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ABSTRACT

Stable self-channeling of ultra-powerful (Po ~ 1 TW - 1 PW) laser pulses in dense plasmas is a

key process for many applications requiring the controlled compression of power at high levels.

Theoretical computations predict that the transition zone between the stable and highly unstable regimes

of relativistic/charge-displacement self-channeling is well characterized by a form of weakly unstable

behavior that involves bifurcation of the propagating energy into two powerful channels. Recent

observations of channel instability with femtosecond 248 nm pulses reveal a mode of bifurcation that

corresponds well to these theoretical predictions. It is further experimentally shown that the use of a

suitable longitudinal gradient in the plasma density can eliminate this unstable behavior and restore the

efficient formation of stable channels.
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I. INTRODUCTION

Robust stability is known both theoretically [1-3] and experimentally [1-4] to be a chief

characteristic of relativistic/charge-displacement self-channeling [1-12]. Moreover, it is known that the

influence of the ponderomotively generated charge-displacement is the major factor [2] governing the

stability of the confined modes of propagation and it has been observed that this feature has a

counterpart in the ponderomotive stabilization present in related areas of plasma physics and accelerator

design [2]. It is also theoretically clear [2,3] that the eigenmodes play a key role in the dynamics of the

stability, since they function as attractors and efficiently guide the energy into stable states of high

power compression.

A regime of unstable propagation is also theoretically predicted [2] to exist, although a

systematic experimental study of its properties is lacking. The unstable behavior can be roughly

classified into two subcategories. They are (1) strongly unstable propagation that results in catastrophic

filamentation, an outcome associated with an operating point located deep in the unstable region [2], and

(2) weak instability associated with the stable/unstable boundary zone in which deviations from stable

single channel propagation initially become apparent. The former regime is characterized by the

development of a group of peripheral small-scale filaments each containing a power on the order of the

critical power for self-channeling. Under these circumstances, an increase in the incident laser power

leads primarily to a disorganized multiplication of filaments with the outcome that the trapped power in

an individual filament does not increase. In the case of weak instability, however, when typically two

channels are formed, the power of the strongest channel can be raised with an'increase of the incident

laser power. Overall, the principal characteristics of the weakly unstable behavior are (a) bifurcation of

the propagating mode and (b) the development of lateral displacements of the confined power.

The present study discusses these irregularities in the propagation by examining both their

experimental observation and the corresponding theoretical description. The main findings reported in

this work are (i) the first experimental observations of bifurcation of the propagating channel and (ii)

experimental confirmation of the previously proposed [1] use of a suitable longitudinal gradient in the

plasma density for both the restoration of stable propagation and channel optimization.

II. DISCUSSION OF RESULTS

Experimental evidence for bifurcation is shown in Fig. l(a), an image that displays a transverse

view of the spectrally integrated Xe(M) radiation (~lkeV) produced by the propagating ultraviolet

(248nm) radiation in a gaseous xenon cluster target [4,5] having a Xe density of ~ 3xlO19 cm"3. The



methods of measurement and th» experimental conditions generally pertaining to the data in Fig. l(a)

have been previously described [4]. An interpretation of the observed Xe(M) spectrum has also been

given [13].

The key feature shown in Fig. l(a) is the dual structure visible at the longitudinal position

z= 1500 Jim. Since x-rays are generated, this indicates the existence of two separate parallel zones in

which the power is highly compressed. In contrast, at the position corresponding to z = 600 Jim, only a

single feature is evident. In the process of channel formation, the incident propagating energy collapses

from this initial region to a thin channel whose volume is sufficiently small that the x-ray emission from

it is not visible in the exposure on account of the detection limit imposed by combined influence of

(i) the relatively low spatial resolution (~ 30 Jim), (ii) the bound on the dynamic range of the detector,

and (iii) the quenching of the Xe(M) emission in the high intensity zone of the channel that is caused by

stripping of the entire 3d-shell by field ionization. This behavior causes the longitudinal gap (800 Jim <

z < 1400 urn) in the x-ray emission to occur. The subsequent bifurcation of the thin (-2-3 \im radius)

channel [1-3] causes the dual feature at z= 1500 |im to appear. We note that other studies [14] have

examined the spectral properties of the Xe(L) emission from the intense central region of the filament.

