
that the p A correction is never the largest one.
This is of course only true when E~ && @+,. For
@co&-E~ a resonance can occur in the p. A terms
which will make it dominant.

A final remark concerning the p A contribution
to the Rayleigh and Raman terms discussed in
Sec. IV is warranted. The same conditions hold

for those transitions. If ka ~ 1 but ~&, ~~»E~,
the pure A terms will dominate the Raman and
Rayleigh cross sections. If, however, && &~-E~,
then the p A terms will make the dominant contri-
bution as they do in scattering experiments per-
formed using lasers operating at visible wave-
lengths.
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Excitation of Fast Hydrogen Atoms"'
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Within the limits set by our experimental apparatus, large-amplitude zero-field oscilla-
tions of H fine-structure amplitudes treated in a recent letter of Macek were not observed
in polarization-versus-flight-path measurements on H&, H~, and Lyo emissions from sud-
denly excited H atoms (50- and 150-keV incident protons). Random initial phases for orbital
and magnetic substates and approximately equal magnetic substate populations are indicated,
in contrast to binary electron capture in gases. A successful test of the theoretical polariza-
tion of 2s Stark quench radiation was also made.

INTRODUCTION

Several interesting suggestions for exploiting
coherent emission effects stemming from zero-
field oscillations of H fine-structure (fs) ampli-
tudes in fast-beam experiments were made in a
recent letter of Macek. Briefly, atoms are im-
pulsively excited (-10 -sec duration passage
through a foil) into a mixture of coherent fs levels.
Oscillations in the intensity of electric dipole lines
of fixed polarization which are subsequently emit-
ted then occur.

While the total intensity of a field-free electric
dipole transition from a coherent mixture of fs
levels

!/MAL)

belonging to some principal quantum
state n to a group of final states n does not oscil-
late in time, Macek shows that in principle the
intensity of each polarization P= 1, 0, —1 under-
goes multiperiodic oscillations. They sum to a
nonoscillatory total, in contrast to cases where a
Stark field is present. The frequencies which
occur are just the zero-field fs level-separation
frequencies. Under plausible random-phase con-
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ditions on the initial fs amplitudes, to be discus-
sed below, these oscillations have significant
magnitude only if there is considerable departure
from an isotropic distribution of initial magnetic
substate population probabilities. Such departures
have been indicated in theoretical and experi-
mental ' binary electron-capture investigations.

This anisotropy requirement raised the possi-
bility of an experimental test of our conjecture
that some preferential alignment of initial-state
angular momenta perpendicular to the beam direc-
tion might occur as a result of the large angular
momentum of the incident proton in that plane. '

This alignment was one of two alternatives which

we invoked in explaining the appearance of just a
few prominent frequencies in the total intensities
of various Stark-perturbed Balmer lines under

equivalent collision conditions. The other was
that d states were somewhat preferentially popula-
ted under the prevailing collision conditions (50-
150-keV protons, 10-y,g/cm C foils). The study
of the polarization of the lines as a function of
flight path could yield the information about the
initial distribution of magnetic substates required
to distinguish between these alternatives.

Within the limits set by our experimental ap-

paratus, the work described here serves the dual

purpose of searching for oscillations of significant
amplitude which might be exploited in experiments
like ours andof testing the alignmenthypothesis.
It was also convenient to test our Lyman, (Ly, )

polarization apparatus by using it to measure the

polarization of Ly quench radiation from the

Stark-perturbed 2s state as a function of electric
field. Within the accuracy of our data we were
able to check the theory of this polarization and

make a rough comparison with the interesting ex-
periments of Fite, Kauppila, and Ott, ' who used

substantially lower electric fields and low-energy

beams.

EXPERIMENTAL ARRANGEMENT AND RESULTS

As shown schematically in Fig. 1, a beam of
protons (-1 y, A) from a 0-200-keV accelerator was
collimated to 3.2-mm diameter and passed through
an aluminum target chamber. This chamber was
surrounded by three mutually perpendicular sets
of Helmholtz coils which reduced all magnetic
field components to less than 0. 05 6, a, matter of
importance since fields of & 1 G are known to in-
duce observable Stark oscillations. Failure to
consider the importance of small stray magnetic
fields may have been responsible for some con-
fusion in the interpretation of early experiments
of this type such as those of Bashkin and Beau-
chemin, in which oscillations were observed in

apparently electric-field-f ree circumstances.

