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Observation of singlet-triplet anticronsings in He
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Two independent anticrossings have been observed between singlet and triplet levels in the He atom,
one between the 7'D and 7'D states, the other between the 8 'D and 8'D states. The states are
excited by electron bombardment. Compensatory changes in the luminosity of the singlet and triplet
states are detected as the levels are tuned through the anticrossing points by a magnetic field. The
positions of the anticrossings have been analyzed to provide new values for these singlet-triplet
separations accurate to -0.03 6Hz. These results show the previous best optical determinations for the
separations to be in error by over a 6Hz. The widths of the anticrossings are analyzed to provide the
most direct measures of the spin-orbit coupling constant between a singlet and a triplet state yet
obtained for any system. The measured values of these coupling constants are found to be several times
larger than their corresponding diagonal value in the 7'D and 8 'D states.

I, INTRODUCTION

The importance of singlet-triplet interactions
in numerous areas of spectroscopy, laser develop-
ment, and photochemistry is well known. In mo-
lecular spectroscopy, perturbations among states
disrupt spectral regularity. Although it has often
been difficult to identify precisely singlet-triplet
perturbations, recent work' on Co seems to have
gone far in this respect. Phosphoresence and
intercombination lines and bands establish clearly
singlet-triplet interaction. Numerous lasers are
either assisted or inhibited by singlet-triplet
transitions. Likewise, photochemical reactions
are often influenced by singlet-triplet transitions.

The observance of any of the above effects, in
some sense, constitutes a measurement of singlet-
triplet interaction. However in no case is there a
very direct measurement of either the relative
positions of the singlet and triplet levels (except
for intercombination lines and bands) or of the
magnitude of the interaction between the singlet
and triplet (i.e. , the matrix element connecting
the two). The experimental problem, of course,
centers upon the relative weakness of the inter-
action between singlet and triplet levels along with
the forbiddeness of transitions between them.

However, in some kinds of experiments quite
forbidden interactions can be directly observed.
Recently electric-field perturbations between
excited atomic states of different parity have been
observed" by the method of level anticrossing.
Likewise, weak hyperfine perturbations have also
been observed' by the anticrossing method. In
these anticrossing experiments there exist energy
levels in close proximity, but between which the
perturbation is so small as to be scarcely notice-
able in zero field. If, however, a {magnetic) field is
used to tune these levels to essential degeneracy,

the effect of even a small perturbation between the
levels is no longer negligible.

According to the general Von Neumann' "non-
crossing" rule, these levels must repel one
another and avoid crossing. This avoided crossing
or anticrossing may have a dramatic effect upon
the luminosity of the decaying excited states. The
details of this effect were first worked out by
lieder and Eck4 and others' ' and later refined. "
The relevant facets of the phenomenon are pre-
sented later in this paper, but in the simplest
terms, luminosity is transferred from the more
strongly radiating state to the less strongly ra-
diating state. If the radiation of one of the anti-
crossing levels is selectively monitored as a
function of field, the center of a sharp change in
luminosity will mark the turning point for the anti-
crossing levels. Furthermore, the details of the
theory show that both the intensity and width (in
terms of magnetic field} of the effect are deter-
mined by the strength of the perturbation and the
lifetimes of the states.

Based upon the above considerations, the desir-
ability and possibility of observing anticrossings
between excited singlet and triplet levels of light
atoms and molecules seem apparent. Such obser-
vations would establish the relative positions of
the singlet and triplet manifolds to an accuracy
comparable to that of microwave spectroscopy.
Also the width of the anticrossing should give the
most direct measurement of the perturbation
coupling a singlet and triplet level.

If one considers the He atom as an example, the
possibility of the experimental observation of
singlet-triplet anticrossings seems good. In
moderately low rydberg states {n-5-10) singlet-
triplet separations of the D states lie in the GHz
region. Such separations can easily be tuned to
degeneracy by the application of moderate {kG)
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magnetic fields and the perturbation between them
may be even larger than in previous anticrossing
experiments. These states decay with convenient-
ly accessible and separable emissions in the visible
and near uv spectral region. Finally they can be
adequately and differentially populated by electron
impact. Thus our choices for the initial singlet-
triplet anticrossing experiments are the n =7 and
8 'D a,nd 'D states of He.

It is worthwhile recalling the recent experiments
of Wing and Lamb" on the n = 7 rydberg complex.
They observed microwave transitions between the
n =7 'D and "E('G and 'H) levels and hence deter-
mined precise positions for these levels, i.e. ,
the electrostatic fine structure. We will use cer-
tain of their results and we note that our experi-
mental methods are not dissimilar to theirs.
However, the singlet-triplet anticrossings which

we observe represent a distinct physical phenom-
enon from the microwave transitions of their ex-
periments and also have a quite different informa-
tion content.

