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Wavelength-dependent collective effects in the multiphoton ionization of atomic deuterium
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This paper presents the results of an experimental investigation into collective effects in the transient plasma
formed by multiphoton ionization of atomic deuterium with a pulsed laser. The laser wavelength is varied in a
narrow range around 243 nm, so that the photoionization is resonant with the metastable 2S1/2 state. The ion
yield, the ion time-of-flight spectra, and the yield of Lyman-a photons have been measured as a function of
laser intensity~from 1 to 340 MW/cm2! and laser detuning around the 1S1/2-2S1/2 two-photon resonance.
During and shortly after the laser pulse, collective effects resulting from the mutual interaction of the photo-
electrons and the ions affect the spatial and temporal distribution of the ions. Because of the near-degeneracy
of the 2S1/2, 2P1/2, and 2P3/2 states, the resonant multiphoton ionization is affected by the Stark mixing of
these states in the collective field. As a result, the time-dependent yields of ions and of Lyman-a photons are
modulated by the interplay of the multiphoton ionization of the atoms and the collective effects in the plasma.
From the measurements it is deduced that collective effects are important above a critical charge density of
33108 ions/cm3. An asymmetry is observed in the line profile of the total ion yield as a function of laser
detuning. This asymmetry is interpreted to be due to the effect of the collective field upon the intermediate
resonant 2S1/2 state of the photoionization process.
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I. INTRODUCTION

In ionization experiments the production of a large nu
ber of electron-ion pairs in a small interaction volume c
lead to high charge densities. Due to the different mobilit
of the electrons and ions, large electric fields can be ge
ated. These fields result in collective or space-charge eff
that affect both the actual atomic process~production phase!
and the recorded experimental results~collection phase!. Re-
views of the topic are provided by Giammanco and Spin
@1# and by Ammosov@2#. The study of collective effects is
worthwhile task from two perspectives. First, it is importa
for experimenters to be able to verify that they are work
in a regime where their results are not affected by collec
interactions. Second, collective effects provide a rich mixt
of phenomena from different fundamental disciplines such
atomic and plasma physics, and are worth studying in th
own right. Collective effects have been observed in mu
photon ionization~MPI! of deuterium@3# and sodium@4–6#,
and in MPI and above-threshold ionization~ATI ! of xenon
@7–13#. Other areas where collective effects can be relev
are electron impact ionization of atoms@14–16#, the nonlin-
ear surface photoeffect@17#, Coulomb expansion of mol
ecules and clusters@18#, higher-order harmonic generatio
@19#, laser ablation@20#, annealing, surface sputtering, an
gas discharges@21,22#. Theoretical models for collective in
teractions have been developed by Giammanco and
workers@19,23,24# and by Ammosov and co-workers@2,25#.
A recent discussion of fundamental aspects and applicat
of low-temperature plasmas is given by Hippleret al. @26#.

*Present address: Atomic and Molecular Collisions Team,
121-104, Jet Propulsion Laboratory, 4800 Oak Grove Drive, Pa
dena, CA 91109-8099.
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In the present experiment we study transient plasm
formed by multiphoton ionization of deuterium atoms. De
terium presents an ideal situation for the study of collect
effects. Deuterium is almost the lightest atom in the Perio
Table, so deuterium ions are very susceptible to the col
tive electric field in the transient plasma. The multiphot
ionization is resonant with the 2S1/2 metastable state of deu
terium, so that the collective field Stark mixes the 2S1/2 state
with the 2P1/2 and 2P3/2 states, thereby affecting the mult
photon ionization process. As a result two interactions
relevant to the time evolution of the plasma:~1! the collec-
tive interaction between the photoelectrons and the ions,
~2! the coupling between the multiphoton ionization proce
and the collective electric field in the plasma.

Contrary to these interactions, collisions of electrons a
ions with neutral atoms~either in the ground state or in
metastable excited state! are not relevant. In our experimen
the densityn of neutral atoms is 1012 cm23, and for elec-
trons with kinetic energies of a few eV colliding with groun
state atoms the collision cross sections is less than abou
10214 cm2, so that the mean free pathl5(ns)21 is larger
than 1 m. For electrons colliding with excited neutral atom
the cross section can be as large as 10213 cm2 @27#, but the
excited state density is much lower than the density
ground state atoms.

The collective interactions in the MPI transient plasm
have significant effects on the observed ion signals. In
initial part of the laser pulse the electron and ion clou
overlap. Due to the different mobilities of the electrons a
the ions, the electron cloud expands very rapidly, thus ind
ing a fast growth of the collective field.~In our experiment
the velocity of a photoelectron of 1.7 eV is 7.73105 m/s as
compared with 1.63103 m/s for a deuterium ion at room
temperature.! Immediately after the start of the laser puls
the photoelectrons start to leave the volume occupied by
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ions, resulting in a non-neutral plasma. The ion mutual
pulsion causes Coulomb expansion of the ion cloud. This
two effects on the observed ion signal. First, many ions m
be lost due to the spatial dimensions of the ion cloud exce
ing those of the entrance aperture of the ion detection
tem. This leads to anomalous saturation@3–6#, at much
lower laser intensities than expected on the basis of inde
dent particle behavior. Second, during the expansion of
ion cloud some of the ions are pushed towards the ion de
tor and some are pushed away. This causes the ion time
flight profile to expand in time, and the initial ions to arriv
at the ion detector at earlier times@3,4,13#. Both effects
strongly depend on the total charge density produced in
focal volume of the laser and therefore on the laser inten

The ion signals are not solely determined by the Coulo
expansion of the ion cloud. Both the collective interacti
between the photoelectrons and the ions and the coup
between the multiphoton ionization process and the col
tive field affect the density and spatial distribution of the io
in the initial stages of the plasma evolution and thereby
fect the observed signals.