STATIONARY
DETECTOR

PROTO

RADAY CUP

HELMH
COIL

FIG. 1. Schematic diagram of the apparatus for the
Balmer polarization measurements.

These authors correctly noted that electric fields
due to beam space charge and collision effects due
to residual background gas were largely negligible
(the beam particles being -10 cm apart on the
average and the residual gas pressure -10 Torr).
Contact potentials and foil-charging effects were
considered by them but rejected as likely candi-
dates for producing these oscillations since it was
difficult to see how fields & 10 V/cm could occur.
The v &&8 electric field can easily reach this mag-
nitude, however, for hydrogen beams of a few
hundred keV per amu and magnetic fields - 1 6,
as was exploited in our earlier workon Stark-per-
turbed Balmer lines. In these experiments as
well no indication of foil-charging or collision ef-
fects was found. In the present experiments, in
which magnetic fields were much reduced, itmight
be imagined that slight foil-charging effects might
be important. This possibility is not borne out by
our earlier observations on the high-series mem-

bers H, and H, . The important parameter in the
Stark matrix elements of the perturbation Hamil-
tonian is not the field I itself, but rather approx-
imately n I', where e is the principle quantum
number; moreover, for small electric fields I',
it is the square of this matrix element which gov-
erns the mixing. In the earlier work on the H, and

H, lines, for which the n~ factor is greater than for
the Hz and H„ lines studied in the present work,
the photographic traces showed no distortion near
the foil which might be attributed to foil-charging
effects. W'e concluded that such effects were too
small to be significant in the present experiments.

The proton beam was passed through a 10- p, g/
cm carbon foil and collected by a Faraday cup lo-
cated downstream from the foil. The luminous
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beam from excited hydrogen formed in the foil eras
vie%'ed by R detection system %hich could be moved
parallel to the beam. A stationary monitor detec-
tor measured the light emitted by a, 2-cIn length of
the beam downstream from the foil. In the case of
the Balmer-line measurements, the movable detec-
tion system consisted of two collimator slits, a
rotatable Polaroid analyzer, an appropriate inter-
ference filter, and an ZMI 6256 S photomultiplier
(PM) tube. The current from the PM tube wasam-
pllfled Rnd then lntegl ated. The stationary detec-
tion system %as the same except it did not include
an analyzer or filter. The signal from this moni-
tor was used to normalize the output of the moving
detector. For the Ly experiment, a. rotatable
stacked-plate (littuum fluoride) polarization ana-
lyzer was used in conjunction vrith a Ly, -sensi-
tive GM tube fiUed vrith iodine and helium whose
characteristics have been described in detail by
Sellin. In both experiments the output from both
detectors was corrected for dark current and for
signal arising from collisional excitation of resid-
ual gas in the chamber. Because of the finite beam-
length segment sampled (1.6 mm for Ly, and 6.4
mm for the Balmer series), the upper limit of fre-
quency resolution for any periodic phenomenon in
the beam intensity was 2. 0 and 3.4 GHz at 50 and
150 keV, respectively, kor Ly Rnd 0. 49 Rnd 0. 86
GHz for the Balmer series. For some of the Hz
data a revised collimator system extended this up-
pex" limit to l. 7 GHz. In addition to the liD1it im-
posed by frequency resolution there is a limit im-
posed by the minimum-amplitude oscillations that
can clearly be identified. Some direct information
on this point is available from our earlier work on
the Stark-perturbed Lyman line, a done vrith
identical collimating geometry. From the lovrer
curve of Fig. 2 of the second payer, ere note that
field-induced oscillations of amplitude -+ 3% of the
mean intensity are clearly visible on a tracemhose
oscillation frequency p is 1.22 GHz as measured at
150-keV beam energy. If as seems reasonaMe one
assumes that the same spatial wave-form aspect
ratio for the oscillatory component can be detected
at other fx'equeney-energy combinations a,s well
(the spatial peak separation is proportional toE' ~2/v), then the amplitude resolution limits for
the present experiments would be ~ 6% (~ 10/o in
the fractional polarization),

