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Collisionless Breakdown of Magnetic Insulation in Plasmas
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The current response of an electrically biased magnetoplasma to a short photoionizing laser pulse is
considered, with emphasis on the transient state. The behavior in the approach to the asymptotic state
varies from monotonic to oscillatory, depending on the ratios of the collision frequency to the cyclotron
frequency for the carriers. Of interest is the case equivalent to a critically damped oscillator, which
allows mapping the photonic pulse to a short electric pulse, independently of the carrier lifetime. This
corresponds to transient breakdown of the magnetic insulation during photoionization. Examples and
applications to gaseous and semiconductor plasmas are presented.

PACS numbers: 52.20.Dq, 52.25.Fi, 52.40.Nk, 52.75.Kq

Magnetic insulation is a well known plasma physicscount, the direction of the drift is rotated through an angle
concept. It controls the current flow in a plasma subjected = cot™! uB toward the positive or negative axis, de-
to crossed electric and magnetic fields. Examples includpending on the sign of the charge [Fig. 1(b)]. In steady
the Pedersen and Hall currents driven by the interactiostate each species carries a current [2]
of the solar wind with the planetary magnetospheres Jy = nquy ~ wE/[1 + (uB)?] 1)
[1], the Hall effect in semiconductor plasmas [2], and

the operation of plasma opening switches [3]. 'Of equalg he carrier mobility. As a function ofs, J, attains
importance is the breakdown of magnetic insulation,is maximum atuB = 1. Magnetic insulation reduces
which is often achieved either by increasing the carrieko yalue of the current in comparison with that of
collision frequencyr so that it exceeds the cyclotron .. unmagnetized plasma by a factor Q2/»% = 1 +
frequency(), by instability-induced turbulence that gives (, g)> 5.1~ if the carrier mobilities are unequal, there is
rise to an effective collision frequency withwes > also a net current. in theE X B direction

. - y .
(2, by destroying the magnetic geometry, or by SOme 14 see what happens in the transient stage following

combination of these. the creation of carriers by optical activation, consider a

_The purpose of this Letter is to point out a new Colli- gjmp1e carrier equation of motion in the plane transverse
sionless physical process that results in the breakdown Qf) B:

magnetic insulation when a plasma is subjected to a short
photoionizing pulse with length < »~!. The develop-
ment of high-power, short-pulse lasers makes the topic
extremely opportune. It will be shown below that in this
case the ultrashort photon pulses can be mapped into ultra-
short current pulses. The results apply equally to gaseous y z
and semiconductor plasmas. Besides its intrinsic scientific
interest, the phenomenon has a wide range of applications
in the area of ultrashort and optoelectronic switching [4].
The basic idea is shown schematically in Fig. 1. In the
absence of an electric field and neglecting collisions, car-
riers photoproduced with velocity at the pointO would /JS’E\F; Tg
execute cyclotron gyrations about centers displaced from LIGHT 1
O by the gyroradiir = vQ ™!, where() is the gyrofre- |\
quency. If a constant electric field is applied paral- AR
lel to the x axis and perpendicular to a strong magnetic AN
field B, taken to point in the direction, the particles ac- ~-
quire ay velocity E X B/B? superposed on this gyration
[Fig. 1(a)]. Since carriers of both signs drift in the same
direction with the same mean velocity, there is no av-iG. 1. Orbits of positive (solid trace) and negative (broken
erage current in this case; i.e., the material is effectivelyrace) carriers in silicon subjected to crossed figldnd B for
magnetically insulated. When collisions are taken into aceffective mass ratie = /m_/m. = 0.8.