Even at low charge densities, in the absence of elec
trapping, the electrons play an important role in the trans
plasma. During and shortly after the laser pulse, the coup
between the electrons and the ions results in the oscilla
of the width of the electron cloud around the ion cloud. B
cause the ion expansion is very slow, the frequency of os
lation is directly related to the electron plasma frequen
@4,23#. In numerical simulations of MPI transient plasmas
deuterium@3#, oscillatory structures have been observed
the Lyman-a photons emitted due to quenching of the 2S1/2
state in the collective field during and shortly after the la
pulse. These oscillations are directly related to the osc
tions of the electron cloud in the transient plasma. At hig
charge densities, the collective field may become so str
that many of the photoelectrons may become trapped@4#.

During the laser pulse the coupling between the multip
ton ionization process and the collective electric field is r
evant. In the experiments on atomic deuterium reported
this paper and also by Boweet al. @3# the photoionization
process is resonant with the 2S1/2 metastable state of deute
rium. Bowe et al. @3# performed measurements of th
Lyman-a photons emitted when the 2S1/2 state was quenche
in the collective field of the transient plasma. In their me
surements they observed a strong Lyman-a signal during the
laser pulse before the extraction field was switched on. Th
measurements demonstrated the existence of collective fi
of several hundred V/cm and provided direct evidence
the effect of the collective field on the multiphoton ionizatio
of the atoms.

This paper presents the results of a study of thewave-
length dependenceof the collective effects in the transien
plasma formed by multiphoton ionization of atomic deu
rium. Whereas Boweet al. @3# performed measurements e
clusively on resonance, we are presenting measuremen
the ion time-of-flight profiles, total ion yields, and Lyman-a
photon yields as a function of laser detuning around
1S1/2-2S1/2 two-photon resonance. The purpose of the
measurements is to specifically investigate the coupling
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tween the multiphoton ionization of the atoms and the c
lective effects in the plasma, caused by the Stark mixing
the 2S1/2, 2P1/2, and 2P3/2 states in the collective field. In
Sec. II of this paper we describe the experimental techniq
used; in Sec. III we give a systematic presentation of
results, and in Sec. IV an interpretation and a discussion
the experimental results are given. A summary and con
sions are presented in Sec. V.

II. EXPERIMENT

A detailed description and diagram of the experimen
setup can be found in@3#. The pulsed laser beam is produce
by an excimer-dye laser system and has a wavelength of
nm. This beam is focussed into a vacuum chamber whe
is crossed at 90° with an atomic deuterium beam, at a ta
density of approximately 1012 atoms/cm3, produced by a ra-
dio frequency driven plasma discharge tube. The tube is
with molecular deuterium through a palladium finger.

The products of the interaction are detected for each la
pulse. Ions are collected by an extraction field, which can
turned on before the laser pulse~advanced field! or immedi-
ately after the laser pulse~delayed field!. The ions are guided
by a series of focusing, drift, and deflecting electrodes t
pair of stacked microchannel plates. The Lyman-a photons
are collimated by a magnesium fluoride lens and p
through an interference filter with peak transmission at
Lyman-a line to prevent scattered 243 nm photons from e
tering the detector. The Lyman-a photons are detected by
twin microchannel plate assembly similar to that used for
ion detection. The detectors are housed inside a vacu
chamber, which is pumped by a turbo/rotary pump combi
tion to a base pressure of about 1026 mbar ~with the deute-
rium beam on!.

An energy level diagram depicting the photoionization
atomic deuterium is shown in Fig. 1. In the experiment t
laser wavelength is tuned to 243 nm so that the photoion
tion is resonant with the 2S1/2 state. Absorption of two lase

FIG. 1. Schematic energy level diagram of a deuterium atom
a laser field with a wavelength of 243 nm.S1 andS2 indicate the
Stark couplings due to the total electric field in the interaction
gion, which is the sum of the ion extraction field and the collect
field of the laser-produced plasma.
1-2
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WAVELENGTH-DEPENDENT COLLECTIVE EFFECTS IN . . . PHYSICAL REVIEW E66, 046411 ~2002!
photons at 243 nm excites the atom to the metastable 2S1/2

state, from where the atom can either absorb a third pho
to become ionized, or decay to the 1S1/2 ground state via the
spontaneous emission of a Lyman-a photon at 121.6 nm. A
channel for relaxation of the excited state via spontane
emission is opened when the 2S1/2 state is Stark mixed with
the close-lying 2P1/2 and 2P3/2 levels by an electric field in
the interaction region. A photon signal observed in the c
of a delayed ion extraction field is unambiguously attrib
able to the collective field in the transient plasma.