Outside of these experimental resolution limits,
no periodic H~ or H„ intensity oscillations were
observed in our zero-field experiments, for either
polarization. Intensity of the light polarized par-
allel and perpendiculax' to the beam direction and
emerging Rt 90 to lt%RS measured Rt each of R
number of positions of the movable detector. The
linear polarization fraction P =(I, -I,)/(I„+I,) at

+1 '

15O keV H+

+yy~rr ~ 0 Vl r r» 0

I I

15O keV H+

(FlNER RESOLUTlON )
ry r» r r r ~ r r

I I

er-- r -r r

I

I I

a 0

FolL
—POSITlON

150 keV H+

Hy

I I I

2 5 4
DISTANCE ALONG BEAM (cm)

FIGr 2+ Llxleal"-polal'lzatlon f1actions of the Hp and
H~ lines as a function of distance along the beam.

each observation point along the beam is sho%n in
Flg. 2. This plot sho%'8 thRt %'lthln experlIneQtal
resolution IP I vras always & 0. 0V, Rnd that no os-
cillations leading to values of ) P ) laxger than the
0. 1 amplitude resolution limit were observed. It
is possible that oscillations leading to P & 0. I oc-
curred but frere not observed. The polarization
fraction is also less sensitive to reflection effects
which might yield misleading bumps on intensity-
versus-distance curves. Polarization fraction
data on the Ly line at zero field wa, s also taken
and is included in Table I.

The polarization of Ly quench radiation from
perburbed 2s atoms in the beam was measured
over the range 100 to 1000 V/cm in 100-V/cm
steps. For these measurements the foil was moved
50 cm upstream from the cha, mber. In this ar-
rangement the allo%ed states had substantially de-
cayed away by the time they reached the observa-
tion region, in which a vertical electrostatic field
was introduced by a pair of plates straddling the
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TABLE I. Summary of level splittings, experimental resolution, and zero-field polarization fraction data.

Beam energy
(keV)

Approximate
J'-J splittings (GHz)

Experimental
Observable

resolution (GHz)

150

Hg

Hg 50

Hq 150

50

Lye

~Lamb-shift estimate included.

Fig. 2

Fig. 2

Flg. 2

Fige 2

Fig. 2

0 +10%"
at Z=Q
Z=l Z=2

k-2
2 Sg/2

s$f 2 P1/2

I
Sl/2

s&/2 Pi/2

'f- spy
S&/2-P u

2 2

$ —sg/2

Sg/2 Pi/2

k-Y
~@2

sg/2-P 1/2

—s~/2

0.23
0.46
1.24
Q. 13

Q. 23
0.46
1.24
0.13

0. 23
0.46
l. 24
0.13

0.07
0.12
Q. 23
0.63
0.07

0.07
0.12
Q. 23
0.63
0.07

le 72

0.49

0.49

1.96, 3.44

Si/2 Pi/2

"Z=distance downstream from foO in cm.

Yes
Yes
Yes
Yes

Yes
Yes
No

Yes

Yes
Yes
No

Yes

Yes
Yes
Yes
No

Yes

No

horizontal H beam. The viewing geometry re-
mained the same as in Fig. 1. The results are
plotted in Fig. 3 together with the results of the
theoretical calculation discussed below. Also
plotted is the low-field result of Fite, Kauppila,
and Ott, who made a single measurement of higher
accuracy and noted that there appeared to be an
unexplained discrepancy between theory and ex-
periment. %'e note that our cruder but more ex-
tensive measurements are within the estimated
errors and that the apparent systematic devia-
tion from theory is opposite to that of Fite, Kaup-
pila, and Ott at our lowest fields. Though the
noted discrepancy is still unresolved, our results
do not corroborate a failure of the theory of 28
Stark quench radiation polarization. %'e note that
there is a tendency for our polarization mea, sure-
ments to have systematically smaller absolute
values than predicted by theory, a circumstance
common in polarization experiments in whichthere
are nearly always some depolarizing influences.
Among the sources in the present instance are
(a) the finite spread in observation angle about
SO' to the beam direction produced by the finite
collimating geometry; (b) the possible underes-

timate of the few percent correction required to
take account of the residual gas excitation, which

would cancel out of the numerator of I' but not out
of the denominator (the residual gas excitation was

-0.7
|2
"„-0.6
cf

~ —0.5
O

~ —0.4
CC
cf.

