
ratnam by a semiclassical perturbation method,
may be called the “extended Breit- Franken formu-
la” for stepwise fluorescence. It is convenient to
separate I(T, &,1) for an unpolarized ground state
and white-light excitation, given by Eq. (15), into
four parts, given by imposing different conditions
on the sixfold summation: (i) =’ and m=m’,
(ii) p# p’and m=m’; (iii) p=p’and m 2m’; (iv)
pw#u’and m#m’. We shall call these parts the
decoupling term [, the absorption level-crossing
term I, ., the conventional level-crossing term
I..,, and the multiplicative level-crossing term
1.1, respectively. The last three names were in-
troduced by Kibble and Pancharatnam.?? The term
I4. is a slow varying function of the magnetic field,
and shows no resonance feature since there is no
energy denominator. The term I,  describes the
effect of level crossing in the lower excited state,
where coherence created is partly transformed
into populations in the higher excited state. The

term I describes the effect of level crossing in
the higher excited state, and this term is almost
identical to the Breit- Franken formula except for
the presence of “weighing factors” |fug[2. The
term I, describes the effect of the overlapping

of a level crossing in the lower excited state with
a crossing in the higher excited state, when co-
herence created in the former is partly carried
over into coherence in the latter. The various
routes in a two-step optical excitation giving rise
to the absorption, conventional, and multiplicative
level-crossing terms are illustrated in Fig. 2. We
may note that at small magnetic field (Hanle-ef-
fect region), all three terms I, I, and I, are
nonzero, and analysis is rather complicated.
However, at large field (i.e., outside the Hanle-
effect region), overlapping of crossings in the
lower and higher excited states occur only infre-
quently, and hence we can usually describe a res-
onance in the stepwise fluorescence by I,  alone
or by I, alone, when crossing occurs only in the
lower, or higher, excited states, respectively.
We may also note that the complicating effect of
optical pumping in the ground state or of resonance
light trapping is significant only when overlapping
of level-crossing signals occurs; otherwise pure
Lorenztian or pure dispersion signals in the step-
wise fluorescence could always be obtained for an
isolated level crossing (in the upper excited state
or in the lower excited state).

IV. ZEEMAN SUBLEVELS OF THE TRIPLET D STATES

The complete Hamiltonian of a helium atom in
an external magnetic field H is

C=Hps+[(gs —g.)S,+gm]uH , (16)

where Hypg is the fine-structure Hamiltonian, and
m is the total z component (parallel to H) of angu-
lar momentum and is a good quantum number;

H g is diagonal in the (J,m) representation, and
for the 3D,, °D,, and °D, eigenstates, the eigen-

m m
m' m
é‘w ~ U éo Canad'l
n n
I F,
©
T T
g— q g

(0) ABSORPTION
LEVEL CROSSING

(b) CONVENTIONAL
LEVEL CROSSING

(c) MULTIPLICATIVE
LEVEL CROSSING

FIG. 2. Various routes in a two-step optical excitation
giving rise to observable level-crossing signals.
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values are 0, E,, and E,, respectively. (We shall
set the zero of the energy scale at E;.) Note that
the 3D, eigenstate is actually not pure triplet, but
has about 1% singlet admixture.»> The “diamag-
netic Zeeman interaction”!%32 has been left out in
Eq. (16), since it is estimated as too small to af-
fect our results significantly in our range of mag-
netic field (up to 600 G).

Near zero field, the Zeeman splittings are
characterized by the following g ; values:

g:=81+3(8s-81) 1)
2.=8.+5(8s -85, (18)
g.=8.-3(8s-21), (19)

where «, is the triplet coefficient in the “triplet”
J =2 eigenstate, and [see Eq. (7)] is related to the
mixing coefficient y by

a,= (1+92)1/221 - 592, (20)

To compute numerically the Zeeman levels, val-
ues for a,, g;, &¢ are taken as

@, =0.99995 + 0.00005 , (21a)
2, =0.999867 +0.00001 (Ref. 24), (21b)
25=2.00229+0.00004 (Ref. 25) . (21c)

The value for the triplet coefficient @, given in
Eq. (21a) is estimated fron the calculated singlet-
triplet mixing coefficients? 2 and from the condition
Iat |=1. Values for g, and g have been put as
those used for °P states,?*s 2° and the uncertainties
given in Egs. (21b) and (21c) are due to possible
relativistic and motional corrections®* to the g
values. The computed results for 3°D are shown
in Fig. 3 (the present experimental values for E,
and E, are used), where all eight Am =2 level
crossings are identified.

