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Measurements of an E 1-M 1 interference effect in the electric-field
quenching of spin-polarized He+ 2s 1&2 ions

A. van Wijngaarden and G. W. F. Drake
Department of Physics, University of Windsor, Windsor, Ontario, Canada N9B 3P4

(Received 13 May 1981)

When a beam of spin-polarized metastable He+ 2si&& ions is quenched by an electric
field E, the emitted radiation intensity contains an asymmetry term which is proportional
to f E&& P, where P is the spin-polarization vector and k is the direction of observation.
The effect is due to interference between spontaneous magnetic-dipole (M 1) and induced
electric-dipole (E 1 ) decay modes to the ground state. At E

~

=38.14 V/cm, the mea-

sured asymmetry is (0.323+0.085) X 10 ' in agreement with the theoretical value 0.3443
X 10 . The experiment provides the first measurement of the relativistic M 1 matrix ele-
ment for the 2s 1&2-1s lq2 transition in a hydrogenic ion. The paper contains an extensive
discussion of all possible asymmetry effects, including higher-order relativistic and
electric-field perturbation corrections.

I. INTRODUCTION

There has recently been considerable interest in
measuring the radiation asymmetries in atomic and
molecular transitions caused by interference be-
tween electric-field-induced electric-dipole (E 1)
and magnetic-dipole (M I) transitions. ' 3 In anal-

ogy with the theory of molecular optical activity,
the electric field destroys the atomic inversion sym-
metry and weakens the parity selection rule. Con-
sequently, both E 1 amd M 1 transitions become
simultaneously allowed. Interference terms cause a
number of asymmetries in the polarization and an-

gular distribution of the emitted radiation. Some
of these effects have been observed in cesium, ' thal-
lium, and inethane.

It has recently been pointed out that similar
effects should be observable in the 2s&&2-1s»2 tran-
sition of hydrogenic ions. It is particularly impor-
tant to observe the effects in this most fundamental
of atomic systems since precise theoretical predic-
tions are possible. The predicted asymmetries
should be taken into account in the analysis of
quench rate and quenching anisotropy methods
of measuring the Lamb shift.

In this paper, we report the first measurement of
an E 1-M 1 interference effect in a hydrogenic sys-
tem. As proposed previously, the experiment
starts with a spin-polarized beam of He+ ions in
the metastable 2s~~2 state. The ions are quenched
to the ground state by application of a dc electric
field, and a small asymmetry is observed in the
emitted Lya radiation with respect to a mirror re-

flection of the total intensity through the plane
containing the dc electric-field vector and the spin
polarization vector. The experiment can be inter-

preted as the first measurement of the 2s&~2-1s&~2

M 1 transition matrix element in a hydrogenic sys-
tem. Alternatively, it is a method of measuring
the degree of spin polarization in the initial beam.
This may prove to be a useful experimental tech-
nique for heavier hydrogenic ions such as Ne +.

In Sec. II of the paper, we first review the theory
of quenching asymmetries in hydrogenic systems,
and obtain a general expression containing all pos-
sible effects exhibited by the quenching radiation.
Since the same quenching theory can be used in a
number of other experiments, the presentation is
more general than what is required for the present
work. The experimental method is then described
in Sec. III and the results are presented in Sec. IV.

II. QUENCHING THEORY

The conventional method for describing the
electric-field quenching of the metastable 2s&&2

state of hydrogenlike systems is based on the
phenomenological Bethe-Lamb quenching theory, '

which is, in turn, derived from the Wigner-
Weisskopf" analysis for time-dependent perturba-
tions. Calculations have been done by many au-
thors within this framework. ' ' Recently, Kel-
sey and Macek' and Hillery and Mohr have
shown from quantum electrodynamics that the
Bethe-Lamb formalism has a rigorous foundation
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to lowest relative order in a/m. . The key point is
that it is consistent to use relativistic wave func-

tions for the evaluation of matrix elements, togeth-
er with relativistic energy denominators which con-
tain also the Lamb shift and imaginary level

widths. Hillery and Mohr also include the contri-
butions from M 1 and M2 transitions, and discuss
the rotational asymmetries they produce in the

quenching radiation. In this section, we use the

Bethe-Lamb formalism to extend their results to a

complete description of all possible rotational

asymmetries and photon polarization phenomena,

including higher-order perturbation corrections due

to the external electric field. Since 2He4+ has zero
nuclear spin, additional hyperfine-structure effects
are not discussed.

