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For a large range of Z the 1525 'So-1s2p 3P, interval in heliumlike ions lies in a wavelength region
accessible by infrared lasers. Measurements of this interval will enable exceptionally sensitive tests of
calculations of relativistic corrections and QED effects (Lamb shifts) in two-electron ions. This Letter
describes a precision measurement of this interval in N>* using a fast ion beam and a CO, laser. Our
result is compared with recent relativistic and QED calculations.

PACS numbers: 31.30.Jv, 12.20.Fv, 32.30.Bv, 42.62.Fi

Helium and heliumlike ions are the prototypical
many electron system and provide an important testing
ground for relativistic quantum mechanics. The energy
separations of the n = 2 levels, shown in Fig. 1, are par-
ticularly sensitive to interesting relativistic and quantum-
electrodynamic (QED) effects. Recent theoretical
developments have included relativistic many-body
perturbation theory [1,2] and relativistic configuration
interaction theory [3,4], which obtain all “structure,” but
not all QED contributions to O(Za)* atomic units (a.u.).
Using highly precise nonrelativistic wave functions and
operators derived from QED, Drake and collaborators
aim to extend calculations of the 1s2p 3P, fine-structure
splittings in helium to O(a®) a.u. [5], and hence by
comparison with experiment [6] obtain a new “atomic
physics” value for the fine-structure constant. There is
also considerable interest, e.g., see [4,7,8], in improving
the precision of two-electron Lamb shift calculations.

Because of the different Z scalings of the various
theoretical contributions to the energy spacings of the
n = 2 levels of two-electron ions, it is important to
have precision measurements at low, intermediate, and
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FIG. 1. Schematic of the n = 2 levels in heliumlike ions

showing their principal decay modes.
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high Z. Recent experimental work has concentrated on
the 1s2s 3Sl-ls2p 3P2,0 transitions, and the results have
been compared with theory in Ref. [2]. Precision laser
measurements have been carried out up to Z = 5 [8—10].
However, for higher Z these intervals lie in the vacuum
ultraviolet (VUV), and measurements have been carried
out in emission using concave grating spectrometers, e.g.,
see [11,12]. At the precision currently obtainable with
these techniques there is generally good agreement with
existing theory.

In contrast to the 152s>S-152p 3P intervals, the energy
separation of the 1s2p 3Py and 1s2s 'Sy levels lies in the
infrared for a large range of Z; see Fig. 2. Although the
transition is first-order forbidden, relativistic effects cause
a mixing of the singlet and triplet states and result in an
electric dipole transition matrix element of order (Z a)?ag
[13]. (The same mechanism opens up the ground-state de-
cay mode of 23P,.) As proposed several years ago [14],
the intercombination transition is therefore accessible to
laser spectroscopy, and it is possible to use laser radiation
to induce the transition from the metastable 215, level to

FIG. 2. Z dependence of the 1s2s'So-1s2p 3P, interval in
heliumlike ions.
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the shorter-lived 2 3P, level. The transition can be moni-
tored by detecting the photon emitted in the decay of 23 P
to 238, or to the 1Sy ground state. In the present ex-
periment, the 152s 'Sp-152p 3Py interval energy in N°* at
around 10.1 wm was Doppler tuned into coincidence with
10.4 pm radiation from a CO; laser. To our knowledge
this is the first measurement of this intercombination tran-
sition in a heliumlike ion. Apart from the precision test
of theory this measurement provides at Z = 7, the experi-
ment demonstrates the feasibility of a technique which can
be extended to measurements at higher Z. The use of a
laser compared to classical techniques and the fact that the
QED contribution is a larger fraction of the total transition
energy are both important advantages over VUV measure-
ments of the 1s2s 3Sl—1s2p 3p; transitions. The investi-
gation of QED effects using this interval in the heliumlike
system also has an experimental advantage over similar
laser-spectroscopic measurements of the Lamb shift in hy-
drogenlike systems (e.g., see Ref. [15]). This is due to the
narrower transition width resulting from the longer lifetime
of the 2 3P level compared to the hydrogenic 2P levels.