It can easily be calculated that the low-field
crossings A, B, C, and D are unresolved, while
the high-field crossings P, @, R, and S are all
resolved. Accurate experimental determinations
of the high-field crossing points (and the over-all
low-field crossing signal) would not only yield E,
and E,, but also give consistency checks and pos-
sibly give indications of the best values for «,, g,,
and g for the state concerned. For the 3°D and
43D, only one high-field crossing (the @ crossing)
of 3°D has been studied by ion bombardment,” and
this @ crossing field has to be combined with the
rather uncertain®“combined low-field crossing sig-
nal”® to give the fine-structure intervals of 33D.
No optical excitation to the 3D states has ever been
attempted, though this method of excitation poten-
tially gives the best accuracy, because photons
are not affected by magnetic field, and usually are
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more efficient in producing coherence than elec-
trons or ions. A major difficulty is that 3D states
are not optically accessible in one step either
from the ground state or from a metastable state.
This difficulty is overcome in our present experi-
ment.

V. EXPERIMENTAL SETUP

In the present experiment, a 3D state is produced
by two successive optical excitations from the
23S metastable state produced by a low pressure
helium discharge. The scheme of this method is
illustrated in Fig. 4. Spectroscopy involving a
three-step excitation scheme has never been at-
tempted before. The following points seem to be
the obvious experimental difficulties.

(i) The metastable state must be created and
maintained at a sufficient density in a way that is
least affected by a varying magnetic field and pro-
duces a minimum of background light.

(ii) A bright, stable, and not self-reversed light
source is needed for each optical excitation:

10830 A for the first-step excitation, and 5876A
(3°D) or 4472 A (4°D) for the second-step excita-
tion. Since only the 5876-A line is within the tuning
range of cw dye lasers, good spectral lamps and
appropriate focusing devices must be designed.

(iii) Since the fluorescence observed is of the
same wavelength as the incident second-step ex-
citation light, the instrumental scattering must be
minimized.

ENERGY, MHz

1800
1600

1400 F¢

ENERGY, MHz

1200}

1000

1 L 1 ue
300 400 500 600
MAGNETIC FIELD, gauss

FIG. 3. Zeeman level diagram for the 33D state of
4
He.
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In our setup, metastable atoms are created in a
discharge-absorption cell (Fig. 5), designed to
run a stable dc discharge at about 10-50 mA and
30-200 mtorr of helium. At these low pressures,
a hot cathode is needed to sustain a quiet and sput-
tering-free discharge. A flat grid is positioned in
the cell as shown in Fig. 5. A voltage of about
—10 V with respect to the cathode is applied to this
grid to prevent the discharge from extending to the
central (observation) region of the cell. Much of
the cell surface is painted flat black to minimize
instrumental scattering.

The Pyrex discharge-absorption cell has i.d.
=3.75 in. and the separation between windows is
3.5 in. After the cell is fabricated, it is pumped
out to better than 107 torr while baked at 300 °C
for one day. The filament is activated, and the
pumping and baking is repeated for another day.
Then the cell is cooled, is “purged” by a discharge
for a few times, and is then filled at the experi-
mental pressure, typically 60 mtorr. The rigorous
cleaning procedure for the cell before filling en-
sures that helium 23S metastable atoms would have
little probability of being quenched by impurity
atoms. Furthermore, the rather large size of the
cell means long diffusion times (~10-% sec) so that
a satisfactory metastable density (typically 10'°
cm™3) can be built up at the center of the cell.

A resonance lamp for the present experiment
has the basic geometry of a Geissler lamp, since
the central constriction (characteristic of the
Geissler lamp) enhances greatly the brightness by
increasing the current density, minimizes self-
reversal, and produces light that can be very ef-
ficiently collected by a suitably-designed elliptical
reflector and focused into a small volume. Its
main differences from a commerically available
Geissler lamp is that it has a heated cathode, has
a central constriction of 5-mm bore, and is filled

n3D

FLUORESCENCE
OPTICAL FOR OBSERVATION
EXCITATIONS OF LEVEL CROSSING

DIRECT AND 23S METASTABLE STATE
PRODUCT N
BY ELECTRONS 19.82e¥

IN A WEAK

DISCHARGE

I'So GROUND STATE

FIG. 4. Stepwise excitation scheme for the present
experiment,

STOPCOCK  BALL JOINT

MASKING

FLUORESCENT
LIGHT o
0BSERVED el
APERTURE GRID
——— =% »

