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Abstract

The 228, ,,-22P;,, transition at 734 nm in the hydrogen-like ion Si'** is studied by intra-cavity cw laser resonance spectros-

copy of ions in a fast beam.

1. Introduction

Precision measurement of the 2S Lamb shift in hy-
drogen-like one-electron ions of medium-to-high
atomic number Z is currently considered to be the
best method of investigating quantum-electrody-
namics (QED) in the approach to the strong field re-
gime [1,2]. In the range 9<Z<18, the 22§, -
2?P,,, transition in such ions (and also the 22§, ,,-
2?P,,, transition at the higher-Z end of the range)
lies in the wavelength range accessible to the tech-
niques of laser spectroscopy. QED effects account for
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4% of the 228, ,,-22P;,, transition energy, the bulk
coming from the Lamb shift of the 228, ,, state. The
contribution of the 22P,,, state is an order of magni-
tude smaller. The leading QED contribution to the
Lamb shift, the order « self-energy, has been calcu-
lated to high numerical precision by Mohr [3,4]. The
complete n=2 level energies and splittings, including
all calculated contributions, have been tabulated
[5,6]. It should be noted that Mohr’s most recent re-
sults [4] are in agreement with his earlier calcula-
tions but have much reduced uncertainty estimates
in the medium-Z, where the leading uncertainty is
now that arising from fourth-order (a?) QED terms.

The most recent and precise measurements of the
228, ,,-2%P5,, transition energy, in $'3* [7] and P'*+
[81, both show departures of about two experimen-
tal standard deviations from the theoretical values,
supporting a trend for measurements of the 2S Lamb
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shift to lie at values around 0.5% smaller than pre-
dicted [9]. The measurements [7,8] were both made
by resonance spectroscopy of ions in a fast beam, us-
ing pulsed dye lasers. The leading systematic error is
the uncertainty in the Doppler shift of the transition
wavelength, owing to the high velocity (f=v/c~0.1)
of the ions. Systematic errors in wavelength and en-
ergy measurement, inherent in the use of pulsed las-
ers, can also be overcome by employing a cw laser.

These considerations have prompted the develop-
ment of a cw intra-cavity laser resonance technique,
which could ultimately enable errors from the ion
beam velocity to be eliminated [10,11]. This Letter
presents an observation, using this technique, of the
22§, ,-2%P5,, transition in Si'3 at 734 nm.

2. Outline of the experiment

The energy levels and radiative transitions of a hy-
drogen-like ion for n=1, 2 are shown in Fig. 1. Stim-
ulated resonance experiments in the n#=2 states are
possible because the 22§, ,, level is metastable (16 ns
lifetime in Si'** [12]). Ions in the 2°S,,, level are
resonantly excited by the laser radiation to the
2?P;,, level, from which they decay promptly by
emission of a 2 keV Lyman-o X-ray. The laser reso-
nance profile of the 22§, ,,-22P5,, transition can be
monitored by observing the X-ray rate as a function
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Fig. 1. Energy levels and radiative transitions of the n=1, 2 states
of the hydrogen-like ion Si'** in the presence of the laser field.

of the laser frequency. The resonance is broad (129
cm~! in Si'**) because of the short lifetime of the
22P levels. Fig. 1 also indicates the two-photon (2E1)
and magnetic dipole (M1) decays of the 228, ,; level.
For Si'**+, the M1 transition accounts for only 1% of
the 27S,,, level decay rate and the dominant 2E1
transition is the principal source of background X-
ray radiation.

