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The optical-microwave atomic-beam magnetic resonance technique has been used to measure four
hyperfine transitions in the 2 3P state of *He. These were used to determine the three hyperfine in-
teraction constants (in MHz) as follows: contact, C=—4283.84%33% nuclear-moment-electron-
orbit, D= —28.06+0.06; nuclear-moment-electron-moment, E = +7.10+0.02. The results, which
are in excellent agreement with theory, give a clear indication of the effects of core polarization on
the hyperfine structure. We conclude that to the accuracy indicated the structure of the 2 *P state,
including mass-dependent and quantum electrodynamic corrections to the fine structure, and relativ-
istic and core-polarization corrections to the hyperfine structure, is well understood.

I. INTRODUCTION

The spectra of excited states (1s,nl) of 3He have been
the subject of several recent experimental investigations.
The techniques used have included level crossings,’ an-
tilevel crossings,?> various forms of Doppler-free laser
spectroscopy,>* and quantum beats in beam-foil spectra.’

In this paper we provide details of an optical-
microwave atomic-beam experiment on the 2°P state.
Our results, complemented by those of a level-crossing ex-
periment! performed at the University of Michigan in
1967, constitute the most accurate and complete set of
data on this state. In a future paper® we present an
analysis of that experiment based on our comprehensive
theory” of the 23P state of He. The overall results indi-
cate that the structure of the 2 3P state is now understood
to about 20 kHz in the energy-level separations, an im-
provement of 2—3 orders of magnitude. In particular, for
the 23P state we now have an accurate measurement of
the p-electron contribution to the hyperfine structure,
which was barely resolved from the noise in earlier work,*
and we have measured previously undetected core-
polarization effects.

The basic experimental technique has been described in
earlier work on “He performed at Yale,®~!' and we give
here a brief summary. The overall energy-level scheme of
the helium atom is shown in Fig. 1, emphasizing the ener-
gy levels of interest and the roles they play in the experi-
ment. Metastable 23S, atoms are produced by electron
bombardment of 1S, ground-state atoms by passing a
beam through an electron gun. The trajectories of the
23S, beam are shown in Fig. 2. Atoms with mg= +1
and mg=—1 are deflected in opposite directions when
passing through each of the inhomogeneous magnets A
and B. Atoms with mg=0 are undeflected. In the cen-
tral region some atoms are caused to transfer to a dif-
ferent mg sublevel. This is achieved by a combination of
(i) optical excitation and decay involving the 2P state,
and (ii) magnetic resonance between two sublevels of the
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23p state. The placement of the collimator, beam-stops,
and detector enables us to select a beam trajectory with in-
itial mg=0, and final mg=+1 or —1. Figure 2 illus-
trates the arrangement for detection of mg=0—+1.
This enabled us to measure magnetic dipole resonances
within the 2 3P state as described in Sec. IIB. A prelimi-
nary report of our results has been published.!?
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1I. THEORY en from Ref. 11 while those of He were derived from the

A. Energy levels

The structure of the 2 3P multiplet is shown in Fig. 3
for both *He and “He. In *He the total electronic angular
momentum J is not even approximately a good quantum
number, because the fine and hyperfine interactions are of
comparable strength. Instead, the label J indicates the
pure J state of largest overlap. The “He intervals are tak-
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FIG. 3. Comparison of level structures for the 2 >P states of
“He and *He.

experiments described in this paper. The theoretical
framework for that derivation has been discussed in some
detail in Ref. 7 and will be outlined only briefly here.

For the fine-structure interaction in 3He we took the
measured “He splittings and scaled them to account for
the various mass-dependent effects. This yielded the ef-
fective Hamiltonian given in Table 1.

