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Using an electrostatic ion-storage device and a microwave state-selection technique, we have measured the
hyperfine structure Av, of the 2s state of *He*. Our result is Av, == 1083.3549807(88) MHz (the
equivalent uncertainty is 0.009 ppm). When combined with the 1s-state hyperfine structure Av, to make
the quantity D, =8Av, — Av,, we obtain D, (experiment) = 1.189979(71) MHz. Current theory
produces D,,(theory) == 1.189801(1) MHz. The 178(71) Hz difference may arise from a combination of
quantum-electrodynamic and nuclear structure effects which remain to be treated theoretically.

I. INTRODUCTION

One of the most precisely measured quantities
in atomic physics is the hyperfine structure (hfs)
in the ground-state of the hydrogen atom. This
quantity, with a fractional uncertainty* of 1.4 x 1072,
is a strong challenge to theory in the one-electron
atom. Unfortunately, theory is blocked at the
level of about 5 ppm by uncertainty in the combined
nuclear size and polarizability contributions (34.6
ppm) to the hyperfine energy.*3 Thus there are
many interesting corrections to simple theory
which are of the same size or smaller than the un-
certainty in these nuclear effects which cannot be
tested by direct comparison with the experimental
value. Alternatively, one is blocked from improv-
ing the fine-structure constant « by equating the
theoretical expression for the hfs to the experi-
mental value.

It is possible to get around the nuclear structure
problem, at least in part, if one has available an
additional precision hfs measurement in an excited
state. For practical reasons this is restricted to
Av,, the metastable 2s-state hfs. Together with
Av,, the 1s hfs, one forms the difference D,,
=8Av, - Av,, which is much less sensitive to nu-
clear structure than Av, or Av, separately. Thus,
a good experimental test of the terms contributing
to D,, is possible. Precise measurements of Av,
and Av, existfor H (Refs. 1and 4), D(Refs. 5and 6),
and ’He"* (Refs. 8 and 9); in this work we reportanim-
provement in Av, for the latter. The precision of
the Av, measurements is far short of that for Av,
in hydrogen; they are good enough, however, to
give utility to the D,, comparison scheme. For
technical reasons, *He* provides the more pre-
cise experimental value for D,,.

In ®He*, Av, has been measured to high accuracy
by Schuessler, Fortson, and Dehmelt’ using an
ion-storage technique; their result is Ay,
=8665.649 867(10) MHz. Av, was first measured
using an ion-beam technique by Commins and

Novick;® they obtained Av,=1083.354 99(20) MHz.
Recently we reported® preliminary results of our
current work which gave a result for Av, in agree-
ment with Commins and Novick but with about one
seventh their uncertainty (i.e., +30 Hz). In this
report, we give.a result which is further im-
proved with an uncertainty of + 9 Hz (0.009 ppm),
and explain in more detail our experimental meth-

.od.

II. EXPERIMENTAL METHOD

We have used the same method described pre-
viously® with some improvements to increase the
signal count rate and hence raise the signal-to-
noise ratio for the resonance curves. Figure 1
shows an energy level diagram of the *He* ion in
the 2s and 2°P,,, states. Our method consists of
creating 2s ions inside an ion-confinement device
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FIG. 1. Hyperfine and Zeeman levels of He* 2s and
2%, ;, states. The 2 %P, ;, levels have a lifetime of 10710
sec and emit a 304-A photon in decay to the ground state.
The 2s levels have a lifetime of about 2 msec. The
transition studied is marked f,g
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16 HYPERFINE STRUCTURE
(ion trap) by electron impact on *He gas at low
pressure (about 4.0 X 10" Torr). While the ions
are confined, we preferentially remove those in
either the F=0 or F=1 hyperfine states by appli-
cation of a microwave power pulse tuned,near the
hyperfine split Lamb shift transitions f, or f,, s
(the large width of the 2°P ,, state causes the f,
and f, resonances to be unresolved). Once in the
22p,,, state, an ion decays very rapldly (107 sec).
to the ground state, emitting a 304- A photon. Pop-
ulation of the depleted hyperfine level can be re-
stored by transfer from the undepleted level via
the F=1, Amy=0 hyperfine transition marked

fors in Fig. 1., This is done following the micro-
wave state selection by application of a suitably
polarized oscillating magnetic field pulse near the
hfs frequency. A second microwave pulse is then
applied and photon detectors and associated elec-
tronics count the number of ensuing 304-A pho-
tons. Counts collected versus frequency applied
during the middle period yield a resonance curve,
ideally at the unperturbed hfs frequency, Av,.

This is the same state-selection and resonance
detection scheme used in the ion-beam experiment
of Novick and Commins,2 the difference being tem-
poral separation of the functions rather. than spa-
tial separation. In analogy to atomic beam no-
menclature (i.e., A, C, and B magnets), we denote
the three sequential time intervals in our experi-
ment as ¢,, f,, and {;. The advantage of our
method lies in the considerably longer values of
t. available to us compared to the C-region transit
time of the 20-eV ion beam. This has allowed us
to achieve linewidths for the hfs resonance of
about 1.0 kHz whereas the narrowest linewidth
achieved with the ion beam was about 100 kHz.

The precision of a resonance line-center deter-
mination can be roughly estimated as the line-
width (full width at half maximum) divided by the
signal-to-noise ratio. We have not achieved as
high a signal-to-noise ratio for our resonance
signals as was achieved by the ion-beam techni-
que, thus we do not gain the full factor of 100 im-
provement in precision that the linewidth reduction
might indicate. We have been able to locate our
line centers to about 1/100 of their width, whereas
in the ion-beam experiment this factor was about
1/500; our net gain in precision is thus about a
factor of 20.