The data acquisition allows simultaneous real-time c
ture of both ion and photon signals and the laser energy
shot-to-shot basis. The master signal for the timing of
experiment is provided by a trigger pulse generated by
dye laser control electronics approximately 600 ns before
excimer fires. This pulse is used for arming the acquisit
electronics and pulsing the extraction field relative to
laser pulse. The jitter between the trigger pulse and the ac
firing of the excimer is of the order of 5 ns. During all me
surements the laser was operated at a low repetition
~typically 1–5 Hz! in order to keep this jitter to a minimum
and to ensure good intensity stability. The ion and pho
signals are recorded by a two-channel digital oscillosco
and the laser energy is recorded by a calibrated photod
and/or by an energy meter. All three of these devices
interfaced to two data acquisition computers.

Two different measurement techniques have been
ployed to record the data. The first technique involved sc
ning the wavelength of the laser across the 1S1/2-2S1/2 reso-
nance and recording the ion and photon temporal signals
function of the wavelength. The second technique involv
setting the laser to a fixed wavelength in the vicinity of t
1S1/2-2S1/2 resonance and recording the ion and photon te
poral signals as a function of laser intensity.

Wavelength scans were performed covering a wavelen
range from 243.00 nm to 243.02 nm with a step size
2.5631024 nm ~this is the minimum step size possible, co
responding to a frequency step size of 1.32 GHz!. For each
laser pulse the ion and photon temporal signals were c
tured by the digital oscilloscope and transferred to a PC.
PC accumulated the signals for 50 laser shots at each w
length and computed the average signals. Simultaneously
laser energy was recorded and the average intensity of th
laser pulses was determined. The wavelength scans
been measured for ten different laser intensities ranging f
1 to 340 MW/cm2 and for both advanced and delayed extra
tion fields. Numerical data analysis was employed to in
grate the ion and photon yields over time to obtain the to
average ion and photon yield per laser pulse as a functio
laser detuning. Because the temporal profiles are recorde
voltages by the oscilloscope, the unit for the vertical scale
the time-of-flight spectra is volt, and the total yields are
volt3second.

Intensity scans were obtained by setting the laser t
fixed wavelength in the vicinity of the 1S1/2-2S1/2 resonance
and recording the ion and photon temporal signals as a fu
tion of laser intensity. Again the average signals for 50 la
pulses were calculated, and numerical data analysis was
ployed to integrate the ion and photon yields over time
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obtain the total average ion and photon yields per laser pu
The alignment of the laser beam through the interact

region must be done with care to minimize the scattering
laser light in the vacuum chamber. A small fraction of 2
nm laser photons was observed by the Lyman-a photon de-
tector. This scattered laser light is taken into account wh
calculating the Lyman-a temporal profiles in the wavelengt
scans.

The wavelength reproducibility of the laser is importa
for a meaningful comparison between wavelength scan
different laser intensities. The reproducibility was examin
by conducting consecutive wavelength scans through
resonance at a fixed value of laser intensity. It was found
small drifts of a few minimum wavelength steps occurr
between some consecutive scans when the measurem
were taken. For this reason the position of zero detuning~0
GHz! for each scan is chosen to correspond with the ma
mum total ion yield at lower laser intensities and with t
maximum total photon yield at higher laser intensities.

Because the geometry of the transient plasma critic
depends on the precise position of the laser beam in fron
the exit of the discharge tube, the possibility of laser be
movement in the interaction region due to the movemen
the nonlinear crystal was investigated. A UV-sensitiz
charge-coupled device~CCD! camera was positioned clos
to the interaction region. The laser beam position was mo
tored via the image produced by the camera, averaged
50 laser shots. Images taken during a scan of the wavele
were carefully checked and it was determined that no det
able movement of the laser beam in the interaction reg
occurred.

III. RESULTS

A. Ion time-of-flight profiles

Figures 2 and 3 present ion time-of-flight spectra obtain
from scans of the laser wavelength through the 1S1/2-2S1/2
resonance. Wavelength scans have been performed fo
different laser intensities for both an advanced and a dela
extraction field. Figures 2 and 3 present spectra obtaine
the highest laser intensities used: 340 MW/cm2 for the ad-
vanced ion extraction field and 315 MW/cm2 for the delayed
extraction field. The laser detuning indicated in the figures
given in GHz and is the single photon detuning from t
resonance. The zero position of the time scale is taken as
time at which the laser pulse finishes. Figures 2 and 3 sh
the various effects that occur as the laser is scanned thro
the 1S1/2-2S1/2 resonance; to follow the scan one views t
figures in the order 2~a!–2~f! and 3~a!–3~f!.

The time-of-flight profiles in Fig. 2~a! display the differ-
ences associated with the two cases of ion extraction fi
timing relative to the laser pulse. At this detuning the profi
are not significantly affected by collective effects and t
peaks occur at the same position as the benchmark time
590 and 630 ns. These benchmark times are obtained f
on-resonance measurements at very low laser intensities~,5
MW/cm2! where collective effects are absent and only
single peak is observed in the ion time-of-flight spectra. T
small difference in the time of flight for the two cases
1-3
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advanced and delayed ion extraction field is easily und
stood. When the extraction field is switched on before
laser pulse, the ions will move towards the detector as s
as they are created, thus arriving earlier than they woul
the extraction field were applied immediately after the end
the laser pulse. This effect also explains the greater temp
width of the advanced field time-of-flight shape. In the ca
of the delayed field the ions are created and then acceler
as a bunch, thus leading to the observed narrower peak

As the laser is tuned closer towards the 1S1/2-2S1/2 reso-
nance the shape of the time-of-flight profiles increase in t
yield ~the area under the time-of-flight profile! and in tem-
poral width. The first ions arrive at the detector sooner as
laser is tuned closer to the resonance. On resonance
GHz, see Fig. 2~f!, the maximum amplitude and width occu
and the first ions arrive 50 ns earlier in both the advan
and delayed extraction field cases. In the advanced extrac
field case the temporal width of the ion time-of-flight profi
is 360 ns, i.e., about six times the temporal width of t
profile at the starting position of the scan. In the case of
delayed extraction field the ion profile expands up to
times its size at the starting position.