A. Formulas for quenching asymmetries

(2.1)

In the presence of a static external field, the 2s1/2 state can decay by spontaneous M 1 transitions to the

ground state, or by electric-field-induced E1 and M2 transitions due to intermixing with the 2p]/2 and 2p3/2
states. Spontaneous 2E1 transitions also occur, but these do not produce interference effects with the

single-photon transitions, and can therefore be treated as a constant background. The Dirac transition

operator for single-photon emission is

~.~ —ik rA =a ee

(2.2)

where e is the photon polarization vector and k is the propagation vector (
~

k
~

= co/c). If A* is expanded

into multipoles and only the E1, and M 1, and M2 contributions retained, then

1/2

QI eMaIM +i( —, )' [k,k xe]2 ~a2~ +i [k &&e]Ma'~M ],8~ M

where the eM denote the irreducible tensor components

1
e+1 =+ —(e +icy ),3'

eo ——e»
the notation [a,b]2 I denotes the vector-coupled product

[a,b]2M= g (I,m~ l, m2 ~2,M)a, b

m), m2

and

-(A.)* ~ ~(A, )+
aI M = CX aLM

(2.3)

(2.4)

(2.5)

where the aLM are the standard operators for electric multipole (A, = 1) and magnetic multipole (A, =0) tran-

sitions as given, for example, by Akhiezer and Berestetskii. In the nonrelativistic limit, the aLM reduce to

-(1)*
a1M —& 241M, (2.6)

(o)* . - ~ eLa 1M — ~ ~(+1M ) ++2p
& 2mc

' 1/2
(o)* . - ~ eL 3

a 2M
——i V'(42M ) + —

IM
&6mc 2

(2.7)

(2.8)

where

eLM ——47Ti jl (kr)YI (r),
eAP= CT

2mc

L= r )& p, and jL (kr) is a spherical Bessel function.

(2.9)

(2.10)
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The first two terms of (2.2) (i.e., the E1 and M2 parts) contribute to 2s]/2-1s&/2 transitions only through
the external field mixing of s and p states. For He+ in electric fields up to several kV/cm, the only signifi-

cant mixing is among the manifold of states 2s&/2, 2p&/2, and 2p3/2 If the electric field E is switched on

adiabatically, then the perturbed 2s»2 initial state can be written in the form

1)/(2s, /2, m)=ago(2si/2, m)+g[b" '1(o(2p, /2 m')+b' 'po(2p3/2 m')], (2.11)

I 3
where the matrices b'J' (j=—,, —, ) are given by

b ' =b3/2(3/2)

(2.14)

(2.16)

(2.12)

~3E 1 3/2EO Ei —0

0 E 1
—3/2EO 3/3E1 (2.13)

and the E; (i =0,+1) are the irreducible tensor components of the unit vector E in the electric-field direc-

tion. The above form remains valid to all orders of perturbation theory since the perturbation operator eE r
is an operator of odd parity which does not lift the degeneracy of the 2si/2 (m =+—, ) state. To lowest ord-

er, the a and bj are given by (in atomic units)

a=1+0( IEI ),
I

E
I 2»/2llr 112si/ +0(

I
E

I
) (2.15)

3/6[E(2s, ) —E(2p, )+iI /2]

I
E

I
& 2p3/211r I

I» 1/2 )
b3/ +0(

I

E
I
'),

~12[E(2s,/ ) —E(2p / )+iI /2]

& lsi/2 m
I

A 12s1/2 m ) (2.17)

where I is the lifetime of the 2p state, and the re-

duced matrix element notation of Edmonds' has

been used. Higher-order perturbation corrections
are discussed below. The a and bz could also be
calculated by an exact diagonalization of the Ham-

iltonian matrix in the 2si/2, 2p~/2, 2p3/2 basis set.
The properties of the quenching radiation are

determined by the matrix elements

b 1/2
Vi/2 1/2 & ls 1/211a 'i"