It was our intention to try to obtain an experi-
mental configuration which would produce reso-
nances at the essentially field-free hyperfine fre-
quency in order to avoid the need for large correc-
tions and extrapolations. For this reason we did
not choose to use a Penning-type ion trap such as
that used previously’ to measure the 2s lifetime
in “He*. The magnetic field associated with this
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FIG. 2. Cylindrical electrostatic ion-trap/rf cavity
and photon detectors. The rod on the axis is maintained
at a negative potential during ion confinement. The
rectangular shape shown behind the rod center is the
microwave horn used to induce 2s to 2p,/, transitions.

type of device would have required a large Zee-
man-effect correction. The large dynamic elec-
tric fields associated with radio-frequency quad-
rupole ion traps'’ were considered prohibitive be-
cause of the associated Stark quenching of the 2s
state. For these reasons, we adopted a purely
electrostatic confinement scheme which, we later
discovered, was first demonstrated in:connection
with electron space-charge neutralization studies
by Kingdon!? in 1923. Figure 2 shows a cross-sec-
tional view of the apparatus. It is a closed cylinder
with a central rod maintained at a negative poten-
tial with respect to the grounded cylinder walls.
3He* ions are created by impact with electrons
emitted from a filament located outside the bottom
end of the cylinder. The electrons move roughly
parallel to the rod at a distance of a few centi-
meters. The ions which have sufficient angular
momentum orbit about the rod in the attractive
field and oscillate along its length in the axial
well produced by the cylinder ends.

In addition to serving as an ion trap, the rod and
cylinder were designed to be a coaxial cavity reso-
nant near Av, with a @ of about 1000. A small
coupling loop is inserted partially into one end of
the cylinder and excites the TE,,, mode. This
mode has magnetic field components parallel to
the rod near the center plane of the cavity which
go over to radial components near the ends; there

are no azimuthal magnetic field components. The

TE,,, electric field is purely azimuthal. The TM,,,
mode is degenerate with TE,,,; however, it re-
quires currents across the junctions between the
cylinder wall and ends. These are suppressed in
our design by a small gap maintained between the
end plates and the cylinder. This acts as an im-
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pedance which attenuates the TM,,, currents with-
out materially disturbing the azimuthal TE,,, cur-
rents. The cavity can be tuned slightly by varying
the spacing of the end plates on their mounting
screws. The ion-trap/cavity dimensions are ap-
proximately: length, 34.3 cm; radius, 18.3 cm;
and rod diameter, 0.32 cm. :

The detectors for the 304-A photons are 24
stage CuBe venetian-blind-type windowless elec-
tron multipliers. Our new results were obtained
with these detectors moved about 15 cm closer to
the ion trap from their positions shown in our
first report.® We observed about a factor of 2
increase in the count rate with the new arrange-
ment. The multipliers are shielded by 800-A-
thick aluminum foils which have reasonable trans-
mission for 304-A photons (about 55%). The foils
stop metastable 2'S; and 23S, He atoms from
reaching the multipliers where they would pro-
duce a large count rate by surface Auger deexci-
tation. Auger electrons produced at the foils are
stopped by biasing the multipliers so that their
first dynode is 150 V negative with respect to the
grounded foils.

The state-selection microwave power is gene-
rated by a Varian X-12 klystron and broadcast in-
to the ion trap by a horn aimed through a hole in
the cylinder wall. This power is on-off modulated
by a pin-diode switch under control of the data
collection electronics.

The ion trap and multipliers are enclosed in a
stainless-steel vacuum chamber whose base pres-
sure is typically about 5.0 X 10~ Torr. °He gas
is admitted into the chamber from a low-pressure
ballast volume through a micrometer-controlled
variable leak valve. Normally, we use a pres-
sure of about 3.5 x 10"® Torr °He.
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The power to excite the hyperfine transition is
generated by multiplication and amplification of the
output from a Hewlett-Packard 5105A frequency
synthesizer. The synthesizer’s output frequency
at about 270.8 MHz is multiplied by 4 to approach
Av,. The resulting power is attenuated to an opti-
mum value to excite the transition and is passed
into the ion-trap/cavity through an absorptive
modulator. The modulator and the synthesizer:
frequency are automatically controlled by the data
collection system. To establish the absolute fre-
quency of the synthesizer, its internal 1.0-MHz
crystal oscillator was compared periodically
throughout the extent of our measurements to a
locally maintained 100-kHz standard which in turn
was compared to the 60-kHz broadcasts of WWVB.

A diagram of the data collection scheme and
apparatus is shown in Fig. 3. Counts received
from the detectors during the B period are stored
in 100 channels of a multichannel scalar (MCS).
The channel address controls the synthesizer fre-
quency.. A typical data cycle consists of a 0.1-
msec fill period, during which 200-eV electrons
are injected into the trap, followed by A, C, and
B periods. The A and B periods are equal and
normally set to 50 usec; the C period, depending
on the linewidth desired, has ranged from 0.4 to
1.6 msec. However, our new results were ob-
tained with either £,=0.6 or 1.2 msec. Following
the B period, a 50-usec dump period occurs dur-
ing which the rod potential is brought up to ground
to allow ions to escape.  The sequence is then re-
peated. Usually the dwell time in a given channel
is 1000 data cycles, after which the channel ad-
dress and synthesizer frequency are incremented.
The 100 channels of the MCS are repetitively
scanned to accumulate a resonance signal.
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III. MEASUREMENT PROCEDURE

The ideal of an unperturbed field-free measure-
ment of Av, in 3He* is only approximated by the
device described above. The Earth’s magnetic
field and the electric field inside the ion trap both
cause significant shifts in the resonant frequency.
To minimize the effect of magnetic fields we ob-
serve the F=0 to F=1, m,=0 transition, whose
field dependence is given by f(MHz)= Av,+(3.615
X 107%) H?, where H is in gauss. The Earth’s field
thus produces about a'1-kHz shift from Av,. We
use three sets of orthogonal coils to allow arbi-
trary adjustment of H about H=0.

