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Abstract. The interaction of an ultra-short’ (<30 fs), high-contrast(<10~?), high-
intensity (>10'® Wem=2) laser pulse with a solid target is not generally known to
produce and accelerate negative ions. The transient accelerating electrostatic-fields
are so strong that they ionize amy atom or negative ion at the target surface. In
spite of what may appear to be unfavourable conditions, here it is reported that H™
ions extending up to 80 keV are'meéasured from such an interaction. The H™ ion
flux is about 0.1% that of the H¥ ions at 20 keV. These measurements employ a
recently developed temporally-gated Thomson parabola ion spectrometry diagnostic
which significantly improves Signal-to-noise ratios. Electrons that co-propagate with
the fast protons causera two<step charge-reduction reaction. The gas phase three-body
attachment ofselectrons to fast neutral hydrogen atoms accounts for the measured
H™ yield. It is intriguing that such a fundamental gas-phase reaction, involving the
attachment of amrelectron to a hydrogen atom, has not been observed in laboratory
experiments previously. Laser-produced plasma offers an alternative environment to
the comventional charged particle beam experiments, in which such atomic physics
processes can\be investigated.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-103610.R2

Page 2 of 14

Direct electron attachment to fast hydrogen in 10~° contrast 10*®* Wem™2 intense laser.dolid target interactio:

1. Introduction

H~ is one of the simplest bound three-particle systems, and it isg@mportant for
both fundamental and applied research. As the simplest model system for, electron
correlations and the study of the fundamental properties of negative iongs} it has drawn
considerable attention [1, 2]. Electron attachment to H® may appear topsbe an easy
way of generating H™, but actually this is one of the least studiéd of the electron
attachment reactions. Almost all of the laboratory techniques for generating H™ ions
3, 4] are either through charge-transfer reactions on surfaces coagedwith electro-positive
atoms such as Cs [5] or in molecular fragmentation schemes [6]aH™ i3 also of interest
for plasma heating in Tokamak reactors. Negative ions are,crucial in conventional
tandem accelerators where they offer the possibility to derive maximum energy from
the electrostatic potentials applied in the acceleration colummngy{7]. Hybrid approaches
which combine laser-plasma acceleration with conventional methods have recently been
explored [8]. The possibility of generating negative ionsifrom’a laser-plasma accelerator
could be of interest from such a perspective.

To the best of our understanding, a direct ehain of recombination reactions where
protons are reduced to H™ in gas phase bheam experiments has not been reported
thus far. Indeed, the absence of reportedireaction rates for the reduction of H° to
H™ with electrons has meant that/itiwas. necessary to compute the relevant electron
attachment rates in order to model the experiments presented here. Impulsive excitation
of matter by ultra-short laser pulses raisesythe electron temperature rapidly in a few
tens of femtoseconds. The temperature then falls off again over a period of nanoseconds.
During the excitation, high-brightness electron pulses stream out of the focal spot and
generate extraordinarily high rates of ionization, excitation and even recombination (as
has been recently evidenceddn reference 9). Intense-laser produced plasma thus offers an
environment in which atomi¢-physics experiments that probe such fundamental atomic
processes can be performed. In'this manuscript we describe observations of the elusive
gas-phase reduction_of fastyH® atoms to form fast H™ ions in a laser-produced plasma
experiment in whi¢h dense bunches of electrons and ions co-propagate.

Intense (> 102 W em~2), ultra-short (< 100 fs) laser pulses incident on a solid
target are knoewn to aceelerate ~ MeV ions [10, 11, 12, 13] from the target surface.
Electrons absorb energy from the incident light by various mechanisms. This produces
a high temperature electron distribution that can extend to a few hundred keV [14]
while the bulk thermal electron population is also raised to temperatures of up to a few
hundred eléetron-volts [15, 16]. Since the target is heated by the high-contrast short
laser-pulsej the ions remain relatively immobile during the laser interaction due to their
large'mass. On the other hand, electrons are removed far from the target surface and
this results in a transient charge separation field that can be as high as 100—1000 GV /m
depending on the laser intensity and pulse duration [17]. Over time, this field energy is
transferred to the positive ions and they are accelerated along the target normal. Surface
contaminants, typically hydrocarbon impurities, are typically the principle source of the
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: accelerated positive ions. Protons, having the lowest mass to charge ratio are accelerated
6 most vigorously. Proton energies extending to MeV (and higher for more intense lasers)
; are studied not only to devise new acceleration schemes [18] but also to understand,the
9 generation mechanism [17] and the evolution of the hot, dense plasma. One/rarely finds
10 discussion of negative-ion formation or acceleration in such sheath-field ien-acceleration
:; schemes.