112pi/2 )4~'"
—b3/2

i/2 & '1/211 1 II p3/2)4(2~)'"

—b3/2
M3/2 1/2 &»1/21la"2" 112p3/2 &

4(2m. /3) '/

(2.20)

between the unperturbed 1s &/2 final state and the
perturbed 2s]/2 initial state as given by (2.11). The

matrix elements of the al~ can be expressed in

terms of reduced matrix elements by means of the
Wigner-Eckart theorem. After some further alge-
bra, it can be shown that the 2&(2 transition ma-
trix A with elements A ~ is given by

A = V+e El+ cr [iV (e XE.)+M(k Xe)], (2.18) p = —,(1+O'P), (2.21)

Numerical values for the quantities in (2.20) are
given in Sec. II C.

In addition to the e and k vectors describing the
polarization and direction of emission of the pho-
ton, the quenching radiation also depends on the
electron-spin polarization of the initial 2s&/2 state.
This is specified, in general, by the density matrix

where

and

V~ = Vi /2 +2 V3/2

V = V]/2 —V3/2+M3/2

M =M &/2+ 2i(k.E )M3/2

(2.19) I(e, k, P)= Tr[pA A] .
4m.

(2.22)

For convenience in expressing the final results, we
choose a coordinate system such that k lies along

where P is the polarization vector. The decay rate
per unit solid angle is then



25 MEASUREMENTS OF AN E1-M l INTERFERENCE EFFECT IN. . . 403

the z axis, and e for the general case of elliptical
polarization is given by

e =cospi +i sinpj . (2.23)

E' =Ezi —Eyj (2.24)

where E„and E& are the x and y components of
the unit vector E in the field direction. Then, us-

ing (2.18) and (2.21), Eq. (2.22) can be written in
the form

I(e,k, P)= [Ip+P Jp+P J)sin2P
4~

+E' Jzcos2P], (2.25)

where

We also introduce an auxiliary vector E' defined by

B. Higher-field perturbation corrections

To lowest nonvanishing order in the electric-field
strength, the coefficients a, b ~/2, and b3/2 in (2.11)
to (2.13) are given by (2.14)—(2.16). We calculate
here higher-perturbation corrections on the as-

sumption that only the mixing of the 2s~/2 state
with 2p&/2 and 2p3/2 need by taken into account.

Since the external electric field does not lift the
1

degeneracy of the 2s&/2 (m =+—, ) state, the

higher-order corrections to a, b&/2, and b3/2 do not
depend on the field direction. We therefore assume
without loss of generality that the field acts in the
z direction and write the perturbation operator in
the form eS'z, with 8'=

I
E I. The 2s)/z eigenvalue

and wave function can then be expanded in the
form

(2.26)

I,= —,
I V+ I'[1—(k.E)']+—,

I
V I'[1+(k.E)']

+ I
M

I

z —2 Im(M*V )(k E},
Jp ——(k XE)[ Re[Mn(V++ V )]

E=EO+E2@' +E48' +
4=6+0 &+A&'+

where

(2.30)

(2.31)

—Im(V' V+)(k E) I

J,=IV
I

(kE}E

(2.27)
(Hp —Ep)gp=0 (2.32}

is the zero-order eigenvalue problem and the per-
turbation equations are (in atomic units)

and

+Re(V' V+)E(k XE)

—
I
M

I

zk —Im[M ( V+ + V )]E

—Im[M*(V —V )](k E)k, (2.28)

(Hp Ep )g +zg ) = g E P (2.33)
n=p

with 1() =0 for m even (m & 0) and E =0 for m

odd. Using the definitions

I

sl- ( 2s )n I
z

I
2pj' & I 2pj' &

(2.34)
l~z [Ep(2s)&z) —Ep(2P. )+iI /2]

J,=-, (I V+ I' —
I

V I')E+Im(V V+)ExP

+Re[M'( V+ + V )]PX k . (2.29)

