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Measurements of ion energies from the explosion of large hydrogen iodide clusters irradiated
by intense femtosecond laser pulses
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We present measurements of ion energies from the interaction of intense, femtosecond laser pulses with
large mixed-species clusters. Multi-keV protons antD0-keV iodine ions are observed from the explosion of
HI clusters produced in a gas jet operated at room temperature. Clusters formed from molecular gases such as
HI are thus seen to extend the advantages of the laser-cluster interaction to elements that do not readily form
single-species clusters. In the light of recently reported nuclear fusion in laser-heated clusters, we also examine
the possibility of boosting the explosion energies of I@viens through the use of mixed species clusters.
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Over the last few years, experiments conducted by a num- In the context of heating by high-intensity lasers, mixed
ber of groups have shown that the interaction of sliert  species clusters have to date received little attention, but are
ps), intense (10 Wcm ?) laser pulses with clusters of interesting for a number of reasons. First, clusters from mo-
more than a few hundred atoms produced in gas jets calgcular gases potentially extend the advantages, ex-
result in debris-free, bright keV x-ray generatifh2], and  tremely efficient, debris-free transfer of laser energy to par-
the production of extremely energetic electrofg] and ticles and x-ray photonsof the Iasgr—cluster interaction to
highly charged fast ion§4,5]. Many aspects of the laser- €lements that are hard to cluster in the pure form, such as
cluster interaction have been successfully described by a n@oms and molecules with a low propensity for cluster for-
merical plasma modégb], which treats the ionized cluster as mation. For e’.(a”f'p'e’ Iarge-clluster formf':ltlon In gas Jets of
a uniform, spherical nanoplasma. hydrogen(and its |sotop§sreqwres very high pre-expansion _

The nanoplasma model shows that the interaction can pRressures and cryogenic cooling because the condensation

divided essentially into three phases. The first is the initiagggargﬁtfﬁgogtﬁggLosnedn ;(s)r\r/r]esrylalfggzg.luggedrrsogz:]yKr)ed:(;ﬁy at
f|eIdI |o|n|ztat|otﬂ tof the nealr—sollctj;]der?sllty, Zubwa}vtiler;]gthlow pressures without any cooling,
scaie cluster that occurs early on the rnsing edge ot the Nigh- - ga0qng 5 highz;) is required for efficient collisional

intensity laser pulse. Owing to the high density of the nanoyq ting of the nanoplasma electrons. According to our
plasma, once some electrons have been produced the secqy del, the maximum ion energy from the explosion of
phase is dominated by collisional ionization and CO"iSiO”alsingIe-species clusters of the same number of atoms scales as
heating. The ions are stripped to high charge states and the<zi>2 (see Fig. 1 Therefore, in a cluster comprising low
electrons are efficiently heated by the laser, in the absence ghg highZ species, the more highly stripped highon spe-
conduction to any bulk material. cies should allow a highef, to be attained to drive the
The third phase is the “explosion” of the cluster. This is explosion of both ion species. Further, in the expansion of a
triggered when the electron density in the expanding clustefivo-ion species plasma for the planar case, it is known that
plasma has dropped to three times the critical density, leadinder certain circumstancédepending on the relative ion
ing to a dielectric enhancement of the laser field inside thenasses, charges, and densjtiesne species can attain a
nanoplasma relative to the external field. This resonance pro-
duces a sharp increase in the electron heating that leads to a T S
very rapid expansion(explosion of the cluster plasma, 1000
driven largely by the hydrodynamic pressure of the hot elec- i
trons, according to our simulations and experimental results.
In the hydrodynamic expansion, the initially cold, highly
stripped ions are rapidly accelerated to high kinetic energies
in the ambipolar potential set up by the expanding electrons.
Our modeling shows that the ions ultimately attain an aver-
age energy in the region diZ;)k,T,, where(Z;) is the
average ion charge statlg, is Boltzmann’s constant, antl, N
is the electron temperature at the resonance. Experimentally, 1 10
for high Z clusters, the ion energy distribution has also been Mean charge state, <Z>
found to exhibit a much higher-energy tail, containing a '
small number of ions with energies much greater than FIG. 1. Simulated scaling of the maximum ion energy with the
(Zi)kpTe, attributed to the Coulomb ejection of highly average charge state of the cluster plas@), for 60 000-atom
charged ions near the surface of the clu§tdr clusters irradiated by 260-fs, 780-nm pulses at1®D'®W cm 2.
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much higher energy than the other, with a small fraction of 18F [ —o—woiws 26ty | 1
these ions achieving energies of up~+d.000T, [7]. Given 5 16 O Xe™ 20 -130 keV 1
the success of the plasma model for the laser-heated cluster, S 14r .
it is not unreasonable to expect a similar behavior in a > 12} .
mixed-species cluster. Boosting the explosion energies of £ 10 '
low Z ions in a two-species cluster would be highly relevant g 08 ]
to cluster-fusion research, in the light of the recent demon- % 06 ]
stration of nuclear fusion in laser-heated deuterium clusters g 04 ]
[8]. 2 02 Y e
This is not the first investigation of HI clusters in a strong 0‘%,0 02 04 06 08 10
laser field. Purnelét al. [9] reported ion kinetic energies up MCP pulse height (V)
to 700 eV and charge states up f iin the interaction of
150-fs, 624-nm laser pulses at't®W cm 2 with small HI FIG. 2. Averaged MCP pulse-height distributions for protons