13 Negative ion formation has been reported in a few intense laser plasma experiments
14 in the past, with the underlying mechanism suggested to be chargestransfer collisions
1 2 with neutral atoms. The relatively high neutral atom density along the path of the
17 ion beam, or surrounding the laser focus, has enabled the charge transfer mechanism
18 in all of these previous experiments. In special targets; such “as liquid droplet
;g sprays [19, 20, 21, 22] or nanoclusters [23, 24, 25] the large cross-sections for charge
2 transfer processes were shown to be responsible formthe megative ion formation.
22 Negative ion formation has been reported from solidtargets when the pulse duration is
;i large [26, 27], or when the pulse contrast is poor [28], due.to collisions with neutrals in
25 the ablation plume. In a recent study [28], negative ion formation is observed when the
26 laser is focused deep inside a transparentPMMA target. Here the charge transfer from
;é C or O atoms appear to be the main reason for,the negative ion formation.

29 Recently, we have shown [9] that laser-plasma’based particle acceleration of ions
30 is not just limited to the three stéps of @)rejection of hot electrons, b) setting up of
g; transient electrostatic fields and c¢) ion aeceleration. The process of ion acceleration also
33 leads to the ejection of low emnergy electrons: It is well known that a fraction of these
34 electrons have the same velocity as that of the accelerated ions and co-propagate with
35 them [29, 30, 9]. This situation'is different from the quasi-neutralilty in a plasma. Here
g? ions and electrons travel toward the detector with their terminal velocities. A few tens
38 of mm away from the target, the electron density is very low such that the individual
zg particle interactions tend“to dominate collective behaviour. In such a regime, the
o interaction between theico-propagating electrons and ions continues long after the ions
42 leave the hot densesplasmaisDuring this time, electron-ion recombination reduces the
43 proton population and produces a substantial fraction of fast neutral hydrogen atoms.
2: Extensive experiments have been performed to demonstrate this behaviour, including
46 changing the pulse energyrand pulse duration, pump-probe studies, and pinhole imaging
47 of the neutralispot on the detector. Here we show that such co-propagation reactions
22 are not limited to producing fast neutral hydrogen atoms, but can also result in the
50 formation of negative ions.

51 In" this paper, we report H™ generation up to 80 keV when a high intensity
gg (> 10" W/cm?), high contrast (107%) laser pulse irradiates the surface of a target.
54 Under these high-contrast conditions, neither charge transfer with neutral atoms nor
55 electron-ion recombination with a single electron is sufficient to explain the formation
g? of negative ions. Charge reduction of the accelerated ions is shown to occur by direct
58 interaction with the dense bunch of electrons that is co-propagating with them. It is
59 demonstrated that the two-step electron recombination and attachment reactions with
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Figure 1. (a) A schematic of the experimental set-up where the MCP is gated to
switch on only during,the arrival time of H. (b) The TPS trace shows the enhanced
view of the quadrants where HT and carbon ions are seen. (c) In the diagonally
opposite quadrant a clear parabolic trace of H™ is also seen.

protons are responsible for the generation of the fast H™ ions observed.

2. Experiment

An 800 nm, 30 fs laser with an energy of ~ 1.2 J on target and a spot size of 13 um
FWHM is“used to obtain a peak focused intensity of ~ 1.5 x 10! W/cm?. The angle
of incidence was kept at 45° with p-polarization. The target consisted of a 5 mm thick
substrate with a few tens of nanometers thick Al coating on BK-7 glass. The metal target
should be A/10 polished and the easiest way to get a metal target of such smoothness
is to usera \/10 polished BK-7 glass target coated with Al of thickness larger than the
skin.depth of the laser. The laser was irradiated on the coated surface of the target and
backward accelerated target normal ions are characterized using a Thomson parabola
spectrometer (TPS) placed along the target normal direction. A micro-channel plate
(MCP) coupled with a phosphor screen is used as the detector in the TPS which is



Page 5 of 14 AUTHOR SUBMITTED MANUSCRIPT - PSST-103610.R2

1
2 . . . . . .
3 Direct electron attachment to fast hydrogen in 10~° contrast 10*®* Wem™2 intense laser.dolid target interactio:
4
5
6 0 18
7 g 10
8 10" § 10"
9 -2 i 16
10 . 10 3 10

