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Observation of Full Ponderomotive Shift for the Photodetachment Threshold in a Strong Laser Field
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Electron-energy-resolved measurements of the threshold shift of negative chlorine ions have been per-
formed under the infiuence of a strong (4.5x10' W/m ) infrared laser field. The threshold shift is

found to be in accordance with a full ponderomotive shift. Explanations are proposed for previously
measured smaller-than-expected threshold shifts.

PACS numbers: 32.60.+i, 32.80.Fb, 32.80.Wr

In an electromagnetic field the average kinetic energy
of a free electron is raised by Uz =e E /4mco (E and co

are the strength and frequency of the light field and e and
m are the charge and mass of the electron, respectively).
Because of this so-called ponderomotive energy the
minimum energy needed to detach an outer electron from
an atom or ion is increased. Despite several years of
research by various groups there is still a controversy con-
cerning this light-induced energy shift. Trainham et al.
[1] were the first to directly observe such a threshold shift
in a negative ion. In their experiment the behavior of the
detachment threshold under the influence of a strong in-
frared laser field was probed by means of ultraviolet light.
The magnitude of the shift they found, however, was only
25% of the expected value. In a later experiment by
Baruch, Gallagher, and Larson [2] a microwave field was
used as the shift-inducing field. This time, in the pres-
ence of the microwave field, no increase in the UV-photon
energy needed to reach the threshold was observed at all.
Therefore it was concluded that no threshold shift had oc-
curred. As a result of these experiments Bloomfield [3,4]
performed calculations which showed that smaller thresh-
old shifts could indeed be expected when the frequency of
the shift-inducing field is very low. In an electromagnetic
field with very low frequency, the excursion of the elec-
tron, forced by the field, would be so large compared to
the size of the unperturbed orbit that the electron could
become "lost" on its way, instead of becoming reattached
in the next half cycle of the field. This effect was called
"leakage detachment" below the shifted threshold.
Another explanation which has been given for the ob-
served effects, in the limit of very low frequencies, is that
the field hardly changes on the time scale in which the
detachment process takes place. In that case detachment
takes place in an essentially constant field and, therefore,
no threshold shift should be seen.

More claims concerning smaller-than-expected thresh-
old shifts have been made but some of them have been at-
tributed to experimental circumstances. Smith et al. [5]
initially observed 30% of the expected shift of the
minimum energy for two-photon detachment of H
Later, this group [6] measured a shift of 45% for the
same physical process, then, however, attributing the

difference to the uncertainty in the laser intensity.
Although the idea of leakage detachment and the no-

tion of an essentially constant electric field seem to ex-
plain the experimental results obtained in the case of de-
tachment in a microwave field very well, it should be not-
ed that threshold measurements are complicated by the
fact that at high light intensities absorption of excess pho-
tons in the detachment process can occur. In the work
discussed so far total detachment yields were investigat-
ed, which means that the different detachment channels
were not investigated separately. Nevertheless, claims of
smaller-than-expected threshold shifts were based on the
assumption that the main contribution to the total yield
came from a process with a fixed number of photons; in

particular, in the case of Ref. [2], from a one-photon pro-
cess. Although this assumption can be valid in the case
where the shift-inducing field has a high frequency, in the
low-frequency limit absorption of (excess) photons from
the shift-inducing field will certainly occur. In the latter
case the average number of absorbed photons is accurate-
ly described by classical arguments [7], and given by
U~/hto (with hto the photon energy). This means that
the total energy gained by absorption of photons from the
shift-inducing field exactly equals the expected shift
of the threshold, Uz. Therefore, the conclusion which
should be drawn from the microwave experiments is not
that no threshold shift has occurred, but that in the limit
of very low frequencies the extra energy needed to detach
the electron is supplied by the shift-inducing field instead
of the probing field. One has to perform electron-
energy-resolved measurements to directly observe the ab-
sorption of the low-frequency photons. In the case of de-
tachment by a one-color radiation field with a low fre-
quency (hco & Uz) the situation would be similar. The
ponderomotive shift makes detachment by the minimum
number of photons energetically impossible, but the ab-
sorption of excess photons is still allowed. The result of
the ponderomotive shift would be the disappearance of
the low-energy peak(s) in the electron-energy spectrum.
This effect of channel closure is well known from multi-
photon experiments on atoms in the nonperturbative re-
gime [8].

