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Transient electric birefringence in suspensions of single-walled carbon nanotubes
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In the torque created by an electric field, highly polarizable single-walled carbon nanotubes, suspended in
dichloroethane, rotate and align with the field creating a transient induced birefringence (TEB). The magnitude
of the birefringence, An, is followed in time by the switching of a square voltage pulse across the suspension
and following the time evolution of the transmitted light through crossed polarizers. The variation of the
magnitude of An with applied electric field and nanotube concentration is reported. We find that in spite of the
polydisperse nature of the nanotube suspensions a single exponential growth is sufficient to describe the
evolution of the birefringence, as the field is switched on. The low field reciprocal rise time of An varies as the
square of the applied electric field, and the low field magnitude is proportional to the square of the applied
electric field at low fields. These observations are discussed in the light of the classic Kerr effect. The TEB is
shown to be dominated by induced dipole moments on the metallic nanotubes that form part of the suspension.
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I. INTRODUCTION

Single-walled carbon nanotubes (SWNTs) have generated
much interest since their identification in 1991 by Iijima.!
This is largely because this allotrope of carbon has remark-
able properties regarding its strength and electronic trans-
port. Many of these properties were first posited as theoreti-
cal possibilities before later being confirmed experimentally.

The SWNTs, both semiconducting and metallic, have a
very large polarizability which is expected to be several or-
ders of magnitude larger for the metallic tubes.> This differ-
ential polarizability has been shown to be useful as a poten-
tial route into separation of metallic from semiconducting
SWNTs using the technique of dielectrophoresis.>*

The high polarizability is also seen to have consequences
in electronic transport measurements on SWNTs in suspen-
sion,>® where applied electric fields necessary for the trans-
port measurements tend to align the nanotubes with the field
affecting the magnitude of transient photocurrent signals
measured on the SWNTSs.® Also the metallic tubes aligning in
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the electric field tend to form filaments that eventually ex-
tend across the measuring cell and cause short circuits to
occur.’ For a better understanding of the electronic transport
results, an understanding of the timescale upon which align-
ment occurs is necessary and how these times may be con-
trolled experimentally.

The alignment is, of course, useful in its own right as
electric fields are increasingly being suggested and demon-
strated as solutions to the problem of placement of single
nanotubes in desired locations,”® an important achievement
necessary for progress to be made in the use of SWNTs in
nanoelectronics, a widely held ambition.'”

In order to study this field alignment further we will use
the effect of field-induced transient birefringence to observe
the alignment in real time, a technique that has been little
used so far in the study of SWNTs. Indeed we are aware of
only one other work on the Kerr effect on SWNTs that has
been published to date.!! In that work an ac field was used on
much more concentrated SWNT suspensions. No Kerr coef-

FIG. 1. The Kerr cell K contains the nanotube
D suspension between two electrodes in the cell ap-
plying a uniform E field from a voltage step gen-
erator, VSG. The cell is between two crossed po-
larizers, P; and P,. Light from a helium neon
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laser passes through both polarizers and cell. The
transmitted light is attenuated by neutral density
filters, NDF, before being measured by a pin di-
ode detector, D. The output of the diode is dis-
played on a digitizing oscilloscope, DSO.
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FIG. 2. The voltage step is shown along with the change in
transmission due to the presence of dichloroethane alone in the Kerr
cell. Also shown for comparison is an example of a small SWNT
signal with wt fraction 0.57 X 107 and E=1.6 X 10° Vm™..

ficient was found, and the dynamics of the effect was not
studied.

II. EXPERIMENT

The SWNTs used in these experiments, obtained commer-
cially from Carbolex, were synthesized by the arc discharge
method and have a diameter of 1.4 nm=+0.2 nm. Their length
is ill defined but the longest are on the order of microns in
length. They were suspended in dichloroethane, after dis-
persal with an ultrasonic probe, a suspending medium known
to disperse the nanotube material well and to break up
SWNT ropes into single nanotubes capable of being imaged
using STM techniques.!? Very low concentrations were used
to limit tube-tube interaction, and the suspension was con-
tained in a glass cuvette of 1 cm path length. The experimen-
tal setup for measuring birefringence is shown in Fig. 1. A
pair of parallel plate electrodes separated by D=2.5 mm
were held in the suspension in the cuvette and provided a
uniform electric field. The electrodes had a height of 4 mm
and were able to provide an applied electric field along a
path of length /=9 mm within the cuvette.