/] 3 ] 15
11 g 10 10 ;g--
12 < 10% ] 10 O
13 o ] =
14 E\ 105 3 10" ;
15 g 10-5 i 1012 ‘D

Q E c
16 = E I i o
17 =107 1 10" E
18 10-8 ; i 1010
19 E
20 10° 10°
21 10 ! . - . . T T 10°
22 -100 -50 0 50 100
23 :
>4 Time (ps)
25
26
27 Figure 2. Third-order autocorrelation.measurement showing the intensity contrast of
28 the laser pulse used in the experiments. Thé ns contrast of the pulse is better than
;g 1079, Picosecond contrastsis.in the range of 10~7 to 10~°.
31
gg imaged by a 12-bit CCD camera to record the signal. The MCP has a provision to be
34 controlled by a fast electroni¢ switch to detect ions of a particular species based on the
35 ion arrival time [31]. To optimize the,dynamic range in energy and the signal to noise
g? ratio a gate delay of approximately 50 ns and a gate width of 1.1 us is used. A schematic
38 of the set-up is shown in Fig, 1(a). The accelerated ions propagate through a vacuum
39 of 9 x 107 mbar for 63 cmAollowed by another evacuated region at 7 x 107 mbar for
2(1) 73 cm before they reach. the detector.
42 It is well known. that laser pulse contrast plays a key role in determining both
43 the absorption and ion agceleration mechanisms that occur in a given laser:solid-target
22 interaction. Low levels of pulse contrast can lead to a larger scale length plasma and
46 a diminished/sheath potentials. The presence of a large prepulse causes ablation of
47 the target surface and consequent hydrodynamic modification of the target geometry
23 and propeérties; it also increases the fraction of low-energy electrons produced. In
50 order to gain a better understanding of the physics of the laser-target interaction in
51 thesetexperiments, the pulse contrast is measured and this measurement is used to
gg provide input parameters for radiation-hydrodynamics simulations. The goal of these
54 simulations is to predict the temperature and density profiles in the plasma column in
55 which _the protons move as they propagate out toward the detector. We use a third-
g? order autocorrelator to measure the pulse contrast of the laser pulse. Fig.2 gives the
58 measured pulse-contrast. We do not have any other pre-pulse in the experiment and
59 the ns pre-pulse is measured to be <1077,
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3. Results and Discussion

Our recently devised gated Thomson-parabola spectrometry for iems diagnostic
has significantly improved the achievable signal-to-noise ratio (SNR)w. in our
measurements [31]. Low-yield ion signals in the experiments carried out previously,
in absence of such a diagnostic, may have escaped detection [31]. With this improved
capability, not only is the routinely observed H* trace seen, but alsé a clear parabolic
trace due to H™ is recorded in the opposite quadrant. The TPS traces.in both quadrants
are shown in Fig 1(b, ¢), when the acquisition window is set/to the arrival time of
the protons. The energy spectrum of the H" and H™ ions derived from the parabolic
traces are shown in Fig. 3. The procedure for converting the FPS image to the energy
spectrum, along with the noise corrections, is explained infdetail infour recent work[32].
It is seen that the proton spectrum at the back of a thin foilvextends to a few MeV,
but for a thick target on the side upon which the laser is ingident, the blow-out plasma
limits maximum energy, even though the experiments are.done with high contrast pulses
(33, 34]. The flux of H™ ions relative to the Ht fluxuis about 0.1 % at 20 keV. It is to
be noted that for the H™ spectrum, the flux drops sharply at ~ 80 keV, whilst the H
spectrum continues further and falls off at a distinct eéut-off defined by the accelerating
potential of about 180 keV. This shows that even whén a simple solid target is used with
a high contrast, high intensity, ultrasshert laser pulse, the generation of fast negative
hydrogen ions occurs. The possible generation mechanisms of these negative ions will
now be considered in detail.

The electronic binding energy of the H™ ion is &~ 0.75 eV [35] and requires an
electric field of only ~ 90 MV/m imorder to remove the extra bound electron. Much
larger electric fields are generated in the ion acceleration phase at the target surface
and such fields would immediately auto-ionize the negative ions. In the event that the
negative ions are not auto-iohized, the target normal sheath acceleration process would
accelerate such negative ions‘into the target surface and not away from the target.