The Stark shift of the Am ;=0 resonance is a
small but non-negligible effect. It has been cal-
culated by Novick and Commins® and we have
checked their result. It is due almost entirely
to mixing of the 2s state with the nearby 22pP, ,,
state. The shift is given by

Ag=—(6.6E2, +8.8E?), (1)

where A is in Hz and E,, and E, (the electric
fields normal and parallel to the trap axis, re-
spectively) are in V/cm. The ion motion through
the trap’s nonuniform electric field will result in
a shift which is a motional average of the above for
any given rod potential. A priori calculation of
this shift would be difficult due to our ignorance
of the details of the ion motion. QOur solution has
been to make measurements at several rod poten-
tials and to extrapolate the results to zero poten-
tial. Thus we have not escaped making an extra-
polation; however, as will be seen, the extrapo-
lation is an exceedingly small one.

In terms of the magnet coil currents, I,, I, and
I,, the Am =0 resonant frequency may be written

fafo+ K -+ K (I, -I)?+K,I,-I.)?. (2)

Our procedure for a given rod potential, is to
vary one at a time I, I, and I, to determine the
constants K,, K,, K,, I, I, I}, and f,. The first
three of these are constants for each coil pair, the
second three are currents required to cancel the
local ambient magnetic field, and f, is the zero-
magnetic-field resonant frequency uncorrected for
the Stark effect, synthesizer offset, and other
small systematic effects. These parameters are
determined by least-squares fits of the f, I, (or
I, orI,) data to Eq. (8). This field adjustment
procedure is done by first setting I, to produce a
field of about 1.0 G and varying I, and I, to deter-
mine I, and I}. We then set I,=I,, I,=1I), and
vary I, to determine f,.

Line centers are determined by least-squares
fits of the resonance signal to the Rabi line shape!®

S(v)=AL(v)sin?[7¢,BL(v)*/2]+C, (3)
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with
L(v)=B%/[B*+ (v -f)?]. (4)

This yields the parameters A, B, and C, and the
line center f. A and C are amplitude and base line
parameters; B is the magnetic dipole matrix ele-
ment in frequency units and is given by

B=:(u0/2h)(gJ_gI)Hrf cosé , (5)

with ¢ the angle between the external field and H,,
(the oscillating magnetic field of the TE,,, cavity
mode). The minimum H , required for maximum
S(f) occurs for §=0. Since H,,; is predominately
parallel to the z axis of the ion-trap/cavity, the
resonance signal is optimum for H,> (H2+H?2)"/2,
It is for this reason that we adjust I, and I, first.

IV. DATA SUMMARY

During the initial phases of this work, a number
of resonance curves were collected under various
conditions to establish that the apparatus was per-
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FIG. 4. Resonance curves obtained with differing
values of H ;. The curves are least-squares fits of
Eq. (3) to the data; the plots are normalized to the fitted
baseline. To the right of each curve is the quantity =¢.B
obtained from the value of B determined by the fit and
t-=0.6 msec. The rod potential was Vz=—4.5 V and the
magnetic field was H=H, ~0.4 G.
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forming in reasonable conformity to expectations.
In particular, data was collected with widely vary-
ing values of H,, to check the form for the line
shape. Some of these data are shown in Fig. 4.
We also collected a series where {, was varied
to display the expected inverse proportionality of
the linewidth. These are shown in Fig. 5. Figure
6 shows an example of the measurement sequence
used to determine f, by variation of I,. Our final
result is derived from a total of 36 such data sets,
each of which took about 6 hours of data collection.
The data is summarized in Table I grouped ac-
cording to the rod potential V. Since I, is mea-

sured as a voltage drop across a sense resistor
R,, the field parameters actually determined from
f-vs-I, data are K,/R? and I,R,, as indicated in
Table I. The uncertainties in the f; values are
those resulting from the counting statistics of the
resonance data and were determined by the least-
squares line-shape fitting program; they indicate
the precision of a single measurement. The quan-
tity A,, is the correction to be added to the f, val-
ues to account for the offset of the frequency-
synthesizer internal oscillator with respect to the
60-kHz standard VLF transmission from WWVB;
the corrected values are labeled f;. We believe

TABLE I. Summary of the data. f, is the microwave state-selection frequency. The num-
bers in the columns labeled f; and f§ are to be added to 1083 354 000. Hz to obtain f and fj.

Data Vg te Ju Kz/Rz IR, So Agw Je
set v) (msec) (GHz) (Hz/V?) - v) (Hz) (Hz) (Hz)
61 —-4.5 0.6 13.3 249(2) 0.908(15) 938(9) 42 980(9)
62 -4.5 0.6 13.3 249(2) 0.908(16) 945(11) 42 987(11)
63 -4.5 0.6 13.3 248(4) 0.900(25) 930(11) 42 972(11)
64 —4.5 1.2 13.3 247(2) 0.910(14) 945(6) 42 987(6)
72 —-4.5 0.6 15.3 242(5) 0.977(36) 948(16) 44 992(16)
73 -4.5 0.6 15.3 250(5) 0.972(34) 933(16) 44 977(16)
74 -4.5 0.6 15.3 246(4) 0.960(27) 938(12) 44 982(12)
75 . =4.5 0.6 15.3 250(5) 1.039(30) 946(14) 44 990(14)
76 —-4.5 . 0.6 15.3 252(4) 1.024(28) 935(13) 45 980(13)
77 —-4.5 0.6 15.3 249(4) 1.013(28) 932(13) 45 977(13)
93 -4.5 0.6 15.3 250(4) 0.988(24) 931(11) 47 978(11)
94 —4.5 0.6 15.3 240(4) 0.981(25) 945(11) 47 992(11)
95 -4.5 0.6 15.3 245(4) 1.007(26) 935(12) 47 982(12)
96 —-4.5 1.2 15.3 245(2) 0.948(17) 937(7) 48 985(7)

