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Collisionless shocks are often observed in fast-moving astrophysical plasmas, formed by

non-classical viscosity that is believed to originate from collective electromagnetic fields driven by

kinetic plasma instabilities. However, the development of small-scale plasma processes into

large-scale structures, such as a collisionless shock, is not well understood. It is also unknown to

what extent collisionless shocks contain macroscopic fields with a long coherence length. For these

reasons, it is valuable to explore collisionless shock formation, including the growth and

self-organization of fields, in laboratory plasmas. The experimental results presented here show at

a glance with proton imaging how macroscopic fields can emerge from a system of supersonic

counter-streaming plasmas produced at the OMEGA EP laser. Interpretation of these results, plans

for additional measurements, and the difficulty of achieving truly collisionless conditions are

discussed. Future experiments at the National Ignition Facility are expected to create fully formed

collisionless shocks in plasmas with no pre-imposed magnetic field. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804548]

I. INTRODUCTION

Supersonic flows of extraterrestrial plasmas often gener-

ate collisionless shocks.1,2 Examples include solar wind

shocks (such as the earth’s bow shock),3 the shocks at the

edge of supernova remnants,4 and other astrophysical

objects.5–7 It is believed that the viscosity required for mo-

mentum exchange between the supersonic flow and the

slow-moving downstream material is provided by electro-

magnetic plasma microturbulence,5–7 instead of binary colli-

sions between individual ions, which are rare due to long

collisional mean-free-paths. The interplay between kinetic

and magnetic energy in collisionless shocks is implicated in

magnetic field generation and cosmic ray acceleration.8–11

The formation of a collisionless shock is an example of self-

organization,12 in which a large and stable structure emerges

from a turbulent medium as energy is transported to ever-

larger scales.13

Although collisionless shocks in the solar system have

been directly studied in situ with satellite measurements (see

Ref. 6 and references therein), several key questions remain.

This is largely due to the complexity of the underlying elec-

tromagnetic plasma processes and the wide range of veloc-

ities and magnetizations in which collisionless shocks are

expected to form in diverse objects throughout the uni-

verse.6,7,14 For example, in the solar system, collisionless

shocks typically appear in low-velocity, pre-magnetized

plasmas, whereas in gamma ray bursts, the plasmas are rela-

tivistic and believed to be largely unmagnetized.14 Across all

regimes, the overarching questions include: how do colli-

sionless shocks form out of small-scale (microscopic) turbu-

lence? Do collisionless shocks generate magnetic fields that

are both strong and have large-scale (macroscopic) coher-

ence? How do collisionless shocks accelerate particles (e.g.,

cosmic rays)? Laboratory experiments are a powerful tool to

explore these questions in a scaled-down setting under con-

trolled conditions.15,16 Since many collisionless shocks are

a)Paper KI3 3, Bull. Am. Phys. Soc. 57, 199 (2012).
b)Invited speaker.
c)Author to whom correspondence should be addressed. Electronic mail:

park1@llnl.gov
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believed to exist in distant objects that are beyond the reach

of direct measurement, lab experiments are a useful compan-

ion to astronomical observation, and laser-generated plasmas

can explore collisionless shocks in interesting regimes, such

as the one with no pre-imposed magnetic field.

Our collaboration has been exploring collisionless shock

formation using high velocity laser-produced plasma flows.

Such flows, which have been studied experimentally17–29

and theoretically14,19,30–34 for a number of years, are formed

when a laser heats the electrons in a target. The cloud of

these electrons expands, dragging ions along, and then cools

adiabatically. The result is a flow that tends to have a very

high expansion velocity with fairly low electron and ion tem-

peratures (a high Mach-number flow).

By pointing two of these flows at each other, we make a

system of “counter-streaming” plasmas. The reason for this

is to make the relative velocity between the two flows as

high as possible, thereby making inter-flow ion collisions as

rare as possible.26 However, due to the low temperatures of

the laser-generated plasma after significant expansion and

cooling, the electron and the intra-flow ion collisions are

strong, and we must consider both collisionless and colli-

sional interactions. The challenges of making a truly colli-

sionless system, as well as other experimental design

considerations, are discussed in Sec. V. A consequence of

the counter-streaming condition is that the velocity distribu-

tion is very anisotropic, creating a system with abundant free

kinetic energy to drive plasma processes.

We recently discovered surprising large-scale and long-

time self-organized fields35 in these counter-streaming plas-

mas using proton imaging.36 The observation of these struc-

tures was unexpected since the plasmas move so quickly that

they should freely stream past each other,27 and the struc-

tures extend over many fundamental plasma spatial lengths

and time scales. This is an example of order emerging from

chaos, as is known to happen in astrophysical objects.37 Key

additional information is provided by optical Thomson scat-

tering, which directly measures the flow velocity, density,

and temperature,27,38 thereby greatly assisting in the analysis

of the proton images. In this paper, we explore these previ-

ous results in greater detail and report that

(1) The proton image features appear with a wonderful

regularity under a wide variety of laser drive conditions

(Sec. III A).

(2) There exist image features that maintain a nearly con-

stant separation over time (Sec. III D).

(3) A double-pancake magnetic field model seems to explain

several key features of the observed proton images, with

relatively few free parameters and a number of opportu-

nities for checking consistency (Sec. IV).

(4) The design of an “ideal” collisionless shock experiment

imposes stringent requirements on inter- and intra-flow

collisionality (Sec. V).

II. EXPERIMENTAL SETUP

OMEGA EP39 at the University of Rochester is an

Nd:glass laser system with four large, high power beams. Two

beams delivered 2200 J of 351 nm ultraviolet light in a 3 ns

temporally square pulse (average power 0.7 TW). Each of

these long-pulse beams were focused to an intensity of

approximately 3 � 1015 W cm�2 (elliptical spots with major

and minor diameters of roughly 340 lm � 100 lm, respec-

tively) to ablate CH2 plastic disk targets (2 mm diameter

� 0.5 mm thick). This created high-velocity plasma flows

directed preferentially along the target normals. As shown in

Fig. 1, the targets were spaced 8 mm apart on either side of the

target chamber center (TCC, indicated by a pink dot in Fig. 1)

and faced each other to make a system of counter-streaming

plasmas. Two-dimensional radiation-hydrodynamic model-

ing40,41 indicates that the plasma parameters (e.g., density,

temperature, and flow velocity) are similar, within tens of per-

cent, to those found on the OMEGA laser42 as measured with

Thomson scattering.27 In other words, these plasmas are also

counter-streaming with only rare collisions between the flows.

The other two laser beams were used in short-pulse

mode to make protons for imaging the electromagnetic fields

from the counter-streaming plasma interaction.36 Laser

pulses 10 ps long delivered 250 J of 1053 nm infrared light to

40 lm diameter spots (80% energy contour) for an intensity

of 2 � 1018 W/cm2 on each of the two Au disk targets shown

in Fig. 1. This created two divergent beams of protons along

orthogonal lines of sight (indicated by the dotted line arrows

in Fig. 1) that then passed through the counter-streaming

plasmas were deflected by electric and magnetic fields, and

were finally recorded on individual packs of HD-810 radio-

chromic film,43,44 layered with Al filters to obtain several

images over a range of proton energies from 5 to 15 MeV.

Having two proton images taken from orthogonal directions

is a simple form of tomography that helps evaluate the three-

dimensionality of the fields.

The proton sources were spaced l¼ 8 mm from the TCC

in order to make use of the entire f/1 proton beam to see

from one CH2 target to the other. Accordingly, the film pack

was placed relatively close, at a distance of L¼ 50 mm from

FIG. 1. Experimental setup at OMEGA EP. (a) Two CH2 disks were ablated

by the long-pulse beams (purple), creating counter-streaming plasmas. The

long-pulse beams were incident at an angle of 17� with respect to the plastic

surfaces. Two proton beams were created from orthogonal perspectives with

the short pulse lasers (red) on two (b) Au proton source foils.
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the TCC, to intercept the entire proton beam in a low-

magnification configuration (M¼ 7.25).36 We used Au disks

that were thick (50 lm) to obtain smoother proton beams and

large diameter (2 mm) to avoid edge effects in the proton

beam and to relax the requirements on target positioning.

Shields made of 3 lm Al foil, located 2 mm away from the

Au disks, protected each proton source from degradation by

the long-pulse plasma at late times.45 To avoid interference

between the two proton beams, the proton sources were off-

set in time by 0.5 ns (through an offset in the short pulse laser

timing). Attempts to use a longer delay between the proton

beams (e.g., 1 ns and 2 ns) were unsuccessful due to degrada-

tion of the second proton source by the first one, likely due

to radiative pre-heating that disturbs the water and hydrocar-

bon contaminant layer from which the protons are generated.