The observed morphology of the x-ray signal can be put in contact with computations of the

dynamics for conditions corresponding to those of the experiment. The modeling of the

relativistic/charge-displacement self-channeling is based on a relatively simple model [5,6] that involves

two dimensionless parameters; one represents the normalized power T], while the other describes the

normalized radius po of the incident radiation. They are given respectively by

TI = P0/PCI and p0 = r0cop0/c. (1)

In Eq. (1) Po represents the incident peak power associated with the central zone of the pulse and PCT

denotes the critical power for relativistic/charge-displacement self-channeling given by [5-7]

PCT= (m2
0c5 / e 2 ) J g2(p)pdp (co/a>pO)2 = 1.6198xl010 (o)/cop,o)2 W , (2)

o

in which m^o, c, and e have their standard identifications, go(p) is the Townes mode [15], and co,

copO =(47te2Ne O /me O) l / 2 , and ro, respectively denote the angular frequency corresponding to the

propagating radiation, the angular frequency of the unperturbed plasma, and the radius of the incident

transverse intensity profile. A chief feature of the self-channeling process is the stabilization of the

transverse beam profile near one of the z-independent modes of propagation designated as the lowest



eigenmodes [5,6] Us.0(p) (with index s, 0 < s < 1) of the governing nonlinear Schrodinger equation.

These eigenmodes have the dimensionless radiusige

; . o p p ; o . (3)
0

The self-channeling process can be described as the dynamic adjustment of the radius ro of the

incident focused beam to the radius rCh of the laser channel, the value of which can be derived from the

dimensionless radius pe,o of the corresponding lowest eigenmode [3,6] as

Previous analysis [6] has shown that in the case of relativistic and charge-displacement self-channeling,

the dimensionless radius of the channel pe,o varies extremely,slowly over a large range of normalized

laser power r\, pe,o = const for T| > 1.5, a property evident in Fig. 2. Therefore, from the expression for

the plasma frequency

C0p=(3rce2Ne/m,o)1/2, (5)

we conclude that the radius of the laser channel formed in a plasma with a local electron density Ne

scales in good approximation [3] simply as

rch~Ne" I / 2 . (6)

The situation involving T| = Po / Per » 1 and ro / rCh » 1 leads to a strong self-focusing response

which can be either stable or unstable [1,2]. Unfortunately, even in the stable case, the propagation is

generally characterizing by a substantial loss of laser power and the efficiency of the process is grossly

compromised [3]. However, the efficiency of the power compression can be optimized when r0 ~ rCh (or,

equivalently, po - pe,o). a condition that can be dynamically achieved by the adjustment of the local

electron density Ne (see Eq. (6)). This can be readily achieved with the use of an appropriate

longitudinal gradient in the electron density distribution [3].

Previous work [2] has shown that the conditions governing the stability of

relativistic/ponderomotive self-channeling are well described by two-dimensional (ri,po) stability maps

of the form illustrated in Fig. (2) and that specific zones corresponding to stable and strongly unstable

propagation can be identified. In particular, the stability and efficiency of the relativistic/charge-

displacement self-channeling mechanism have been analyzed [1,2] for perturbed Gaussian beams

having incident transverse amplitude distributions given by

£ (7)



In the profile represented by Eq. (7), the weak azimuthal perturbations are characterized by

G , = 0.03, q = l - 4 , 5 = max|I0(r,<K)-I0(r,(}>2)|/I0=0.21. (8)

The information presented in the stability (rj.po) map illustrated in Fig. (2) can be used to

establish a direct correspondence between the experimental data shown in Fig. l(a) and the theoretical

procedures applicable to the dynamics of pulses with amplitude distributions given generally by the

form of Eq. (7). The gaseous xenon cluster target is experimentally [4,14] produced by a pulsed valve

having a ~ 1.5 mm orifice that is equipped with a vertical barrier on the side facing the incident 248nm

beam. This wall, which contains an aperture having a diameter of -100 urn, blocks the lateral expansion

of the gas except in the local zone near the ~ 100 ujn opening. Accordingly, a focal position located

sufficiently inside the wall corresponds well to a uniform target density. In contrast, location of the

focus in the region near or slightly outside of the 100 Jim aperture causes the focussed pulse to

propagate through a zone in which a substantial longitudinal gradient in target density is present.

Therefore, adjustment of the focal position along the direction of propagation in the region defined by

the barrier enables the alteration of the density gradient experienced by the focussed radiation.

Consequently, there exists a controllable experimental procedure that can provide either a uniform target

density or one possessing an appreciable density gradient.

The ability to modify the longitudinal density profile enables the dynamic trajectory of the

operating point [1,3] of the system to be grossly altered. The principal consequence of this control, for

the data shown in Fig.l(a), can be understood by reference to Fig. l(b) and Fig. (2). The initial condition

corresponding to the development of the experimentally observed bifurcated channel illustrated in

Fig.l(a) is designated by the datum AunifOnn in Fig.(2), a point that lies near the zone in which strong

filamentation occurs [2]. Although in the stable region, it is significant to note that Aunjform is clearly

located at a considerable remove from the eigenmode curve of the system pe, 0(T|) in this situation.