II. THEORY

A. Anticrossings

The basic theory describing the observable ef-
fects of two atomic levels undergoing an anti-
crossing as a function of field is given by Wieder
and Eck.' Subsequent authors" have extended
their treatment slightly to include excitation mech-
anisms other than optical pumping. The results
of these theories can be summarized in the follow-
ing equation governing the change of light output
I„„.of a pair of Zeeman levels of the excited
atomic system near the point of anticrossing:

2
I
)"s)s, r)s I'(p'sp)rs -

p, r err).(ff s Jars-&r. s &r)
4Iv „„I ( / ')+0 r +g, p, '(H-H )

where V»» is the matrix element of the pertur-
bation between the Mth level of the singlet (S) state
and the M'th level of the triplet (T) state; r @» is
the lifetime of the singlet (triplet) state; p'&» „is
the diagonal element of the density matrix for the
Mth level of the singiet (triplet) state; Ks&r~ „ is
the intensity of the emission of the Mth level of
the singlet (triplet) state detected by the experi-
mental apparatus; g, is the effective g value be-
tween the two anticrossing levels; 0, is the turning
point of the levels in the avoided crossing; a.nd

7 ' = -', (r s
'+ 7 r '). Since experimentally one does

not isolate a single Zeeman level in emission,
one must sum the expression given above over
all M and M' states. However, most of the im-
portant facets of the observed anticrossings are
explicit in Eq. (1) even without the summation.

8. Singlet-triplet perturbation

Of the quantities in Eq. (1), perhaps the one
most fundamental to the success of the experiment
is the matrix element V»». of the perturbation
between the singlet and triplet states. The only
operator of reasonable magnitude that can connect

l

a singlet and triplet state is the spin-orbit (and
spin-other-orbit} operator. We can take the gen-
eral form of this operator iso from the Breit
equation, ""

ppsp=
' p, xp, —,)r„"p.)) p,

rn C
' ' rl'2

p xp, —,(p, p)) ~
PIC

where the electric fields 8, and 8, are given,
respectively, by

$ = Sl —S2.

Then 3|.'so can be rewritten

(3)

(4)

(5)

(6)

S, =Zr, /r', —r„/r'„,
and the other symbols have their usual signifi-
cance.

We can write 3C~ in a particularly convenient
form by introducing the operators

S= sl +82 q

mc & p'

Zl, Zl, e
+

p
— s + s [(rixps) -(rpxp, )+1) -1,] -g

=A L S+QL.S,



TERRY A. MILLER et al.

where l,~,~
is the orbital angular momentum of

electron 1(2) and L= I, +I,. The last line of Eq.
(7) is obtained by the replacement theorem. "
Formally A is to be equated to the first term with-
in large parentheses in Eq. (I) multiplied by
[L(X+I)] ', with an identical equation between
9 and the second term within large parentheses
times [L(f.+1)]

Equation (7) for Xso is convenient in calculating
the matrix elements V» ~„.. The term A L S
provides the diagonal spin-orbit coupling contri-
bution to the fine structure of the triplet states.
Its matrix elements, however, vanish between
singlet and triplet states. On the other hand, the
matrix elements of 8 L.S vanish within a triplet
state, but in general have nonzero values between
singlet and triplet states. Thus we see that

V»» is determined by 8 I ~ 8 and is completely
separable from the term A L ~ S that gives the
diagonal fine structure. The actual matrix ele-
ments of QL ~ 8 can be worked out by the methods
of Condon and Shortley" or Racah. " We present
these results for a 'D and 'D state in Table I.

C. He energy levels

Zero field

In order to interpret the experimental results,
it is useful to consider what is already known about
the structure of the n =7 and 8 rydberg states.
There are, roughly speaking, three distinct kinds
of structure. The largest splittings are the "elec-
trostatic fine structure" separating the S, P, D,
F, etc. , states. The smallest splittings arise
from the magnetic fine structure (spin-orbit and

spin-spin coupling). The third structure is pro-
vided by the exchange energy which separates
singlet and triplet states. For the S, P, and D
states it is much larger than the magnetic fine
structure and we can speak meaningfully about
singlet and triplet levels. However, for F and

higher states it is comparable to the magnetic fine
structure and the spin-orbit-coupling-operator

2. First order -Zeeman effect

Figure 1 also shows the effect of magnetic field
upon the n = 7 'D and 'D energy levels. To a first
approximation, the effect of the magnetic field
is given by the linear Zeeman Hamiltonian

3{-1 gag sH' S+ P @AH' L (8)

In terms of a decoupled representation (the com-
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mixing makes the singlet and triplet designations
not very meaningful.