FIG. 2. Ion time-of-flight profiles at specific positive laser d
tunings: , profiles for an advanced extraction field at a las
intensity of 340 MW/cm2; , profiles for a delayed extraction
field at a laser intensity of 315 MW/cm2.
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These features are characteristic of collective interacti
in the transient plasma. An increase in temporal width a
the early arrival of the first ions have been observed by Bo
et al. @3# in ion time-of-flight spectra recorded at zero detu
ing as a function of laser intensity. The measurements
Figs. 2 and 3 show similar behavior when the laser inten
is kept constant and the laser detuning is decreased tow
the 1S1/2-2S1/2 resonance.

As the laser passes through the resonance, the ampl
and width of the profiles at negative detunings decrease
manner, which is different from the behavior noted on t
positive detuning side. Comparison of Figs. 2~d! and 3~d!
shows that significantly fewer ions reach the detector on
negative detuning side. This difference in the shapes of
ion time-of-flight profile leads to a strongly asymmetr
wavelength profile, see Sec. III B. The time-of-flight profile
in this region will be examined in detail in Sec. III C.

B. Total ion and photon yields as a function of laser detuning

Figures 4, 5, and 6 present the total ion and photon yie
obtained from scans of the laser wavelength through
1S1/2-2S1/2 resonance in atomic deuterium. As described

r

FIG. 3. Ion time-of-flight profiles at specific negative laser d
tunings: , profiles for an advanced extraction field at a las
intensity of 340 MW/cm2; , profiles for a delayed extraction
field at a laser intensity of 315 MW/cm2.
1-4
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WAVELENGTH-DEPENDENT COLLECTIVE EFFECTS IN . . . PHYSICAL REVIEW E66, 046411 ~2002!
Sec. II the total yields are obtained by integrating the
time-of-flight profiles and the photon temporal profiles ov
time. For instance, the integrals over each of the 12 advan
profiles in Figs. 2 and 3 correspond to 12 of the data po
on the top curve in Fig. 4. For the sake of clarity, the to
yields as a function of laser detuning will be referred to
detuning profiles in this paper. Detuning profiles have be
measured for ten different laser intensities for both an
vanced and a delayed extraction field. The laser detunin
given in GHz and is the single photon detuning from t
1S1/2-2S1/2 two-photon resonance. Figure 6 shows the to
photon yield for the delayed extraction field; the profiles
the advanced field are very similar and are not shown he

Figures 4 and 5 show that significant physical effects
cur as the laser intensity is increased. The overall width

FIG. 4. Total ion yield versus laser detuning at various la
intensities. The ion extraction field is turned on before the la
pulse~advanced extraction field!.

FIG. 5. Total ion yield versus laser detuning at various la
intensities. The ion extraction field is turned on after the laser pu
~delayed extraction field!.
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the detuning profiles increases due to power broadening,
the profiles deviate from a Lorentzian profile and develo
significant asymmetry. These effects are attributable to
increasing influence of the collective interactions in the la
plasma as the laser intensity and hence charge densi
increased. We first focus on the ion detuning profiles for
advanced field case in Fig. 4.

The detuning profiles at 1.3 MW/cm2 ~not shown in Fig.
4!, at 5 MW/cm2 and at 10 MW/cm2 are symmetric around 0
GHz. At these laser intensities no broadening of the ion tim
of-flight profiles was observed and no appreciable Lymana
photon signal was detected. The results obtained at lase
tensities of 10 MW/cm2 and lower are representative of th
interaction of a single atom with a perturbing light field, an
collective effects are absent.

The detuning profiles at 25 MW/cm2 and at 55 MW/cm2

are more or less symmetric but show a profound deviat
from a simple Lorenzian peak shape. For a small range
detunings~about65 GHz at 25 MW/cm2 and68 GHz at 55
MW/cm2! the time-of-flight profiles recorded at these inte
sities displayed an increase in temporal width due to coll
tive effects. Over about the same range of detunin
Lyman-a photon signals were detected. Once the yield
ions reaches the value of 1.031028 V s, the ion detuning
profiles show a significant change in shape. This critical le
is observed in the flattened central peak of the detuning p
file at 25 MW/cm2, and in the shoulder in the right wing a
55 MW/cm2. This level corresponds to a critical value of th
charge density, above which the experimental results
modified by the collective interactions in the laser plasma

