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In laser-plasma ion accelerators, control of target contamination layers can lead to selection of

accelerated ion species and enhancement of acceleration. To demonstrate this, deuterons up to 75

keV are accelerated from an intense laser interaction with a glass target simply by placing 1 ml of

heavy water inside the experimental chamber prior to pumping to generate a deuterated

contamination layer on the target. Using the same technique with a deuterated-polystyrene-coated

target also enhances deuteron yield by a factor of 3 to 5, while increasing the maximum energy of the

generated deuterons to 140 keV. VC 2011 American Institute of Physics. [doi:10.1063/1.3574532]

The use of short pulsed lasers to accelerate ions/protons is

an active research field;1,2 one that may have many applica-

tions—such as the production of energetic neutrons.3–7 Neutron

sources have numerous applications in the fields of radiography,

tomography, materials analysis, and nuclear detection and can be

produced through fusion reactions between light nuclei. Focused

ultraintense lasers have been used to generate megaelectron volt

deuterons capable of producing neutrons via D–D fusion:

Dþ D! 3He 0:8 MeVð Þ þ n 2:45 MeVð Þ. Laser-driven neu-

tron sources also exhibit small source size, which could improve

imaging resolution in radiography and tomography. Also, ultra-

short laser-driven neutron sources can enable time-resolved neu-

tron measurements. Compared with large-scale neutron facilities,

laser-based sources are smaller and more cost-effective.

The motivation behind the present experiments is based

on the physics observed in previous attempts to accelerate

ions from solid targets. In those experiments,8 the ion signal

produced from the interaction of intense laser pulses with the

solid target was dominated by protons. This phenomenon is

attributed to the presence of protons in the water and hydro-

carbon residue9 on the target surface. A recent theoretical

and experimental study provides new details on the specific

role played by the contaminants.10 Under our experimental

conditions (105<<108 J/cm2), the contaminants completely

dominate the energy absorption and ion acceleration. The

most likely explanation for this phenomenon is that the ions

residing on the target surface are “peeled off” one layer at a

time, the outermost layer being accelerated first and the inner

ones shielded from the space-charge field. This peculiarity of

ion acceleration favors the contaminants, as they form the

outer layer of atoms on the target surface. Among the con-

taminants, the protons, with the highest charge-to-mass-ratio,

are more readily accelerated by the laser-induced fields than

the heavier ions. As a result, the acceleration of all other ions

is suppressed. The use of laser prepulse,11 target heating,12

or ion guns13 has enabled the removal of contaminant layers,

but such techniques are often difficult to implement. There-

fore, substitution of the contaminants with a desired species

is a preferable means of obtaining energetic deuterons. In

our research, this is tested by introduction of heavy water

(D2O) into the chamber to generate a new layer of D2O
before irradiation.

In this letter, we report on this very simple method of

controlling laser-accelerated species from solid targets. We

demonstrate acceleration of deuterons up to 75 keV from the

surface of borosilicate glass (BK7) by placing a small quan-

tity (1 ml) of heavy water inside the experimental chamber

before sealing and evacuating. The same procedure is also

applied to BK7 coated with a 2 lm-thick C8D8 (CD) film,

yielding a threefold to fivefold increase in the accelerated

deuteron flux and an increase in maximum energy from 90 to

140 keV in comparison with the same target, where heavy

water is not introduced into the chamber.

The experiments are carried out on the lambda-cubed

laser system14 at the Center for Ultrafast Optical Science of

the University of Michigan. Regeneratively amplified 3 mJ

pulses are produced from the system at 500 Hz with 30 fs

pulse duration. The p-polarized pulses are focused by an

f/1.2 paraboloidal mirror onto various targets at an incidence

angle of 51�. Optimization of a 5 cm-diameter deformable

mirror prior to the parabolic mirror produces a focal spot

size (measured under attenuated conditions) of (1.5 6 0.2)

lm (full width at half maximum), yielding a focal intensity

of � 4� 1018 W=cm
2

and a Rayleigh range of 2ZR � 13 lm.

Optically polished BK7 glass targets of 10 cm in diameter

and 1 cm thick are prepared with and without a 2 lm-thick

CD coating. The coating is applied by spinning a solution of

10 g of CD dissolved in 20 ml of toluene on a cleaned disc.

