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Measurements of the total energy carried by fast ablator-ions in direct-drive implosions on

OMEGA have been conducted using magnetic and Thomson Parabola spectrometers. It is shown

that the total laser energy lost to fast ablator-ions for plastic and glass targets is comparable and

that it is a modest fraction of the incident laser energy (�1%). These measurements have been

used to infer a non-linear, voltage-dependent target capacitance (�0:1 nF) associated with the

space-charge that accelerates the fast-ions. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4752012]

Energetic fast protons (�1 MeV) and electrostatic

charging of targets have been previously observed in direct-

drive1 and indirect-drive2 inertial confinement fusion (ICF)

implosions on the OMEGA laser.3 These fast protons,

sourced from water-vapor and other surface contaminants,

have total yields of �1013�1014 and are accelerated by hot-

electrons that are generated by laser-plasma interactions

(LPI). It has been shown previously for surrogate plastic and

glass targets that the maximum proton energies measured on

OMEGA, corresponding to the peak target voltage, scale

with the on-target laser intensity as �Ik2. This is stronger

than the ðIk2Þ1=3
scaling associated with resonance absorp-

tion (RA) that is widely observed in other experiments.4,5 In

addition, it has been shown that these protons carry less than

0.3% of the laser energy.1 Finally, the late-time behavior of

the target voltage has been inferred6 and associated return

currents have been studied.7–9

In this letter, we address two significant outstanding ques-

tions: (1) the total amount of laser energy coupled to all fast

ions and (2) the capacitance associated with the charge-

separation surrounding the target. The former was obtained

through measurements of heavy fast ions from several diffe-

rent target (ablator) materials. The latter was derived by inter-

preting these measurements as a non-linear target capacitance

associated with the sheath fields surrounding the target.

The total amount of laser energy coupled to fast-ablator

ions is important for studies of preheat in ICF implosions. A

fraction of the incident laser energy is coupled to hot-

electrons (Thot � 10�100 keV) by the two-plasmon decay

(TPD) instability.10 The fastest of these electrons escape the

target and leave behind a positive potential that accelerates

ablator-ions from the coronal plasma. The remaining elec-

trons become trapped within this potential well and can de-

posit their energy into the fuel, increasing the fuel adiabat

and degrading the target compression. The amount of inci-

dent laser energy coupled to hot-electrons is a topic of cur-

rent investigation, but recent estimates in a planar geometry

relevant to direct-drive implosions suggest that less than 1%

of the incident laser energy is coupled to hot-electrons.11

This amount (�200 J) is substantial in the context of hot-

electron preheat of the target. It has been estimated that pre-

heat of cryogenic targets at OMEGA in the amount of �10 J

can degrade target compression and reduce the areal density

(qR) by 20%.12 If the fraction of hot-electron energy coupled

to fast-ions is known, an upper bound is obtained on the elec-

tron energy available for preheat.

Equally important for preheat studies is the time-

constant over which the target potential is present, trapping

electrons and allowing deposition of hot-electron energy into

the fuel. The time-constant for the voltage decay is partly

determined by the target capacitance.13 For a given peak tar-

get voltage, the capacitance determines the total amount of

energy coupled to fast ablator ions and can be inferred from

the measurements presented here.

Measurements were conducted at the OMEGA laser

facility3 (30 kJ, 60-beam, kL ¼ 0:33 lm) for a variety of target

parameters. The spherical targets, with diameters ranging from

400�860 lm, were composed of either plastic (CD or CH) or

glass (SiO2) with wall thicknesses ranging from 2�27 lm.

These targets were filled with either DT, D2, or D3He gas. In

some cases, the targets were flash-coated with 100 nm of alumi-

num to mitigate diffusion of 3He. Cryogenic targets, with a

plastic (CD) shell and an inner layer of DT or D2 ice

(� 100 lm), were also studied.12 The on-target laser energy

(� 20 kJ) and pulse duration (� 1�3 ns) were varied to achieve

on-target intensities in the range of 1014�1015 W-cm�2. The

laser pulse shapes used in this study were square or shaped and

in some cases preceded by either a single or triple picket.

