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We study experimentally and theoretically how the polarization of a 9.904 GHz field affects threshold
amplitudes for many-photon “ionization” of, = 70,...,98 H atoms. That peak-field thresholds
for circular polarization ardower than for linear polarization (with those for elliptical polarization
intermediate) in the main resonance zone is a consequence of a time-scale separation in the 3D dynamics
there. When an amplitude scaling relationship given by the theory is used, the experimental data confirm
that, near onset, the scaled ionization thresholds are approximately independent of polarization.

PACS numbers: 32.80.Rm, 05.45.+b, 42.50.Hz

The polarization of an intense electromagnetic fieldClassically, an approximate resonance analysis led to a
can strongly influence atomic ionization when many pho-conclusion that the onset of ionization for H atoms driven
tons must be absorbed. In a perturbation expansioatw = wg by a CP field would occur at a peak amplitude
polarization-dependent electric dipole selection rules deestimated to be 1.5-2 times below that for an LP field [9].
termine pathways through unperturbed states, so small Unlike the LP and CP cases, the elliptically polarized
changes in polarization may dramatically vary the ion-(EP) case has no integrals of the motion: It has three de-
ization rate for fixed peak-field amplitude. Except for grees of freedom and is not conservative. Moreover, the
the case [1] of few-photor{<3) ionization dominated case that interests us here, that of very many unperturbed
by a resonance between intermediate bound states, eadiates being strongly coupled, is unlikely to be amenable
optical [2] and microwave [3] experiments, using atomsto any simple selection rule analysis for LP vs CP vs EP
in initial states|ng, £, m) with low values of the angu- driving. To tackle this difficult problem we consider fre-
lar momentum(¢ = 2) and a driving frequencyw <«  quencies at which the dynamics of H atoms in LP fields is
(Eny+1 — En,)/h, showed that many-photof=11) ion-  dominated by the main classical resonance, at which the
ization by a circularly polarized (CP) field required scaled frequenc¥)y = w/wx = 1, so the LP dynam-
significantly larger peak-field amplitudes than a linearlyics can be locally approximated by a 1D pendulumlike
polarized (LP) field. A smaller effective quantal density Hamiltonian that elucidates much of the physics. Here
of participating, unperturbed states in CP fields was usedie demonstrate how this resonance dynamics, extended
to explain [4] these many-photon results: The monotonido the 3D case, also allows one to understand the simi-
change of the azimuthal quantum numbewith each ab- larity of ionization of atoms by CP and EP fields when
sorbed photon forces an eventual monotonic increage in )y = 1.
whereas in LP the\m = 0 selection rule does not seri-  In our experiment we used established techniques [10]
ously constrain the upward and downward movement ifio prepare, via two-step laser excitation, a 14.6 keV
€ permitted by theA¢ = =1 selection rule. Classically, beam of H atoms in a uniform distribution of substates
guasistatic pictures including effects of frame rotation andvith given principal quantum numbet, in the range
an angular momentum barrier were used [5,6] to explaiff0,...,98. The beam was collimated to 0.21 cm before
the microwave ionization results. Nevertheless, thesentering the 9.904 GHz microwave field inside a JE
explanations are all “rules of thumb,” applicable only to mode cylindrical brass cavity [1]. Atoms that were not
particular cases. They have no universal validity. In &fionized” by the microwave field, i.e., neither ionized nor
succinct description of our limited knowledge a recentexcited to final bound states above arcutoff [10,11],
review [7] states, “the matter of polarization...is morend = 110 (determined by a 3.83 Xém static electric
complicated than previously realized.” field that was entirely outside the cavity, the stray static