This experiment was performed at the tandem Van
de Graaff accelerator of the SERC Nuclear Structure
Facility (NSF) at Daresbury, UK. A sketch of the
experimental set-up is given in Fig. 2. The relatively
large silicon ion flux (up to 1 pA electrical of Si®+ at
the accelerator exit) which was available at suitable
energies (150-200 MeV) was one of the chief factors
determining the choice of element. After excitation
to the metastable hydrogen-like state, the ion beam
was permitted to drift a distance of 42 cm, corre-
sponding to slightly less than one 2%S,,, state life-
time, minimizing the X-ray background from short-
lived states, to a focus determined by a quadrupole
magnet several metres upstream. At this focus, 1 mm
high by § mm broad, the ion beam passed through an
interaction cell mounted in the long arm of a Coher-
ent 599 three-mirror dye laser. The laser beam had a
1/¢? radius of 0.35 mm at the interaction region. For
the data presented below, the ion beam intersected
the dye laser beam at right angles ( £0.2 mrad). The
dye employed was Pyridine-2, pumped by the multi-
line visible light of a Coherent CR-15 argon-ion laser.
The intra-cavity laser power was monitored by a
photo-diode picking up the reflected power from one
of the Brewster-angle windows of the interaction cell.
This photo-diode was calibrated against the trans-
mitted power obtained using a cavity end mirror of
known transmission, which was replaced by a high-
reflectivity mirror during data-taking. The intra-
cavity power was typically 48 W,

X-ray emission from the ion beam was observed by
two gas-flow (90% Ar-10% CH,) proportional
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Fig. 2. Schematic plan of the experiment.
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counters, one located above the ion-laser interaction
region and the other 21 cm further downstream. The
detection efficiency (solid angle and proportional
counter efficiency) for 2 keV X-rays was n~7x 10~3
and for the 2E1 background, 75~ 2 x 10~3, The laser
light was chopped at a nominal frequency of 500 Hz
by a chopper wheel inside the cavity. After amplifi-
cation and discrimination, the analogue signals from
the proportional counters were digitized and routed
into “laser on” and “laser off” pulse-height spectra,
Son(E) and S,¢(E). The routing was determined by
a CAMAC-based, PC-AT controlled, phase-sensitive
detection system, which produced gating and routing
pulses of equal length. The start of each on/off rout-
ing cycle was triggered by a photo-diode registering
the laser coming “on”, thus the start of each cycle was
locked to the chopper-wheel frequency but the dura-
tion of each data-taking “window” was determined
by the CAMAC timing, which was based on a quartz
clock. When tested “off-line” with a calibration X-
ray source (35Fe) the whole system was free from sig-
nal differences due to timing errors at the level of
105, The same routing and gating procedure was ap-
plied to the laser power and ion beam current moni-
tors, providing normalization data.

3. Metastable state production

During the course of this experiment, silicon ion
beams of 150, 170 and 200 MeV were used, with a
variety of excitation conditions for the production of
metastable Si'3* ions. The optimum 22S, ,, yield with
the minimum of contamination from lower charge
states was obtained with an accelerator terminal po-
tential of 17 MV. The dominant charge state within
the accelerator was Si’*; the ions attaining a final en-
ergy of 170 MeV. The beam was stripped at the ac-
celerator exit terminal by a carbon foil of nearly equi-
librium thickness (70 pg/cm?). Approximately 30%
of the stripped ions originating from the Si’* charge
state were bare Si'** nuclei; these ions were selected
by the accelerator’s analysing magnet and delivered
to the experimental area. Before the interaction re-
gion, ions were prepared in the metastable 225, ,, level
of the Si'** charge state by electron capture from a
second, thin carbon foil (23 or 35 pg/cm?).

A typical proportional counter spectrum obtained

under these conditions is shown in Fig, 3. The energy
calibration was performed using X-ray fluorescence
from a number of medium-Z targets illuminated by
Mn-K X-rays from a *Fe source. The identification
of this spectrum as that of the 2E1 decays is sup-
ported by analysis of its shape. The rate for the 2E1
decay of the metastable state is 25! =6.155x 107 s~!
[12]. The total spectral background rate can be con-
sidered as the sum of the 2E1 decay rate, the M1 de-
cay rate and a residual Lyman-a background at 2 keV.