The above expressions can be further expanded in
terms of the Vl's and Mi's by use of (2.19). The
sin2P and cos2P terms in (2.25) vanish on sum-

ming over photon polarizations, but can be ob-
served with a polarization-sensitive detector. It is
clear that the quenching radiation has a strong cir-
cular polarization proportional to P if the ion beam
is initially polarized. The effect is most pro-
nounced if k is parallel to P. The linear polariza-
'tion term E'. J2, which to a first approximation is
independent of P, has been measured by Ott,
Kauppila, and Fite. ' The present experiment is
designed to measure the P. Jp term with k.E=0.
The only nonvanishing contribution comes from
the cross term Re[Mn(V++ V )] in J(), which is
the E1-M 1 asymmetry.

1&2sin I
z

I 2pJ &
I

'
Ti =

lgz [Ep(2s)gz) —Ep(2P )+iI /2]
(2.35)

Ifz +)&=pc,(Is„,&,
I=O

Ezm+z ——(Pp I
z

I Pzm+1&

(2.36)

= Qem, (TI+) .
1=0

(2.37)

The coefficients cm l are determined recursively
from the equation

m
n

em, 1 g en —l, I —1 2(m n+ 1)—
n=l

(2.38)

then the solutions to the perturbation equations in
the 2s»2, 2p]/2, 2p3/2 basis set can be written in
the form
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starting with cp p = 1 and c I
——0 for I negative.

The above follows by substituting (2.36) into (2.33),
using the identity

=E(2s, / ) —E (2p )+t I /2
1

U2 ——,A2

(Ho —Eo) (2.39)
3 2U4= sA4 —A2

and equating coeIIicients of
I
Si). Explicitly, the

terms through fifth order are

I
(('3 &

= —Ei
I sz &

I 6)= z~ I
s—z ) +Ei

I
s3 )

E2 ——T), E4 ———T) T2

The perturbed wave function (2.3 1), renormalized
so that ( (('

I
it') = 1 up to fifth order, is then

I
g&=(I+& Us+ K U4)12s, /, )

+8'g( I + 8'W',"+ 8'W4 '
)

'
I 2p, ),

J J

(.) E2 ——,A2
J

2
( )

E2 E4 3 2
A 2E2

Wg = i — +—A4 —Ai+

A4 ———2 Re(E2/kj )A 2

a = 1+8' U2+8' U4+ (2.41 )

The A 2 and A 4 terms come from the renormaliza-
tion of P. It follows immediately that the pertur-
bation expansions of the coeAicients a, b

& /2, and
63/2 are

where

z. = (2s i /z I
z

I
2p .),

(2.40)
b,. =b,"I(1+8'W"'+ 5'Wg'+ ), (2.42)

where the bj
" are the first-order values given by

(2.1 5) and (2.16).

C. Numerical values

The leading relativistic corrections to the reduced matrix elements appearing in (2.15), (2.16), and (2.20)
have been calculated by Hillery and Mohr and by Drake et al. The results are

(2pl/211r I l»i/z &
= [I——, & Z ]

3v2 5

(2p3/zllr112si/i) = ——[1——,a Z ],
-(1) l coax 2'

i/& I I& i 112p i/2 ) =
Z 3

1/2—[1—(
—„+z ln2 —In3)a Z ],

1/2

24
( Isl/211&'i

' Il»in & =roZ a (2~)' —4[1+0.4193a Z ],

(Isl/2lluz
'

112p3/2& ~ [1 0 Ig2lo Z lZ 3'

where co is the 2s
& /2

—ls
& /2 transition frequency. The relativistic corrections in the last two equations are

from the numerical integrations of Hillery and Mohr. The matrix elements in (2.40) for the finite field
corrections are

(2si/21z 12pi/2 &=~3(1——,', a Z ),
(2si/z lz 12p3/i) = —~6(1——,a Z ) .
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The coefficients U„and W„' ' depend on the values of the Lamb shift and fine-structure splitting for a partic-
ular ion. Using the input data in Table I, the values for He+ are