For the hyperfine interaction we took the phenomeno-
logical form

Hy5=CI'S+C'I'K+DI'-L+2V10EI- {SC?} V) |
(1

where I is the nuclear spin, S and L are the total electron
spin and orbital angular momentum, and K is the an-
tisymmetric spin operator s;—s,. C® is the tensor
@m /5[ Y2(0,,6,)+ Y'?(0,,¢,)] and the curly brackets
indicate the contraction of S with C'® to form a vector.
Justification for using this form is given in Ref. 7. The
principal purpose of the experiments described here was
to determine the hyperfine coupling constants C, D, and
E which can be associated with the contact interaction,
the interaction of nuclear moment with electron orbit, and
that of nuclear moment with electron spin moment,
respectively. The hyperfine Hamiltonian is given in Table
ILin the |IM;) |SMg) | LM, ) representation.

TABLE 1. Effective fine-structure Hamiltonian for *He in
the pure spin representation |(SL)J). The values of the pa-
rameters are A=6.1431x 107 MHz, E,=31908.742(23) MHz,
E} =2296.898(9) MHz, E,=0, Ejy = —17.037 MHz.

2P, 23P, 23pP, 23pP,
2P, A Ey
23P, E,
23p, Ey E}
2°%p, E,
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The experiments were done in a static magnetic field
and therefore a Zeeman Hamiltonian was required for the
interpretation of our data. We took the simple form

Hz=pgp(grL+gs8+g;1)'B, )

in which pp is the Bohr magneton'® 1.3996137(3)
MHz/G, g; and g§ are the 2 3P orbital and spin g factors,
and g; is the 3He nuclear-spin g factor,'
2.3174823(7)x1073.  Our value of g5 was
2.002 243 2(24) which we took from the “He measurement
by S. Lewis et al.’ Since the largest mass-dependent con-

PRESTAGE, JOHNSON, HINDS, AND PICHANICK

32

tribution to gg is of order am /M no isotope correction
was needed for our purposes. The appropriate value of g;
was derived rather indirectly. According to a level-
crossing measurement by Lhuillier et al.,!” the value of
g1 for *He is larger than the simple lowest-order value
gr=(1—m/M) by (4.9+2.9)%x10~°% Also, Lewis and
Hughes'® have computed that the mass-independent
correction to g; is —8.3X 1075 We therefore took the
mass-dependent part of g7 to be (13.2+2.9)x 10~% in “He
and hence (9.3+2.4)X107¢ in 3He, giving
87 =0.999 826 5(24) in He. This value was subsequently

TABLE II. Effective Hamiltonian for the 2 3P states of *He including 2 !P interactions. Values of the fine-structure parameters A,
E,, E}, and Ey are given in Table I. Hyperfine parameters C, C’, D, and E are discussed in the text and € is an abbreviation for
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justified by our fit to the *He level-crossing data of Ger-
man and Sands! which yielded g; =0.999 828 6(20). (In
fact, either value is far more accurate than we require for
the present analysis of hyperfine parameters.) The purely
relativistic g factor’ g, was small enough to neglect, as
was the quadratic Zeeman interaction.’ The 2 3P Zeeman
sublevels of *He are plotted in Fig. 4 which also shows the
four transitions studied in our experiments.

The magnetic field in the resonance region was calibrat-
ed by means of Zeeman transitions in the 23S state. The
levels, labeled 1—6 for convenience, are shown in Fig. 5
and their eigenvalues W (F,my) are given by

W(3,+3)=*(g;+81/2)usB ,
3)
W(F,+5)=E /2+(g;/2)upB

+(—=1F~V2[E*+ LE(g;—g/)upB
+(gs—8r1)(upB)*' /% .

The constants not already defined are (from Refs. 17 and
18, respectively)

E =6739.701177(16) ,
g7 =2.00223738(14) .

In a weak magnetic field the energy levels are charac-
terized by the quantum numbers (F,Mp), and in a strong
field by (Mg,M;). While passing through the deflecting
magnets (4 and B in Fig. 2) the strong-field regime of
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FIG. 4. Energy levels of the 2 3P state of 3He as a function of
magnetic field. Transitions measured in this work are indicated.
The J =0, F =5 level has been omitted.
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FIG. 5. Energy levels of the 23S state of *He as a function
of magnetic field. In weak fields the quantum numbers (F,MF)
are used while in strong fields the numbers (Ms,M;) are ap-
propriate. Sublevels have been labeled 1—6 for convenience in
the text.

