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

PACS numbers: 52.20.Dq, 52.25.Fi, 52.40.Nk, 52.75.Kq
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Magnetic insulation is a well known plasma physic
concept. It controls the current flow in a plasma subject
to crossed electric and magnetic fields. Examples inclu
the Pedersen and Hall currents driven by the interact
of the solar wind with the planetary magnetospher
[1], the Hall effect in semiconductor plasmas [2], an
the operation of plasma opening switches [3]. Of equ
importance is the breakdown of magnetic insulatio
which is often achieved either by increasing the carr
collision frequencyn so that it exceeds the cyclotron
frequencyV, by instability-induced turbulence that give
rise to an effective collision frequency withneff .

V, by destroying the magnetic geometry, or by som
combination of these.

The purpose of this Letter is to point out a new coll
sionless physical process that results in the breakdown
magnetic insulation when a plasma is subjected to a sh
photoionizing pulse with lengtht , n21. The develop-
ment of high-power, short-pulse lasers makes the to
extremely opportune. It will be shown below that in thi
case the ultrashort photon pulses can be mapped into u
short current pulses. The results apply equally to gase
and semiconductor plasmas. Besides its intrinsic scient
interest, the phenomenon has a wide range of applicati
in the area of ultrashort and optoelectronic switching [4

The basic idea is shown schematically in Fig. 1. In th
absence of an electric field and neglecting collisions, c
riers photoproduced with velocityy at the pointO would
execute cyclotron gyrations about centers displaced fr
O by the gyroradiir ­ yV21, whereV is the gyrofre-
quency. If a constant electric fieldE is applied paral-
lel to the x axis and perpendicular to a strong magne
field B, taken to point in thez direction, the particles ac-
quire ay velocity E 3 ByB2 superposed on this gyration
[Fig. 1(a)]. Since carriers of both signs drift in the sam
direction with the same mean velocity, there is no a
erage current in this case; i.e., the material is effective
magnetically insulated. When collisions are taken into a
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count, the direction of the drift is rotated through an ang
u ­ cot21mB toward the positive or negativex axis, de-
pending on the sign of the charge [Fig. 1(b)]. In stea
state each species carries a current [2]

Jx ­ nqyx , mEyf1 1 smBd2g (1)
parallel toE, whereq ­ 6e is the carrier charge andm
is the carrier mobility. As a function ofm, Jx attains
its maximum atmB ­ 1. Magnetic insulation reduces
the value of the current in comparison with that
an unmagnetized plasma by a factor1 1 V2yn2 ­ 1 1

smBd2 ¿ 1. If the carrier mobilities are unequal, there
also a net currentJy in theE 3 B direction.

To see what happens in the transient stage follow
the creation of carriers by optical activation, consider
simple carrier equation of motion in the plane transve
to B:

mdvydt ­ qsE 1 v 3 Bd 2 mnv . (2)

FIG. 1. Orbits of positive (solid trace) and negative (broke
trace) carriers in silicon subjected to crossed fieldE andB for
effective mass ratioe ­

p
m2ym1 ­ 0.8.
© 1996 The American Physical Society
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Assuming that the carriers are born with negligible initi
velocity, the solution written in terms of the comple
velocity w ­ yx 1 iyy is

wstd ­
qE
m

1 2 expf2sn 6 iVdtg
n 6 iV

. (3)

Initially (for times short compared withn21 and V21)
the velocity is in the6x direction (depending on the sig
of q) and grows proportionally tot. For times greater
than or of orderV21 the linear approximation of the
second term ceases to be valid, and Eq. (3) descr
gyration about the field lines. If the carriers originate ov
a period of time comparable withV21, the individual
particles become desynchronized on this time scale
the current decays due to phase mixing. After a f
collision times the second term becomes negligible, a
to a good approximation the late-time carrier motion
rectilinear and uniform.

Each charge passes through the same stages, bu
ones created later are at an earlier stage in their evolut
The current associated with each species is therefore
integral over successive increasesdn ­ Ùndt in the carrier
population, given by

Jxstd ­ q
Z t

0
dt0 Ùnst0dyxst 2 t0d , (4)

wheren is the carrier number density and the dots stan
for a time derivative. Evidently the current can contin
to grow as long asÙn is nonzero. For times short compare
to the carrier loss time the number density resulting fro
photoproduction is given by

Ùn ­ n0Qstd , (5)

wheren0 is the final value andQstd is the volume carrier
production rate, proportional to the intensity of the las
radiation.

