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A simple method to enhance ion generation with femtosecond ultraintense lasers is demonstrated
experimentally by defocusing laser beams on target surface. When the laser is optimally defocused,
we find that the population of medium and low energy protons from ultra-thin foils is increased
significantly while the proton cutoff energy is almost unchanged. In this way, the total proton yield
can be enhanced by more than 1 order, even though the peak laser intensity drops. The depression
of the amplified spontaneous emission (ASE) effect and the population increase of moderate-energy
electrons are believed to be the main reasons for the effective enhancement. © 2012 American

Institute of Physics. [doi:10.1063/1.3688027]

The generation of ion and proton beams in the ultrain-
tense laser-plasma interactions has attracted much interest
due to a variety of potential applications.'™ The target nor-
mal sheath acceleration (TNSA) mechanism’ has been
reported as an effective method to produce collimated ion
beams with the current lasers. The proton acceleration is
highly dependent on the contrast ratio of laser pulses.'®!!
For most intense laser systems currently used in the experi-
ments, an ASE pedestal, which is typically 10> to 10°
times the peak intensity, is presented before the main pulse.
In this case, shock waves induced by the ASE pedestal will
perturb the rear surface of the thin foils, resulting in the
reduction of both the cutoff energy and the conversion effi-
ciency of proton beams. Recent studies have indicated that
utilizing high contrast laser pulses to irradiate ultra-thin foils
is a promising way to improve the proton beam quality and
conversion efficiency. Much effort has been made to
improve the contrast ratio of the laser pulses, by utilizing the
ultra-fast Pockels cells,]2 plasma mirrors,l3_15 second har-
monic generation (SHG),'® etc.

In this paper, we use a simple method to depress the ASE
effect on the generation of proton beams. We experimentally
show that the total yield and the cutoff energy (E ..y from
ultra-thin foils can be effectively enhanced by defocusing the
laser beam for low contrast laser pulses (ASE pedestal of the
order of 10~° of the main pulse).

The experiment was performed with the Astra Ti-
sapphire laser system at Rutherford Appleton Laboratory,
which is capable of delivering up to 700 mJ energy in 50 fs
at 10 Hz. The temporal contrast of the laser pulse was char-
acterized by a third-order correlator, showing an ASE pedes-
tal of the order 10~ at 1 ns ahead. For some shots, a plasma
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mirror was introduced into the beam path, which increased
the ASE contrast by 2 orders of magnitude (10~®)."” The p-
polarized laser pulse was focused with an f/3 off-axis para-
bolic (OAP) mirror on aluminum foils at an incidence angle
of 30°. The FWHM of the focal spot was measured to be
around 5-6 um when the laser was tightly focused. The tar-
gets used in the experiment were 50 nm and 2 um Al foils.

The energy spectra of the proton beams were measured
using two Thomson parabola spectrometers with a solid angle
of 1.3 x 10~ ®sr. One of them was aligned in the target normal
direction and the other 8° away from the normal. The protons
were recorded with a high-efficiency scintillator detector,
which was optically coupled to an electron multiplying charge
coupled device (EMCCD). In this case, real-time ion spectra
over a range of 150keV-6 MeV with an energy resolution of
100keV at 1 MeV for protons were achieved. The spatial dis-
tributions of the proton beams were also measured with a
real-time footprint image system, which consisted of a fast
scintillator detector, optical imaging components and an
intensified charge coupled device (ICCD) camera. The inten-
sified gated camera was utilized to distinguish the proton sig-
nals from hot electrons and x rays with the time-of-flight
method. Note only the lower half part of the proton beams
was sampled [see Fig. 3(a)]. An electron magnetic spectrome-
ter equipped with image plates was set in the laser propaga-
tion direction with a solid angle of 6.1 x 10~ sr to measure
the energy spectra of fast electrons. The defocusing scan was
carried out by moving the OAP mirror. The peak laser inten-
sity was reduced from 5 x 10" W/cm? to the order of 10" W/
cm?® by changing the offset from 0 (best focus position) to
500 um, while the laser energy was kept as constant, with a
shot to shot fluctuation less than 7%.

Figure 1 shows the energy spectra of the proton beams
in the target normal direction when the laser is best focused

© 2012 American Institute of Physics
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FIG. 1. (Color online) Energy spectra of proton beams with high contrast
(107®) and low contrast (10~°) laser pulses for the tight focus on 50 nm Al
foils.

on a 50nm aluminum foil. The E_,4 for the high contrast
shots (with plasma mirror) is about 6 MeV, while it is
reduced to 2.4 MeV when no plasma mirror is utilized. Note
that the laser energy for the low contrast shot is even larger
than that for the high contrast. The spatial distributions of
the proton beam generated from the 50 nm Al foils for differ-
ent contrast laser pulses were also investigated. The results
show similar depression of the proton flux when low contrast
laser pulses are utilized.

