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HYPERFINE STRUC1URE OF STORED IONS •.. RESULTS FOR 2s 3 He + * 

Michael H. Prior and Edmond C. Wang 

Department of Physics and Lawrence Berkeley Laboratory 
University of California 
Berkel e)·, California 94 720 . 

I.t\'TROIUCTION 

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 1 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. A11other broad area, the original emphasis of the technique, 
is the radio-frequency spectroscopy of stored ions. TI1is area ,,·as 
pioneered by H. Dehmelt and his collaborators a'1d was reported on 
at thP first JCAP in 196R 2

• ThP ran?e 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 ptmlping sources and, beyond the rf frequency range, one 
expects two-photon laser spectroscopy on stored ions to emerge 3

• 

Closely allied to the above, but distinguished by their un:iqueness 
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 3

'
5

• 

Of course, one must note the very large effort currently un
derway ~urld wide to understand and manipulate the behavior of high 
density plasmas in any of the many controlled thermonuclear reactor 
(erR) experiments. The CTR devices differ markedly from the ion 
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traps under discussion here; there is, however, some overlap in 
the sense that some of the processes of interest 6 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 
3He ion. A brief report of our early results has appeared pre-
viously'. · 

HFS MEASt.JRB1ENTS 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 measurement~ follov:s. For detailed dis
cussion of many of the topics, the reader is referred to the re
views by Dehme 1 t 8 • 

One of the strong points of ion-storage methods for the study 
of hfs is the long observation times available to induce a h)T•erfine 
transition. Ions 'have been stored without loss for period~ of many 
hours (see e.g., Ref. 1) so that, in principle, resonance line 
widths of unprecedented narrowness· (say= 10-" Hz) might be im<lgjncd 
for e:\-periments on ionic ground states. The real questions of the 
feasibility and utility of an experiment with such a narro\,· line 
(requiring perhaps several. days to sweep over) detract from it.'
obvious appeal as a tour-de-force. In fact, other considctatjC~n~ 
often limit the line width and precision of a measurement to less 
than that allo\\·cd on the basis of the ior1 storage time alone. The 
quadratic Ibppler effect caused by the ion velocity distrihuti0n 
(finite iori temperature) is an example. None-the-less va]uahlc 
measurements have been made on lines whosewidths are only a fcK 
Hz 9

'
10

; this is far narrower than typical atomic beam magnetic re
sonances line\vidths (generally > 1 kHz). 

The fact that stored ions are tmperturbed by collision \~i th 
backgrormd gas atoms is, of course·, responsible for their long 
storage times and is achieved by the use of standard ultra high 
vacuum techniques to reduce the background pressure. Ion-ion 
collisions take place typically at rates of .1 to 10 3 sec~ 1 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-properties 
of the ions. 

Finally, one might include as an advantage of the ion storage 
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technique, the non-destructive detection of the mnnber of stored 
ions by resonant excitation of their motion. Scattering of reso
nant optical photons 3

'
10 is also a useful non-destructive probe 

of the· number of stored ions and can serve to monitor Zeeman sub
levels as well. 

On the negative side the number of stored ions is not large 
being t)~ically 10 6 to lOA for grotn1d state ions and ~crhaps 10 to 
1000 times less for exdted ionic states (e.g. 2s 31le ). Thus the 
signal to noise ratio of resonances is low and mny tn>1 cal ly re
quire an hour of integration to achieve a value of 10/1. t-bnitor
ing of substate populations via scattering of resonant optical 
photons may well improve this situation for favorable cases in the 
near future. 

A further wealmess is the fact that to date no generally 
applicable technique for hyperfine state selection exists. I.:acl1 
ion requires its O\,n special solution and one does not have a 
cow1terpart for ions of the atomic beam magnetic resonance method 
which has had such wide application to virtually any paramagnetic 
atom or molecule. Tunable lasers nay some,,·hat rescue thjs st<1tc 
of affairs by allowing the technique of optical ptr:!ping to assum(' 
this role; at least for a subset of fa\·orahle ions. 

Finally, the radio frequency spcctTillTl may v.'ell be perturbc'J 
by the confining fields and the ion mot]on (e.g. St~nk, Zeem..1n 
and Ibppler effects). This is usuJlly not a serious problem as 
one has considerable flexibility in selection of the type of fjcJd~ 
and control of their magnitude. Corrections can ht" m.Jde \vitl1 scJ;iC 
confidence; and, if necessary, extrapolation can be made to fielo 
free values. 

