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ABSTRACT
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1. INTRODUCTION

The generation of laser pulses with sub-nanosecond rise-time and variable duration
requires the use of an optical modulator which is based on a physical effect fast enough
to respond to GHz frequencies. Modulation at these frequencies can be achieved by utiliz-
ing the electro-optical effect. For example, if an electro-optical crystal is placed
between crossed polarizers, the time variation of the applied electric field will be
imposed upon any light péssing through the system. Thus, in particular, the duration
of a transmitted laser pulse can be reduced by suitable control of the potential diff-
erence across the crystal, usually in the form of a high voltage pulse derived from a
transmission line. The obvious requirements of (a) a high degree of synchronization
between the laser and electrical pulse, and (b) sub-nanosecond rise-time and jitter,
can be satisfied by using a laser-triggered spark-gap (LTSG) . In this device, the
laser beam itself triggers a d.c.-charged high-pressure spark-gap. The combination of
electro-optical crystal between crossed polarizers and the LTSG comprises an electro-

optical shutter.

It is the purpose of this report to analyse all the design considerations for an
electro-optical shutter and to present the subsequent results. These results particularly
concern: (a) the performance of an electro-optical shutter using single crystals of high-
resistivity GaAs, suitable for CO. laser radiation of 10um wavelength; (b) the experi-
mental assessment of three GaAs crystals, based upon their ability to discriminate against
unwanted radiation (extinction ratio); and (c) the operational characteristics of a pres-

surised LTS G.

Although this shutter was specially constructed to suit 10um radiation, the same
design considerations can apply to any electro-optical shutter using crystals which belong

(as does GaAs) to the 43m crystallographic point group of the cubic system.

2. LIGHT PROPAGATION IN CRYSTALS

An electro-optical shutter requires the optical components to be arranged in such
a way that no light can be transmitted through the shutter unless an electric field is
present. One such arrangement could be to place an electro-optical isotropic crystal
between two polarizers whose transmission axes form.a 90° angle, (Fig.1). This crystal,
under the influence of an electric field, becomes anisotropic and the transmission of the

system is no longer zero but controlled by the applied electric field.

In order to describe the operation of the electro-optical shutter, it is therefore
necessary to summarize the main features of light propagation in both isotropic and ani-

sotropic media.

2.1 Isotropic Media

The optical isotropy of a medium is the result of its dielectric properties which
could be described in a linear relation between an electric field E (e.g. the E field
of the electro-magﬁetic radiation incident on the crystal) and the resultant electric

displacement D.
.ﬁ—:eeof- (1)

The scalar quantity ¢ is the dielectric constant, or the relative permittivity of the

medium, while g is the permittivity of the free space. Using Maxwell's equations, it
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Optimum orientation of the GaAs crystal relative to:
the polarization of the incident laser pulse (top left 10 ns/div);
and the direction of the applied voltage pulse (bottom 2ns/div).
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could be shown that electro-magnetic radiation of any state of polarization is propagated
unchanged through media for which equation (1) applies with phase velocity U=c//e=c/n,

irrespective of the direction of propagation.

2.2 Anisotropic Media

Equation (1) cannot describe the dielectric properties of either an isotropic
electro-optic material, when an electric field is present, or any natural anisotropic
medium. To describe the Idielectric properties in either case, one needs to employ a new
relation between D and E in which each component of D = [Dl D, 4 D, ] is linearly

related to all three components of E = (B, E5, E,)

D, = Go(‘€11E1+ €12E2+€13E3)
D, = 60(331E1+ €22E 5t €55E ) (2)
D, = eolegBy+ €55E 5 +e5,8,)

The nine quantities eij are constants of the medium. In order to specify the
dielectric properties of an anisotropic medium, one has to specify the nine coefficients

€131€412 9 »-» vwhich can be conveniently written in the form:
iz Bz Bus

fe.. = €27 €2z €ga3 .
Lol

€ €

31 32 33

e guantl [>T 1s ca ed e dlelectric ensor o e medlum.
The q t'ty[lJ]' lled the dielectric t f th di

When equations (2) instead of (1) are used in conjunction with Maxwell's equations,
it can be shown (Reference 1, p.671) that the structure of the anisotropic medium permits
two linearly polarized plane electro;magnetic waves, with their directions of vibration
mutually perpendicular, to travel with two different phase veiocities in any given direc-
tion of propagation. The directions of the two permitted linear polarizations are deter-
mined by (a) the structure of the medium, (b) the direction of propagation, and (c) the
direction of the external electric field. Plane electro-magnetic waves, linearly pola-
rized along either of these directions, will emerge from the medium unchanged — just as
if they had traversed an isotropic medium — and, for this reason, they are often called

the privileged directions. If x and y denote the privileged directions for propagation

along an axis z , then, x,y,z form a Cartesian system of coordinates.

