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High-Precision Anisotropy Measurement of the Lamb Shift in He+
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A high-precision measurement of the 2si/2-2pi/2 Lamb shift in He+ is obtained by means of the
quenching anisotropy method. The measured value of 14042.22 ~0.35 MHz is in excellent agreement
with Mohr's electron self-energy calculation, but disagrees with Erickson's by more than 8 standard de-
viations. The accuracy of the measurement provides the most stringent available test of the order-
a(Za) 6mc2 contributions to the calculated electron self-energy.

PACS numbers: 42.50.Wm, 32.70.Fw

In previous papers, we have developed a quenching anisotropy method of measuring the 2s~t2-2p~i2 Lamb shift in

one-electron atoms. An important advantage of the method is that the accuracy is not limited by the large width of the

2p state relative to the Lamb shift. The present Letter reports the results of a refined series of measurements which im-

prove the accuracy for He+ to ~ 25 ppm (parts per million). The new result is a factor of 4 improvement over previous
measurements in He+, ' and it now provides the most stringent test of the electron self-energy contributions to the
term G(Za) below in the Lamb shift. If the Lamb shift X is expanded in powers of Za and a in the form

X = [a(Za) mc /6trl [A4p+A4&ln(Za) +A5pZa+ (Za) [As2ln (Za) +As~ in(Za) +G(Za)]

+ (a/tr) [84p+0(Za)]+0(a /tr )]+finite nuclear mass and size corrections, (1)
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then the primary theoretical uncertainty comes from
G(Za), which represents the sum of all terms of order
a(Za) smc2 and higher. Calculations of this quantity by
Erickson and by Mohr and Sapirstein diff'er by about
30%, which is many times larger than the estimated
~4% uncertainty of their calculations. Since the other
terms in (1) are well established, ' the present measure-
ment determines G(Za) to an accuracy of + 3%. This
is better by about a factor of 2 than previous resonance-
type measurements in hydrogen or heavier ions. An ad-
vantage of our studying He+ is that the nuclear radius is

known to exceptionally high precision from muonic fine-
structure measurements, thereby removing this as a
source of uncertainty in the interpretation of the experi-
ment.

The experimental details of the anisotropy method
have recently been described, ' and are only brieAy sum-
marized here. The anisotropy of the Ly-a quenching ra-
diation emitted by a hydrogenic ion in the metastable
2s S~/2 state in the presence of a weak electrostatic field
is defined by R =(I~~ I~)/(It+I~), wh—ere I~~ and I&
are the intensities parallel and perpendicular to the elec-
tric field direction. A measurement of R determines the
Lamb shift because in the lowest-order weak-field limit

TABLE I. Systematic and higher-order corrections used to
obtain the lowest-order anisotropy R ' and the Lamb shift X
from Rex'.

Quantity

Measured anisotropy R p

Detector nonlinearity
2E1 two-photon decay
Finite solid angle of detectors

and deflections of ion beam
Relativistic angular shift
11.8-G Zeeman splitting
vx B electric field
Finite quenching field eH'ects

Magnetic quadrupole transitions
Mixing with higher np states

and final-state perturbations
(aZ) terms in matrix elements
R t ' (sum of above)
E (2p 3/2) —E (2p I/2)
I 2~

X [from Eqs. (2) and (3)]

Value'

0.118030 142(2791 )
0.000000000(354 )
0.000002012(236)

0.000 150 115(259 )
0.000006 980(56)
0.000000 230(2)
0.000000 125(1)

—0.000232 222(60)
0.000007 715

0.000002 796
—0.000000 755

0.117967137(2836)
175 593.55(3) MHz
1.00307x10' s

14042.220(349) MHz

!
The presence of the 2p-level width I in (3) changes R t 1

by only 493 ppm and so an approximate nonrelativistic
value is sufficiently accurate. The small corrections to
R t ) required to interpret anisotropy measurement at the
1-ppm level of accuracy are summarized in Table I.

E(2s)t2) — E(2p) t)2+iI /2P=
E(2S,t ) E(2p t )+iI/2— (3)

'Numbers in parentheses indicate the uncertainties in the final
figures quoted.