Fast ablator proton and deuteron energy spectra were

measured using the magnet-based charged-particlea)Electronic mail: nareg@psfc.mit.edu.
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spectrometers (CPS1 and CPS2).14 A Thomson Parabola

(TP)15 with parallel electric and magnetic fields was used for

spectral measurements of heavier fast ablator-ions (C, Si, O,

Al). These instruments use CR-39 solid-state nuclear track

detectors (SSNTD),14,16 and are immune to EMP and x-rays.

Data recorded by CR-39 detectors in the TP are shown

in Fig. 1. Glass and plastic (CD) targets show several strong

lines of heavy ions, including silicon, oxygen, and alumi-

num. In some cases several weaker lines, not visible in these

images, including charge states of carbon were detected and

recorded. It was found that the majority of energy is carried

by highly ionized charge states of silicon (for glass) and alu-

minum (for flash-coated CD targets). Sample energy spectra

of these fast heavy-ions are shown in Fig. 2 alongside proton

spectra acquired using CPS1.

For each shot, spectra similar to those shown in Fig. 2

were integrated to obtain the total energy carried by fast

ablator-ions. Fig. 3 shows the percentage of laser energy car-

ried by fast ablator-ions as a function of the peak voltage on

the target, which was determined by measuring the energy of

the fastest ablator-proton. These data incorporate protons

from CH and glass targets, protons and deuterons from CD

targets (solid symbols) and the total energy carried by all ion

species for a few CD and glass targets (open symbols). The

latter data show that the total energy carried by fast ablator-

ions is comparable between CD and glass targets for a given

potential. Neither laser pulse parameters nor target metrol-

ogy affect the shape or the magnitude of the curves shown

here, as each of them incorporate a variety of target parame-

ters (diameters and thicknesses) and laser parameters (laser

energies, pulse duration and pulse shapes). This demon-

strates that the fraction of laser energy carried by fast

ablator-ions is a unique function of the peak target potential.

Based on the measurement of the total energy carried by

fast ablators in glass and CD targets for voltages between

1–1.5 MeV, we estimate that heavy fast-ions carry nearly as

much energy as their proton and deuteron counterparts. The

comprehensive dataset for CD is described by a power law

dependence on the target voltage (reduced v2 ¼ 0:99), and

then scaled to match the total energy loss measurement for

CD shells, resulting in the dashed curve shown in Fig. 3.

From the fit, the fraction of incident laser energy carried by

fast ablator-ions is given by

fE ¼ 3:7� 10�3V2:55
0;MV ; (1)

where V0;MV is the maximum proton energy (in megavolts)

that corresponds to the peak target voltage for each shot. The

upper error bars of the total ion energy measurement and

hence the uncertainty in the above fit are determined by the

accuracy of the measurement. The low-energy cutoff of the

TP (1.6 MeV proton equivalent) precludes measurement of

the spectrum at lower energies, resulting in an underestimate

of the total energy by no more than 40–50%. This effect

varies from one ion-species to the next and depends on the

spectral shape, but for most ions shown here, the majority of

the spectrum is measured. The lower error-bars for the total

ion energy measurement are a result of instrument precision

(25%) that is determined by uncertainties in the energy cali-

bration of the TP. The magnetic spectrometers CPS1 and

CPS2 measure proton and deuteron spectra down to

FIG. 1. Data recorded by a CR-39 detector in the TP spectrometer is for a

glass-shell (a) and an aluminum flash-CD shell (b). Each pixel represents a

number of heavy-ion particle tracks. The local track density was then

mapped to a color value to produce these “images.” Several lines of highly

ionized silicon and oxygen (from glass shells) and aluminum and oxygen

(from flash-coated CD shells) were measured. The TP was run with peak

magnetic and electric fields of 5.4 kG and 2:8 kV-cm�1, respectively.