WESTINGHOUSE
"SHO" FILAMENT
CATHODE

TUNGSTEN LEAD

ZMOLYEDENUM ANODE

FIG. 5. Discharge-absorption cell.

at 2.3 torr for the best compromise for strong in-
tensities in all the lines of interest. A lamp is
typically run at 0.6-A dc at 135 V. Forced-air
cooling is needed. Two lamps are used for the
present experiment, each sitting at a line focus
of an elliptical reflector, and the axis of the dis-
charge-absorption cell sits at the common foci of
the two elliptical reflectors. This bielliptical con-
focal system ensures excellent light collection
from the lamps into the cell, allows multiple
passes of light into the cell, and gives to the ex-
citation light a good “directionality” (which is
needed to produce a level-crossing signal). Typi-
cal photon fluxes (in cm™ sec-!) onto the center

of the cell for the various lines of interest have
been measured to be 810 for 108304; 2x10'6
for 5876 A; 3x10' for 4472 A; and 2x10' for
3889 A.

The complete setup is shown schematically in
Fig. 6. Unpolarized light for excitation enters the
cell in the y direction after passing through colli-
mating Venetian blinds (to reduce instrumental
scattering). The stepwise fluorescence is viewed
within a small solid angle (opening angle ~5°)
along the cell axis (the z direction), which is
parallel to the direction of the sweeping magnetic
field. The discharge in the cell is parallel to the
z direction (so that the sweeping magnetic field

ALUMINUM
HOUSING ELLIPTICAL
REFLECTOR [A
B
X®———=12 (NORTH)

LIGHT ROTATING
SHIELD LINEAR
APERTURE POLARI\ZER FILTER

Y

VENETIAN—Z
BLINDS

PYREX DISCHARGE
ABSORPTION CELL

BIPOLAR
FMAG”;EWTE'EPF'ELD OPERATIONAL
: AMPLIFIER
HELMHOLTZ %

coiL 2 HELMHOLTZ

colL ¢
(MAIN FIELD) (syEep FiELD)

FIG. 6. Experimental setup.
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does not significantly affect the discharge). Mag-
netic field in the x and y directions are bucked out
by Helmholtz coils not shown in Fig. 6. The fluo-
rescence is detected by an EMI 9558B photomulti-
plier after passing through appropriate interfer-
ence filters. To observe a level crossing in a *D
state, a rotating linear polarizer is used for lock-
in detection, as shown in Fig. 6. However, to ob-
serve an “absorption level-crossing signal” (i.e.,
the effect of a crossing in 2°P state on the stepwise
fluorescence from a °D state), the rotating linear
polarizer is removed, and a pair of “modulating
coils” (not shown in Fig. 6) is used to produce a
modulating z field for lock-in detection.

The calibration of the main coils Z (i.e., the
gauss per ampere ratio averaged over the volume
of observation) poses a problem initially, since
the Z coils have a comparatively small radius
(~8 in.) and a large cross section (~2.5%2.75 in.).
The observation region is a roughly cylindrical
volume about 0.5 in. in diameter (in the x-y plane)
and 1.5 in. in length (in the z direction). The field
inhomogeneity over this volume is found to be 6
x10-* of the mean field by NMR probing. As we
are aiming at an accuracy of about 10™* for our
field determinations, it is important to get a suit-
ably averaged calibration over the observation
region. Fortunately, our present experimental
setup is “self-calibrating,” i.e., by observing
certain fluorescence light from our setup itself,
the calibration (automatically averaged over the
observation region) can be found. In fact, this can
be done in different ways, and at different fields
(or different currents through the coils). First,
conventional level-crossing signals and absorption
level-crossing signals in the 23P and 3°P states
are easily observed in our setup; since the fine-
structure intervals in these states have been pre-
cisely determined,?*25 the positions of the level
crossings can be calculated, and hence the field
calibration can be deduced. Second, the meta-
stable state in our setup is optically pumped, and
we can readily do precision magnetometry by flu-
orescence monitoring.?® The fact that the 23S
metastable state in our setup is strongly pumped
is manifested by the observed Hanle signal of the
3 3P state (Fig.7), which shows an extremely nar-
row peak at zero field due to ground-state level
crossing .27"?® This narrow peak also occurs in the
stepwise fluorescence [Fig. 7(c)], which shows
that the statement of Kibble et al.?? that “level
crossings in the initial term do not cause addition-
al interferences” refers only to very weak excita-
tion. From the above work we conclude that the
calibration of the Z coils, averaged over the ob-
servation region, is constant at 14.440+0.003
G/A (i.e., an uncertainty of 2/10%) from 0-400 G,

after which it rises about linearly (probably due
to thermal effects) to 14.443 +0.003 G/A at 600 G.

