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Very narrow saturated double-quantum transitions (2 S-3 S,3 D) have been observed for
atomic H in a He-H2 dc discharge using rf and a cw dye laser. The H 3P3i2-3D3i2 Lamb
shift has been measured directly by comparing single- and double-quantum saturation sig-
nals to be —5.5{0.9) MHz, confirmI~~ that 3D+2 lies lower than the 3P3i2 state. Further
applications of the method are discussed.

Saturation spectroscopy" in hydrogen using discharge, the double-quantum transitions can
single-photon transitions is limited in resolution readily be observed with the convenient detection
by the natural lifetime of the broad resonant P method of saturation or polarization spectroscopy,
levels. Double-quantum transitions between the i.e., as a change in the transmitted laser-probe-
longer-lived 'S or 'D levels, however, will in beam intensity or polarization. Narrow transi-
principle be narrower by more than one order of tions have a1.so been observed in hydrogen with a
magnitude, e.g. , by a factor of 30 for 2 S-3 S purely radio-frequency double -quantum method
compared to the intermediate 2'S-3'I' transitions, resulting in a precise determination of the 3S~,-
as has been pointed out several years ago. ' More 3D,i, separation. '
general theoretical analyses of saturated double- The experimental setup is shown in Fig. 1. A
quantum transitions using lasers had been worked single-mode cw dye laser (Coherent Inc. Model
out even earlier. ' 599, Rhodamine 101 dye) pumped by the 566.2-

We have demonstrated the feasibility of Doppler- nm line of a Kr laser (Spectra-Physics Model
free double-quantum saturation spectroscopy 171) provides 50 mW at H, X =656.3 nm, with a
(DQS) of atomic hydrogen using saturated, polar- bandwidth of about 1 MHz. A wide discharge
ized absorption' for the optical transitions 2sS- tube (5.5 cm i.d.) without wall coating filled with
n'P, n 3, and -a simultaneous rf or microwave a He-H, (1 to 15%) mixture is used to generate
transition [n'P-n'S (-nsD)]. This method is a the metastable H~(2s) atoms. It has several ad-
practicable alternative to the not yet accom- vantages compared to a, conventional narrow (1-
plished possibility of infrared two-photon spec- cm-diam) Wood's discharge tube with pure H,
troscopy of excited 'S ('D) hydrogenic states. It and a wall coating of P,O, and H,O. The H polar-
has the advantage that very low laser intensities ization signals are of similar strength for dis-
(s.g. , &20 mW/cm' for H D„2,S,-IP3&,) are charge current densities lower by more than a
sufficient to saturate the optical transition. With factor of 3. With currents of 50 to 500 mA pro-
the high absorption attainable in the He-H, dc vided by a hot cathode, H*(2s) densities of 10 /
940 1978 The American Physical Society
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FIG. 1. Experimental setup for double-quantum satu-
ration spectroscopy of atomic hydrogen in a He-H2 dc
discharge.
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t 10"/cm' are obtained. The axial elec-
tric field in the positive column measure w

rt is about onetwo probe electrodes 14 cm apar is
or er o md f magnitude smaller than in the Wood's

cm at 0.015tube. The field ranges from 0.9 V/cm a
Torr to 4.7 V/cm at 1.5 Torr, the usable pres-
sure range.e. The small radial field gradient o
~ 0.3 V/cm for a 1-cm radius from the tube axis
makes it possible to expand the laser beam to
0.7 cm diam with telescopes enclosing the two
polar lzer s ( lg~(F' 1) reducing the dynamic Stark

0 1 MHz The He-H discharge shows2

e andalmost no interdependence between pressure an
current for currents above 50 mA, at which cur-

th H is completely dissociated in the mid-
dle of the tube. Thus the shift and broadening ue
to the buffer gas density and induced by the micro-
scopic and macroscopic electric fields in the dis-
charge can be measured separately. '

A two-wire rf transmission line is sus-An open
pended in the middle of the positive column of the
discharge and serves to induce the rf or micro-
wave transitions. The small structure (0.1-cm-
diam stee w1res,1 1 cm apart and covered with
0.2-cm-diam quartz tubes) disturbs the electric
field in the positive column very little anand thus
the rf or microwaves can penetrate the quasi
plasma between them.

