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We report the first observation of a laser-induced M1 transmon ina fast beam. This
new method has been applied to a measurement of the F =%-2 and F =3-3 hyperfine com-

ponents of the 1s2p P1

‘"P fine-structure interval in heliumlike fluorme The results

are 953.60(3) and 961.77(3) cm ™ !, respectively. From these we extract the fine-struc-

ture splitting A;,= 957.88(3) cm™ !
PACS numbers: 35.10.Fk, 32.30.Bv

Because the relative simplicity of the two-elec-
tron system enables precise ab initio calculation,
the fine structures of helium and heliumlike ions
have remained of fundamental interest in atomic
physics. For the 2°P,-2°P, interval in helium
both theory and experiment are now at the level
of 1 ppm.! In heliumlike ions, fine structures
are more sensitive to highly Z-dependent higher-
order relativistic effects. Precise measurements
of the 2°S, z-2°P,;  transition energies in *"Li*
have been performed using laser resonance tech-
niques on low-energy ion beams,”* while for high-
er Z there have been several measurements of
the 235,-2°P; wavelengths using grating spectros-
copy.? However, in the region 3<Z< 10, the ex-
perimental precision for the 2°P; intervals has
been insufficient to show any systematic deficien-
cy in the lowest relativistic order fine-structure
calculations of Accad, Pekeris, and Schiff (APS).°
By performing a direct laser-resonance measure-
ment of two of the 2° P, =28 P,, r fine-structure
transitions in *F™* (F1g 1), a fractional preci-
sion for the fine structure of 3x 10°° has been
achieved. This precision is the highest to be ob-
tained of all fine-structure measurements on fast
beams to date and is capable of testing higher-
order corrections to the calculations of APS. In
addition, the measurements are the first direct
observation of hyperfine structure in a heliumlike
ion for Z > 3.

The exploitation of the near coincidence of the
frequencies of the 10.4-um band of the CO, laser
and the 23P,-2°P, fine structure in F'* has been
discussed previously by Andra etal.” Similar
techniques have been used to measure the n=2

Lamb shift in F®* and C1'°*,%° The setup used in
the present experiment is shown in Fig. 2. Beams
of 11-17 MeV ¥F3*4* were obtained at the Uni-
versity of Oxford EN tandem Van de Graaff ac-
celerator at typical currents of 300 nA. After
charge-state momentum analysis by a 90° bend-
ing magnet, the ion beam was focused and col-
limated to a spot (2 mm?) with a divergence of

1.5 mrad before passing through a 5-ug/cm? car-
bon foil where it was stripped and excited.

At a distance of 11 cm downstream from the
foil, the beam crossed an intracavity focus of the
laser at an intersection angle of 5°, The modified
coherent Everlase-325 industrial CO, laser was
line tuned using a 75-1/mm concave grating and
the experiment was performed using the P.(40),
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FIG. 1. Energy level diagram of the F'* 1s2p3p fine

and hyperfine structure. The resonance transitions,

principal x-ray decay modes, and lifetimes are indicat-

ed. Theoretical x-ray decay rates are A(2°P,) = 9.16

x 105 "1 A@*P)=1.85%x10°s " !, and A(2°Py) = 1.3

x 107 s 1(see Ref. 6).
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FIG. 2. Schematic diagram of the apparatus.

|
Ion beam I
old frap

foil

The additional normalization detectors placed 6-cm upstream and

downstream of the interaction region aided the identification of the true 23P1—23P2 resonance signal (which appears

in the signal detectors only) during the initial search.

P(44), P(48), and P(50) lines of the 00°1-10°0
(10.4 pm) band of CO,. Typically, intracavity
average powers of 300 W in each direction, at a
50% duty cycle, with a laser spot size at the in-
teraction region of 1.7 mm full width at half maxi-
mum were obtained. Approximately 1 cm down-
stream from the center of the interaction region,
the K—-x-ray intensity from the beam was moni-
tored using two gas-flow proportional counters.
By purging with pure methane at 350 mbar the ef-
ficiency of the proportional counters was opti-
mized for 730-eV photons at count rates of ~1
MHz.

The resonance signal was obtained by making
use of the large difference in lifetimes of the 2°P,
and 2°P, levels due to the fast E1 x-ray intercom-
bination decay 2°P,~ 1S, [see Fig. 1]. After a
delay of about 10 ns following excitation by the
foil, most of the original 2°P, population has de-
cayed away, while approximately 40% of the 2°P,
population still remains. When on resonance, the
laser drives the M1 *P,— °P, transition, resulting
in a small increase in the observed x-ray inten-
sity due to the subsequent 2°P,—~ 1'S, decay. The
increase in the x-ray yield was detected by switch-
ing the laser at 500 Hz and gating a set of scalers
synchronously. Typical x-ray count rates per de-
tector were 500 kHz with a fractional increase at
the peak of the resonance of around 1073, Com-
bined with estimates of the expected laser-in-
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duced transition probability, this signal is con-
sistent with the total x-ray background, with sig-
nificant contributions from cascading through

23p, and 2'P,," exceeding the inherent x-ray back-
ground of the M2 decay of 2°P, by a factor of ~ 10.

With the intersection angle between the ion and
laser beams fixed, the ion-beam velocity (in the
region of 48% c) was ramped by stepping the cur-
rent of the momentum-analyzing magnet, the
field of which was measured with an NMR fluxme-
ter. Only the laser beam intersecting at 175° was
resonant and the beam in the opposite direction
could be neglected.

