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lon characteristics of laser-produced plasma using a pair of collinear
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Femtosecond laser-pulse absorption is studied in silicon ablation plasmas by means of a pair of
identical 13° W/cn? collinear pulses separated on a picosecond time scale. The second laser-pulse
modifies ionic characteristics of the preformed plasma, such as ion yield, ion energy, and average
charge state. Resonance absorption is demonstrated to be the dominant mechanism by comparing
results ofs andp polarization. It is shown that maximum effects occur when a well defined critical
density surface of the initial plasma forms together with an optimum density gradient scale length
of kL=1.5. The optimal enhancement of ion yield, which occurs at 5 ps delay, is a factor of 2 greater
than that produced by a single pulse with twice the energy of each individual double pulse.
Applications are identified in regard to cluster beam formation and plasma isotope enrichment in
ultrafast ablation plumes. @003 American Institute of Physic§DOI: 10.1063/1.1592616

Absorption mechanisms for femtosecond laser pulses iand TOF average ion energy. For additional details see
preformed plasmas have been previously studied using optRef. 9.
cal absorption and/or x-ray excitation techniqlieslt has Figure 1 shows the total density of ioisns/steradian
been shown in these earlier works that collisional and resoand average ion energy in the ablation plume produced by a
nance absorption are the two dominant processes occurrirgair of pulses, as a function of time delay. The data points
in plasmas that start out with moderate to steep density graat zero delay are the result of a single pulse (2
dient scale lengths. Although ionic yield measurements withx 10'® W/cn?) with twice the energy as that contained in
double pulses have been done in dilute ghdiethe or no  each of the individual double pulsesX10*® W/cn?). Two
published literature appears concerning such ionic measureffects are observed in the TOF data shown in Fig. 1. First, at
ments for high intensity short scale length plasmas fronb ps delay, where the maximum effect of the second pulse
solid surfaces. This is especially true in regard to charge stateccurs, the ion yield is twice as high as that produced by a
and energy dependence. In this letter, we report an expersingle full-energy pulse. Second, the ion average kinetic en-
mental investigation into the enhancement of ionic propertiegrgy increases to a maximum of 5.3 keV, using double pulses
in the plasma portion of ablation plumes from a silicon targetseparated by 5 ps, compared with 3.2 keV using a single
resulting from two identical 110 fs laser pulses separated bypulse of twice the energy. This most likely results from the
0-40 ps. Time-resolved measurements were made of iobipolar electrostatic field, responsible for ion acceleration,
flux, ion energy, and average charge state to verify that théeing reinforced by additional electrons from the second la-
ionic character of a plasma, initially formed by a single ser pulse so that ions experience a stronger accelerating field.
pulse, can be subsequently modified, in the far field, by th&’he enhancement of both ion yield and ion energy confirms
pumping action of a secondary time-delayed pulse and thahat the second pulse does not produce an independent abla-
location of the plasma critical density surface and the densityion event but rather couples into the plasma generated by
scale length of the expanding plasma can be usefully ex-
ploited.

The laser source was a Ti:sapphire chirped-pulse ampli- E"pagsm D";Stanceé”m)

fication laser system operated at 10 Hz. It provided 110 fs, 36 5.5 -—‘i* ' Double Pulse: 20
mJ laser pulses at a wavelength of 780 nm. For this experi- % 50- i* E\ota=0-5E4+0.5E, ’\;7,‘
ment, a single laser pulse was split into two identical pulses < A - 1158
with a variable time delay using a Michelson interferometer. § 451 %'¢4 § u',g
The resolution of the time delay was 0.2 ps. Both pulses & 4 4 9 =
were eitherp or s polarized and focused collinearly on a Lq'ﬂ 4.0 z —i> 1.02
silicon target(in 5x10 8 Torr vacuum using a 750 mm g ) &’
focal-length lens at an incident angle was 45°. Time-of-flight :% 3.5 2'"9':;“'59: s TonEnergy]| 5
(TOF) ion signals are measured using a curved-sector, elec- foral =0 a lon Yield [0.5
trostatic energy analyzer to obtain energy distributions as a 3.0+— . T , .

function of charge state. Alternatively, the ion flux can be 0 10 20 30 40

Pulse Delay (ps)

allowed to proceed undeflected into a straight-through port
of the analyzer to obtain an undifferentiated ion-flux densityFIG. 1. Average ion yield and energy as a function of time delay between
two identical 120 fs pulses (210'® W/cn?) on silicon. At zero delay the
single pulse has an intensity ofx210'® W/cn?. Expansion distance is
¥Electronic mail: pronko@eecs.umich.edu based on measured average ion velocity of110’ cm/s.
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FIG. 2. Subtracted difference in ion yield fpr ands-polarized pulses as a |G, 3. Discrete charge-state distributions as a function of time delay for 0,

function of time delay. Solid line is the fit to experimental ion yield differ- 5 5nq 10 ps, respectively. Individual pulses of intensiy1D' W/cn?.
ence data by calculating the resonance absorption function in terms of scale

length.
electron oscillation along the density gradient. That compo-

. ) ) nent is controlled by the termb(r)=2.3rexp(—27/3)
the first pulse. In Fig. 1, the maximum enhancement at 5 p§here r= (kL) 3sin6 . The parametek is the laser optical

