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HYPERFINE STRUCTURE OF STORED IONS... RESULTS FOR 2s *He® *

Michael H. Prior and Edmond C. Wang

Department of Physics and Lawrence Berkeley Laboratory
University of California :
- Berkeley, California 94720

INTRODUCTION

The study of ions and their interactions by means of storage
devices which hold them for long periods encompasses a broad range
of experimental effort. In the area-of collision studies, treated
by G. Dunn' at the 1974 International Conference on Atomic Physics-
(ICAP), it includes electron-ion recombination, spin and charge
exchange, photo-dissociation, and ion-molecule reactions among
others. Another broad area, the original emphasis of the technique,
is the radio-frequency spectroscopy. of stored ions. This arca was
pioneered by H. Dehmelt and his collaborators and was reported on
at the first JCAP in 19682, The range of possible experiments here
includes the traditional domain of rf spectroscopy of atomic and
molecular species; e.g. magnetic moments, hyperfine structure and
fine structure. New possibilities-include the use of lasers as
optical pumping sources and, bevond the rf frequency range, one
expects two-photon laser spectroscopy on stored ions to emerge’.
Closely allied to the above, but distinguished by their uniqueness
and high degree of refinement, are the experiments of the U. Wash-
ington group to measure the anomalous magnetic moment of a single .
electron“. . - . :

A less-explored but potentially large area for study is the
measurement of the lifetimes of metastable excited ionic states?’%,

Of course, one must note the very large effort currently un-
derway world wide to understand and manipulate the behavior of high
density plasmas in any of the many controlled thermonuclear reactor
(CTR) experiments. The CIR devices differ markedly from the ion



traps under discussion here; there is, however, some overlap in
the sense that some of the processes of interest® to the CTR pro-
gram for diagnostic and other reasons (e.g., charge exchange, re-
combination and decay rates of long-lived excited ionic states)
are amenable to study with small scale ion traps.

This report lies in the area of radio-frequency spectroscopy
and describes the measurement by Dr. E.C. Wang and the author, of
the+hyperfine structure (hfs) of the metastable 2s state of the
SHe” ion. A brief report of our early results has appeared pre-
viously’. '

HFS MEASUREMENTS ON STORED IONS

By way of placing our work in perspective, a brief discussion
of the advantages and drawbacks of the ion-storage technique as
applied to the study of the hfs of ions, as well as a summary of
previous ion-storage hfs measurements follows. For detailed dis-
cussion of many of the topics, the reader is referred to thc re-
views by Dehmelt®.

One of the strong points of ion-storage methods for the study
of hfs is the long observation times available to induce a hyper{ine
transition. Ions have been stored without loss for periods of many
~hours (see e.g., Ref. 1) so that, in principle, resonance linc

widths of unprecedented narrowness (say =10™" Hz) might bc imagzined
for experiments on ionic ground states. The real questions of the
feasibility and utility of an experiment with such a narrow line
(requiring perhaps several. days to sweep over) detract from its
obvious appeal as a tour-de-force. In fact, other considerations
often limit the line width and precision of a measurement to less
than that allowed on thc basis of the ion storage time alone. The
quadratic Doppler effect caused by the ion velocity distribution
(finite ion temperature) is an example. None-the-less valuable
measurements have been made on lines whose widths are only a few
Hz®*'?; this is far narrower than typical atomic beam magnetic re-
sonances linewidths (generally > 1 kHz).

The fact that stored ions are unperturbed by collision with
background gas atoms is, of course, responsible for their long
storage times and is achieved by the use of standard ultra high
vacuun techniques to reduce the background pressure. Ion-ion
collisions take place typically at rates of .1 to 10® sec™' depending
on ion density and temperature, but, because of the long range
coulomb force, the wave function overlap is very small and usually
results in no significant perturbation to the internal propertiecs
of the ions. ‘ '

Finally, one might include as an advantage of the ion storage



GO o466 07 673

technique, the non- -destructive detection of the number of stored
ions by resonant exc1tat1on of their motion. Scattering of reso-
nant optical photons®’'® is also a useful non-destructive probe
of the number of stored ions and can serve to mon1tor Zeeman Sub-
* levels as well.