—0.5
CL

0 )00 200 300 400 500 600 700 800 900 100
FIELD (Vjcm)

FIG. 3. Linear polarization fraction of the 2s-ls Ly~
quench radiation as a function of electric field strength.
The open triangle point is from Ref. 7.
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measured with the foil out); (c) possible unpolar-
ized cascade contributions to the detected radia-
tion. For the first few cm of travel downstream
from the foil, cascade contributions can amount
to at most a fem percent of the total intensity but
tend to lower the measured polarization propor-
tionately. The error flags in Fig. 3 are derived
from estimates of the size of the correction such
effects could lead to as well as from counting sta-
tistics. In view of the uncertainty in the exact
size of the systematic depolarizing effects, they
have not been used to adjust the measured values,
but have been incorporated approximately in the
error flags. In addition the counting statistical
error is an increasing function of I', since the
atoms have had to pass through a fringe field be-
fore reaching the uniform field prevailing in the
viewing region. As the field is increased, an in-
creasing fraction of the incident atoms are quenched
before they reach the viewing region, resulting in
a smaller signal strength. Attempts to compen-
sate for this by increasing the beam current re-
sulted in an unacceptable rate of foil damage.
Since it is believed that purely systematic effects
lowered the measured polarization, no statistical
goodness of fit criterion, which mould be a valid
test of the theoretical formulas in the absence of
such systematic effects, mas applied to the data
1n Flg. 3.

Although our search for oscillations of large
amplitude mas unsuccessful, it is our hope that
some other set of collision conditions (other en-
ergies, projectiles, or targets) might give sub-
stantial polarization oscillations which could be
exploited in atomic fine-structure experiments.
Because of the large numbers of atomic levels
involved and the tensor nature of the radiative di-
pole matrix elements, it is not a simple matter to
directly interpret a polarization result in terms of
the original collision-generated state amplitudes.
Even for our small polarization results, we found
it necessary to unravel the various sums that occur
in expressions for the light intensity in order to
interpret the results. It seems of value to set
domn the theoretical results in a form that can be
directly used by experimenters. Nothing basically
nem to the quantum theory of radiation is contained
in our formulas; but we hope other experimenters
will find various expressions useful in interpreting
their omn polarization data.

%e consider the dipole transition probability for
R 1RdlRtlve transition of polal1zRtlon p between R

coherent mixture of fs levels of some initial state
n and some state n ', summed over final fs states.
%e wish to display explicitly the dependence of the

x exp(-i(o~ t ——,
'

y~~ i),
where b(L, Z, Mz)= Z. P(L, M~, M~)

M ~gg

xC (LSZ;M,'M,'M, ),

(2)

and the over-all radiative decay of each I. state
has been accounted for by the introduction of the
usual phenomenological damping constants. Equa-
tion (2) is essentially the same equation as Macek's

transition rate on the initial collision-generated
amplitudes of the various fs eigenstates in the
mixture. Upper case letters will be used to de-
scribe the orbital and magnetic quantum numbers
of the initial state and lower case letters those of
the final state. Since the collision process is dom-
inated by Coulomb forces, me neglect spin-orbit
forces in the formation of the initial state, which
then can be described with the mave function

q(t=O)= Z P(I. , M,', M,')~(L, M,', M,'), (l)IXI' g

where P (L, M~, M~) is the initial amplitude of the
spatial eigenstate u(L, M IM )~, which, of course,
is an eigenstate of the Coulomb Hamiltonian but
not of the spin-orbit interaction.

%e point out the existence of two quite distinct
types of coherence. One stems from the fact that
the state u (L, M~, M~) is a superposition of two

states of the same M J, each of which develops in
time as exp(-ieJ t), where &o~ is the 4th-level en-

ergy divided by 6; the occurrence of cross terms
in the product of these amplitudes in the transition
probability leads to interferences even if the rela-
tive phases of the constants P (L, M~, M~) are ran-
dom (the quantization axis is chosen to lie along
the beam direction). The second type of coherence
arises if there are specific nonrandom-phase re-
lations among the constants P(L, MI, , M~). Such

phase relations lead to interferences among J
states belonging to various I. values, in contrast
to the first type of coherence which involves only
the J states of a single I . Macek does not make
this distinction explicit, and as a result there ap-
peR1 8 to be R slight ove1 sight 1n his 1llustrRtlve
treatment of the electron impact I ~ polarization
problem, as discussed below.