Farallel toE, whereq = *e is the carrier charge and

mdv/dt = q(E + v X B) — mvv. 2

X
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Assuming that the carriers are born with negligible initial The velocity automatically adjusts to make the net trans-
velocity, the solution written in terms of the complex verse current vanish, i.e., the ambipolar conditigny " =

velocity w = v, + iv, is n-v, is satisfied. The ambipolar condition, which is re-
gE 1 — exgd—(v = iQ)1] sponsible for the Hall effect in plasmas and solid con-
w(r) = o L+ 0 : (3)  ductors, determines, . If the extrinsic carrier density is

Initially (for times short compared with ! and Q1) much less than that due to photoproduction, then we have

the velocity is in thexx direction (depending on the sign "+ ~ "~ and the velocities satisfy,” =v, = v,.

of ) and grows proportionally ta. For times greater ooDef"l"]g the Laplace transform by f(s) =
than or of orderQ ™! the linear approximation of the Jodte™[(1), we rewrite Eq.(4) for the polariza-
second term ceases to be valid, and Eq. (3) describdon current

gyration about the field lines. If the carriers originate over

a period of time comparable witk) !, the individual

particles become desynchronized on this time scale ar\ﬁhere +

th td due to bh . Aft ; , the sign of the carrier charge, is used as a
€ current decays due 1o pnase mixing. ter a e pecies label. Each carrier species satisfies an equation of
collision times the second term becomes negligible, an

L O ) : < Inotion of the form (2), which after Laplace transformin
to a good approximation the late-time carrier motion i (2) P 9

rectilinear and uniform. . o .
Each charge passes through the same stages, but the (s + <), = (Xe/m%)(s" Eo + 9y B),  (8)
ones created later are at an earlier stage in their evolution. o+ vy 3 .
+)v; = (= + — v
The current associated with each species is therefore an (s + v=)oy = ( _e/m_—)(Ey U B). )
integral over successive increasks= ndt in the carrier We assume that the medium is homogeneous and neglect

J(s) = sii(s) D (*e)v=(s), 7

Specomes

population, given by collisional heating. In the case of a solid-state plasma
. we also assume that the coordinate system is aligned
Jo(1) = q]o di' n(t)v,(r — 1), (4)  with the principal axes of the effective mass tensor. The

. . . . . + — ~
wheren is the carrier number density and the dots stand%mb'pOIar'ty condition is equivalent to, =

for a time derivative. Evidently the current can continue ¢ Eq. (9 d substituting in Eq. (8 find
to grow as long as is nonzero. For times short compared Fj‘l”e”ts of Eg. (.) and substituting in Eq. (8), we N
—. The result simplifies considerably under the condi-

to the carrier loss time the number density resulting from:x - * 7= oo s .
photoproduction is given by tion m% /my =m* /m? , in which case Eq. (7) yields

= ne0(1), (5) 7 o= neky Qf,_(s +v )+ Q' (s +vy) (10)

X ! ’
whereny is the final value and(¢) is the volume carrier B (s +vie)(s +v) + Q300
production rate, proportional to the intensity of the lasewhere Q. = eB/(m%m)/2. In what follows we will
radiation. take the effective mass tensor to be isotrapi¢. = m?)
The sudden introduction of carriers can break theand omit the prime fron{)-.
magnetic insulation. This is a new physical effect, which Inverting the Laplace transform, we obtain a general
to our knowledge has not been discussed previously. Wexpression for the time-dependent current:
will show that it can take place whenever the optical eEy (! . _
pulse has a rise time short compared with, Q_)~1/2  J.(2) :?] di'n(t — 1")e™ [(Q+ + Q_)cosr’
where() - is the cyclotron frequency of the carriers, even 0
if the carrier loss time is infinite. Another way to view _ b (e — v_)(Qs — Q)sinﬁt’] (11)
this process is to say that the insulation is broken by the 20
S?Lﬁgz?:rc;ir:ercg;fzsrft associated with the dipole moment§Nhere - j %(M + ) anq a2 — Q+Q_._ % x
As noted above, the presence of an effective coIIision(’“r — ) _For a delta-fqnctlon source creating carriers
mechanism causes carriers of different species to drift ir(inc each species with densiny ats = 0, this becomes
theE X B direction at different rates, as a result of which Jx(t) _
a net charge flow develops (the Hall current perpendicular J, ()

v \ y =70y,
olving for #, by eliminating £, from the two com-

1 — e "' cod)t

to E a}nd the Pedersen currgnt_parallel to it)_. BuF any @2 — ) (Qy — Q) + 2§Z(Q+ + Q)