On the negative <1deé the number of stored ions is not large
being typically 10° to 10° for ground state ions and perhaps 10 to
1000 times less tor excited ionic states (e.g. 2s °He ). Thus the
signal to noise ratio of resonances is low and may typically re-
quire an hour of integration to achieve a value of 10/1. Monitor-
ing of substate populations via scattering of resonant optical
photons may well improve this situation for favorable cases in the
near future.

A further weakness is the fact that to date no generally
applicable technique for hyperfine state selection exists. Lach
ion requires its own special solution and one does not have a
counterpart for ions of the atomic beam magnetic resonance method
which has had such wide application to virtually any paramagnetic
atom or molecule. Tunable lasers may somewhat rescue this state
of affairs by allowing the technique of optical pumping to assume
this role, at least for a subset of favorable ions.

Finally, the radio frequency spectrum may well be perturbed
by the confining fields and the ion motion (e.g. Stark, Zeeman
and Doppler effects). This is usually not a serious problem as
one has considerable flexibility in selection of the type of fields
and control of their magnitude. Corrections can be made with scmc
confidence; and, if necessary, extrapolation can be madc to field
free values. :

In the past 14 years or so, since the pioneering uork of 1.
Dehmelt and co-workers!!, two types of ion trap have been used
exten§1vely and their properties are well described in Dehmelt's
reviews®. Thesc arc the static field Penning trap and the dvn%nl_
field Paul or rf quadrupole trap. Both use a cvllndrlcallv sym-

" metric electric potential of the form ,

02 2
o(r,z) = U » 2z7- 1

2 2
Zz°+ roy

whose equipotentials are the familiar hyperbolas of revolution. U
is the potential applied between the cap electrodes separated by
2z, and the ring electrode whose inside radius is r; typically
zo, r, are a few centimeters or less. In the case of the Penning
trap- (PT) U is constant, usually in the range of 1 to 100 volts,’



and; in addition, there is present a vector potential A=r x £ H
producing a constant magnetic field of magnitude H (» 100 to 10,000
gauss) along the z-axis. Ion motion consists of simultaneous har-
monic oscillation parallel to the z-axis, cyclotron motion about

the magnetic field lines and a magnetron or Ex H drift of the
cyclotron orbit center about the trap axis. ,

The rf quadrupole trap (RFQT) uses an oscillating electric
potential, i.e., U = U, cosit, with Q typically = .1 » 1.5 Miz, and
U, = 100 to 1000 V and no magnetic field. Ion motion is determined
by solution of Mathieu equations and consists of a small amplitude
high frequency oscillation at or near Q and lower frequency larger
amplitude harmonic motion in an effective potential ¢ of thc form

b= de(@ 1Y,

where & and & are r and z coordinates averaged over the high
frequency motion.

This brief description of the RFQT and PT schemes will allow
some comparison with the purely electrostatic trap design we have
used in our experiment. The electrostatic trap was first described
by K.H. Kingdon'? in 1923. More recently, R.G. Herb'? and asso-
ciates have developed this configuration as an ionization gauge
and, as such, it is known as an '"Orbitron.'" The device consists
of a negatively charged wire inside a closed, coaxial cylinder;
it has not been applied to the rf spectroscopy of ions previously
and it will be discussed in somewhat more detail in a following
section. : :

A summary of published ion-storage hfs measurcmcnts 1s pre-
sented in Table I. The entrees are arranged chroenologically and
the definition of ion-storage is broadcned somewhat t¢ include the
ion-beam experiment of Novick and Commins'® on-2s °He . (The
drifting ions in the beam can be regarded as inertially "'confined"
during their transit time through the apparatus). This is done
because, for many years their expcriment stood as the only precise
measurement of hfs in a free ion and it forms the point of depar-
ture for the work we have done recently on 2s 3He . :

Things to note from Table 1 are the large values of Q = V/T,
the ratio of resonance frequency to line width, achieved and the
different state selection and analysis gchemes used. One notes
that all the work except that on 2s *He has been carried out with
rf quadrupole traps. .