At laser intensities of 100 MW/cm2 and higher, the points
where the ion yield reaches the critical value move furth
out into the wings of the ion detuning profiles to progre
sively larger detunings with increasing laser intensity. T
ion detuning profiles develop significant asymmetry. Of p
ticular interest is the dip, which develops on the left-ha
side of the detuning profiles at29 GHz. Figure 4 shows tha

r
r

r
e

FIG. 6. Total photon yield versus laser detuning at various la
intensities. The ion extraction field is turned on after the laser pu
~delayed extraction field!.
1-5
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the dip occurs when the ion yield has reached the value
1.031028 V s. This clearly indicates that the asymmetry
linked with collective effects. This is also shown by the io
time-of-flight spectra, which show a significant broadeni
at those laser intensities and detunings where the total
yield exceeds the critical value~discussed further in Sec
III C !. At these laser intensities strong Lyman-a photon sig-
nals were detected, but notably there was no sign of
asymmetry in the photon detuning profiles recorded.

Similar features are observed in the ion detuning profi
in Fig. 5 for the delayed extraction field. The detuning p
files at 1.3 MW/cm2 ~not shown in Fig. 5! and at 6 MW/cm2

are symmetric around 0 GHz and there are no collec
effects. At 11 MW/cm2 there are slight indications for th
onset of collective effects. The detuning profile displays
slightly flattened shape around 0 GHz. The time-of-flig
profiles measured at 0 GHz displayed a slight expansio
the temporal width of the profile, but no Lyman-a photon
emission was observed above the background at this l
intensity.

The detuning profiles at 27 MW/cm2, at 55 MW/cm2, and
at 95 MW/cm2 are more or less symmetric around 0 GH
For a small range of detunings~about 65 GHz at 25
MW/cm2, 68 GHz at 55 MW/cm2, and 611 GHz at 95
MW/cm2! the time-of-flight profiles display an increase
temporal width due to collective effects. Lyman-a photon
signals are detected at 55 MW/cm2 and at 95 MW/cm2, see
Fig. 6.

The critical level above which collective effects play
dominant role is less evident in the delayed detuning profi
than in the advanced detuning profiles. Examination of
ion time-of-flight spectra recorded at laser intensities and
tunings for which the total ion yield is in the range
31029 to 1028 V s shows that there is a slight increase
the width of the profiles. This suggests that there is a m
gradual transition into the regime of collective effects in t
case of the delayed extraction field. When the total ion yi
is above 1028 V s, the widths of the ion time-of-flight pro
files increase significantly.

At laser intensities of 150 MW/cm2 and higher, the ion
detuning profiles show a significant asymmetry. Again a
develops on the left-hand side of the detuning profiles n
29 GHz, when the ion yield has reached the value of ab
1.031028 V s. In the advanced detuning profiles the d
shifts slightly further from the maximum of the ion yield a
the laser intensity is increased, whereas in the delayed de
ing profiles the dip stays at the same position.

The relationship between the density of ionsn in the in-
teraction region and the total chargeQ measured by the de
tector is given byn5Q/(ehGV), wheree is the elementary
charge,h'0.3 is the efficiency of the detector for detectin
an ion, G'4.53105 is the gain of the detector, andV'3
31025 cm3 is the interaction volume in which the charg
are produced. The total chargeQ is obtained by integrating
the ion time-of-flight profile recorded by the oscillosco
and dividing by the input impedance of the oscilloscop
Using these values, we obtain a critical charge densitn
'3.03108 cm23 for the delayed field case. This value com
pares well with the critical charge density reported for s
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dium MPI transient plasmas@6#. It is less reliable to make a
similar estimate for the advanced field case, because
difficult to estimate the volume of the transient plasma at
end of the laser pulse in the case of an advanced extrac
field. However, the fact that the critical ion yields in Figs.
and 5 are the same suggests that the critical charge de
must be of the same order of magnitude in the advan
extraction field case.

The Lyman-a emissions in Fig. 6 are an indicator of th
presence of large electric fields in the interaction regi
which in the delayed field case cannot be due to the ext
tion field. There is no indication of any asymmetry in th
detuning profiles. As the laser is tuned towards the resona
the Lyman-a temporal signal~and therefore the total yield o
Lyman-a photons! increases dramatically. The emission c
incides with the region where the ion time-of-flight profile
display maximum expansion. This is definitive evidence t
large collective fields are generated in the laser plasma
demonstrates the effectiveness of the collective field in S
mixing the 2S1/2 level with the 2P1/2 and 2P3/2 levels.

C. Total ion and photon yields as a function of laser intensity

In order to elucidate the origin of the structure observ
on the left-hand side of the detuning profiles displayed
Figs. 4 and 5, the ion yield as a function of laser intens
was determined at various detunings from the maximum
the 1S1/2-2S1/2 resonance. These measurements recorded
ion time-of-flight profile as a function of laser intensity fo
fixed values of the laser detuning. From these measurem
total yields were obtained by integrating over the tempo
profiles. The total ion yields are shown in Fig. 7 for th
advanced extraction field and in Fig. 8 for the delayed
traction field.