III. RESULTS AND PRELIMINARY ANALYSIS

A. Emergence of self-organized fields and caustics

Fig. 2 shows the electromagnetic fields that develop in

the counter-streaming plasma interaction in a time series of

side-view proton images. At 0.5 ns (a), the two plasmas flow

towards each other (away from the two CH2 disk targets) and

develop turbulent fields that are visible at 2.2 ns (b). All times

refer to the short-pulse laser delay plus the time of flight for

the protons to arrive at the TCC (roughly 200 ps for 8 MeV

protons). Note that the features in these proton images come

from deflection by electric or magnetic field structures and not

from collisional scattering of the proton beam.36

At 3.7 ns and coinciding with rapid heating of the plas-

mas,27 sharp caustics appear in the proton image (c).

Caustics can be operationally defined as very sharp intensity

increases (by a factor of several times or more) in an image

(see Ref. 36 and references therein). These non-linear struc-

tures are common in naturally focusing systems, such as sun-

light passing through the rippled water surface of a

swimming pool, and carry a skeleton of information about

the generating disturbance. The appearance of caustics in

proton imaging is a signature of strong deflection, which in

turn implies modest field along a substantial distance of the

proton path, or equivalently strong local fields (e.g., sharp

gradients in electrostatic or magnetic vector potential).36 For

simplicity, in this section, we assume uniform magnification

across the proton images, so that distances in the object plane

are obtained by dividing distances on the film (at the image

plane) by the magnification M. However, when caustics are

present, different features can be magnified by different

amounts,36 and so a detailed image analysis (such as the one

presented in Sec. IV) should avoid this assumption.

At 4 ns, (d), two bands of large caustics appear in the hor-

izontal (transverse) direction, connected by finer vertical caus-

tics in an otherwise empty central region. At 5.2 ns, (e), these

bands of caustics extend for macroscopic distances that are

much longer than the scale length of fundamental plasma

processes: 5 mm¼ 50 000 Debye lengths¼ 100 ion inertial

lengths (as calculated in Sec. III B). These straight bands of

caustics are stable, persisting for the duration of the experi-

mental window out to 7 ns (f): 3 ns¼ 3000 ion plasma periods.

A hint of this self-organized structure can be seen even

earlier than 4 ns, in panel (c). Formation of such features in a

proton image means that the fields in the plasma are both strong

and spatially coherent, since a large region of turbulent fields

(with a small coherence length) would only blur a proton

beam.36 The large-scale structure is generally axisymmetric,

since the proton images taken from the orthogonal view (not

shown) are qualitatively similar to the images shown here.

FIG. 2. Multi-shot time sequence of pro-

ton images visualizing the self-organized

fields in counter-streaming plasmas. The

largely unperturbed proton beam is visi-

ble at early time (a). Turbulence (b)

develops into sharp caustics (c). By 4 ns

(d), two prominent layers of straight hor-

izontal caustics are visible, which

sharpen (e) and persist to the end of the

experimental window (f). Panel (d)

shows the small tilt that is often

observed; panel (e) shows caustics

inferred to form by focusing (I) and defo-

cusing (II) magnetic pancakes. (See Sec.

IV and Fig. 10 for more details.) Levels

and contrast have been adjusted on a per-

image basis. The TCC is indicated by the

pink dot. Proton energies in (a) through

(e) are W¼ 8.8 MeV, with W¼ 4.7 MeV

in (f). Distances are given in the object

plane, assuming uniform magnification

(image plane distance divided by M).

Reprinted with permission from N. L.

Kugland et al., Nat. Phys. 8, 809 (2012).

Copyright 2012 Macmillan Publishers

Ltd.
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Interestingly, we found that the dual horizontal features

are quite robust, appearing under a wide variety of laser

drive conditions. As shown in Fig. 3, the same general fea-

tures appear with pulses between 1 ns and 6 ns long. The

most notable difference is in Fig. 3(a), where the features are

weaker (fuzzier) than those observed elsewhere in this work.

This is likely due to weaker fields.

B. Plasma parameters and the “ingredients” in the
system

Thomson scattering data greatly help with the interpreta-

tion of the proton images. In companion experiments on the

OMEGA laser under similar conditions, we have obtained

high-quality time sequences of plasma parameters such as

density, temperature, flow velocity, and more, all at one well-

localized (1003 lm3-scale) sample volume centered about the

TCC, from 2 ns to 8 ns.27 Measured and derived plasma pa-

rameters for our counter-streaming CH2 plasmas are shown in

Table I. Plasma diffusivity and viscosity are calculated using

Eqs. (4.15), (4.16), and (4.17), respectively, from Ref. 46.

In a single plasma flow, the electron and ion tempera-

tures are modest, in the range of 10 to 100 eV, and so the

ions are strongly collisional with other ions in the same flow.

In two counter-streaming flows, ion collisions between flows

are rare due to the high flow velocity. As seen in Table I, the

inter-flow ion mean free paths are much longer than the size

of the system, whereas the intra-flow ion mean free paths are

moderate (in the case of hydrogen-hydrogen collisions) or

microscopic (in the case of carbon-carbon collisions).

A surprise revealed by Thomson scattering is strong and

rapid heating around 3.5 ns, and both electron and ion tem-

peratures reach the 1 keV range. It seems that the electron

heating can be explained through an electron drag mecha-

nism, in which a small amount of flow velocity is converted

to heat, but the origin of the ion heating remains under

study.27,47,48

Based on the Thomson scattering measurements, sev-

eral “ingredients” are present in our counter-streaming

plasma system. The characteristic density profile of a single

plasma expansion is smooth, although this might be modi-

fied due to the presence of speckles in the laser focal spot

that could create non-uniformities. It is likely, although not

experimentally verified, that there is a velocity shear within

the flow, with velocities being higher along the target nor-

mal and slower out to the sides. We know that the two high

velocity (1000 km/s) plasmas mostly stream past each other

with no collisional stagnation out to at least 8 ns.27 The ions

in each flow form a rigid electrostatic core to which the

electrons are bound, and this “background” in the frame of

the other flow appears to create the opportunity for intra-

flow shocks.47

The rapid electron and ion heating that occurs around

2.5 to 3.5 ns (Ref. 27) is important, as it impacts both the

FIG. 3. Three different drive laser configu-

rations all generate the same dual-layer fea-

ture: (a) 1 ns pulses with 800 J, (b) 3 ns

pulses with 1900 J, and (c) 6 ns pulses with

3200 J. All images were taken at 4 ns, so the

drive lasers are still on in panel (c). Energies

cited are the average of the pulses striking

the upper and lower targets, with an energy

balance of better than 12%. Proton energy in

all frames is W¼ 10.4 MeV. These images

were taken with a 6 lm Ta shield, instead of

the 3 lm Al shield described in Sec. I, and

suffer additional blurring as a result.

TABLE I. Typical plasma parameters for the counter-streaming (dual flow) CH2 plasmas at 4 ns at the TCC. HH and CC refer to hydrogen-hydrogen and

carbon-carbon collisions, respectively. The fully ionized multi-species ion plasma frequency is calculated as xpi
2
¼xpi[C]

2
þ 2xpi[H]

2. The characteristic scale

length is assumed to be ‘¼ 2 mm. Adapted from Ref. 35.

Electron densitya ne (cm�3) Electron temperaturea Te (eV) Ion temperaturea Ti (eV) Single-stream flow velocitya vflow

8 � 1018 1000 1500 108 cm/s (1 mm/ns)

CH2 ion plasma period spi¼ 2p/xpi CH2 ion inertial length c/xpi Debye length kDebye Mach number

1.1 ps 51 lm 0.1 lm 3 to 5

Inter-flow collisional

mean free path kmfp

Intra-flow collisional

mean free path kmfp

Convective transport

Time sconv � ‘
u

250 mm (HH) 4.8 mm (HH) 2 ns

56 mm (CC) 22 lm (CC)

Plasma kinematic viscosity � (cm2/s) Reynolds number Re Magnetic diffusivity DM (cm2/s)b Magnetic Reynolds number ReM

2.8 � 107 0.72 740 2.7 � 104

aThese quantities were measured directly with Thomson scattering at the OMEGA laser under similar conditions (Ref. 27).
bThe magnetic diffusivity in CH2 is determined by the electron-carbon collisions; hence, this quantity is calculated as for pure carbon.
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visibility of electrostatic structures and the dynamics of the

system, e.g., the ion sound speed scales as Te
1/2. Consider

that the observed caustics are from electrostatic fields: it is

possible that field structures might have been forming at ear-

lier times, and only became visible after 4 ns once the plasma

temperature (and therefore the electrostatic potential, electric

field, and proton deflection) increased by more than an order

of magnitude. Indeed, it is possible that the abundance of

caustic features in our proton images are due to this strong

heating that is peculiar to a counter-streaming plasma sys-

tem. It seems that our work has the clearest demonstration of

proton image caustic formation to date (see Ref. 36 Sec. I).

We have concluded that collisionless shock formation at

OMEGA and OMEGA EP might be possible but a fully

formed shock is unlikely. This is because the plasma density

(i.e., ablated mass) is not high enough to shrink the ion skin

depth to the point that a collisionless shock could fit into the

system at an early time when the velocity is high enough to

simultaneously make collisions essentially negligible.26,27

Also, it seems that the growth rate for the ion Weibel insta-

bility is not large enough in this experiment to lead to colli-

sionless shock formation.24 Additional experimental design

considerations are detailed in Sec. V.