FIG. 2. Energy spectra of fast ablator-ions, including several charge-states

of aluminum alongside protons from a flash-coated CD target (OMEGA

Shot 65273). For this shot, the maximum proton energy, corresponding to

the peak target voltage, was 1.35 MeV.

FIG. 3. Percentage of incident laser energy carried by fast ablator-ions,

including protons from CH and SiO2 shells (� 0.3%), protons and deuterons

from CD shells (�0:6%), and heavier fast ions CD and SiO2 (� 0:3%). The

total incident laser energy coupled to fast ablator-ions (dashed curve) is esti-

mated by scaling the CD dataset (solid blue circles) to match the total ion

measurements (open blue circles). Where not shown, the error-bars are com-

parable to the symbol size.

114102-2 Sinenian et al. Appl. Phys. Lett. 101, 114102 (2012)
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100 keV, resulting in precision-dominated error bars (625%)

for the measurements of the energy carried by the light ions

shown in Fig. 3.

The capacitance across the sheath surrounding the target

can be inferred from Eq. (1). The dashed curve in Fig. 3 can

be thought of as the energy stored in a capacitor

(ET ¼ 1=2CV2
0 ) that is initially charged to a peak voltage

(V0). Since the power-law fit of Eq. (1) is normalized to laser

energy and has an exponent >2, we expect the capacitance

to scale with laser energy and exhibit a power-law depend-

ence on the voltage. Taking C � bELVa, where a and b are

constants to be determined from the data, the total energy

stored in the capacitor is given by

ET ¼
ðV0

0

bELV1þadV ¼ bELV2þa
0 =ð2þ aÞ: (2)

Comparing this equation with Eq. (1), the target capacitance

is inferred to be

CT ¼ 9:4ELV0:55
MV pF; (3)

where VMV is the instantaneous target voltage (in megavolts)

and EL is the incident laser energy (in kilojoules). This scal-

ing is valid for laser energies in the range of 20–30 kJ and

target voltages of 0.1–1.6 MV. The target capacitance is an

implicit function of time since the target voltage evolves

over the laser pulse duration.6 For peak target voltages of

0.1–1 MV and an incident laser energy of 20 kJ, the initial

capacitance is approximately 50–190 pF. This result can be

compared to the capacitance of two concentric spheres in

vacuum, given by 4p�0=ðr�1
i � r�1

o Þ. Taking the inner radius

to be that of the target (rt � 0:5 mm) and outer radius to be

the sum of the target radius and the initial hot-electron

Debye length (kD � 0:1–0:2 lm for Thot � 50�100 keV)

gives a capacitance of 140–280 pF, which is of the same

order as the inferred capacitance.

Since the energy loss to fast ablator-ions is parameterized

by the peak voltage, it is important to examine what parame-

ters dictate the initial voltage on target. A previous study

showed that the target voltage scales with the on-target inten-

sity1 and that it was larger for thin <5 lm CH shells in com-

parison to thick >5 lm shells. We extend that study to include

data from cryogenic and warm CD-shells (see Fig. 4) with a

variety of shell thicknesses (3–10 lm-thick) in addition to

CH-shells (15–27 lm-thick) and thin glass shells (2–3 lm).

Thin glass shells follow the scaling of thicker shells,

resulting in lower peak target voltages for a given intensity

than thin plastic shells. The observed discrepancy between

thin glass and thin plastic shells is due to differences in shell

absorption of laser light and hot-electron stopping power.