Plane electro-magnetic waves linearly polarized along an arbitrary direction in the
X,y plane, will, in general, emerge from the medium elliptically polarized. This could
be visualized if one imagined the electro-magnetic wave resolved into two linearly-
polarized components with their directions of vibration along x and y. The two compo-
nents which travel with velocities U, and U , being in phase iunitially, will develop
a continuously growing phase difference as they traverse the medium. These components
emerging from the anisotropic medium, will retain their phase difference as they propa-
gate in the surrounding isotropic medium and, therefore, the electro-magnetic wave that

results from the recombining of the two out-of-phase components is elliptically polarized.



Da LIGHT TRANSMISSION THROUGH AN ELECTRO-OPTICAL SHUTTER
The operation of the electro-optical shutter is based upon the fact that when the

anisotropy of the medium is electrically induced, the conversion of linearly into ellip-

tically polarized light can be controlled electrically.
The transmission of radiation then is given by (see, for example, Ref. 1, p.696)

T =1, sin® 2ep sin® % (3)

where ¢ is the angle between the transmission axis of the first polarizer and one of the
privileged directions, and & is the phase difference that has been developéd between the
two linearly polarized waves emerging from the electro-optical crystal. The factor To
includes the effects of any reflection, diffraction or absorption loss in the crystal and
the polarizers (T,=1-a if o is the total loss). From equation (3) it can be seen
that, for a given & , the maximum transmittance of the electro-optical shutter occurs when
m::#ﬁa. The value of T increases as sinzg- reaching its maximum value T=T, when

2
6 = 180°.

The performance of an electro-optical switch is often limited because the value
of the electric field required for inducing & =180° is higher than that which could be
applied to the crystal without the risk of dielectric breakdown. The value of &, per
unit length of the crystal, depends on the amplitude and direction of the electric field
as well as on the direction of propagation. It will be shown later, that & takes a
maximum value (for a given field strength) when the field is applied along one particular
(hik, 4,) axis of the crystal and, at the same time, light is propagated along another
specific (hpk gl ) axis. It is therefore essential to find which two crystallographic
axes fulfil this criterion so that an appropriately grown, cut and polished crystal can be
used. It is also important to find the corresponding privileged directions so that the

erystal can be so located between the two crossed polarizers that g=45°.

4. INDEX ELLIPSOID
The propagation of light through an anisotropic medium may be illustrated and more

easily understood if one employs a geometrical construction called the ellipscid. This
can be used to describe any crystal property given by a symmetrical second-rank tensor
such as the dielectric tensor [eij]' The symmetry of [Eij]* which is a consequence
of Maxwell's equations (Ref.1, p.666), reduces the number of components of the tensor

from nine to six (since eij= eji).

The most general form of the equation of the ellipsoid in Cartesian ccordinates is:

2 2 2
j. X.X X X X X X, X X X_X
\ i 1 2 3 12 13 2
£, L‘-‘I'E—+€—-§-e—-¢- 2 P + 2 = + 2 P 2 = 1 @ (l})
K= E: . €4 1z
1’3_1 ij 2 3 13 23

However, there is always a system of Cartesian coordinates — the so-called system of

principal dielectric axes — in which the above equation takes its simplest form:

Xa Xa }CB

1 2 3
—_— ¢ — — =1 {5)
El 82 E:B

The quantities ei(i::1,2,3) are then called the principal dielectric constants.