The electrostatic structure is known for both
the n = 7 and 8 manifolds from optical spectro-
scopy. " For the 7 state these measurements are
largely superseded by the much more accurate
microwave work of Wing and Lamb. " The singlet-
triplet separations in both the 7 and 8 states are
known approximately from optical spectroscopy. "
Some fine-structure measurements" have been
carried out on the levels of the 7 state. Figure 1
is an energy-level diagram of the relevant portion
of the Vd state based upon the best experimental
data available. The magnetic fine structure is
invisible on the scale of the diagram. The diagram
for the 8 manifold is very similar except that all
the splittings are compressed to about two-thirds
those of the 7 states.

TABLE I. Matrix elements Vq@ zz &
of the operator

9 L'g. All the results listed below shouM be multiplied
by the constant factor 84'6) to obtain the elements
between a ~D and a 3D state. In all. cases the Ms vat.ue is
zero for the singl, et and one for the triplet.
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FIG. 1. Energy levels of helium with I = 7 and I- —2.
Zero-field energies are taken from Ref. 10, except for
the positions of the 3D and ~D states, which are deter-
mined by this work. The four observable singlet-trip-
let anticrossings |which on the scale of the diagram
occur at the same magnetic field) are indicated by large
solid circles.
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piete Paschen-Back effect} which is a sufficient
approximation, the eigenvalues of X, are just

H(gsMs+g~hf~) .
In the above, g~ can be taken to be the free-
electron spin g value. The g~ can be approximated
by unity minus the correction for the finite nuclear
mass, ""givingg~ =1-m/M=0. 99986.

Consulting Table I and Fig. 1, we note that the
only "crossing" levels of the 'D and 'D states with
a nonzero perturbation between them are those
of the 'D state with quantum numbers M ~

= 0,
M~, and those of the 'D state with M ~=1 and
'4'~ = M~ -1. Inserting these quantum numbers
into Eq. (9) shows that the effective g value g,
for the anticrossings in Eq. (1) is just g~ -g s
= -1.00246 or peg, /It = -1.4030 MHz/G. We also
see that there are four such anticrossings with the
singlet M~ =2 to -1. In this approximation, the
positions of all four anticrossings are precisely
degenerate.

3. Second order ef-fects

Up to this point, we have discussed all the inter-
actions which contribute to the energy levels de-
picted in Fig. 1 at a resolution appropriate to its
scale. These interactions lead to the simple pre-
diction of a four-fold degenerate anticrossing and
have given an effective g value for it. There are,
however, several terms which contribute effects
invisibly small on the scale of Fig. 1 but not neces-
sarily small compared to the precision of the pres-
ent anticrossing experiment.

Let us call these terms second-order effects,
since they are small in terms of energy magnitude
though not necessarily second order in perturba-
tion theory. There are three such terms. First
there is the magnetic fine structure mentioned
above and determined by the diagonal spin-orbit
coupling constant A, and the spin-spin coupling
constant b. Second there is the quadratic Zeeman
effect determined by the anisotropy of the dia-
magnetic susceptibility X„. Finally there is the
second-order Stark effect determined by the pro-
duct of the electric field (f), and the "off-diagonal"
electric dipole moments (p).

A general Hamiltonian encompassing these ef-
fects could be written

where, for the ' 'D states, L, = 2. The final term
describes the Stark interaction whose expectation
value, of course, vanishes because of parity.
However, the Stark effect is sufficiently large
that second-order contributions must be con-
sidered.

The terms of 3C, can be evaluated in the de-
coupled basis and there the diagonal terms are
enough to adequately determine the energies.
However, these diagonal terms depend on the
atomic constants A, b, etc. , which must be deter-
mined for the particular states. The expectation
values of the first two terms vanish for the 'D
states so we have only to worry about the triplets.
For the 7'D state there are mea. surements"'"
of the interval J =1-J'=3= 6v„=99.3 MHz and
J = 2 —J = 3 = Dv» = 'T. 3 MHz. Evaluating the matrix
elements of the first two terms of 3C, in the coupled
(zero-field) representation gives

Av» =~b —5A,

Av»= -(3A -&})).