Mean value = 982.9(61)

68 -10.0 1.2 13.3 250(3) 0.976(21) 943(9) 42 985(9)

69 -10.0 1.2 13.3 242(3) 1.005(23) 952(10) 43 995(10)
70 -10.0 1.2 13.3 '249(4) 1.007(26) 941(12) -~ 43 984 (12)
71 -10.0 1.2 13.3 250(4) 1.025(27) 940(12) 43 983(12)
78 ~10.0 0.6 15.3 256(5) 0.998(33) 921(16) 45 966(16)
79 —-10.0 0.6 15.3 260(5) 1.040(33) 929(17) 45 974(17)
80 —-10.0 0.6 15.3 250(5) 1.003(29) 936(14) 45 981(14)
81 -10.0 0.6 15.3 263(5) 0.985(32) 936(16) 45 981(16)
82 -10.0 0.6 15.3 251(6) 0.950(35) 941(16) - 46 987(16)
83 -10.0 0.6. 15.3 238(6) 0.952(38) 939(17) 46 985(17)
84 -10.0 0.6 15.3 2_58(5) 1.007(31) 927(15) 46 973(15)
85 —-10.0 0.6 15.3 247(5) 1.005(35) 934(16) 46 980(16)
86 -10.0 0.6 15.3 243(7) 1.038(40) 930(15) 46 976(15)
87 -10.0 0.6 15.3 246(4) 1.008(25) 932(11) 47 979(11)
88 —-10.0 0.6 15.3 247(4) 1.Q15(30) 929(14) 47 976(14)

Mean value =980.3(69)

90 —15.0 0.6 15.3 251(5) 1.029(30) 929(14) 47 976(14)
91 -15.0 0.6 15.3 248(5) 1.033(33) 928(16) 47 975(16)
92 -15.0 0.6 15.3 244(5) 1.055(31) 926(14) 47 973(14)
97 -15.0 1.2 15.3 248(3) 0.957(18) 924(8) 48 972(8)/

98 -15.0 1.2 15.3 243(3) 0.982(18) 924(8) 48 972(8)

99 -15.0 1.2 15.3 247(2) . 0.993(16) 923(7) 48 971(7)

Mean value =973.2(19)
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FIG. 5. Resonance curves obtained with differing
values of ¢;. The rf power was adjusted in each case
to hold ¢ B approximately constant. The rod potential
was Vg=—4.5 V and the magnetic field was H=H,
=0.6 G.

the A, values are accurate to +1 Hz. The mean
values for the f| are unweighted means, and the
uncertainty assigned is one standard deviation of
a single determination.

V. CORRECTIONS

A. Line-shape asymmetry

We have examined the experimental line shape to
determine if any asymmetry exists which might
shift the fitted curve, Eq. (3), from the true line
center. We believe the true line shape to be sym-
metric although probably not given precisely by
Eq. (3) due to effects such as motional averaging
of the rf field amplitude. - However, it is possible
for asymmetries to be introduced into the data by
drifts in one or several of the experimental condi-
tions, or by some unanticipated frequency-depen-
dent effect on the transition rate. To search for
such effects in the data, we have combined experi-
mental resonance curves taken under identical
conditions in order to gain maximum signal-to-
noise ratios for the detection of a possible asym-
metry. This procedure is valid since any asym-
metry must be consistently present in all similar

MAGNET CURRENT

RESONANGE
SIGNAL
5

1.00} —~—

DATA SET 96 ]|

0.95(2)
0.70

-0.50

110

1,00

RESONANCE
SIGNAL

R | 1 1 HE! 1
6000 52004937(7) 4400
(v-1083350000.) Hz
FIG. 6. EVariation of resonance line center with
current I, in z axis coil pair. A fit of Eq. (2) to the
line center versus/magnet current data yields an un-
corrected zero-field hfs measurement.

data in order to produce a net effect on the results.
We then fit Eq. (3) to the combined data and ex-
amined the residuals, i.e., the difference between
the data and the fitted curve. Asymmetry in the
data should appear as an asymmetry in a plot of
the residuals versus frequency. An example of
this procedure is shown in Fig. 7 where six reso-
nances from data sets 72 through 77 have been
combined. In all cases studied in this manner, we
have detected no asymmetry which would shift the
result outside our final error limits.

The Amp=+1 hyperfine transitions might be ex-
pected to perturb the line shape, ‘particularly at
low magnetic fields. We have detected no evidence
of their presence, and this is consistent with the

_facts that (i) the lowest field at which measure-

ments were made (i.e., data summarized in Ta-
ble I) was about 70 mG, which would place the
Amp==+1 resonances some 50 kHz to either side
of the Am =0 transition; (ii) the polarization of
the rf field was unfavorable to excite Amp==1
transitions, and (iii) the inhomogeneity of the static
field broadened (=25 kHz) and further weakened .
the Am =+ 1 transitions. At most one could ex-
pect these resonances to appear as a symmetri-
cally placed, broad, structureless (on the scale
of the frequency sweeps) base under the measured
line. :
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FIG. 7. Plot of combined data and fitted curve, Eq.
(3), for six resonances, one each from data sets 72
through 77, taken under identical conditions. The upper
plot shows the residuals (data minus fitted curve) ver-
sus frequency. The straight lines indicate the slopes
required to shift the frequency at which the maximum
occurs by +10 Hz (9 parts per 109.