C. Energy independence of the caustics

Fig. 4 shows that the location of the dominant caustic fea-

tures on the film is strangely insensitive to the proton energy

W over the range of 7 to nearly 15 MeV, recorded on a single

shot using the multiple energies present in the short-pulse

laser generated proton beam. (Indeed, the many of the

smaller-scale features are also energy-independent.) This is

unusual, since the angle at which a proton is deflected by elec-

tric and magnetic fields usually has a characteristic depend-

ence on proton energy: a / W�1 for electric deflections and

a / W�1=2 for magnetic deflections.36 However, in the case

of caustic formation, the gross position of the caustic is per-

mitted to be insensitive to a range of proton energies (see Sec.

IV and Ref. 36). With this insensitivity to proton energy, the

proton images do not contain sufficient information to differ-

entiate between electric or magnetic origins for the deflections

that cause these bands of caustics. Consequently, conclusively

establishing the electric or magnetic nature of the field struc-

tures will likely require additional information from independ-

ent diagnostics in future experiments, such as direct

measurements of the magnetic field strength.

The multiple frames in Fig. 4 also show little motion of

the dominant caustic features over the proton beam temporal

spread, indicating that the evolution of the originating field

structures happens over a longer (nanosecond) time scale.

There could be other field structures in the plasma evolving

on a faster time scale, for which temporal blurring in the pro-

ton images would be significant, possibly to the point that

they are not visualized at all in the proton images.

D. Temporal stability of the image features

Another curious property of the horizontal bands of

caustics is that their separation remains more or less constant

in time. The separations are all very close to 1.5 mm, as

FIG. 4. Illustration of the constant spacing of the horizontal bands of caustics over proton energies from 7 to 15 MeV, as recorded by multiple radiochromic films

in the film pack on a single shot. Panel (b) is a detail view of Fig 2(f). The gross delay is 4.0 ns; frames (a) through (c) have additional time-of-flight delays, noted

here relative to frame (d). Reprinted with permission from N. L. Kugland et al., Nat. Phys. 8, 809 (2012). Copyright 2012 Macmillan Publishers Ltd.

FIG. 5. Illustration of the stability of the horizontal features over time. The separation of the two bands of caustics changes little over a more than 3 ns long

window from roughly 3.7 (a) to 7 ns (d). Panel (e) shows the locations of the individual curves superimposed and shifted vertically for easier visibility (better

overlap). At all times, the bands of caustics are vertically separated by roughly 1.5 mm.
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shown in Fig. 5. This requires a mechanism within the

counter-streaming plasmas that is able to bring the macro-

scopic fields in the system to a stable state. The exact nature

of this mechanism is currently unknown, but a few possible

models are discussed in Sec. IV.

IV. INTERPRETATION OF THE PROTON IMAGES

The results presented in the previous Sec. III lead us to

several key questions: (1) Are the bands of horizontal caustics

formed by electric or magnetic fields? (2) What mechanism

permits these fields to self-organize to such large lengths? (3)

What mechanism supports the structures and lets them remain

in the same place for so long? (4) Is a collisionless shock (or

pair of collisionless shocks) formed? In this section, we apply

caustic analysis techniques (Sec. III A and Ref. 36) to show

that a pair of magnetic “pancake rings” (flattened tori) is a

rough model that seems consistent with the observed proton

image features. Interestingly, this model does not require the

presence of shocks. Note that our effort to interpret these

images is still at an early stage of development, and there are

other possible explanations, two of which are discussed below.

We begin by recalling that as seen in Fig. 2, the field-

generated images vary with time, gradually evolving towards

the two bands most clearly visible in Fig. 2(e). By that time, the

smaller-scale irregular “blobs” seen in the earlier images (and

likely produced near the flow origin) are smoothed out and/or

advected away from the field of view. We concentrate on the

two bands of horizontal caustics between roughly 4 and 7 ns.

An electrostatic explanation is attractive for its simplicity

but quickly encounters difficulties. If one attributes the

observed caustics to shock-like electrostatic planar transitions

perpendicular to the vertical axis of the flows, one finds that

the potential variation across the transition, in order to pro-

duce a caustic, must exceed roughly eD/ � Wðb=aÞ2, where

a� 2 mm is the transition radius and b � a is its thickness.

The b/a dependence of D/ is related to the simple fact that

the electric field strength scales as 1/b, whereas the time dur-

ing which the proton experiences its action scales as a.

One may assume that there are two such structures, one

above and one below the midplane. For a collisional plasma

(recall that intra-flow collisions are strong; see Table I), the

potential variation associated with the density jump roughly

corresponds to a few Te/e. Taking W¼ 10 MeV,

D/ � 2Te=e, Te � 1 keV, and a � 2 mm, we find that the

transition width has to be b< 25 lm. This is three orders of

magnitude less than the radius and means that even a small

(by less than 0.1�) tilt of the shock front from being strictly

normal to the axis would likely prevent caustic formation

(see Ref. 36, Sec. V E). This is an obvious difficulty in

applying a model of thin, planar electrostatic fields.

Another electrostatic model is related to the possible for-

mation of radially propagating intra-flow shocks47 formed as a

result of overtaking (e.g., Refs. 49 and 50) in the course of nat-

ural radial expansion within each of the two flows. As the ion-

ion mean-free path in each of the flows is quite small, in the

range of tens of microns for C (due to the Z4 dependence of the

Coulomb collision cross-sections; see Table I), these are robust

collisional shocks, with a cross-shock potential variation on the

order of Te/e. The overtaking occurs in the plasma that flows

away from the targets along the system axis; therefore, the

overtaking occurs at some distance from the targets. The shock

likely exists all the way to the other target, gradually expanding

radially and getting weaker. Each shock has, therefore, a “rim”

beyond which it exists as a fully formed shock, and before

which there is just a smooth radial density (and potential) pro-

file, gradually becoming sharper on the approach to the rim

and eventually forming a singularity at the rim.

One might associate the quasi-planar caustics visible in

Fig. 2(e) with the two rims. An advantage of this explanation

is that images formed by rims are robust with respect to pos-

sible tilts. Additionally, one could associate the apparent

splitting of each of the wide caustics in Fig. 2(e) into several

sub-structures by the natural waviness of the rims, caused by

imperfections in the flow. The weak vertical bands in Fig.

2(e) could be associated with deflection of protons moving

almost tangential to the surface of the shock.

A “rim” explanation, therefore, seems compatible with

the main morphological features of the images. On the other

hand, its further development requires a quantitative analysis

of caustic formation by a structure where the electric field

varies rapidly both in the r and in the z directions. This is left

as a task for future work.

A third model, and the one that we will discuss in detail,

is the pair of magnetic pancakes mentioned at the beginning

of this section. These fields originate by the “Biermann

battery” that is powered by non-collinear gradients rTe and

rne in the vicinity of the target, on the scale of the laser focal

spot.51 This mechanism forms a strong magnetic field with a

predominantly toroidal direction (i.e., with the field lines curl-

ing around the normal to the target). Fields in the range of a

megagauss close to the target have been reported52 for condi-

tions similar to those in our experiment. In an isolated plasma

flow originating from a single target, this field would be frozen

into the flow and would rapidly decrease during the plasma

expansion24 (see an estimate of the magnetic Reynolds num-

ber in Table I). Assuming that the initial hot plasma occupies

a volume on the scale of the focal spot size, �100 to 200 lm,

the magnetic field in a single flow at a distance of a few milli-

meters would have dropped to a few kilogauss. Such a field is

far too small to generate caustics for MeV protons36 and one

might, therefore, reach the conclusion that this mechanism is

irrelevant for explaining the features of Fig. 2(e).

However, it has recently been noted53 that the situation

changes dramatically in the case of two counter-streaming

flows as used in our collisionless shock experiments. As the

magnetic fields are frozen into the electron gas, one can gain

insight by looking into the streamlines of the electron flow.

One finds that for two identical plasma flows, the axial elec-

tron velocity component turns zero at the transverse mid-

plane, with magnetic flux tube cross-sections and electron

streamlines as shown in Figs. 6(a) and 6(b), respectively. In

this case, the toroidal magnetic fields born near each of the

targets are advected towards each other and then get re-

compressed near the midplane, at the stagnation zone of the

electron flow. (Note that the ions continue streaming past

each other due to the long inter-flow mean free path, as

shown in Table I.) One can envisage formation of two
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pancake-like structures of field, separated by the midplane

(which is a field-reversal surface).

Importantly, for identical irradiation of both targets, by

symmetry the magnetic field will have opposite polarities in

the upper and lower pancakes, as shown in Fig. 6(a). The

direction of the magnetic field is chosen to be consistent with

previous measurements.52 It is natural to assume that the

thickness b of each of the pancakes is much smaller than its

radius a, due to the flow structure: indeed, the flow is com-

pressed in the direction normal to the midplane and stretched

in the tangential direction. Note that the streamlines (Fig.