(12)

(13)

Solution of these equations with the measured
intervals yields the values of A and b listed in
Table II. These values in turn may be compared
with the values of A, and b calculated according
to the hydrogenic approximation for rydberg states
of He given by Bethe and Salpeter. " As can be

TABLE II. Values of A and 5 in the 7d and Sd D states.
The experimental error limits are derived from the
quoted uncertainties in the measurements of Av&& and

The experimental values for the ad state are the
7d experimental resul. ts multiplied by (8)3.

magnetic susceptibility. This form has been given
previously by Miller and Freund"" without the
factor of —,'. The omission of the -', in the earlier
papers was an error; however, the matrix ele-
ments used in the computer program included this
factor of —,

' and thus the previous results"" for
g~ are all correct. The general form for y~ is

2

~ 4mc'L(2L -1}
~(qL~, = L~r'(3cos'e-l) ~qL})f, =L},

3(f ~ 5)'+ —,'(L ~ 8) —L'8'
2S(2S -1}L(2L-1} Expt. Expt. Theory

-~X„T (H H) T'(L L)-6: W (10)

The first two terms of X, are the standard
form" "for the magnetic fine-structure inter-
actions. The next term describes the interaction
of the magnetic field with the anisotropy of the

—15.5+ 3.2
34.8+ 6.0

-17.0
27,2

{-10.4 + 2.1)
{23.3 + 4.0)

'Derived from the results of Refs. 22 and 23.
Reference 12.
Extrapolated from 7d values.

—11.4
1S.3
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y„= -0.157 Hz/G' (7d 'D and 'D) (14)

seen from Table II, there is essential agreement
between the theoretical and experimental numbers.
This result is important, as there are no experi-
mental measurements of the fine-structure inter-
vals in the Sd'D state. However, the closeness
of the theoretical and experimental results for
the Vd'D state gives us confidence that we can
obtain the Sd'D results from theory. Thus under
"experimental" in Table II we give the Vd results
scaled by the appropriate rydberg factor, " (&)'.
Under "theory" we give the direct theoretical
calculation. The difference in the two results
is negligible for our purposes.

For the quantity X„ there are no experimental
data for either the Vd or Sd 'D or 'D states. Thus
we turn again to the theory of Bethe and Salpeter
to calculate y„. Since X„depends on. an r' opera-
tor, whereas A and b depend on y '-type opera-
tors, the results for y„are likely to be more
accurate than those for A and b. The results of
these calculations are

presence of the electrons used to excite the He.
This field would be very difficult to calculate.
The problem has therefore been eliminated by
extrapolating the position and breadth of the anti-
crossing line to zero electron current. However,
this procedure does not eliminate the effects of
the second electric field, the relativistic or
motional electric field seen by the excited He
atoms moving in the magnetic field. The magni-
tude of the electric field is given by"

r= VH, !c, (16)

where V is the excited He's velocity perpendicular
to H and H, is the anticrossing field. 5 is per-
pendicular to both V and H. Ground-state He

atoms are in thermal equilibrium at -300 K. The
velocity distribution for the excited He atoms is
unknown, but it seems unlikely to be very dif-
ferent from the ground state because of the low
probability of momentum transfer in an electron-
atom collision. Thus V can be taken'4 as the rms
velocity (2kT/m)' ' of He atoms at 300 'K, which
yields at the anticrossing fields

and

y„= -0.274 Hz!G' (8d 'D and 'D} . (15)
8: =10.8 V!cm (7d 'D and 'D),

8: = 7.5 V/cm (8d 'D and 'D). (18}
Finally there is the Stark effect term. Once

again, the hydrogenic approximation can be used
to obtain the off-diagonal electric dipole moment.
The electric field, however, arises from two
sources. The first is the field derived from the

Kith the above values for the constants, 3C, can
be evaluated, but first the eigenvalues and second-
order expressions must be obtained. These can
be written

2S(2 S —1)L(2 L —1)

[n' —(L+1)I' (L+M+1)(L+M+2)
2L+3 ' E„L V&

— ' E„&+1 &L+

(L —M +1}(L—M +2)
1,3 1,3

fl I hti ff, i + 1,,4Ig-l

The expression E, is quite general and gives
the second-order energies of all four states,
n =7 or 8 'D or 'D. However, a few caveats must
be honored to obtain these results simply. First-
ly it should be remembered that the anticrossing
levels are 'D M ~

= 0, M~ and 'D M ~
= 1, M~ —1.

Thus in all the calculations only the difference in

E, for these pairs of states is important. The
contributions from the first two terms of E, vanish
for both 'D states. The parameters A, b, 5, and

y~ are n dependent and the proper values from the
text must be inserted for each state. In the last
term "E„~„denotes the actual, experimental
energy of the singlet or triplet level of n D with
a given decoupled quantum number M~ (and the
same Ms) including the effect of the term 3C,.
This second-order expression only includes cou-

pling to the I manifold; the coupling to the P mani-
fold is much smaller.