In the past 14 years or so, since the pioneering work of II. 
Dehmelt and co-workers 11 , two types of ion trap have been used 
extensively and their properties are well described in Derunelt~s 
reviews 8

• These arc the static field Penning trap and the dynamic 
field Paul or rf quadrupole trap. Roth use a cylindrically S)1lt

metric electric potential of the form 

~(r,z) 

whose equipotentials are the familiar h)~erbolas of revolution. lJ 
is the potential applied beb•een th(' cap electrodes separated by 
2Z

0 
and the ring electrode \vhose inside radius is r ; t)~ically 

Z0 , r 0 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, 
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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-ax:is, cy~lot!"on motion about 
the magnetic field lines and a magnetron orE~ H drift of the 
cyclotron orbit center about the trap axis. 

The rf quadrupole trap (RFQT) uses an oscillating electric 
potential, i.e., U = U0 cosrn:, with n typically ~ .1 ~ l .S l\~1z, and 
U0 ~ 100 to 1000 V and no magnetic field. Ion motion is determined 
by solution of t-1athieu equations and consists of a sma lJ ?.r!lpl itude 
high frequency oscillation at or near n and lo\\'er. frequency larger 
amplitude harmonic motion in an effective potential \).' of the form 

where (r) and (z) are r and z coordinates averaged over tl1c high 
frequency motion. 

This brief description of the RFQT and PT schemes ,,j l 1 allO\~ 
some comparison with the purely electrostatic trap de5ign '\·e h:1ve 
used in our experiment. The electrostatic trap \\'as fj rs t described 
by K.H. Kingdon 12 in 1923. More recently, R.G. Herb 1 3 and asso- ·· 
ciates have developed this configuration as an ionization gauge 
and, as such, it is Jmol'.n as an "Orbitron." The device consists 
of a negatively charged wire inside a closed, coa·dnl cylinder; 
it has not been applied to the rf spectroscopy of ions preYiously 
and it will be discussed in somewhat more detail in a follo1-."ing 
section. 

A summary of published ion-storage hfs measurement:-; is pre-· 
sented in Table I. The entrees are arranged chronolo~ic:tll\' and 
the definition of ion- storage is broadened some\d1at t~ inc] ~de the 
ion-beam experiment of Novick and Commins 14 on 2s 3He . (The 
drifting ions in the beam can be regarded as incrti:1JJy "confined" 
during their transit time through the apparatus). TI1is is done 
because, for many years their experiment stood as the only precise 
me·asurcment 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 I are the large values of Q = v/r, 
the ratio of resonance frequency to line width, achiev<.>d and the 
different state selection and analysis ~chemes used. Q1e notes 
that all the work except.that on Zs 3He has been carried out with 
rf quadrupole traps. 
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Table I. Hfs Measurements on Stored Ions c 

Ion State hfs freq. Q Type of Trap State Selection/ Authors(Year) 
·~·· . 
"~'~'I 

(M-Iz) Analysis 
c~ 

" 
l.Ox104 Novick, Comminsa(S8) 

.-t.:..;. 
3He+ 2s 1083.3 ..• ion-beam resonant lJwave 

quenching 0"" 

H+ K=l,2; 3. 9 ... 6 RFQT polarized photo- b c 2.4xl0 Jefferts (68,69) 
2 r-4•8 + 1248. 5· .. dissociation ~ 

3He+ Is 8665.6··· 9.0xl0 8 RFQT spin exch:mge/ Scheussler, 
0'• 

spin dependent Fortson ""'-.£ 
charge exchange Dehmelt~(69) 

Major, Werthd(73) 
~ 

199Hg+ g.s. 2sl 40507.4··· 9 RFQT optical pumping/ S.OxlO 
'l resonant fluores-

cence 
3 + 

He 2s 1083. 3· .. 1. l>xlO G electro- -resonant IJwave 
. e 

Prior, Wang (75,76) 
static quenching 

a b Ref 14; Ref 15; 
c d e . . Ref. 9; IkL 10; Ref. 7 and th1s report. 
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A wotivation for the work summarized in Table I has been (H
2
+ 

and 3He ) to make precision measurements in simple systews where 
good tests of t;tteory seem possible. In addition, for H

2
- there 

Vcls motivation to determine the hfs spectnnn of this s~lest mole
cule for astrophysical reasons. For the heavy ion 199Hg , MaJor 
and Werth 1 0 accomplished the first optical pumping of stored ions and 
the motivation here was, in large measure, the desire to make 
progress toward the realization 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 loh' 
signal to noise ratio of the resonances is the major impediment. 