The present experiment was performed at the Florida
State University Superconducting Linear Accelerator
Laboratory. The experimental setup is shown in Fig. 3.
Positive nitrogen ions were produced by a radio-frequency
discharge source mounted in the terminal of the model
FN tandem Van de Graaff accelerator. A beam of N7
was accelerated to between 6.1 and 6.6 MeV before being
stripped by a single 5—10 ugcm™2 carbon foil. The
foil was placed at the entrance of a 90° energy analyzing
magnet, which selected the 5% charge state. After charge
state and energy analyses, up to 250 nA of N°* was
focused at the center of the interaction chamber using a
quadrupole doublet. Of these ions an estimated 0.1%
were in the 2 1Sy metastable state, mean lifetime 1.06 ws
[16], following a 10 m flight from the foil. The laser was
a 200 W continuous-wave CO» laser, modified to make it
line tunable across the 10.6 wm band by the installation
of a concave diffraction grating. Most data were acquired
using the P-6 line though the P-10 line was used during
some of the initial searches.

Two 5° magnets were used to merge the laser and
ion beams over a length of 38 cm. The laser induced
transition was observed using two 2.5 cm diameter CsTe
photomultiplier tubes, mounted approximately 17 mm
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FIG. 3. Experimental arrangement.
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above the overlapping beams, which detected the UV
photon emitted in the decay of the 23P; level. This
level has a mean lifetime of 4.8 ns with a 30% branch
to the 235, level [17]. Optimum overlap and alignment
of the laser and ion beams is essential for a high transition
probability and to minimize any frequency shift due to
the angle dependence of the Doppler shift. This was
achieved using two 1 mm diameter apertures, 18 cm apart,
positioned symmetrically upstream and downstream of the
phototubes.

Because the CO; laser is not continuously tunable, the
resonances were scanned by varying the velocity of the
N°T beam, v/c = 0.03. The transition intervals were
then related to the laser wavelength and beam velocity
using the relativistic Doppler formula. The beam velocity
was scanned by slowly stepping the field of the 90°
magnet. This controlled the accelerator voltage via a
feedback loop with an error signal derived from the
beam current intersected by the magnet exit slits. The
beam velocity was determined from the magnetic field
of the magnet, as measured by an NMR probe, using a
calibration based on the accurately known 14.23 MeV
12C(p, p)'?C nuclear resonance [18]. The calibration in
the region of magnetic fields used for the experiment
was carefully investigated using a precision time-of-
flight technique. This consisted of bunching the beam at
97 MHz and measuring the phase difference of the beam
induced signals from two identical pickup resonators
spaced 9092 = 1 mm apart. As a further test of our
energy measurement procedure, we used a >'N°* beam
to excite the well-known '"H(*’N, ay)'?C resonance in a
thin hydrogen gas target obtaining a resonance energy of
6397.4 = 2 keV, in good agreement with precise values
in the literature [19,20]. More details on these procedures
will be published elsewhere.

After the initial resonance search, the three
1525 'So-1s2p 3Py hyperfine components of the
transition were each scanned an additional 5 or more
times. Figure 4 shows survey scans of all three com-
ponents, and Fig. 5 shows a separate scan of the F = 2
component. Depending on analyzing magnet slit settings
and foil condition, the FWHM’s of the resonances varied
from 1 to 2.5 G corresponding to energy spreads in the
ion beam of 4 to 10 keV. The 33 MHz natural width of
the transition corresponds to a beam energy variation of
only 0.4 keV.

The statistical precision of the resonance data is high,
enabling a centroid determination in many cases to better
than 0.1 G. However, the accuracy of the energy de-
termination is limited by the calibration of the analyzing
magnet and the reproducibility of the energy stabilization
system. From the investigation using the time-of-flight
system we determined a small correction to the original
calibration equivalent to 1.6 = 2 keV in beam energy for
our 6 MeV "N>* beam. From the scatter of the indi-
vidual centroids we estimate a statistical uncertainty of



VOLUME 75, NUMBER 20

PHYSICAL REVIEW LETTERS

13 NOVEMBER 1994

-
o

N

z . F=2

= P-6 CO, line

o ot ( 2 line)

©

o . -

5 s

8 -

kS . F=0

o

=) - -

]

[y - -

- 0 . — b

@

b

s ] I I 1 I I
+3090 +3125 +3160 +3195 +3230

90° Magnet Field (Gauss)

FIG. 4. Survey scans of the 1s2s'Sy-1s2p 3P, s transitions
in 14N5+,

1.6 keV. Combined in quadrature with the calibration un-
certainty this leads to an uncertainty in the absolute value
of v/c of 7 X 107° The angle of intersection of the
ion and laser beams was constrained by the collimators
to =5 mrad. This uncertainty makes a negligible contri-
bution to the present errors. The frequencies of the laser
lines were taken from the meterological results of Petersen
et al. [21]. Although the laser was unstabilized, the dif-
ference between the mean output frequency and the values
of Petersen et al. should be negligible at our present level
of precision.