Table III summarizes the calculated difference
in energy using Eq. (19) for each pair (singlet
minus triplet) of anticrossing levels. It is clear
from Table III that E, removes the precise coin-
cidence of the four anticrossings. Thus the pres-
ence of E, will cause both a slight broadening and
a shift of the center position of the anticrossing.

III. EXPERIMENTAL

The anticrossing signal is governed by Eq. (1),
which dictates the salient features of the experi-
mental apparatus. Since the lifetimes 7S and T~
are comparable, the diagonal density-matrix ele-
ments must differ and at least one must be non-
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TABLE GI. Numerical values for the difference (singlet minus triplet in MHz) in the levels
~1 „~z= 0 of the singlet and ML —1, M~ = 1 of the triplet state at the anticrossing fieM. These
values are derived from the energy F-z and are computed from Eq. (19).

Singlet
M~

Quadratic Zeeman Fine structure Motional stark Total

22.3
7.4

-7.4
22 ~ 3

37.3
34.8
15.0
22.3

1.5
2

1.2
1.6

18.8
6.2

—6.2
-18.8

25.0
23.3
10.0

-14.9

2.6
2.1
2.1
2.7

31.6
5.9

-31.0

TABLE IV. Wavelength in air of He transitions taken
from Ref. 16.

Transition Wavelength (A)

7 3D 23P
7'D- 2'~
8D 2P
8 1D~ 2 1+I

3705.005
4009.268
3634.369
3926.534

zero for observation of an anticrossing signal.
This requirement can be fulfilled by electron-
impaet excitation of ground-state He, which more
effectively populates the singlet level than the
triplet. Moreover, light emitted by either the
singlet or triplet must be preferentially detected.
The wavelengths of the principal emissions of the
Vd and 8d "D states are listed in Table IV, Table
IV shows that the wavelengths are sufficiently
different so that moderate dispersion in the detec-
tion system is sufficient to detect any singlet or
triplet line with the complete exclusion of the
other.

Two entirely independent apparatuses have been
used to perform these experiments. This redun-
dancy was useful to guarantee that the observa-
tions were in no way traceable to instrumental
artifacts. One apparatus was the same as that
used to observe microwave optical magnetic reso-
nance induced by electrons (MOMRIE) in H, and

He. The second apparatus was built especially
for the anticrossing experiments.

As the MOMHIE apparatus has been described
elsewhere, " '-' "we here describe only the modi-
fications for the anticrossing experiments, The
microwave power was turned off and the lumines-
cence in the cavity was viewed through the light

pipe described before. An interference filter
(centered at 4031 A, full width at half-maximum
10 A) was available which, when tilted off-normal
isolated the 7 'D-2 'I' emission at 4009 A. Pre-
liminary experiments were performed with this
filter, a lens, and a EMI 6256@ or EMI 9558/
photomultiplier.

The output of the photomultiplier was connected
across a 5-kQ load resistor to one of the inputs
of a PAR 113 differential preamplifier. The dc
level of the phototube was effectively balanced by
a, mV dc level applied to the other input of the PAR
113. The output of the PAR 113 was connected to
a PDP-8E computer that repetitively swept the
magnetic field and averaged the signal according
to a. software program written by ourselves.

The signal-to-noise ratio of the anticrossing
observed while operating in this mode was suf-
ficiently high that we deduced that one could ob-
serve the anticrossing using a lens system to
image the light on the entrance slit of a Spex 4

meter spectrometer, even though the light-gath-
ering capability of this system was quite inferior
to the interference filter system. Thus the spec-
trometer system was used to observe the anti-
crossing signals carried by each of the optical
emissions listed in Table IV. The output from the
photomultiplier (in this case always the 6256@
because of its lower dark current) was handled
exactly as described above. Representative anti-
erossing signals carried by the 7d 'D and 'D lines
are shown in Fig. 2.

The pressure of He in the cavity during the ex-
periments was in the range of 1-10 m Torr as
measured by a, MES capacitance manometer.
Magnetic field measurements were made, as has
been described previously, ' "' with an NMR
fluxmeter. Any time-constant effects present
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)NGLET EMISSION

FIG. 2. Singlet and trip-
let anticrossing (blend 4
lines) as seen in the ernis-
sion from the 7 D state at
4009.3 A and the 7 SD state
at 3705.0 A. Each of these
runs was taken with the
original (MOMHIE) appara-
tus and required 24 min of
signal averaging with - 1
mTorr of helium and -0.2
mA electron current.

FIDEL.O M3ITKNS H t G&
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in the averaging process were eliminated by com-
bining measurements using increasing and de-
creasing magnetic-field sweeps.

