
THEORY OF ONE-ELECTRON MOLECULES. I. Li~'

periment tends to confirm these features of the cal-
culation. The absolute magnitude of the theoretical
cross section is 25~/g larger than experiment at low
velocity, and this discrepancy decreases at higher
velocities. The magnitude of the cross section de-
pends on the difference potential for large internu-
clear separation R &10ao. The relative accuracy of
the difference potential is less at large R where the
difference potential is small. The uncertainty in AV
at R = 15ap is +10%, and the uncertainty in the theo-
retical cross section is +5~/c. The stated experi-
mental uncertainty is +15/c. Michels's potential,
which is considerably smaller than ours for large R,
yields a cross section whose magnitude is in good
agreement with experiment.

VIII. CONCLUSIONS

To review, we have set up a one-electron effective
Hamiltonian for Lia' and have found the six lowest
eigenvalues as a function of internuclear separation.
The numerical method used is economical and ac-
curate and may find application in other one-electron
problems. The intermolecular potentials, together

with one matrix element, were used to calculate
absolute cross sections for three scattering pro-
cesses which have been measured. Qualitatively,
the theoretical model explains all the observed fea-
tures of the cross sections. In particular, the ob-
served level crossing' is identified as a crossing
of the 0„, and ~„, levels. Where a quantitative com-
parison is possible, the calculated cross sections
agree with experiment within the author's assess-
ment of possible experimental error. There are
sound theoretical reasons for believing that the
theoretical model, simple though it is, is an accu-
rate physical model for Li&' for B& 2ao. It is there-
fore desirable to have accurate experimental mea-
surements to test the theory. It is desirable to have
(a) absolute elastic cross sections over a wider
range of energies with a careful study of the inter-
ference term, (b) absolute inelastic cross sections
in order to compare the magnitude and shape of the
curves, and (c) a more accurate absolute measure-
ment of the charge-transfer cross section.

The theoretical methods used here can be applied
to the other symmetric or asymmetric alkali molec-
ular ions and to the alkali-hydride molecular ions.
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The 43I' state of helium has been excited and aligned by electron impact in a strong mag-
netic field. Transitions between Zeeman levels of the fine-structure states are induced by
microwave frequency radiation and are detected through the resulting change in polarization
of 8188-~ fluorescence. The derived values of the fine-structure intervals are 4 Pp 4
=3306.6+1.0 MHz and 4 P~-4 P2=270. 7+0. 8 MHz. The diamagnetic Zeeman interaction
produces an observable effect, and the magnitude of its anisotropic part has been measured.
The atomic radius and quadrupole moment are derived from this measurement and agree
within experimental error with the values for a hydrogenic 4p orbital.

I. INTRODUCTION

Accurate measurements of the fine structure of

helium 2'P and 3'P have been carried out for many

years, ' ' both for the purpose of testing higher-
order corrections to calculated He wave functions
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and with the hope of obtaining an improved value
for the fine-structure constant n. Calculations of
these fine-structure intervals have agreed with ex-
periment to about 100 ppm,

' ' and efforts are con-
tinuing to improve the accuracy of both the calcu-
lations' and experiments.

The only measurements of fine structure in other
states of helium have been by Galleron-Julienne
and Descoubes "'and Maujean and Descoubes. ""' By
means of the level-crossing method they have ob-
tained data for the 4'P-9 P, 3 D-7 D, and O'E
states. There have been no reported calculations
of the fine structure in these other states.

The present study was initiated primarily to test
apparatus designs which can be used for microwave
frequency spectroscopy of molecules. It quickly
became apparent that the data on helium 4 P could
provide more accurate fine-structure values than
the published ones. Our experiment gives a value
for the 4 P,-4 P, separation which agrees with that
of Galleron- Julienne and Descoubes '"with experi-
mental error, but disagrees with the later value of
Maujeanand Pescoubes. Our value for the 4 Po-
4'P, separation is about two orders of magnitude
more precise than either of the previous values. '

An unanticipated observation has been that the
diamagnetic Zeeman interaction {the A term in the
Hamiltonian) has an observable effect on our tran-
sition frequencies. This interaction has not been
observed in previous rf studies of paramagnetic
atoms since its magnitude increases rapidly with
increasing atomic radius and magnetic field, where-
as the measurements have been made on atomic
states with low principal quantum number or have
used low magnetic fields.

The A term gives rise to both an isotropic shift
that is independent of the Zeeman (M) state and an
additional anisotropic shift that is different for
states of different M(see Sec. II). The M-indepen-
dent shift is related to the isotropic bulk magnetic
susceptibility which has been measured often for
atoms and molecules. The M-dependent effect is
related to the anisotropy of the diamagnetic sus-
ceptibility and to the quadrupole moment of the atom
or molecule.