Fig. 5 is reached, and the trajectories are determined by
Mg as illustrated in Fig. 2.

B. Line shape and signal strength

When the beam is optically excited to the 2 3P state and
then decays, the atoms transferred from 23S, (M;=0) to
either 23S (M,= +1) or 238, (Mg= —1) are observed as
a “light-flop signal,” Lg_, +;, because of the change in
their trajectory. The positions of the beam stops and
detector are illustrated in Fig. 2 for the case of the
Mg(0— +1) light flop. Note from Fig. 5 that the three
pairs of levels (1,3), (2,4), and (5,6) have Mg= +1, 0, and
—1, respectively. The light-flop probability is®

Lo+1=230ipVps “
Lfp

where o and y are, respectively, the 235 —2 3P excitation
and 23P—23S decay probabilities for the particular sub-
levels denoted by the subscripts. From Fig. 5 we have
i =2,4 with f=1,3 for a (0— +1) light flop and f =5,6
for a (0— —1) light flop. Each sum is over all the 2°P
sublevels, denoted by the subscripts p.

The light flop is modified when an oscillating mi-
crowave magnetic field induces a dipole transition be-
tween two 2 3P sublevels a and 8. We observe this change
in the light flop and normalize it to the light flop mea-
sured without microwave power. The normalized signal
S&B ., is given by®



2716

pa,B) 3 (0ig—01) Var —Vpr)
. uf
SEs1= : : (5)
2 00pYer
Lfip
The quantity p(a,3) is the microwave transition probabili-
’cy8

2| BiupVap/#i|?
(ap—w0o)+4 | BippVap/#|*+72

pla,B)= (6)

where pp is the Bohr magneton, 2B, is the amplitude of
the microwave field, BiupV,g is the magnetic dipole ma-
trix element, w,g is the energy separation of a and B in
units of angular frequency, w, is the angular frequency of
the microwave field, and y ~ 10’ s~ ! is the decay rate of
the 2 3P population.

Experimentally the signal is observed by keeping wg
fixed and sweeping the homogeneous magnetic field, giv-
ing Eq. (6) a resonant behavior as w,g changes. The reso-
nance line shape also depends slightly on the implicit field
dependence of o, v, and | Vg |2

For small values of B; the resonance has a (natural)
linewidth in frequency units of 2y /27 ~3.2 MHz, but the
ratio of signal to linewidth is maximized with
2B =V2y/ug|Vap| ~2 G and the broadened linewidth
is then given by

Av=V3y/r~5MHz . 7

The four 3P transitions observed in this work were, in
(J,F,Mp) notation, :
(a) (2,3, —3)=(1,3,—3),

(b) (2’%’-})‘“’(2’%’%) >
() (2,3, —3)(2,3,
1 EX
2 2

),
).

Note that these are all AMy=0 transitions which have
only second-order field dependence and accordingly re-
quire less accuracy in the magnetic field measurement.
The calculated signal strengths for optimum microwave
field are illustrated in Fig. 6 as functions of magnetic
field. Transitions (a), (c), and (d) were observed with the
(0— —1) light-flop trajectory, and transition (b) with the
(0— +1) trajectory. The values of the frequency, magnet-
ic field, and field dependence for each transition are sum-
marized in Table III.
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FIG. 6. Calculated signal strengths for the four measured
transitions as functions of magnetic field. These were computed
assuming the optimum microwave field as defined in the text.

III. APPARATUS

The measurements of transitions (c) and (d) were per-
formed in 1967 on our old apparatus, which has been al-
ready described in Ref. 8 except for the microwave system
described below. Transitions (a) and (b) were performed
on our current apparatus, described in various stages in
Refs. 9, 10, and 11 with modifications to the metastable
source, and with new field-measurement and microwave
systems, also described below. A schematic overview of
the apparatus is given in Fig. 7.