Although ultimately the data obtained from the
modified MOMRIE apparatus proved highly reli-
able, some initial problems raised doubts about
its credibility. One of the problems was that a
number of other lines similar to the singlet-triplet
anticrossing were observed to be carried on the
He luminescence, especially that from the singlet.
Although most of these lines had no "mates" in
the triplet luminescence, there were several weak
features in the triplet luminescence in the same
magnetic-field region. These "extra" lines de-
creased in intensity and narrowed much more
rapidly than the singlet-triplet anticrossing as the
electron current was decreased. Indeed, at low
electron currents they disappeared entirely, as
evidenced by Fig. 2. This behavior led us to be-
lieve that these lines were electric-field-induced
anticrossings, perhaps involving other members
of the Vd and 8d manifolds. However, using the
available knowledge about these energy levels,
we have not been able to uniquely assign these
probable electric-field anticrossings.

The electric field postulated to account for these
anticrossings arose from electron space charge
in the cavity. Its presence had been established
in other experiments and its most important com-
ponent was known to lie perpendicular to the mag-
netic field. Besides possibly inducing electric-
field anticrossings, it certainly Stark shifted and

broadened the singlet-triplet anticrossing. Such
a field, of course, must vanish if the electron cur-
rent vanishes. Thus we extrapolated our results
to zero electron current. However, since the
exact dependence of the field upon current was
unknown, the functional form of the extrapolation
could only be guessed. Thus one could not be
certain that a systematic error would not be in-
cluded in the measurement.

Finally, the only observable characteristic of
the singlet-triplet anticrossing was a change in
luminosity as a function of magnetic field. Un-

fortunately, the magnetic field affects the tra-
jectories of the electrons, an effect which under
certain circumstances has been known to lead
to broad undulations in luminosity as a function of
magnetic field. While the details of these luminos-
ity undulations were quite different from the anti-
crossing signal, it was impossible to absolutely
eliminate the chance that the observed signal was
an instrumental artifact.

For the reasons given above, it was felt that
the anticrossing signal should be observed and
measured in an independent apparatus as different
as could be practical from the MOMRIE apparatus.
A second apparatus was built with a different
geometry and as small an electric field as pos-
sible. There was no microwave cavity, just an
electron gun. The gun was quite different from
that used in the MOMRIE apparatus and included
a control grid. The cathode was of the same de-
sign as one previously described. " Its active
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emitting surface (1 x5 cm} was a nickel matrix
filled with BaSrCO, . It was supported (Fig. 3}
on a quartz plate, along with a tungsten grid and
anode. Mica spacers along the top and bottom
edges separated the grid fxom the cathode by 0.5
mm. The grid-to-anode distance was about 5 mm.
The anode and all electrical leads were supported
by screws mounted in holes in the quartz plate.

The entire assembly was placed in a copper tee
vacuum chamber previously described. " Copper
tubing was wrapped around the exterior of the
chamber for water cooling. The chamber was
pumped by a combination Veeco pumping station
and leak detector. The He luminosity was viewed
with a light pipe passing through a quick-couple
in the front flange of the chamber. Magnetic-field
measurements were by means of the same NMR

as with the other apparatus. The NMR probe ex-
tended into the vacuum chamber in a tube passing
through a quick-couple in the top flange.

In a typical operation, He pressure in the cham-
ber was in the mTorr region as estimated from
the discharge gauge on the pumping station. An

accelerating voltage of 30-50 V was maintained
between the cathode and grid. Unfortunately, it
was also found necessary to apply an additional
30-60 V between. the grid and anode to obtain use-
able luminosity levels. Under these conditions, the
total current collected at the anode was 50-100
mA. The current collected by the grid was about
10% of the anode value.

The He luminescence collected by the light pipe
was isolated by the 4031-A filter and monitored
by a EMI 9558@photomultiplier. The output of the
phototube was connected to a 113 preamplifier and
the computer, exactly as described above for the

QUARTZ LIGHT
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MOMRIE apparatus. Since the second apparatus
was incompatible with monochromator usage, all
the experiments with it involved the anticrossing
carried by the 7d'D emission.

The following observations were obtained with
this apparatus pictured in Fig. 3. The only signal
observed was that assigned to the singlet-triplet
anticrossing. The lines assigned to electric-field
anticrossings were totally absent, presumably
because the grid in the electron gun eliminated
large space charges and the perpendicular electric
fields associated with them. There did, however,
appear to be a Stark effect caused by the parallel
electric field between the grid and anode. The
anticrossing line position was extrapolated to
zero field by taking measurements with a 30-60-V
differential between the grid and anode. The field
position obtained in this way agreed within ex-
perimental error with that obtained from the zero
current extrapolation in the MOMRIE apparatus.

