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Phase dependent electron-ion recombination in a microwave field
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Using ps laser photoionization of Li in a microwave field we have observed phase dependent
reccombination of the photoelectrons with their parent Li™ ions. Recombination occurs at phases of
the microwave field such that energy is removed from the photoelectron in the first microwave cycle
after excitation, and there are two maxima in the recombination in each microwave cycle. These
observations are consistent with observations made using an attosecond pulse train phase locked
to an infrared pulse and with the ”simpleman’s” model, modified to account for the fact that the
photoelectrons are produced in a coulomb potential.

PACS numbers: 78.60.-b,32.80.Rm,32.80.Rm

Short wavelength XUV attosecond pulses phase syn-
chronized with infrared (IR) laser fields can be used
to both characterize the field of the infrared pulse and
to create electronic wavepackets under controllable con-
ditions [1-3]. In contrast to forming a continuum
wavepacket with the IR alone, which usually produces
near zero energy electrons, at the temporal peak of the
IR field, excitation by an XUV pulse in the presence of
an IR field can produce an electronic wavepacket at any
energy and phase of the IR field. Furthermore, the IR
field does not have to be so strong that it significantly
alters the atomic potential.

Elegant examples of the use of phase synchronized
pulses are the experiments of Johnsson et al. and Rani-
tovic et al., who ionized He atoms with attosecond XUV
pulse trains synchronized with IR fields [2, 3]. The XUV
photons alone are not energetic enough to photoionize
He. However, if the XUV pulse arrives when the IR field
is present, ionization is possible, and it exhibits a clear
dependence on the phase of the IR field at which the
XUV excitation occurrs. For future use it is convenient
to label the XUV field the high frequency field and the IR
field the low frequency field. The essential physics behind
such phenomena is often described by the classical sim-
pleman’s model, in which the electron is assumed to be
created in a flat potential and gains energy from or loses
it to the low frequency field. The simpleman’s model
was originally developed to describe above threshold ion-
ization (ATI) [4-6], and it is an excellent approximation
in cases in which there is high frequency excitation far
above the ionization limit or very strong low frequency
fields [1, 7-9]. In these terms the excitation of He occurs
at an IR phase such that the He electron gains energy
from the IR field.

In the He experiments the XUV excitation is to en-
ergies below the ionization limit, where the simpleman’s
model is inapplicable, due to the neglect of the coulomb
potential. A more subtle shortcoming of the simple-
man’s model is that it grossly underestimates the energy
transfer to or from the low frequency field, as shown by
frequency domain measurements of microwave induced
above threshold recombination [10]. A modification of

the simpleman’s model taking into account the coulomb
potential provides an excellent description of the energy
transfer in microwave induced above threshold recombi-
nation. Here we report time domain observations show-
ing that the same process exhibits the dependence on the
microwave phase expected of a simpleman’s model.

Specifically, we have observed that photo electrons pro-
duced by a ps 819 nm laser pulse are recombined with
their parent ions if the excitation occurs at the phase of a
17.43 GHz microwave field such that the microwave field
extracts energy from the electron. The essential physics
is similar to that observed by Johnsson et al. and Rani-
tovic et al. [2, 3], except the frequencies are different and
the sign of the energy transfer from the low frequency
field is reversed. In our case the 819 nm pulse instead
of the XUV pulse is the high frequency field, and the
17.43 GHz microwave field, instead of the IR field, is the
low frequency field. In both the He experiments and this
one the high frequency excitation is to the vicinity of the
ionization limit, and simpleman’s model fails. In the sec-
tions which follow we outline the modified simpleman’s
model, describe our experiment, present the results con-
firming the model, and discuss the implications of the
related experimental work.