The only available process for fast negative ion formation is therefore multiple
charge reduction of the accelerated positive ions. The proton acceleration mechanism
in this conventionalilaserisolid-target system is thought to be due to the well studied
TNSA process[13; 17].“The laser-plasma interaction causes electrons to be accelerated
to relativistie velocities and to escape the target. As these hot electrons move away
from the target, @ sheath field is generated, which in turn accelerates protons (and
other heavier ions). Since this ion-acceleration mechanism has already been subject to
extensive mvestigation and has been well demonstrated in the existing literature, the
focus here will be to try and explain the possible charge reduction physics that generates
the negative ions. The two main processes of charge reduction are either by: a) capture
of.a_free electron; this process is termed conventionally as electron-ion recombination,
or b) the capture of electrons from bound states of other atomic systems, conventionally
termed electron capture/charge transfer. Bound electron capture generally occurs via
collisions with neutral atoms [36]. One of the electron-ion recombination mechanisms is
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32 off at about 180 keV while for the negative ions, the spectrum becomes undetectable
33 much above 80 keV: The red line shows the computed H™ spectrum based on the co-
34 propagation scheme of electrons of similar velocity interacting with the ions far away
35 from the target (few mm) and/undergoing three-body recombination to form H~.
36
37
gg a three-body process where two electrons simultaneously interact with the ion[37]. One
40 of the electrons is captured by.the ion in to the ground state and the other electron is
41 scattered to conserve themomentum.
jé Before we discuss these processes in detail, it is important to evaluate the possibility
44 of charge reduction by means charge transfer reactions between the accelerated protons
45 and the background gas! The cross section of charge transfer of H* to H° from the
2? background gas/is 6ix 1071 cm? at 10 keV [38] and for a second electron capture to
48 form H™, it.is‘&.1.5% 10717 cm? [38]. For our experimental conditions of 9 x 1075 mbar
49 chamber pressure and 63 cm of traversal, it is estimated that the charge transfer
g? probability, to/generate H™ at 20 keV is &~ 0.01 % while the experiments yield is
52 abont 0.1 %. So charge transfer due to the background gas is able to account for at
53 most.a tenth of the signal measured and is therefore unable explain the experimental
gg measurements. Charge transfer collisions with neutral atoms formed in ablative emission
56 or in the plasma plume are also a possibility that needs to be evaluated. Protons being
57 least massive and the first ions to move out, they will be ahead of any ablative neutral
gg emission and electron capture from these particles is not feasible.
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Figure 4. (a) The electron temperature anididensity profiles close to the target surface
1 ps after the laser-target interaction taken/fromHYADES radiation-hydrodynamics
simulation results. (b) The pfoten fraction in the plasma computed for different
electron densities and temperatures using FLYCHK. Unless the electron temperature
is less than 2eV electron-ion recombinationsis small and the proton fraction remains
close to 1.

All charge reduction processes by free electron attachment intrinsically require low
electron temperature so that re-ionization of a neutral atom in the presence a swarm of
free electrons is avoided. At distancesielose to the surface of the target, within a few tens
of pm, the plasma temperature'is expected to be very high and the neutral atom density
under such conditions may/de negligibly low to contribute to the charge transfer process.
Effective charge reduction by electron-ion recombination demands that the electron
density be high but more importantly requires that the electron temperature should be
at most a few electron voltsy For example, in the case of electron capture by Argon ions,
the total electron-ion recombination cross-section decreases by four orders of magnitude
if the electron energy ingreases from 1 — 10 eV [39]. The decline in the cross section
is even largep™for electron energies above 10 eV. Thus, charge reduction by electron-
ion recombination to form fast neutral hydrogen is effective only when the electron
temperature falls'below 1 eV. Three-body recombination provides another possibility of
charge reduction, whereby two electrons interact simultaneously with a positive ion to
capture an electron. This also requires that the electron density be very high, but this
is only possible when the electron temperature is low, typically 1 eV or less, so as to
preventsré-ionization of the H™.

It is important to evaluate the first charge reduction step to form neutral H that
must occur as a precursor to negative ion formation. This requires a detailed analysis
of the density and temperature and how these parameter change with time. We also
need to evaluate how the neutralisation changes for a given parameter space of electron
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: density and temperature. A one-dimensional radiation hydrodynamics simulationsusing
6 HYADES [40] is used, along with calculations performed using the FLYCHK 41| and
; ATOMIC [42, 43] codes, to support this analysis. HYADES is used to calculate,the
9 plasma scale-length and temperature near the target surface 1 ps after the/laser pulse.
10 1 ps is chosen since this is the typical time taken for the protons tojbe accelerated
:; from the target. The electron density and temperature profiles obtained are shown in
13 Fig. 4(a). For the Al target, it was found that all atoms near the farget front surface
14 are fully ionized (upto a few few tens of pm), with an average charge state of 13. This
12 negates the possibility that H™ is forming in this region via electfon capture; the neutral
17 population is negligible.