IV. SPECTRAL ANALYSIS

A. Positions of antierossings

As was noted in the experimental section, mea-
surements of the line positions were taken at
varying electron currents and electrode voltages.
The results were then extrapolated to zero current
or electric field conditions. It is these extrapo-
lated values that we shall imply whenever we men-
tion experimental-field positions. In both the
n =7 and 8 case, separate measurements were
made on the anticrossing curve carried by the
'D light and the 'D light. An example of these
independent observations is shown for the n ='7

states in Fig. 2. In all cases the measured posi-
tions of the anticrossing signals carried by the 'D
emission and the 'D emission agree to well within
experimental error. Hence we quote only one
field (a simple average} for the anticrossing posi-
tion. Likewise, the position of the n =7 anti-
crossing is an average for the two apparatuses.

These experimental field positions are given in
Table V. The next column gives the corresponding
zero magnetic-field separations assuming the
value of g, derived above. If we define the precise

TABLE V. Anticrossing field position and derived
singlet-triplet intervals.

QUARTZ SUPPORT

FIG. 3. New apparatus used to observe anticrossing
in emission from the 7 ia state.

Extrapolated
field position

(0)

9710~ 20
6750+ 25

Energy separation
(MHz)

13 624+ 28
9470+ 35

Singlet-tripl. et
separation

(MHz}

13 642 *28
9483+ 35
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singlet-triplet interval as the energy difference,
at zero electric and magnetic field, between the
'D state and the center of gravity of the magnetic
fine-structure components of the 'D state, then
the effects of F., must be eliminated from the ex-
perimental energy in column II. As will be shown
below, the four anticrossings have essentially
equal intensities. The shift in center position of
the anticrossing is just the simple average of the
last column of Table III. By subtracting these
averages from the results in column II of Table
IV, we obtain in Column III the singlet-triplet
separation as defined above. It is probably worth
noting that the corrections from E„while not
negligible, are not large, and thus any small er-
rors introduced by the approximations used to
obtain E, should be unimportant.

B. Anticrossing width

As with the line position, the linewidth of which
we will speak is the zero-current zero- (electric-)
field limit. Also there is no notable variation
between measurements of anticrossing width
carried on the 'D or 'D line. The width in the
MOMRIE apparatu, s was, however, slightly nar-
rower than that recorded in the other apparatus,
for which no good extrapolation to zero current
and pressure could be obtained due to signal weak-
ness. In fact, at the several lowest currents in the
MOMRIE apparatus, the line appeared to have
reached a constant "zero-field" limit. Thus only
these low-current widths from the MOMRIE ap-
paratus are used in this analysis.

These experimental full widths at half-height
are given in gauss in Table VI. The corresponding
widths in MHz are also given in Table VI. In
order to interpret these widths it is well to look
at Eg. (1), which gives the anticrossing signal.
For given states, excitation, and detection sys-
tems, the full width b, p at half-height is given by
(in MHz}

I/2

7'

It may be noted from Table I that there are two
distinct values of the perturbation V~„~„ for the
four distinct anticrossings. Thus all the lines need
not be of the same intensity. In fact, if

then all of the intensities will be essentially
equal. "

Fortunately, for the n =7 states Descoubes" has
measured 7.

~
= 71 + 8 nsec and 7 ~

= 190+70 nsec.
From these numbers we obtain 2(T) '= 3.0 MHz,
which is less than 1$ of the observed width and

about ten times smaller than the experimental er-
ror. Thus we see that inequality (22} applies; the
anticrossing intensities are all the same, and the
lifetime term makes a negligible contribution to
the linewidth. Although no measurements on z~ or
T~ are available for the 8'D and 'D states, they are
probably slightly longer, and the same conclu-
sions as for the 7 state must apply.

Thus we reach the conclusion that in both the
7d and Bd cases, we have four individual anti-
crossings separated by the intervals given in
Table IG. The intensities are all equal and the
full widths at half-heights Av are given by

(23}av = 48f„f, ,

where f, = (T~7r/7')' ' and f„=v2 or KS, as given
in Table I. With this information it is easy to
construct on a computer the sum of four Lorent-
zians with the single variable parameter Qf, to
fit the observed width. Such a calculation was
carried out on the same PDP-BE computer used
to accumulate the data. The results are given in
Table VI. For the 7d state, f, is 1.13+0.10
from the data of Decoubes. " This leads directly
to the value of 8 listed in Table VI for the 7d
state. As can be seen, the error in the deter-
mination of 8, is about equally divided between the
uncertainty in the linewidth and f, . For the Bd
state, f, cannot be calculated as the lifetimes are
unknown. However, they are almost certainly
sufficiently close to the 7d values that f, for the
Bd state would lie within the error bounds of the
7d value. Hence we adopt the 7d value and obtain
the value of 8 for the Bd state listed in Table VI.