RATIONALE FOR AN IMPROVED 2s 'He+ HFS VALUE 

One of the most precisely Jmm~n quanti ties in atomic physics· 
is the ground state hfs, flv 1 , in the hydrogen atom. \\'i th a frac
tional uncertainty of ±1.4xl0- 12

, the experimental value 17 stands 
as a strong challenge to theory in the one-electron atom. Unfortu
nately, theory18 is blocked by uncertainty in the nuclear size and 
polarizability contributions (-34.6±5.0 ppm) to the nuclear cor
rection 61 (H). Thus there are many interesting QED corrections 
to simple theory \vhich are of the same size or smal lcr than the 
uncertainty in 61 (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 is 
r:stricted to flv 2 , "the metastab~e 2~ state hfs. One forms the 
difference, D21 :: 8flv 7 - flv 1 , \\hlch IS much less sensitive to nu
clear structure (whose leading terms scale like n-:;) than l'..\> 1 or 
flv separately. The situation is improved for the QED tenns as 
weh. The coefficient of the (a/TI) (Za) 2 correction term is knmm 
exactly for D21 (it is -5.5515) 19

'
20

, whereas in the expression 
for tw it has an estimated uncertainty of 27% (18. 36±5) 21 • It is 
evidently easier to calculate the QED term difference~ which con
tribute to D21 , thanks to cancellation of the more difficult state 
independent terms. 

The situation in 3He+ is analogous to that in H except that the 
nuclear size correction is considerably larger and .is less precise
ly Jmo,m; t\,'O estimates have been made by Sessler & Foley 22 which 
yielded -183 ppm and -146 ppm depending on the nuclear wave func
tions used. 

The experimental value of D21 for 3He+ prior to our work was 
1.1901(16) ~~z (based on Refs. 9 and 14) with the uncertainty due 
almost exclusively to that in the 6v2 measurement of Novick and 
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Conmins. This is to be compared with a theoretical value of 
1.1898(5) ~l-Iz where the uncertainty is an estimate of uncalculated 
tenns. The size of these tenns could be revealed by a more precise 
value of l!.\J2, and this was the motivation for our work. 

14045 
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T •• lnsec 2 2P. } T/ 112 

~c3041 

40.8eV 
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1083.4 
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F 

1 r----t-T---~ 
14045 
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...L 
361 
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0 
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1z13864 II 

f~ 13503 H 

Fig. 1 Energy levels 1n 
~ + llc · . 

MElliOD OF f\1EASl.JRE\ffiYf 
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-I 

0 
I 

0 
-I 

2 
2 P,/2 

Fig. 1 shrn~s the energy level structure of 3He + in the n = 1 
and 2 states. CA.lr method consists of creating 2s ions ins ide <m 
ion-storage device (ion trap) by electron impact on 3Hc gas at low 
pressure (about 4.0xl0- 6 torr). Khile the ions are confined, we 
preferentially remove those in either the F = 0 or F = 1 hyperfine 
states by application of a micrm·:ave power pulse tuned near the 
hyperfine split Lamb shift transitions f 1 or f 2 , f

3
• (11lc loOO~nt: 

width of the 22 P1 states compared to their 360 ~n-lz hfs splitting 
causes the f2 ana f3 resonances to be l.mresolved.) Once in one of 
the 22 P1 states, an ion decays with a lifetime of 10- 10 sec to the 
ls ground state by emitting a 304 A photon. Population of the 
depleted 2s hyperfine level can be restored by transfer from the 
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undepleted level by means of the ~F = 1, ~f = 0 hyperfine tran-
sition marked f in Fig. 1. This is done after the microwave 
state selectionOSy a suitably polarized oscillating magnetic field 
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, ~v2· 
This is the same state-selection and resonance detection scheme 
used in the experiment of Novick & Cornrnins 14

, 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 (A\HM) compared to 100hl1z 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-noise 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 ·v.-idth; 
in fact, we have achieved about a factor of 20 improvement. 