All CP experiments and most theories to date havdield inside the cavity being at least 2@mes smaller),
focused on fields with frequency less than the atomic were detected downstream via microwave ionization in
Kepler frequencywg. (The energyiwg is near the mean a voltage-labeled Tk, mode rectilinear cavity. We
of the An = =1 unperturbed energy splittings.) When interpret the measured survival probability Bs- Pjn,
w/wg < 1, a quasistatic view should be applicable if where P;,, is the “ionization” probability [10,11].
narrow quantal resonances [8] are avoided. At higher Microwave power entered the cavity via two
frequencies dynamics should play an important roleoff-axis slits in the entrance end cap, allowing
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excitation of two spatially orthogonal, frequency- a 0.10 ' . . . '

degenerate, LP modes to create the on-axis fleldg 9 b4 o 1
F(r) = A() FRasin(wr) + §sin(wr + §)), where = 0.08 [ ; '
A(t) describes the half-sine, 153 cycle, microwave pulsé
envelope experienced by the atoms traversing the cavitg 0.06 || | $3g4 4’ s N 1
Note that the ratiaf/ F of the peak amplitudé€ to the '§ L " 1 v ]
amplitude F of the j component depends on polarization & 5 0.04| N e/ LP (0.5)
through the parametews and 8, where0 = o =< 1 and = i ° g‘;g’,g ®
0 = 6 = 90°. The output of a synthesized source [12(a)]=3 0.02 .

passed through a switch [12(b)] was amplified [12(c)] ¢.07
and split [12(d)] approximately equally into two arms. g
Before entering the vacuum system and the cavity, thgd
microwaves could be attenuated [12(e)] in one arm ane 0.05
phase shifted [12(f)] in the other arm. With the vacuum§
system open to air we used a polarization sensitiveé
detector to sample the cavity field leaking out the exit&: 0-03 |

end-cap hole so that we could adjust tuning screws in th@ I r on ®
side walls to minimize the frequency splitting (170 kHz) & e cPO1)

and cross coupling of the two modes [13]. Setting the %% —06 07 08 09 10 11 12 13 14
relative amplitude and phase of the two modesvte= 1 Scaled Frequency Q, (for 9.904 GHz)
andé = 90°, respectively, would achieve CP. In practice o )
we could use the atoms to fine-tune to CP [14]; this gavéC; 1. ~Frequency and polarization dependence of experimen-
o o al “ionization” peak-fieldthresholds (filled symbolspP;,, =
a =1.00 = 0.05 and 6 = 90° = 1°. We created EP, . gpen symbolspi,, = 0.5) for H(no = 70, ..,98) atoms.
while keeping- constant, by reducing t0 0.263 = 0.016
via a variable attenuator [12(e)]; we kept= 90° by
adjusting the phase shifter [12(f)] to null a measutéd Figure 2 compares thé&,(0.1) and Fy(0.5) data with
phase shift introduced by the attenuation. Alternatively3D classical Monte Carlo (3D CL) calculations for CP,
we could have setr = 1 and variedd, in which case EP, and LP that modeled [16] all important features of
the peak amplitude would become a function&fbut  the experiment, including the uniform distribution of ini-
the field intensity (photons/sec ) would remain fixed. tlal substates, the pulse envelopéy), and then cutoff,
We created LP by extinguishing the power in one armnd. Note the relatively good agreement of the data with
(a = 0.0002). the classical simulations for all polarizations. There are
Using the classically scaled [10,15] amplitudg =  also local disagreements that have been explained previ-
ngF and frequencyQ, = now (unless otherwise noted, ously for LP [17-21], especially the enhanced, nonclas-
we use atomic units) andy(X) for the peak-field am- sical, local stability of the data over 3D CL simulations
plitude at whichP;,, = X; Fig. 1(a) [1(b)] presents the near{), = 0.82 and 1.35. Indeed, Ref. [21] used super-
Fo(0.1) [Fo(0.5)] data. The experimental error bars indi- computer calculations &2, = 1.304 to demonstrate nu-
cate the highest and lowest values we ever obtained fanerically the near “eternal” lifetime of such (separatrix)
that point from several (3—8) ionization curves taken forelectronic wave packets for excited 3D H atoms driven
each value ofng and polarization; symbols are at eachby an LP field. The present CP and EP data, particularly
mean value. That the LP thresholds are systematicall{he F(0.5) data in Figs. 1(b), 2(a), and 2(b), also seem
a factor of 1.1 to 2 above previous 9.9 GHz LP datato exhibit (though a bit less strongly) the nonclassical lo-
[10] must be a consequence of both the highérand  cal stability shown previously for LP [17—-20] to be caused
shorter interaction times in the present experiment. Howby quantal separatrix states of the main resonance island.
ever, the similar dependences B§ vs () in Figs. 1(a) That this phenomenon seems to be unchanged by variations
and 1(b) imply that the qualitative effect of the reso-inthe polarization of the strong driving field is an important
nance island on the mean dynamics is independent afew result calling for 3D quantal calculations [21-23] and
polarization. But note that for the values 6f, shown theory.
all CP Fy(0.1) thresholds in Fig. 1(a) [and nearly all CP  In Fig. 3 we replot the experimental data from Fig. 1,
Fo(0.5) thresholds in Fig. 1(b)] lidbelow corresponding using a field parametrized with amplitudg for « =
LP thresholds, with EP thresholds lying between theml and variabled. For our [LP] {EP} (CP) data, this
To our knowledge this is the first experimental observa-F is [1/+/2] {1/1.26} (1.00) times the peak amplitude
tion of theenhancemenvf many-photon ionization (i.e., F. The plots of the classically scaled thresholffs =
lower thresholds) by CP. Here the minimum number ofng F(X) vs Qq in Fig. 3 areinsensitive to polarization
photons needed to excite the atoms fragto abovend near the main resonance for lo, e.g., forQy > 0.63
ranges from about 41 for, = 70 to about 8 fomg = 98.  the F(0.1) thresholds are nearly identical for LP, EP, and
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FIG. 2. The same data shown in Fig. 1 compared with the ) o
results of 3D classical Monte Carlo simulations (dotted lines)\where® = (6;, 6,11, 1,,), Ir is the value of the principal