Replacing the dielectric constants with the corresponding refractive indices (for

a non-magnetic medium n, = /éi), equation (5) becomes:



2 2 2
& 55
Ly (6)
- 2 2
M1 Tz MNa

n, are called the principal refractive indices and henceforth it will be assumed

n, 2 Ny 2 Ny * This equation represents the index ellipsoid or optical indicatrix. The

three mutually pervendicular semi-axes of this ellipsoid are equal tomn,,my,m, respec-
tively. It should be-noted that U is the refractive index for light linearly polarized

— not propagated — along the corresponding semi-axis.

With the aid of the index ellipsoid, the orientation of the privileged directions,
as well as the phase velocities of the two linearly polarized electro-magnetic waves per-
mitted to propagate unchanged through the anisotropic medium, can be found. They are
determined by the intersection of the index ellipsoid with the plane perpendicular to the
direction of propagation passing through its centre. This intersection is, in general, an
ellipse. The privileged directions coincide with the principle semi-axes Ny My of this
ellipse, and the two phase velocities are

c (&
U, = ﬁ; v U, = ﬁ; .

The phase difference, per unit length of the anisotropic medium, is

_ (A 1y _é2n
6 = 2nv\U1—U2> ks (na-—nb) ,

where v , A are the frequency and the free space wavelength of the radiation. For any
arbitrary direction of propagation, M £mn,-n, and therefore & takes its maximum
value when N,=MNy » ="My, This condition, of course, is satisfied only when light is

propagated along the T semi-axis of the index ellipsoid.

S ELECTRO-OPTICAL EFFECT

The value of the six independent components eij of the dielectric tensor of man?
crystals, and consequently the shape of their index ellipsoid, can change under the in-
fluence of an applied electric field E = [El, E,, Eaj through the electro-optical effect.
When this is proportional to the applied field, the effect is called the linear electro-

optical or Pockels effect. This change is given by :

~

g L_J_A -y, . E L
€:i_j Sij/E=O ijkk i = 1,2,3 . (7

The 27 coefficients rijk are constants of the crystal and constitute the electro-optical
, it follows that r

tensor. Since ¢ therefore the symmetry of the

137 %54 ik ™ Tyix’
dielectric tensor reduces the number of the components of the electro-optical tensor from
27 to 18. Furthermore, the presence of certain symmetry elements in the crystal restricts
some of the rijk components to zero values. This is the result of a general principle
of invariance in crystal physics according to which: 'all expressions involving any physi-
cal constant of a crystal should be invariant when any symmetry operation of the crystal

is applied'(z).

Using equation (7), equation (4) becomes:
A TR
/ =1 -
L7e; "L T3k X% @

This is the general form of the equation of the distorted ellipsoid. Equation (8) takes

s 5w



a simpler form if the original ellipsoid is referred to the system of its principal dielec-

tric axes (after the substitution ni: €; has been made) :

2 2 2
i S e T E 1 (9)
a+a+2+L-'r:.ijkx:.ij_. 9
n, Mz 1N,

For crystals which belong to the ¥3m point group of the cubic system (with n,=n,=n = B

the only non-zero electro-optical coefficients are:

r =Er

231 az1

Tige = a2\ = Ty L
r Er

123 213

The equation of the resulting index ellispoid (which in the absence of an electric field
is a sphere) is of the form:
le +x° + xg \

: +2 r41(E1x2x3+E2xBx1+Eaxlxg/ =1. (10)

Mo
Taking the axes (xl 1 X s xa) of the original co-ordinate system, parallel with the three
crystallographic axes (100), (0107, (OO‘]) respectively, the orientation of a new coordi-
nate system whose axes are parallel with the directions of the principal refractive
indices of the distorted index ellipsoid can be found. Eguation (10) in this new system

takes the form

2 2 2
K% X
e S S (11)
2 2 2
N, Tz T"Mg

The values of MysMgeN, are g =Y 1/ki where the ki are the three roots of the cubic

secular equat ion(3 ) ~

1
(_2' k) T By T, B
Mo
E  {(1-x} = E ==l (12)
Tay™s \nz' 1 4171 -
o

r 1
ry,Es Ta ™2 \2 k)

o

derived from the matrix associated with the rotational transformation of the coordinate

axesS.

6. OPTIMUM CRYSTAL ORIENTATION

Using the secular equation, it can be shown that a given electric field induces

maximum birefringence, m=m,-M5 > when it is applied perpendicularly to any of the (110)

{(011), (101) planes of the crystal. The compecnents cof the electric field T in this case

are £

E EQ:./_B i E3=O.