This term arises from the transverse deflection of the ion beam in an
axial magnetic field.
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FIG. 1. Diagram of the apparatus showing one of four iden-

tical symmetrically placed photon-detection systems.

Figure 1 shows a cross section of the observation cell
drawn to scale, with one of four symmetrically placed
photon-detection systems in the upper part of the dia-
gram. A 125-keV He+-ion beam (=5 iuA) containing

about 0.5% metastables travels out of the page in the
electrostatic field produced by the quadrupole rods. The
304-A quenching radiation which passes through the slits

St and Sz produces a photoelectron current of about
10 ' A when it strikes the MgF2-coated cones at the
end. The current is measured with an electrometer, E
(Keithley model 642 LNFA), and the amplified output
digitized by a voltmeter (Hewlett Packard model HP
3457 A). We have shown the detection system to be
linear to within 1 ppm over the range of currents re-

quired for the experiment. It is this linearity at high

photon fluxes which makes possible a dramatic improve-
ment in accuracy over what we earlier achieved by stan-
dard photon-counting techniques. Secondary charged
and neutral particles are prevented from reaching the
cones by repeller plates and a thin Al film covering Sz.
Also, an axial magnetic field of 11.8 6 is applied to the
observation cell to deflect charged particles accelerated
toward the detectors by the transverse electric quenching
field. A second identical detection system is mounted

3.048 cm further downstream so that the quenching ra-
diation is monitored by eight detectors in all. This
improves the combined ratio of signal to dark current
(=1000) by nearly a factor of 2 over our earlier work.
On our rotating the electric field in steps of 90' by
switching potentials on the rods, the intensity ratios

Iii/I~ can be combined in such a way that the relative
sensitivities of the detectors cancel out.

In our previous work, ' we defined the background
noise to be the signal still observed in the absence of a
quenching field. Since this definition contains a correc-

TABLE II. Comparison of theory and experiment for the total Lamb shift, and the derived electron self-energy part Gsp of the
term G(Za) in Eq. (1). R& is the nuclear radius used.

Ion RN (fm) expt (GSE)expt (GSE)theor (Gvp)theo
'

'H
4He

Li
16p

19F

31p

35Cl
40A

238U

0.862(20)
1.673(1)
2.56(5)
2.711(14)

2.900(15)
3.197(5)
3.335(18)
3.428(8)
5.751(50)

1057.845 (9)
14042.22(35) '

62 7615(21)
2192(15)~
2215.6(7 5)"
2203 (11)'

3339(35)'
20.13(20) "
31.19(22}'
37.89(38}
70.4(8.3)"

1057.869(11) MHz
14042.26(50) MHz
62737(6) MHz

2196.14(21) GHz

3343.0(1.8) GHz
20.25(1) THz
31.34(2) THz
38.24(2) THz
75.3(4) eV

—26.71
—22.99
—17.17
—22.91
—10.45
—17.26
—21.45
—20.32
—19.22
—19.55
—8.32

+' 1.25 +' 0.93
~ 0.76+' 0.03
+' 4.0+' 0.77
+' 7.9+' 0.03
+' 4.0+' 0.03
+ 5.8+'0.03
+' 9.0 ~ 0.03
~ 2.4 ~ 0.004
+' 1.3 ~ 0.01
~ 1.6+ 0.005
+ 0.46+' 0.02

—23.4(1.2)
—22.9(1.0)
—22.49 (88)
—20.72(45)

—20.42 (39)
—18.81(14)
—18.34(8)
—i8. ii(6)
—8.050(4)

—0.517(20)
—0.508 (17)
—o.soo(i 6)
—0.473 (12)

—0.469 (7)
—0.449 (2)
—0.444(1)
—0.442(1)
—0.600(8)

The first uncertainty listed is due to the experimental uncertainty in

X, and the second to the nuclear radius uncertainty. Nuclear size
corrections (Ref. 13) to the self-energy and vacuum polarization terms
have been subtracted for the high-Z ions.

