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One-, two-, three-, and four-photon resonances in the 1V = 6, 7, and 9 states of He4+ have been observed with a
fast atomic beam. The locations, amplitudes, widths, and rf Stark shifts of these resonances are discussed
along with the prospects for exploiting multiphoton fast-beam spectroscopy as a means for measuring the fine
structure of He4+ to high precision.

Multiphoton rf spectroscopy provides a new tech-
nique for measuring fine-structure splittings, the
fine-structure constant, and radiative corrections
to hydrogenic atoms. ' To better assess the poten-
tial of this method, we have used it to measure
several splittings in He, ' where the fine structure
is unencumbered by hyperfine effects and remains
largely unexplored. The present paper reports the
first observation of two-, three-, and four-quan-
tum resonances in He4' and describes the basic
properties of these resonances. It is shown that
the positions, sizes, and shapes of these reso-
nances are in agreement with the predictions of a
simple, approximate treatment of the multiphoton
line shape.

When an atom is subjected to a strong rf electric
field, its temporal evolution can be described by
the semiclassical per turbing Hamiltonian

X' = eh r cosset .

Shirley' has shown that the dynamics of such a
system can be described by an infinite but static
"Floquet" Hamiltonian K~ whose basis states

l
n, p) are labeled by the usual atomic quantum

numbers a and an additional integer P. These
states are interpretable as product states of the
atomic system and a quantized rf field with mean
photon number N+p where N» 1. X~ has diagonal
elements

&n, p l K~ l
o., p) =E + phrs

and off-diagonal elements

&n, plx, lp, p*l&=-,'es &nl-lp&.

When the rf frequency u is such that the states
l

o.', p) and lp, p+n) are nearly degenerate, an n

quantum transition becomes possible providing the
resonant levels are coupled in any order. Diag-
onalization of 3C~ in this region reveals an "anti-
crossing" of the Floquet eigenvalues and a reso-
nant behavior in the atomic transition probabil-
ities that can be described by this procedure to
arbitrary pr ecision.

In cases where the anticrossed states are well
isolated in energy from the other Floquet states,
an adequate description of the resonance can be
obtained from an effective two-level Hamiltonian'

where

q'=
l
V 8 l'+ —,'(nv —vf)',

vg = (v + &v ) —(v8+ Lv 8) .

The observations reported here were obtained
with the apparatus of Fig. 1. He" ions, acceler-
ated through 80 kV, pass through a differentially
pumped gas target to emerge as fast excited He'
ions. After traversing a short drift region, the
ions pass through a parallel-plate capacitor across
which is applied an rf electric field with peak am-
plitude of 0-20 Vjcm. The rf capacitor is matched
to and inserted into a 50-0 transmission line so
that the rf amplitude may be inferred from the
power transmitted through the plates. After
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K„,=h
V z vz+~vz+nv

where &v and ~v& represent shifts in the energies
of the states produced by nonresonant interaction
with distant Floquet states, and V ~ is the lowest-
order coupling between the resonant levels. Near
a resonance, 4v, 4v&, and V 8 can be evaluated
in terms of the rf field 8 using elementary time-
independent perturbation theory. If we assume
that an rf field of uniform amplitude is applied
for a time T, and that the radiative lifetimes of
the resonant levels are negligible on this time
scale, the atomic transition probability is given by

P 8(T) = (
I V,B l'/q') sin'2wqT, (l)
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TABLE I. Observed resonances and results of present work. The frequencies in column 4 represent 1/n of the total
theoretical splittings, while the frequencies in column 5 are weighted averages over the components in each resonant
complex. Column 6 includes the experimentally determined zero-field fine structure derived from the extrapolation
procedure described in the text. Columns 8 and 9 compare calculated and measured rf Stark shifts.

Number
of

Resonance photons Transition
v theory
(MHz)

Weighted

theory

(MHz)
vexpt

(MHz)

Theor etic al
6 v shift rate

(MHz) (MHz cm /V )

Exper imental
shift rate

(MHzcm /V2)

6I"
g/2

-6Gg/2

6 Gy/2-6Hg/2

648.21 (9)
649.00 (3)

7Pgp-7 Ggp
7D3 /2

-7Hg/p

815.42 (2)
817.48 (3)

6D5/2-6H(tp 720.10(4)

9P1/2-9Hg/2 769.37 (4)

648.80 (20)

720.10(4) 720.4(10) + 0.08

769.37 (4) 774.3(40) + 2.1 6

816.97(51) 817.6(12) + 0.03

0.017(8)

0.074 (2)

0.036(2)

0.020(2)

0.068(11)

0.039(4)

6D)/2-6 Gg/2

6E 5/~ -6Hg/~

864.02 (6)
865.36(4)

865.03(34) 864 ~ 3(7) —0.32 0.024 (3) 0.027(3)
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FIG. 3. Normalized relative amplitudes and nx (full
width at half-maximum)of five resonances as a function
of the average coupl. ing strength V~8 for each compl. ex.

lations of Erickson, ' as represented by columns 4
and 5 of Table I. The errors shown in column 6
are statistical only and do not include a systematic
uncertainty estimated to be +1 MHz.

The fits of both the experimental and theoretical
center frequencies to Eq. (2) also provided a. test
of the shift calculations. The excellent agreement
between the shift coefficients k in columns 8 and 9
indicates that the Floquet formalism is able to
describe these rf Stark shifts from first principles.

The fits to the spectra of Fig. 1 also yielded in-
formation on the amplitudes and widths of the in-
dividual resonances. To the extent that the natural
widths of the resonances are negligible, ' Eq. (1)
suggests that the amplitudes and widths should
scale as a simple function of the average effective
coupling strength V ~ for each resonance. Both
curves in Fig. 3 are consistent with these relation-

ships implied by Eq. (1) if one assumes an effective
transit time T through the rf plates of 14 nsec. '
Of course a more rigorous description of the reso-
nant line shape must take account of the approxi-
mations underlying Eq. (1).

Of the resonances studied here, only resonance
3 consists of a single component. Resonance 2 is
a superposition of three simple resonances
(~M~

~

= ~l~
~

=-, , —,', and —,), each of which shifts
at a different rate, though all extrapolate to the
same zero-field interval. Resonances 1, 4, and 5
add a second complication, a near degeneracy be-
tween resonances corresponding to different L
values. In all cases, the relative weights of the
various simple resonances in the superposition
are poorly understood, fundamentally owing to un-
certainty in the M~ and L dependence of charge
exchange cross sections. These complications are
the major cause of the theoretical uncertainties in
columns 5 and 8 of Table I.

The measured fine-structure intervals shown in
Table I do not by any means represent the full po-
tential of this technique for precision work. The
real advantage of the multiquantum technique in the
study of hydrogenic fine structures is the avail-
ability of transitions of very high Q [(transition
frequency)/(natural width)]. The three-quantum
4S] / 2 4F / p transition, for examp le, has a natural
Q = 1350 and consists of a single component that
would be free of complications due to multiple
lines. These facts suggest that this interval might
be measured to a few parts in 10' by this tech-
nique. Such a measurement could be used to ob-
tain the radiative shift of the 4Sz/2 level in He4'
with a precision considerably greater tha. n that
presently available in any hydrogenic system.
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~Other broadening mechanisms include power broadening
and transit-time broadening due to short interaction
times T during which the rf field is active. These me-
cW»sms are predominant in the present work.

Although the ions remain within the physical dimensions
of the capacitor for only 11 nsec, fringing of the rf
fields is sufficient to lengthen the effective transit time
to about 14 nsec.