Substituting these values in equation (12} it is found that :

1:

! a
= (1 = 1 3
-nl = kl2 = .\—?—- I'41E> 2 == 1‘]0 + 21‘41 ‘q E
To ©
3
ﬂg = kaa = no (13)

1 1
M = % (T_TE‘.—I‘«uE =My = 2T Mo



(3)

Using the above relations, in a method described by Nye ; the semi-axes n, and
m, of the index ellipsoid are found to lie on the same plane (110) as the electric field,
and to form angles +45° with it (see Fig.1). The direction of T along which the light
should be propagated is consequently perpendicular to the direction of the electric field.
This is the great advantage of the cubic over the uniaxial crystals (i.e. the widely-known
KDP crystals where the light has to propagate along the directions of the applied field).
Firstly, the design of the electro-optical shutter is greatly simplified (with no need
for transparent or specially-shaped electrodes) and, secondly, the required field can be
reduced by using crystals whose length L is large compared with the dimensional along
which the field is applied. It is apparent, that in any electro-optical shutter employing
a cubic crystal of the aém point group (i.e. GaAs, CdTe, ZnSe, etc.) the best performance
is achieved when the following conditions are satisfied:

(a) The crystal has its faces parallel with the (170), (110), (001)

crystallographic planes.
(b) The field is applied perpendicularly to the (110) plane.

(c) The laser beam is propagated along the (170) axis with its direction
of polarization parallel with (or normal to) the direction of the
applied field.
The phase difference which is developed between the two components of the linearly
polarized light is then given by:
or L 2mL 5
b =5 (ny=ng) = S5 ra iy V ()

where V=Ed is the amplitude of the applied voltage. When

- ()
2
2L Ti 'qo

§=180° and the transmittance of the electro-optical shutter reaches its upper limit

T=T,. This value of V; 1is called the half-wave retardation voltage.
z

Figure 2 shows the Pockels cell used throughout this investigation. The
10x 10x 50mm Gallium Arsenide crystal is mounted in a way that satisfies the above condi-
tions for optimum orientation. Indium foil inserted between the crystal and the two
electrodes ensured that the crystal was firmly held without being stressed; Ctherwise,

in the absence of an electric field strain birefringence could be induced.

Using equation (15) and the values of A = 10.6pum, r,, = 1.4x 107*° cm V-1

41
T = 3«3. the half-wave retardation voltage of this Pockels cell is determined as:

Vq=21.06kV .
2

P EXTINCTION RATIO

Although in theory there should be no transmission of light through an electro-
optical shutter in the absence of an electrical field, in practice there is always a small
transmittance arising from optical imperfections in the system of polarizers and the

electro-optical crystal (residual strain-induced birefringence).

The ratio of the intensity I, of the radiation incident on the second polarizer
(see Fig.3) to the transmitted intensity I when no field is applied, is called the

extinction ratio of the electro-optical shutter (Eg = I,/I). The value of E; is an




Fig.2
GaAs Pockels Cell
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Experimental arrangement for measuring the

residual birefringence of the GaAs crystal
important parameter of the electro-optical shutter employed in a laser system since it
determines the signal-to-noise (background) ratio of the transmitted pulse. The presence
of this low intensity background creates a serious problem for the amplification of nano-
second pulses because it experiences a high initial gain, with the result that the signal-
to-noise ratio continuously decreases as the pulse travels through the amplifying medium.
Furthermore, in the case of.a chain of amplifiers, that part of the background which is
ahead of the short pulse will significantly reduce the energy that the pulse would other-

wise extract.

Two factors determine the value of Eg: (a) the extinction ratio, Ep’ of the
crossed polarizer system itself, (defined as the ratio of the. intensity Ié of the radia-
tion incident on the second polarizer to the transmitted intensity I’ with the crystal
removed from the system), and (b) the residual strain-induced birefringence in the crystal
which reduces the degree of polarization of the laser pulse, thereby increasing the leakage

of the unwanted radiation (background). The quantity:

£ ey
E, === (16)
¢ T\E;TE/

represents the extinction ratio of the crystal and gives the upper limit of the extinction

ratio of the system as a whole.