U2 = —3.1371X 10

U4 ———3.9365 X 10

Wp
' ———8.2033 X 10 +0.6428X10 i,

8'4' ' ——1.7025X10 —1.4054X10 i,
= —2.6934X 10 —0.0287X 10

8'4 ' ———4. 1915X 10 +0.0463 X 10 i,
assuming that 8' is expressed in kV/cm. Combining the above results, the V and M terms defined by (2.20)
are

V = [1—( —+ —1n2 —1n3)a Z + 8'2W" '+ 8'2W ' ']
0 1/2

V = [1—( —+ —1n2 ——1n3)a Z +g' W' '+g' W' ]
0 3/2

M, /2
———„KZ a'[1+0.4193a'Z +8' U2+ 8' U4],

—3E' 8'
M» —— [1—0.3488a'Z'+ 8'W" "+O'W,""]

4&0~3/2

(2.43)

(2.44)

(2.45)

(2.46)

where K =(isa/Z )(2 /3 v 2), and g'o ——5.14225
X 10 kV/cm is the atomic unit of field strength.
With these numerical values, all of the terms in
(2.25) can be evaluated.

In the limit of small Z and weak fields, the
above quantities reduce to

Vl/2 &1s Iz I 2p&&2p Iz I2s& (247)
3o~i/2

V3/2 — &
I

1s
I
z

I
2p && p I

12s &, (2.48)
3+0~3/2

Ml/2=( i~ ) & 1s ]/2, &/z I Mi, o I
2s, /z, /2 &, (2.49)

and

28
&» Iz 12p&=,

2Z

& 2p
I

z
I

2s &
= —3/Z .

(2.51)

(2.52)

2p 1 cur Ze
Ml, o =Pz 1 —

2
— +

3mc 6 c 3mc r

(2.53)

M& 0 in (2.49) is the z component of the magnetic-
dipole moment operator, including relativistic
corrections, given by

—3coA 2

M3/2 ~
4

V3/2

with

(2.50) and thus

8~2Z2
&»1/2, 1/2 IMt, o l2s&/z &/2&=-

81&2 mc

TABLE I. Input data for the calculation of the He+
E1-M 1 ions.

(2.54)

Quenching asymmetry
Value

III. EXPERIMENTAL

A. Beam preparation
E (2s1/2 )-E (2p1/2 )

E (2p3/2 )-E (2p»2 )

I (2p)
Field strength

14042.05 MHz
175 594.0 MHz

1.002 X 10' sec
38.14 V/cm

The geometry of the experiment is evident from
Fig. 1 of the apparatus. A beam of He+ 2s&/2 ions
polarized in the y direction is quenched by an elec-
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Faraday "

Cup

cb)
a

Sg

+ j
lh

Collimator

He+ 2s

ms=+ 4

Spin Polarizer

+
I I I I

UU KX3 UUU

Gas Cell

He+ Is

us e imen
' = cm b=6.Oem, c=22 cm, d=50 cm, an dus. The dimensions shown are a =1.616 cm,FIG 1. Diagram of the apparatus. e imen
'

~ ~

0. 15 cm and the shts 3 an 4S d S are 1.0 cm)&0. 80 cm.e =56 cm. The slits Si and S2 are 0.030 cm)&

tric field in the x direction and the quenching radi-
t' n intensities compared in th +he z and —z direc-aio

rontions wi po a'th 1 rization-insensitive channe t
detectors. The beam of polarized 2s &/2 ions is

f 100 keV
d follows. A beam of ground state

He+1s&&2 ions with a kinetic energy of e
obtained from a magnetic analyzer is passed
throug a gas ceh h cell for electronic excitation as
shown in ig.F' 1. The emerging beam contains a
substantial fraction of ions in the 2s~/2 state wit

equal populations in the mj =~ ~

~
——+ —magnetic sub-

states. Ground-state ions and neutral atoms
f ed b charge exhange are also present, butorme y c
h ke no contribution to the quenc ing 'gt eserna en

in the observation region. Other excite s a es
have suAicient time to decay before reaching the
observation region.