In the high-frequency limit, where the detachment pro-
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cess is dominated by the lowest-order channel, the extra
energy needed for the forced oscillation of the electron
has to be supplied by the UV photon. In the experiments
by Trainham et al. [1] the energy of the infrared photons
is much larger than the threshold shift and, therefore, one
expects the experiments to be an example of the high-
frequency case. Nevertheless, a deviation was found from
the expected value of the threshold shift.

In order to shed some light on the questions raised
above, we have repeated the experiments by Trainham et
al. [9], but this time in an electron-energy-resolved mea-
surement. In this way we could separate the diAerent de-
tachment channels. In addition, we used a seeded Nd-
doped yttrium-aluminum-garnet (Nd: YA1G) laser to
minimize experimental uncertainties.

In the experiment negative chlorine ions are held in a
Penning ion trap [10] which has been integrated in a
magnetic-bottle electron spectrometer [11]. Since this
setup has been described in detail elsewhere [12], we only
give a brief discussion. About a few thousand ions are
confined in a cloud of about 1 mm . The background
pressure is 1x10 mbar. The produced photoelectrons
are energy analyzed on the basis of their time of flight
over a 50-cm long flight path. To measure the position of
the threshold for detachment from the negative ions, a
home built tunable dye laser was used which was pumped
by the frequency-doubled output of the seeded Nd: YA1G
laser. The Nd: YA16 laser produced pulses with a wave-
length of 1064 nm at a repetition rate of 30 Hz. The en-
ergy of the infrared pulses was around 400 mJ and the
energy of the frequency-doubled pulses around 150 mJ.
The dye laser consisted of a Hansch-type oscillator and
six amplifiers, using Piridin 1 dissolved in methanol as a
gain medium. The output of the dye laser was frequency
doubled in a KDP crystal to obtain 342-nm light with
pulse energies up to 1.3 mJ and a bandwidth of 1 cm
The absolute wavelength of the UV light was measured
with a monochromator to an accuracy of 0.025 nm. The
size of the wavelength steps, made by turning the grating
of the dye laser by means of a stepping motor, was mea-
sured with etalons and determined to be 0.53(5) cm
The UV light was focused in the center of the Penning
trap with a lens of 25-cm focal length. Using a dichroic
mirror the IR light was focused in the trap from the same
side with a lens of 50-cm focal length. Spatial overlap of
the foci was found by reflecting the light before entering
the spectrometer, placing a pinhole at the position of the
UV focus, and optimizing the transmittance of the IR
light through the pinhole. The size of the foci was deter-
mined by measuring the transmittance of the beams
through various pinholes as well as by scanning a 35-pm
pinhole through the focus in the case of the IR light and
a 12.5-pm pinhole in the case of the UV light. The
profiles of the foci are found to be nearly Gaussian. Pulse
duration and pulse overlap were measured with a fast
photodiode and a 9450 LeCroy digital oscilloscope. The
response of the detection system to a 35-ps laser pulse

was a pulse with a width of 1.3 ns. The temporal overlap
of the 343-nm and 1064-nm pulses was accurate to within
0.3 ns. The infrared pulse energy has been measured
with a Scientech AC2501 volume absorber. The shot-to-
shot fluctuations were less than 2%. For the energy mea-
surement of the UV power the volume absorber was cali-
brated with a surface absorber. The energy of the U V
laser is measured on a shot-to-shot basis and the electron
spectra are binned accordingly. The energy fluctuations
in one bin are about 8%.

The main experimental results are given in Fig. 1. It
shows a threshold scan taken with the following experi-
mental parameters: pulse energy UV and IR 14(2) p3
and 14.8(5) m3, respectively; pulse duration UV and IR
3.4(2) ns and 12.9(5) ns, respectively; focus diameter
UV and IR 36(4) pm and 146(5) pm, respectively. The
maximum intensities of the UV and IR pulses are
2.6 x 10' W/m and 4.5 && 10' W/m, respectively. The
electron signal shown in Fig. 1 is energy resolved and is
due to the absorption of only one UV photon. Calcula-
tions, based on the Wigner threshold law [13],have been
performed and are shown in the same figure. In the cal-
culations an integration is made over space and time. A
Gaussian spatial profile is assumed and the temporal
profiles of the UV and IR laser pulses are taken from
measured data. A constant intensity along the beam axis
is assumed, since the Rayleigh range of the laser focus is
much larger than the size of the ion cloud. The theoreti-
cal calculations by Robinson and Geltman [14], corrected
by the experimental values obtained by Mandl [15], are
used for the cross section for one-photon detachment as a
function of the photon energy. At an energy of 1 meV
above the threshold gi is 1.17x10 W