B. Shifts due to magnetic fields

In reality, the line shape, Eq. (3), is modified
by the fact that the ions are moving in an inhomo-
geneous magnetic field, the net effect of the ex-
ternal coils and the Earth’s field. If one writes
f=f,+kH*x,y,2) in analogy with Eq. (2), where
H(x,y,z) is the magnitude of the net field at posi-
tion x, v, and z, and further defines 6= (v - f)/B,
then Eq. (3) becomes

s(o)=£gz sin?[ﬂtcB(1+ 62)1/2]. (6)

For tcB=% and 6§« 1 this is well approximated as
S(8)=A(1-8). )

The result of a measurement is an average of S
over the ion motion; we denote this as (S), and
have

(8%)=(af* - 2rA f(H?) + *(H*)/B, ®)

where A f=v—f,, thus (S) is 2 maximum for Af
=Af,=k{H? as one might expect. In practice we
minimize A f, by varying H to produce the mini-
mum (H%=(H?,,.. Itis convenient to write

HD o =HD o+ HZDpniw We approximate H, as
H,=H+H(1+az?), where H] is the z component
of the ambient field in the lab, and the second term
approximates the z dependence of the z-axis coil
pair with parameters H, and a. To lowest order in
averages over the ion motion, one has then

<Hi)rnin= Hg a2(<z4> - (22)2) . (9)

For simple harmonic motion of amplitude z,, one
has (z*) - (z?=% 2%, and as a limiting case for ar-
bitrary motion, (z*) - (2%)*<z;. Thus we expect

a shift in the measured hfs due to motional averag-
ing of the z magnetic field of

A, <kH2a%Z:. (10)

We have determined the effect of (H2),,, by an
experimental technique. At the peak of the reso-
nance curve, Eq. (3) with v=F, and with the rf
field optimized in the sense that B=cos6/(2t.),
the signal S'is given by

S=Asin*(3 rcosf)+C. (11)

In terms of the magnetic field components, one
has

H

cosf= £ , (12)

and one can easily show that Eq. (11) is well ap-
proximated by

- 3H;
S=AGE gD *C (13)

We further approximate

Sy=a - SHL) 5+C (14)

(3(HZ)+(H}
which may be written in terms of the z-coil cur-
rent as

3(1,-1.)7

Y R AV S PR +C. (15)
NI,-I+AlZ,

Sy=A

This defines the parameter Al as an effective
current which generates H,,.

Thus from a measurement of (S) as a function of
I,, one can determine the parameters A, C, and
AIZ,. Figure 8 shows some data taken with v
fixed at the resonance peak and I, varied. This
was done for several values of HZ, as generated
by one of the coil pair currents, I,. "One notes that
the half-width of the (S)-vs-I, curve has a finite
minimum value as I, is varied; identical behavior
occurs for variation of I,. The minimum half-width
=AI,;, we take as representing the effect of ion
motional averaging of the xy field inhomogeneity.
Since A1, =3'/2AI,,,, the resulting shift in the

min’
resonance line center is



/
LiF - F=—LR,=-0.7V ]
!
/

NORMALIZED PEAK SIGNAL

ApinR—s
1 m": 2-13876— 1 1 1
0.6 1.0
IR, (Volts)

FIG. 8. Variation of resonance peak amplitude with
z —axis magnet current for various values of x-axis
magnetic field as generated by current I,,. The mini-
mum width of these curves is a measure of the effect
of motional averaging of the inhomogeneity in the mini-
mum field normal to the z. axis. (see text). For these
data, the rod potential was Vp=-10.0 V.

A,,=3K (AL )2, (16)

We estimate that for the z-field inhomogeneity
contribution, azjH,<0.1H,, thus A,<10"2kHZ.
However, kH2=K,I'? thus,

A,<102K,I'?, amn

Typically (see Table I), K,/R%=250 Hz/V and
I'R,=1.00 V; thus A,<2.5 Hz; we adopt the value
A,=1.3+1.3 Hz.

From measurements as shown in Fig. 8, we
determined A,,=4.5+2.T Hz at V,=-4.5 V and
a,,=5.7+3.3 Hz at V,=-10.0 V; the difference
is not significant and we adopt the value A, =5.1
+3.3 Hz.

The total inhomogeneous field shift, A;,, is then
Apg=A+ A, Or App=6.4+3.5 Hz.

A further magnetic shift A, is due simply to
our uncertainty in the values I} and I}. These
quantities were measured many times throughout
the experiment and their spréad of values indicates
a positive shift <1.8 Hz from each. This implies
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a net shift <2.5 Hz. We adopt the value A, =1.3
+ 1.3 Hz.

The motional magnetic field seen by the confined
ions is totally negligible, being < 1076 G.

C. Shifts due to electric fields

The Stark shift of the hyperfine frequency is
given by Eq. (1). This formula is correct only
for the case where the magnetic field along the
2z axis splits the hyperfine Zeeman sublevels by an
amount large compared to A;. For the zero mag-
netic field case the correct expression for A, is
the second term in Eq. (1) (since the electric field
then determines the z axis). As discussed earlier
we do not correct our data with Eq. (1). Rather
we plot the mean values of f taken at the three
rod potentials Vp=-4.5, —10.0, and - 15.0 V, vs
V% and extrapolate to V%=0.0. This is shown in
Fig. 9. One sees that the shift with rod potential
is of the correct sign and amounts to less than 1.0
Hz at V,=-4.5 V. This is consistent with esti-
mates of the motionally averaged square electric
field as well as measurements of the 2s lifetime
as a function of rod potential; the shift of this
lifetime from its field-free value is sensitive to
(E?). The extrapolated value is f{=1083.3549843
(70) MHz.