Several optical absorption spectra of the alkali
atoms at high magnetic field (-25000 G) have re-
vealed the effects of the A' term on high Rydberg
states (n between 15 and 35). ~ ' It is likely that
optical spectra at megagauss magnetic fields will
also display this interaction. A recent observation
of the sodium D lines at megagauss fields' showed
a 164-A first-order Zeeman shift, but because of
experimental limitations it was impossible to mea-

0
sure the expected 1.75-A diamagnetic Zeeman
shift. Flygare and co-workers' have presented
a series of measurements of the anisotropy of the
magnetic susceptibility in diamagnetic molecules

and of the molecular quadrupole moments. The
first measurement of an atomic quadrupole mo-
ment has recently been reported for the ground
P state of aluminum. Our measurements on the

4 P state of helium appear to give the first experi-
mental determination of a quadrupole moment for
an excited atomic state.

Il. THEORY

The effective Hamiltonian relevant to this prob-
lem is

Ag = —(m/M) (1+ (S,)/J, ), (3)

where

(II ) =5 ((rt xpa) + (raxpt) )

rn is the electronic mass, M is the nuclear mass,
rq the radius vector of electroni, and p, the mo-
mentum of electron i. An approximate calculation
using hydrogenic orbitals shows that the second
term in Eq. (3) contributes less than 10 ppm for
any x 'P state with n &2. Ag„results from several
relativistic effects. Since the speed of an nP elec-
tron decreases as n increases, the relativistic cor-
rections also decrease. Rough calculations show
that 4g„&10ppm for n P states with n &2.

We have set g~, the electronic spin g value, equal
to the free-electron value, 2. 00232. The only ex-
pected corrections are several relativistic terms,
the combined effect; of which might change g~ by 2
or 3 units in the fifth decimal place. The frequen-
cies of the observed transitions should be quite in-
sensitive to the value of g& since all the observed
transitions are of the approximate form 4M~ =0
(see below) and at the high-field limit, the AM& =0
transition frequencies are independent of g~. As
expected, least-squares fits to our data in which g~
was treated as a variable parameter did not show
a statistically significant deviation from the free-

Fs+gx @gH' L+g s~BH' S+BCd s

where pe is the Bohr ma. gneton, 1.39960 MHz/G,
H is the magnetic field, L is the electronic orbital
angular momentum, and S is the total electronic
spin angular momentum.

3CFais the fine-structure Hamiltonian, which con-
sists primarily of terms due to the spin-orbit and
spin-spin interactions. In this experiment, which
measures the two fine-structure intervals, 4 P~-
4 P, (called Av») and 4'P, 4'Po (c-alled hvo, ), we
treat the splittings phenomenologically and do not
consider their origins.

The orbital g value g~ is equal to unity, except
for higher-order corrections. "'"'" Explicitly,

gr. = 1+ g~+

4g which arises because of the finite nuclear mass,
takes the form
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Equation (7) can be rewritten in terms of the usual
(isotropic) diamagnetic susceptibility )(z and its
anisotropic analog X„by taking the expectation value
over the electronic state and using the replacement
theorem to replace the second rank tensor in r& by
one in L:
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X~= —g)(~H yg T—(H, H) ~ T (L, L),
where

yz--Q, (e'/8mc') &qLMt t r', ~ELM, )

and
e'

4mc L, (2L —1)

(8)

25S J=I
"IO00

electron value.
X„' is the effective Hamiltonian for the diamagnet-

ic Zeeman interaction within a given electronic
state. Its form can be derived from the general
diamagnetic interaction,

X~=+; (e'/2mc ) A', , (5}

For a Coulomb gauge and a uniform magnetic field
A( = 2(Hx r() so

&~=K~ (e /8mc2) (Hxr;)' . (8)

This expression may be rewritten in irreducible
tensor form and the operators recoupled so that it
can be divided into two parts: one isotropic and
the other anisotropic. The energy contributionfrom
the isotropic part is independent of the projection
of total angular momentum along H, and the energy
contribution from the anisotropic part gives zero
when averaged over all projections:

2

&g= —Z ~
T' (H, rg)'T (H, ri)

0-I
0 2000 4000 6000 8000

H (GAUSS)

FIG. 1. Energy levels of the helium 43P state {top)
and 238 state (bottom) in the presence of a magnetic
field. Allowed optic al transitions and their polarizations,
parallel or perpendicular to the exciting electron beam,
are indicated on the right. The only six microwave
transitions which are observable in this experiment are
numbered in order of increasing magnetic field for fixed
frequency.

x (ELM ~ = L
~

r
& (3 cos && —1)

~
ELM, = L ), (10)

where p represents the remaining quantum numbers
needed to specify the atomic state.