Using the Fresnel formulae, the theoretical value of Ep, for the system of polari-

zers shown in Fig.3, was derived as:

4 m
e +1

1) (17)
where m is the number of plates which comprise the second polarizer. An experimental

arrangement for measuring the values of EP and Eg is alsc shown in Fig.3.

When the second polarizer and the Gahs crystal were removed, the intensity I; was
measured. After the polarizer had been replaced, the very low intensity I’ of the trans-
mitted radiation was amplified by activating the laser amplifier and, subsequently, reached
a measurable level. Taking into account the known gain of the amplifier, the extinction

ratio in the case of three, four and five Ge plates, comprising the second polarizer, was

-y



found to be:

= _ 4
EP3 = 560 , qu = 4,600 and Ep5 = 10* .

These values closely agreed with the theoretical values deduced from equation (11). This
fact indicates the very high degree of polarization of the radiation reflected from the
first polarizer, and also allows a value of Ep6 > 10° to be estimated when six plates are

used.

Replacing the crystal, the extinction ratio E; of the electro-optical shutter as

a whole was similarly measured and, using equation (16) the value of E, was deduced.

Three GaAs crystals, with dimensions 10x% 10x 50mm were tested and the values of
their E,, with the full cross-section of the crystals exposed to the radiation, were
found to be 400, 600, and 3,400 respectively. When the exposed area of the crystal was
reduced by placing an iris symmetrically in front of it, the values of E, were found to
be considerably higher. This clearly shows that the quality of the crystal is poorer near
the edges and according to Figueira(q) this is due to strains introduced during the cutting
and polishing processes. In the same study, a similarly large sample-to-sample variation

in the quality of the GaAs crystals, was also found.

8. LASER TRIGGERED SPARK GAP

The advantages of the laser-triggered spark-gap over the conventional electrically-

triggered switch were widely recognised soon after the first experiments in initiating a
(5)

spark discharge by focussing a laser beam intec a d.c. charged spark gap, were reported

These advantages can be itemised as:

(a) the absence of electrical coupling between the triggering device
(i.e. the laser) and the high voltage assembly;

(b)  the very short delay time (of the order of a few nanoseconds) and
its subnanosecond variation (jitter) from shot-to-shot;

(¢)  the capability of simultaneously triggering several LTS G's; and

(a) the very simple, robust and compact structure — as well as the
long life — of the LTSG.

Although the use of an LTSG as a general purpose high-speed switch would be some-
what extravagant, considering the high cost of lasers, it is nevertheless ideal for appli-
cations such as the generation of short laser pulses. 1In such an application, the laser
pulse itself provides the triggering of the spark gap via a beam-splitter, thus achieving
the necessary high degree of synchronisation without the need for a separate triggering

device.

Gas-filled spark gaps appear to be preferable to liquid or solid dielectric-filled
gaps and have been much more thoroughly investigated(13’20).

The main disadvantage of the liquid dielectric-filled spark gap is that it has a
delay time of several microseconds, compared with the nanosecond response of the gas-filled
pressurized gap.

Gaps insulated with solid dielectric have the drawback that the dielectric must be

replaced after each gap closure since it lacks self-healing properties.

For the gas-filled spark gap, a pressurized gap is preferable to a low or atmos—

pheric pressure spark gap for two reasons:

- 10 -
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(a) the time taken for the development of the conduction path is reduced
by increasing the pressure for a given value of V/Vsb (where V is
the charging voltage and Vg, the self breakdown voltage of the gap);

(b) by increasing the gap pressure, the gap spacing required to hold off
a certain voltage decreases (Paschen's Law) resulting in a faster
rise-time of the electrical pulse generated by the gap closure (as

will be shown later).
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Cross-section of the LTSG
The coaxial structure of the LTSG used (see Fig.4) is shown in cross-section in

Fig.5. The laser beam is directed on the cathode disc via a 2mm central hole in the
The lens

This

anode, using a plano-convex Ge lens as combined window and focusing element.

was so chosen that its focal point would lie ~2mm behind the target electrode.

arrangement, according to Bettis et al 6), results in the minimum delay time and jitter.

The gap spacing is adjustable by means of a 6.67 turns per centimetre thread on the main
body of the LTSG, and is effected by rotating the main ring bearing the cathode assembly.