The computed evolution of an incident pulse corresponding to Aliform is illustrated in Fig.l(b).

The salient feature of the theoretical distribution is a strong spatial bifurcation, a characteristic that is in

good qualitative correspondence with the experimental observation shown in Fig.l(a). Indeed,

bifurcation into two roughly equal channels is shown. Experimentally, the bifurcated propagation

becomes visible when the divergence of the two channels is sufficiently great that they can be separately

resolved by the x-ray camera [4]. A continuation of the computed evolution of the pulse to longitudinal

distances Z > 400 \i.m reveals that the stronger component of the bifurcated distribution shown in

Fig.l(b) forms a stable channel that is denoted by point Buniform in Fig.(2). We note that this datum falls



very close to the eigenmode curve [pe.o (rj)],
 a basic property of fully evolved stable channels [1,3] and

a sharp contrast to the initial condition given by the location of AunjfOrm-

Previous studies have demonstrated that stable channels aggressively seek the eigenmode

distribution [6]. Hence, the existence of a channel with an operating point corresponding to a position

far from the eigenmode curve necessitates a major reorganization of its structure. The present results

indicate that, for circumstances requiring a sufficiently large adjustment, the process of bifurcation

enables the operating point of the system to make a single large and abrupt step toward the eigenmode

curve. This mechanism, however, leads to very high losses, as the relative positions of AunifOnn and

Buniform in Fig. (2) illustrate.

The use of a plasma gradient greatly alters the dynamics of propagation [3]. Specifically, it was

theoretically predicated [3] that the process of bifurcation could be eliminated by the use of a suitable

plasma gradient. This predication has now been experimentally confirmed, as shown by the data

presented in Fig. 3 (a). The morphology of the channel seen in Fig. l(a) is transformed into that shown in

Fig. 3 (a) by a relocation of the incident focal zone to a region possessing an appreciable density

gradient. It is apparent that the bifurcated region (z = 1500 p.m) of the former has been replaced by an

intense single channel in the latter. This was achieved experimentally solely by a small longitudinal shift

in the focal position of the incident pulse to the region near the 100 \im aperture where a significant

gradient in the target density exists. This adjustment places the operating point of the incident radiation

in the proximity of the eigenmode.

A corresponding calculation of the pulse evolution which includes a suitable density gradient,

shown in Fig. 3(b), illustrates the smooth development of a single channel. In this case, the initial

condition has been remapped to point Agnû ou in Fig. (2) and the trajectory of the operating point leads to

the stable configuration by B ^ n n . Since the loss caused by the formation of the second subsidiary

channel in the bifurcated case has been eliminated, the efficiency of the transport into the channel

formed has been significantly increased. The existence of the plasma gradient enables the pulse to

reorganize in a less abrupt manner, thereby eliminating the need for the bifurcation.

HI. CONCLUSIONS

Experimental observations of channel instability show good correspondence to computations of

the channel dynamics. The leading instability is seen to be bifurcation of the propagating mode. The use

of an appropriate density gradient can control this instability and lead to the efficient development of

stable channels.
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FIGURE CAPTIONS

Figure 1:
(a) Experimentally observed morphology of channeled propagation obtained by imaging the Xe(M)

radiation (- lkeV) transverse to the channel with an x-ray pinhole camera having a spatial
resolution of - 30 jim. The procedures of the measurement are described in Ref. [4}. The
incident 248 nm pulse had an energy of ~ 350 mJ and a pulse width of ~ 270fs. The initial
focusing action begins at z = 0.5 mm and a clearly bifurcated region is visible at z = 1.5 mm.
See text for discussion.

(b) Computed pulse evolution corresponding to the experimental circumstances yielding the
observed pattern shown in Fig. 1 (a). A strong bifurcation of the propagating node is seen, an
outcome matching the experimental result.

Figure 2:
Stability map with coordinates (TJ, po). The eigenmode curve, pe.o0"|) 1S shown. A full description
appears in Ref. [1]. See. text for discussion of designated loci.

Figure 3:
(a) Morphology of channel seen with adjustment of the incident focal volume to a region having an

appreciable longitudinal plasma density gradient. The procedures of measurement were identical
to those used in Fig. l(a). A single channel is seen. See text for discussion.

(b) Computed channel evolution for a pulse corresponding to the experimental conditions yielding
the result in Fig. 3(a). A single channel is observed in conformance with observation.
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