The essential features of the problem are shown in the
one dimensional picture of Fig. 1. The ps laser excites
atoms to an energy Wy just above the ionization limit at
a well defined phase of the microwave field. As electrons
leave the ion core, at v = 0, the microwave field accel-
erates them to the left or right. Here r is the distance
of the electron from the ion. A photoelectron produced
at time ¢4, at the peak of the microwave field, is accel-
erated to the left. If the electron is ejected to the left it
begins to gain energy, and if it is ejected to the right it
begins to lose energy. A photoelectron produced at tp,
a zero crossing of the field, experiences no acceleration
at the instant it is excited. If the electron is created in
the microwave field E(t) = E'sinwt at time to the energy
which has been transferred from the microwave field to
the electron at a later time ¢ is given by [10]
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FIG. 1: (a) Excitation in a one dimensional potential by a ps
laser, shown by the broken arrow, at a well defined phase of
the microwave field, as shown in (b). Laser excitation pro-
duces electrons moving both to the left and the right from
r ~ 0 in the coulomb potential. With excitation at ta, at
a microwave field maximum, electrons are accelerated to the
left, and electrons ejected to the left begin to gain energy,
while those ejected to the right begin to lose energy. There
is no instantaneous force if the electrons are ejected at tg, a
zero crossing of the field, but the acceleration is in the same
direction for the entire first half microwave cycle. The max-
imum time integrated energy transfer from the field occurs
when the excitation occurs at wtmaz = /6.

W(t) = / E()p(t')d, (1)

where p(t) is the momentum of the electron at time t.
Unless otherwise noted, we use atomic units throughout.
When the electron is near the core p(t) = +/2/r, and, as
a result, the dominant contribution to W occurs during
the first half cycle of the microwave field, when the elec-
tron’s momentum is largest. The physics is very similar
to analyzing the electron’s momentum with a half cycle
field pulse [11].

In the microwave field E'sinwt the maximum energy
transfer occurs for wty = 7/6, shown by ¢4, in Fig. 1b.
This time is between excitation at the field maximum,
wty = /2, shown by t4 in Fig. 1b, and excitation at
tp, the zero crossing, where the field does not change
sign for half a period. For relatively weak fields and laser
excitation to energies near the limit, Wy ~ 0, Eq. (1)
can be reduced to a simple expression for the maximum
energy transfer to or from the field. Explicitly,

E

Wma;ﬂ = mu (2)

which is in excellent agreement with the experimental
observations of Shuman et al.[10] and Gurian et al. [12].
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FIG. 2: If the ps laser excitation to energy Wy occurs at
wto = Wtmaz = 7/6 energy transfer up and down by Wias
occurs. If Winae > Wo, recombination can occur.

In Fig. 2 we show an expanded view of the energy
region near the ionization limit. If excitation occurs to
energy Wy, slightly above the limit, laser excitation at
the microwave phase wty = /6 + nm, where n is an
integer, leads to the maximum energy transfer W4, up
and down in energy, as shown, since the laser excitation
produces photoelectrons going to the left and the right.
In contrast, excitation at wtg = 7/6+ (n+1/2)x leads to
no energy transfer. For recombination to occur requires
Winaz > Wo.

In the experiment a beam of Li atoms passes through
a microwave cavity where atoms are excited by an 819
nm ps laser pulse to a band of energies centered 125 GHz
above the ionization limit. The excitation occurs at a
well defined phase of a 17.43 GHz microwave field, which
is turned off 50 ns after the laser pulse. The recombined
atoms are then detected by a field ionization pulse. The
resulting electrons are ejected from the interaction region
through a hole in the upper field plate and detected by
a dual microchannel plate detector.