Higher collisional absorption of incident laser light for

higher-Z thin glass shells relative to thin plastic shells leads

to higher coronal temperatures (Tc) and lower laser inten-

sities at the quarter-critical surface. These conditions can

mitigate the TPD instability, which has a threshold parame-

ter g / I=Tc.17 In addition, the path-integrated hot-electron

stopping power (DE ¼
Ð

dE=ds ds) of thin glass shells is

greater than that of thin plastic shells (for 50–100 keV elec-

trons, DESiO2=DECD;Thin � 2–4). Thus, any hot-electrons that

are produced are more readily stopped by thin glass shells,

resulting in lower peak target voltages. For thin glass and

thick plastic shells, the scaling with intensity is given by

(reduced v2 ¼ 0:78)

V0;MV ¼ 0:12I14 � 0:4; (4)

where V0;MV is the peak target voltage in megavolts and I14

is the laser intensity in units of 1014 W-cm�2. For thin plastic

shells, the peak voltage is systematically higher (reduced

v2 ¼ 0:89)

V0;MV ¼ 0:13I14 � 0:18: (5)

Shell absorption arguments can also explain the differ-

ence between thin and thick plastic shells. It has been shown

for cryogenic targets that thicker shells prevent the laser

from burning through to the lower-Z D2 or DT ice-layer.12

For thinner shells that burn through, it has been suggested

that the lower-Z deuterium plasma penetrates into the under-

dense region, resulting in lower collisional absorption of

laser light. This creates conditions that are favorable for the

TPD instability and hence the generation of hot-electrons.12

For these data, distributed phase plates (DPP)18 and dis-

tributed polarization rotators (DPR)19 were used to shape the

spatial profile of the laser beam and to randomize the laser

polarization, respectively. On some shots, laser speckles

were smoothed using Smoothing by Spectral Dispersion

(SSD).20 The observed scatter in the cryogenic data is attrib-

uted to the wide range of pulse shapes used in these experi-

ments. Scatter in warm-plastic and glass targets is largely

due to uncertainties in the measurement of the peak target

potential. For these shells, pulse shapes (1 ns, square) and

SSD modulations were comparable.

The observed linear scaling of the maximum fast ablator-

proton energy with laser intensity (as opposed to the commonly

observed/ ðIk2Þ1=3
scaling4,5 associated with RA) is explained

by the fact that these protons are accelerated by TPD-generated

hot-electrons. It has been shown that the temperature of these

electrons scales linearly with laser intensity,11,21 and there is a

linear relationship between the maximum fast-proton energy

and the hot-electron temperature.22

Previous experiments23,24 confirmed that the dominant

mechanism for hot-electron production for OMEGA

FIG. 4. Peak target voltage as a function of the on-target laser intensity.

Cryogenic and warm thin plastic shells (<6 lm) exhibit a linear dependence

with laser intensity. Thick plastic shells (>10 lm) and thin glass shells

(2�3 lm) also follow a linear scaling with intensity, but result in peak vol-

tages that are systematically lower. These discrepancies are due to differen-

ces in shell laser absorption and electron stopping power.

114102-3 Sinenian et al. Appl. Phys. Lett. 101, 114102 (2012)
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implosions is the TPD-instability. This was determined by

observing a correlation between the hard x-ray signal from

bremsstrahlung radiation (photon energies >40 keV, pro-

duced by hot-electrons stopping on the shell) and the 3x=2

signal, a signature of the TPD-instability. In this work, we

observe a correlation between the hard x-ray signal and the

target voltage (Fig. 5), confirming that the TPD-generated

electrons accelerate the ions presented in this work.

In summary, the first measurements of the total energy

carried by fast ablator-ions on OMEGA have been conducted.

It has been shown that the total energy carried by fast ablator-

ions is �1% of the incident laser energy. These measurements

have been used to infer a non-linear, voltage-dependent target

capacitance associated with the sheath fields surrounding the

target. The peak target voltage scales linearly with laser inten-

sity for a range of targets, with a dependence on shell thick-

ness and to some extent, shell material. It was observed that

the target voltage is correlated with the hard x-ray signal, pre-

viously shown to scale with TPD-generated hot-electrons,

confirming the mechanism behind charging of these targets at

OMEGA. Future studies will use these ion measurements to

build a model for the target potential time-dependence. Such a

model can be used with hot-electron measurements to esti-

mate preheat in direct-drive OMEGA targets.
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scales with hard x-ray emission, which in turn has been previously shown to

correlate with TPD-generated hot-electrons.
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