6(b)) that come closest to the midplane originate very near

the target axis, where the magnetic field generated by the

Biermann battery mechanism tends to zero and becomes

zero on-axis. Therefore, the field strength in the immediate

vicinity of the midplane is low, and the two enhanced field

regions are separated by a zone of a weak field (zero at the

midplane), as discussed in more detail in Ref. 54. The dis-

tance between the equatorial planes of the pancakes is

denoted by 2 h. This distance is determined by the details of

the field distribution in the source region and is likely greater

than the thickness of each of the two pancakes. A 3-

dimensional visualization of the two pancakes is shown in

Fig. 7, and their inferred parameters (derived from the analy-

sis of the proton images that appears later in this section) are

listed in Table II.

We base further discussion on a highly oblate (i.e., very

flattened, or “pancake”) Gaussian model for the vector

potential distribution (see Sec. VI D of Ref. 36; note that

here we have changed the notation as suitable for the specific

problem under consideration). The distribution for a single

pancake, in polar coordinates, is given by

Ay ¼ 6
B0a

2
exp � r0

2

a2
� ðy07hÞ2

b2

 !
; (1)

where a represents the characteristic radius of the pancake

and b � a is its characteristic half-thickness. The subscript

“0” is used to identify the coordinate frame where the axis y
is oriented along the axis of the pancake, so that the pancakes

are perpendicular to that axis (as in Fig. 7); we later include

tilts and transform the coordinates accordingly. In Eq. (1), B0

is the maximum toroidal magnetic field strength reached at

r0 ¼ a=
ffiffiffi
2
p

; y0 ¼ 6h. The signs in front of B0 and h select

the upper or lower pancake. The magnetic field B ¼ r� A
and current streamlines are illustrated in Fig. 7. Note that

there is a hole in the center of each pancake: r� A defined

by Eq. (1) is zero for r0¼ 0.

The magnetic field symmetry is such that when the pan-

cake axis is oriented along the vertical system axis, the kicks

that a proton experiences on the opposite sides of the pan-

cake nearly cancel each other,36 making deflections very

small and eliminating the possibility of caustic formation.

This constraint disappears if the pancake axis is tilted

towards the proton source or away from it, as shown in

Fig. 8. The tilt angle w can be small and can easily appear as

a result of a small deviation of one or both flows from axial

symmetry. This small overall tilt permits the formation of

global caustics, as illustrated by Fig. 8. The proton source to

FIG. 6. Illustration of the magnetic field advection process. (a) Qualitative

sketch of the cross-sections of toroidal fluxtubes enclosing frozen-in mag-

netic flux that does not change in the course of advection; I-near the target,

II-near the midplane, III, where the vertical electron flow stagnates and is

diverted sideways. Natural stretching makes the tori larger in the radial

direction and flatter in the vertical direction. (b) Map of the electron flow

streamlines for two plasma flows (each with a 50� half-width) that originate

in small regions at the targets.

FIG. 7. (a) Visualization of the double magnetic pancakes with their fields,

currents, and the common y0, r0 coordinate frame. (b) Side view showing

the pancake thickness b and separation 2h; (c) top view showing the charac-

teristic radius a. These views are not drawn to scale: for better visibility a/
b¼ 5 here, but in reality b� a. Compare with Fig. 18 in Ref. 36.

TABLE II. Summary of the parameters of the two-pancake model. The

quantity pm/pe is the ratio of the magnetic field and electron fluid thermal

pressures (or, equivalently, their energy densities).

h (mm) a (mm) b (mm) B0 (T) pm/pe sdiff¼ b2/DM (ns)

0.75 2.5 0.125 10 0.04 200
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object plane distance is l, and the object plane to image plane

distance is L.
We begin with the goal of describing the two quasi-

planar bands of caustics seen in Fig. 2(e). The median neutral

lines of these bands, situated at equal distances from the

caustics and represented in Fig. 2(e) by dashed lines, corre-

spond to un-deflected ions passing through the horizontal

diameters of the pancakes. The distance between these diam-

eters in the vertical direction is 2 h at the object plane. We

will now analyze the caustic structure.

We start with the caustics in the upper band. Switching

to Cartesian coordinates for the case b� a, one finds for the

deflection angles a

ax ¼
x

a
f ; (2)

ay ¼
y� h

d
f ; (3)

f ¼ 6
asinw

qp

ab
ffiffiffi
p
p

d2
exp � x2

a2
� ðy� hÞ2

d2

 !
; (4)

d2 ¼ a2sin2wþ b2cos2w: (5)

Here, qp is the gyroradius of a proton in the magnetic field

B0. The “6” sign corresponds to whether the magnetic field,

when seen from the top of the axis y, is directed counterclock-

wise or clockwise. For small w, one has d� a. Under such cir-

cumstances, the displacement is almost one-dimensional, along

the y-axis, due to the presence of the small parameter d� a in

the denominator of Eq. (3). Equation (2) through Eq. (5) can be

used to generate a synthetic proton image.36

For a proton beamlet that crosses the plane z¼ 0 (Fig. 8)

at some y, the position of the beamlet in the image plane will

be

Y ¼ y

l
Lþ ayL ¼ y

l
þ y� h

d
f

� �
L: (6)

We are using a linear (in the field-strength) and paraxial

(in the parameters a/l, h/l) approximation (see Ref. 36 Sec. II

A); we also assume that L� l (high magnification). The first

term in Eq. (6) corresponds to a point projection by an un-

deflected beam; the second term describes deflections and is

responsible for the caustic formation. For further discussion,

it is convenient to rewrite Eq. (6) in the form

Y � h

l
L ¼ y� h

l
1þ l

d
f

� �
L: (7)

The sign of the second term in the parentheses can be

negative or positive depending on the handedness of the

magnetic field. We start from the negative sign (see Eq. (4)).

The magnetic field would then cause a focusing deflection of

the “rays” of protons toward the neutral line, on both sides of

the neutral line (i.e., for both positive and negative y-h).

The neutral lines (dashed diameters in Fig. 8) are pro-

jected without deflection. In the image plane, these are the

(imaginary) dashed lines situated between the caustics. By

measuring the distance 2 H between the dashed lines in the

image (see Fig. 8) and multiplying it by l/L, one finds the pa-

rameter 2 h, the distance between midplanes of the two pan-

cakes. For the values of l and L in the experiment (see Sec. I),

we have h¼ 0.75 mm.

The intensity in the image plane corresponds to the vari-

ation of j@Y=@yj�1
. The caustics are singularities (spikes in

the image intensity) at @Y=@y ¼ 0; as the magnetic field

strength increases, caustics are formed if the magnetic field

exceeds a critical value (see Sec. VI in Ref. 36). For the case

of a focusing magnetic pancake, the critical field strength Bcf

for caustic formation is determined by the condition

qp

l
<

ffiffiffi
p
p

a2bsinw
d3

; (8)

or

Bcf ¼
mpc

el

ffiffiffiffiffiffiffi
2W

mp

s
d3ffiffiffi

p
p

a2bsinw
: (9)

The critical field depends on the proton energy W, the

aspect ratio b/a of the pancake, and the tilt angle w.

A set of plots presented in Fig. 9 shows this critical field

vs. the tilt angle for several aspect ratios b/a for l¼ 8 mm

and W¼ 8.8 MeV (as in Fig. 2(e)). One sees that the critical

field strength is in the range between 8 and 16 T for a tilt of

5� to 10�. Note that the tilt visible in Fig. 2(d) would produce

caustics for a proton beam passing orthogonally from the

beam that made the image shown here. Given experimental

FIG. 8. General geometry of the tilted magnetic pancake model. The two

circles represent the pancakes from Fig. 7, but now both are tilted by the

angle w � b/a from the optical axis z. The dashed diameters are “neutral”

lines, which are projected (without deflection) to the image plane (with sepa-

ration 2 H). For the tilt shown here, a single pair of “focusing” caustics I are

formed (with separation 2Df) in the upper image plane, and double pairs of

“defocusing” caustics II (with separation 2Ddef) are formed in the lower

image plane. For better visibility, this figure is not drawn to scale: in reality,

L� l� h.
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variability, for example, in target alignment and laser spot

shape, the presence of such a tilt would be quite natural. The

tilt responsible for the caustic formation in the geometry of

Fig. 8 (and perhaps also in the images of Fig. (2) through

Fig. (5)) could be determined in principle from a simultane-

ously taken orthogonal image, but this information is not

available at the moment: our orthogonal images were taken

at different times to obtain more information about the evo-

lution of the system.

If the effective distance l was not 8 but rather 12 mm (see

discussion of this issue in Ref. 36), then the critical field would

be even lower, down to the 6 to 11 T range. We will discuss

the reasonableness of these field strengths later in this section.

Two caustics are formed when the field exceeds the crit-

ical value, separated by a distance that depends on the ratio

B0/Bc > 1. It is convenient to introduce the normalized caus-

tics separation

Dnorm ¼ ðh=dÞðD=HÞ; (10)

where, as mentioned above, 2 h (2 H) is the distance between

the median lines of the caustic bands in the object (image)

plane, and d (D) is the half-distance between two caustics in

the same band in the object (image) plane. The plot of Dnorm

vs. B0/Bcf for the focusing caustic, based on Eqs. (3) and (4),

is shown in Fig. 10(a) (for the positive abscissa semi-axis).