Double-quantum transitions 2'S-3'S (-3'D) can
be observed with lockin detection by means of

use of the low-background saturated polarization
method 2 double-quantum transitions (Fig. 2) are

t ed with a signal-to-noise ratio comp arable
ls. Am li-to the single-photon polarization signa s. mp

tude modulation of the rf (271 MHz) already re-
sults in a completely resolved dispersion-shaped
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FIG. 2, Saturated double-quantum transxtxons m.

atomic hydrogen (a) 28&y2-3Sg(2 and (b) 2S)/2-3D3/2 ob-
tained arith polarization spectroscopy an pd am litude
modulation o e r .of the rf. The experimental conditions are
(a) vf f =271 MHz, PHe H=0.06 Torr, discharge curren
200 mA- (b) v f = 12.3 MHz, and data in Table I.y 1'f

double-quantum resonance signal 2S»=1
=1 38 E=0) in hydrogen of less than-3&h 2~» = — u2

20 MHz width since the rf transition 3P„„F=
-3S „»=0 is forbidden. Therefore no cross-
over signal occurs and the 3 z2 p

h'2~

P hfs s litting of
17.6 MHz is resolved. Taking the derivative by
frequency modulating the rf, the linewidth is re-

comparison, the width of the single-photon transi-
tion 2S -3P for the same conditions as in
Flg, 2a~ ls ~72 MHz As a test a preliminary
value for the 3Sg2 3P~g2 Lamb shift is deter-
mined to be —316(2) MHz, which is in agreement

8'th microwave measurements.Wl

-3B LambFor the determination of the 3P»-3B»
shift, the frequency difference of single- and
double-quantum transitions (Table I) is also
measured in reference to frequency markers of
a 1-m confocal interferometer cavity which is
evacuated and highly temperature stabilized. The
observed splitting of the I'» and D„, levels is
almost one order of magnitude smaller than the

state for the experimental conditions [Fig. 2(b) .
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TABLE I. Lamb shift (3P3y2-3D&y2) in hydrogen,

Measured frequency difference
D2 (2S (/2-3P3/2) —(2Sg/2-3D 3/2)

—11.0(0.7) MHz

Systematic corrections
Electric field [2,23(3) V/cm]
Discharge current (300 mA)
Pressure tHe-H2(15'); 0.06 Torr]
rf power (0.5 W)
Unresolved, partly decoupled hfs

Lamb shift H 3P3/g-3D3/2
Exp t,

Theor.

+3.9(0.3) MHz
+1.2(0.2) MHz
—0.2(0.1) MHz
+0.3(0.2) MHz
+0.3(0.3) MHz

—5.5(0.9) MHz (this work)
—5(10) Maz (Ref. 12)
—5(4) MHz (Ref. 13 )
—5.335(1) MHz (Ref. 11)

For the corrections the shifts are given with changed sign.
In this paper another value of —5.88(65) MHz is given which is ob-

tained from the combination of the measured values for 3S(/2-3D5/2 (Ref.
13) and 3S&/2-3P &/q (Ref. 8) and theoretical values for the two fine-struc-
ture splittings 3P &/2-3P3/2 and 3D3/2-3D5/2 (Ref. 11). This procedure does
not result in an experimental or true determination of the 3P 3/2-3D3/2
Lamb shift, since this shift is already included in the theoretical values
for the fine-structure splittings (Ref. 11).

Therefore, two resonance conditions are possible
for the double-quantum transition: the sum and
the difference of the laser and the radio frequen-
cies. Since these two resonances cannot be re-
solved for radio frequencies &, f smaller than the
P» F%HM, the superposition of both will result
to a good approximation in a single signal cen-
tered at the middle of the D„, state independent
of ~p f Furthermore the width of the signal will
increase by 2 times v, f because the two superim-
posed transitions will move apart by this amount.
Both of these features are observed for the dou-
ble-quantum transition 2$~,-3D~, as is shown in
Fig. 3.

Several systematic corrections (Table I) have
been carefully determined by taking more than
three hundred saturation signals. The largest
correction is the Stark shift due to the macro-
scopic dc electric field in the discharge which
can be easily measured to the given accuracy. '
To make allowance for the uncertainty due to a
smaO asymmetry of the single-photon P2 signal,
originating from a signal contribution of a P»-
state admixture to the D» level, the statistical
error of && (3P,~, -SD») in Fig. 3(a) of + 0,45
MHz is increased to ~ 0.7 MHz. The effect of the
D»-state admixture to the P» level is complete-
ly negligible. The gas-discharge shift due to the
microscopic electric fields of the charged par-
ticles and the pressure shift are the differences
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FIG. 3. (a) Frequency difference Av of the H„D2
2Sg/2-3P3/& line and the 2S&/2-3D3/2 double-quantum
resonance and (b) the FWHM of the latter as a function
of the radio frequency v, g.

in the shifts for the single-photon and the double-
quantum transitions.