The plots for the advanced extraction field in Fig. 7 reve
some interesting features. The same general behavior is
dent in all five plots. At lower laser intensities the ion yield
increase to the third power of the laser intensity. When
ion yield reaches the critical value of 1.031028 V s the be-

FIG. 7. Total ion yield versus laser intensity at specific las
detunings for an advanced extraction field.
1-6
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WAVELENGTH-DEPENDENT COLLECTIVE EFFECTS IN . . . PHYSICAL REVIEW E66, 046411 ~2002!
havior changes dramatically in all five cases. Thus the
portance of the critical charge density is once again emp
sized. The detunings of19.2 GHz and29.2 GHz are of
particular interest. As can be seen from Fig. 4, the positio
29.2 GHz corresponds to the point where the total ion yi
drops to a local minimum. The position19.2 GHz is simply
chosen because it is the same detuning on the opposite
of the resonance. It can be seen in Fig. 7 that the ion yield
both detunings increases at an identical rate up to the cri
value. Above this value the two curves diverge apprecia
The 19.2 GHz curve continues to rise, albeit at a reduc
rate. The29.2 GHz curve, however, turns over complete
and the ion yield actually drops before making a slight
covery towards nearly complete saturation. Similar behav
is noted in the113.2 and213.2 GHz curves. These curve
again highlight the asymmetry observed in the detuning p
files in Figs. 4 and 5.

The plots for the delayed extraction field in Fig. 8 sho
similar features as the plots for the advanced extraction fi
At lower laser intensities the ion yields increase to the th
power of the laser intensity, and above the critical value
1.031028 V s the ion yields begin to saturate. As alrea
noted in Sec. III B the critical yield is less well defined in th
delayed field case. The development of the asymmetr
high laser intensities is again observed: above 100 MW/2

the 19.2 GHz curve continues to rise at a reduced ra
whereas the29.2 GHz curve shows nearly complete satu
tion.

A set of ion time-of-flight profiles for increasing lase
intensities is shown in Fig. 9. The measurements are
corded using an advanced extraction field at detunings
29.2 and19.2 GHz. At the lowest intensity~21 MW/cm2!
the time-of-flight profiles are very alike. However, as t
intensity is increased, the time-of-flight profiles at negat
detunings show both quantitative and qualitative differenc
In particular the second peak becomes larger and the tem
ral width becomes less than the profiles of equivalent int
sity on the positive detuning side. At29.2 GHz detuning far

FIG. 8. Total ion yield versus laser intensity at specific la
detunings for a delayed extraction field.
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fewer ions reach the detector: the second peak contains m
ions, but fewer ions are found in the central region and in
first peak. At 223 MW/cm2 in Fig. 9~f! the total ion yield
integrated over time at29.2 GHz is 50% less than at19.2
GHz. This reduction of the total ion yield at29.2 GHz also
manifests itself in the dip in the detuning profiles of Fig.

IV. DISCUSSION

By examination of the experimental data it has been p
sible to identify the onset of collective effects. The mag
tude of the collective effects is directly related to the ion a
electron charge densities. The ion time-of-flight profiles a
the Lyman-a photon temporal profiles provide direct ev
dence of the presence of collective interactions. In particu
the growth in the temporal width of the ion time-of-fligh
profiles as a function of laser intensity and detuning illustr
the collective interactions. By controlling the experimen
parameters~laser intensity and detuning! it is possible to
control the magnitude of the collective electric field in th
interaction region and its effectiveness in Stark mixing t
2S1/2 level with the 2P1/2 and 2P3/2 levels.

Of particular interest is the peak-dip structure which d

r

FIG. 9. Ion time-of-flight profiles for an advanced extractio
field recorded for several different laser intensities: , profiles
measured at a detuning of19.2 GHz; , profiles measured a
a detuning of29.2 GHz.
1-7
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SHORTTet al. PHYSICAL REVIEW E 66, 046411 ~2002!
velops on the left-hand side of the detuning profiles for b
cases of the ion extraction field~Figs. 4 and 5!. The second-
ary peak cannot simply be attributed to the 2P1/2 state. This
state has lower energy than the 2S1/2 state and hence woul
be found to the left of the zero of the detuning scale. Ho
ever, the energy separation of these states is 1.0 GHz i
electric field free environment and about 6 GHz for an el
tric field strength of 2000 V/cm. Considering the laser ban
width of 10 GHz at 243 nm and the step size of 1.32 GHz
is unlikely that the laser could resolve the 1S1/2-2S1/2 struc-
ture. There is no sign of this structure in the Lyman-a yields
in Fig. 6. If the left-hand structure were an atomic featu
due to the collective field enabling effective population
the 2P1/2 level then some sign of this could be expected
the Lyman-a signal. Thus it seems unlikely that the structu
on the left-hand side is attributable to the 2P1/2 state.

Careful comparison of the shape of the ion time-of-flig
profiles in Fig. 9 indicates that there are both qualitative a
quantitative differences between the two sets of profiles
large number of ions are missing from the first peak a
central region of the time-of-flight profile in the vicinity o
the dip. The measurements in Figs. 7 and 8 dramatic
illustrate the difference in behavior between the total
yield at detuning positions in the vicinity of the dip an
positions of equal detuning on the opposite side of the re
nance. In the dip the yield of ions saturates and even
crease as the laser intensity is increased.

There are two possible reasons for these ‘‘missing’’ io
The first possibility is that the Coulomb expansion of the i
cloud and the associated loss of detected ions are some
enhanced at detunings around29 GHz. However, if this
were true, then one would expect to see a greater temp
width for the ion time-of-flight profiles at negative detunin
~Fig. 9!, whereas the opposite is actually observed. Beca
the magnitude of the Coulomb expansion of the ion cloud
directly related to the charge density, one would also exp
that collection losses would be greater at the resonance
in the wings of the detuning profile.