Table I. Hfs Measurements on Stored Ions
Ion State hfs freq. Q Type of Trap State Selection/ Authors(Year)
’ (MHz) - Analysis
3He4 2s 1083.3- - 1.0x104 ion-beam resonant uwave Novick, Comminsa(58)
quenching
Hy  Kel,2;  3.9: 2.4x10°  REQT polarized photo-  JeffertsC(68,69)
v=4+8 < 1248.5--- dissociation
3He+ 1s 8665.6° 9.0x108 RFQT spin exchange/ Scheussler,
spin dependent Fortsoné
charge exchange Dehmelt™ (69)
199Hg* g.s.2S, 40507.4--- 5.0x109 RFQT optical pumping/ Major, Werthd(73)
resonant fluores-
cence
5 .
3He+ 2s 1083.3-++ - 1.6x10° clectro- -resonant uwave Prior, Wange(75,76)
static quenching _
a ‘.b | o d, - | e : .
Ref 14; “Ref 15; “Ref. 9; “Ref. 10; “Refl. 7 and this report.



A otivation for the work summarized in Table I has been (H
and *He ) to make precision measurements in simple systems where’
good tests of theory seem possible. In addition, for H, there
was motivation to determine the hfs spectrum of thl% simplest mole-
cule for astrophy51cal reasons. For the heavy ion '°°Hg’, Major
and Werth'® accomplished the first optical pumping of stored ions and
the motivation here was, in large measure, the desire to make
progress toward the reallzatlon of a new time standard. This goal
has been often discussed (see e.g., Ref. 16) as a possibility for
stored-ion rf spectroscopy, but has yet to be achieved. The low
signal to noise ratio of the resonances is the major impediment.

RATIONALE. FOR AN IMPROVED 2s ‘He' HFS VALUE

One of the most precisely known quantities in atomic physics’
is the ground state hfs, Av,, 1n the hydrogen atom. With a frac-
tional uncertainty of +1 4x107! , the experimental value'’ stands
as a strong challenge to theory in the one-electron atom. Unfortu-
nately, theory'® is blocked by uncertainty in the nuclear size and
polarizability contributions (-34.6*5.0 ppm) to the nuclear cor-
rection 8,(H). Thus there are many interesting QED corrections
to simple theory which are of the same size or smaller than the
uncertainty in §,(H) ‘which cannot be tested by direct comparison
with the experimental value. The motivation to extend theory at
this level or beyond is thus small.

It is possible to sharply reduce the importance of nuclear
corrections, if one has available an additional precision hfs
measurement in an excited state. For practical reasons this 1s
restricted to Av_, the metastable 2s state hfs. One forms the
difference, D,,= 8Av, - Av,;, which is much less sensitive to nu-
clear structure (whose leading terms scale like n™’) than Av, or
Av, separately. The situation is improved for the QED terms as
well.  The coefficient of the (a/m)(Za)? correction term is known
exactly for D,, (it is -5.5515)'°’?° whereas in the expression
for Av, it has an estimated uncertainty of 27% (18.306%5)2!. It is
ev1dent1y easier to calculate the QED term differences which con-
tribute to D,,, thanks to cancellation of the more difficult statc

independent terms.

The situation in °He® is analogous to that in H except that the
nuclear size correction is considerably larger and is less precise-
1y known; two estimates have been made by Sessler § Foley?? which
yielded -183 ppm and -146 ppm depending on the nuclear wave func-
tions used.