The energy levels derived from the effective
Hamiltonian [Eq. (1)]for helium in the 4'P state
are shown in Fig; 1. The six observed microwave
transitions are indicated.

III. METHOD

The experimental method is similar to that used
by Lamb and co-workers. ' ' A microwave cavity
is placed in a strong magnetic field and filled with
helium. A beam of electrons, traveling through
the cavity along the magnetic field, excites some
helium atoms to the 4 P state. Because the elec-
trons are moving along a well-defined direction,
the excited state of the atom is aligned in the mag-
netic field, that is, the populations of M&=+1 dif-
fer from the population of Ml, =0. The subsequent
radiation (

'4P2'8 at 3188 A) is polarized (Fig. 1).
If microwave radiation at the resonant frequency
now interacts with the excited state, the populations
of the two connected levels tend to equilibrate and

the optical polarization is reduced. Detection of a
change in optical polarization, therefore, indicates
the occurrence of a microwave transition. Figure
1 illustrates the nine optically allowed transitions
in terms of labels appropriate to the high-field lim-
it, &M~=0, +1 and &M~=0. Transitions with &M&
= 0 are polarized parallel to H and those with &M~
= +1 are polarized perpendicular. From the dia-
gram it can be seen that only the six indicated mi-
crowave transitions lead to the change of polariza-
tion required for their observability.

IV. APPARATUS

A. Microwave Cavity

The resonance experiment is carried out in a mi-



crowave cavity, so the available microwave source
is able to generate microwave magnetic fields suf-
ficiently intense to give an observable signal. The
design of this cavity is based on the following con-siderationss.

High-transition probability with small line broad-
ening is obtained at the "half-saturation power"
point, that is, the power for which it is as likely
that the atom undergo a microwave transition as an
optical transition. Lamb' has shown that the ampli-
tude of the microwave magnetic field H, required for
"half-saturation" is given by

HI =h/(rye' Vi ).,
where r is the lifetime of the excited state and 1/'is
the magnetic transition moment. In this experi-
ment, the dc magnetic field is sufficiently great that
V CRll be Rppl'oxllllRted Rs 1/'H, lts VRllle wllell tile
spin and orbital angular moments are completely
decoupled. Thus for the 4 I' He atom with w-150
nsec, H, -1.1 G. The average microwave magnetic
field Hy lnslde the cavity ls approximately related
to the power incident upon the cavity by

I7, = (1/V9. 8) (2QP/i18ue)1~8,

where Q is the cavity's "figure of merit", g is the vol-
ume of the cavity in m, + is 2g times the resonant
frequency of the cavity, go is the permeability of free
space, and P is the power (in watts) incidentupon the
cavity. One sees from EII. (12) that in order to gen-
erate a, large E7& the cavity should be small and have
a high Q.

To carry out the resonance experiment the cavity
must have (i) holes for entrance and exit of a beam
of electrons traveling parallel to the bulk magnetic

0
field, (ii) a large viewing port to collect 3188-A
radlatlon fl'OII1 tile 4 P state, (111) the Inlcl'owRve
magnetic field perpendicular to the bulk magnetic
field and the axis of the electron beam, so that tran-
sitions may be induced which alter the observed po-
larization, and (iv) the smallest possible electric
field at the location of the electron bea.m to mini-
mize interaction between the microwaves and the
electrons.

These desirable qualities seem best fulfilled in
a rectangular resonance cavity operating in the TE&oq
mode. A diagram of this cavity is shown in Fig. 2.
PosltloD and size of the electron eDtraDce and exit
holes and the viewing port are designed to lower
the Q as little as possible. The microwave mag-
netic field is perpendicular to the electron beam
and at a maximum along the beam path while the
electric field is zero along this axis. The Q of the
cavity is approximately 4000, and its volume is
-18 cm'. Hence, from EIi. (12) the average value
of the magnetic field in the cavity is approximately
2 0 for 1-% input power. The average field along
the beam axis is slightly greater but in any case

very little gain in signal strength is noted for in-
cident powers in excess of approximately 2 %.
Moreover, for powers above this level, discharges
occasionally occur in the cavity. Incident powers
below approximately 1-2 W result in. loss of signal.

8. Microwave Circuitry

IRIS 8
TUNING SC

H8 IN

P

QUARTZ
WINDOW

8I88 A

MICA
WINO

Ornm Ld. TU8ING

ET POLE TIP

FIG. 2. Diagram of the apparatus, showing the vacu-
um chamber, microwave cavity, electron gun, and mag-
net.