One of the electrodes was connected to a voltage pulse
generator and the electric field was applied as a square volt-
age pulse of variable amplitude, from 50 V up to 2 kV, for a
controllable duration, typically 30 milliseconds, depending
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FIG. 3. Transient electric-field-induced birefringence signals at
varying concentrations, from top to bottom, 5.7, 3.4, 1.43, 0.81, and
0.57 X 1076 weight fraction of nanotubes in DCE. The electric field
is 1.6X 105 Vm.
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FIG. 4. Long time birefringence An., vs concentration from the
data of Fig. 3. The line fits the data at low concentration.

on the experimental requirements. The other electrode was
grounded. A highly stable 5 mW HeNe laser beam was plane
polarized at 45° to the electric field direction using a Glan-
Thompson polarizer between the cell and laser, and a second
polarizer set at 90° to the first was placed after the cell fol-
lowed by a Si photodiode detector. The output from the pho-
todiode was monitored with a digitizing sampling oscillo-
scope (DSO). Neutral density filters were used as and when
necessary in order to prevent saturation of the detector and
maintain it in its linear response regime. With this setup we
were able to measure birefringence of less than 1078, One of
the main limits on our sensitivity was the competing birefrin-
gence of dichloroethane at low nanotube concentration. At
low fields the accuracy of alignment of the two polarizers
gives rise to a systematic error in the birefringence measure-
ment. Figure 2 shows the voltage step and the background
transient electric birefringence, TEB, from the dichloroeth-
ane and a SWNT suspension at lowest voltage and concen-
tration for comparison.

Because of the large polarizabilities possessed by SWNTs
there was a dipole moment induced by the applied electric
field followed by a partial alignment of the dipole with that
field as the SWNTs are free to re-orientate in suspension.
With alignment the previously homogenous suspension be-
comes birefringent with the refractive index, n;, parallel to
the electric field direction being somewhat larger than the
refractive index n, perpendicular to the field direction. The
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FIG. 5. Transient electric-field-induced birefringence signals at
varying concentrations, from top to bottom, 5.7, 3.4, 0.81 X 1076
weight fraction of nanotubes in DCE. The electric field is 8.0
X 10° Vm™'.
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FIG. 6. Long time birefringence An., vs concentration at 8.0
X 10° V m™! taken from the data of Fig. 5.

light emerging from the cell was thus elliptically polarized
and the transmission of the polarizer pair increased. Mea-
surement of the transmission, 7, enabled us to find the TEB
of the suspension, An=(n—n )

I
T ILM =sin(Ag+ &) =sin®(Ankol + 8),  (la)
In

_ arcsin(v’?) -d arcsin(\e’?) o

An —_,
kol kol kol

(1b)

where I, is the output measured after the second polarizer
and I, is the input measured at the far side of the cell with
the second polarizer removed and no voltage is applied. Ag
is the phase difference between the two components of po-
larization parallel and perpendicular to the applied electric
field after traversing the cell. k, is the wave vector of the
HeNe laser light in free space. & is a measure of the mis-
alignment of the two polarizers.

Assuming =0 we are able to measure the variation of An
with an applied electric field and to change the concentration
of nanotubes and find how this changes the value of An at a
given field. Furthermore we can find the dynamic response
of the SWNTs to the application of a driving torque and also
to observe the motion of the tubes driven by Brownian
forces, unconstrained by any externally applied force, as they
once again randomize their orientation after the field is
turned off.
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FIG. 7. Transient electric-field-induced birefringence signals at
varying electric fields, from top to bottom, 8.0, 6.4, 4.0, 2.0, 1.6,
1.2, and 0.8 10° Vm™! at 0.81 X 107® weight fraction of nano-
tubes in DCE.

II1. RESULTS

Using Eq. (1) and assuming 6=0 the measurement of T
has been converted to An in the results presented, giving a
direct measure of the birefringence.

A. Concentration dependence

Figure 3 shows the time response of the birefringence,
An(?), to an electric field, E=1.6X 10° V m™', applied in the
form of a rectangular voltage pulse, at several SWNT con-
centrations from 0.57 X 107 to 5.7 X 107 by weight fraction
in dichloroethane, and Fig. 4 shows the steady state birefrin-
gence, An.,, from Fig. 3 plotted vs concentration C. Equiva-
lent results are shown in Figs. 5 and 6 at the five times higher
field of E=8.0X10° Vm™.