delay implies that this time interval is required to allow for yaye number and is the angle of incidence of the laser
sufficient expansion of the initially overdense plasma to depyse on the target. For a fixed angle of incidence, as is the
velop suitable conditions to absorb the second pulse. Thesgse in the present worl(7) becomes a function of plasma
conditions include an appropriate density gradient with agensity scale length only. In our experiment the scale length
properly positioned critical surface, whereupon it can againyf the expanding plasma will be determined by the delay
become an efficient optical absorber. Critical density (1.%4ime between the first and second pulse. Therefore, under
X10%* em™?) is defined here in the usual way @&  resonance absorption conditions, our ion yield should be a
=maw?/4me?, wheren, is the electron densityn is the elec-  well defined function of delay time and should have the
tron mass.w is the laser frequency, arelis the electronic  functional form of®?(7). In Fig. 2, the calculated values of
charge. Since in Fig. 1 the incident pulses preolarized,  ®2(r), are plotted as a function of scale lengtLj and
both collisional and resonance absorption processes COUlempared to our experiment@l minus s yield data as a
take place. Collisional absorption normally occurs in thefunction of delay time. The calculated absorption curve fits
outer corona of the plasma and can be very efficient ovegxceptionally well with the enhanced ion yield data. In mak-
large portions of the under dense regions of the plasma. It ijg this comparison, the calculated absorption curve gives a
known to increase with increasing scale Ienﬂ)tResonance kL value of 1.5 for the optimum delay time of 5 ps. These
absorption occurs near the critical density surface when pakialues are in good agreement with experiments of othérs.
of the light wave tunnels into the overdense region to exciteThey also are in reasonable agreement with 5 ps gradient
electrons into oscillation along the density gradient, therebycale lengths from our own simulation restiitand that of
producing resonant plasma oscillatithiThe energy of such others!?

a resonant wave is then damped into the plasma by either Figure 3 shows the distribution of charge states for three
collisional or non-collisional process. Given the differing different delays corresponding to the conditions of Figs. 1
characteristics of these two processes, the plasma densiiyd 2. The average ion charge in the plume for the zero delay
gradients required to optimize each of the mechanisms wiltllouble pulse is 2.5. For the case lwi 5 pstime delay, it

not be the same nor will their functional dependence on théncreases to 3.1, and for a 10 ps delay, it becomes 3.0. It is
delay time be the same. In order to better understand theseen in Fig. 3 that absorption of the second pulse results in a
mechanisms, experiments were performed with wthnd  significant increase of the higher charge-state GRS to
p-polarized pulses to isolate the effects of collisional and+7) while having modest or no effect on the number of low
resonance absorption. The subtracted difference in ion yieldharge-state ions. The collisional-radiative equilibrium
for the two cases was examined and the results presented filasma modéf is often used to describe such plasma ioniza-
Fig. 2. In obtaining those results, apolarized absorption tion dynamics. This model normally shows an increase in the
contribution was observed to briefly occur around 1 ps delaypercentage of higher charge-state ions at the expense of
and then to rapidly disappear thereafter. This is contrastebwer charge states as the plasma temperature increases.
with the broad absorption occurring in Fig. 1 forpolarized  However, in this experiment, the increase of average ionic
pulses extending over a range of delays out to 40 ps. Theharge does not occur at the expense of the low charge-state
increase in ionization yield obtained using oblique incidencdons but rather by only generating a larger number of high
p-polarized light will be proportional to the energy absorbedcharge-state ions. Under resonance absorption it can be ex-
from the second pulse. The absorbed energy flux, for a linegrected that the additional contribution to charge states will
density gradient, is givéflasF .= (c/167) EfZSCIDZ(T) where  be associated with absorption of the second pulse predomi-
c is the velocity of light,L is the density gradient scale nantly in the leading edge of the over dense portion of the
length, andE; is the laser electric field in free space, a expanding plasménear the critical density surfaceThis is,
component of which is responsible for driving the resonancénowever, where the high-velocity high-charge-state ions nor-
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] ~u a) 100% absorption. Such processes will be less pronounced at the

AZ- /'-/ ;' \(')\-\. lower intensities.

5 1{ = ! In summary, double pulses separated on a picosecond
) T 1. (0)75% T T T time scale effectively increase ion yield, ion kinetic energy,
_5 21 w ! ;é-%. ......... and average charge in the plasma compared with those pro-
w 11" ! . duced at zero delay. Peak enhancement occurs when the
g LTV 548"/' X plasma develops an optimum density gradient, at a specific
s 2 .:,'-\.Q AR .51': angle of incidence, along with a well-defined critical density
O 1+ ! '\%O'a surface, such that they are collectively consistent with the
> T 3 T —rs requirements of maximum resonance absorption. Similar op-
5§ 21 v T @.19% £% timum delay and enhancement effects were observed in pre-
o £ 2 0. . . . .

1] 3 DI OCORE vious in laser-produced x-ray expenmeﬁfsExpe_rlmenta_lly
Lgn-a— 4 S — . (. these time-correlated enhancements are an interesting and
0 5 10 15 20 25 30 35 potentially useful method for studying and manipulating

Pulse Delay (ps :
Y (pS) plasma expansion processes. For example, and as we have

FIG. 4. lon yields as a function of time delay between two identical pulsesrecently shown, a secondary time-delayed pulse can be used
for a silicon ablation plume. The laser intensity is represented as a percentg reinforce such effects as isotope separation and cluster

age of the maximum intensity (10 Wicnf) and is shown on each paam formation in ultrafast ablation plumésAn opera-
subfigure. The diagonal dashed line is drawn through the peak of each del%}/

curve showing the delay time for maximum enhancement. Maximum en- onal approach can be envisioned, for such tEChnOIOQicaI
hanced ion yields in the unit of $dons/sr, as a function of laser intensity in - applications, where, by taking advantage of profile steepen-
the unit of 16° W/cn?, are shown in the inset. ing, multiply-sequenced pulses could be used to maximize

the ionic component of the plume or the internal energy of
the initially expanding zone of the plasma. One can antici-

mally reside, resulting in their being affected most. These ate such conditions being useful for applications of ultrafast
results further confirm therefore the conclusions from Fig. Jhate . 9 . PPL¢ .
blation plumes in materials science and ion physics.
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