The dipole transition probability for a line of
polarization P is proportional to the absolute square
of the dipole matrix element summed over final
states. The calculation of the time dependence of
this matrix element can be done conveniently by
first expressing the initial-state wave function in
the JM~ representation, using the spin-2 Clebsch-
Gordan coefficients":

t (L, Z, M,)u(L, Z, M, )
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Eq. (1).
The transition probability at time t is propor-

tional to the absolute squared dipole matrix ele-
ment using Eq. (2) to describe the initial state.
The matrix element calculation is simplified by
r«xpressing zz (L, &, M~) as a linear combination
of u (L, Mz, , Mp) states, using once again the spin-
—,
' Clebsch- Gordan coefficients:

zz(I. , Mz, Mp; t) =Qz 5 (I,Z, M z+Mp}

xexp(- i(0 g t —p yz, z t)

xC (LSZ; M, M, M, +M, ),(4)

where n (I., Mz, Mp; t) is the total coefficient of
I (I., Mz, M ~ ) in the expansion of g(t), including
time dependence [n (L, Mz, , Mp, 0) —= P(L, Mz, Mp )].
The absolute squared transition matrix element
for polarization p, summed over final states, be-
comes

Z Z zz(L, M„M„t)
us

&&(n tmgm~ I X InLMzMp) I, (5}

where X = —(x+iy)/W2, Xp=x,

X '=(x —iy)/ v 2

The VA'gner-Eckart theorem permits the factori-
zation of this expression

Z Z cz(L, M„M„t)
jm)m 1 MIN~

x(n 't IIX llnL) g ( lLt; Mfnn, ) I, (6)

where {n l iix IinL} is the usual reduced matrix
element for the transition. The above expression
vanishes unle;. :s M~ =m and Ml =m

&
—p. Equation

(6) can be written in terms of the initial amplitudes
P (L, Mz, Mp) by means of Eqs. (3) and {4) to de-
rive a squared transition matrix element

(
g (n'tiix Iinf. ) C(Lit;M, Pm, )

lmgm J
&& Z P(L, M,', M,') Z C{LSZ;M,'M,'M, +M, )

XC(LSJ;MzMp Mz+Mp) exp(-i(o~t —2yzqt) ~, (&)

bearing in mind the conditions on Ml and M~. The
total transition probability A~ for radiation of po-
larization p is proportional to this quantity. The
angular distribution of the radiation has the usual
form for electric dipole radiation. " Taking the
beam direction as the z axis and the direction of
view as the y axis, the linear polarization fraction
becomes I' = (I„-I,)/(I„+I, ) = ( Iz I

—Ix I )/( Ix I

+ Ixi ), which is evaluated using Eq. (7).
Coherency of the first type stems from cross

terms in the absolute square involving the sum
over J for a single I.; that of the second arises

from cross terms of variable I,. Those of the
second will not occur if the phase differences
among the various P(L, Mz, Mp) are random from
collision to collision; only J states of a given I
then give oscillatory behavior. If in addition to
this random-phase condition there exists an iso-
tropic distribution of magnetic substates [ I P(I., Mz,
M p) I independent of Mz and of M p], then those of
the first type will also vanish.

To summarize, intensity oscillations of a line
of fixed polarization, when averaged over all col-
lisions, will not be observed if the various P(L, M z,
Mp) have random phases and if IP(L, Mz, Mp) I is
independent of magnetic quantum numbers. It
should be noted, as Macek pointed out, that ob-
servable oscillations can occur involving an I
state for which IP(L, Mz, Mp) I is independent of
magnetic quantum numbers, if there is a definite
nonrandom-phase relation between P{L,Mz, Mp)
and some amplitude describing a state of different
orbital angular momentum.