clusters (<10 atoms. These energies were explained in With energies in the range 0.15-2.5 kedund points and multi-
terms of a pure Coulomb explosion of the multiply chargedP!y charged Xe ions with the same range of flight tinteguarej

HI clusters. No measurements of the proton energies were

reported. In our paper, much larger HI clusters, for which the?:> keV, from a factor of 25 to a factor of 2, which makes the

; eI}/ICP response more uniform. The ion charge states were not
intensity and time-of-flighfTOF) measurements were made resolved in this experiment.
y 9 An aspect of this experiment was the use of a pulse-height

of the proton and"T" kinetic-energy distributions. analysis of the MCP signal to differentiate between hits from
The laser systerfil0] and TOF spectrometét 1] used for rotons and 7" [necessary becaus&'l and H' ions with
this paper have been detailed elsewhere. The HI Clusw'%nergies in the ratio of their mass&27:1 have the same
were produced in a gas jet from a pulsed véllL8] backed 1o This was based on separate experiments we conducted
with HI gas(3—7.8 ba). A skimmer was used to produce a {hat showed that protons with initial energies in the range
cluster beam with a densityt 10" clusters/cmi in the inter-  0.15_2 5 keV/(covering the range of proton energies from
action region. To estimate the size of the HI clusters, we usehe H| clusters exhibit a quite different pulse-height distri-
Hagena's reduced-scaling parameker [13], which corre-  bution to fast Xe ions with a similar range of flight times
lates cluster formation in jets of different gases. Gas expand.e., ~130x more energetic as shown in Fig. 2. The proton
sions with the sam&™* tend to cluster to a similar degree. pulse-height distributions were obtained by using an extrac-
Using Eg. 12 in Ref.[13], we estimate the ratio tion voltage in the range 0.3-5 kV to accelerate initially cold
I'* (HI)/T* (Xe)~2.2, and since the number of particles per (<50 eV) protons out of the interaction region following
clusters, N., scales like [*)2, we expect N, (HI) laser ionizatior(just above the appearance intensand dis-
~5NC(Xe) for the same gas-backing pressure. From our preSOCiation of contaminant )] in the interaction chamber.
vious calibration oN.(Xe) as a function of backing pressure Note that without an extraction voltage, these background
for this pulsed valve(using Rayleigh scattering measure- Protons do not reach the MCP. The Xe pulse-height distribu-
ment3, we infer No(HI)~60000 molecules at 7.8-bar- tions were acquired using energetic Xe id@0-200 keV
backing pressure. from t_he ex_pl_ospn of_ Xe cIust(_ars. Xe was used owing to the
The clusters were irradiated by 260-fs pulses from s{[ﬁ?gn;z?sledgg?;kl‘t:e%ég\éﬂ::do;nNﬁ)éop?sucinsn%epnuerrealllycws‘tte\;z'ry
10-Hz Ti:sapphirg780 nm chirped pulse amplification la- well understood, so the origin of the difference in the"Xe