The wave numbers we obtain for the three hyperfine
components of the N>* 2 1§,-2 3P, transition are pre-
sented in Table I. Because most of the systematic uncer-
tainty in the velocity measurement cancels for the energy
differences, they are quoted with smaller errors. The en-
ergy differences do not conform to the simple hyperfine
interval rule because of the relatively small 2 *P-2 3P,
fine-structure interval in N°>*. The magnetic dipole hy-
perfine structure (HFS) has been calculated by Ohtsuki
and Hijakata [22]. Their results, which are seen to be in
good agreement with our experiment, were used to cor-

= . F=2
I 10—
x (P-6 CO, line)
2
©
o
€
3
o 5 .
kel
8 -
=)
°
£
5 .
-
17} - LI
20 ——w
-
I ] 1 1 ] I 1
+3090 +3095 +3100

90° Magnet Field (Gauss)

FIG. 5. Scan of the F = 2 component.

TABLE 1.

Our result for the 1s2s'Sy-152p 3P|,p interval in
NS+

without hyperfine interaction, compared with the hyper-
fine structure calculations of Ohtsuki and Hijikata [22].

Our measurements Theory
F Eobs (Cm_l) AEobs (Cmil) AElhecxry (Cm_l)
2 986.010(7)
0.570(6) 0.572
1 986.581(7)
0.365(6) 0.362
0 986.945(7)

rect for the shift to the centroid of the multiplet due to
hyperfine mixing of the fine-structure levels. The electric
quadrupole contribution to the HFS was estimated to be
negligible. The resulting component energies were com-
bined with statistical weightings. Our result for the '4N>"*
2 1§5-2 3P, interval in the absence of HFS is presented
in Table II, along with theoretical values for comparison.
Although Drake’s “unified” calculations [23] do not in-
clude the relativistic corrections of O(Za)* a.u. which are
obtained in the recent “all-order” many-body perturbation
theory calculations of Plante, Johnson, and Sapirstein [2],
we see that Drake’s calculations are in best agreement
with our experiment. This is probably due to a more ac-
curate treatment of nonrelativistic and O(a?) relativistic
electron correlation effects. The larger difference between
the relativistic configuration interaction theory results of
Cheng et al. [4], and the other calculations are mainly
due to their different values for the QED corrections.
If instead one combines their relativistic energies, which
also include the relativistic corrections of O(Za)*, with
Drake’s QED corrections [25] one obtains 985.9 cm™!, in
better agreement with experiment.

We have demonstrated that laser spectroscopy of the
2 1§¢-2 3P, transition is a precision probe of energy lev-
els in heliumlike ions. Our measurement on N°* has
yielded a result with an uncertainty of 7 ppm, which is
equivalent to 0.02% of the QED contribution to the tran-
sition energy. By improved measurements of the velocity
of the N°* ion beam in our experiment this uncertainty
can be reduced. However, further improvements in the

TABLE II. Our result for the 1s2s!Sy-1s2p 3P, interval in
"“N°* without hyperfine interaction, compared with recent
theory.

E (cm™ 1) Ref.
Experiment 986.321(7) This work
Theory
Drake 986.579 [23]
Plante, Johnson, and Sapirstein 984.7 [2]
Cheng et al. 993.6 [4,24]
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calculation of the “correlation” part of the transition en-
ergy at this Z are required before the QED part can be
tested to the above precision. Signal estimates show the
method can be extended up to Z ~ 20. Possibilities also
exist, particularly at lower Z where the 2 'Sy is longer
lived, for carrying out very high precision spectroscopy
of the transition energy using metastable heliumlike ions
produced by electron cyclotron resonance and electron
beam ion sources. Finally, we note that mixing of the
152p 3Pg and 1s2p 3Py levels due to hyperfine interaction
in heliumlike ions with nuclei with nonzero spin leads
to a small electric dipole transition matrix element for
the 1s2s 1So-1s2p 3Py transition. In favorable cases this
would allow measurement of both 1s2s 1So-ls2p BPJ:I,Q
transitions and hence allow a precise measurement of the
J = 1-0 fine-structure interval.