V1. DATA TAKING AND ANALYSIS

Data collection and control of the magnetic field
sweep are done by a programmed PDP-8S mini-
computer as indicated in Fig. 6. To observe a
certain level-crossing signal, the mean field H,,
is produced by the high-power Helmholtz coils Z.
The sweeping of the field about H,, is provided by
the low-power Helmholtz coils C controlled by the
computer, i.e., the computer sweeps the current
up and down in steps, and during each step the
computer accumulates the signal. Each cycle
takes about 2 min. After about 10 cycles, data
accumulation is temporarily stopped, the magnetic
field is reversed, and then the data accumulation
is resumed, with the new data being accumulated
on top of the old data. The same number of cycles
as before is made. The process can be repeated
till a satisfactory signal-to-noise ratio is obtained.
The field-reversal procedure not only takes care
of bias effects depending on direction of the field
or the current (like a small component of the
earth’s field parallel to the z direction), but also
eliminates the admixture of a small “dispersion”
component in the Lorentzian level-crossing sig-
nal, as explained in the following. The phase of

(a)

SOUTH =— gauss

(b) (c)

fe—— 0.1 gauss —!

la—— 0.1 gouss —=

FIG. 7. (a) Chart recorder trace of the Hanle signal of
the 3 °P state, observed by monitoring the 3 3P —238
fluorescence. (b) Blowup of the ground-state level-
crossing signal in (a). (c) Ground-state level-crossing
signal observed in the 3°D —2 3P stepwise fluorescence.
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TABLE II. Depolarization cross sections and critical pressures for 33D and 4°%D.

Gaep (1071%cm?) P, (mtorr)
7y(nsec) High-field crossings Zero-field crossings Present
n3p Ref. 30 Present work Ref. 8 Ref. 31 work
3 14.2 3.2+ 0.7 7 4.6+0.5 340
4 31.5 10+2 4 2.9+0.2 50

the lock-in amplifier (with respect to the rotating
linear polarizer) has been set by symmetrizing a
strong level-crossing signal (like the @ crossing
of 33D state). This will automatically symmetrize
all other level-crossing signals. However, we
found that this phase setting for symmetrical sig-
nals varies slowly with time (to within +5° from
the initial setting). This may be due to various
causes, e.g., slight changes in the spatial distri-
bution of the excitation light. Hence, an unknown
but small amount of (antisymmetrical) dispersion
component always accompanies the (symmetrical)
Lorentzian signal, which is an undesirable compli-
cation. Rose and Carovillano® have shown that
the dispersion component has sinf as a factor,
where B is the “phase angle misadjust” here, i.e.,
if the phase angle of the lock-in amplifier is
changed by -8, the dispersion component would
disappear. B is defined with respect to the field
direction, and reverses sign when field direction
reverses. Hence field-reversed dispersion com-
ponents cancel on adding.

The center of each high-field level-crossing
signal (except crossing S in 33D, to be discussed
later) is obtained by fitting it with a Lorentzian
plus a possible sloping baseline. The possibility of
a pressure dependence or a discharge-current de-
pendence of the position of the center has been in-
vestigated. The normal helium pressure used is
about 60 mtorr, and the normal discharge current
in the absorption cell is about 20 mA. Signals
have been observed at helium pressures up to 190
mtorr or discharge currents up to 45 mA, and no
significant variations in the positions of the centers
are found. However, we did find that the level-
crossing widths increase very rapidly with pres-
sure. By plotting the width versus pressure, the
collisional-depolarization cross section o4, can be
obtained. o4, is found to be approximately con-
stant for P, @, R, and S crossings in each state.
We define the critical pressure P, as the helium
pressure when the crossing width is pressure
broadened to twice the natural width, i.e.,

3.3x101°P Vo, T,=1, (22)

where P, is the pressure in mtorr, V is the aver-
age relative velocity between two helium atoms,

and 7, is the radiative lifetime. The present ex-
perimental o, and related P, are listed in Table
II, where results from Hanle-effect experiments
by ion-bombardment are also given. (The latter
experiments are complicated by various cascade
routes and by the very different “Hanle widths”
for the J=1,2,3 states.)

