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A new technique is proposed for the measurement of high-Z Lamb shifts using ions created
by a hot tokamak plasma. By using the laser resonance technique to measure the 25, ,-
2P\ 3 or 3/2 €nergy splittings, it is possible to obtain a fractional accuracy of 10™4—1073. This
would be a considerable improvement on existing measurements and would allow a clear test of

current calculations.

The measurement of the Lamb shift in high-Z hy-
drogenlike ions tests quantum electrodynamics
(QED) at short distances and high-field strengths.
These high-Z experiments are sensitive to higher-
order corrections to the binding energy and are im-
portant for assessing QED calculations'? and inter-
pretation of hydrogen measurements.> This paper
proposes a new technique for high-Z Lamb-shift
measurements which involves laser resonance
quenching and x-ray detection of metastable hydro-
genic ions produced by a hot plasma. The ability to
achieve large metastable formation rates (~ 1012
cm™sec™!) at moderate ion energies (~1 keV)
yields relatively high laser-induced count rates. The
predicted fractional accuracy (statistical and systemat-
ic) utilizing presently available lasers would be
1073—10~* which is an order-of-magnitude improve-
ment on existing results.

Previous experiments have measured high-Z Lamb
shifts of hydrogenic ions up to Z =18 using fast
(multi-MeV) ion beams. Most of these measure-
ments have been obtained using the indirect method
of Stark quenching of the metastable 2.5/, state with
large electric fields. The other technique is a direct
resonance measurement by using a laser to drive the
281/,-2P\ 32 transitions. The highest-Z Lamb-shift
measurements and corresponding accuracies obtained
with the respective methods are Z =18 (1.6%) (Ref.
4) and Z =17 (0.7%) (Ref. 5) (the best Z > 3 mea-
surement has an accuracy of ~0.5%, Z =8).%7 Im-
provements in the electric field quenching method
appear difficult*? while the laser resonance method
appears to be limited by a small signal size due to the
limited laser-ion interaction time.> The proposed
plasma experiment is similar to the above beam laser
resonance experiment except that the ions are rela-
tively slow so that interaction time could be increased
from v/d (v=ion velocity, d =laser diameter) to 7,
which is an increase of up to ~103. For equivalent
metastable formation rates and detection efficiencies,
the time required to obtain a similar accuracy would
be reduced by ~ 10°.

The n =1 and 2 levels of a hydrogenic ion are

shown schematically in Fig. 1. The atomic parame-
ters are like those of hydrogen with the difference
being that the Lamb-shift (§) and fine-structure
(AE) energies ~ Z*, E;~ Z?, the lifetimes
7p~Z7*, 72~ Z 7%, and the matrix element
(28|r|2P) ~ Z~\. These atomic parameters are
shown in Fig. 2 as a function of Z. The 25, level
decays mainly via two-photon (2E1) emission

(Z < 42) while the 2P levels decay via a single x-ray
photon (E1) of energy E; >> S, AE. The measure-
ment of the Lamb-shift interval would be similar to
hydrogen measurements. A laser is used to drive ei-
ther the 251/2-2P1/2 (S) or 251/2-2P3/2 (AE-S)
transitions which can be detected as a change in ei-
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FIG. 1. Energy-level diagram of hydrogenlike ion show-
ing the n =1 and n =2 manifolds.
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FIG. 2. Scaling of atomic parameters with Z.

ther the 2E1 or E1 emission rates.

Present tokamaks achieve hot plasmas (7, <3
keV) and moderate electron densities (n, ~1—15
x 103 cm™) which can be maintained for periods up
to a few seconds. The energetic electrons will ionize
atoms to various charge states. The dominant charge
state of an ion will be dependent on the reaction rates
for ionization and recombination. In general, hydro-
genic ions will dominate when T, ~ Z2Ey, where
Ey=13.6 eV is the ionization potential of hydrogen.
Figure 3 shows the temperature region where a signi-
ficant fraction (> 5%) of the atoms are ionized to a
hydrogenlike charge state.” For a large temperature
range, the fraction hydrogenic ions can be greater
than 5% with nZnx ~0.4n/*. The typical impurity
concentration »®'is ~ 1% of the electron density
though pure neon (Z =10) plasmas have been pro-
duced.!?

Excited-state ions will be formed due to electron
excitation impact of hydrogenic ions,

AZN(1S) +e~— A% (nl) +e 1)
and radiative electron recombination of fully stripped
ions,

AZ+e —A% Y nl) +hv . )
The metastable formation rate R, can be calculated
from the two processes!!'!2 with the result
Rys=(58x10°Z3+12%x107Z)n.(s") . (3)

The excitation rate of 2P levels is about 4R, and the
excitation of higher levels scale as ~ n~>. The meta-
stable state will decay radiatively (2E1 or M1 photon
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FIG. 3. Relative fraction of hydrogenlike ions as a func-
tion of electron temperature and nuclear charge.

emission) or due to collisions with electrons, protons,
or other ions. The largest collisional destruction rate
is due to proton- and ion-induced collisions, '?