The laser excitation occurs at a 1 kHz repetition rate.
Two 20 ns dye laser pulses at 670 nm and 610 nm drive
the 2s — 2p and 2p — 3d transitions [13], and a 2 ps 819
nm pulse drives the 3d — ef transition. The 670 and
610 nm laser beams are 0.5 mm in diameter and prop-
agate along the axis of the microwave cavity. They are
crossed by the 2.2 mm diameter 819 nm ps laser beam
at the microwave field antinode in the center of the cav-
ity, producing a pencil shaped sample of atoms which
experiences the same microwave field to within 3%. The
uncertainty in the position of the ps laser beam relative to
the microwave field maximum is 10%. The 819 nm pulse
originates in a mode locked Ti:sapphire oscillator which
runs at a 91 MHz repetition rate and is amplified at a
1 kHz repetition rate in a regenerative amplifier. Using
a mask in the stretcher/compressor of the regenerative
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FIG. 3: Field ionization signal as a function of the time delay
of the ps laser pulse relative to the 17.43 GHz microwave field,
which has an amplitude of 70 V /cm and a period of 56 ps. The
signal level with no microwave field, due to the low frequency
wing of the ps laser which excites bound Rydberg atoms, is
1.00 on this scale. The total number of atoms excited by the
ps laser is 100 on this scale. The observed signal exhibits
the expected 28 ps period, corresponding to two maxima per
microwave cycle.

amplifier we convert the 100 fs pulses of the oscillator
into 2 ps pulses. The mask is used to tune the laser.

The 91 MHz pulse train of the Ti:sapphire oscil-
lator is detected with a 25 GHz bandwidth photodi-
ode, producing a microwave frequency comb. We phase
lock the microwave oscillator, a Hewlett Packard (HP)
8350B/83550A sweep oscillator to the 191st harmonic
of 91 MHz, and the jitter between the microwave field
and the ps laser pulse is 3 ps, comparable to the pulse
width of the ps laser and substantially shorter than the
microwave period of 56 ps. The output of the sweep os-
cillator is formed into 500 ns long pulses with a HP 11720
pulse modulator, amplified to a maximum power of 400
mW and sent by coaxial cable to the microwave cavity
inside the vacuum chamber. The phase of the microwave
field at which the ps laser excitation occurs is controlled
by sending the ps laser beam through an optical delay
line.

The Fabry-Perot microwave cavity is composed of two
brass mirrors of 10.2 cm radius of curvature with an on
axis separation of 7.91 cm. Since the cavity Q@ = 2900,
the energy filling time of the cavity is 27 ns. There are
field plates, separated by 8 cm, above and below the re-
gion between the mirrors which are used for field ioniza-
tion. A similar pair of plates on the sides of the cavity,
the field plates, and the cavity mirrors are separately bi-
ased to reduce stray fields to less than 3 mV/cm.

In Fig. 3 we show the recombination field ionization
signal obtained when scanning the delay of the ps laser.

The center frequency of the ps laser is tuned 125 GHz
over the ionization limit and its bandwidth is approxi-
mately 250 GHz. The microwave field amplitude is 70
V/cm. In the absence of a microwave field there is a
constant background signal, with an amplitude of 1.00
on the scale of Fig. 3. It comes from field ionization of
bound atoms excited by the low frequency wing of the ps
laser. The background signal represents 1% of the total
excitation by the ps laser. Adding the microwave field
produces the signal shown in Fig. 3. The backgrond sig-
nal decreases due to microwave ionization of the high n
states produced by the low frequency tail of the ps laser.
More important, we observe a sinusoidal oscillation with
a 28 ps period. The Fourier transform of the signal gives
a frequency of 35(3) GHz, twice the microwave frequency,
as expected on the basis of the discussion of Figs. 1 and
2.

Although we do not show it here, if the ps laser is
tuned below the ionization limit we observe an increase
in the ionization signal, analogous to that observed by
Johnsson et al. and Ranitovic et al. [2, 3], at the same
phase at which we observe the maximum recombination
signal shown in Fig. 3. Energy transfer to both higher
an lower energies occurs at the same microwave phase,
as suggested by Figs 1 and 2.

We are able to see the recombination for the ps laser
tuned over a 50 GHz range centered 125 GHz over the
limit. At lower laser frequencies there are so many bound
atoms that any recombination signal is partially cancelled
by ionization of bound atoms and generally drowned in
the noise. At higher laser frequencies we believe the sig-
nal disappears due to stray fields which inhibit the re-
combination.