It is helpful to consider the same concrete ex-
ample as Macek for illustrative purposes. Con-
sider the I y radiation from coherently excited
2P states (say in an electron impact experiment),
more specificaDy I y polarized along the beam
axis (z direction). The sums over Mz, Mp and J
can be written using the Clebsch-Gordan coeffi-
cients in the form given by Rose. ' For m, =+ 2

(m ( = 0 since l = 0}, one gets

exp( 2 yet) [[p P(lq 0) 2)] [2 exp( z pip t)

+ exp(- z&zgpt)]+ [3 P(l) 1, —2)]

&&[V 2 exp(- i&p~z t) —v 2 pe(xi(u„t)-p] j . (8)

Essentially the same equation holds for rn, = —&.
The sums over 1. and l reduce to one term and give
just a. constant factor & I(lsIIXII2P) I . Equation(8)
then provides, apart from this constant factor, all
of the information concerning amplitudes andphases
of the various oscillatory terms which result from
taking the absolute square. If the phase between
P(1, 0, p) and P(l, 1, ——,) is random, and if one de-
fines cross sections 0 ( IMz I) =

I p{L,Mz, M p) I'
which are assumed to be independent of M ~ =m,
and of the sign of M~, then apart from constants
Eq. (7) becomes

exp( —
yz, t)[50p+40z + 4(0'p 0'z) cos(Kpzp t —Mz, p t}]/9

(9)
which agrees exactly with Eq. {4) of Ref. 1.
that this expression predicts no oscillations for
o p

= 0 &, i. e. , for an isotropic distribution of mag-
netic substates. It appears then that Macek's ex-
pression assumes random phases between P(1, 0, p)
and P(l, 1, —p). A suitably chosen-phase relation,
such as P(1, 1, ——,') =iP(l, 0, &) yields a quite differ-
ent result of the form c, +c~sind(dt. On the other
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hand, he states that even for an isotropic distri-
bution of magnetic substates of given L [o(IMI, I)
independent of MI], interference of these substates
withthose of some other orbital angular momentum
can result; but this appears to require a coherency
of phase with the amplitudes for these other orbital-
angular-momentum states, which is in conflict
with the assumptions giving his Eg. (4), i. e. , our
Eq. (9).

Within the resolution and systematic error limits
of our experiments, the polarization of the HB, H„
and Ly„ lines at zero field allwere small (& 0. 1).
This is not to say that polarizationsat substantial-
ly different energies, with different projectiles,
or with different foil targets would also be small.
Indeed, since the evidence from binary electron
capture studies in gases' ' is that polarization is
quite a common occurrence, one hopes that some
other collision situation will allow the preferen-
tial creation of physically interesting fs states.
In Table I we summarize the limits of resolution
for which the nonoscillator y polarization results ap-
ply together with the fs splittings of the Jlevels from
one another. Frequency splittings greater than
the experimental limit would have gone undetected.
The bulk of the splittings are smaller, including
all but one of those separating the two J levels of

the same L. Within these limits, then, it appears
that the initial phases of both orbital and magnetic
substates are random, and that the distribution of
magnetic substates is substantially isotropic. An-
isotropies «& 10% could still be accommodated
by the amplitude resolution limits.

The calculation of Ly, polarization involves
matrix elements which are very similar to those
in Eq. (7); we are now dealing with a Stark-per-
turbed s&/2 state, which has admixtures in it of
the P&/'2 and P3/2 states which have a definite am-
plitude and phase relative to the s1/'2/' part of the
wave function. (The superscript denotes Mz. )
These admixtures were calculated by the method
we described fully in Ref. 2, to which the reader
isreferredfor details. Onefindsr'= ( Ix I' —Iz I )j
(Ixl'+ Iz I') to be

&=([(v'8)f+ ~8j'- [- (v' )f+ ~8]-')I

([(v'8)f + ~81' [- (Cl)f v & I'),
where f= —u 2 [(1.058+ n)l(9. 911—&)1, & is the
calculated Stark shift of the s, /2 level, and the
values 1.058 and 9.911 0Hz have been used for
the zero-field s»2- p&» and s&/2 ~3» splittings.
These results are plotted as a function of field in
Fig. 3 along with the experimental results.
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