In order to extract the probability with which the
228, ,, level is populated, a modelled 2E!1 spectrum,
convolved with the Gaussian detector resolution and
spectral efficiency function, is generated and sub-
tracted from the data. Its amplitude is iterated until
the subtraction results in zero counts in several chan-
nels in the region 1.0-1.5 keV (solid line in Fig. 3).
When this condition is satisfied, the area of the model
spectrum (dashed line in Fig. 3) provides an esti-
mate of the detected number of 2E1 X-rays whilst the
altered data contains the residual spectrum. This re-
sidual spectrum is similar to that expected for a 2 keV
Lyman-o X-ray. It contains a substantial component
of (laser-unrelated) Lyman-oa. background due to
electron capture from residual gas in the beamline.
From the intensity of the 2E1 spectrum, the proba-
bility of populating 22S,,; by this method is esti-
mated at 0.6(3)%. This is about half the prediction
of a simple model of the capture process [13} and a
factor of five smaller than the probability inferred
from other data taken under similar conditions [ 14].

Counts/channel (10°)

O \
1

X-ray energy (keV)
Fig. 3. Typical proportional counter spectrum (dotted fine). Also
shown is the residual 2keV X-ray background peak (solid line)

obtained by subtraction of a scaled modelled 2E1 spectrum
(dashed line) from the original data.
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The probability of population of metastable states in
helium-like Si'>* by double electron capture from the
foil is demonstrated to be negligible by comparison
with X-ray spectra obtained when a Si3* or Sij!°*
beam is incident on the foil, in which the 1.85 keV
X-ray decay of the metastable 2°P, level in Si'2* is
clearly visible [15].

The ratio of the 2E1 count rate to the residual count
rate, corrected for the relative efficiency of the pro-
portional counters over the two components of the
spectra is around 3-5. The deduced 2E1 fraction
could, however, be considerably larger for only a smalt
change in the detector calibration. However, the
metastable ion flux and the residual Lyman-a rate de-
duced from the proportional counter spectra are,
within their errors, in crude agreement with the ex-
pected rates for these beam conditions.

4. Laser resonance data

Nine three-hour experimental runs were made at
four laser wavelengths within the FWHM (7 nm) of
the expected resonance at 734 nm in the ion rest
frame. Each run consists of 5% 10° cycles; the laser
“on” time in each cycle is 900 ps, giving a total laser
“on”. time of 9X 103 s. The 1/¢? radius of the laser
beam in the plane of interaction is 350(50) pm, which
for the ion beam velocity of #=0.114 gives an inter-
action time t1=1.0(2) X 10! 5. The laser intensity
is I=1.3(3)x10® Wm. The difference spectrum,
Suit(E) =Son(E) —Soq(E), is formed for each run.
These difference spectra are consistent with a peak at
the Lyman-ao energy; however, repeated runs at the
same wavelength show some scatter in the strength of
the resonance. The difference spectra are integrated
over the range 1.5-2.5 keV and are normalized to the
integrated beam current for each run. The resulting
count rates for the nine experimental runs are plotted
in Fig. 4.

The observed resonance strength can be compared
with that predicted by an analysis of the resonance
process. For cw laser radiation, a time-dependent
perturbation theory method [16] can be used to show
that the 22S, ,,~22P;, transition rate per ion induced
by a laser field of intensity I leads to a Lyman-a rate
on resonance of

30 |

Count rate (counts/pC)

s 730 735 740 745
Wavelength (nm)
Fig. 4. Fit of the resonance data to the theoretical lineshape. The

curve is a Lorentzian with 6.9 nm linewidth, centred at the ex-
pected resonance wavelength of 734 nm.
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where y,=6.27 X 108Z% s~ is the Lyman-a decay rate,
ao is the radius of the first Bohr orbit in hydrogen and
o is the fine structure constant (SI units are assumed
in calculating the numerical factor). Eq. (1) dem-
onstrates that resonance experiments are intrinsi-
cally more difficult, i.e. require higher laser power, at
higher Z, independently of the difficulty of obtaining
laser radiation at shorter wavelengths.