In the experiments, undamaged target surface area is exposed

with a wobble of 61 lm to each laser shot by an rhz transla-

tion stage. The intensity contrast ratio between the laser

pulses and the amplified stimulated emission (ASE) in the

nanosecond range is better than 108, as determined by a fast

photodiode. Third-order autocorrelation measurements indi-

cate that there are no compressed prepulses within 100 ps of

the main pulse. Consequently, the ASE intensity isa)Electronic mail: houbx@eecs.umich.edu.
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considered to be below the damage threshold of the glass.15

Using the same system configuration, 500 keV protons were

previously produced along the target normal direction.8

Ion spectra are measured with a Thomson parabola spec-

trometer along the target normal, which is equipped with a

50 lm metallic pinhole located 3.8 cm from the plasma. A 5

cm-long magnet pair following the pinhole provides a 1560

G magnetic field. The magnet pair is followed by a 2 cm-

long electrode pair with a separation of 1 cm that provides

an electric field of (3 6 0.1) kV/cm to separate ion species.

The parabolic traces of the ions are recorded on a CR39 plate

located 8 cm from the exit of the electric field. The whole

spectrometer is contained in a small secondary vacuum

chamber, which is installed in the main target chamber. The

larger chamber (40 l) is evacuated by a 250 l/min turbo-

molecular pump, while the spectrometer chamber is differen-

tially pumped by a 70 l/min pump to avoid high-voltage

breakdown initiated by ions generated in the high-repetition-

rate laser target interaction.

We first generate energetic deuterons from a BK7 glass

target, which is installed near the laser focus. The target

position (z) is then optimized under vacuum by maximizing

the second-harmonic light emitted from the plasma at low

laser fluence. Opening the chamber, 1 ml of D2O is placed

on the floor of the chamber about 2 cm from the target sur-

face. The D2O is allowed to boil away under a pressure of 15

mbar during rough pumping, after which the turbo pumps

are started. Fifteen minutes of further pumping leads to a

pressure of 3� 10�4 mbar in the main chamber. At this

level, the CR39 plate in the spectrometer is exposed to the

ions generated from ten shots without high voltage to record

a reference signal and 100 shots with high voltage to disperse

the ion species.

Figure 1(a) shows the scanned image of the developed

CR39 plate. As with all images presented in this letter, these

data are presented using a color lookup table applied to

scanned gray values from 0 to 170. Many traces are apparent,

all of which are identified from an analysis of the particle tra-

jectories. In addition to native and contaminant ion species

(H, B, C, and O ions), we clearly see a deuteron trace. Within

the precision of our measurements, the traces of 10B5þ, 12C6þ,

and 16O8þ should overlap the deuteron trace. In order to rule

out the contribution of these ions, the same experiment is

repeated with a new BK7 target without dropping D2O in the

chamber (though with 83 shots). The scan from this experi-

ment, shown in Fig. 1(b), exhibits very weak traces of 10B5þ

and 16O8þ (not discernible in the scanned image) and no trace

can be seen for the lower charge state of carbon, 12C5þ. Anal-

ysis of the data from the two runs shows that less than 5%

contribution in the Dþ trace can be attributed to 10B5þ and
16O8þ. In Fig. 1(a), the signals of 11B4þ and 16O7þ are weak,

confirming the stated weakness in the production of 10B5þ and
16O8þ (particularly as 10B is the less abundant isotope by a ra-

tio of 1:4). The spectrum extracted from this trace is shown in

blue circle in Fig. 2. This shows that deuterium ions can be

accelerated without the use of a deuterated target material,

producing a considerable yield up to 75 keV.

The proton trace in Fig. 1(a) is found to be much weaker

than that in Fig. 1(b), while the heavier ion traces are much

FIG. 1. (Color online) Scanned images of developed CR39 plates showing

ion traces from the Thomson parabola spectrometer. Traces corresponding

to the various species are identified using analytical trajectories. (a) Ions

accelerated from BK7 with D2O evaporant (100 shots) and (b) without evap-

orant (83 shots).