281, —2Pp,

Alision =3 x 10~4Z 3y, (s7) . @

For a typical density (n,=10!* cm™), the natural de-
cay will be the dominant decay mode for Z > 8.
Thus a tokamak with even a small fraction of impuri-
ties (for Z =10, n;/n, ~1072, n,~10" cm™) can
produce a large metastable formation rate (~2 x 102
em™3sec™!) of slow (keV) ions which will decay
mainly radiatively.

A laser can be used to affect the metastable popu-
lation by driving electric dipole transitions between
the 2S and 2P levels. For modest laser power, the
fractional change Fin the 2S5 population can be writ-
ten as®

_ 2wt yypl rapl*t
i [(w—wp)? +(y,/2)%

where [ is the applied laser intensity, o the laser an-
gular frequency, wo the transition frequency, and 7 is
the interaction time which will be either 7,5 or d/v.
For slow high-Z ions, 7 = 7,,, and the fractional
change at resonance becomes

7
AL 1Wrem?) ©6)

F (%)

Flo=wp) =a
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where a =1 for the S,/,-P), transition and a =2 for
the S,/,-P;/; transition.

The signal Sis defined as the laser-induced change
in the 2.5 or 2P emission rate, S = R,,Feged’l, where
€4, 1S the detection efficiency and d?/is the effective
interaction volume. The noise will be assumed to be
shot noise arising from excited-state decay and the
bremsstrahlung continuum. The signal-to-noise ratio
for 1 sec, S/N, can be written as

FR,€4ed?l nf™!

- , (D
[Ros€qed (1 +C)nf~" + Bdeged? L]

S/N

where Cis the relative excited-state photon emission
from other states such as the 2P levels and cascades
(C ~4), Bis the bremsstrahlung emission, & the
detector bandwidth, and L an effective plasma diame-
ter. The bremsstrahlung continuum in a tokamak
plasma is typically

B ~10""exp(—E;/kT,) n2 photons cm > keV~!. (8)

Assuming that the filter and detector efficiency is
30% with a bandwidth of 15%,'* / ~10 cm, L ~ 60
cm, and the detector is at R =60 cm with an area
comparable to the laser beam, then the signal-to-
noise ratio can be approximated by

S/N =TaPn,f?7-135 9)

where fis the fraction of heavy atoms. One promis-
ing experiment is the measurement of AE — S inter-
val for Z =10 (neon) for which it is possible to ob-
tain high laser power (100-W, HF laser) and pure
neon plasmas (n, ~2 x10'3). This system would
provide a signal-to-noise ratio of 280 in 1 sec. The
statistical uncertainity in Af/f, will depend on S/N
and Q = f/Afnawra, Which for data obtained at the
steepest slope f/A fratural iS

Arl V2
fol..  Q(S/N) °

The above example would yield (Af/fo)sar
~1.2x107%in 1 sec.
The accuracy of the measurement will be depen-

stat.

dent on the above statistical uncertainity and the af-
fects of systematic shifts. In general, the sizes of the
systematic shifts are small due to the scaling of atom-
ic parameters with Z (e.g., r;p ~ Z7'). The following
systematic effects were investigated: first- and
second-order Doppler shift, v X B, Zeeman, hyperfine
splittings, plasma broadening, laser power slope, stray
E and B fields, and plasma-wave interactions. For a
typical tokamak plasma, only the effect of plasma
broadening and laser power slope will affect the line-
center determination greater than 1076 £, for z = 10.
The effect of electron and ion shifts can be calculated
using the impact approximation'® with the resultant
fractional shift d/S,

d 8x107 Vg,

E -~ W— ) (10)
which would be 7 X 107 for the neon example. An
unknown slope in the relative laser power, AP/Py,
will create an apparent shift,

4 (AP/PY)

So 80 '
which would produce an uncertainity in S of 7 x 10~°
if AP/Pyis known to 0.25%. These systematics
would limit the accuracy to ~10~*. Assuming 12
tokamak pulses per hour, the statistical uncertainty
would be at this level in ~— 24 h of data accumulation.

This method of measurement of the Lamb shift of
plasma ions would improve existing measurements by
about an order of magnitude. This would allow a
clear test of current calculations! 2 of the Lamb shift
which differ by 6 x 1073 at Z =10. It is possible that
such a precision high-Z Lamb-shift measurement
would allow the possibility of observing new and
unexpected phenomena arising from QED interac-
tions in the high-field regime.!®
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