~ ~ ~ ~

N the beam enters a spin polarizer consistingext, e
of an axial magnetic field of 6500 G produce y

'd d a static electric field of 400 V/cm
which is erpendicular to the magnetic ie anw ic ispe

. The elec-d ced by two pairs of parallel plates.
f ld acts over an effective distance o cmtric ie ac s

of latesalong the beam axis. Using two pairs o p
hat the beamwith reversed polarities ensures t..a e

emerges parallel to the magnetic field with no net
an ular deflection. In the magnetic field region,angu ar e ec ion.
the magnetic sublevels are Zeeman sp i as s
in Fi . 2. As is well known, the selection rule
Am. =+1 on the electric-field perturbation strong-
1 couples the close-lying states 2s &/2 &/2 aand
2

& 2, causing 2si/2 i/2 to decay m
y coup

a much moreI 1/2, 1/2~

rapidly than Di/2, i/2. The quench ra e y+&/&rate of
the 2si/2 +i/2 state is approximately (see, e.g.,

Kugel et al ').

50

25
10

20

15
NX

C9
10

UJ
N

6 X

P 1/2, 1/2 c

I~ P 1/2, -1/2
I-5-
I

/ -2
/

/ -1

T I i I i I 0—s ~ T

2 6
8 (kG)

FIG. 2. Graph of the 2s&/2 and 2p&/z magnetic sub-

level energies (left-hand scale) as a function of the mag-

2si/2 i/q level half-width (right-hand scale) for an elec-
tric quenching field strength of 8'=100 V/cm.

where ao is the Bohr radius pz is the Bohr mag-

neton W is the Lamb shift, and B is the magnetic
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field strength. For He+ and B=6500 G, y &&2

150yi&2. With @= 400 V/cm, virtually all the
2s&&2 &&2 ions are qenched, while most of the
2s&&2 &&2 ions survive. The spin-polarization vector
P is either parallel or antiparallel to the beam velo-
city, depending on the magnetic field direction and

~

P
~

=l. After collimation by rectangular slits S~
and S2, the beam enters the observation region.

B. The quenching cell and photon counting

The quenching cell is the same as that described
previously. It contains four metal rods mounted
on insulators in a quadrupole arrangement. Static
voltage are applied to the rods to produce a trans-
verse quenching field at the beam. The Lya radi-
ation is observed simultaneously in two opposite
directions perpendicular to the field and the beam
axis, with a double-photon counting system.
Counting times are normalized by monitoring the
beam with a Faraday cup. The cup current is
5 p A and contains a few percent of metastable
He+ (2s,m, =+ —, ) ions.

Some of the electrons and low-energy atomic
particles that are formed by the interaction of the
fast ion beam with the residual gas in the observa-
tion region travel, together with the Lyn radia-
tion, into the solid angle of the photon channeltron
detectors. To prevent particles from being count-
ed, the openings of slits S4 are covered with thin
aluminum foils of a few hundred angstrom thick-
ness. The foils are almost completely transparent
to the 300-A Lya radiation but are thick enough to
stop low-energy particles. This technique reduces
the background noise by an order of magnitude.

The determination of the asymmetry A =(I+
—I )/ (I++I ) does not require the measure-
ment of absolute intensities. Since A can be writ-
ten as A =(r —1)/ (r+1), where r=I+/ I, only
the ratio between the intensities need be measured.
The ratio independent of the detector efficiencies
can be obtained from the following two measure-
ments. First, with the electric-field direction out
of the page and P parallel to the beam, the a
counter monitors I+, which views the radiation in
the positive x (x =P &(E) direction. Its signal out-
put S is given by S =aI+, where the constant a
contains the solid angle and the (unknown) effi-
ciency for photon detection. Similarly, the signal
output of the P counter is Sp ——PI . The ob-
served signal ratio in this first experiment is

(S /Sp), =(a/P)I+/I

Next the electric field is reversed, leaving the
detectors in a fixed position, thereby reversing the
roles of the photon counters. The newly observed
signal ratio now becomes

(Sp/S~ )2 (P/——a)I+ /I

Combining the signal ratios yields

I+ /I = [(S~/Sp) )(Sp/S~ )2]
'

Thus the efficiencies of the detectors do not have
to be known, and beam intensity fluctuations alone
do not affect I+/I

The ratio thus found was corrected for noise, de-

fined as the signal counts still observed with the
electric field switched off. At our low quenching
field of 38.14 V/cm, the noise counts were 25% of
the signal counts.