We need to begin by establishing which concentration re-
gime we are in. A nanotube of length L=1 um and 1.4 nm
diameter has a molecular weight of 1.95 X 10° and a mass of
3.23x 1072 kg, the density of dichloroethane is 1.26 g/cm3,
therefore, given a nanotube weight fraction of 1 X 1076 there
will be a number density n=3.9 X 10'"" cm™. The length per
tube £ is then given by 1/{N=1.4X10"* cm=1.4 um. We
have assumed tubes of length 1 wm and therefore at that
concentration, in the middle of the range we have used, we
are on the boundary of dilute and/or semidilute solution. We
are thus close to the regime where weak tube-tube interaction
may play a role in the experiments.
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FIG. 9. The long time birefringence An.. is shown as a function
of the square of the electric field at 0.8 X 107® weight fraction A,
3.4 X 107 weight fraction @, and 5.7 X 107 weight fraction M.

The birefringence appears approximately linear in con-
centration at lower fields and low concentrations, Fig. 4,
whereas at higher fields, Fig. 6, the birefringence is tending
to saturate as concentration is increased.

B. Electric field dependence

Figure 7 shows the time response An(r) at low concentra-
tion of 0.81 X 10~° wt fraction, at several fields while Fig. 8
shows the time response An(z) at higher concentration of
5.7 X 107% wt fraction at several fields. As the concentration
is increased, at higher fields the value of An does not find a
steady value but after a rapid rise shows some sign of insta-
bility as seen in Fig. 8. As we noted previously, on going
from 0.81 to 5.7 X 107 wt fraction we are crossing the dilute
and/or semidilute boundary and the changes noted between
the results of Figs. 7 and 8 may reflect this change. In Fig. 9
An., is shown at low, intermediate, and high concentrations
as a function of the square of the electric field. The birefrin-
gence tends rapidly to the saturation at the fields used in
these experiments. This saturation with the field is also re-
flected in the nonlinearity of the birefringence with concen-
tration at high fields remarked upon earlier with regard to
Fig. 6. To observe Kerr behavior it is necessary to go to
lower fields and Fig. 10 shows An(z) at low fields for a
suspension of wt fraction 1.17 X 107, The dependence of

Time {ms)

FIG. 10. The growth in transient electric-field-induced birefrin-
gence signals at varying electric fields, from top to bottom, 3.2, 1.6,
and 1.0X 10° V.m™" at 1.17 X 107® weight fraction of nanotubes in
DCE. The open circles are the data and the bold lines are fits to Eq.

(2).
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FIG. 11. The long time birefringence An,, plotted against the
square of the electric field going to low electric fields at a weight
fraction of 1.17 X 107 from data similar to that of Fig. 10.

An.., the steady state birefringence attained when the electric
field has been on for long times, on E’ found from data
similar to that of Fig. 10 is shown in Fig. 11 going to very
low fields. We have fitted the rise after switching on the
voltage to

An(t) = Anx,<1 - exp(— L)) , (2)
TR
and find values for 7 and An,, from such fits.

At low fields the magnitude of the birefringence is found
to be proportional to the square of the field with an intercept
on the birefringence axis. The intercept corresponds to a very
small polarizer misalignment that is unavoidable. In Fig. 12
the value of An,, is plotted against E~> and a value of An.,
=3.8X 107 is found from extrapolation to infinite field or
full alignment.

C. Rate of field induced orientation

Figure 13 shows the exponential growth rate 7z-1 found
from fitting data such as that in Fig. 10, plotted against the
square of the electric field. At low electric fields the align-
ment rate is found to be proportional to E”.

D. Rate of randomization

The decay of the birefringence seen in Figs. 3, 5, 7, and 8
immediately after the electric field is turned off is complex
and depends among other things on the state of the suspen-
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FIG. 12. An,, plotted against the reciprocal of the square of the
electric field with the data taken from Fig. 11.
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FIG. 13. The reciprocal risetime, 7x-1, found from the data simi-
lar to that of Fig. 10 fitted to Eq. (2), plotted against the square of
the electric field.

sion and the magnitude of the birefringence immediately
prior to interrupting the field, there being a significant rem-
nant of birefringence that persists to very long times at high
fields. The randomization time is entirely a product of
Brownian dissipation and is orders of magnitude larger than
the field driven orientation time. The rate of randomization is
not exponential, as seen clearly in Figs. 3, 5, 7, and 8, and
requires a complex description.