The experimentai_value of D,, for et prior to our work was
1.1901(16) MHz (based on Refs. 9 and 14) with the uncertainty due
almost exclusively to that in the Av, measurement of Novick and
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Commins. This is to be compared with a theoretical value of
-1.1898(5) MHz where the uncertainty is an estimate of uncalculated
temms. The size of these terms could be revealed by a more precise
value of Av,, and this was the motivation for our work. :

2
2 Ry
175578
MH2
14045 ‘L
MH:z
2281/2 rs2msec l _ : J
w.InSEC 2 ‘
5 =222 “he
» -
a=304 X 3 1Y
0
. \"A /
40.8¢ E%T 0 — L
et 2R
0
S B o
' ' 1214948 MHz
13864 »
1513503 »

[ 28,,2 —Y— (hts = 8666 MH2)

’Fig. 1 Energy levels in He' .

METHOD OF MEASUREMENT

'Fig. 1 shows the energy level structure of He' in the n = 1
and 2 states. Our method consists of creating 2s 1ons inside an
ion-storage device (ion trap) by electron 1mnact on *He¢ gas at low
pressure (about 4.0x10°° torr). While the ions are confined, we
preferentially remove those in either the F= 0 or F = 1 hype*flne
states by application of a microwave power pulse tuned near the
hyperfine sp11t Lamb shift transitions f, or f,, f.. (The 1600Miz
width of the 2°P, states compared to the1r 360 "Nz hfs splitting
cau%es the f, and f, resonances to be unresolved.) Once in one of
the 22P, states, an’ion decays with a lifetime of 10°!'® sec to the
1s grouﬁd state by emitting a 304 A photon. Population of the
depleted 2s hyperflne level can be restored by transfer from the



undepleted level by means of the AF = 1, Am, = 0 hyperfine tran-
sition marked f in Fig. 1. This is done after the microwave
state selection°B§ a suitably polarized oscillating magnetic ficld
pulse set near the hfs frequency. A second microwave pulse is then
applied and photon detectors and associated electronics count the
number of ensuing 304 A photons. Counts collected versus fre-
quency applied during the middle hfs transition 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 experiment of Novick § Commins'“, the difference being
the use of ion-storage rather than an ion-beam; this requires time-
like rather than spatial separation of functions. By storing the
ions we achieve longer measurement times and have achieved line
widths less than 1kHz (FWHM) compared to 100kHz in the work of
Novick and Commins. The precision of a resonance line Center de-
termination can be roughly estimated as the line width divided by
the signal-to-noisc ratio. Our signal-to-noise ratio is not as
good as that achieved in the beam experiment so we do not gain the
full factor of 100 or so indicated by the reduction in line width;
in fact, we have achieved about a factor of 20 improvement.

THE ELECTROSTATIC ION TRAP

It was our intention to obtain an experimental configuration
which would produce resonances at essentially the field free hyper-
fine frequency in order to avoid the need for large corrections
and extrapolations. For this reason, we did not choose to use a
Penning type ion trap such as that used previously to measurc the
2s lifetime in “He” (Ref 5). The magnetic field neceded to operate
the trap would have required a large Zeeman effect correction. The
large amplitude electric fields associated with radio-frequency
quadrupole ion traps were considered prohibitive because of the
associated Stark quenching of the 2s state. For thesc reasons we
adopted a purely electrostatic confinement scheme. Fig. 2 shows
a cross section view of our device. Tt is a closed cylinder with a
central rod maintained at a negative potential with respect to the
grounded walls. °*He" ions are created by impact with electrons
emitted from a filament located outside the bottom end of the cyl-
inder. The electrons move roughly parallel to the rod at a dis-
tance of a few centimeters. 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 grounded cylin-
der ends. In addition, the structure forms a coaxial cavity rcso-
nant in the TE,,, mode near Av, with a Q of about 1000.