C. Instrumental asymmetry

Since the E 1-M1 asymmetry being measured is

small, instrumental asymmetries arising from small
beam displacements from the central axis must be
minimized by strong collimation. For the collima-
tor shown in Fig. 2 the instrumental asymmetry
can fluctuate between zero and A;„„=+0.0015. It
vanishes for maximum current into the Faraday
cup, indicating that the incident beam axis coin-
cides with that of the collimator. It has its max-
imum value when the cup current vanishes, since
then slit S2 cuts off most of the incident beam and
what remains has it maximum transverse displace-
ment in the direction of one of the photon
counters.

Since the beam current entering the collimator
was very stable, small changes in beam direction
leaving the collimator revealed themselves by large
fluctuations in the Faraday cup current. Data
were only taken when this current remained stable.
For current fluctuations of 10%%uo or more, the in-

strumental asymmetry is of the same order than
that for the E1-M 1 interference and the corre-
sponding data were discarded. Errors that still
arise from smaller random changes in beam direc-
tion are also random and do not introduce a net
shift in the measured E 1-M 1 asymmetry.

IV. EXPERIMENTAL RESULTS

The E1-M1 asymmetry was measured as de-
scribed in the previous section using 26 separate
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runs made on diFerent days. The same quenching
field strength of 5'=38.14 V/cm was used in all

the runs. The direction of the spin polarization
was reversed in five of the runs to verify that the
sign of A reverses as it should. The results are
shown in Table II. Each run consists of a large
number of separate measurements of A as given by
the column labeled N. Each measurement contains
about 80000 photon counts, of which half were

taken with the electric-field direction reversed to
eliminate the dependence of the results on the rela-

tive sensitivities of the photon counters (see Sec.
III B). The frequent reversal of field direction also
minimizes systematic errors caused by slow drifts
in relative detector eFiciency. At our average
count rate of 800 per sec each measurement takes
about 2 min. All measurements were retained in

computing the averages for each run, except for
runs 16, 17, 20, and 4R. These clearly contained
anomalous measurements, which were removed by
discarding values lying more than two standard de-

viations from the mean. The mean and statistical

error shown in Table II for each run were comput-
ed from

and

& Agn;

i=1 n

1/2

(4.1)

(4.2)

A =(0.322+0.097) )& 10

and the average for runs 1R —5R with P reversed

is

A = —(0.325+0.16))(10

where n; is the number of counts in the ith mea-

surements and nT is the total number of counts for
the run.

Averages over the runs were computed with a
weighting factor of 1/0.;, where 0.; is the statistical
uncertainty for the ith run. The average for runs

1 —21 is

TABLE II. Experimental results for A. N is the number of measurements and nT is the

total number of photon counts recorded for each run.

Run nT x10-' i&&10'

1

2
3

4
5

6
7
8

9
10
11
12
12
14
15
16
17
18
19
20
21

255
112
77

200
132
86

123
85

130
100
160
198
160
121
65

170
90

100
50

107
50

3.57
0.88
0.60
1.67
1.06
0.67
1.03
0.95
1.01
0.74
1.18
1.45
1.21
0.87
0.51
1.21
0.63
0.71
0.35
0.77
0.35

0.116+0.432
0.107+0.491
0.681+0.631
0.414+0.333
0.207+0.427
0.251+0.442

—0.106+0.637
0.281+0.742
0.604+0.512
0.524+0.477
0.570+0.404
0.395+0.364
0.080+0.460

—0.126+0.602
0.251+0.558
0.052+0.503
0.647+0.473
0.383+0.416
0.373+0.609
0.428+0.445
0.173+0.571

1R
2R
3R
4R
5R

100
210
175
130
300

0.78
1.64
1.28
0.92
2.14

—0.365+0.446
—0.192+0.278
—0.438+0.327
—0.308+0.374
—0.438+0.436
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Systematic errors resulting from stray fields in the
quenching cell or instrumental asymmetries were

carefully searched for, and kept small compared to
the statistical uncertainty in the results.