ser, focused af/8 to an intensity above ¥#wcm™2 A q lee-heiaht distributi : " hi
background pressure of T0mbar was maintained in the and proton pulse-heignt distributions Is not known at this
: . ; . stage. It may be due to the much higher average charge state
|r_1teract|on chamber. The ions produced in the cluster explo(-)f the Xe ions—known to be in the range €630+ [11]—
sions were detected by a microchannel plM€EP) detector . ihair higher energies.
(Galileo APTOF-18, positioned 58 cm from the interaction  The application of this pulse-height discrimination tech-
region. The MCP signal was acquired by a digital oscnlo-nique to distinguish™* from protons is validated by our
scope and the TOF spectrum for each shot was downloadeghservation of the characteristic pulse-height distributions
to a PC in real time for processing. described abovéFig. 2) in the ion TOF spectra from HI
No extraction voltage was employed to accelerate the iongjuster explosions. Figure(® shows the raw pulse-height
towards the MCP, so the time of flight to the detector pro-resolved TOF spectrum for a HI backing pressure of 7.8 bar
vided a direct measurement of the kinetic energy of the iongnd a laser intensity of 2 10**W cm™2. The spectrum was
from the explosion of isolated HI clusters. However, beforeaccumulated from~2000 consecutive laser shots, with ap-
impacting the detector, the ions were accelerated in a 2-mrproximately 10 ion hits per shot. Three features can be seen.
region between a grounded grid at the end of the flight tub&he partially resolved feature at early ting@—0.5 us) la-
and the input face of the MCP, which was at a potential ofbeled(i) is due to very fast particles, which we expect to be
V=-2kV. This has a negligible effect on the flight time mostly electrong3]. Feature(ii) is the grouping of hits ar-
from which the ion kinetic energies are calculated, but modi+iving between~1-3.5 us that has a pulse-height distribu-
fies the ion impact energy distribution according fit) tion that is clearly different from that dfii ) that comprises
—f(E+VZ). This serves to compress the impact energyhits arriving largely after~3 us, though there is some tem-
range, e.g., for protons with initial energies in the range 0.1-poral overlap between these two. Importantiiy) and (iii )
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FIG. 4. (a) I"* kinetic-energy spectrum from the explosion of
] 60 000-molecule HI clusters at10'*W cm2.  (b) Correspond-
FIG. 3. (@) Raw pulse-height-resolved TOF spectrum for HI ing proton spectrum calculated from all measured ion (itxles.

H 6 —2
cluster explosions at 210'°Wcm™# and 7.8-bar pulsed-valve o low-energy portion of this spectrutrz100 e\) is due to the
backing. (i), (ii), and(iii) label three distinct features, attributed, erroneous inclusion of'f hits, as seen in the comparison with a

respectively, to fast electrons, protons, and multiply charged iOdin?/ertically scaled test spectrurtsquares of known iodine ions
ions. (b) Averaged pulse-height distributions of featuréis) treated as protons.

(circles and (iii) (squares (c) TOF spectrum corresponding to

data in(a) integrated over all pulse heights. (square poingshas been scaled vertically to reflect the fact

that the " hits comprise half of all the measured ion hits.

have pulse-height distributions—displayed in Fi¢h)3-that ~ Comparing the round and square points, it is apparent that
are only weakly dependent on the TOF. The close similarityspectrum below 100 eV is due almost exclusively to the
of these with the proton and Xe ion pulse height distributionserroneous inclusion of"f" hits, while the spectrum above
(Fig. 1 leads us to the conclusion that featdii¢ is due to 100 eV is due to protons. Thus, taking 100 eV as the lower
protons, and featuréii) is due to multiply charged iodine limit of the proton spectrum, the mean and maximum proton
ions. The resemblance between tH& land Xé* pulse- energies are approximately 270 eV and 2.5 keV, respec-
height distributions is not surprising given the near-identicatively. We observed a monotonic increase in bdth hnd
ion masses and the expected similarity of their charge statgroton energies with increasing HI cluster size up to a maxi-
and energy distributions. Figurgc3 shows the same TOF mum dictated by the maximum pressure available from our
spectrum integrated over all pulse heights. Without theregulator(7.8 ba.
pulse-height information, the only hint to the presence of the The observation of energetic protons and iodine ions from
two ion features is the shoulder in the spectrum not normallythe laser heating of HI clusters, while perhaps not surprising,
seen in the typical spectrum from a pure rare-gas clustgsroves that molecular clusters can be used to produce ener-
explosion[11]. getic ions from a range of elements much broader than those