Such a phenomenon can be understood by taking the
ASE effect on the ion acceleration into account. For the low
contrast laser beam, the intensity of the ASE pedestal is of
an order of 10'* W/cm?. This is high enough to create plasma
at the front surface. In the case of the ultra-thin foils, the
TNSA mechanism will become ineffective due to the preio-
nization and the plasma expansion of the rear surface caused
by the ASE pedestal.

In order to depress the ASE effect on the ion accelera-
tion, we reduce the ASE intensity by defocusing the laser
beam. The on-axis energy spectra of the proton beams emit-

(a)

Appl. Phys. Lett. 100, 084101 (2012)

ted in the normal direction with various focal offsets are
shown in Fig. 2(a). The cutoff energy is shown in Fig. 2(b).
We find that the E_,,¢ can be effectively increased by prop-
erly defocusing. When the laser is tightly focused, the E.,,;
is about 2.4 MeV. It reaches 3.5 MeV when the foil is 50 yum
away from the best focal position. After that, the E,.;
retained around 3 MeV even when the laser intensity is
decreased substantially to 1.3 x 10" W/ecm? (300 um offset).
Finally, it rapidly drops down to 0.9 MeV when the offset is
500 um. The maximum cutoff energy is achieved when the
laser intensity is around 2.8 x 10" W/em? (50 um offset).
Similar phenomena are also observed by the off-axis Thom-
son spectrometer.

The energy spectra for 2 um thick Al foils were also
investigated. The E.,,4 for the 2 um Al foil is also plotted in
Fig. 2(b). When the laser is tightly focused, the E,,,. for the
2 um foil is around 6 MeV, which much exceed the E,;qp
for 50 nm foil. The reason is that when thicker foils are uti-
lized, plasma formation at the rear surface induced by the
ASE pedestal can be effectively suppressed, thus achieving a
stronger acceleration field. Another feature revealed in Fig.
2(b) is that when the laser intensity gradually drops, a broad
“plateau” region is presented between 2.7 x 10"® W/cm? and
1.7 x 10" W/ecm? for both targets, where the E,..; is
retained around 3 MeV. The E, of 50nm Al and 2 um Al
almost coincide with each other when the intensity is below
2.7 x 10" W/em”.

We can also observe from Fig. 2(a) that when the focal
offset increases, the population of the medium-energy and
low-energy protons grows significantly. The population of
the protons at 1 MeV = 0.2 MeV [integrated over the shad-
owed range in Fig. 2(a)] with varied focal offsets is investi-
gated and compared. It is found that for the 50 nm foil, the
population of 1 MeV protons is enhanced by 90 times when
the offset is 300 um compared with that when the laser is
tightly focused.

——5.0x10” Wiem” (0pum) 0 i ' ' -]
10° ——2.8x10" W/em® (S0um) 1 _ * 50 nm
%‘ —8.4x10 'W/cm (100pm) E 5| e 2um .
% 10’ — 2.5x10" W/em® (200,m) | < FIG. 2. (Color online) (a) Energy spec-
2 — 1.3%10" Wem (300p.m) 8, . ] tra of prot.on be{afns for 50nm Al foils
3 — 4.4x10™ W/em® (500um) 2 o . ,L vs. laser 1nten51t1§s (focal offsets) for
2 1o | ;“z sL I ’, : . ] low contrast (107°) laser pulses. Laser
g g [ % I ! energy is kept as constant. (b) The E, oz
#g 3 2 .i«.' E2 % of proton beams vs. varied focal inten-
T 10 - A - - A\ - - — = — — § i }- L3 T sities for 50nm (black star) and 2 um
E WL ; ] (red dot) foils.
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FIG. 3. (Color online) (a) Schematics of the ion beam footprint imaging system, which measures the spatial distribution of the lower part of the ion beam. The
detector is covered by a set of filters with different thickness, which provides a rough energy resolution. (b) The spatial distributions of the proton beams from
50 nm foils for varied laser intensities. All the images are under the same color scale. The black gap shown in each image is due to the proton fluence reduction
by the filters.
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FIG. 4. (Color online) The proton dose of the whole beam under varied laser
intensities.