An example of a resonance scan is shown in
Fig. 3. The dominant contribution to the observed
widths of the resonances (0.04—0.08 cm™! full
width at half maximum) is Doppler broadening
due to the velocity spread in the ion beam. Ener-
gy loss straggling in the foil accounts for a con-
tribution of about 0.03 cm™!; the rest is due to
energy fluctuations in the ion beam from the accel-
ator. The laser-induced background signal seen
in Fig. 3 was found not to be completely repro-
ducible and to be very sensitive to small electric
fields (~50 V/cm) applied after the foil. Though
not fully understood, this effect is thought to be
due to an interaction of the laser field with high-
n, high-I states in F'* and F®*,'' Because of the
constraint imposed by the Doppler formula, a
scan of the weakest 3-3 component with this set-
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FIG. 3. Example of a resonance spectrum showing the
2-3 component scanned with the P (44) CO, laser line.
The horizontal scale of analyzing magnet NMR frequen-
cy corresponds to an incident beam energy range of
16.78—17.03 MeV. The signal is defined by S = (Nop~
Nogt)/ (Non+Nyg£), where Ny, (Nogs) are the total x-ray
counts recorded by the signal detectors in the laser on
(off) counting periods. The error bar indicates the
counting statistics and the total scan time was 3 h. The
solid curve is a least-squares fit to the data points.

up would have required the use of a combination
of a weak laser line and low-velocity ion beam
with a low heliumlike yield and so was not at-
tempted.

To extract the resonance frequencies from the
observed resonance curves it is necessary to
know the ion-beam velocity as it emerges from
the foil, the angle of intersection, and the laser
frequency. The resonance curves were fitted
with Gaussians on linear backgrounds and their
centroids were converted into a beam velocity us-
ing a previous magnet calibration.” This calibra-
tion was checked and the energy loss in the foil,
typically 60 keV, measured by exciting °F(p, ay)
resonances in a thin (10°% mbar) methane gas tar-
get.’>1* The intersection angle could be meas-
ured to within a few milliradians and the narrow-
ness of the laser lines ensures the unstabilized
output frequency lies within 3 ppm of the highly
accurate results of Petersen et al.™

The results for the wave numbers of the hyper-
fine components are

2P, 1/2-2°P5, 52, 953.60(3) em™Y;

2°P,,5/2-2°P, 52, 961.77(3) cm™,

The errors include 1 standard deviation in the re-
sults for the centroid NMR frequencies (correct-

TABLE I. Hyperfine-structure contributions to the
measured F7+23P2 intervals. All values are in inverse
centimeters.

1/2-3/2 3/2-5/2

Nonrelativistic? -4.626 4,076

BDISC 0.385 -0.212

Rel. wave function, QED, etc. -0.035 0.024

Total shift -4.276 3.888
2Ref. 16.

ed for foil energy loss) of seven scans for each
transition (0.012 and 0.014 cm™!, respectively),
and, in addition, allowance for the uncertainties
in the energy loss associated with the heliumlike
charge state (0.02 ecm™?'), the nuclear calibration
used (0.005 em™?), the intersection angle (0.007
cm™!), and the laser frequency (0.003 cm™?).
Contributions to the theoretical hyperfine-struc-
ture shifts to the measured transitions are given
in Table I. Aashamar and Hambro®® have calcu-
lated the complete hyperfine matrix for the 23P
state using nonrelativistic wave functions. This
matrix has been diagonalized using the theoreti-
cal fine structure of APS. In F'*, there is sig-
nificant breakdown of LS coupling (BDLSC) with
admixture of the 2°P, and 2'P, states and the hy-
perfine splitting of 2°P, is modified accordingly.
This effect is not included in the calculations of
Aashamar and Hambro and the estimate given in
the table was obtained by modifying their matrix
using the singlet-triplet mixing coefficient of
Drake.!” Also shown are the sum of small cor-
rections to the dominant contact term due to rel-
ativistic, quantum electrodynamical (QED), and
Bohr-Weisskopf effects and the reduced mass.'®
The difference of the total theoretical hyperfine
contributions to the -3 and 3-3 intervals is
8.164 cm™! which is in good agreement with the
experimental value (obtained by subtracting the
two transition energies) of 8.16(4) cm™™.
Subtracting the theoretical hfs from the meas-
ured wave numbers yields a value for the 2°P,-
2%p, fine structure for a (hypothetical) spin-zero
nucleus. This value is compared with the theo-
retical result of APS in Table II. Also shown are
some of the previous experimental values from
uv spectroscopy.'*?° The discrepancy between
our experimental result and APS is of order
(Za)®mc? corresponding to the next order of rela-
tivistic corrections. Calculation of some of these
corrections, using a method based on both rela-
tivistic and nonrelativistic expressions for the
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TABLE II. Theory and experiment for the 23P fine

structure intervals in °F 7%, All values in inverse
centimeters.
P3P, 3p e,

Engelhardt and Sommer? 158+ 3 957+ 3
Klein et al.b 1492 958+ 2
This work 957.88+0.03
AP§ (theory)® 151.04 955.26

2Ref. 19.

PRef. 20.

°Ref. 5.

Breit interaction, are currently in progress.?
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