With
~

P
~

=1, P k X E=1, and k E=0, the
theoretical value of the asymmetry for polariza-
tion-insensitive detectors is [see Eq. (2.25)]

A =2 Re[M;/2(2V, /2+ V3/2+M3/z)]/Io, (4.3)

whei'eIo=
) V+

~
+ )

V
~

+2~M
~

. The M3/2
term in the numerator of (4.3), the

~

M
~

term in

Io, and the relativistic corrections all change A by
less than 0.01%, and thus may be neglected to the
accuracy of the present experiment. To lowest or-

der in the field strength, A then reduces to

6 Re(~1/2)'( ls1/2, i/z I Mo, i l
2si/2, 1/2 ~

e g'(ls ~z ~2p)(2p ~z ~2s)

1+,
~ p ~

Re(b3/2)/Re(~in)

1+Re(p)+5
~ p ~

'/2
(4.4)

where p=h«2/ 63~2. Using the numerical values

in Table I and Sec. IIC, the factor in square brack-
ets is 1.02612 and the numerical value of A is

0.013 13/8' with 5' in V/cm. At our field strength
8'=38.14 V/cm, this yields A =0.3443 X10, in

good agreement with the experimental value

(0.323+0.085) )(10 . If the experiment is regard-
ed as a measurement of the relativistic magnetic
dipole matrix element, then

(is, /2 i/2 lMo, i l
2s, /2 i/2)

= —(0.262+0.069)
mc

in agreement with the theoretical value
—0.2794a eA/(mc) obtained from (2.54). No other
measurements of the above matrix element in hy-

drogenic ions have been made.
Except for the influence of background effects,

the counting time required to achieve a given rela-
tive precision in A is independent of 8', since
A cc 1/8' and M cx 1/ (8't' ). The choice
8' =38.14 V/cm represents a balance between hav-

ing an adequate signal-to-noise ratio, and not mak-

ing A too sma11.

The two values are in good agreement. Taking all

the data together (and reversing the sign for runs

1R —5R), the final average is

A =(0.323+0.085) x 10

V. DISCUSSION

The apparatus and methods used in the present
work are very similar to those used previously in

our anisotropy measurement of the Lamb shift of
He+. There, the intensities I~) and Iz emitted in
directions parallel and perpendicular to the
quenching field direction are measured simultane-
ously. Since the present asymmetry is quite small

(-350 ppm), the good agreement between theory
and experiment provides a significant check of the
techniques used in the Lamb shift measurement.
Since the Lamb shift experiment is substantially

simpler because no large magnetic fields are re-

quired for spin polarization, improvements in accu-
racy to well below 100 ppm should be feasible.

Although there have been no other measure-
ments of the 2si&2-1s&&2 M1 matrix element in hy-

drogenic ions, there has been considerable interest
in the closely related 1s 2s Si-1s 'So M 1 transi-
tion rates of heliumlike ions from He to Kr +.
Some of these measurements show indications of
nonexponential decay. The present experiment
provides an independent check of the relativistic
M 1 transition operator which does not depend on
a direct measurement of the radiative decay rate.

The general expression (2.25) for the quenching
radiation intensity suggests a number of other ex-

periments that could be performed with hydrogenic
ions. For example, if k, E, and P are all collinear,
then the dominant terms are

I(e,k, P)=
~

V
~

[1—(k e)(P E)sin2P] .

If the detector is sensitive only to circularly polar-
ized light (P=+a), then the asymmetry with

respect to reversal of any one of P, k, and P is
A=

~

P
~

. This could provide a direct method for
measuring the components of P. Secondly, as

pointed out by Hillery and Mohr, the term
—(k.E)(P k )&E) Im( V' V+ ) in P J&i produces a
sizable asymmetry with respect to intensity mea-
surements with polarization-intensitive detectors
placed at angles of 45 and 135 to the quenching
field. For He+, the maximum asymmetry is

I( ) ( ) = 0.007618
r (45')+I {&35')

independent of 8' in the limit of weak fields. The
effect is roughly proportional to the decay rate of
the 2pi&2 state. An experiment to perform a high-
precision measurement of this term is currently in

progress.
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