The second possibility is that rather than being lost
ions are not produced in the first place. The structure may
due to the collective field ‘‘detuning’’ the atoms from th
laser. As the laser intensity and hence charge density
creases, the collective field shifts the 2S1/2 level with respect
to the fixed position of the laser frequency. The 2S1/2 level
shifts towards higher energies as a function of electric fi
strength. Therefore, if the laser is tuned to a fixed position
the left of the zero position of the 1S1/2-2S1/2 resonance, the
shift associated with an increasing collective field could
sentially ‘‘detune’’ the atom from the laser, thus leading to
decrease in the ion yield. On the opposite side of the re
nance the collective field induced shift could enhance the
yield by reducing the detuning between the 2S1/2 level and
the laser.

The change in shape of the time-of-flight profiles at29.2
GHz in Fig. 9 provides unambiguous evidence for the c
pling of the atomic photoionization process to the format
and time-evolution of the transient plasma. If there were
such coupling and the transient plasma would primarily
determined by the total number of ions produced during
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laser pulse, one would expect to be able to find a detun
elsewhere near the resonance where the number of ions
erated would be equal, and where the time-of-flight pro
would be identical in shape. No such detuning can be fou
The asymmetry in the ion detuning profiles is definitely
plasma structure related to the Stark mixing of the 2S1/2,
2P1/2, and 2P3/2 levels. Due to the complicated convolutio
of atomic and plasma processes present, this asymmet
difficult to understand in terms of a simple qualitative mod

In addition to Stark mixing, the collective field induce
two effects that can seriously affect the evolution of charg
yields, i.e., the Coulomb expansion and the electron trapp
In this section we outline the main features of these phen
ena, and by using simple arguments we estimate the orde
magnitude of the charge density at which a relevant dep
ture from the behavior of uncoupled charges may occ
First, we analyze the expansion of a spherical and uniform
charged cloud of initial radiusd. To account for the finite
production time, especially in our case since ionization
induced by a 13 ns laser pulse, we assume a simple th
photon process, the rate of which is given by

dNi

dt
5aI L

3~ t !~N02Ni !, ~1!

whereN0 is the gas density anda the probability of ioniza-
tion. The laser intensity is given byI L(t)5I 0g(t), whereI 0
is the laser peak intensity andg(t) is the temporal shape
Equation~1! can be integrated to give

Ni~ t !5N0S 12expF2aI 0
3E

0

t

g3~ t !dtG D . ~2!

The internal field, in spherical symmetry, of a uniform
charged cloud is

Eint5
eNi

3«0
r ,

where r is the distance from the center of the sphere. A
consequence, an ion placed on the surface of the sphere
dergoes an acceleration given by

d2r

dt2
5

e2Ni

3«0M
r 5

1

3
vpi

2 r , ~3!

wherevpi
2 5e2Ni /«0M is the ion plasma frequency. The in

tial conditions arer (0)5d anddr/dtu t5050.
Figure 10 shows an example of the influence of Coulo

expansion on the final charge density at the end of the la
pulse. We assume a gas density of 231012 atoms/cm3, i.e.,
the maximum density encountered in our experiment.
convenience, the peak laser intensity is referred to the s
ration intensityI s , i.e., the intensity at which the argume
of the exponential in Eq.~2! after integration over the lase
time shape is equal to 1. This is high enough to achieve t
ionization at the end of a laser pulse of 13 ns. Dashed
solid lines represent the charge densityNi(t) solution of Eq.
~1! for I 05I s and I 0510I s , respectively. Dash-dot-dot an
1-8
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WAVELENGTH-DEPENDENT COLLECTIVE EFFECTS IN . . . PHYSICAL REVIEW E66, 046411 ~2002!
dash-dot lines correspond to the charge density in the p
ence of Coulomb expansion, i.e.,Ni(t)(d/r )3, for I 05I s and
I 0510I s , respectively.

The curves in Fig. 10 show that the effective density
the end of the laser pulse is several orders of magnitude
than the value due to the multiphoton process. In this
ample, the radius of the initial charged cloud increases
about a factor of 10. It explains the increasing widths of
recorded ion time-of-flight profiles as the laser intensity, i
the charge density, increases. The above simple mod
useful to investigate some of the features of the phenome
under study.

Equations~2! and ~3! emphasize the nonlinear charact
of the plasma evolution. It is evident that the geometry of
charged cloud is relevant since it affects the intensity a
shape of the collective field. Recall that Eq.~3! is valid only
under the assumption of a spherical, uniformly charg
cloud. In a cylindrical geometry, neglecting the axial cont
bution, the numerical factor 1/3 must be replaced by 1/2
hence it leads to an enhancement of the spread. The ge
etry of our experiment is more complicated due to the pr
ence of the extraction field. When the field is applied at
end of laser pulse, the source of ionization, i.e., the thr
photon process, has a radial symmetry because of the
spatial intensity distribution around the laser beam a
When the extraction field is on during the laser pulse
breaks the symmetry since it is directed perpendicularly
the laser beam axis. The behavior of measured quant
when the extraction field is applied before or after the la
pulse is rather similar apart from differences that can be
cribed to a different rate of ionization~at the same lase
detuning!. This leads one to infer that the break of symme
has a weak effect on the charge propagation. This prob
however, can only be solved by a much more detailed
sophisticated numerical modeling.