Nitrogen at pressures up to 7000 torr was used as the insulating gas. An uncoated

Ge flat was placed at 450 in front of the LTSG and the reflected beam was monitored

using a calibrated photon-drag detector (Rofin model 7415). The intensity of the laser

beam transmitted through the lens was easily estimated from the detector readings by using

the Fresnel formulae to calculate the reflection loss which the beam suffers from both the

Ge flat and the uncoated lens.

(7)

A single longitudinal, single-trarsverse, mode TEA CO, Ilaser
although this could

The peak power of the

was used to

trigger the spark-gap. The normal dguration of the pulse was 70ns,
be adjusted within the range 60-200ns by changing the gas mixture.
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transmitted beam could be attenuated from 2MW to zero. The smooth time profile of this
laser pulse is essential for the accurate measurement of LISG parameters such as delay
time, jitter and threshold power for breakdown. The spontaneous mode-locking that nor-
mally occurs in a TEA CO, laser, and the difficulty of its removal, might account for
the paucity of data on delay time and jitter measurements in the literature, in contrast

with the numerous measurements pertaining to ruby, dye, YAG and Nd glass lasers.

9. PULSE GENERATOR
A pressurised spark-gap similar to that reported by Alcock et al

(8)

was employed as
the switch in a transmission-line pulse generator (Fig.6) of a type first described in
1949 by R.C. Fletcher(g), who used it as here to produce multi-kilovolt pulses with a sub-

nanosecond risetime.

Pockels cell

Laser BS
beam ;
- |
L3
H.V_ow-@ }-
10MQ 5
— o
scillo scope
LT.SG. 01 01

Multi-kilovolt transmission-line type nanosecond pulse generator
The distributed capacitance of the high frequency coaxial cable L,] is charged from
a high voltage d.c. power supply through a resistor. R, = 10’ Q. The other end of the
cable is connected, at point A, to one of the electrodes of a pressurised LTSG. The
electrode spacing and gap pressure are such that the self-breakdown voltage Vg, of the
gap is higher than the potential VA=V0 to which the cable is charged. The potential
on the second electrode of the gap is Vg=0. When the gap is triggered by the laser
beam at the time t, =0 the potentials at the points A and B are equalised: VA:Vl'a.

Since the potential Vg at the point B was originally zero, the gap closure is
eguivalent to a short circuit appearing at one end of a charged line 10) and therefore
VA:VA/2=VO/2._ As a result, two similar ramp functions of opposite sign are generated
at the switching point. These propagate out in opposite directions along the lines Ly
and L, with amplitudes

o]
V=73 o

v v

'
o o __o
-V~—2 and V2_2—V0_2 i

Both waves travel with the group velocity U of the line which is:

U =c/He

where ¢ is the velocity of electromagnetic waves in free space, and ¢ is the relative

- B



dielectric constant of the insulating medium between the .two conductors of the line. The
dielectric in the cables used here was polyethylene, for which g¢=2.3 and therefore

U = 0.66c== 1.98x 1¢° m/s.

The pQSitive amplitude of the wave on the line L2 imposes a step voltage VO/E as
it travels through it, whereas the negative wave discharges the voltage on the line L, to
half of its original value as it travels towards the charging resistor R1 where it arrives
at time t; = Lq/U. Because of the impedance mis-match, it is reflected at this point,
and travels back along L;. The reflection coefficient is given by
R, - Zo

p=—t (18)
1 o]
where 24=500 is the characteristic impedance of the transmission line. With R7= 1070 » Zgs
the reflection coefficient p=1 and the reflected wave remains negative with the same
amplitude (- V,/2). Thus the reflected wave completes the discharge of the line L, as it
returns to the LTSG, where it arrives at the time t3==2L1/U and cancels the positive

potential V. /2 at B.

Since the positive wave has already been travelling for a similar time 2L1/U be-
fore being cancelled by the negative wave, the net result is clearly the generation of a
rectangular pulse of height VO/E and width t=:2L1/U on the line I?, leading to the
Pockels cell. A rigorous mathematical treatment of this type of pulse generator can be

found in reference (11).