In Fig. 4 we display the ion kinetic-energy spectra corre-that cluster readily in the pure form. For example, highly
sponding to the data in Fig(&. Taking I'* hits to be those charged, heavy ionsA=200) are required for seeding par-
with a pulse height greater than 0.6 V enables us to extradicle accelerators. Traditional production methods rely on
the " energy spectrum, shown in Fig(a}. Since the 1" solid-target interactions using large-scale, long-pulseg @O
pulse-height distribution is only a weak function of the TOF, sers[14]. A compact source of highly stripped tungsten ions,
the energy spectrum calculated from this selection of hit§or example, might be possible from the explosions of clus-
should closely approximate the true spectrum. The maximurters of WK (a gas at room temperatyriat could be formed
kinetic energy is~92 keV, while the mean of the distribu- in a standard gas jet—a much easier route than trying to form
tion is ~8.6 keV. The round points in Fig.(d) show the the clusters from the refractory metal.
proton-energy spectrum obtained by assuming that all mea- Theoretical analysis of the energetics of the laser-HlI clus-
sured ion hits are due to protons. Clearly, half these hits arger interaction is difficult for two reasons. First, because a
actually from I'*. We show that the iodine ions introduce an mixed-species laser-cluster model does not exist at the
error only to the low-energy part of the spectrgml100 eV) present timéand there is no self-consistent way of extending
by plotting the energy spectrum of the knowh Ihits (pulse  our nanoplasma model to include more than one ion species
height>0.6 V) treated as protons, i.e., using the proton mas$econd, because the direct comparison with the ion energies
in the calculation of the kinetic energy. This test spectrumfrom pure H and | clusters was not attempted in this experi-
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ment owing to the extreme technical difficulties involved. dynamics of a plasma expansion into vacuum is known to
For example, to make 60 000-atom &lusters would require  depend strongly on the geometry of the sys{di]. How-
cooling to well below liquid-nitrogen temperatur¢2], ever, if we apply this planar analysis to a spherical cluster
which emphasizes the advantages of using HI gas for thplasma we find that the protons in the HI cluster explosion
formation of clusters containing hydrogen. can initially be treated as impurity ions, despite equal ion
However, to make a comparison with the ion energiegjensities, because the impurity conditioB,N,<Z;N;
from a pure cluster, we measured the ion spectrum from thgyhere 1 and 2 refer td't and H', respectively, and; is
explosion of 5000-atom Xe clusters under identical experithe density, is satisfied sinc&,> Z, (for a pure iodine clus-
mental conditions. A maximum Xe ion energy ofl50 keV a1 of 60000 atoms and the same laser conditi@iss 15,
was recorded, which, from our simulations, we take to be @ccording to our simulations
lower limit for the " energy from the explosion of a 5000 Treating the protons as impurity ions has two important
atom pure | cluster. This result indicates that the maximunygnsequences. First, the motion of the iodine ions is not
ion energy from a pure 60 000-atom | cluster would be sigmqgified in the expansion compared to the single-species
nificantly greater than the-90 keV measured from the cage The difference in the maximuritlenergy from the
60 000-molecule Hl clustebased on the monotonic increase miyed and single-species cluster is thus a consequence of the
in the ion energy with increasing cluster size between 500Qjifferent initial conditions of the explosion. Second, protons
and 60000 atoms that is predicted by our madel _ with energies of the order of 100 keV might be expected for
The lower iodine ion energies from the mixed species 1 1 kev. In fact, we cannot rule out the existence of
cluster can be attributed, at least in part, to the lower eﬁeCVery energetic protons on the basis of our data, since they
tive (Z;) in the HI nanoplasma owing to half the ions being \yoy|d be masked in our TOF spectra by the electron peak
only singly charged. This will reduce the electron heating[feature(i) in Fig. 3(a)]. We note that for fusion in deuterium
which in turn will modify the thermal collisional ionization jqdide clusters, a small fraction of very fast deuterons might
and hencg(Z;) for the iodine ions. The strong interdepen- paye a significant effect on the fusion yield, given the very
dence of these variables makes this effect difficult to quanstong scaling of the fusion cross section with deuteron en-
tify in the absence of a two ion species nanoplasma modekrgy “Clearly, further work is necessary to establish if pro-
The plasma conditions at the onset of the explosion alsgyns of such energy are being produced.
depend on the initial density of the neutral cluster, since the |, conclusion, we have measured thé land proton ki-
initial density affects the timing of the resonance relative toneic energies from the explosion of HI clustéestimated
the peak of the laser pulse. Our modeling shows Taadnd ;e 60000 moleculgsirradiated at 2 108Wcem2 by
(Z;) are actually very similar for 60 000-atom | clusters at | 780.nm, 260-fs pulses. We find that th" Ienergies are
or HI densities for a laser pulse duration of 260 fs, but this iSych higher than those observed previously in laser interac-
not true in the general case. Thermalization between the elegyy with smaller Hi clusters, but significantly less than those
trons and the protons during the cluster-heating phase woulgypected from the explosion of a pure | cluster with the same
also reduce the electron temperature in the HI cluster. Howqymper of atoms. Qualitatively, the reduction is consistent
ever, forkyT, greater than a few tens of eV, the electron-yith 5 reduced average ion charge state in the HI nano-
proton equilibration time is significantly longer than the yjasma. It is not clear yet whether theHenergies are
~100-fs time scale of the collisional heating, so there isyoosted compared to a pure H cluster explosion in the two-
negligible transfer of energy from the electrons to the projgn_species expansion, but theoretical work on two-ion-
tons during the heating phase. _ species plasma expansions suggests that such an enhance-
The final ion energies also depend on the dynamics of thg,ant should be possible—with very high proton energies
plasma expansion. The self-similar expansion of a collisionyyegicted. The use of molecular clusters also permits the ef-
less two-ion species plasma has been analyzed in the literggient |aser heating of many elements that do not readily
ture[7,15]. It is known that the ion species can separate iform clusters in the pure form. Certainly, the laser heating of