Consider now caustic formation for the defocusing pan-

cake (the second of the two). Analysis based on Ref. 36

shows that the critical magnetic field for a defocusing caustic

is 2.25 times higher than for the focusing case. The plot of

the normalized caustics separation from the neutral line for

negative B0/Bcf is also presented in Fig. 10(a). The defocus-

ing caustics appear at a finite distance from the neutral line,

and they form two doublets.

We have helpful information from the presence of caus-

tics in a broad energy range, from approximately 7 to 14

MeV (Fig. 4). At the highest energy (Fig. 4(d)), the defocus-

ing caustics seem to almost disappear. So, we conclude that

the field strength B0 is the one that is critical for the forma-

tion of a defocusing caustic for 14 MeV, indicated by the

right-most dotted green line in Fig. 10(a). This experimen-

tally calibrated field strength is mirrored to the left-most

dashed blue line, since the field within the plasma is likely

the same for both focusing and defocusing caustics (as we

are dealing with a system with a mirror symmetry).

The critical field scales as
ffiffiffiffiffi
W
p

, as shown in Eq. (9), and

this dependence on the proton energy is reflected in the posi-

tions of the vertical lines in Fig. 10(a). This means that for

the lowest displayed energy of 7 MeV, the critical field isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
14:7 MeV=7 MeV

p
	 1:4 times lower than the critical

field for the 14 MeV caustic. The other dashed and dotted

vertical lines in Fig. 10(a), corresponding to proton energies

of 8.8 and 7 MeV, are placed along the abscissa using this

energy dependence with the 14 MeV lines as starting points.

As already mentioned, the critical field for the defocusing

caustics is 2.25 times higher than the critical field for the fo-

cusing caustics.

Fig. 10 shows that the positions of the defocusing caus-

tics are largely independent of the proton energy, roughly

constant at jDnormj 	 2. Although the positions of the focus-

ing caustics are somewhat energy-dependent, they are never-

theless close to the neutral line over the whole energy range.

FIG. 9. The critical field Bcf for the formation of focusing caustics, in tesla,

vs. the tilt angle w, in degrees. The three curves correspond to different val-

ues of b/a.

FIG. 10. (a) Plot of the normalized distance Dnorm (Eq. (10)) vs. the normal-

ized magnetic field strength. The normalization factor for the field strength

is the critical field strength for the focusing caustics, Bcf, from Eq. (10). As

Bcf depends on the proton energy W, different energies correspond to differ-

ent positions along the abscissa axis. The numbers at the vertical lines corre-

spond to the proton energies from Fig. 4. The distance between the two pairs

of defocusing caustics II (at negative values of B/Bcf) is much larger,

roughly by a factor of 3, than the distance between the single pair of focus-

ing caustics I, which easily overlap due to finite resolution. (b) Detail of Fig.

2(e) (W¼ 8.8 MeV) showing the focusing and defocusing caustics, separa-

tion 2 H between the neutral lines, caustic transverse distances 2Xf, def, and

caustic doublet spacings 2Df, def, all measured in the image plane. The dou-

blet spacing was determined by eye, and 2Ddef /2Df is approximately 3, con-

sistent with the theoretical prediction. (c) Densitometer profile, in units of

optical density, along the heavy dotted line in (b).
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As Fig. 10(a) shows, the distance between the defocusing

caustics is 3 to 4 times greater than for the focusing caustics.

This is in agreement with Fig. 10(b), where the lower band

of caustics shows two well-separated strips, with the distance

2Ddef between them several times larger than the width 2Df

of the upper band. The upper band is narrower, with separate

strips blended together due to waviness of the pancake surfa-

ces and finite experimental resolution. Consequently, we

identify the upper band in Fig. 2(e) as being made of focus-

ing caustics and the lower band as being made of well-

separated defocusing caustics. The lower band is less

intense, probably because these caustics are closer to the crit-

icality than the focusing ones. Note that Fig. 10(b) is marked

with distances in the image plane, in contrast to the images

shown in Sec. II, which were marked with distances in the

object plane (assuming uniform magnification).

This observation provides an interesting opportunity for

a consistency check. From Fig. 10(b), one can evaluate ex-

perimental values of parameters H/D for both bands of caus-

tics, and then substitute the result into Eq. (10). The values

of Dnorm for both bands can be taken from Fig. 10(a) and are

(for W¼ 8.8 MeV) 0.7 and 2.2, respectively. If our analysis

is correct, Eq. (10) has to give the same d/h ratio for both

bands. And, indeed, one finds that d/h is approximately 1/5

to 1/7 from both estimates, indicating that this consistency

check seems to work.

As the distance h can be calculated from the images,

h¼Hl/L, we can then find an absolute value for d:

d 	 ð1=6Þh 	 0:125 mm. We remind the reader that for a

tilt of 5� to 10�, d is roughly equal to the half-thickness of

each pancake. In other words, the magnetic fields have com-

pressed into pancakes roughly 0.25 mm thick.

Consider now the radial extent of the caustics. Thus far

we have ignored the factor exp(-x2/a2) that enters Eq. (4),

concentrating instead on the central part of the caustic where

x is small and this factor can be set equal to 1. For larger x,

however, this factor becomes important, as it leads to the lat-

eral termination of the caustics. This occurs at the width

where the condition expð�x2
f =a2Þ ¼ Bcf=B0 is satisfied. For

focusing caustics and the energy of 8.8 MeV corresponding

to Fig. 2(e), B0 ¼ Bcf=ð2:25�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
14=8:8

p
Þ ¼ 2:84Bcf and

xf=a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ln2:84
p

¼ 1:02, whereas for defocusing caustics,

this happens at xdef=a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
14=8:8

pq
¼ 0:48. The ratio of

the two termination points is 2. This is again in good agree-

ment with the image of Figs. 2(e) and 10(b), where the focus-

ing caustic is significantly broader than the defocusing one;

and the ratio of the two lateral extents is 2Xf/2Xdef

¼ 36.3 mm/21.8 mm¼ 1.7, close to the value of 2 predicted

by the theory. In absolute numbers, the parameter a is esti-

mated for our experiment to be approximately 2.5 mm. We

remind the reader that a is the characteristic radius of each

magnetic pancake, as shown in Fig. 7(c). This means that the

pancakes are about 5 mm across, and the ratio d/

a¼ 0.25 mm/2.5 mm¼ 1/10, consistent with d� a.

Consider now one of the vertical features visible in Figs.

2(e) and 10(b), connecting the two horizontal caustics. It is

less intense than the fully formed caustics and can be caused

by modest deflections of the proton beam in the x direction.

The corresponding deflection angle is given by Eq. (2).

Interestingly, this lateral deflection can also be caused by the

tilt of the pancakes, specifically the appearance of a vertical

component of the magnetic field on the sides closest to and

furthest from the viewer in Fig. 8. The variation of the ax

deflection vs. x can create vertical stripes in the image plane.

These weak intensity variations are proportional to @ax=@x,

and the maximum of this derivative occurs at x ¼ a=
ffiffiffi
2
p

.

This is close to where the defocusing strip ends (see above)

and it is where the strongest vertical stripes should be visible.

Note that the intensity increase in this zone occurs for the

defocusing pancake, whereas for the focusing pancake,

the intensity here drops. This feature seems to correlate with

the location of the brightest vertical stripes near the ends of

the defocusing caustic. The appearance of the vertical stripes

in other places can be caused by the wiggles of the pancake

surface and is yet another consequence of the three-

dimensionality of the full problem.

Note that the weak features in Figs. 4 and 2(e) appear in

the same position across multiple proton energies. The fact

that these weak features are invariant with respect to the pro-

ton energy is explicitly expressed by Eqs. (12) and (18) in

Ref. 36. These equations show that the feature contrast is

proton energy dependent, but not their shape. For magnetic

features, one would use Eq. (78) instead of Eq. (18) in Ref.

36. The image contrast scales as W�1 for electostatic pertur-

bations and as W�1=2 for magnetostatic perturbations.

In order to make caustics with roughly 10 MeV protons,

the magnetic field involved has to be in the range of 10 T.

Although far higher than the few kilogauss expected without

field re-compression, this field is actually quite small in

terms of its pressure. For example, in a carbon plasma with

electron density 6� 1018 cm�3 and electron temperature of

1 keV, one has pM/nTe¼ 0.04, where pM is the magnetic

pressure. The ratio of the magnetic pressure and the ram

pressure of each flow is even smaller, pM/qv2¼ 0.004. We,

therefore, conclude that the magnetic pressure could not

have a dynamical effect on these plasma flows.

Nevertheless, the magnetic field can affect the ion tra-

jectories in the two flows: in a 10 T field carbon ions with a

velocity of 108 cm/s have an ion gyro-radius of 2 mm. This

is greater than the expected thickness of each of the pan-

cakes, which is about a quarter of a millimeter (see above).