To avoid too much pressure broadening of the
level-crossing signals, the helium pressure should
be kept below or at most comparable to P,. How-
ever, discharge instabilities at pressure below
30 mtorr and also the rapid decrease in the meta-
stable density as pressure decreases below about
50-mtorr force a compromise to be made for the
experimental helium pressure, and the best com-
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FIG. 8. Typical experimental signals for the high-field
crossings in 3 3D. (Broken line is the Lorentzian fit to
the experimental data.)
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FIG. 9. Typical experimental signals for the high-field

crossings in 4 °D.

promise is found to be 30-80 mtorr for 33D and
30-60 mtorr for 43D. Spectroscopy of any higher
3D states would require lower-pressure ranges,
and our present apparatus would not be very suit-
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able.

Typical experimental signals for the P, @, R,
and S crossings in 33D and 43D are shown in Figs.
8 and 9, respectively. A typical integration time
is about 1 h. The polarization observed at the
center of a crossing as a percentage of the fluo-
rescence is the following: 1% for crossing @;
0.2% for crossing P; and 0.1% for crossings R and
S. All the high-field crossing signals are fitted
well by a Lorentzian except the S crossing in 3°D,
where the occurrence of a multiplicative level
crossing [i.e., the 23P crossing at 578.49 G over-
laps with the 33D crossing at 582 G, which has a
full width at half-maximum (FWHM) of about 14 G]
results in a very extraordinary signal shape.

This is the first instance of a multiplicative level-
crossing signal at nonzero magnetic field. Un-
fortunately, no detailed analysis of this experimen-
tal signal has been made, because the overlapping
of the multiplicative level-crossing signal with the
conventional level-crossing signal results in a
number of complications, which will be mentioned
later in our discussion of the overlapping low-field
level crossings.

The experimental level-crossing field, averaged
over several runs, are listed in Table III for case
A, when the uncertainty in the calibration of the Z
coils is disregarded, so that the error quoted is
purely statistical; and for case B, when the uncer-
tainty in the calibration of the Z coils is included

in the error stated. Since the uncertainty of two

TABLE III. Experimental level-crossing fields for 3D and 4°D states and the correspond-

ing fitted fine-structure intervals.

Level crossing

Fitted fine-structure inter-

Field (G): vals; upper error for case
Upper error is for A and lower for case B?

’ case A and lower E,=3p,-%D, E,=°D,—°D,
State - Point for case B? (MHz) (MHz)
33D ‘P 301.067 + 0.023

+0.064
Q 352.172+0.019 1400.67 75.94
+0.073 +0.05 +0.23
R 493.239+0.054 +0.29 +0.23
+0.112
S 582.25+0.35
+0.37
4%p P 127.156 +0.030
+0.039
Q 148.274+0.026 591.25 36.19
+0.039 +0.07 +0.27
R 207.84%0.06 +0.14 +0.27
+0.07
S 244,68+ 0.06
+0.08

2In case A, the uncertainty in calibration of the Z coils is neglected, while in case B it is

taken into account.
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parts in 10% in the calibration of the Z coils tends
to systematically shift all magnetic-field values by
the same percentage in the same direction, it is
more advantageous to extract the fine-structure
intervals E, and E, from the experimental level-
crossing fields for case A first, and then investi-
gate the additional uncertainties in E, and E, when
all crossing field values are increased by 2/10*

or decreased by 2/10%. The computer fitted E,
and E, with uncertainties for these two cases
(cases A and B) are also tabulated in Table III.
This fitting is based on the mean values for the
triplet coefficient «;, orbital g value g, and spin
g value g¢ as given in Egs. (21a)-(21c). The un-
certainties in the fitted E, and E, values, resulting
from the uncertainties in the parameters «;, g,
and g¢, are negligible as indicated in Table IV.
However, should improvements on the present ex-
periment enable accuracies of £0.02 MHz for E,
and +0.04 MHz for E, to be achieved, then the ef-
fects of the uncertainties in a,, g;, and g5 would
have to be considered. In other words, substantial
improvements in accuracy over the present work
would entail more careful examinations of the pa-
rameters «@,, g,, and g¢ for the ®D states.

The over-all low-field level-crossing signal,
i.e., the combination of crossings A, B, C, and
D, has been observed for 33D and for 4°D by the
same method as for a high-field crossing, and a
typical signal is shown in Fig. 10 for 33D. A typi-
cal integration time is about 1 h. As the positions
of the high-field crossings are mainly sensitive to
the large fine-structure interval E,, so are the po-
sitions of the low-field crossings mainly sensitive
to the small fine-structure interval E,. So the
combined low-field signal should ideally give a
much more accurate value for E, than that given
in Table III. Unfortunately, complications due to
the optical pumping of the 23S and the 2°3P states,
the trapping of the 10 830-A resonance radiation,

TABLE IV. Effect of uncertainties in oy, £, and&s
on the fitted values for the fine-structure intervals (o
=0.99995; 8, =0.999867; £5=2.00229).