The sudden introduction of carriers can break t
magnetic insulation. This is a new physical effect, whi
to our knowledge has not been discussed previously.
will show that it can take place whenever the optic
pulse has a rise time short compared withsV1V2d21y2

whereV6 is the cyclotron frequency of the carriers, eve
if the carrier loss time is infinite. Another way to view
this process is to say that the insulation is broken by
polarization current associated with the dipole mome
of the carrier pairs.

As noted above, the presence of an effective collis
mechanism causes carriers of different species to drif
theE 3 B direction at different rates, as a result of whic
a net charge flow develops (the Hall current perpendicu
to E and the Pedersen current parallel to it). But a
deviation from charge neutrality in a plasma gives rise
strong electric fields that act to restore charge balance.
electric field therefore takes the form [5]

Estd ­ exE0 1 eyEystd , (6)

whereE0 is constant andEystd is the polarization field re-
quired to maintain charge neutrality (the ambipolar fiel
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The velocity automatically adjusts to make the net tra
verse current vanish, i.e., the ambipolar conditionn1y1

y ­
n2y2

y is satisfied. The ambipolar condition, which is r
sponsible for the Hall effect in plasmas and solid co
ductors, determinesEy . If the extrinsic carrier density is
much less than that due to photoproduction, then we h
n1 ­ n2 and the velocities satisfyy1

y ­ y2
y ; yy.

Defining the Laplace transform by f̃ssd ­R`

0 dt e2stfstd, we rewrite Eq. (4) for the polariza
tion current

J̃ssd ­ sñssd
X
6

s6edṽ6ssd , (7)

where 6, the sign of the carrier charge, is used as
species label. Each carrier species satisfies an equati
motion of the form (2), which after Laplace transformin
becomes

ss 1 n6dỹ6
x ­ s6eymx

6d ss21E0 1 ỹ6
y Bd , (8)

ss 1 n6dỹ6
y ­ s6eym

y
6d sẼy 2 ỹ6

x Bd . (9)

We assume that the medium is homogeneous and ne
collisional heating. In the case of a solid-state plas
we also assume that the coordinate system is alig
with the principal axes of the effective mass tensor. T
ambipolarity condition is equivalent tõy1

y ­ ỹ2
y ; ỹy .

Solving for ỹy by eliminating Ẽy from the two com-
ponents of Eq. (9) and substituting in Eq. (8), we fi
ỹ6

x . The result simplifies considerably under the con
tion mx

1ym
y
1 ­ mx

2ymy
2, in which case Eq. (7) yields

J̃x ­
ñeE0

B

V0
1ss 1 n2d 1 V0

2ss 1 n1d
ss 1 n1d ss 1 n2d 1 V

0
1V0

2

, (10)

where V0
6 ­ eBysmx

6m
y
6d1y2. In what follows we will

take the effective mass tensor to be isotropicsmx
6 ­ m

y
6d

and omit the prime fromV6.
Inverting the Laplace transform, we obtain a gene

expression for the time-dependent current:

Jxstd ­
eE0

B

Z t

0
dt0 nst 2 t0de2nt0

"
sV1 1 V2d cosVt0

2
1

2V
sn1 2 n2d sV1 2 V2d sinVt0

#
, (11)

where n ­
1
2 sn1 1 n2d and V

2
­ V1V2 2

1
4 3

sn1 2 n2d2. For a delta-function source creating carrie
of each species with densityn0 at t ­ 0, this becomes

Jxstd
Jxs`d

­ 1 2 e2nt cosVt

1
sn2

1 2 n2
2d sV1 2 V2d 1 2V

2sV1 1 V2d
4Vsn1V2 1 n2V1d

3 e2nt sinVt , (12)

where

Jxs`d ­
n0eE0

B
n1V2 1 n2V1

n1n2 1 V1V2

(13)
3121
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5)
is the asymptotic value to which the current decays. No
thatJ` is always nonzero.