A. Metastable 23S source

The source gas was °He with an isotopic purity of
99.9%, and because of its cost the gas had to be recycled.
In order to accomplish this the vacuum system had a
forepump with special seals, whose output was fed to a
purifying system. This consisted of a simple liquid-

TABLE III. Summary of the microwave frequencies and magnetic fields used for the four transi-
tions. The dependence of transition frequency on magnetic field is given in the last column.

Transition Frequency Field df /0B
(JFMp) (J'F'M}) (MHz) G (MHz/G)
@ 2,3,-3) 1,%,—3) 5209.700 347 0.253
(b) 2,%,3) 2,%3,4) 7159.200 264 1.31
© 2,3,—-3) 2,3,—3) 6870.000 . 280 —0.191
(d 2,3, —4) 2,%,—%) 6990.000 164 0.488
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FIG. 7. Schematic top view of the apparatus.

nitrogen trap to remove oil and water vapors followed by
a liquid-nitrogen-cooled trap filled with zeolite to absorb
other gases. The purified *He was then returned to the
gas-handling system to be fed into the beam. Under nor-
mal operating conditions problems with impurities in the
beam were not encountered. A booster diffusion pump
between the backing line of the main diffusion pumps and
the recirculating pump was essential for handling the gas
load on the vacuum system.

A top view of the modified source is shown in Fig. 8.
A beam of 11S; ground-state helium atoms, formed by ef-
fusion through a multichannel array, passed through an
electron gun where excitation to the metastable 23S state

Beamline

Scale:

€ lin, —>

Masked Microchamnnel Array

occurred. There was also excitation to the metastable
218, state which has no magnetic moment and was not
important in this experiment. The multichannel array, of
thickness 1 mm, contained capillaries of diameter
2.4X1072 mm, with a density of about 5x10*
capillaries/cm?, and the total area was 1.5 cm by 0.3 cm.
The emerging vertical ribbon beam was estimated, follow-
ing the analysis of Ref. 19, to have a full angular width at
half maximum intensity of 2.5°, a peak flux of 5x10%°
atoms/secsr, and a total throughput of 2x10!8
atoms/sec. The electron gun consisted of a solid anode
and 16 vertical filaments made of 1% thoriated tungsten,
0.15 mm in diameter and 2.5 cm long. Spacing between
the anode and filaments was 1.5 cm, and with 500 V ap-
plied between them a typical emission current was 140
mA. The gas source and array were positioned so that the
beam entered the gun at an angle as shown in Fig. 8. This
was to compensate for atomic recoil after electron excita-
tion, and it was found that a maximum metastable beam
rate was obtained with an angle of approximately 12° with
respect to the beam line. The gas source was located 10
cm from the gun. We were able to run. for several hun-
dred hours before the beam intensity was reduced appreci-
ably through blockage of the capillaries by sputtered
tungsten.

In Fig. 9(a) we show the Stern-Gerlach beam profile
with only the B magnet (Fig. 2) in operation. The central
peak consists of 238, (Ms=0) atoms, 2 'S, atoms, and a
small contribution from uv light originating in the source,
while the side peaks are the 23S, (Mg=+1) atoms. Fig-
ure 9(b) shows the beam profile with both deflecting mag-
nets in operation; the deflected atoms have been removed
by means of beam stops leaving only the central peak.
The new source produced an improvement in intensity of
about a factor of 3 for the deflected atoms with better
spatial resolution. '

B. Microwave systems

All the 2°%P transitions were excited by passing the
atomic beam through rectangular TE,q, cavities. A dia-
gram showing the geometry of the arrangement is given in
Fig. 10. The number n was even so that the peak mi-
crowave field occurred at the center of the cavity where

ELECTRON
GUN

5/16in.