Resultant deviation of fitted
structure intervals from the
mean value

Deviation of one
parameter from the

State mean value for E(MHz) for E,(MHz)

33D @, =0, +0.00005 —0.005 -0.03
&z =& +0.00001 +0.008 -0.01
g5=85+0.00004 +0.014 +0.02

4%p a, =0, +0.000 05 +0.001 +0.01
&1, =2;,+0.00001 +0.002 —-0.02
85=85+0.00004 +0.008 +0.03

FLUORESCENCE POLARIZATION

MAGNETIC FIELD {gauss)

FIG. 10. Typical experimental signal for the overlap-
ping low-field level crossings in 3°D.

and the opening angle (£25°) of the incident excita-
tion light make accurate analysis of the over-all
signal (consisting of four unresolved level-crossing
signals) impossible. These difficulties arise only
for the case of overlapping crossings, and have
the effect of making uncertain the “weight” of

each crossing. Also, at low fields, the “tails” of
the zero-field crossings of the 3D,, 3D, and °D,
states, all having quite different Hanle widths, are
not negligible. Furthermore, the discharge in the
discharge-absorption cell is rather diffused at

low fields, and some “background variation” is
superimposed on the rather wide combined level-
crossing signal. Thus, detailed analysis based

on Eq. (15) of the experimental lineshape was not
made. Instead, a least-square fit for E, and the
coherence lifetime 7 is made by freely varying the
weights of all crossings (A, B, C, D and the three
zero-field crossings). The results thus obtained
are shown in Table V.

TABLE V. Results obtained from least-square fitting
of the combined low-field level-crossing signal.

T(nsec)
State E,(MHz) (at He pressure~ 50 mtorr)
3°D 76.5+1.0 121
43p 36.0+0.5 18+2
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TABLE VI. Testing of the n ™3 scaling rule with the experimental fine-structure intervals of

7D,

n 3D, —n 3Dy=E, n’E, n3D,~n3D,=E, n3E,
n (MHz) (MHz) (MHz) (MHz)
32 1400.67 + 0.29 37818+ 8 75.97+0.23 2056+ 6
42 591.25+0.14 37840+ 9 36.15% 0.24 2314+ 15
5° 302.3+2 37790+ 250 20.3£0.3 2538+ 38
6P 178%3 38400 600 12.3£0.3 2660+ 60
7¢ 99+15 34000 5000 7.3%0.3 2500+ 100

2 Present work.
bDily and Descoubes, Ref. 6.
CBerry et al ., Ref. 9.

VII. SUMMARY AND DISCUSSIONS

The fine-structure intervals of the lowest two
triplet D states of helium are determined, and are
listed in Table I (values of E, given in Tables III
and V have been combined). Results from all pre-
vious measurements and from calculations are
also given.

From Table I, we see that our present experi-
mental results are much more accurate than the -
others, and are consistent with them except in the
case of 33D,-33D,, where our value of 75.97+0.23
MHz disagrees with Descoubes’s value of 72.5+0.5
MHz obtained by electron-bombardment level-
crossing spectroscopy. We believe that the latter
value is in error, possibly due to systematic er-
rors not entirely accounted for.

It seems obvious from Table I that agreement
between experiment and theory is poor, especially
for the 3D,-°D, interval. Clearly, more refined
theories are needed to understand better theoreti-
cally the fine structures and singlet-triplet mixing
in the triplet D states of helium.

Finally, we can check whether the triplet D fine
structures satisfy the »™® scaling rule predicted by
the simple theory of Bethe and Salpeter'? (which
neglect singlet-triplet mixing among other things).
From Table VI, we see that E, (which is indepen-
dent of singlet-triplet mixing) fits an »™3 scaling
remarkably well, and we can probably put

n°E, =37830+ 300 MHz (23)

to obtain better values of E, at n=6. However,

we see that E, (which is quite sensitive to the de-
gree of singlet-triplet mixing, and is smaller
when mixing is stronger) deviates very significant-
ly from an »-3 scaling law, and the deviation (in
the negative direction) is more serious as » de-
creases to 3. This cc.” ' be compared to the theo-
retical finding!'? that mixing increases rapidly as
n decreases to 3.
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