18 Steady state electron-ion recombination rates are calculatedito compute the average
;g charge of the proton bunch moving out of the plasma using:FLYCHK. For the electron
2 density and temperatures shown in Fig. 4(a) there ispractically no charge reduction.
22 Inset shows that charge reduction is possible even at low demsities when the electron
;i temperature is low. Unless the electron temperatures fall as low as 2eV there is no
25 effective electron-ion recombination and the prgton fraction remains unchanged. The
26 question then is whether the electron energies in the yicinity of the target can fall to
;é such low values in the time taken for the protons to move out of the target vicinity. To
29 determine this we refer to the hydrodynamic simulation results. HYADES computed
30 electron temperatures in the low-densify plasma’ are in the keV range (Fig. 4a) and
g; remain so even after 25ps as shown in“Eig. 5. Even in the higher density portion of
33 the plasma the temperatures are typically a few hundred eV. This is clearly too high
34 to allow for any effective electromsion recombination in the species of interest. Fig. 5
35 also establishes that even after 25 psy/the charge state of the Al is very high such
g? that any possible charge reduction by charge transfer collisions is not possible. We
38 present FLYCHK computations ever a large range of parameters to make it clear that
zg irrespective of the plasma dénsity or any reasonable plasma temperature, even a single-
o step charge reduction te form neutral hydrogen is unlikely, let alone the consecutive
42 second reaction to reduce H%to H~.

43 In our recent'study on fast hydrogen atom generation from intense laser pulses
2: interacting with ‘solid, targets [9], it was seen that fast hydrogen atoms are generated
46 by electron-ign recombination where low energy electrons co-propagating with protons
47 interact over an extended distance, far away from the target (few mm). As the ions are
22 acceleratéd from the target, the potential of the accelerating field drops and more low
50 energy electrons can be released. A fraction of these electrons have the same velocity
51 of théions and undergo recombination reactions to form fast neutral atoms [9]. The
gg negative ions seen here can only be produced by a similar scheme given that all the other
54 possibilities have been ruled out. Further studies have been carried out to evaluate
55 if the presence of these co-propagating electrons with protons can result in two-step
g? recombination and attachment reactions to form negative ions.

58 Toward this end, recombination rates for the reduction of neutral hydrogen to
59 H™ are needed. Although measurements and calculations exist for electron-impact
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Figure 5. (a) Electromtemperature and density profile close to the target surface at
25 ps after the laser pulse isiineident on the target as computed using the HYADES 1D
radiation-hydrodynamics simulation code. Though electron temperatures are reduced
they are still in.the, 100s of eV range.

detachment of H™ [44;.45], no three-body recombination rates appear to have been
reported for electron.attachment to neutral atomic hydrogen. Several points are worth
noting, firstly, the ionization cross section of H™ is quite large (peaking at around
3.5 x 107 c¢m?) [38]. /The corresponding three-body rate coefficient is then also
significant and about a factor of two larger than the three-body recombination rate
of electrons with protons/to form neutral atomic hydrogen. However, recombination
into neutral hydrogen can also proceed into excited states of the hydrogen atom and
these recombination rates are large. No such channel is available for electron attachment
in thetH" ease, since only one bound state of H~ is observed. Using the principle of
detailed balancing and the electron impact cross-sections [44, 45], the rate coefficient
for thesthree-body recombination computed as a function of the electron temperature
issshown in Fig. 6. Given these rates, it is possible to estimate the H™ yield. Using
these rates with the co-propagating model [9], it is seen that H™ generation from HY is
possible and is dominated by three-body attachment.

For computing H™ formation, both the electron density and temperature are needed.
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: The former is obtained by extrapolating the electron density computed by HYADES,
6 since, being a radiation hydrodynamics code, it cannot model the behaviour of the
; non-fluid-like lowest density regions. We use a simple continuity condition for,the
9 extrapolation, followed by a conical expansion of the electron emission corresponding
10 with the experimentally measured electron angular-distribution. Wepnote that the
:; electron temperature is the crucial parameter. As seen in Fig. 4, even if the electron
13 density is varied by orders of magnitude, unless the temperature fis low,, there is no
14 effective electron-ion recombination.