We introduce the dimensionless time asT ­ t0V0,
whereV0 ­

p
V1V2, and define

e1 ­
r

m1

m2

, e2 ­
r

m2

m1

, a6 ­
n6

V6

, (14a)

n ­
1
2 sa1e2 1 a2e1d,

V2 ­ 1 2
1
4 se2a1 1 e1a2d2. (14b)

Equation (12) can be written in the symmetric form
Jstd
Js`d

­ 1 2 e2nT cosT 1
e2nT sinT

2sa1 1 a2d

3

(
n

V
fa1se2

2 2 1d 1 a2se2
1 2 1dg

1 Vse1 1 e2d

)
. (15)

Notice that a6 ­ sm6Bd21, where m is the carrier
mobility.

Equation (12) and its equivalent equation (15) are t
basic new result of this Letter. It is easy to see th
the temporal character ofJxstd depends on the paramete
n. For n ¿ 1, Jxstd monotonically approachesJxs`d
on a collisional time. The behavior is similar to th
unmagnetized case. Forn ø 1, Jxstd performs a series
of damped oscillations with frequency

p
V1V2 as it

approachesJxs`d. Finally for n ø Os1d, Jxstd displays
a behavior similar to a critically damped oscillator an
approachesJxs`d after overshooting it. The amplitude o
the overshoot depends on the carrier mass ratioe1 and
the magnetization parametersa1 anda2. This last case
has important implications since it allows mapping of
short photonic pulse to an electric pulse with duratio
sV1V2d21y2, independently of the carrier loss time.

Equation (12) or (15) simplifies significantly in som
limiting cases, allowing analytic exploration of the para
metric dependences. First fore2 ø 1, corresponding to
a gaseous plasma, using the fact thatV1yV2 ­ e2

2 ø 1,
while n1yn2 ø e2 and assumingV * n, we find

Jxstd
Jxs`d

­ 1 2 e2n2ty2 cosV0t 1
1
2

V0

n1

e2n2ty2 sinV0t .

(16)

Critically damped behavior requiresV0yn2 ø Os1d,
while the overshoot depends on the ratioV0yn1. Since
n1yn2 ø Ose2d, large overshoots are expected. This
seen from the numerical solution of the complete equ
tion (15) for a weakly ionized hydrogen plasma fora2 ­
0.04 anda1 ­ 0.4, 1.0, 2.0 (these parameters correspo
to n2yV0 ­ 2 and n1yV0 ­ 0.01, 0.025, 0.05). We can
see that the overshoot amplitude is controlled by the i
collisionality, while the temporal behavior is controlle
by electron collisionality. The behavior shown here
characteristic of strongly magnetized electronssa2 ø 1d,
while only the amplitude depends on the value ofa1.
3122
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The actual response time varies with the magnetic fi
and can be found fromV0 ­ 4 3 109BT sec21, whereBT

is the value of the magnetic field is expressed in tesla.
Equation (12) has a simple form also forV1 ­

V2 se1 ­ e2 ­ 1d and for n1 ­ n2. In either case the
result is independent of the mass ratio and is given by

Jxstd
Jxs`d

­ 1 2 e2nt cosV0t 1
V0

2n
e2nt sinV0t . (17)

This is characteristic of semiconductor plasma behav
Notice that if we require behavior resembling critic
damping, the overshoot amplitude is limited to a fac
of 2. Higher overshoot amplitudes can be achieved o
at the expense of having potentially undesirable dam
oscillations. Such behavior is seen in Fig. 3, whi
shows the case of a photoionized PbTe semicondu
at plasma room temperature. For PbTe the effect
masses aremp

1 ø mp
2 ø 0.18me and the mobilitiesm2 ­

0.6 m2yV sec,m1 ­ 0.4 m2yV sec. The results are show
for four values of magnetic fieldB ­ 1, 3, 5, 10 T, which
correspond to a2 ­ 1ym2B ­ 1.67, 0.56, 0.33, 0.17
and a1 ­ 1ym1B ­ 2.5, 0.83, 0.5, 0.25. These val-
ues of the magnetic field correspond toV0 ø 1.1 3

1012, 3.3 3 1012, 5.5 3 1012, 11 3 1012 sec21, and the re-
sponse times are in the subpicosecond range. Figu
shows the results for photonionized Ge at 70 K, f
which n1 ­ n2 holds. In this case we havem1 ­
6 m2yV sec, m2 ­ 3 m2yV sec. Results are shown fo
B ­ 0.25, 0.5, 0.75, and 1.0 T. In the last case the valu
of V0 ø 3 3 1012BT sec21.