A schematic diagram of the microwave circuit
is shown in Fig. 3. Microwaves of a nominal fre-
quency of 9 0Hz and power level of approximately
100 m%' are delivered by a Varian 153-C klystron.
Approximately 1m% of power is sampled via a cb-
rectional coupler on the klystron output. This sam-
ple power is routed to a Hewlett-Packard model
No. 5255 frequency converter and the difference
frequency measured by an HP5245L counter. This
arrangement permits continuous monitoring of the
microwave frequency to an accuracy better than 1
kHz.

The power output of the klystron passes through
a 0-50-dB variable attenuator and a fixed gain (ap-
proximately 35 dB) traveling wave tube amplifier
(Alfred model No. 528). This combination allows
a continuously variable microwave power output
from approximately 10 m' to about 5 %, the am-
purier's saturation point.

From the amplifier the microwaves enter port I
of a three-port circulator. Port 2 of the circula. -
tor is terminated by the microwave cavity, reso-
nant at a nominal frequency of 9 0Hz. The fraction
of power reflected by the cavity termination (less
than 10% of the incident power) emerges from
port 3 of the circulator, which is terminated by a
0-30-dB variable attenuator and a crystal detector
mount. The variable attenuator serves to protect
the crystal detector which plays two important roles
in the experiment.

First, the klystron can easily be tuned to the
cavity's resonance frequency by monitoring the
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FIG. 3. Microwave circuit.

rectified output voltage of the crystal detector and
seeking its minimum. Second, after the cavity's
resonance frequency is located, the crystal pro-
vides an "error signal" with which the klystron fre-
quency is locked to that of the cavity. This locking
is accomplished by a Teltronics klystron stabilizer
which provides 70- kHz frequency modulation (of a
few kHz amplitude) of the klystron output. At the
cavity's resonant frequency, little or no 70-kHz
signal reaches the crystal, but a nonresonant mi-
crowave frequency produces a 70-kHz error volt-
age at the crystal, proportional to the deviation
from resonance and with a phase characteristic of
the sign of this deviation. This signal is applied to
the stabilizer which phase detects it and provides
the appropriate dc voltage to the reflector of the
klystron to bring it into resonance. The ability to
lock the klystron to the cavity has been very im-
portant for the success of the experiment because
both the microwave power dissipated in the walls
of the cavity and the electron-gun filament tend to
heat the cavity. This heating causes a change in
the resonance frequency of the cavity of the order
of 5 MHz. The time constant of the cavity to come
to a temperature equilibrium is of the order of sev-
eral hours. Thus through much of the experiment,
the cavity drifted at a, rate of the order of 10 kHz/
min. Had this drift not been constantly com-
pensated for by changes in the klystron frequency,
serious microwave power variations would have
occurred within the cavity leading to considerable
variation in the light output and polarization as well
as leading to line-shape distortion.

The microwave power is coupled into the cavity
through a capacitive iris and the cavity matched to
the transmission line by a brass tuning screw with
an enlarged terminal. An earlier attempt to use a
nylon tuning screw with a brass stud failed, be-
cause sufficient heat was generated by microwave

absorption in the brass stud to melt the nylon.

C. Electron Gun

A simple triode electron gun is attached to the
outside of the cavity. The cathode is a directly
heated platinum filament with an oxide coating.
There is a tungsten accelerating grid, and the cav-
ity serves as the anode. Electrons enter the cavity
through a 3-mm hole, leave through a 4-mm hole
in the far wall and are collected on a separate elec-
trode. Magnetic collimation confines the electron
beam to a path defined by the 3-mm hole. The fil-
ament is heated by about 3~-A dc. The cathode
operates 60-100 V negative with respect to the
grounded anode and the collector current is about
200 p, A; the precise values are chosen to maximize
the resonance signal and are dependent on the he-
lium pressure and the magnetic field. This is be-
cause an incipient discharge exists along the elec-
tron beam, and the distribution of trapped ions and
electrons is very sensitive to these variables.

D. Vacuum Chamber

The vacuum chamber consists of a 2-in. copper
plumbing tee with brass flanges. The waveguide
which passes through one flange is soft-soldered
in place and is vacuum sealed by a mica window.
This flange also carries the electrical feed throughs,
and the other two flanges carry a window and the
pumping connection. All materials were tested and
found to be nonmagnetic. An Edwards model No.
460 rotary oil pump with a speed of - 600 liter/min
is liquid-nitrogen trapped and pumps on the cham-
ber through a 2-in. -diam tube. Pressure measure-
ment is by a Pirani gauge close to the trap and so
is not an accurate indication of the pressure in the
cavity. The pressure in the cavity with the fila-
ment on but the helium flow off is estimated to be
several m Torr.