mE ELECTROSTATIC ION TRAP 

It was our intention to obtain an experimental configuratjon 
which would produce resonances at essentially the field free h)11~r
fine frequency in order to avoid the need for large corrections 
and extrapolations. For this reason, we did not choose to usc a 
Penning type ion trap such as that used previously to measure the 
2s lifetime in "He (Ref 5). The magnetic field needed to operate 
the trap would have requ~red a large Zeeman effect correction. The 
large amplitude electric fields assodated wjth Tadio-frequency 
quadrupole ion traps were considered prohibitive hecausc of the 
associated Stark quenching of the 2s state. For these reasons we 
adopted a purely electrostatic confinement scheme. Fig. 2 shm·/s 
a cross section view of our device. It is a closed cvlinder with a 
central rod maintain~ at a negative potential with respect to the 
grounded walls. 3He 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 reso
nant in the TE 011 mode near ~v 2 with a Q of about 1000. 

The 304A photon detectors are CuBe electron multipliers shielded 
from metastable neutrals (e.g. 3He 21S0 , 23S1 ) by 800 A Aluminit~ 
foils. The foils have about 55% transmission at 300 A. 

8 
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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 potential wHh 
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 2p~ 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: 

t(r,z) = CID 

E[A I 0 (knr) + B K0 (k r)]cos k z, ·n n n . n 
n- = 1, 3, 5 • · · 

k = Tm/Z , n max 

with 10 and K0 the' zeroth order modified Bessel functions and rp 
the potential on the rod. ' 

This type of ion trap has a very simple electrode structure 
and serves well for the present work where long storage time-s are 
not important and the possibility of making the stn1cture a simple 
rf cavity was advantageous. It is possible, hmvever, to refine 
the idea of electrostatic ion confinement to allah' fairly long 
confinement times and harmonic motion parallel to the z-axis. In 
particular consider the cylindrically S)'TTITletric potential 

~ ... (r,z) = ~ (z 2 
- I\ BZnr) + C. 

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 Znr term is the potential of a long ch:wged 
wire and ~ ... (r,z) is a solution of Laplace's equation for arbitraD· 
B. The effective potential U(r,z) acting on an ion uf charge q, 
mass m and having angular mornenttnn L about the z-axis is then, 

U(r,z) 

or, 

L2 = q~ ... (r,z) + lnu-2 

10 



0 u 6 I 6 7 7 

r=O 0 r= r·1 v r=r0 .· 

Fig. 3 Potential and field lines for the cylindrical electro
static ion trap. 

I 

l 
'I ; 

I' ,I 

i\ 

11 



U(r,z) = lll(r) + !.zkqz 2 
+ ( I 

where 

w(r) k = ctzCBZnr 
r2 
z) 

L2 

+ 2mr 2 

Thus for 0 < 12< (B 2mq/8) and qk, B > 0 there exist potential wells 
in the r and z directions which allow ion confinement. Further
more, the Z1 component .of ion motion will be harmonic with frequency 
w = (qk/mf2 z • 

The author and R. Knight have constniCted and partially tested 
a trap \\rhos~ surfaces conform to equipotentials of <l> ... (r,z); it has 
confined N2 ions for several seconds at pressures of a few times 
10- 9 torr and shows promise of longer confinement times at lower 
pressures. 

DATA COLLECTION MlJ) ~fEASURBffi~T. PRQCEDURE 

The data collection scheme and apparatus is shmm in Fig. 4. 
In analogy to atomic beam nomenclature (A, C and B-magn~ts) we 
denote the three sequential time intervals as tA, tc and tB. Counts 
received from the. detectors during the B period arc stored in a 
multi-channel scalar ~fCS) whose channel address contrbls the. fre
quency of a synthesizer from ,,rh,ich the power to drive the hyperfinc 
transition is derived. Repetitive scans of the resonance are made 
with about 1000 data cycles at each ~fCS address during each scan. 

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

with 

_1, 

S(v) = AL(v)sin2 [nt bL(v) '2
] + C, 

c 

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 takeri at varying 
values of t . The curves are least squares computer fits to the c 
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Fig. 5 Resonance curves taken with differing values of t • 
The solid lines are computer fits to the data. The resonance impli
tude is typically 20% of the baseline. 
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data using the Rabi line shape and, though the side bumps don't 
show here, other data·taken at higher values of rf field show 
them quite plainly. 