IV. DISCUSSION
A. Theory

To discuss all of these results we first consider the classi-
cal description as given by Benoit'® and Doi and Edwards.'*
In this description of the magnitude, rise and fall of the bi-
refringence upon application of an electric field and its sub-
sequent removal are given, respectively, by

3R
Ang(t) = KOnE2(1 - m exp(=2Dgt)
R-2
+ m exp(— 6DRt)> (3a)
and
Anp(t) = KgnE? exp(= 6Dgt), (3b)

where Dy is the rotational diffusion coefficient for rotation
about an axis perpendicular to the long axis for an elongated
particle with axial symmetry and large aspect ratio.

The rotational diffusion coefficient is given by

L
3kBT|:1n(_> - K:|
kT b

Dp="t_ . @)
g sl

Where { is the rotational friction coefficient and 7g is the
viscosity of the suspending medium and L is the nanotube
length!>-16

L3
[p= Z’f) , 5)
3 Inl — ) =k
b

K, is the Kerr coefficient, and KynE*>= An,, as used earlier in
the results section. n is the average refractive index or refrac-
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tive index of the solvent. R is a measure of the ratio of
permanent to induced contribution to the dipole moment

u?

R= ,
AakBT

(6)

where u is the permanent dipole and Aa=q—« is the dif-
ference between the axial and radial polarizability. « is a
correction factor of order unity (=0.8 for rigid rods).

For a solution or suspension as in this work we define a
specific Kerr coefficient Kgp in order to take into account the
volume fraction Cy, of the nanotubes

KSP=_' (7)

18,19 ;

Following O’Konski,'” Kgp is given'®!? in terms of molecu-

lar properties of a solute by

27TCV

An= Ag®, (8)

where n=1.44 is the refractive index of the suspending me-
dium DCE and Ag=(g,—g,) is the optical polarizability an-
isotropy per unit volume of the nanotubes. ® is an alignment
function or order parameter that is determined by electric
field and permanent and induced dipole moments

1
3[ u? exp(Bu + yu®)du
-1
O = T , )
ZJ exp(Bu + yu®)du
-1

where u=cos 0, B=uE/kgT, and y=(Aa/2kzT)E>. 6 is the
angle made by the tube with the electric field vector.

At low fields the exponentials in Eq. (9) may be expanded
in a power series in E to give

S+2y 1 pr A
:B y__ £ +_a, E2, E<ESAT (10)

P

15 IS\KT?  kgT
and
Kop= 27 A (“—2+£> E<E (11)
P 15 S\ 2 kyr)” SAT:

For carbon nanotubes for which the permanent dipole u=0
Eq. (11) may be simplified.

K 27 A« (11a)
=—Ag—. a
SP= 15n S kyT
At high enough fields ® — 1 and

1 2

C—Anw(EHOO)=—77Ag, E— oo, (12)

v n

We note that when there is no permanent dipole moment then
R=0 and Egs. (3a) and (3b) give a rise and fall that are
symmetric with both Egs. (3a) and (3b) being replaced by
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Angr= KognE[1 — exp(— 6Dgt)] (13)

with a characteristic exponential time constant of 7
=(6Dy)~" describing both the rise and fall.

Such a description has been widely used in explaining
birefringence in systems varying from the tobacco mosaic
virus with symmetric rise and fall times to studies of CdSe
nanorods®® where the fall time is considerably faster than the
rise time. It has been noted in Ref. 20 that Egs. (3a) and (3b)
imply that the fall time can only be faster than the rise time
in the case where there is a permanent dipole moment along
the long axis of the particle, i.e., that the CdSe nanorods have
such a permanent dipole. There is no permanent dipole for
carbon SWNTs and R=0. However the rise and fall times
are very clearly asymmetric in contrast to the predictions of
the theory, i.e., in this work the third possibility is observed
that the fall time is the longer of the two. This possibility in
the absence of a permanent dipole is not covered by the
preceding theory. In fact the fall time is orders of magnitude
longer and is not describable by a single exponential. This is
due to the fact that the fall time described by Benoit through
Eq. (3b) is applicable to a dilute, monodisperse system where
there is one rotation diffusion coefficient describing all of the
particles. The system under study here is far from monodis-
perse, requiring a more complicated description, and is in-
deed even more complex, containing both metallic and semi-
conducting nanotubes of varying band gap together with
their very differently behaved optical factors. Because of this
complexity in the sample we are unable to say much more
about the fall time, determined as it is by the rotational dif-
fusion of rods with a wide range of lengths. We will from
now on concentrate on the rise time.