E. Mayxetic Field

A Varian 15-in. magnet is fitted with pole pieces
giving a 4-in. airgap. The field uniformity over
the volume of luminous helium (which we will call
the source) is estimated to be better than 1 part in
10'. Field strength is measured by an NMR probe
which is positioned about 1 in. from the source.
The NMR fluxmeter is of the marginal oscillator
type and has provision for locking its oscillation
frequency to the resonant frequency of the sample.
The sample is distilled water doped with 0. 02-M
MnSO4. Absolute magnetic fields are determined
from the NMR frequencies by using a value of
4. 257 59x10 sec ' G ' for the gyromagnetic ratio
of the proton, uncorrected for the diamagnetism
of water.
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F. Optical

Each transition was measured at a fixed frequency
by sweeping the magnetic field first up and then
down through the resonant field and taking the aver-

TABLE L. Observed line positions and residuals from
least- squares fit.

Line No.
Frequency

{MHz)

9006. 98
9007. 43
9007. 10
9008. 25
9008. 13
9007. 86

8 obs
{6)

5710.2 + 0. 2

5741.3 + 0. 2

6342. 2+ 0. 3
6534. 1 + 0. 3
7174. 8+0.3
7431.5 + 0. 2

Residual
II obs

-H calc

—0.2
0. 0
0 ~ 2

0. 2
—0. 2

0. 0

Light emitted by the O'P state passes through (i}
a viewing orifice in the end of the cavity, (ii) a
fused quartz window, (iii) a sheet of type-HNP'B
Polaroid with its polarizing axis parallel to the
electron beam, (iv) two fused-quartz lenses, and

(v) a 3188-A interference filter, and is detected by
an EMI model No. 6255SA photomultiplier. Light
emitted by the 3 I' state is detected without any in-
terference filter, since the 3889-A line (3 P 2 S)
contains about & the total intensity emitted by he-
lium in the spectral region where the photomulti-
plier is sensitive. The aperture of the optical sys-
tem is limited to f/8 by the orifice in the cavity.
Transmission of the Polaroid is about 30/p and of
the interference filter, about 15%.

G. Detection

The current from the photomultiplier is measured
by a Keithley model No. 6108 electrometer with a
10 -0 input resistor and the voltage developed
across this resistor is fed to a PAR 121 lock-in
amplifier. This simple procedure permits mea-
surement of the ac signal with simultaneous mon-
itoring of the dc signal.

The magnetic field is modulated at 100 Hz with
an amplitude approximately equal to the linewidth
(to obtain maximum sensitivity) by means of coils
on the pole tips. A 10-sec time constant is used,
except for line No. 6 which requires a 30-sec time
constant.

The observed signal-to-noise ratio on most lines
is between 2: 1 and 5: 1. Noise appears to be due

basically to statistical fluctuations in the total dc
signal (shot noise), but there have been frequent
nonrandom bursts two or three times larger. These
are probably caused by instabilities in the electron
gun.

V. RESULTS

A. Measured Parameters

age of the two line centers. SIx such measure-
ments were taken for each transition and the aver-
age values and standard deviations are given in Ta-
ble I. Because the microwave frequency drifted
between measurements, the six field values were
corrected to a common frequency by the relation-
ship

hv=gp~ 4H, (13)

The most important source of error is the ran-
dom measurement error, which is given in Table I
as the standard deviation of six measurements of
the line position. Systematic errors should also be
included in the parameter error estimates. In the
remainder of this section, likely systematic errors
are examined and shown. to be small compared to
the random ex"ror. Consequently, the error limits
reported in Table II are determined entirely by
random errors and are chosen as twice the standard
error of the parameters. '

Magnetic field measurements are based on the
NMR probe, which offers precision better than 10
ppm or about 5 mG. There can be, however, a
difference in field between the positions of the
source and the probe. This difference was found
to be less than 100 mG when the field in the mag-
net gap was mapped with the vacuum chamber re-
moved. The presence of the vacuum chamber
might alter this value, however, and the probe can-
not be placed inside the assembled apparatus.
Hence three transitions (Nos. 1, 2, and 5) in the
3'P state of helium were measured and compared
to the positions calculated from the data of Wieder
and Lamb, with gI. (3'P) taken to be 1 —(m/M). A

field-dependent correction to the probe measure-
ments was thereby obtained. The field values for
the 4 I' transitions in Table I include this correc-
tion, which ranges from 200 to 400 mG. The re-
maining error in absolute field measurement is
estimated to be less than 50 mG, which is signifi-
cantly smaller than the measurement error listed
in Table I.