1 2 Obtaining electron temperature in the co-propagating reference frame of the proton
17 is difficult not only because of a number of competing processes that generate low energy
18 electrons, but also because the low energy electron release’is over an extended period
;g of time as compared to the ion acceleration. So, the eléetron temperature is used as
2 a variable parameter to evaluate the recombination reactions.” The chain of electron
22 recombination reactions of H* to H° is computed using the electron-ion recombination
;i rates whilst the reduction to H™ was evaluated using the three-body electron attachment
25 rates as seen in Fig. 6.

26 To calculate the formation of negative ions a two-step co-propagating model was
;é used as described in [9]. Here, the first stepin the calculation is to evaluate the formation
29 of neutral atoms due to co-propagation. For each time-step, the neutral atom formation
30 is calculated. After the neutral atoms are,formed, the neutral atoms co-propagate
g; further with electrons, leading to the formation of negative ions by the same mechanism.
33 Since the negative ions have a very low ionization potential, collisional detachment of
34 negative ions with electrons was taken into account. The rate equations employed were:
35

36 dNy/dt = Ry o(Ne, Te) Ne(x,t) Np(x,t) (1)
37

gg dN_/dt = Ry_4(Ne) Ne(x,t)* No(x,1) (2)
2(1) dNy/dt'= R_1o(Ne) Ne(x,t) N_(x,t) (3)
42 Where N, , Ngrand, N_"are the number of protons, neutrals and negative ions of
22 hydrogen as a fumction of space and time. Ne and Te are the number density and
45 temperature of the co=propagating electrons and R, , is the conversion rate of charge
46 state x to y/ i corresponds to electron attachment to a proton, Ry _; is electron
2; attachment_to hydrogen atom and R_; corresponds to electron-impact ionization of
49 negativefions. The rate equations were then solved for different ion energies for the same
50 co-propagating/temperature and the results are shown in Fig. 3.

g; Carrying out the calculation for various ion energies, the relative yield of negative
53 ions can be obtained and the simulated H™ spectrum is shown in Fig. 3. It can be seen
>4 that using the same electron temperature as in ref. [9], which successfully explained
gg the formation of HY in those experiments, also provides the necessary conditions for
57 the formations of H™ ions here. There is some discrepancy between the results of such
gg calculations and the experimental measurement but this may be due to the fact that

the same effective temperature is employed in both charge reduction steps from H* to
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Figure 6. The three-body rate coefficient for formation of H™ as a function of electron
temperature.

H~. Given the experimentaligeometry, it is clear that the effective electron temperature
going from HY to H~ should not) be exactly the same as that for the subsequent H*
to HY step. Small changes ifwthé clectron temperatures would improve the correlation
with the experiments, however it is felt that the existing model is more robust in that
it limits the number of free parameters in the model. The model anyway establishes
that charge reduetion and electron attachment to neutral atoms can occur in relevant
numbers alongsthe path towards the detector by a co-propagating bunch of electrons.
Another possible process to form H™ is that of radiative attachment of electrons to
HO [46] formedipreviously [9]. Tt was calculated that as the neutral atoms propagate
to the detector))radiative attachment processes accounts for about 1/100 th the flux of
H™ compared.to that provided by three-body attachment in the co-propagating model.
Isolation of this effect is therefore not feasible based on the experimental results, and
may be deemed insignificant.

So, whilst negative ion formation has been reported in a few intense laser-plasma
interaction experiments in the past, the arguments and simulations presented here
clearly establish that the mechanism in the experiment described here is electron
attachment to H° which has not been previously reported in any cross-beam or co-
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6

7 .

8 4. Conclusion

?o An experimental study of ions accelerated from solid targets exposed to 'high contrast
1 and high intensity laser irradiation is seen to generate fast negative ions. H7.ions up to
:g 80 keV with a relative yield of about 0.1% compared to the proton #ield are measured
14 using gated Thomson-parabola spectrometry. Until recently, direct, charge-reduction
15 processes with electrons in ultra-short, high contrast, high-inténsity laser pulses had
1? not been demonstrated. A scheme where low-energy electrons €o-propagate with the
18 ions and continue to interact long after the ions leave the targetiis shewn to explain the
19 charge reduction and electron attachment to neutral hydregen atoms to generate the
;? negative ions observed here. For this three-body attachment, rates for the reduction of
22 H° to H~ were computed and are used to evaluate the electromattachment to fast neutral
23 atoms to form the measured H™ population. It was seen,that the computed spectrum
;g of H™ agreed well with the experiment. Intensé laser-plasma interaction experiments
26 provide an interesting environment in which to study basic atomic physics processes.
27
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