the expansion, owing to the difference in the charge-t0-masg,ixed species clusters is a topic deserving further experi-
ratios. Such a separation is evident in our TOF data shown i ental and theoretical investigation.

Fig. 3(@), with the majority of the protons reaching the de-

tector before the iodine ions. Gurevich, Pariiskaya, and Pi- The authors are grateful to R. A. Smith and J. P. Con-
taevskii [7] also showed that a small fraction of impurity nerade for useful discussions. Help with the laser and experi-
ions can acquire energies of up t0?2ACk,T, in one- ment from M. B. Mason and K. J. Mendham and the techni-
dimensional, two-species expansions. It is assumed that theal assistance of P. Ruthven and A. Gregory are also
impurity ions do not affect the motion of the other ion spe-gratefully acknowledged. This work is funded by the EPSRC
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[1] A. McPhersoret al, Nature(London 370, 631 (1994). [6] T. Ditmire et al, Phys. Rev. A53, 3379(1996.

[2] S. Doboszet al, Phys. Rev. A56, R2526(1997). [7] A. V. Gurevich, L. V. Pariiskaya, and L. P. Pitaevskii, Zh.
[3] Y. L. Shaoet al, Phys. Rev. Lett77, 3343(1996. Eksp. Teor. Fiz. 63, 5161973 [Sov. Phys. JETR6, 274
[4] T. Ditmire et al, Nature(London 386, 54 (1997). (1973].

[5] M. Lezius, S. Dobosz, D. Normand, and M. Schmidt, Phys. [8] T. Ditmire et al,, Nature(London 398 489 (1999.
Rev. Lett.80, 261 (1998. [9] J. Purnell, E. M. Snyder, S. Wei, and A. W. Castleman, Jr.,



3080 J. W. G. TISCHet al. PRA 60

Chem. Phys. Lett229 333(1994. [13] O. F. Hagena, Z. Phys. B, 291 (1987).
[10] D. J. Fraser and M. H. R. Hutchinson, J. Mod. Of8, 1055 [14] J. Collieret al, Laser Part. Beam$4, 283 (1996.

(1996. [15] P. E. Young, M. E. Foord, A. V. Maximov, and W. Rozmurs,
[11] T. Ditmire et al, Phys. Rev. A57, 369 (1998. Phys. Rev. Lett77, 1278(1996.

[12] R. A. Smith, T. Ditmire, and J. W. G. Tisch, Rev. Sci. Instrum. [16] G. Manfredi, S. Mola, and M. R. Feix, Phys. Fluids53388
69, 3798(1998. (1993.