A shift of magnetic field might possibly result
from the 3&-A current through the heater. We con-
sider this unlikely, since to a first approximation
this field is perpendicular to the bulk field and so
should have a negligible effect on the magnitude of

where g is known better than 0. 1%. The largest
value of ~v was 0. 62 MHz, so the error introduced
in the resulting H is certainly negligible.

The four parameters, ~vo„~v», gr. , and y„
were determined by a least-squares fit to the six
data points in Table I and are given in Table II. The
differences between the observed and the calculated
values of H (Table 1) are no larger than the mea-
surement error.

8. Error Analysis
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(1+e) vo,
v(R) = (15)

and

P(R)=Re ' '~" =N atom/cm, (16)

where V is a potential function. The integral can
now be evaluated and gives

A v/v = eN ~v (R')' .

If we take E to be of the order of unity and R' to be
the radius of the 4P electron, we obtain

b, v/v=10 6. (16)

This estimate of the pressure shift is about two or-
ders of magnitude smaller than the measurement
errors, so we conclude that pressure shifts may
be neglected.

Electric fields in the cavity could Stark shift the
transition frequencies. There are two potentially
important sources of electric field in, this experi-
ment. One is the relativistic electric field caused
by the random motion of helium atoms through the
magnetic field. The other is field penetration from
the electron gun into the nominally equipotential
cavity. A probable upper limit to both of these
fields is 10 V/cm. From Bethe and Salpeter's
calculation of the Stark effect in He (43P), such a
field should give a shift of less than 2 kHz. Con-
sequently, Stark shifts may be neglected in com-
parison to the much larger measurement errors.

the resultant. To check this possibility however
several helium resonance lines were measuredwith
both directions of heater curmnt and no shift was
observed.

A possible source of error which must be con-
sidered is a shift of the fine-structure intervals
due to atomic collisions (pressure shifts). We
were unable to vary pressure over a sufficient
range to attempt extrapolation to zero pressure.
At high pressures, depolarization caused an intol-
erable loss of signal. At low pressures, the sig-
nal-to-noise ratio, based only on shot noise, be-
came too small. All data, therefore, were taken
at one pressure which could not be accurately mea-
sured, but almost certainly lay between 10 and 100
m Torr.

The pressure shift 4v can be calculated by inte-
grating the fine-structure frequency as a function
of interatomic distance v(R) times a probability
function P(R) over all space,

&v= f [v(R) —vo]P (R)d R, (14)

where vo is the fine-structure frequency of the iso-
lated molecule. Generally, v(R) and P(R) are dif-
ficult to determine, but we can estimate the order
of magnitude of &v by assuming

Linewidths

The minimum possible full width at half-height
of a resonance line is the natural width 4v which
is determined by the radiative lifetime 7 (in sec)
according to

&v=- I/v~ . (19)

vv ' = W3(v 2&v) = v 6 Av . (20)

Experimentally, the magnetic field is varied rather
than the frequency, so the peak separation is mea-
sured in gauss. Because the effective g value for
all observed transitions is close to unity, thepeak
separation is given by

4H= bv'/gpa = (5. 5&&10 /w) G . (21)

The radiative lifetimes for helium 3 P and 4 P
are 1.05&10 and 1. 5&&10 sec, respectively,
so the expected peak separations are AH(3'P) = 5. 2

G and &H(4 P)=3. 7 G. Although no extensive ef-
fort was made to measure linewidths (because of a.

low signal-to-noise ratio), the measured separa-
tions bH(3 P) =6.4+0. 5 G and bH(4'P) =6. 7+0. 5

6 are definitely larger than the expected peak sep-
arations. We believe that atomic collisions (pres-
sure broadening) are the cause.

Pressure broadening is expected to be important
when the time between state changing collisions is
comparable to or shorter than the radiative life-
time. If we take the helium 4 P cross section to
be 200 A and the pressure to be 30 mTorr, a sim-
ple kinetic argument shows that the mean time be-
tween hard-sphere collisions of helium (4 P) with
ground- state helium is approximately 10 sec.
This time is, indeed, comparable to the radiative
lifetime. For the 3 P state„which has a smaller
radius, the time between collisions is increased
by a factor of. approximately 3. Consequently, the
3 P transitions should be pressure broadened less
than the 4 P transitions. Experiment agrees with