deviation from charge neutrality in a plasma gives rise to + RYEG) Q

strong electric fields that act to restore charge balance. The (e + v j) o

electric field therefore takes the form [5] X e "'sinQt, (12)
E(t) = e Ep + e,E\ (1), (6) where

whereE, is constant and,(z) is the polarization field re- _ noeEy v Q- + v 13

quired to maintain charge neutrality (the ambipolar field). Ji() = B viv. +Q.0_ (13)
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is the asymptotic value to which the current decays. Not@he actual response time varies with the magnetic field

thatJ.. is always nonzero. and can be found from, =4 X 10°By sec’ !, whereB
We introduce the dimensionless time @s= t,(, is the value of the magnetic field is expressed in tesla.
whereQ)y = Q4 Q_, and define Equation (12) has a simple form also fdR, =
ms T Ve Q_ (e =e-=1) and forvy =v_. In either case the
TV T Am T o (14a)  result is independent of the mass ratio and is given by
V= %(01+€7 + a-e€), JJX((;)) =1— ¢ "codyr + %677t sinQot.  (17)
2 _ 1 2 x
] N =1-3 .(e_af Toera) ) (14b) This is characteristic of semiconductor plasma behavior.
Equation (12) can be written in the symmetric form Notice that if we require behavior resembling critical
J(1) T e 'TsinT damping, the overshoot amplitude is limited to a factor
J(®) I—e " cos" + 20as + a-) of 2. Higher overshoot amplitudes can be achieved only
y at the expense of having potentially undesirable damped
X {—[a+(63 — 1)+ a-(e2 = 1)] oscillations. Such behavior is seen in Fig. 3, which
Q shows the case of a photoionized PbTe semiconductor
at plasma room temperature. For PbTe the effective
T Qley + 6)]' (15 masses arer” =m* =0.18m, and the mobilitiess_ =

. _ : : 0.6m?/Vsec,u+ =0.4m?/Vsec. The results are shown
= 1 ]
Notice that e~ = (u=B)", where p s the carier ¢ vales of magnetic fiel@ =1, 3, 5, 10 T, which

mobility.
. . . . correspond to a-=1/u_B=1.67,0.56, 0.33, 0.17
Equation (12) and its equivalent equation (15) are the nd as=1/usB=25, 083, 05 025 These val-

e o e s of he magnetc feld conespond = L1
ForIo > 1, J,(1) monotonifall a roacif)eg (o) 1072, 3.3 X 1012, 5.5 X 102, 11 X 10'2 sec |, and the re-
gh a coITisiona{I E(ime The beha\)//iorpig similarxto the SPONSe times are in the subpicosecond range. Figure 4
unmaanetized case .F®rr<<1 J.(1) performs a series shows the results for photonionized Ge at 70 K, for
of da?n ed oscillations with ;‘rex uer?m as it which v, =»_ holds. In this case we have, =
a roacphesl (). Finally for qu(l) 7 (+t) displavs 6m?/Vsec, - =3m?/Vsec. Results are shown for
PP AR y torv P X 1spiay B=0.25,0.5,0.75, and 1.0 T. In the last case the value
a behavior similar to a critically damped oscillator and - 12 1
approached, () after overshooting it. The amplitude of Of Qo =~ 3 X 10 "By sec .
the oversho%t depends on the carriér mass raticand The results shown in Figs. 2—4 are characteristic of
0t dep . the range of the responses expected in various plasma
the magnetization paramete#s. anda—. This last case

) LR . . . media. It is clear that gaseous plasmas with <« 1
has important implications since it allows mapping of a . . .
. X . . “can produce large overshoots with response times in
short photonic pulse to an electric pulse with duration