After crossing one pancake, the ions get deflected in the op-

posite direction in the other one, thereby significantly reduc-

ing the net effect. Still, in the zone of the highest magnetic

field, some perturbation of the ion flow may occur. This

may be one more effect responsible for the formation of

weak curtain-like structures on the sides. Note also that the

hydrogen ions present in CH2 have a smaller gyro-radius

and may therefore be more strongly affected by the mag-

netic field.

The magnetic field certainly causes a very strong elec-

tron magnetization, making the parameter qe=kei (where qe

is the electron gyro-radius and kei is the electron-ion colli-

sion length) very small, �0.01. In other words, electron heat

conduction across the field lines is suppressed, and tempera-

ture variations from one magnetic flux-tube to another are

allowed. On the other hand, the Nernst effect and its
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corresponding contribution to the magnetic field advection

decreases dramatically compared to the un-magnetized

case53 and can be neglected. In other words, the magnetic

field advection is entirely related to the electron flow, with

the streamlines given in Fig. 6(b).

For the plasma parameters of our experiment, the mag-

netic diffusion occurs very slowly: even diffusion over the

smallest scale, the half-thickness of a pancake b, would take

an order of magnitude longer time than the whole duration of

the experiment (200 ns vs. �10 ns; see Table II). The electron

heating caused by the dissipation of a 10 T field would be very

small, as the magnetic field energy density is much smaller

than the thermal energy of the electron fluid (Table II).

One can conclude that the double pancake model cor-

rectly reflects the following observational features: (1) One

of the caustic bands is much brighter than the other. (2) The

brighter band has larger radial extent, consistent with the

estimates of the onset of caustics. (3) A single parameter d
(roughly, the half-thickness of each pancake) fits the struc-

ture of both caustics. (4) The curtain-like features on the

sides, including their location at the ends of the defocusing

caustic, have a natural explanation as a result of the x deflec-

tions. It seems plausible that the magnetic pancakes could

persist for the roughly 3 ns illustrated in Fig. 5, since the

flow will persist during that time, although detailed explora-

tion of the dynamics of the magnetic fields is a task for future

work. A summary of the estimated geometrical and other pa-

rameters of the magnetic structure was presented in Table II.

It goes without saying that the assumption of two parallel

magnetic pancakes is an idealization, and the real flow cer-

tainly contains smaller scale features, which are also appa-

rent on the experimental images. We do not attempt to

include these features in the current rough model.

Nevertheless, this magnetic pancake model is quite promis-

ing, as it explains several key features of the observed proton

images in a detailed and tight-knit manner with relatively

few free parameters and a number of opportunities for check-

ing consistency.

V. THE CHALLENGE OF DESIGNING A
COLLISIONLESS SHOCK EXPERIMENT WITH
TWO COUNTER-STREAMING NON-RELATIVISTIC
PLASMAS

Using large laser systems, such as OMEGA EP39 and

OMEGA42 at the University of Rochester’s Laboratory for

Laser Energetics and the National Ignition Facility (NIF)55

at Lawrence Livermore National Laboratory, properly

designed and scaled experiments56,57 can create key features

of astrophysical environments in the laboratory using high

energy density plasmas, as envisaged in the 1999 paper by

Remington, Arnett, Drake, and Takabe.58

Production of a collisionless shock in non-relativistic

plasmas with little or no-preimposed magnetic field, a re-

gime relevant for many astrophysical objects,6,7,14 is a signif-

icant challenge due to interrelated spatio-temporal

constraints. We consider here a system of two counter-

streaming laser-ablated plasma flows, as introduced in Sec. I.

In essence, the goal is to make the system decisively

collisionless, so that collisionless processes can dominate

over the remaining collisions (some of which will always be

present).

The most fundamental set of constraints for non-

relativistic collisionless shock formation was formulated in

Ref. 26. It established the necessary relations between basic

spatial scales: the size of the experimental “box” L, an antici-

pated width of the collisionless shock transition lsh, and the

Coulomb collision length with respect to the ion-ion colli-

sions, l
ii, where the asterisk indicates that this collision

length corresponds to inter-flow collisions. To be sure that

the shock is formed and is indeed collisionless, one should

satisfy the inequalities

lsh � L� l
ii: (11)

The collisionless shock width within essentially all theo-

retical models (e.g., Refs. 33 and 59) scales in a way that is

inversely proportional to the square root of particle density n.

This conclusion is supported by a model-independent scaling

analysis.16 In order to satisfy the left-hand inequality in Eq.

(11), one is, therefore, pushed in the direction of higher den-

sity, in order to shrink the micro-physics into the laboratory

system. On the other hand, higher density makes it harder to

satisfy the right-hand inequality, as the collisional mean-free

path scales as 1/n. One can compensate for this by increasing

the velocity v of the flows, to exploit the 1/v4 dependence of

the Coulomb cross-section. (As noted in Sec. I, this motivates

the use of counter-streaming plasmas to make v as high as

possible.) As the shock width is predicted to grow with

velocity, this pushes L up. Taken together, these factors favor

experimental platforms with a large available energy, so that

one would have sufficient margins in the set of constraints

in Eq. (11). A detailed discussion of these issues is presented

in Ref. 26.

Significant additional constraints stem from the fact that

the flows produced in the laser-target interaction are varying

with time. In particular, ion density and velocity are varying

at any given observation point.24 Front-side laser ablated

plasma expands into vacuum from an initially small volume,

being driven by pdV work and simultaneously cooling down.

When the plasma expands significantly compared to the ini-

tial volume, the flow becomes strongly supersonic and essen-

tially ballistic (each Lagrange element maintains constant

velocity) with significant angular divergence. At this stage,

the velocity can be approximated as being v¼ r/t, where r is

radius (distance from the target to a given point in space)

and t is time.60–63 The fact that the velocity (and plasma den-

sity) at an observation point vary with time narrows the

spatio-temporal window that is suitable for a clear identifica-

tion of the processes responsible for shock formation.24 To

widen the window, one has to increase L (as the characteris-

tic time scales as L/v), which in turn increases the laser

energy that is required to fill a larger volume with plasma at

a given density and velocity. On the experimental side, this

requires that the laser targets be spaced far apart, which

pushes the practical limits of laser pointing and diagnostic

field of view. On the computational side, this large volume is

extraordinarily expensive to simulate with the kinetic codes
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(such as particle-in-cell) that can capture the required ion

kinetics, especially if one uses realistic ion masses.

One more set of constraints is related to the ion colli-

sions in a single flow, i.e., intra-flow collisions.47 The Mach

number of the flows in the interaction zone is usually chosen

to be quite high, in order to make it easier to identify a

shock, should it form. But a high Mach number also means

that the ion thermal velocities are small compared to the

flow velocity, and therefore the collisional mean-free-path

among ions in the same flow, lii (without an asterisk), is also

quite small. The ion temperature has been directly measured

in experiments of this kind;27 for the measured flow parame-

ters, the ratio lii=l
ii can be as low as 10�4. This smallness of

lii has two important consequences.

First, the ion dynamics in each of the two flows can lead

to the formation of collisional shocks with a significant den-

sity jump and a thickness on the order of lii.
47 These shocks

can be formed by a natural overtaking process49,50 or gener-

ated by the spatio-temporal non-uniformities of the ablation

process. The dynamics of a shock in the lab frame can be

quite complex, due to the interplay of the shock with advec-

tion by the flow. So, if the only experimental signature of the

formation of a shock is the observation of a sharp density

jump (i.e., a discontinuity) with a transition width lsh satisfy-

ing Eq. (11), then it could be hard to prove that this transition

is indeed a collisionless shock involving the interactions of

the two flows. We therefore conclude that, in order to elimi-

nate any ambiguity, the experiment has to be performed

under conditions where even lii is longer than the interaction

domain L. If the transition structure is spatially resolved,

then, in order that it could be attributed to a collisionless

shock, it has to be thinner than lii (not l
ii). Achieving these

conditions requires substantial heating of the ions in each

individual flow. (A benefit of higher electron temperature is

that the magnetic field lines can remain frozen in place for

long enough to permit electromagnetic instability growth.24)

Second, one has to be sure that collisional processes do

not have a significant effect on the development of the

micro-turbulence responsible for collisionless shock forma-

tion. Consider, in particular, the electrostatic turbulence that

may be dominant at an early stage of the two-stream interac-

tion. The maximum growth rate for this mode is on the order

of xpi and corresponds to a wave number of xpi=v. For

plasma with an ion density of 2� 1018 cm�3 and an ion tem-

perature of 100 eV, as found during the early stage of the

interaction of two flows in this experiment (see Ref. 27), the

intra-flow ion-ion collision frequency is only 4 to 5 times

less than xpi. For longer wavelength perturbations with

smaller growth-rates, the collisions then become a dominant

factor. The electron-ion collisions are also quite frequent,

promoting isotropization of the electron distribution function

that might otherwise become anisotropic due to collisionless

processes. The same considerations pertain to Weibel-type

electromagnetic instabilities. We leave a detailed derivation

of these specific constraints for future work.