The observed signal rate can be compared to that
predicted by Eq. (1). Combining the results of the
five runs showing the strongest resonances yields a
total of 106(19) % 10° resonant counts. The inte-
grated beam current was 9(4) mC of ion beam, cor-
responding to N(2s)=2.3(1.0)x10'* metastable
ions at the interaction region. An experimental value
for the single-ion transition probability can be
obtained,

_ {Sa(E) dE

~ -7
Pay= g =6(3)X1077, (2)

which can be compared with the theoretical proba-
bility Py, =A;1,.,7~8(2) X 10-8,
The discrepancy, together with the variation of the
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resonance data, can be understood by consideration
of the laser and ion beam interaction geometry. The
Lyman-o decay rate is Rg=A,..P1Gns, where @ is
the flux of metastable ions, 7 their time-of-flight
through the laser beam, #s is defined above and G is
a geometrical volume factor for the overlap of the laser
and ion beams, analysis of which shows that the sig-
nal rate can be halved by movements of 140 pm of
the ion beam relative to the laser beam. Maintaining
the transverse position of an ion beam focus to better
than this fraction of its diameter is a demanding re-
quirement in the absence of more sophisticated beam
position sensing diagnostics than were available for
this experiment and it can be inferred that transverse
position drifts of this order of magnitude are respon-
sible for the variation of the resonance data. In addi-
tion, a larger ion beam size can easily account for the
smaller than predicted transition probability.

Fig. 4 illustrates the resonance data in the light of
this analysis. The five runs at 735.9 nm show reso-
nances ranging from 2 to 19 counts/pC, with a statis-
tical uncertainty of about *6 counts/pC for each
measurement. For the ion and laser beam widths
quoted above, the change between the strongest and
weakest resonance at this wavelength can be ac-
counted for by an ion beam movement of 1.5 1/¢2
laser beam radii (0.5 mm) between the runs. The
largest resonance rate can be taken as being the clos-
est approach to the condition of the laser and ion
beams intersecting on axis. Fig. 4 includes a Loren-
tzian of 6.9 nm FWHM centred at 734 nm (the ex-
pected theoretical line profile) for comparison with
the data.

5. Developments

The present experiment was performed with the
laser and ion beams intersecting perpendicularly.
Under these circumstances the resonance wavelength
is shifted in the laboratory frame by the second-order
Doppler shift only; the uncertainty in the resonance
wavelength, A4, due to the Doppler shift can be ex-
pressed as AA=A,7(FAG+AB), where A, is the reso-
nance wavelength in the ion’s rest frame, §=v/c where
vis the ion velocity, y=(1— £?)~'/2, and AS and Af
are the uncertainties in the ion velocity and the inter-
section angle respectively.

If the problems associated with ion beam move-
ment can be overcome, and if higher intra-cavity laser
power can be obtained (using e.g. a Ti:sapphire laser
or a diode laser coupled to a feedback enhancement
cavity) then the intra-cavity cw laser resonance tech-
nique offers the possibility of eliminating both the
first- and second-order Doppler shift from the extrac-
tion of the resonance wavelength. The cavity can be
considered as a containing two counter-propagating
laser beams. If the cavity is set at an angle 8 to the ion
beam (not far from 90°) and the laser is tuned over
a large enough bandwidth, two resonances can be ob-
served, centred at Doppler-shifted wavelengths
A+=2Agy(1x Bcos ). By summing and differencing
these shifted wavelengths, the ion beam velocity can
be eliminated from the evaluation of the rest frame
wavelength to first and second order,

Ao=3[(A4++2_)*— (A4 —4_)*cos?0]"/%. 3)

Thus all dependence of the final result on the ion
beam energy is eliminated, avoiding systematic er-
rors arising from energy loss in the stripping and ex-
citing foils or differences in velocity between ions of
different charge states. It may be noted that in the
case where the laser beam is aligned along the ion
beam axis (6=0), the rest frame wavelength is given
simply by A3=4,4_.

A similar method for eliminating the Doppler shift
from measurements made using pulsed lasers has re-
cently been described [17].

6. Conclusions

Laser-induced 22S,,,-2?P;,, transitions in Si'3*
have been observed at wavelengths consistent with
current calculations of the transition energy, by de-
tection of the prompt X-ray decay from the 22P;,,
state. A development of the method to enable the un-
certainty in the ion beam velocity to be eliminated
from a final measurement of the transition energy has
been described.
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