TABLE VL Value for full width at half-height for the
anticrossing curves and the values of 9, , etc. , derived
therefrom.

V. DISCUSSION

The values obtained for the singlet-triplet sepa-
ration can be compared with the previous best

then the intensity of two of the anticrossings will
be 50% greater than the other two by Eq. (1). On

the other hand, if

a'~-'«4~V, „,„.~' ', ',

~ (0)
Av {MHz)
~eg„(MHz}
i8i (MHz} obs.
j8 (MHz) theory

254+ 20
356+ 28

56.6 ~ 4.0
44.7+ 6.8
51.0

180+20
253~ 28

40.2 + 4.0
32.3 + 5.5
34.2
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TABLE VII. Comparison of best theoretical calculations, optical observations, and the
present results for the singlet-triplet interval. A11 results are in 0Hz.

Theoretical
Parish and Mies' Poe and Chang

Optical.
Martin' Present Expt.

42.8
29,3

14.7
10.8

13.64 +,03
9.48+ .04

'Reference 26. Reference 27. Reference 14.

experimental values and the best theoretical cal-
culations. Table VII shows that the best optical
determinations overestimate the singlet-triplet
separation by 1.15 and 1.32 GHz. Since the error
in the optical values is roughly the same, it is
possible that this error arises, not from errors
in the individual measurements of the 7 "D and

8 "D to 2p "P transition wavelengths, but from
an error in the relative positions of the entire
singlet and triplet manifold. This latter value is
derived primarily from Herzberg's measure-
ments" of the vacuum ultraviolet intercombination
lines. Martin' states that jt j.s unlikely that the
intersystem connection is in error by more than

0.02 cm ' (0.60 6Hz); however, the consistent
overestimation by -1.2 GHz of the singlet-triplet
intervals raises some doubt about the uncertainty
in the intersystem connection. Clearly, anti-
crossing measurements between other singlet-
triplet states would be needed to confirm this
hypothesis.

The singlet-triplet intervals can also be corn-
pared to theoretical calculations. Calculations of
absolute singlet and triplet energies for n values
as high as 7 and 8 have been made by Parish and

Mies." For both the 7d and 8d states, their cal-
culation seems to overestimate the actual inter-
vals by roughly a factor of 3. Poe and Chang"
have recently applied Brueckner-Goldstone per-
turbation theory to calculate electrostatic, ex-
change, and magnetic fine-structure intervals in
the n =7 manifold. Their method has the advantage
of calculating directly the desired intervals. Table
VII shows that their calculation of the Vd singlet-
triplet interval is quite close to the experimental
value and is clearly better than that of Parish and

Mies. This behavior is consistent with their ex-
cellent prediction of the electrostatic intervals
measured by Wing and Lamb. "

The other important result of this experiment is
the measurement of the spin-orbit coupling con-
stant 8 between the singlet and triplet states. Al-
though this parameter is the fundamental mea-
sure of singlet-triplet interactions in any atomic
or molecular system, we believe this is the first
direct measurement of 8 for any system.

Our values for 8 are listed in Table VI and by
comparison with Table II it can be seen that, for
both the Vd and 8d states, 8 is several times the
diagonal spin-orbit coupling constant A. There are
no detailed calculations of 8 values for levels with
n &3, but by n = 7 and 8 the hydrogenic approxima-
tion of Bethe and Salpeter, "which was used to
estimate various terms of E„would seem to be
quite good. Although they applied their approxi-
mations only to calculate A. , not 8, their logic
can be adopted to obtain a corresponding expres-
sion for 8. Numerical evaluation of that expres-
sion leads to the v'lues in the last rom of Table
VI. As can be seen, the predicted values for both
the Vd and 8d states are equal to the observed
ones, within experimental error. This seems a
nice corroboration of the ability of the experiment
to correctly determine the value of 8.

The anticrossing method seems a powerful tool
for studying singlet-triplet systems. We plan
more measurements on lower rydberg states of
the He atom to see if the optical intersystem con-
nection is in error and in any case to improve its
accuracy. While the lower n anticrossings will be
broader and at higher field, Stark effects (the
greatest experimental problem} are much smaller
and lifetimes are better known. Also, it seems
reasonable to extend the technique to simple mo-
lecular systems (e,g. , H, ) to gain information about
singlet-triplet intervals and relative manifold
positions in molecular systems.
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