To review, creation of the conditions suitable for the clear

identification of collisionless shock formation in counter-

streaming plasmas requires: (a) high density (to shrink the

shock formation into the finite size of the system); (b) high

velocity (to maintain a collisionless inter-flow condition); and

(c) high temperature (to maintain a collisionless intra-flow

condition and keep magnetic field frozen in place). Future

experiments at the NIF should be able to satisfy Eq. (11) and

simultaneously obtain lii > L. This is especially true if one

uses low-Z target materials such as Be or even cryogenic H,

since lii, l
ii � Z�4. It is clear that increasing the available laser

energy and using low-Z targets will help one reach the domain

where collisions are decisively unimportant.

VI. SUMMARY AND FUTURE WORK

This work explores the surprising emergence of self-

organized electromagnetic fields from a system of counter-

streaming plasmas. The field structures are much larger than

the scale of the fundamental plasma processes, persist for

much longer than the plasma time scales, and are remarkably

robust, forming under a variety of laser drive conditions.

This laboratory model for plasma self-organization may pro-

vide new ways to understand how electromagnetic order

emerges from chaos in the cosmos.

Based on the results from Sec. III, we know that these

self-organized fields appear with a wonderful regularity

under a wide variety of laser conditions. A double-pancake

magnetic field model, as introduced in Sec. IV, seems to be

an attractive way to explain the observed features, although

a number of outstanding questions remain. Answering these

questions is made more difficult since self-consistent simula-

tions are very challenging: current simulations cannot

include all of the required physics due to the large spatial

and temporal scales. Among other things, full-scale simula-

tions would enable exploration of the spectrum of turbulence

spatial scales, important for understanding the inverse cas-

cade mechanism,13 something that is hard to do from line-

integrated proton image data.

Future experimental work will employ a number of new

diagnostics to help resolve the ambiguities in the current

data, which largely consist of side-on proton imaging and

single-point Thomson scattering. For example, proton imag-

ing from different angles will build a greater understanding

of the shape of the field structures. As discussed in Sec. IV,

several field shapes are in principle compatible with our cur-

rent data. Tomography should be able to confirm the mor-

phology of the fields and break the current degeneracy.

Imaging Thomson scattering64 will record changes in

velocity, temperature, and density across the sharp field

layers, allowing us to check the shock jump conditions (see

Ref. 65 and references therein) to tell us if a shock is indeed

present at that location. A plasma shock wave, whether colli-

sional or collisionless, has well-defined properties. Since

non-shock discontinuities are possible, merely seeing a sharp

structure in an image (proton or optical) is inconclusive.

Conclusive observation requires confirmation of the jump

conditions and confirmation of the collisionless condition,

both of which can be done with spatially resolved Thomson

scattering.

Imaging optical refractometry diagnostics, such as

schlieren and interferometry, will tell us about the two-

dimensionality of the density gradients in the

056313-12 Kugland et al. Phys. Plasmas 20, 056313 (2013)



counterstreaming flows. In companion with the other diag-

nostics, these build a comprehensive picture of the

interaction.

Direct measurement of magnetic fields, either with

polarimetry (e.g., Faraday rotation), spectroscopy (e.g.,

Zeeman spectroscopy), or induction (e.g., B-dot probes) will

tell us whether the fields are electric or magnetic. Note that

successful interpretation of these diagnostics is aided by hav-

ing optical interferometry at the same time.

Finally, as mentioned in Sec. V, future experiments at

the National Ignition Facility are expected to create fully

formed collisionless shocks, achieving the difficult goal of

making a truly collisionless plasma at densities high enough

to observe self-organization. In so doing, we will build a

strong laboratory platform for studying collisionless shocks

and understanding the nature of plasma processes within

counter-streaming plasmas.

ACKNOWLEDGMENTS

We thank the staff of the OMEGA and OMEGA EP

laser facilities for their experimental support. This work was

performed under the auspices of the U.S. Department of

Energy by the Lawrence Livermore National Laboratory,

under Contract No. DE-AC52-07NA27344. Additional sup-

port was provided by LLNL LDRD Grant No. 11-ERD-054,

and the International Collaboration for High Energy Density

Science (ICHEDS), supported by the Core-to-Core Program

of the Japan Society for the Promotion of Science. The

research leading to these results received funding from the

European Research Council under the European

Community’s Seventh Framework Programme (FP7/2007-

2013), ERC Grant Agreement Nos. 256973 and 247039.

Work by the University of Michigan was supported by the

Predictive Sciences Academic Alliances Program in NNSA-

ASC via Grant DEFC52-08NA28616 and by the NNSA-DS

and SC-OFES Joint Program in High-Energy-Density

Laboratory Plasmas, Grant DE-FG52-09NA29548.

1R. Z. Sagdeev, Rev. Plasma Phys. 4, 23 (1966).
2R. Z. Sagdeev and C. F. Kennel, Sci. Am. 264, 106 (1991).
3T. E. Cravens, Physics of Solar System Plasmas (Cambridge University

Press, 2004).
4D. S. Spicer, S. P. Maran, and R. W. Clark, Astrophys. J. 356, 549 (1990).
5B. Lembege, J. Giacalone, M. Scholer, T. Hada, M. Hoshino, V.

Krasnoselskikh, H. Kucharek, P. Savoini, and T. Terasawa, Space Sci.

Rev. 110, 161 (2004).
6R. Treumann, Astron. Astrophys. Rev. 17, 409 (2009).
7A. Bykov and R. Treumann, Astron. Astrophys. Rev. 19, 1 (2011).
8L. M. Widrow, Rev. Mod. Phys. 74, 775 (2002).
9A. R. Bell, Mon. Not. R. Astron. Soc. 353, 550 (2004).

10F. Miniati and A. R. Bell, Astrophys. J. 729, 73 (2011).
11G. Gregori, A. Ravasio, C. D. Murphy, K. Schaar, A. Baird, A. R. Bell, A.

Benuzzi-Mounaix, R. Bingham, C. Constantin, R. P. Drake, M. Edwards,

E. T. Everson, C. D. Gregory, Y. Kuramitsu, W. Lau, J. Mithen, C.

Niemann, H.-S. Park, B. A. Remington, B. Reville, A. P. L. Robinson, D.

D. Ryutov, Y. Sakawa, S. Yang, N. C. Woolsey, M. Koenig, and F.

Miniati, Nature 481, 480 (2012).
12P. Ball, The Self-Made Tapestry: Pattern Formation in Nature (Oxford

University Press, USA, 1999).
13P. H. Diamond, S.-I. Itoh, and K. Itoh, Modern Plasma Physics: Volume 1,

Physical Kinetics of Turbulent Plasmas, 1st ed. (Cambridge University

Press, New York, 2010).

14A. Spitkovsky, “Astrophysical collisionless shocks,” paper presented at

the Center for Multiscale Plasma Dynamics Winter School (UCLA, Los

Angeles, CA), 2009.
15D. D. Ryutov and B. A. Remington, Astrophys. Space Sci. 307, 291 (2007).
16D. D. Ryutov, N. L. Kugland, H. S. Park, C. Plechaty, B. A. Remington,

and J. S. Ross, Plasma Phys. Controlled Fusion 54, 105021 (2012).
17A. R. Bell, P. Choi, A. E. Dangor, O. Willi, D. A. Bassett, and C. J.

Hooker, Phys. Rev. A 38, 1363 (1988).
18R. P. Drake, Phys. Plasmas 7, 4690 (2000).
19H. Takabe, T. N. Kato, Y. Sakawa, Y. Kuramitsu, T. Morita, T. Kadono,

K. Shigemori, K. Otani, H. Nagatomo, T. Norimatsu, S. Dono, T. Endo, K.

Miyanishi, T. Kimura, A. Shiroshita, N. Ozaki, R. Kodama, S. Fujioka, H.

Nishimura, D. Salzman, B. Loupias, C. Gregory, M. Koenig, J. N. Waugh,

N. C. Woolsey, D. Kato, Y.-T. Li, Q.-L. Dong, S.-J. Wang, Y. Zhang, J.

Zhao, F.-L. Wang, H.-G. Wei, J.-R. Shi, G. Zhao, J.-Y. Zhang, T.-S. Wen,

W.-H. Zhang, X. Hu, S.-Y. Liu, Y. K. Ding, L. Zhang, Y.-J. Tang, B.-H.

Zhang, Z.-J. Zheng, Z.-M. Sheng, and J. Zhang, Plasma Phys. Controlled

Fusion 50, 124057 (2008).
20B. Loupias, C. D. Gregory, E. Falize, J. Waugh, D. Seiichi, S. Pikuz, Y.

Kuramitsu, A. Ravasio, S. Bouquet, C. Michaut, P. Barroso, M. Rabec le

Gloahec, W. Nazarov, H. Takabe, Y. Sakawa, N. Woolsey, and M.

Koenig, Astrophys. Space Sci. 322, 25 (2009).
21C. D. Gregory, B. Loupias, J. Waugh, S. Dono, S. Bouquet, E. Falize, Y.

Kuramitsu, C. Michaut, W. Nazarov, S. A. Pikuz, Y. Sakawa, N. C.