for (a) CP, (b) EP, (c) LP. action satisfyingw = wx(g), and (g, p) are simply
related to the variables describing the motion around the
Kepler ellipse. Reference [25] analyzes motion produced

CP. However, this agreement persists only uXte= 0.3; by a Hamiltonian similar toK,, and Ref. [24] shows
at X = 0.5 the CP thresholds are systematically higher. thatH, is an approximate adiabatic invariant and that the

Encouraged by the agreement of the data with classicalariables® vary more slowly thar(g, p) which, in turn,
simulations, and realizing that the high valuesgand in-  vary more slowly thank;. Moreover, H, is relatively
herent 3D nature of this problem strain the most advancedieakly dependent upoa, the field ellipticity; the mean
quantal computations [21-23], we have developed a clasf H? over a microcanonical distribution is independent
sical theory to explain our results; Ref. [16] will give all of §.
details. Here we provide only a very brief qualitative ex- The slowly varying field envelope adds the final, and
planation of why classical dynamics leads to the invariancalowest, time scale that is important to the ionization dy-
of F,(X) with respect to polarization, observed fir=  namics [26]. Including its effect we can, e.g., estimate
0.3, and how the main resonance causes it. The dynamidbe ionization threshold at the minimum ¢ (X) near
of the 3D hydrogen atom is determined by the Hamilton-Qy = 0.8. For ) < 1 the first orbits to ionize agy in-
ian H = p?/2 — 1/r + r - F(t), whereF(¢) was given creases satisfy two conditions [19]: (i) They adiabatically
earlier. On using the unperturbeR,= 0, angle-action switch onto the separatrix &, as A(r) slowly increases
variables(6,, 6;, 0, I, 1;, I,,) [24], we can show that near from 0 to 1. (ii) The amplitudef, must be large enough
the principal resonance, whete= wg(1,), becaus®, =  for the first({}y = 1) and second{(}, = 2) resonance is-
wg the system has three distinctly different dynamical timelands to touch: this is the Chirikov overlap criterion [27].
scales: Fastest is the field variation, slowest is the chand¥hen (i) is satisfied, the initial phase points gradually
ing orientation of the Kepler ellipse, and intermediate is themove onto the separatrix &, and then wind around the
change ip,. If follows (see [16]) that forw = wk there  edge of the resonance island. The presendé afonverts
is a canonical representation in which the Hamiltonian haseparatrices into stable and unstable manifolds. When (ii)
the formK = K, + Ky, whereK; is a rapidly varying is satisfied, a proportion of orbits transfers to the unstable
part that causes the escape from the regular, slow motiamanifold of the(), = 2 island and subsequently to higher
due tok,. actions that easily ionize.