The Stark shift due to the cavity electric field
can be estimated using Eq. (1) and, in place of
E,,or E,, the averaged cavity field amplitude,
‘E_4. The resonance is optimized for maximum
signal amplitude when [see Egs. (3)-(5)]

H, togsho/h=1.0; for t,=0.6 msec, and g,=2.0,
one obtains H,,= E,_=0.18 V/cm which implies a
shift A;.=-0.22 Hz.

D. Pressure shift

Collisions of 2s He* ions with neutral 3He atoms
in the ion trap can cause a shift in the hfs reso-

5000,

T
Il

4984 3
49801

(f,-1083350000.) (Hz)

4960,

T
1

1
0.0 100.0
(Vg2 (Volts)2

FIG. 9. Extrapolation of line-center measurements to
zero rod potential.
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nant frequency. A collision can mix into an initial-
ly pure 2s state some 2p amplitude and the differ-
ential effect for the two 2s hyperfine levels re-
sults in a shift in the hfs splitting. The mecha-
nism is the Stark effect in the transient electric
field seen by the 2s ion during collision. The cor-
rection for this effect can be estimated in the fol-
lowing way. The shift caused by collisions with
relative velocity v may be expressed as

Apg=nv f P, (b,0)By,(0,0)bdb (18)
0 .

where # is the 3He density, P, (b, v) is the proba-
bility of a 2s ion surviving a collision, and g, (b,v)
is the relative phase shift of the hyperfine wave
functions produced by a collision with impact para-
meter b and relative velocity v. A complete treat-
ment would include an average over all relative
velocities; however, we estimate the shift using
the most probable relative velocity v =1.45 X 10°
cm/sec in the zero potential trap. This velocity

is a result of the thermal and recoil velocities of
the ®He* ions. P, (b,v) can be written as

P23=1"q(ba 1)), . (19)

with ¢(b,v) the probability of a collision-induced
transition to any of the 2p levels. This may be
estimated with fair precision by the sudden ap-
proximation, since the duration of the collision
(b/v~10"'2 sec) is short compared to the periods
(=2107%°,10"" sec) associated with the 2s to 2p
level splittings. One obtains

a0, 0)= £z @plz 297 [ E0,0a], (20)

where z, is the z coordinate of the *He* electron,
and E, (b, ) is the z component of the transient

" electric field seen by the ion during the collision.
E,(b,t) arises, at least at long range, from the
ion-atom potential, '

V(r)=-ne/2r*, (21)

where 7 is the polarizability of the atomic partner
(7220.21 X102 ¢m?® for He) and # is the ion-atom
separation. Choosing the z axis in the plane of the
collision and along the line determining b yields,

E,(b,t)=E(b,t)cos¢, (22)
with

E (b, t)=2en/(b%+ v?12)>/2 (23)
and

¢ =tan™'(- v¢/b), (24)

and we have arranged for the collision to occur at
t=0.
The result of the integration using a straight-

line trajectory and (2p|z,|2s) = 1.5a, yields

q(b,v)=(b./0)®, ‘ (25)
for b>b,, and
b,=(4e*na,/mw)*/*. (26)

With our parameters we have b,=5.1 A. For b<b,,
the true solution for g oscillates between zero and
one rapidly as a function of b; furthermore the
ion-atom potential has the property that there
exists a critical impact parameter b,, such that
for b<b, the collision partners come together.

b, is given by

b, = (4e’n/uv?)H/* , (27)

with « the reduced mass of the collision pair. For
our case we have b,=4.4 A. It is reasonable, then,
that for b <b, quenching of the 2s state is com-
plete and P, =0 in this region. The ion-atom po-
tential used here of course does not describe the
interaction at short range and the partners do not
in fact come together; however, since b, is con-
siderably larger than the combined radii of the
ion and atom in our case, we believe the conclu-
sion that P, ;=0 for b <b, remains valid. In the
intermediate region b, <b<b, we set P,,=3. This
procedure yields a quenching cross section of o
=99. A%, and a quenching rate, ognw, at 3.5 1078
Torr, of 159 sec™ in reasonable agreement with a
measured rate of 113 sec™.

As an estimate of 8,, we use Eq. (1) for the in-

- stantaneous frequency shift in the electric field of

the collision, and neglect the small difference be-
tween the coefficients of the two field components.
Thus,

301u2ﬂf Ag(b,0)dt, (28)
with Ag(b,#) ~-8E(b,)?, and E in units of V/cm.
The result of this calculation, again using a
straight-line trajectory, is

Boa(b, v) = =27(b,/b), O (29)
‘ where
b°=2.5x 108 e*n2/v , : (30)

and we have b,=3.8 A.
Our final result is then

Aps=—27nvb2[(0,/b,) + & (b,/b.)]. (31)
For a ®He pressure of 3.5 x 10® Torr, n=1.1x 101!
cm®, and we have as our estimate

Aps=-3.8+3.8 Hz.

We have applied an uncertainty of + 100% to allow
for the high degree of approximation inherent in
this calculation. '



Since A, is proportional to the product nn/4,

any reasonable constituent would cause a negligi-
ble shift at the 3.0 to 8.0 X 108 Torr background
pressures present during data collection. In par-
ticular, N,, the principle constituent in our liquid-
nitrogen-trapped system, would contribute shifts
of ~-0.004 to ~-0.010 Hz.

E. Doppler shift

The Doppler effect will manifest itself as'%ideba.nds
on either side of the resonance signal for ions in
periodic motion as discussed by Dicke.!* In our
case, the frequencies of motion are not the same
for all ions; they depend on the initial conditions
of the ion motion because of the anharmonic poten-
tials and the dependence of the effective radial po-
tential on an ion’s orbital angular momentum. The
result is a smear of sidebands making up a broad
base from which rises a much more intense un-
broadened line at the resonance line center. There
is the possibility of a shift of the line-center fre-
quency from the rest value, if the ions have a net
translational velocity inside the ion trap and if the
cavity field contains a running wave component.