Woolsey, and M. Koenig, Phys. Plasmas 17, 052708 (2010).
22Y. Kuramitsu, Y. Sakawa, T. Morita, C. D. Gregory, J. N. Waugh, S.

Dono, H. Aoki, H. Tanji, M. Koenig, N. Woolsey, and H. Takabe, Phys.

Rev. Lett. 106, 175002 (2011).
23X. Liu, Y. T. Li, Y. Zhang, J. Y. Zhong, W. D. Zheng, Q. L. Dong, M.

Chen, G. Zhao, Y. Sakawa, T. Morita, Y. Kuramitsu, T. N. Kato, L. M.

Chen, X. Lu, J. L. Ma, W. M. Wang, Z. M. Sheng, H. Takabe, Y.-J. Rhee,

Y. K. Ding, S. E. Jiang, S. Y. Liu, J. Q. Zhu, and J. Zhang, New J. Phys.

13, 093001 (2011).
24R. P. Drake and G. Gregori, Astrophys. J. 749, 171 (2012).
25C. Niemann, C. G. Constantin, D. B. Schaeffer, A. Tauschwitz, T.

Weiland, Z. Lucky, W. Gekelman, E. T. Everson, and D. Winske,

J. Instrum. 7, P03010 (2012).
26H.-S. Park, D. D. Ryutov, J. S. Ross, N. L. Kugland, S. H. Glenzer, C.

Plechaty, S. M. Pollaine, B. A. Remington, A. Spitkovsky, L. Gargate, G.

Gregori, A. Bell, C. Murphy, Y. Sakawa, Y. Kuramitsu, T. Morita, H.

Takabe, D. H. Froula, G. Fiksel, F. Miniati, M. Koenig, A. Ravasio, A.

Pelka, E. Liang, N. Woolsey, C. C. Kuranz, R. P. Drake, and M. J.

Grosskopf, High Energy Density Phys. 8, 38 (2012).
27J. S. Ross, S. H. Glenzer, P. Amendt, R. Berger, L. Divol, N. L. Kugland, O.

L. Landen, C. Plechaty, B. Remington, D. Ryutov, W. Rozmus, D. H. Froula,

G. Fiksel, C. Sorce, Y. Kuramitsu, T. Morita, Y. Sakawa, H. Takabe, R. P.

Drake, M. Grosskopf, C. Kuranz, G. Gregori, J. Meinecke, C. D. Murphy, M.

Koenig, A. Pelka, A. Ravasio, T. Vinci, E. Liang, R. Presura, A. Spitkovsky,

F. Miniati, and H.-S. Park, Phys. Plasmas 19, 056501 (2012).
28D. B. Schaeffer, E. T. Everson, D. Winske, C. G. Constantin, A. S.

Bondarenko, L. A. Morton, K. A. Flippo, D. S. Montgomery, S. A.

Gaillard, and C. Niemann, Phys. Plasmas 19, 070702 (2012).
29Y. Kuramitsu, Y. Sakawa, S. Dono, C. D. Gregory, S. A. Pikuz, B.

Loupias, M. Koenig, J. N. Waugh, N. Woolsey, T. Morita, T. Moritaka, T.

Sano, Y. Matsumoto, A. Mizuta, N. Ohnishi, and H. Takabe, Phys. Rev.

Lett. 108, 195004 (2012).
30R. L. Berger, J. R. Albritton, C. J. Randall, E. A. Williams, W. L. Kruer,

A. B. Langdon, and C. J. Hanna, Phys. Fluids B: Plasma Phys. 3, 3 (1991).
31P. Chang, A. Spitkovsky, and J. Arons, Astrophys. J. 674, 378 (2008).
32T. N. Kato and H. Takabe, Astrophys. J. 721, 828 (2010).
33L. Gargat�e and A. Spitkovsky, Astrophys. J. 744, 67 (2012).
34F. Fiuza, R. A. Fonseca, J. Tonge, W. B. Mori, and L. O. Silva, Phys. Rev.

Lett. 108, 235004 (2012).
35N. L. Kugland, D. D. Ryutov, P.-Y. Chang, R. P. Drake, G. Fiksel, D. H.

Froula, S. H. Glenzer, G. Gregori, M. Grosskopf, M. Koenig, Y.

Kuramitsu, C. Kuranz, M. C. Levy, E. Liang, J. Meinecke, F. Miniati, T.

Morita, A. Pelka, C. Plechaty, R. Presura, A. Ravasio, B. A. Remington,

B. Reville, J. S. Ross, Y. Sakawa, A. Spitkovsky, H. Takabe, and H.-S.

Park, Nat. Phys. 8, 809 (2012).
36N. L. Kugland, D. D. Ryutov, C. Plechaty, J. S. Ross, and H.-S. Park, Rev.

Sci. Instrum. 83, 101301 (2012).
37S. Lebedev, Nat. Phys. 8, 785 (2012).
38S. H. Glenzer, W. E. Alley, K. G. Estabrook, J. S. De Groot, M. G. Haines,

J. H. Hammer, J.-P. Jadaud, B. J. MacGowan, J. D. Moody, W. Rozmus,

056313-13 Kugland et al. Phys. Plasmas 20, 056313 (2013)

http://dx.doi.org/10.1038/scientificamerican0491-106
http://dx.doi.org/10.1086/168862
http://dx.doi.org/10.1023/B:SPAC.0000023372.12232.b7
http://dx.doi.org/10.1023/B:SPAC.0000023372.12232.b7
http://dx.doi.org/10.1007/s00159-009-0024-2
http://dx.doi.org/10.1007/s00159-011-0042-8
http://dx.doi.org/10.1103/RevModPhys.74.775
http://dx.doi.org/10.1111/j.1365-2966.2004.08097.x
http://dx.doi.org/10.1088/0004-637X/729/1/73
http://dx.doi.org/10.1038/nature10747
http://dx.doi.org/10.1007/s10509-006-9247-0
http://dx.doi.org/10.1088/0741-3335/54/10/105021
http://dx.doi.org/10.1103/PhysRevA.38.1363
http://dx.doi.org/10.1063/1.1314625
http://dx.doi.org/10.1088/0741-3335/50/12/124057
http://dx.doi.org/10.1088/0741-3335/50/12/124057
http://dx.doi.org/10.1007/s10509-009-0025-7
http://dx.doi.org/10.1063/1.3431094
http://dx.doi.org/10.1103/PhysRevLett.106.175002
http://dx.doi.org/10.1103/PhysRevLett.106.175002
http://dx.doi.org/10.1088/1367-2630/13/9/093001
http://dx.doi.org/10.1088/0004-637X/749/2/171
http://dx.doi.org/10.1088/1748-0221/7/03/P03010
http://dx.doi.org/10.1016/j.hedp.2011.11.001
http://dx.doi.org/10.1063/1.3694124
http://dx.doi.org/10.1063/1.4736846
http://dx.doi.org/10.1103/PhysRevLett.108.195004
http://dx.doi.org/10.1103/PhysRevLett.108.195004
http://dx.doi.org/10.1063/1.859954
http://dx.doi.org/10.1086/524764
http://dx.doi.org/10.1088/0004-637X/721/1/828
http://dx.doi.org/10.1088/0004-637X/744/1/67
http://dx.doi.org/10.1103/PhysRevLett.108.235004
http://dx.doi.org/10.1103/PhysRevLett.108.235004
http://dx.doi.org/10.1038/nphys2434
http://dx.doi.org/10.1063/1.4750234
http://dx.doi.org/10.1063/1.4750234
http://dx.doi.org/10.1038/nphys2448


L. J. Suter, T. L. Weiland, and E. A. Williams, Phys. Plasmas 6, 2117

(1999).
39L. J. Waxer, D. N. Maywar, J. H. Kelly, T. J. Kessler, B. E. Kruschwitz, S.

J. Loucks, R. L. McCrory, D. D. Meyerhofer, S. F. B. Morse, C. Stoeckl,

and J. D. Zuegel, Opt. Photon. News 16, 30 (2005).
40M. Grosskopf, “Radiation-hydrodynamic simulation of experiments with

intense lasers generating collisionless interpenetrating plasmas,” in

HEDLA 2012 Proceedings, Tallahassee, FL (2012).
41C. Plechaty, personal communication (2012).
42T. R. Boehly, D. L. Brown, R. S. Craxton, R. L. Keck, J. P. Knauer, J. H.

Kelly, T. J. Kessler, S. A. Kumpan, S. J. Loucks, S. A. Letzring, F. J.

Marshall, R. L. McCrory, S. F. B. Morse, W. Seka, J. M. Soures, and C. P.

Verdon, Opt. Commun. 133, 495 (1997).
43D. S. Hey, M. H. Key, A. J. Mackinnon, A. G. MacPhee, P. K. Patel, R. R.

Freeman, L. D. Van Woerkom, and C. M. Castaneda, Rev. Sci. Instrum.

79, 053501 (2008).
44F. N€urnberg, M. Schollmeier, E. Brambrink, A. Bla�zević, D. C. Carroll, K.
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