In Fig. 4 we show the dependence on the microwave
field amplitude with the laser tuned 125 GHz above the
limit. Open circles represent the phase average signal,
and filled circles represent the peak to peak recombina-
tion signal, multiplied by ten. Since the microwave field
can ionize the bound atoms excited by the low frequency
tail of the ps laser, it is not particularly surprising that
the phase average field ionization signal decreases with
increasing microwave field. In contrast, the phase depen-
dent recombination signal increases with microwave field,
exhibits a peak at approximately 35 V/cm, and then de-
creases.

As shown by Fig. 2 and Eq. (2), our simple picture
predicts recombination to occur up to the energy Wi,qx
above the limit, so we expect the phase dependent re-
combination signal to increase until W,,,,= 250 GHz,
the ps laser bandwidth, and then remain constant. For
a 17.43 GHz field Wy,4,= 250 GHz at E = 35 V/cm, so
we would expect something approximately like the solid
line of Fig. 4, which matches the data for fields less than
35 V/cm but not for higher fields.

A substantial part of the decrease in the recombina-
tion signal at fields above 35 V/em can be attributed to
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FIG. 4: Microwave field dependence of the field ionization,
or recombination, signal. The phase average signal (o) de-
creases with the microwave field. It is present, even with no
microwave field, due to excitation of bound Rydberg atoms
by the low frequency wing of the ps laser. The peak to peak
phase sensitive signal, multiplied by 10 (e) rises with the mi-
crowave field to a peak at a field of 30 V/cm and then declines.
The expected field dependence based on Eq. (2) and the ps
laser bandwidth(—).

microwave ionization later in the pulse, a process which
we have ignored. The similar fractional decrease of the
phase averaged and phase dependent recombination sig-
nals at fields above 35 V/cm suggests the importance of
microwave ionization of the bound atoms excited by the
low frequency wing of the ps laser and of the recombined
atoms. In the frequency domain recombination experi-
ments, while the energy extent above the limit increases
with field according to Eq. (2), the amplitude of the
signal for a specific laser tuning close to the limit often
decreases [10, 12]. Since our ps laser excitation only ad-
dresses a 250 GHz wide band just above the limit, as
the extent of the above threshold recombination grows
beyond 250 GHz the recombination signal decreases.

It is useful to compare our ps/microwave experiments
with the analogous attosecond pulse train/IR experi-
ments. In both cases the energy transfer from the low
frequency field depends on the phase of the low frequency
field at which the high frequency pulse arrives. We have
observed only a small phase dependence using a single ps
pulse, and the result for a single attosecond pulse is cal-
culated to be similarly small [2]. In the attosecond case
the observed effect is attributed to the coherent addition
of amplitudes over multiple IR cycles, which implies that
the electron returns to the ionic core on several cycles
of the IR field and that the frequency domain spectrum
should be periodic at the IR frequency.

In frequency domain experiments analogous to the one
reported here, we have observed structure periodic at

the microwave frequency. Collectively, these observations
suggest that quasi stable Floquet states are formed in
both cases, as suggested by Gurian et al. and Tong et
al [12, 14]. In the He case, there are bound levels of He
separated by frequencies close to the IR frequency, so it is
easy to imagine a quasi stable wave packet based on these
coupled states. In our case the microwave frequency is
far higher than the natural Kepler frequency of the states
near the ionization limit, so any quasi stable motion is
that driven by the microwave field. If the electron is
localized far from the ionic core this motion is of small
spatial amplitude with a variation in energy during the
microwave field cycle equal to twice the ponderomotive
energy. On the other hand if the electron is nearer to the
core the amplitude of the motion is larger, and so is the
energy variation, as shown by Fig. 2. The stability arises
from the states at which the electron is at long range, but
we gain access to these states over a large energy range
by means of the short range states.

In conclusion, we have observed the phase dependence
of the recombination in a microwave field phase locked to
a ps laser pulse. While the results cannot be explained
by the original simpleman’s model, they are completely
consistent with its extension to include the coulomb po-
tential. The electron can not be treated as a plane wave;
the coulomb potential must be taken into account. Fi-
nally, this and related work suggest a Floquet approach
to the problem [15].
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