In our case, this might arise from net radial mo-
tion of the initial ion distribution. This can occur
through purely elastic ion-ion collisions which
change the angular momentum and energy of an
ion, thus altering the effective radial potential it
sees and changing the equilibrium radius about
which it oscillates. Indeed an ion can be lost
through such collisions if its angular momentum
is reduced to such a small value that it collides
with the rod or outer wall of the trap cylinder. If
one collision partner is lost, the other remaining
confined, a net motion of the charge center can
occur. The ion-ion collision time can be estimated
from a formula given by Spitzer,'®

7,=0.18 X 107AY 2RTV/2Z 4, InA)*,  (32)

where A and Z are the ion mass- in atomic units
and the charge in units of e, respectively, #,; is
the ion density, and 2T the effective temperature
of the ion plasma in electron volts. A is the ratio
of the cut-off distance for Coulomb interaction of
an ion with its neighbors to the distance of closest
approach, A= Runl/3 where n,,, is the maximum
ion density stored, and R is the radius of the trap
cylinder (17.8 cm). For our experiment, we esti-
mate InA ~10.0, 27 ~1.0 eV, and n,~10° cm™.
The low value of ion density arises from the fact that
he ions spend most of their time near their outer ra-.
dial turning point. These values yield7,=~1.3 sec. An
upper limit on the het translation is 3 R so we esti-
mate for the translational velocity v,<R/27,=17
cm/sec. An upper limit to the first-order Dop-
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pler shift is then A, <(v,/c)Av,=0.23 Hz. Inas-
much as the rf fields in the ion-trap/cavity are
nominally standing waves we regard the above
estimate as an extreme worst case and do not'con-
sider the first-order Doppler shift to be significant
in this work.

The second-order Doppler effect will produce a
shift Ag,=—(T;/Mc?)Av, where T, is the mean ion

' kinetic energy. T will go to a minimum value at

V »=0.0 which corresponds to the mean recoil en-
ergy of the 2s ®He* ions after creation by the elec-
tron impact.- Thus the extrapolation of the data to
V,=0.0 will remove the contribution due to the
trapping field. We estimate at V= -4.5 V that
T,=1.4+1.0 eV, which would yield A ,=-0.5 Hz;
however, at V,=0.0 we estimate that T;,~0.35
+ 0.20 eV, which yields A;,=-0.12+0.07 Hz.

VI. RESULTS

In Table II we summarize our results and the
corrections discussed above. The final result is

Av,=1083.354 980 7(88) MHz .
When taken with the value
Av, =8665.649 867(10) MHz ,
from the work of Scheussler ef al.,” one has
D,,(exp)=1.189979(71) MHz.
The uncertainties in Av, and D,, (exp) should be
regarded as one-sigma values.
VIL. DISCUSSION

The hyperfine structure, Av,,in a hydrogenic
s state with principle quantum number #, can be

TABLE II. Summary of corrections and results.

1083354 973.2(19) Hz

Mean values Vg=-15.0V
of zero-field Vz=-10.0V 980.3(69)
line centers Ve=-4.5V 982.9(61)

V% =0 extrapolated value f§’ =1083 354 984.3(70)

Corrections (to be subtracted from f§’):

(a) Motional averaging of Ay =6.4(35)
inhomogeneous magnetic field

(b). Offset of rms-averaged residual Ay=1.3(13)
field from minimum value

(c) rf Stark effect Apc=-0.2(1)

(d) Pressure shift Apg =—3.8(38)

(e) Second-order Doppler shift Agp=-0.1(1)

Net result: Av,=1083 354 980.7(88) Hz

1
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expressed as?
Av, = (Av,/n®) [M/(M+m)P(1+b,+q,+5,), (33)

where M and m are the nuclear and electron
masses, respectively, Ay, is the nonrelativistic
Fermi contact hfs for a point infinite mass nu-
cleus, and b,, ¢,, and §,'are various correction

“terms. b, is the Breit relativistic correction [of
order (Za)?]; q, stands for the radiative correc-
tions (the largest due to the anomalous electron
moment ~a/27). §, represents the effects of nu-
clear structure and includes various recoil and
second-order hfs contributions of order (Za)?
m/M. Ay, is given in frequency units by

Av,= £ Z°a’Rcg(m/M)I+3), (34)

where g; is the nuclear g factor (in units of y,,),
M, the proton mass, I the nuclear spin, and R,
the Rydberg constant. D,, is thus given by

M 3
D, =4v, <m) (Boy+ @+ 851) » (35)

where b,,=b,-b,, ete, and for b,,, one has'®
by =3 (Za)+32 (Za)+ 0(Za)s. (36)
q,, is given by'™!® _ )
0= (a/m)(Za)?*[- 3.303 20 In(Za).
=5.5515]+ Oa(Za)®. (37)
' 8,, may be partitioned as
8y =%y + Sy,

where 7,, contains recoil terms through order
(Za)?m/M and effects of the hfs in second order. -
S,, represents everything remaining, principally
the uncalculated nuclear size contribution. 7, has
been calculated by Sternheim?!® who obtained

—za2 ™[ _o __Z_%>_ &]
7, =(Za) M[ _0.9972(1 i 0.5263 2L |.

(38)

The second-order hfs contributions to 7,, have also
been calculated by Schwartz®® and Douglas.?!

At the present time, no calculation exists for the
remaining term s,,; however, estimates of the
nuclear size contribution indicate it is of order
(Za)?s, (where s, is the nuclear size correction to
Av,). In hydrogen, s, arises from the electromag-
netic structure of the proton and is® — 28.2+2.6 ppm.