We acknowledge the many contributions to this work
made by the staff of the Florida State University Su-
perconducting Linear Accelerator Laboratory. This work
was partly supported by the National Science Foundation
and the State of Florida.

[1] W.R. Johnson and J. Sapirstein, Phys. Rev. A 46, R2197
(1992).

[2] D.R. Plante, W.R. Johnson, and J. Sapirstein, Phys.
Rev. A 49, 3519 (1994).

[3] M.H. Chen, K.T. Cheng, and W.R. Johnson, Phys.
Rev. A 47, 3692 (1993).

[4] K.T. Cheng, M.H. Chen, W.R.
J. Sapirstein, Phys. Rev. A 50, 247 (1994).

[5] Z-C Yan and G.W.F. Drake, Phys. Rev. Lett. 74, 4791
(1995).

[6] D. Shiner, R. Dixson, and P. Zhao, Phys. Rev. Lett. 72,
1802 (1994).

[7] G.W.F. Drake, I. B. Khriplovich, A.I. Milstein, and A. S.
Yelkhovsky, Phys. Rev. A 48, R15 (1993).

[8] E. Riis, A.G. Sinclair, O. Poulsen, G.W.F. Drake,
W.R.C. Rowley, and A.P. Levick, Phys. Rev. A 49, 207
(1994).

Johnson, and

3640

[9] T.J. Scholl, R. Cameron, S.D. Rosner, L. Zhang, R. A.
Holt, C.J. Sansonetti, and J. D. Gillaspy, Phys. Rev. Lett.
71, 2188 (1993).

[10] T.P. Dinneen, N. Berrah-Mansour, H. G. Berry, L. Young,
and R. C. Pardo, Phys. Rev. Lett. 66, 2859 (1991).

[11] K.W. Kukla, A.E. Livingston, J. Suleiman, H. G. Berry,
R.W. Dunford, D.S. Gemmell, E.P. Kanter, S. Cheng,
and L.J. Curtis, Phys. Rev. A 51, 1905 (1995).

[12] D.J.H. Howie, W. A. Hallett, E. G. Myers, D. D. Dietrich,
and J.D. Silver, Phys. Rev. A 49, 4930 (1994); D.J.H.
Howie, E.G. Myers, and J.D. Silver, Phys. Rev. A 52,
1761 (1995).

[13] G.W.F. Drake and A. Dalgarno, Astrophys. J. 157, 459
(1969).

[14] E.G. Myers, Nucl. Instrum. Methods Phys. Res., Sect. B
9, 662 (1985); E.G. Myers and J.D. Silver, in Abstract
of the 11th Conference of EGAS, Paris-Orsay, 1979
(unpublished).

[15] H.J. Pross, D. Budelsky, J. Gassen, L. Kremer,
D. Mueller, D. Platte, F. Scheuer, P. von Brentano,
A. Pape, and J. C. Sens, Phys. Rev. A 48, 1875 (1993).

[16] G.W.F. Drake, G. A. Victor, and A. Dalgarno, Phys. Rev.
180, 25 (1969).

[17] C.D. Lin, W.R. Johnson, and A. Dalgarno, Phys. Rev. A
15, 154 (1977).

[18] E. Huenges, H. Vonach, and J. Labetzki, Nucl. Instrum.
Methods 121, 307 (1974).

[19] E.J. Evers, J.W. De Vries, G.A.P. Engelbertink, and
C. Van Der Leun, Nucl. Instrum. Methods Phys. Res.,
Sect. A 257, 91 (1987).

[20] T. Osipowicz, K.P. Lieb, and S. Bruessermann, Nucl.
Instrum. Methods Phys. Res., Sect. B 18, 232 (1987).

[21] F.R. Petersen, D.G. McDonald, J.D. Cupp, and B.L.
Danielson, Laser Spectroscopy (Plenum Press, New York,
1975), p. 555.

[22] K. Ohtsuki and K. Hijikata, J. Phys. Soc. Jpn. 57, 4150
(1988).

[23] G.W.F. Drake, Can. J. Phys. 66, 586 (1988).

[24] Because Cheng et al. [4] give results only for even Z,
we have obtained values for Z = 7 by interpolating the
differences between their results and those of Ref. [2] for
Z =6and Z = 8.

[25] In comparing the QED corrections of Cheng et al. [4]
with those of Drake [23], we allow for the difference in
definition of the QED terms which applies to singlet states.

—