Reference 5.
'Includes Uehling (Ref. 5) and Wichmann-Kroll (Ref. 13) vacuum

polarization contributions. The total G(Za) for a point nucleus is

GsE+ Gvp
Reference 15.

'Present work.

Reference 16.
~Reference 17.
"Reference 18.
'Reference 19.
~Reference 20.
"Reference 21.
'Reference 22.

Reference 23.
"Reference 24.
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tion which increases linearly with residual gas pressure,
we now define the noise to be the normal quenching sig-
nal which remains when the 2sli2 ions are removed from
the beam by prequenching. This definition must be
corrected for a small spontaneous 2E1 two-photon decay
component in the original quenching signal. Since the
2E1 decay rate of 8.23Z s ' is smaller by a factor of
4.74x 10 at our quenching field of 631 V/cm, the
correction can be estimated to the necessary + 10% pre-
cision from the known 2E1 spectral distribution' and
the relative MgF2 photoelectron yield. " The correction
is listed in Table I, along with other small systematic
effects which have been discussed previously. '

Additional radiative corrections to the Bethe-Lamb
quenching theory used to interpret the experiment are
discussed by Levy. ' Corrections of O(a Z ) to the
transition-matrix elements are j-independent multiplying
factors in the nonrelativistic electric dipole approxima-
tion which cancel out. The largest effect appears to be
an anomalous-magnetic-moment correction to the 2s ij2-
2pyp-Islg magnetic quadrupole transition amplitude,
which is negligibly small.

The average anisotropy obtained from a total of
9930 individual measurements is R,l„~) 0.11803014
~0.00000279, where the error is the statistical scatter

in the results. Since this is the largest source of uncer-
tainty, further improvements in the precision are evident-

ly possible. After we allow for the small corrections and
systematic effects shown in Table I, the above reduces
to a lowest-order anisotropy of R,(„~) 0.117967 14
~ 0.00000283. The corresponding Lamb shift from (2)
and (3) is 14042.220+ 0.35 MHz. The additional error
arising from the +0.03-MHz uncertainty in the theoret-
ical 2pij2-2p~j2 energy splitting of 175593.55 MHz
needed in (3) is only ~ 0.002 MHz. Our result is con-
sistent with the older resonance measurement of Lip-
worth and Novick (14040.2+ 1.8 MHz), but disagrees
with the more recent value of Narasimham and Strorn-
botne (14046.2 ~ 1.2 MHz).

With the use of a nuclear radius of 1.673+ 0.001 fm,
our recalculated Lamb shift is 14042.26 ~ 0.50 MHz, in

excellent agreement with experiment. The uncertainty
comes almost entirely from GsE(Za) = —22.9+ 1.0 in

(1). The calculation includes all terms evaluated by
Johnson and Soff, ' as well as all the new a(Za) (m/
M)me relativistic recoil corrections (beyond reduced-
mass corrections) recently calculated by Bhatt and
Grotch. ' These terms decrease X by 0.030 MHz.

Since the primary theoretical uncertainty in X comes
from the self-energy part GsF of G(Za), it is of interest
to take the other terms in (I) as correct and extract an

experimental value for GsE. This is done in Table II for
all the ion s where high-precision measurements are
available. (Not included in the table is the work of
Sokolov and co-workers, ' who effectively measure the
ratio X/I to very high precision. ) The present result for

He+ of GsE= —22.99~0.76 provides the most strin-

gent test of theory and is in excellent agreement with
Mohr's calculation. However, it differs by more than 8
standard deviations from Erickson's value of —16.9.
This clear disagreement confirms the trend already evi-

dent for the higher-Z ions 'P, Cl, A, and U in

Table II, all of which favor Mohr's values.
In view of the close agreement obtained in the present

work for He, it is difficult to understand the apparent
discrepancies with Mohr's calculation for 'H found by
Lundeen and Pipkin' and Sokolov and co-workers. 2

Since the value of the proton radius is a major source of
uncertainty, ' a remeasurement of this quantity is clear-
ly necessary.
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