The results shown in Figs. 2–4 are characteristic
the range of the responses expected in various pla
media. It is clear that gaseous plasmas withe2 ø 1
can produce large overshoots with response times
the subnanosecond range for magnetic fields in the
range. On the other hand, semiconductor plasmas prod
moderate overshoots. However, their response time i
the subpicosecond range (and even femtosecond) ra
for materials with small effective mass. Equation (1

FIG. 2. Temporal behavior of a hydrogen plasma to ad-
function photoionizing pulse;n2yV2 ­ 0.04 and n1yV1 ­
0.4 (a), 1 (b), 2 (c).
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FIG. 3. Response of a PbTe photoconductor to ad-function
ionizing pulse for values ofB ­ 1, 3, 5, 10 T. The unit on
the horizontal axis varies with the magnetic field asDt ­
0.9B21

T psec. Representative case ofe1 ø e2.

can be used to determine the semiconductor material
required temperature at which a particular photoelectro
response is produced.

In closing we note that it is important to differentiat
between the physics described in this Letter and a rela
preliminary comment published recently [6]. The com
ment presented a theoretical explanation of an experim
in which the response time of an optically controlled ph
toconducting Si switch activated by a long laser pulse w
t ¿ 1yn2 was significantly reduced by the presence
a magnetic field whenV2 , n2. The theoretical mode
neglected the ambipolar fieldEy in Eq. (6). As a result,
the positive and negative carriers were uncoupled an
pure electron model was used to compute the current
sponse. For the long-time collisional regime emphasiz
in the comment this is a good assumption, since no
current is induced by the presence of theEy field. How-

FIG. 4. Same as Fig. 3 for Ge at 70 K, forB ­
0.25, 0.5, 0.75, 1 T. In this caseV0 ­ 3 3 1012BT .
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ever, care should be exercised in neglecting the ambip
fields and using a simplistic pure electron model in t
short time scalest , 1yn2d collisionless regime. While
such a model indicates a small collisionless overshoot
to electron ballistic effects alone, it predicts the wrong r
sponse time scaleV2 rather thanV0, a maximum over-
shoot of less than 2 for the critically damped case as co
pared to the value of over 40 seen in Fig. 2, and do
not produce the correct scaling laws relevant to proof-
principle experiments and fabrication of appropriate m
terials. It can be seen from the present analysis, wh
includes both ballistic and ambipolarity effects, that a pu
electron model is correct only in the singular and unrea
tic case ofV2 ­ V1 andn2 ­ n1.

In summary, we have presented a theoretical analy
of the response of electrically biased magnetoplamsa
a short ionizing pulse with sufficient energy to modif
the conductivity significantly in a time short compared
1yV0. The analysis emphasized the effects of transien
It was shown for the first time that the magnetic insulati
can be broken during the ionization time for a particul
combination of mobilities and magnetic fields. This phy
ical process can generate extremely short current pu
even when the carrier loss times are long. Applications
the technique are in the areas of fast switching for puls
power and computer applications, photodetection, and
velopment of powerful microwave sources in the terahe
range [4,7]. These topics are currently under study a
will be presented in the appropriate applied forums.

Part of the work of K. P. was supported by Advance
Power Technologies Inc. internal funds during sabba
cal leave. Discussions with Dr. R. Shanny are grea
appreciated.

[1] A. L. Perrat, Physics of the Plasma Universe(Springer-
Verlag, New York, 1991).

[2] J. Pozhela,Plasma and Current Instabilities in Semicon
ductor Plasmas(Pergamon Press, New York, 1981).

[3] J. Huba, J. M. Grossman, and P. F. Ottinger, Phys. Plasm
1, 3444 (1994).

[4] Picosecond Optoelectric Devices,edited by C. H. Lee
(Pergamon Press, New York, 1981).

[5] F. Chen,Introduction to Plasma Physics(Plenum Press,
New York, 1985).

[6] K. Papadopoulos, A. Zigler, D. Book, and R. Shann
Comments Plasma Phys. Controlled Fusion16, 221
(1995).

[7] A. Rosen and A. Zutavern,High-Power Optically Acti-
vated Solid-State Switches(Artech House, Inc., Boston,
1994).
3123