.In He*, s,"is larger and includes terms not
present for hydrogen. The most important contri-
bution is the adiabatic correction, i.e., the modi-
fication of the electron wave function near the nu-
cleus to account for its adiabatic motion in the
force field of the two separated protons. This and
several other smaller contributions were calcula-

TABLE III. Summary of theoretical and experimental Dy, values.

D21(MHZ)

751 (ppm)

45; (ppm)

—1.05144 ¢ (Za)? In(Za)

by (ppm)

5(Za)/8

Reduced mass

Fermi hfs
Av[Eq. (34)] (MHz)

Experiment

[Eq. (24)] Theory

—1.7671 @ (Za)?

179(Za )%/ 128

(/01 +m))®

0.049 13(40) 2
0.01116(16)"
1.189979(71)°

-0.11484 0.04894132(16)

0.998 3679

1421.1579(6)
327.234 61(14)
8661.2475(39)
8470.696(42)

29827.13(16)

H
D

-0.686 68

2.01033

0.003 97
0.06345
0.32121

33.28210

0.011 306 58(4)
1.189801(1)

—0.028 64

0.9991829

0.092 02
-0.084 67
. =0.13775

-2.74674

6.908 48

133.12841

0.999 454 2
0.9997263

SHe*

2.605283(13)
9.172 532(50)

b1t

—6.18016

14.053 09

299.538 92

0.9997653

it

2References 1 and 4.

bReferences 5 and 6.

®Reference 7 and this work.
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ted by Sessler and Foley?? and are well summarized
in the work of Rosner and Pipkin.?® The net effect
is - 180 or — 143 ppm for the two nuclear wave func-
tions considered and assuming zero contribution from
meson currents. Mittleman® has argued that nu-
clear size corrections to the radiative g,, terms
would be of order (Zam/M)>.

It is interesting to note that the coefficient of the
(Za)?a/7term in g, has been calculated'™ 8 to
higher precision than the coefficient of the same
term in g, (see Ref. 2). The coefficient in g,, is
—2.6195 - 0.93337 =-5.5515+ 0.0001, whereas in
q, it is 18.36+5.0. Thus the state dependence is
better known theoretically than the absolute value.

In Table III we summarize the experimental and
theoretical values for D,, in H, D, 3He*, and-
87Li*; no experimental results are available for
the latter. The following values for the required
constants were used:

¢=2.99792458(12) X 10'° cm/sec,
R=1.097371717(83) x 10° cm™ ,
M, /m=1836.15152(70),

from the compilation of Cohen and Ta'ylor,25 and
a™=137.035987(29)(0.21 ppm)

from the recent work of Olsen and Williau.ns.26 For
3He we used?®’

M/m=2.99261197(30)M,/m (0.01 ppm),
and
g;=—-2.31748217(5) X 10~y (0.2 ppm)
=-4.2552493(9),, -

g; was calculated from measured quantities in the
following way:
_ g1 1+4, [T}
21 - THe (14 d;’) 2 =2 |

£1% o7 Tvdy Lo (39)

where values used were, for the ratios of the NMR

frequencies of 3He in He to protons in H, (Ref. 28):
g4/g=-0.76178684 (0.1 ppm),

for the proton moment in H,O in units of the Bohr

magneton:*®

%a =1.520992983(17) X 10 (11 parts per 10°),

0

and for the diamagnetic corrections, *He in He
(Ref. 28):

dge=59.935 ppm,

protons in H, (Ref. 30):

Jlate ratios rather than differences, e.g.,

dl =26.24(18) ppm
and protons in H,O (Ref. 29):
d’, =25.790(14) ppm.

The uncertainty in the theoretical values of D,,
are 0.8 ppm for H, D, and 3He* from the 0.2-ppm
uncertainty in ao; for ®"Li* the uncertainties are
=~ 6 ppm due to the larger uncertainties in the °Li
and “Li nuclear moments. For 3He* we have
D,,(theory)=1.189801(1) MHz, and there exists a
difference between experiment and theory of
D, (exp) — D, (theory)=178(71) Hz. It is anticipated
that the next uncalculated term in g,, will be of
order a(Za)*Av,=197 Hz which may account for
the difference; it may also be attributed, at least
in part, to the currently unknown value of s,,.
Taking s, =-162 ppm (the mean of the two values
calculated by Sessler and Foley®?), then s, =-~1.5
x 10 s,, would account for the observed differ-
ence. .

We should like to remark at this point that in the
past(e.g., Refs. 4, 6, 17and 19) when making compari-
son of hfs values it has been customary to calcu-

(40)

The advantage of this procedure is that R,,(theory)
is independent of Ay, and the reduced mass factor.
The disadvantages are in the increased number of
terms in the theoretical expression for R,,; these
are cross terms between state-independent and
-dependent contributions to Av, and Av,, many

of which are significant at the level of precision
attained here. Furthermore, the uncertainty in-
troduced into R,, by the uncertainty in state-in-
dependent terms can be important at high preci-
sions. For example, in He*, the uncertainty in
the coefficient (18.5+5.0) of the (Za)?a/r term

in ¢, would cause a 2.5 ppm uncertainty in R,,
(theory); there is no significant uncertainty in the

R, =8Av,/Av, -1,

coefficient of the same term in D,,. More signifi-

cantly the large uncertainty in s,(s,=~-162+38
ppm) would introduce a 38 ppm uncertainty in R,,
(theory). The fractional uncertainty in D,,(exp)
and R,,(exp), as a result of this work, would be
the same, 50 ppm, whereas the fractional uncer-

. tainty in D, (theory) is 1.0 ppm. It is for these

reasons that we prefer to use D,, as a vehicle for
testing theoretical predictions of *He* hfs.
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