16 Thoriated
Tungston

Filaments

0.006 in. diameter

FIG. 8. Top view of the 2 38, metastable source.
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FIG. 11. Microwave cavity used for transitions (c) and (d).

the optical radiation entered vertically from below.
N L | L L The design used for transitions (c) and (d) is shown in
Fig. 11. The cavity consisted of a section of 2.5X1.25
FIG. 9. (a) Stern-Gerlach beam profile with only one deflect-  cm waveguide (H band) with two E-plane bends forming
ing magnet in operation, (b) beam profile with both deflecting  a U shape. Microwaves entered the cavity by means of an
magnets in operation.
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FIG. 10. Geometrical arrangement of atomic beam, light FIG. 12. Schematic diagram of cavity used for transitions (a)

source, microwave cavity, and uniform magnetic field. and (b) showing the geometry of the microwave fields.



32 PRECISE STUDY OF HYPERFINE STRUCTURE IN THE . . .

J ' | |: 1
e N
Y/
/A
T (RS
SEMI RIGID ! | RM PROBE
S COAXIAL Lo A
CABLE Lan : 23p STATE DOWNSTREAM
[ ! RESONANCE HAIRPIN LOOP
: 1 | CAVITY
+ —
[T FH*
IL|
)
4
o __ - A
uPS'rm»:AM—>qr - 1 -
aReIN e o
DISCHARGE
LGHT LAMP
SHUTTER

- =

FIG. 13. Mounting arrangement for the cavity used for tran-
sitions (a) and (b). The 23S, hairpins, rubidium magnetometer,
and light source are also shown. Light source was modulated by
a rotatable shutter.
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iris coupling to the input waveguide, and the coupling was
adjusted with a movable teflon plug controlled from out-
side the vacuum via a micrometer feed-through. The mi-
crowaves entered the vacuum system through a mica win-
dow seal in the input waveguide. The cavity was tuned at
the other end using a movable choke short also controll-
able from outside the vacuum system. A small rf loop
was inserted into the cavity through the bottom slit. This
enabled us to measure the magnetic field by exciting a
23S, Zeeman resonance. This cavity was operated in the
TE o4 mode at 7 GHz. It had a Q of 1000 and gave a mi-
crowave magnetic field of 2 G with an input power of
about 20 W.

The cavities used for transitions (a) and (b) operated in
the TE;;, mode and were of a boxlike construction shown
in Fig. 12. The dimensions are shown in the lower part of
the diagram together with the slit for the atomic beam
(traveling in the x direction) and the optical radiation
(entering in the y direction). The uniform static magnetic
field was in the z direction. They were made of brass and
highly polished on the inside to reflect the optical radia-
tion back on to the beam. The tuning and coupling to the
input were optimized prior to mounting in the vacuum
system. The characteristics of the two cavities are sum-
marized below.

Dimensions (cm) Frequency
Transition a b d (GHz) o
(@) 47 22 73 52 3000
(b) 35 1.6 5.2 7.2 1500

The entire resonance region assembly is illustrated in Fig.
13. Included in the assembly were two rf hairpin loops
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| S
TMODULATION
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T
|
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- —
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- ——
20dB 1,
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FREQUENCY @ POWER TUNER FOR O
SYNTHESIZER METER CAVITY
COUPLING
® FREQUENCY SOURCE
O HIGH POWER MICROWAVES MICROWAVE O
A POWER LEVELLING LOOP

FIG. 14. Block diagram of the microwave system used for transitions (c) and (d).
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FIG. 15. Block diagram of the microwave system used for transitions (a) and (b).

and a rubidium magnetometer (RM) probe, which are
described in Sec. IIIC. The cavity itself was water-cooled
to stabilize its resonant frequency. The mounting of the
discharge lamp which provided the optical radiation is
shown also. The lamp and shutter were outside the vacu-
um.

Block diagrams of the microwave systems are given in
Fig. 14 for transitions (c) and (d), and in Fig. 15 for tran-
sitions (a) and (b). In each case the high-power mi-
crowaves were generated by a traveling-wave tube (TWT)
amplifier whose input was modulated by a PIN diode. In
Fig. 14 the input to the TWT was from a klystron oscilla-
tor whose phase was locked to that of a harmonic ob-
tained from a frequency synthesizer. In Fig. 15 the klyst-
ron was stabilized using a commercial controller. Other
components relate to power leveling and to measurement
of frequency, power output;, and standing-wave ratio in
the line to the cavity.