The rise time is observed to have the following properties.

(1) Tt is independent of concentration at all fields used
here as seen in Figs. 3 and 5 indicating that we are observing
single particle properties.

(2) The rise time is much faster than the fall time in spite
of the absence of permanent dipole moments on carbon
SWNTs.

(3) It displays a monoexponential growth in contradiction
to the polydisperse nature of the sample and the various Dy
that are present as a consequence.

(4) Tt is inversely proportional to the square of the ap-
plied electric field at low fields. To our knowledge this ob-
servation of a field dependent on the rise time is a unique
behavior in studies of the Kerr effect to SWNTs, alignment
times being governed entirely by Brownian forces and the
rotational diffusion of the particle as described by Eq. (3a).

We present a simple explanation of all of these observa-
tions. We begin by noting that the polarizability per unit
length of the semiconducting and metallic rods are given

by21’22
8mhie® |[ b
J:{—e }(—~ ) (14)
mA E2
G

where E;~5.4E; (E; being the semiconductor band gap)
and
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L? 4/3-1n?2
oM = 1+ Sl (15)

L L
24(ln——1) ln<—>—1
b b

For typical tube dimensions used in this work (L/b=10%)
the metallic tube polarizability is three orders of magnitude
greater than that of semiconductors. Thus, while a typical
nanotube sample is made up of semiconductor:metal in the
ratio of 2:1, because of the much larger polarizability of the
metals we make the plausible assumption that the effects that
we observe are governed entirely by the metallic tubes. We
further assume that unlike the fall time, the rise time is not
controlled by the Brownian motion given the large size of the
aligning field and/or polarizability and the mass and/or mo-
ment of inertia of the particles involved. In neglecting
Brownian forces we may equate the torque to the rotational
friction force to find the angular velocity, w.

T=—(a"L-EL) X E= {x, (16)
where the unit vector on the direction of the long axis of the

nanotube, I:, is included to bring out the vectorial nature of
the equation.

Using Egs. (5) and (15) and recalling the angle 6, between
the long axis and the applied electric field we may rewrite
Eq. (16)

-EL? 4/3-1n2 .
1+ cos #sin 6
L L
24{In— -1 In| —]-1
b b
7T7]5L3
=7T= w. (17)
L
3/ In| — |-k
b

Using the fact that the correction factor k= 0.8 for rigid rods,
Eq. (17) is simplified

- E? s 0.636 20—
16 . sin 20= mryw.
In| —|-1

(18)

Given a value for In(L/b)=6.54 for tubes of 1 um length
and the very slow variation of In(L/b) with length we can
write
do_ - E
dr 16

sin 26. (19)

We note that the L? dependence for the polarizability of
metal rods on the LHS of Eq. (17) and the L? that appears in
the rotational friction coefficient on the RHS have canceled
each other and the value of w does not depend on L thus
removing the paradox noted earlier that our samples are
polydisperse and yet we have a monoexponential growth.

Furthermore, the angular velocity is proportional to the
square of the electric field according to Eq. (19). While it is
not a straightforward matter to solve Eq. (19) and obtain a
growth rate from the angular velocity we can find the time
taken to go from 6, to 6, by integrating Eq. (19):
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2 a9 1 o  —E* (2 - E?
- == In(tan 6)|2 = dt= (t,— 1)
g, SIN26 2 R (/T 1677

(20)

and we find that the time constant is proportional to E~

- E? tan 6.
exp<—(f2 - rl)) = (21)
16777]5 tan 01

as found experimentally at low fields where the Kerr effect is
operating. At higher fields where alignment begins to satu-
rate the Kerr effect we can no longer use Eq. (19) to find a
field dependence for the rise time.