The 304A& photon detectors are CuBe electron multipliers shielded -
from metastable neutrals (e.g. *He 2'S,, 23S,) by 800 A Aluminium
foils. The foils have about 55% transmission at 300 A.
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Fig. 2 Sketch of the electrostatic ion trap/rf cavity and pho-
ton detectors. The rod is maintained at a negative potcntial with
respect to the closed cylinder during ion confinement. The rectan-
gular shape shown behind the rod center is the microwave horn used

to induce 2s to Zp% transitions.
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_ Fig. 3 shows some of the equipotential surfaces and electric
field lines for the static trapping field. They are calculable
from the Fourier-Bessel series: '

?[Anlo(knr) + BnKo(knr)]cos'knz,

¢(r,z) =
= 1’3’50..
kn - Tm/zmax’
An = -BnKo(knro)/Io(knro),
n-1 |
> 4VR . 1 (}\ r )

(o]
!

h = (D7 & L TIRT,) - KoK T T N

with 1, and K, the zeroth order modlfled Bessel functions and \I
the potentlal on the rod. : :

This type of ion trap has a very simple electrode structure
and serves well for the present work where long storage times are
not important and the possibility of making the structure a simple
rf cavity was advantageous. It is possible, however, to refinc
the idea of electrostatic ion confinement to allow fairly long
confinement times and harmonic motion parallel to the z-axis. In
particular consider the cylindrically symmetric potential

2

(22 - §+ Binr) + C.

N >

% (r,2) =

For B = 0, this potential describes the electric field used in
Penning traps and the equipotentials are hyperbolas of revolution
about the z-axis. The Inr term is the potential of a long charged
wire and ¢"(r,z) is a solution of Laplace's equation for arbltrar}
B. The effective potential U(r,z) acting on an ion of charge q,
mass m and having angular momentum L about the z-axis is then,

. )
U(r,z) = q¥"(r,z) + 2%;2

or, ' : f
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Z=Zmax

o2 N o

P -7

Z=-Zmax

Fig. 3 Potential and field lines for the cylindrical electro-
static ion trap. -
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U(r,z) = y(r) + %kqz® + C,
where
y 2 2
W(r) = qlz‘-(anr D

2mr

Thus for 0 <13<(B2mq/8) and gk, B > 0 there exist potcntial wells
in the r and z directions which allow ion confinement. Further-
more, the z component .of ion motion will be harmonic with frequency

w, = (qk/m)=.

The author and R. Knight have constructed and partially tested
a trap whosg surfaces conform to equipotentials of ¢”(1r,z); it has
confined N, ions for several seconds at pressures of a few times
. 107 ° torr afid shows promise of longer confinement times at lower
pressures. ‘

DATA COLLECTION AND MEASUREMENT . PROCEDURE

The data collection scheme and apparatus is shown in Fig. 4.
In analogy to atomic beam nomenclature (A, C and B-magnects) we
denote the three sequential time intervals as t,, t. and.t,. Counts
received from the detectors during the B period arc stored in a
multi-channel scalar (MCS) whose channel address controls the. fre-
quency of a synthesizer from which the power to drive the hyperfine
transition is derived. Repetitive scans of the resonance are made
with about 1000 data cycles at each MCS address during each scan.

~ The resonance curves were expected and found to fit the Rabi
form :

S() AL(v)sinZ[meL(v)”’f] s C,
with |
b2/[b2 + (v - £)?],

L)
where f is the line center, A and C are amplitude and base line
parameters and b is the magnetic dipole transition matrix element.

Figure (5) shows a series of resonance curves taken at varying
values of te- The curves are least squares computer fits to the
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Fig. § Resénance curves taken with differing valuesvof t..

The solid lines are computer fits to the data.
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data using the Rabi line shape and, though the side bumps don't
show here, other data taken at hlgher values of rf field show
them quite plalnly

The AF = 1, Am 0 transition has a weak quadratic magnetic
field dependence g1€en by

f(MHz) = Av, + (3.615 x 107)H?

where H is in gauss. We use three sets of orthogonal Helmholtz
coils to allow arbitrary adjustment of the net field about zcro.
In fact, we use the observed line centers plotted versus magnet
coil current to establish ‘the minimum resonant frequency which we
take as our primary measurement of Av,. Various corrections to
values obtained this way are then applied to achieve a final value
for Av,.