(. 0_)~ 172, independently of the carrier loss time the subnanosecond range for magnetic fields in the 1 T
+ — ’ . H
Equation (12) or (15) simplifies significantly in some range. On the other hand, semiconductor plasmas produce

limiting cases. allowina analvtic exploration of the ara_moderate overshoots. However, their response time is in
ng ! g analy P € b the subpicosecond range (and even femtosecond) range
metric dependences. First fer <« 1, corresponding to

a gaseous plasma, using the fact at/Q — 2 o<1, for materials with small effective mass. Equation (15)
while v /v_ = e_ and assuming) = 7, we find

J, ()
J (o0

=1 — e "ot + 1 &e‘”’/z sinQ¢ . 40
2 V+

(16)
Critically damped behavior require€)y/v- = O(1), Jx(t)
while the overshoot depends on the raflg/»v.. Since Jx(0) a
vy /v- =~ 0(e-), large overshoots are expected. This is 20
seen from the numerical solution of the complete equa-
tion (15) for a weakly ionized hydrogen plasma fer = 10 c
0.04 anda+ =04, 1.0, 2.0 (these parameters correspond
to v—/Qo=2 and v+ /Qy=0.01,0.025,0.05). We can I
see that the overshoot amplitude is controlled by the ion
collisionality, while the temporal behavior is controlled Qot —
by electron collisionality. The behavior shown here isg 5 5 Temporal behavior of a hydrogen plasma tosa

characteristic of strongly magnetized electréas < 1),  function photoionizing pulsey_/Q_ = 0.04 and v, /Q, =
while only the amplitude depends on the valuewf. 0.4 (a), 1 (b), 2 (c).

~—

2 4 6 8 10
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ever, care should be exercised in neglecting the ambipolar
2.5 fields and using a simplistic pure electron model in the
short time scalér < 1/v_) collisionless regime. While
such a model indicates a small collisionless overshoot due
Jx(o0) 1.5 to electron ballistic effects alone, it predicts the wrong re-
/\ sponse time scal€ _ rather than(},, a maximum over-
1 shoot of less than 2 for the critically damped case as com-
pared to the value of over 40 seen in Fig. 2, and does
not produce the correct scaling laws relevant to proof-of-
principle experiments and fabrication of appropriate ma-
' 2 4 6 8 10 terials. It can be seen from the present analysis, which
Qot — includes both ballistic and ambipolarity effects, that a pure

. electron model is correct only in the singular and unrealis-
FIG. 3. Response of a PbTe photoconductor té-function y 9

ionizing pulse for values oB = 1, 3,5, 10 T. The unit on tic case of)— = Q. andv- = v.. i ,
the horizontal axis varies with the magnetic field As = In summary, we have presented a theoretical analysis

0.9B7' psec. Representative caseeqf ~ e_. of the response of electrically biased magnetoplamsas to
a short ionizing pulse with sufficient energy to modify
the conductivity significantly in a time short compared to

can be used to determine the semiconductor material anld 0. The analysis emphasized the effects of transients.

required temperature at which a particular photoelectronid Was shown for the first time that the magnetic insulation
response is produced. can be broken during the ionization time for a particular

In closing we note that it is important to differentiate combination of mobilities and magnetic fields. This phys-

between the physics described in this Letter and a relatdd@ Process can generate extremely short current pulses
preliminary comment published recently [6]. The com-€Ven when the carrier loss times are long. Applications of

ment presented a theoretical explanation of an experimefff€ technique are in the areas of fast switching for pulsed
in which the response time of an optically controlled pho-POWer and computer applications, photodetection, and de-
toconducting Si switch activated by a long laser pulse withvelopment of powerful microwave sources in the teraherz

7> 1/v_ was significantly reduced by the presence off@ng€ [4.7]. These topics are currently under study and
a magnetic field whe)_ < »_. The theoretical model will be presented in the appropriate applied forums.

neglected the ambipolar fielf, in Eq. (6). As a result, Part of the work of K. P. was supported by Advanced
the positive and negative carriers were uncoupled and BOWer Technologies Inc. internal funds during sabbati-
pure electron model was used to compute the current r&@! l€ave.  Discussions with Dr. R. Shanny are greatly
sponse. For the long-time collisional regime emphasize@PPreciated.

in the comment this is a good assumption, since no net

current is induced by the presence of thgefield. How-
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