—) m2s —) A-
part from the ponderomotive shift, which is assumed to
be (1.06x10 ' eV)li064, where Ii064 is the intensity of
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FIG. 1. Shift of the threshold for electron detachment from
Cl under the influence of a strong infrared laser pulse. The
filled circles show the electron signal after absorption of one UV
photon only, as a function of the UV-photon energy without the
infrared field. The open circles show the electron signal with
the infrared field turned on. The solid lines show the results
from calculations based on the Wigner threshold law, assuming
a full ponderomotive threshold shift. The dashed lines denote
the error in the calculated curve due to the uncertainty in the
intensity of the infrared field.
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the infrared laser field in W/m, there are two other,
much smaller contributions to the total threshold shift
which have been taken into account in the calculations.
These are the ac Stark shift of the ion ground state and
the neutral atom ground state. The static polarizability
of the chlorine atom is 2.18x10 m [16]. Since the
energy of the infrared photons is far from the energies
needed to excite the chorine atom, it is reasonable to use
the static polarizability as an estimate for the shift at
1064 nm. This shift is ( —3x10 ' eV)I|os4. The theo-
retical values calculated by Kutzner, Felton, and Winn
[17] have been used for the frequency-dependent polari-
zabilities of the negative chlorine ion. At 1064 nm their
value is 5 x 10 m, which results in a shift of
(7x10 ' eV)Ii064. The calculation for the UV-only sig-
nal has been fitted to the experimental data points by ad-
justing the ion density, the position of the threshold, and
an additional spectral broadening of the threshold. This
broadening is due to a nonzero bandwidth of the laser
and Doppler broadening, as a result of the velocity of the
ions in the trap. On the basis of the fit the broadening is
found to be about 1.4 cm ', somewhat larger than the
expected 1.1 cm ' on the basis of the laser linewidth and
the Doppler width (estimated to be about 0. 1 cm ').
The same values have been used for the calculation with
the IR field on. The uncertainty in this latter calculation
is determined by the uncertainty in the infrared intensity,
which is about 8%.

As can be concluded from Fig. 1, the experimental
data are in good agreement with the calculations. It
should be stressed that the small tail in the scan with the
infrared field turned on is due to a tail in the temporal
profile of the UV laser pulses and is not due to the leak-
age detachment, which has been discussed in the intro-
duction. The experimental data are therefore consistent
with a full ponderomotive shift of the threshold.

Trainham et al. used for their experiments the same
negative ion and laser frequencies as have been used in

this experiment, but nevertheless found a deviation from
the expected threshold shift. We can think of a number
of reasons why Trainham et al. observed a smaller-than-
expected threshold shift.

(1) To find a threshold shift which corresponds with
the maximum infrared intensity that is reached, the in-
frared laser pulse should vary only slightly in temporal
and spatial dimensions when and where the ultraviolet
laser is on. This means that the pulse duration and the
focus size of the UV light have to be much smaller than
the pulse duration and the focus size of the IR light. If
the UV intensity is too high, strong saturation of the de-
tachment process occurs. As a result, the production is
strongly enhanced in the wings of the temporal and spa-
tial profile of the UV laser pulses. This eAect gives rise to
a much larger eff'ective production volume than one
would normally predict and in this case a smaller thresh-
old shift is found. To investigate the influence of the ra-
tio between the focal size and pulse duration of the UV

and IR laser pulses, we have performed numerical calcu-
lations in which this ratio is varied. In the calculations
we used the accurate threshold energy of 3.61269(6) eV
from Ref. [18]. The deviation of the unshifted threshold
energy found in Fig. 1 is due to the uncertainty in the ab-
solute wavelength calibration. The intensities of the UV
and IR fields used in the calculations are 1.6&&10' W/m
and 5x10' W/m, respectively, and strong saturation al-
ready occurs at UV-photon energies, which are only
slightly larger than the threshold energy. In Fig. 2,
which shows the results of the calculations, it can be seen
that even if the UV pulse has half the focal size and half
the pulse duration of the IR pulse, the "apparent" thresh-
old shift is almost half the "expected" shift. Experimen-
tal data taken with a higher UV intensity and a larger
focus than presented in Fig. 1 are in agreement with the
calculations, which means that saturation eA'ects are a
likely candidate to explain the previously measured
smaller-than-expected threshold shifts by Trainham et
al. .