Fig. 6 shows . an example of the measurement procedure. Each
resonance curve required about one hour to accunulate and thus onc
determination of the minimum frequency (nominal zero ficld his)
took about six hours Our new result is bascd on 36 such detey-
minations. -

To eliminate:the Stark effect on the hfs, we accumulated data
at three rod potentials and extrapolated the mcan values of the
results to zero rod potential. Fig. 7 shows this procedure.

RESULTS AND DISCUSSION

_Table IT contains a summary of our data and the various cor-
rections applied to achieve our final result:

= 1083.354 982 5(76) Mz

Taken with the Av, value of Scheussler et al®,

Av, = 8665.649 867(10) Miz,

we obtain,

':’,.
I

23 = 1.189993(62) MHz

15 -
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Fig. 6 Variation of resonance line center with Helmholtz mag-
net current. The solid curves are computer fits. The minimum fre-
quency is the uncorrected hyperfine frequency. Our result is based
on 36 such determinations.
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Fig. 7 Extrapolation of zero magnetic field line centers to
zero rod potential. The triangles are mean values with lo error
bars. '

The theoretical expression for D,, 1is, .

D,, =Eg-(by +qy *+ 8y)

where b,, = b, - b,, q,; =q,-q, and §,, = §, - &, are the dif-
ferences in the Breit, QED and nuclear corrections %or the 2s and
1s states. 6, and §; include nuclear size, polarizability and

recoil corrections. E_. is the 1s non-relativistic Fermi contact
hfs for a point nucleug,

17



Table 1I Sumary of Data‘,‘corrections and Result

mean values | VR = -15.0 V. 1083 354 973.2(19) Hz
of zero field  Vy = -10.0V 980. 3(69)
line centers. Vk = -4.5V 982.9(61)
V2= 0 Extrapolated Value 1083 354 984.3(70)
Corrections (to be added to VE B 0 value):
a) motional averaging of
mhomogeneous magnetic field -3.2(17)
b) offset of mms averaged residual -1.3(13)
field from minimun value
¢) rf Stark ,efféct 0.2(1)
d) 2nd order Doppler shift 0.5(4)
e) pressure shift _ v 2.0(20) |

Net result: Av, = 1083 354 982.5(76)Hz

. o .
Bp = ‘23°2Rw°811~1 (I+3%) [M+m]

where E. is in frequency units and m, and M are the electron,
proton gnd nuclear masses; the other qugnutlc% have thelr usual
meanings. The Breit contnbutlon is,

W 5 2 179 \ & 6
bZl = §'(Z(1) lzs(za) *O(ZG)

The QED terms calculated to date are!®’2°,

Ay, = 3(20)*[-3.30320In(Z0) - 5.5515].



The recoil terms through order (Zo)? m/M and second order hfs
which contribute to §,, have been calculated by Sternheim?®. &,
may be partitioned as §,, = r,, + s,, where r,, are the tems cal-
culated by Sternheim and s,, is everything remaining, principally
the uncalculated nuclear size contribution. :

+ .
For 3He  one obtains;

by, Ep = 1.152078(1) (Miz)
q,,Ep = 0.036026(Miz),
r,,Ep = 0.000797(Miz),

-

- For a net value of

1.189801(1) (Miz).

D,, (theory)

The difference D,, (exp) - D,, (theory) = 192 (62) Hz appears
to be significant. It is anticipated that the next uncalculated
term in q,, will make a contribution of order a(Za)®+E. = 197Hz.

It is also probable that _s31 will begin to contribute_st this
level. Sessler and Foley?? have calculated s, values of -180 and
-143 ppm depending on the nuclear wave function used, this would
mean that a s,; = -1.5x10 * * s, would account for thc difference
in the theoretical and experimental values of D,,. In addition,
P. Mohr®" has indicated that for a reasonable nuclear model, S,;*
in *He  is of about the same absolute size as the observed dif-
ference in the D,; values. It probably will require an evaluation
of both s,, and the higher order q,, term to establish an explana-
Fiogﬂof tﬁe difference between turrent theory and experiment for D,
in °He™.
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