The bF = 1, run = 0 transition has a '"eak quadratic magnetic 
field dependence gi~en by 

where H is in gauss. We use three sets of orthogonal HC'JmhoJtz 
coils to allow arbitrary adjustment of the net field about zero. 
In fact, we use the observed line centers plotted versus magnet 
coil current to establish the minil11liD1 resonant frequency \d1ich I\'C 

take as our primary measurement of !::,v 2 • Various corrections to 
values obtained this way are then applied to achieve a fhn1 value 
for bv2 • 

Fig. 6 shows an example of the measurement procedure. Each 
resonance curve required about one hour to accumulate and tlm~ one 
determination of the minimum frequency (nom:inal zero field hf.s) 
took about six hours. Our new result is based on 36 such dcte•·
minations. 

To eliminate the Stark effect on the hfs, \ve accumulated datn 
at three rod potentials and extrapolated the mean values or tk: 
results to zero rod potential . Fig. 7 shm-:s this proceclllre. 

RESULTS A~ DISCUSSION 

Table II contains a surrnnary of our data and the various cor
rections applied to achieve our final result: 

bv2 = 1083.354 982 5(76) ~~z 

Taken with the ~v 1 value of Scheussler et al~, 

6v1 = 8665.649 867(10) ~Dfz, 

we obtain, 

D21 = 1.189993(62) MHz 
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Fig. 6 Variation of resonance line center with Jielmholtz rn~g
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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bars. 

The theoretical expression for D21 is, 

where b21 = b2 - bl'- q21 = q2 - q 1 and o21 = o2 - ol. are the dif
ferences in the Breit, QED and nuclear corrections tor the 2s and 
ls states. 6

2 
and o1 include nuclear size, polarizability and 

recoil corrections. EJ: is the ls non-relativistic -Fermi contact 
hfs for a point nucleus, 

17 
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Table I I Stutmary of Data, Corrections and Result 

mean values 

of zero field 

line centers. 

VR = -15.0 V 

VR = -10.0 V 

VR = :4.5 V 

V~ = 0 Extrapolated Value 

1083 354 973.2(19)'Hz 

980.3(69) 

982.9(61) 

1083 354 984.3(70) 

Corrections (to be added to v~ = 0 value): 

a} motional averaging of 
inhomogeneous magnetic field -3.2(17) 

b) offset of rms averaged residual -1.3(13) 
field from minirm..nn value 

c) rf Stark effect 0. 2 (1) 

d) 2nd order Ibppler shift 0.5(4) 

e) ·pressure shift 2. 0 (20) 

Net result: 6v2 = 1083 354 982.5(76)Hz 

where E is in frequency units and m, M and Mare the electron, 
proton &nd nuclear masses; the other quRntitics have their usual 
meanings. The Breit cootribution is, 

. b 21 = jcza) 2 + ~~~ (Za) .. +()(Za) 6 

The QED terms calculated to date are 19
' 20 , 

q21 = :cza) 2 [-3.30320ln(Za) - 5.5515]. 

18 
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The recoil terms through order (Za) 2 m/~1 and second order hfs 
which contribute to 621 have been calculated by Sternheim23

• 6 
may be partitioned as 621 = r 21 + s 21 where r 21 are the tenns c~i
culated by Sternheim and s 21 is everything remaining, principally 
the tmcalculated nuclear size contribution. 

For 3He+ one obtains; 

q21 Ep = 0.036026(~Hz), 

For a net value of 

D21 (theory) = 1.189801 (1) (r-nh). 

The difference D21 (e:x.-p) - D21 (theory) = 192 (62) Hz appears 
to be significant. It is anticipated that the next uncJlculated 
term in q21 will make a contribution of order a(Za) 3 ·E. = 197Hz. 
It is also probable that s~ 1 will begin to contribute fit this 
level. Sessler and Foley2 have calculated s 1 values of -180 and 
-143 ppm depending on the nuclear wave function used, this would 
mean that a s 21 = -I.Sxl0- 4 

• s 1 would account for the difference 
in the theoretical and experimental values of D21 • In addition, 
P. r.bhr 2 \has indicated that for a reasonable nuclear model, s 21 • 

~ in 3He is of about the same absolute size as the observed dif
ference in the D21 values. It probably \,·ill require an evaluation 
of both s 

1 
and the higher order q21 term to establish an explana

tion of tAe difference between current theorv and c:xpcrimcnt for D, 1 . 3H + ., 4 In e . 
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