C. Magnetic field measurement

The system used to calibrate and monitor the magnetic
field for transitions (c) and (d) was similar to that used
earlier, but a much improved system was used for transi-
tions (a) and (b). During the course of an experimental
run the field was set and stabilized using a rubidium mag-
netometer,?° the RM probe shown in Fig. 13. The probe
was a rubidium vapor cell, optically pumped by circularly
polarized light from a rubidium discharge lamp. A feed-
back loop locked the static magnetic field to the optical
pumging resonance signal from the ground-state rf transi-
tion S| (F =2, mp= —2<>—1). Details of how the mag-
net current was controlled have been given in Ref. 11.
The desired value of the field was set by selecting the rf
transition frequency on a frequency synthesizer, setting
the magnetic field near the Rb resonance, and then closing

the feedback loop.

Since the RM probe was not placed exactly at the loca-
tion of the 2 3P resonance, it was necessary periodically to
measure the small magnetic field offset between the two.
This was done by inducing 23S, Zeeman transitions using
the rf “hairpin” loops labeled as upstream and down-
stream in Fig. 13. These loops allowed us to observe the
Zeeman resonances by the separated oscillating fields
technique, giving an accurate measurement of the average
magnetic field in the 2 3P transition region between the
loops. Figure 16 shows an example of one of these reso-
nances with the two loops fed in phase. At the same time
the field was measured using the RM probe. The differ-
ence between the two was typically 20 mG, and was con-
sistent with the known field gradients in the region. In
this way we were able to know the absolute magnetic field
in the cavity during our 2 3P measurements with an uncer-
tainty less than 10 mG.

rf=635.010 MHz

i
65 780 65.748 4

65.710
FREQUENCY

FIG. 16. Typical 23S, separated oscillating field line shape
used for field calibration.
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FIG. 17. Typical resonance curve for transition (b).

IV. RESULTS AND DATA ANALYSIS

A. Experimental procedure

A 23P resonance curve was plotted by taking measure-
ments of the signal at various values of the magnetic field
with the microwave frequency fixed. About 20 field
points were chosen for each measured resonance, and they
were taken in symmetric pairs about the center of the line
in order to minimize any artificial asymmetries due to
drifts in microwave power. Typical resonance curves are
shown in Fig. 17 for transition (b) and Fig. 18 for transi-
tion (c). The error bars are based on the measured vari-
ance of the signal which was found to be consistent with
counting statistics. The resonance signal normalized to
the light flop [Eq. (5)]] was measured as
(Npy—Np)/(Np —Np), where N, were the microwave
signal counts (microwaves and light on), N; were the
light flop counts (microwaves off, light on), and Np were
the background counts (microwaves and light off). These
counts were made automatically using a computer to
modulate the microwaves and light.

6 T T T T T
0
2°r /\\ |
5 .
£ 4 ‘/ . .
L4 / \
y “
S 3+ I'4 Y .
4 "'\
3
< )
22k /’/ e -
I v
I ¢ |
I 1 | L |
260 270 280 290 300
FIELD (G)

FIG. 18. Typical resonance curve for transition (c).
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B. Line-shape fitting

The first step in the fitting procedure was to diagonal-
ize the full fine-hyperfine-Zeeman Hamiltonian for the
relevant magnetic field at each data point. This yielded a
value for w,g, the energy separation in angular frequency
units between the two 2 3P sublevels, which appears in Eq.
(6). The diagonalization procedure required a number of
input parameters defined in Sec. II. These were fine
structures and Zeeman g factors whose values were com-
puted’ for 3He from previous experimental work on “He,
and the parameter C’, which was not required to high ac-
curacy and was taken from theory.” The hyperfine pa-
rameters C, D, and E were to be determined from our ex-
periments but could not be obtained as independent fitting
parameters from the data of a single transition. Our pro-
cedure was temporarily to fix C and E at reasonable
values Cy and E, and to use D as a fitting parameter for
the data of a particular transition. The line shapes were
fitted to Eq. (5), therefore, using the height and width of
the resonance and D as the only free parameters. The
iterative least-squares-fitting procedure has been described
in the earlier papers. Four different values of D were ob-
tained from the weighted means of our runs on each of
the four transitions. These were then reconciled by ad-
justing our initial values for Cy and E, as described
below.