For the pressure range of 0.06-0.2 Torr used,
the hfs of the 3P» and 3D» states are partly de-
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coupled by collisions with the buffer-gas atoms.
The degree and the effect of the hfs decoupling
is difficult to establish for the two J = 2 states in-
volved. ' Therefore the maximum frequency dif-
ference of 0.6 MHz in the two limits of coupled
or uncoupled hfs is included in the systematic
corrections. The final value of —5.5(0.9) MHz
is in good agreement with the theory" and is
more than a factor of 4 more accurate than pre-
vious measurements. ' '"

In addition to this direct determination of the
H 3P», -3D» Lamb shift the described DQS meth-
od has several further applications. For the
measurement of fine-structure splittings of n - 3
hydrogen states it can in principle compete in
accuracy with microwave measurements, par-
ticularly if one can make use of the population in-
version discussed below. An improved value for
the electron-proton mass ratio can be obtained
from a determination of the H-D isotope shift at
an uncertainty level of less than 0.2 MHz. The
nuclear size effects are smaller by a factor of 8
in the case of the 228-3'S compared to the 1'S-
2'S transition. A new value of the Rydberg con-
stant'4 can be determined from both the H and
D~ lines because the deuterium 2'S and 3 S hfs
can be resolved by double-quantum saturation
spectroscopy. Pressure and plasma shift and
broadening of the hydrogen 3 S and 3 D levels
can be more easily and accurately investigated
than with normal saturation spectroscopy. A

complete set of these data for all n =2 and n =3
levels in hydrogen is of particular interest for the
theoretical interpretation of the pressure shift in
He and other buffer gases. ' Laser-rf double-
quantum spectroscopy of hydrogenic ions or high
Rydberg states of other neutral or charged atoms
seems to be feasible as well.

For further improvement of the precision in-
herent in this method it may be desirable to re-
place the discharge by a beam of metastable hy-
drogen atoms. With the present technique the ac-
curacy can be improved considerably by running
the He-Ha discharge at pressures P &0.01 Torr
for which the dc electric field drops well below
1V/cm, and both the pressure- and current-shift
corrections are much smaller than at higher
pressures. With a more highly emitting dispen-
ser cathode than the one used, discharges can be
maintained at even lower pressures. Prelimi-
nary test measurements for a He-H, (1/o) gas
mixture indicate that a population inversion of,
e.g. , the O'S or O'D levels over the 2'P» state
may be achievable by means of double-quantum

transitions atP &0.01 Torr. With sufficiently
high gain, an rf-induced H laser may be pos-
sible with potential use in precision experiments.
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A classical theory gives excellent agreement with the Bayfield-Koch experiment on

microwave ionization of Rydberg hydrogen atoms. The time dependence of excitation and

ionization is presented, and classical trajectories are divided into four significant cate-
gories. The results suggest that nonresonant laser ionization of atoms in states of low

quantum number can also take place as a result of extremely high-order processes with

large numbers of intermediate states of excitation.

In the recent experiments of Bayfield and Koch'
and of Hayfield, Gardner, and Koch' beams of
highly excited hydrogen atoms were passed
through a microwave cavity. The probability of
ionization was measured' and excitation to states
higher than the initial states detected. ' The ex-
periments were suggested by them to be a useful
scaled model of laser ionization of atoms in low
states.

Their experimental results can be summarized
as follows: (EX1) For given field frequency (i.e. ,
microwave) the ionization probability rises from
zero to unity with increasing field strength. Con-
siderable ionization is observed even when the
peak electric field strength is small by compari-
son with the static electric field strength needed
to ionize the atom. (EX2) The ionization proba-
bility depends on the field frequency ~„.
(EX3) Multiphoton excitations take place.

It is clear that very large numbers of quantum
states are involved. The usual theories of laser
ionization' have not been applied. The Keldysh
dynamic barrier-penetration theory4" is clearly
inadequate because barrier penetration decreases
approximately as exp(-n) and is utterly negligible
for n =66. However the parameter y introduced
by Keldysh has a classical interpretation which
is important in this Letter.

In our theory both atom and microwave field
are treated classically and the magnetic effects
of the field neglected. While the atom is in the
interior of the microwave cavity its electron
moves in a classical orbit satisfying Hamilton's

equations with the Hamiltonian function

II(r, p) = &' r '+ zE,„cos~t,
where r is the position and p the momentum of
the electron and units have been chosen for which
the charge and mass of the electron are unity.
Entry to and exit from the cavity are represented
by adiabatic increase and decrease of the envel-
ope of the oscillating field.

The initial conditions are chosen by a Monte
Carlo method from a classical microcanonical
distribution corresponding to equal population of
the degenerate (l, m) states of a given n. The
equations of motion are solved by stepwise nu-
merical integration. Details of the method and
checking procedures are given by Leopold and
Percival. ' The theory and method were both
adapted from well-tried procedures for collision
processes. '

The method was subject to the following errors:
(El) The precise conditions of the laboratory ex-
periment, such as the initial distribution over
(l, m) states produced by charge transfer, and
the form of the rise and fall of the microwave
field, were not known. (E2) The quantized atom
and field are represented by a classical model.
(E3) There are errors in computation, mainly in-
adequate statistics.

Experimental results without errors El were
unavoidable to us, the errors E3 are probably
slightly smaller, and the errors E2 are certain-
ly completely negligible by comparison. Thus
the theoretical model adequately represents the

944 1978 The American Fhysical Society