The spatial distributions of the proton beams generated
under varied focal offsets were also investigated using the
real-time footprint imaging system sampling the lower part
of the ion beam, as illustrated in Fig. 3. The spatial distribu-
tions also show obvious enhancement of proton emission by
defocusing. The maximum enhancement of the protons with
energy larger than 130keV occurs at the laser intensity of
1.6 x 10'” W/cm?.

The proton dose of the whole beam is estimated from
the beam profiles and the energy spectra, see Fig. 4. We find
that the dose increases significantly when the peak laser in-
tensity drops. For the 50nm Al, the proton dose can be
enhanced 17 times by optimal defocusing of the laser beam.
When the laser intensity is less than 1.6 x 1017W/cm2, the
dose shows a rapid drop due to ineffective hot electron gen-
eration and therefore ineffective sheath acceleration. For the
2 ym aluminum, we find that the optimization of the proton
dose is not as effective as that for the 50 nm foil. However, it
can still be improved by 4-5 times compared to the tight
focus case.

The significant enhancement of the proton beams by
defocusing can be explained by taking two factors into
account. The first one is the depression of the ASE effect on
proton generation. When the laser beam is defocused, the in-
tensity of the ASE pedestal will drop. The effect of the
plasma expansion and the shock waves induced by the ASE
on the proton acceleration is then effectively depressed, par-
ticularly in thin targets. In this way, the sheath field can be
established more effectively than in the tight focus case,
leading to more efficient acceleration.

The second factor is that when the laser beam is defo-
cused, a larger population of fast electrons with moderate

T

Appl. Phys. Lett. 100, 084101 (2012)

energy and low energy is generated because of the large
focal area. Figure 5(a) shows the energy spectra of hot elec-
trons in the forward direction when the laser intensity is
reduced from 5 x 10" W/cm? to 1.6 x 10" W/cm? in the
experiment. The graph shows that although the number of
high energy electrons decreases when the laser intensity
drops, the number of electrons with lower energy (less than
250keV) increases. 2D particle-in-cell (PIC) simulations are
also utilized to study the electron spectra under different
focal offsets, which confirm the increase of population of
moderate and low energy electrons as well. In the simula-
tions, a p-polarized laser irradiates the target with an inci-
dence angle of 25°. The normalized amplitude of the laser
electric field at the focus is a = aq sin®(nt/T), where aq is
2.0. The FWHM of the pulse is 10T, and the duration is
24T, where Ty is the laser cycle. The thickness of the target
is 2.54 with a density of 4n.. A preplasma ranging from
x=0 to x= 11 with density distribution of n=0.54n, ¢* is
presented before the target, in which L is 0.51. Figure 5(b)
shows the energy spectra of electrons at t=30T, when the
focal offset is O (tight focus) and 27 4. It shows that when the
target is 274 away from the best focal position, the popula-
tion of electrons with energy less than 500keV is larger than
that under the tight focus condition.

The number of protons accelerated from the rear surface
can be approximately described by N, = nd;? Aphy,, where d;,
is the transversal size of the sheath field, A is the thickness
of the sheath, and 7, is the density of protons being ionized.
The large population of electrons for large focal spots can
induce a sheath field over a large area on the rear surface.
This may be one of the reasons for the intensity increase of
medium-energy and low-energy protons in Fig. 2(c) and the
broad “plateau” region in Fig. 2(b).

The role of the focal spot size plays in the proton accel-
eration process is not limited by just acting as a factor in
determining the laser intensity. Brenner er al.'® investigated
the effect of the focal size separately using the high contrast
Astra laser (to exclude the ASE effect). By comparing the
datasets with the same laser intensity and different focal
size, we can see that the maximum energy and the proton
flux are closely related to the spot diameter. Another experi-
ment carried on XL-II (Ref. 19) has found that the beam
quality can be improved by defocusing the laser beam. Fur-
ther investigations are needed to fully evaluate and under-
stand the effect of spot size on the proton properties.

In conclusion, a simple method to enhance ion genera-
tion for low contrast (10~°) lasers is demonstrated. The total

—— offset=04
—— offset= 274

=30 y

FIG. 5. (Color online) (a) Experimental
energy spectra of hot electrons in the
forward direction at the laser intensities
of 4.8x10"”W/cm? (black line) and
1.6 x 10" W/em® (red line). (b) Simu-
lated energy spectra of hot electrons
when the target is at the best focal posi-
tion (black square) and 27/ away from
the best focal position (red star) at
t=30T,.
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yield and the cutoff energy of the proton beams from ultra-
thin foils can be effectively enhanced when the laser beams
are optimally defocused. The depression of the influence of
the ASE pedestal and the generation of large population of
moderate-energy electrons are believed to be the main rea-
sons for the enhancement.
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