TABLE II. Results ~

happ)
——3306, 6+1.0 MHz

&v~~ ——270. 7 +0. 8 MHz

gg ——0. 999 88+ 0. 000 03

g8 =2, 002 32
= —0. 080*0.016 Hz/G

Power broadening at the half-saturation point' in-
troduces a, factor of v 2 into Ecl. (19). If phase sen-
sitive detection is used and a Lorentzian line shape
is assumed, then maximum detection sensitivity is
obtained when the modulation amplitude equals the
linewidth W2av. For this modulation amplitude,
the separation between the maximum and minimum
of the phase detected output (so-called first deriva-
tive presentation) is given by
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this conclusion.
Any atomic collisions which shorten the lifetime

of a magnetic sublevel of the P state will cause
broadening of the microwave transitions. Colli-
sional transitions within the P state would likely
be more frequent than those deexciting (quenching)
the electronic state. Such behavior has been re-
ported for the helium 2 P state. Bennett et gl. 2

give the deexcitation cross section as & 2 ~ 10 '
cm, whereas Landman gives the alignment de-
polarization cross section as (5. 6+0. 2)x10" cm',
more than an order of magnitude larger. Thus we
presume that the observed pressure broadening in
the 4 P state is caused by reorienting rather than
deexcltlng colllslons.

VI. DISCUSSION

A. Fine Structure

Our value for 4v» agrees with the value of Gal-
leron- Julienne and Descoubes, ~ ~2VO. 7+0. 2 MHz,
but disagrees with the value of Maujean and Des-
coubes, ""' and of Descoubes, 269. 0+0. 1 MHz.
The source of this discrepancy has not been deter-
mined. Our value for 4v» is about two orders of
magnitude more precise than either of the previous
values. ' These results are included in Table III,
which is a list of experimental fine-structure values
for the helium n P states.

An approximate calculation of the helium n P fine
structure, based on the Breit equation and simple
wave functions, shows that n 4vo» e 4v, a, and
&vo, /dv» should be constant. Experiment (Table
III) confirms these relationships moderately well,

but significantly large deviations occur at low n.
This behavior is expected because the theory should
be more accurate at large n.

The approximate success of the theory suggests
that it could be used to predict unmeasured fine-
structure values. In addition, we suggest that the
expected constancy of n34vo& and the accurate val-
ues for n = 2-4 could be used to predict ~vo& for
n &4 to greater accuracy than the available experi-
mental measurements.

B. Expectation Value ofr (4p)

For the specific case of helium 4 P, Eq. (10) can
be further simplified. The term involving the 1s
electron may be dropped because the angular inte-
gral vanishes. Also the angular integral for the
MI, =+1 states of aP electron is —5. Therefore,

X (4'&)=-,0', „(4'&I '(4u)I4'»,

where )(~ is expressed in Hz/62. Finally,

(r2 (4P) ) = 190+38 Aa .
This value agrees, within experimental error, with
the corresponding value for a hydrogenic 4P orbital,
168A .

C. Quadrupole Moment

The atomic quadrupole moment may be defined as

Qg = (I,Mz, L~ Z, er( (3 ——cos 9, —1) ~I, Mz, = L }.

(24)

Comparison with Eq. (10) shows that

TABLE III. Experimental fine-structUtre intervals for helium g 3p.

Best
+vm

(MHE)

29 616.856
+ 0.060

S113.78
+0.22'

3306.6+1.0'
3231+500 '
2970 + 300

1415+300
1500 a 200

1123+ 400
860+ 200

268+ 200'

experimental

(MHz)

2291.196
+0.005'

658.55
+0.15

270.7+0.8
269.0+0.1'
270.7+ 0.2

135.5+0.1 '

48.43 ~0.15 '
32.49 +0.16

22. 8+0.S

& v()s

v&2

12.9264
+ 0.0001

12.321
+ 0.003

12.21+0.04
12.0 +1.9
11.0+1.1
10.4+2. 2

n 4v3

211 600 + 60
207 000 + 32 000
190000 + 19000

177000 + 38 000
190000+ 25 000

240 000 + 86 000
190 000 + 40 000

140 000 +100 000

18 329. 6
+0, 1

17 325 + 52
17 216+ 6
17325+ 13

16 940 + 13

16 611+ 51

16 635 + 82

16 600 + 600

This work. Reference 5(b). Reference 5Q)
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Qr, = [4mc L(2L—1)h/e ])f„

= (4530x10 ~))(„

= —(360 + 70) && 10 28 esu cm~, (35)

where X„ is expressed in Hz/O'. This value agrees,
within experimental error, with the value calculated
for the hydrogen atom in its 4P state, —322&10
esucm .