C. Data analysis

The line-fitting procedure gave us the value of D for
which the resonance frequency w,g would equal the mi-
crowave frequency wy. This value we now call D, be-
cause it depended on the assumed values Cy and E, for
the other hyperfine parameters. As pointed out above, C,
D, and E are not uniquely determined by a single transi-
tion because any set will satisfy the resonance condition
provided

_0w ~ %o o o
8w=-J7(C ~Co)+3(D ~Do)+ 7 -(E —Eg)=0,

(8)

in which o =w,g. Equation (8) defines a plane, all points
on which give a least-squares fit to the line shape of a par-
ticular transition, a linear approximation which is ade-
quate when Cg, Dy, and E, are sufficiently close to the
“best” values, as was the case. For purposes of analysis
we have found it convenient to rewrite the plane as

oD oD

(D —Dgy)— ac(C——Co)— aE(E—Eo)-—O, )
where

oD df/a3C

aC ~  3f/dD
and

oD Jf/3E

3E = 3f/dD

The coefficients 3D /dC and dD /JE were determined for
each transition by diagonalizing the Hamiltonian for
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TABLE IV. Equations of the least-squares planes for the four transitions. The hyperfine parameters

‘C, D, and E are defined in the text.

Transition Equation (MHz)
(a) (D +27.440)—3.94(C +4283.80)+5.45(E —6.860)=0
()] (D +28.390)+2.40(C +4283.70)—0.0845(E —7.098)=0
() (D +27.923)+4.87(C +4283.85)+0.978(E —6.981)=0
(d) (D +28.055)+3.51(C +4283.85)+0.462(E —7.014)=0

several trial values of the parameters. They were different
for each of the four transitions, and thus our overall re-
sults gave us a set of four intersecting planes, whose equa-
tions are summarized in Table IV.

The “true” values of C,D,E define a unique point at
which the four planes should intersect. In practice the
best values are those which give the closest approach to
intersection at a point. This was found by the least-
squares method in which one minimizes the quantity

4 2
X*=73
=1

The sum is over the four transitions, d; is the perpendicu-
lar distance from a point (C,D,E) to the Ith plane, and o;
is the associated experimental error. The best fit values
were (in MHz)

C=—-4283.84+0.01,
D= -28.06+0.06,
E=+7.10%£0.02 .

d
o

D(MHz)‘
—~28.44
(b) @
—28.31
-28.24
~28.14
E=7.10 MHz
~28.0
-27.94
-27.84
-27.74
©
-27.6
1 e
T T T T T T T
A A A A - & A € (MHz2)
n n n n n n
g 8 g 8 8 g B
o o ~ (-] © o -

FIG. 19. Intersection of the transition planes shown as a plot
of D vs C with E fixed at its best value of + 7.10 MHz.

The value of the reduced X? for this fit is 1.37 (one degree
of freedom).

The intersection of the planes is illustrated in Fig. 19
which is a section in the plane E = +7.10 MHz (the best-
fit value), showing the error associated with each transi-
tion. The crossed bars show the best fit for the intersec-
tion and its associated errors in C and D.

For a pure (1s,2p) configuration the ratio D/E would
be’ exactly —4. Our best fit gives D/E = —3.950(10) in
agreement with the theoretical value?® —3.945(11). A
value of —4 would have given a very poor fit for the in-
tersection of the planes, as is evident from Fig. 20 which
shows C versus D with the constraint D/E = —4. Thus
our results have given the first clear confirmation of this
core-polarization effect.