FIG. 2. (Color online) Spectra extracted from the deuteron traces in Figs. 1 and

3, and PIC simulation results. Circles (blue): from BK7 with evaporated D2O;

squares (black): from 2lm-thick deuterated polystyrene film on BK7 with

evaporated D2O; triangles (red): from 2 lm-thick deuterated polystyrene film

on BK7 without evaporated D2O. Black dashed line: simulated deuteron spec-

trum for BK7 þ CD þ D2O; gray dashed line (red online): simulated deuteron

spectrum for BK7 þ CD þ H2O. Laser parameters in simulation: I ¼ 4� 1018

W/cm2, k ¼ 0:8 lm, DFWHM ¼ 1:5 lm, sL ffi 30 fs, Elaser ¼ 3 mJ/pulse,

f¼ 500 Hz, and incident angle h ¼ 51
�
.
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stronger. The first observation indicates that the introduction

of D2O reduces the acceleration of hydrogenic contaminants

from the interaction. The second effect is a consequence of

the reduction of the higher charge-to-mass-ratio species. It is

also found that cleaning the glass target with D2O prior to

installing it in the experimental chamber with the D2O evap-

orant provides only slight enhancement to the deuteron yield.

The particular location of the D2O source on the target cham-

ber floor has nearly no effect on the deuterium acceleration.

A second experiment confirms the enhancement of deu-

teron acceleration from a 2 lm-thick CD film on BK7, modi-

fied by evaporating D2O in the chamber. Scanned images of

the developed CR39 plates are shown in Fig. 3. Figure 3(a)

shows the traces of ions accelerated from a coated glass disc

in the absence of D2O, while Fig. 3(b) shows those generated

from the same target with D2O evaporated into the chamber.

The indicated deuteron signal in Fig. 3(b) is greatly

enhanced. The spectra for these two cases are shown in

Fig. 2 (red triangles—without D2O and black squares—with

D2O), where the deuteron yield is seen to increase by three

to five times. In these plates, ion counts in the high-energy

portions of the Dþ spectra are subject to some uncertainty

due to signal from scattered high-atomic-number ions. How-

ever, comparing the two spectra for CD-coated targets in

Fig. 2, the evaporation of D2O in the chamber clearly enhan-

ces the maximum deuteron energy from 90 keV (red trian-

gles) to 140 keV (black squares). Again we see that the

introduction of D2O reduces proton flux while enhancing

heavier ion acceleration, including that of deuterons.

There is another interesting contrast between ion spectra

taken with (black squares) and without (blue circles) a CD
film, when D2O is added to the chamber. The introduction of

the film is seen to increase energy at the expense of flux.

This may be due to the efficacy of substituting the D2O con-

taminant on the surface of the different materials, as CD is

likely to have a contaminant layer with different characteris-

tics from one on BK7.

To estimate the maximum deuteron energy, we adopted

the blow-off model for the expanding plasma sheath

in vacuum.16,17 The ion velocity is comparable to that of

an ion’s sound speed Ch ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Th=M

p
, with Ch

ffi 511ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:73I18k

2
p

� 1Þ being the hot electron tempera-

ture in units of kilo electron volts, I18 is the laser intensity

in units of 1018 W/cm2, and M is the ion mass. In order to

acquire full speed, the ion must traverse the plasma

sheath—a length comparable to the Debye length

kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Th=ð4pncrite2

p
Þ of the hot expanding electrons at the

critical density ncrit ffi 1:3� 1021cm�3. If, however, the

laser pulse duration sL is shorter than the time,

sSW ffi 2kD=Ch, that it takes an ion to traverse the plasma

sheath, the ion energy must be scaled approximately by the

ratio sL=sSW. A crude estimate of the maximum deuteron

energy, ED
max ffi ð1=2ÞMC2

hðsL=sSWÞ ¼ ð1=2ÞThðsL=sSWÞ, for

Th ¼ 500 keV [corresponding to I ¼ 4� 1018 W cm2
�

],

Ch ffi 5� 108 cm
�

s, kD ffi 0:2 lm, and sL ffi 30 fs, yields

ED
max ffi 100 keV, agreeing well with the experimental data.

The deuteron flux FD ¼ NDf=dX is estimated from

the total number of accelerated deuterons per shot,

ND ffi 1=4ð ÞpD2
FWHMLDnD emitted into a solid angle of dX

and multiplied by laser repetition frequency f. One expects the

plasma sheath to deplete a “contaminant” layer of D2O with

thickness of �2 nm.10 We assume also that the deuterons are

emitted in a solid angle of �1sr (observed in simulations).

With conditions relevant to our experiments (f ¼ 500 Hz,

DFWHM ¼ 1:5lm, LD ¼ 2nm, and nD ¼ 6� 1022cm�3), we

get ND ffi 2� 108 deuterons/shot and deuteron flux on the

order of FD ffi 1� 1011 deuterons/sr/s. This number is consist-

ent with the experimental results in the case of BK7 þ CD þ
D2O, plotted in Fig. 2, for which the integrated data yields

Fexp
D ffi 2� 1011 deuterons/sr/s.