E. Future Experiments

We conclude by considering the capabilities and

limitations of experiments similar to the one de-
scribed above. As noted in the Introduction, the
present study was initiated primarily to test appara-
tus design for microwave frequency spectroscopy

D. g& Value

The value of g~ for the 4 P state (Table 11) is
0. 99988+0.00003, which may be compared to the
theoretical value, (1 —m/M) = 0.999 66. The differ-
ence between these two values is within experimen-
tal error, and cannot be taken too seriously. We
should point out, however, that the calculation of

the theoretical gL, has neglected the admixture of

singlet and other triplet states into the 4 P wave
function. The importance of this effect should in-
crease as the principal quantum number n increases
and might alter gr, by 10 or 20 ppm for n = 4. The
spin-orbit and spin-spin coupling constants which
determine the amount of such mixing are unknown,

however, so it would be very difficult to improve
the accuracy of the calculated gz, .

of open-shell excited states of molecules. On the

basis of these experiments we are now designing
apparatus which we believe will lead to a hundred-

fold increase in signal to noise and make measure-
ment accuracy an order of magnitude better. These
improvements should make molecular experiments
possible.

With the proposed apparatus the higher 'I' states
of helium and similar states of other noble-gas
atoms should also be accessible to measurement.
Although such measurements would have little hope

of ever providing a more accurate value of n than

can be obtained from measurements on the 2 I'
state of helium, the fine-structure parameters, .

g values, magnetic anisotropies, and quadrupole
moments which could be determined would be of in-
trinsic value. They would be considerably more
precise than values calculated from ab initio wave

functions and hence could serve as tests of such
wave functions. In a less precise way, measure-
ments on a series of states could provide deeper
insight to the nature of Rydberg states.

Finally, it appears that linewidth measurements
could be used to study reorienting collisions be-
tween Rydberg states and ground-state atoms. Ap-

parently many such collisions can take place before
deactivation of the excited state. It should be most
interesting and useful to study the details of these
processes and measure their cross sections.
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The problem of the screening of many-electron atoms (ions) is considered. Using the
scaled Thomas-Fermi (STF) method of Stewart and Rotenberg for approximating the core po-
tential of an atom (ion) with nuclear charge Z and net core charge Z~, a screened scaled
Thomas-Fermi. potential (SSTF) is presented: U(r) =- (Ze /r) USSTF, where

UssTF = U

gU(&) @t~)/D

O~r~a

Here D is the screening radius; & and & are constants; and U(r) is given by

U(r) = UST&(~) =y (~/Ct p) +@~/r„

+C

where p(xl+P) is the well-known Thomas-Fermi function, rc is the STF core radius with
0 =c(9~ /2Z) ~"=0.88534Z ~3, 0' is the adjustable scaling factor, and q=Z*/Z. The constants
8 and A are given by 8 =D(aU'(a) —U(a)J/{D[aU'(a) —U(a)J —aU(a)l and A. =(l —8) U(a)/a,
where U'(a) = BU/&v at a=a. Eigenvalues of the Schrodinger equation with the SSTF potential
are given for the M, 4s, 4P, 4d, 4f, and 5s orbitals of Fer and Fevnr. Comparisons between
the ions and corresponding hydrogenic orbitals show that the variations of the SSTF eigen-
values and the limiting screening radii are generally very different, with different level
crossings and different relative energies. It is concluded that in order to obtain a correla-
tion between a limiting screening radius and the observed disappearance of lines from a many-
electron atom (ion), SSTF solutions are needed for the ion of interest. It is also concluded
that until an accurate external screening function is obtained and appbed to the screening of
Hartree-Fock isolated-atom (-ion) solutions, SSTF solutions will be useful for the very im-
portant astrophysical problems of calculating equations of state and opacities for high-Z
matter at stellar densities and temperatures.

I. INTRODUCTION

In this paper we consider the screening of bound
orbitals of many-electron atoms (ions) by neighbor-
ing particles. Previous studies' ' have analyzed
the screening of bound orbitals of one-electron
hydrogenic ions with a point nuclear charge Z; in
considering ions with two or more bound electrons,
the core is assumed to be a point with an effective
charge Z* = Z-At, + 1, where At, is the number of
bound electrons. (In this paper 1V, & Z. ) The reasons
for using hydrogenic assumptions are obvious. In
view of the considerable effort needed to accurately
understand isolated many-electron atoms (ions)
with the self- consistent-field methods of Hartree'3"'

and Slater, '3' it is hardly feasible to consider ac-
curate solutions with the additional interactions of
neighboring atoms, ions, and free electrons in
matter at finite densities and nonzero tempera-
tures —systems that are further complicated by the
dynamic time-dependent quality of even an equilib-
rium plasma.

Nevertheless, the hydrogenic screened Coulomb
solutions of the time-independent Schrodinger equa-
tion have been of value in gaining a crude approxi-
mation to the many-electron-atom screening prob-
lem. As the next step in this problem, this paper
will formulate a better approximation to the screen-
ing of many-electron atoms by considering the ex-
ternal screening of an atomic orbital. The electron