The slow HamiltonianK,, may be approximated by = These two conditions provide estimates for the fre-
one similar to that of a plane vertical pendulum subject toquency of minimum threshold, ne&t, = 0.8, and also
gravity, with a “gravitational” coefficient that is a function the critical values off; at which ionization first occurs,
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Fo (0, 6); Ref. [16] will give details. Since the variables [6] P. Kappertz and M. Nauenberg, Phys. Rev4A 4749

O are slowly varying functions of time, the minimum of (1993).

this function gives an estimate of the critical field. We [7] H.R. Reiss, Prog. Quant. Elet6, 1 (1992); see p. 46.
find that this minimum is only weakly dependent uppn  [8] P-A. Dando and D. Richards, J. Phys28, 3001 (1993).
As & increases from 0 ter /2, min[ (0, §)] decreases [9] N.. B. Delone, B. P. Krainov, and D. L. Shepelyansky, Usp.
monotonically from about 0.014 to 0.011 af from Fl';éé\'a“k' 140 355 (1983) [Sov. Phys. Us26, 551
0.78 to 0.77. In the 3D CL simulations the minimum of ., . G989k

- - [10] P.M. Koch and K. A.H. L , Phys. R
Fo0(0.1) decreases from 0.016 to 0.014, a statistically |n-[ ] 289 (19%%)_ an van Leeuwen, Phys. Re53

significant change, anf; = 0.8, for all 5. _ [11] E.J. Galvezt al., Phys. Rev. Lett61, 2011 (1988).

In summary, our analysis using the approximate pen;12] (a) Gigatronics 900; (b) HP 8761A; (c) Miteq AFD4-
dulumlike Hamiltoniank, gives a theoretical explana- 080180-2P and Hughes 1277 03F000; (d) Narda 3456-2;
tion for the insensitivity to polarization displayed in (e) Narda 4799 and HP X382A; and (f) Wiltron 3114.

Fig. 3 of Fo(X = 0.1) ionization thresholds. We close [13] G. Ragan,Microwave Transmission Circuit¢gMcGraw-

with two conclusions: (i) We deduce that the pendulum-  Hill, New York, 1948).

like resonance is much more important in governing thd14] For “large” Pio,, say Pio, = 0.8, our measured CP peak-

strong-field dynamics of the atom than is the cumulative field t.hr.esholds were systematically larger than those for

effect of polarization-dependent selection rules that deter- 'S‘;Slre'v'srlgté%e”r?t Tof%r;{a’lgf'vglﬁg:;? n;i'é%?%i“d‘

Becauss such resonances are goneri foatures of mixed 1% 95) Becalse o hese parameters, smal departres
! from CP to EP lowered the larg®;,, threshold, we

phase-space classical systems and have a clear quantal ,seq this dependence, usually faf = 58, to fine-tune

analog [19,20,28,29], this result should not be regarded as  the polarization to CP. This is similar to the method

a special case. ltis interesting to ask what determines the  used with alkali atoms in [3,5] and with H atoms in M.

boundaries of the influence of this resonance. We tenta- Bellermannet al., Bull. Am. Phys. Soc29, 1120 (1994);

tively conclude that the marked divergence of the thresh- 40, 1282 (1995).

olds for different polarization in Fig. 3 af)y, = 0.63  [15] J.G. Leopold and I.C. Percival, J. Phys. B, 709

is the signature of its lower boundary, but analysis to (1979). _

demonstrate this theoretically must be left for future work.[16] D. Richards (to be published).

(ii) At higher scaled frequencie$), > 2, classical reso- [17] g' E. fatl:%% I\Ilégévvl.gggllermann, and P.M. Koch, Phys.

nance analysis leads us to believe that the clasgigdt) [18] L.e;irkg ét ai. PhysF R ev.).Lett71 2895 (1993).

thresholds are mde_pendent of the polarlzatl_on for fow [19] J.G. Leopold and D. Richard,s, J. Phys. B, 2169

this has been confirmed by 3D CL calculations [16], but ~ (1994).

bearing in mind the significant differences between clasf20] L. Sirko and P.M. Koch, Appl. Phys. B60, S195

sical and quantal LP dynamics whék, > 2 [11,30,31], (1995).
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