We performed 2D particle in cell (PIC) simulations with

conditions matching those of the experiments (Fig. 2). The BK7
þ CD þ D2O target was modeled as 1 lm Siþ 2 lm CDþ 2

nm D2O. The width of the targets is 10 lm and the incident

angle of the laser with respect to the targets is h ¼ 51�. The laser

radiation is linearly polarized and propagates in the þx
direction. Laser intensity profile I t; yð Þ ¼ I0 sin2 pt=s0ð Þ
exp �y2

�
R2

0

� �
with parameters I ¼ 4� 1018 W

�
cm2, R0

¼ 0:9 lm, and s0 ¼ 2sL ¼ 60 fs is used. The laser pulse energy

Elaser ¼ pR2
0I0sL ffi 3 mJ corresponds to that used in the experi-

ments. The simulation box is a square with dimensions

12� 12 lm2, large enough to keep the particles inside during a

simulation run, and the cell size is 10� 10 nm2. Particles and

fields are advanced with a time step Dt ffi 0:02 fs and the total

simulation time is 120 fs. The number of computational particles

FIG. 3. (Color online) Scanned images of developed CR39 plates generated

from (a) 2 lm-thick deuterated polystyrene on BK7 and (b) the same target

with 1 ml of heavy water evaporated into the chamber.
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is 18� 106 with �70 particles/cell for electrons and �20 par-

ticles/cell for ions. The masses of electrons and ions used in the

simulations are the actual ones, i.e., no scaling or artificial mass

ratios between electrons and ions have been introduced. All par-

ticles, including ions, are mobile. They are initialized with

velocities with random orientation corresponding to temperature

1 eV. The charges of carbon and oxygen are assumed to be four.

The electron density in the bulk of the target is �150 ncrit. To

allow outgoing electromagnetic waves to leave the computa-

tional domain without spurious reflections from the edges, we

use boundary conditions for the electric field in the form

@=@t 6 cð@=@xÞð Þ~E ¼ 0 propagating in the 6x direction and

@=@t 6 cð@=@yÞð Þ~E ¼ 0 propagating in the 6y direction.18 The

boundary conditions for particles are “open,” i.e., the particles

can leave the computational domain without reflection. The cal-

culated ion spectrum (dashed line) is in excellent agreement

with experimental data and is nearly independent of Si layer

thickness. The BK7 þ CD target was simulated as 1 lm Si þ2

lm CDþ 2 nm H2O, the latter being a thin (2 nm) contaminant

layer of water vapor on top of the CD layer. The deuteron flux is

about an order of magnitude lower compared to the previous

case in which D2O plays the role of contaminant. The simula-

tions show that the protons of the H2O layer strongly suppress

the deuterons, both in flux and maximum energy, qualitatively

in agreement with the experiments. Thus, these simulations con-

firm the hypothesis regarding the benefits of artificial contami-

nation of deuterated polystyrene with D2O.

The scaling of the maximum deuteron energy and conver-

sion efficiency with laser intensity can be evaluated qualita-

tively by following the general dependence on the hot electron

temperature Th, which depends on the product I0k
2
0. The experi-

ments have been performed at normalized laser intensity

I0k
2
0 ffi 2:5� 1018 Wcm�2lm2, right at the onset of the relativ-

istic regime, which starts at I0k
2
0 ffi 1:37� 1018 Wcm�2lm2.

In the “low-intensity” (nonrelativistic) regime, the hot electron

temperature as well as maximum deuteron energy and conver-

sion efficiency tend to increase linearly with laser intensity.

Scaling up to higher laser intensity, in the relativistic regime,

they transit to a sublinear increase, as evident from the formula

for Th. The asymptotic scaling in the “high-intensity” (relativis-

tic) regime is � I0k
2
0

� �1=2
, which is roughly what is observed in

the experiments and the simulations using ultrashort laser

pulses.16

In conclusion, up to 75 keV deuterons are generated

from BK7 glass simply by placing heavy water inside the

experimental chamber to introduce deuterium to the target

surface. This procedure is also found to enhance the deuteron

yield by three to five times from a 2 lm-thick CD film on

BK7, the maximum energy of the generated deuterons also

being increased. It is likely that this will provide a useful

method for controlling accelerated species by evaporating

liquids containing desirable elements in interaction cham-

bers. It is possible that vapor can be introduced from a sec-

ondary chamber to enable selective contamination as well.
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