An approximate criterion for the critical charge density,
which the ion expansion is dominated by the Coulomb
pansion, can be carried out by comparing the time of C
lomb expansion, i.e., 1/vpi , with the time of thermal expan
sion t thi5dAM /(2kTi), according to Ref.@1#. In practical

FIG. 10. The effect of Coulomb expansion on a spherical cha
cloud of uniform charge density. Legend: and , the
charge density as a function of laser pulse duration in the absen
Coulomb expansion forI 05I s and I 0510I s , respectively ~see
text!; –••–•• and –•–•, the charge density in the presence of Co
lomb expansion forI 05I s and I 0510I s , respectively.
04641
s-

t
ss
-
y
e
.,
is

on

e
d

d

d
m-
-

e
e-
ser
.

it
o
es
r

s-

m,
d

t
-
-

units, it leads toNi>(1.53106)Ti(eV)/d2 ions/cm3. In our
experiment, ions at room temperature are produced in a
of radius d5100mm, which leads to Ni>4
3108 ions/cm3, in excellent agreement with the experime
tally measured critical density of 33108 ions/cm3 ~Sec.
III B !.

Following this simple approach, we estimate the order
magnitude of the charge density threshold at which elect
trapping starts to play a role. Consider first the case o
delayed extraction field where in principle one can suppos
more relevant role of this phenomenon. At the beginning
the laser pulse, electrons expand with the thermal velo
ne5A2kTe /m, wherekTe is given by the energy conserva
tion in the three-photon process, i.e.,kTe51.7 eV. Trapping
would occur if the maximum value of the Debye length

lD5S «0Te

e2Ni
D 1/2

calculated at the center of charge profile~assumingne5Ni),
is less than the width of the interaction region. In our ca
this leads toNi.1010 ions/cm3. However, as demonstrate
in Ref. @24#, this parameter does not give a realistic pictu
of charged clouds produced by multiphoton ionization.
fact, in the presence of strong density gradients, as in
case where the laser beam waist has a spot radius of 100mm,
and a relatively long production time, i.e., on the nanosec
scale, the electrons rapidly leave the interaction region
hence their profile spreads out. For instance, an electron
an initial energy of 1.7 eV, as in our experiment, travels
about 1 cm during the laser pulse. In addition, when
charge density is high enough, electrons spread out bec
of the Coulomb repulsion whose time scale is now given
the electronic plasma frequencyvpe5(M /m)1/2vpi . Practi-
cally, it is equivalent to rescale the time scale of Fig. 10
multiplying by (m/M )1/2'1.631022. As a consequence, th
ion field is unscreened by the surrounding electrons, wh
are distributed over a very large area, and the ion Coulo
repulsion takes place unperturbed as described in the a
model. When the extraction field is applied, the field gen
ated by the ions would compete to prevent electrons fr
collection by the repeller~the metal plate surrounding the ti
of the discharge source, see@3#!. By using the definition of
the ion field given above, one can find that this would occ
for a densityNi>3«0E0 /ed'1011 ions/cm3. The data in
Fig. 10 show that at the end of the laser pulse the ion den
although close to much higher values at the first instants
laser pulse, is strongly reduced by the unscreened ion in
repulsion to a value several orders of magnitude less. He
the electrons are rapidly collected by the extraction fie
One can see from Fig. 10 that in the case of an advan
extraction field, also for 10I s , the ion density drops below
the trapping value of 1011 ions/cm3 in a few nanoseconds
Therefore, one can assert that in our experimental condit
the electron trapping plays a negligible role, although it w
observed by Giammanco@4# by using a weak extraction field
~about 30 V/cm!.
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V. CONCLUSION

A systematic study of collective effects in the multiphot
ionization of atomic deuterium has been undertaken. T
has been achieved by performing measurements of both
temporal profiles and total yields of the ions and photo
emanating from the laser-produced transient plasma. The
mary method of investigation has been the scanning of
laser wavelength through the 1S1/2– 2S1/2 resonance. The
data acquisition system enabled simultaneous measure
of the ion and photon signals.

A critical charge density of 33108 ions/cm3 has been
identified, above which the experimental results are do
nated by collective interactions. This critical charge dens
is independent of the detuning of the laser, indicating t
this density is independent of the multiphoton process g
erating the plasma. Evidence for collective effects have b
observed in the anomalous saturation of the ion yields
the increase in temporal width of the ion time-of-flight pr
files. The effectiveness of the collective field in Stark mixi
the 2S1/2 level with the 2P1/2 and 2P3/2 levels has been dem
onstrated by the observed Lyman-a emissions.
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Anomalous structure, in the form of a dip in the total io
yield as a function of laser detuning, has been observed
the negative detuning side of the resonance. The differe
between the transient plasmas produced at69 GHz detun-
ings is also observed in the ion time-of-flight profiles and
the saturation of the total ion yields at laser intensities ab
100 MW/cm2. These observations provide unambiguous e
dence for the coupling between the atomic multiphoton io
ization process and the formation and time evolution of
transient plasma.
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