(2) The Nd: YA16 laser that has been used in Ref. [1]
was unseeded, which means that the nanosecond laser
pulses must have shown large fluctuations on a pi-
cosecond time scale. Since a laser dye (Piridin 1) has
been used with a very fast response time to the pump
pulse, it is to be expected that the dye-laser output also
showed a similar temporal substructure. It is therefore
very well possible that, while the UV and IR pulses were
overlapping on a nanosecond time scale, fluctuations oc-
curred in the overlap on a picosecond time scale, resulting
in a broadening of the threshold shift. Note that every
broadening mechanism of the threshold shift in combina-
tion with strong saturation immediately results in a
smaller-than-expected value of the threshold shift.

14

0 12.

&~o lo .

8 .

cn

0u 4V
&D

Photon energy (eV)

FIG. 2. Calculated electron signal when the outer electron is
detached from Cl by means of a UV pulse under the influence
of a strong IR pulse. The label of the curves indicates the
values for both the ratio between the focal sizes and the ratio
between the pulse durations of the UV pulses and the IR pulses,
as used in the calculations. The intensities of the UV and IR
fields are 1.6&&10' W/m and 5&10' W/ni2, respectively. Al-
though the IR intensity stays the same, the apparent threshold
shift becomes smaller when the duration and the focal size of
the UV pulses are increased. A ratio of zero gives a threshold
shift which corresponds to the maximum IR intensity and a ra-
tio of infinity gives the unperturbed threshold.
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(3) In the experiment the spatial overlap was optimized
by minimizing the detachment rate of the negative ions
when the UV-photon energy was just above the threshold
for detachment. Since in the experiment by Trainham et
al. ion yields were measured, no distinction could be
made between detachment by means of one UV photon
and detachment by means of one UV photon and one IR
photon. Finding the spatial overlap is therefore compli-
cated by the effect that minimizing the detachment rate
by means of one UV photon also means optimizing the
rate of detachment by means of one UV photon and one
IR photon [19].

It has been predicted that in the vicinity of the thresh-
old for N-photon absorption cusp structures can occur in

the cross sections for the higher-order (N+n) processes
[20]. These so-called Wigner cusps could result, for ex-
ample, in a sharp rise in the cross section for the absorp-
tion by 1 UV + n IR photons, in the vicinity of the thresh-
old for absorption by one UV photon only. The oc-
currence of the higher-order processes has been observed

by Trainham et al. (as mentioned in Ref. [21]), but the
influence on the threshold shift could not be determined.
In our experiment the various detachment channels are
separable, which means that the behavior of the cross sec-
tion of the higher-order processes can be investigated
directly. In our experiment we observed, next to the
one-photon process, only the absorption of one additional
IR photon. Although the electron production due to the
absorption of one UV photon and one IR photon is cer-
tainly not negligible when the UV intensity is high, it
remains constant within the accuracy of our experiment.
This result is in agreement with previous measurements
of the cross section for two-photon absorption by Cl
near the threshold for one-photon absorption [22]. We
therefore do not find evidence for Wigner cusps as an ex-
planation for the smaller-than-expected threshold shifts.

In conclusion, it has been shown that the threshold
shift due to a strong (4.5x10' W/m ) infrared laser
field of high frequency is in accordance with a full pon-
deromotive shift. We have given possible explanations
for previously measured smaller-than-expected threshold
shifts in similar circumstances. Presumably temporal
substructure of the laser pulses and a high UV intensity
are responsible for the observed effects. Furthermore, we
have argued that results obtained in experiments per-
formed in the low-frequency limit are also consistent with

the assumption of a full ponderomotive shift, but in that
case the extra energy needed to detach the electron is

supplied by the shift-inducing field. We would like to
bring to attention that similar results have been obtained
in the case of threshold shifts in neutral atoms. The most
recent measurements also indicate a full ponderomotive
shift [231 in contrast to earlier reports [24].
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