D. Errors

The errors quoted in Sec. IV C for the hyperfine param-
eters were based on the uncertainties in D for each transi-

D (MHz) \

-28.4-] ®
~28.3 (a)
~28.2
-28.1
-28.0
E=-D/4
-27.9-
-27.84
-27.74
(c)
~27.6
d
(d) c
£ & & & & &8 A& ciwn
8 ] ] 8 ] g 3
o » ~ [ ©w o -

FIG. 20. Intersection of the transition planes for D /E = —4.
The poor fit demonstrates the sensitivity of our data to core po-
larization.
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FIG. 21. Display showing the initial result D, of each run on transitions (a) and (b).

tion. These in turn resulted from statistical and field un-
certainties. The statistical uncertainties were evaluated
from the standard deviations for several measurements of
the signal at each point in the line shape, and were found
to be consistent with Poisson counting statistics. The
field uncertainties were based on a 10-mG uncertainty in
the absolute field measurement. In addition there was a
correction for transition (d) due to the proximity, about 80
MHz or 16 linewidths away, of a 23S resonance. This
correction produced a further uncertainty of 50 kHz in D
for transition (d).

To be added to these were errors -arising from uncer-
tainties in the values of E;, the J=1 to J=2 fine-
structure separation, and C’, the singlet-triplet hyperfine
mixing parameter.” Errors due to uncertainties in the oth-
er parameters used in the data analysis were negligible.
With the incorporation of these additional errors we ob-
tained the following for our final values of the hyperfine
parameters (in MHz):

TRANSITION (a) TRANSITION (b)

0.10 4
0.08 4

0.06
0.04

RESIDUAL

0.02

=0.02+
~0.04-
~0.06-
-0.08
~0.104

SIGNAL (% of light flop)

= —-4283.84+3%20
D= —28.06+0.06 ,

E=47.10£0.02 .

Errors due to the Doppler effect and Bloch-Siegert and
light shifts were negligible as discussed in Ref. 8.

Figure 21 summarizes the results of the individual ex-
perimental runs on transitions (a) and (b) for the prelimi-
nary fitting parameter D, defined in Sec. IVC. In each
case the weighted mean is indicated by a dotted line. For
all four transitions we found that the deviations of the in-
dividual runs from the mean were statistically consistent
with the independently evaluated experimental errors, as
is evident in the examples shown in Fig. 21. In addition
we checked for extraneous field-dependent effects which
would have produced systematic errors due to line-shape

N

| 1 |
260 262 264

FIELD (G)

268

FIG. 22. Graph on the right shows how the resonance line was divided into five parts. Display on the left shows the average over

all runs of the residuals in each part.
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TABLE V. Summary of all precise experimental and theoretical results on the 2 >P state of *He. The
theory is summarized in Ref. 7. ABMR denotes our atomic-beam magnetic resonance results.

Experiment

Parameter ABMR Level crossing Theory
c —4283.84100 MHz® —4283.89(2) MHz
c/ic 1.010(16)° 1.0041387
D —28.060(60) MHz* —28.145(21)° —28.128(8) MHz
D/E —3.950(10) —3.9445(21)° —3.945(11)
gs 2.0022432(22)° 2.0022399
g 0.999 825 0(90)° 0.999 828 6(20)° _

0.999 826 5(30)¢ 0.39983304)

2Present work.
YReference 9.
°References 1 and 6.
dReference 15.

asymmetries. This was done by dividing the line shape
into five parts as shown on the right in Fig. 22. For each
part we computed the residual, which is the algebraic sum
of the deviations of all the experimental points from the
fitted line shape. The results averaged over all runs are il-
lustrated on the left in Fig. 22 for transitions (a) and (b).
In all cases the residuals were statistically consistent with
zero.

E. Discussion

In Table V our results are compared with theory and
with those obtained from level-crossing measurements.

We see all experiments are consistent with each other and
with the theory, leading us to conclude that the hyperfine
structure in the 2 3P state of *He is now well understood to
the order of about 20 kHz in the interaction constants.
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