The induced birefringence tends to saturation at the higher
fields used in these experiments. This is indicative of the fact
that the tubes are easily aligned and are expected to occur at
fields large enough that the field dipole energy overcomes the
Brownian forces experienced by the tubes. In the case of
SWNTs, the tubes are long and highly polarizable and also
have a large moment of inertia; this saturation is found to
occur at moderate fields. To observe a birefringence varying
with the square of the magnitude of the field and thus corre-
sponding to the low field Kerr effect we need to go to very
low electric fields, Fig. 11. From the slope of the data in Fig.
11 at low fields we can obtain Ky=1.4X 10" m> V=2 as
defined through Egs. (3a) and (3b) and find for metallic
SWNTs that Kgp=2.0X 1072 m?> V=2 (=1.8 X 1073 esu). We
note that the values of the Kerr coefficient will depend on the
length of nanotube and the value given here is the average
value for the collection of lengths present in these samples. It
should also be noted that we have used a value for Cy that
takes account of both metallic and semiconducting nanotubes
whereas we are assuming that the metallic tubes are the
dominant species in these measurements. The value of Kgp
found here is of the same order of magnitude as that found
for Tobacco Mosaic Virus, TMV,?* by O’Konski et al. who
find 1.36 X 1073 esu for TMV and about two orders of mag-
nitude greater than that found for the polypeptide alpha he-
lix, poly-y-benzyl-L-glutamate where Kgp=1.3 X 107> esu.*
The size of the Kerr coefficient is clearly the reason why we
are able to ignore Brownian forces in the alignment regime
of these experiments Because of this large value for Kgp we
have a very clear saturation behavior of An., with E? seen in
Fig. 11, we may use Eq. (12) and the value of An., at infinite
field found from extrapolation in Fig. 12, to analyze further
these results. By noting that A« only appears through its role
in the alignment process and that with full alignment of the
particles can play no further part we may use Eq. (12) to find
the value of Ag the optical anisotropy using the extrapolated
value of An,, at an infinite field from Fig. 12. An,, (E— )
=3.8X 10" at infinite field and we find Ag=(n/Cy)(1/
2 An(E—2)=1.24 X 1072.

V. CONCLUSIONS

Nanotubes are expected to act as true rigid rods and thus
to offer the possibility of testing theories of the Kerr ef-
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fect where the rigid rod was taken as the paradigm on which
to model behavior of complex systems. Previously such
systems have included the tobacco mosaic virus as the ideal
rigid rod and others including the polypeptide alpha helix
and DNA which were both reasonable approximations to
rigid rods. We have studied the Kerr effect on SWNTs
and found a number of interesting behaviors and proper-
ties.

1. That metallic tubes dominate the behavior and that the
Kerr effect normalized to the volume fraction of the sample
is one of the largest known Kerr coefficients, being of the
same order of magnitude as that of TMV.

2. A polydisperse sample behaves with the simplicity of a
monodisperse sample.

We have offered an explanation for this observation that
requires that the particles of interest are the metallic nano-
tubes on which dipoles are induced. It also requires that dur-
ing the alignment of the tubes we may neglect any action due
to Brownian forces.

3. That the rise time varies as the reciprocal square of the
aligning field at low fields.

As a consequence of the previous explanation this sec-
ond observation is explained as the angular velocity of a
metallic tube is shown to be proportional to the square of the
field.

The fall time is complex and displays the following be-
haviors.

1. It is much longer than the rise time, an observation
generally taken to indicate that induced dipoles are involved.

2. Birefringence after application of high fields and
achievement of large birefringence has a remnant for a long
time after an initial fall indicating a persistence of alignment.
This is possibly due to some co-operative phenomena such
as filament formation among aligned SWNTs.

3. After application of low fields the birefringence falls
away more rapidly although the situation is a little more
complicated at high concentrations.

To make progress in the study of the fall time, allowing
determination of the rotational diffusion coefficient, will re-
quire a finer control over the tube length, and we are cur-
rently working on experiments where the polydispersity of
the current sample is significantly reduced. It is also neces-
sary to improve techniques in order to study less concen-
trated samples where the birefringence is more clearly linear
in concentration.

We initially carried out these experiments to try and un-
derstand some observations made in studies on transient
photocurrents®® suggesting that alignment in the electric
field was increasing the carrier Schubweg or range which is
an important factor in determining the magnitude of the pho-
tocurrent. In this case the range to be used is the range pro-
jected onto the field direction. As isolated tubes orient with
the field, this projection increases. However those experi-
ments were carried out with the field on for a few tens of
microseconds before the laser pulse that excited the photo-
current and the tubes had little chance to significantly orien-
tate. However, the observation of the remnant birefringence
does have implications for the transient photocurrent mea-
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surements as they were frequently made by averaging over a
large number of laser/voltage pulses with a repetition rate of
typically 1 Hz. The implications of this need to be explored
further in the future.
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