This electrical pulse, having propagated along the line L,, over the electro-
optical crystal and through L3, arrives at the terminating resistor R, . With the values
of R, and R3 chosen such that R24-33 = Z,, the pulse will be absorbed begause reflecti-
vity p=0 for an impedance match (equation (18)). Thus there can be reflection of the

pulse to activate the electro-optical crystal further.

The two resistors R, and R3 (R3 € R2) form a voltage divider to attenuate the
multi-kileovolt pulse to an amplitude suitable for oscilloscope display. By varying the
length of the line L4 from 0.15 to 10 metres, electrical pulses of duration ~1.5 to 100
nanoseconds are readily achieved. A Tektronix 519 Oscilloscope with a deflection sensiti-
vity of 9.8 V/aiv and a rise time of 0.29 ns was used to display these pulses (Fig.7).
Because the duration of the voltage pulse depends solely on the length and the dielectric
material of the transmission line L., this pulse generator has a remarkable stability

usually lacking in generators using active elements.

10.  MECHANISM OF THE LASER-INDUCED GAP BREAKDOWN
(12)

The breakdown mechanism proposed by Guenther et al seems more likely to apply to
(13,14 and will be described

the present case than those suggested by other investigators
first. In this mechanism, it is assumed that the electrons generated by focusing the
laser on to the target electrode (section 7), drift across the gap under the influence of
the applied electric field and, in so doing, gain sufficient energy to ionize the gas mole-
cules or atoms by collision. The growth of ionization conforms to the Townsend classical
avalanche process according to which the number of electrons N produced after a distance
x is:

N = N, exp (ax) . (19)

Here, N, is the number of electrons emitted from the electrode and ¢ is the first Townsend

2 il



CLM-R168

Fig.7
Typical examples of the generated CO, laser pulses — on the
right — (10ns/div ; Sns/div; 1ns/div, from top to bottom)
together with the corresponding electrical pulses which acti-
vate the Pockels cell — on the left — (2ns/div; 5 ns/div;
2ns/div , from top to bottom)

= N =



ionization coefficient (i.e. the number of ionizing collisions per centimetre made by one
electron travelling in the electric field direction). This process continues until the
entire gap is bridged with an ionized conducting path. The velocity of the avalanche ‘A
is considered as equal to the electron drift velocity (va ~ 107 cm/sec). This mechanism,
however, fails when the measured delay time is shorter than the time required for the
avalanche to travel a distance equal to the gap length d. In such a situation the more
rapid 'streamer' mechanism is required to account for the temporal behaviour of the break-

(15)

down. In this process according to Raether , the electron multiplication follows the
avalanche process until the number of electrons reaches a critical value N, = 10° after

a distance of travel x,. At this stage the avalanche is transformed into a plasma strea-
mer advancing rapidly with a velocity Vg ~ 10° to 10° cm/sec. The total formative time,
which can be defined as the period of time that elapses between the creation of the elec-
trons on the target electrode and the appearance of the high voltage on the opposite

electrode, may therefore be expressed as:

xc d-—xc
tyg =— +
£ v, Vg
or using equation (19) N /N ) d-x
te = <o . L (20)
Va Ve

Tz DELAY TIME AND JITTER
The aelay time, tjz, of a LTSG — defined as the period of time between the arrival

of the laser pulse on the target electrode and the appearance of the electrical pulse on
the opposite electrode — may be considered as the sum of two smaller periods of time:

(a) the time, t_, needed for the laser to heat the target material to
its melting point T, (i.e. the time needed for the emission of
the N, electrons); and

(b) the formative time, ty, which has already been defined.

In the present case where the CO, laser pulse has a slow rise time (~70ns) the
value of t_, can be readily shown to be comparable with — or even greater than — the
value of t{ and cannot therefore be overlooked as it can with laser pulses of a few

6) (10)

; 1 .
picoseconds or a few nanoseconds duration.

As will be seen later,

K
te = Pz
where Tan ck
K = _EL_fL_

LA®
is a thermal constant of the target material, and P 1is the incident laser power density
Thus, using equation (20), the delay time ty=t +tp is:
2
Tmnpck 1 LnNC-LnNO d-xC

b, o= ——— — + (21)
a 4 pP a vy Y

The above equation predicts the effect which variations in laser intensity, applied
voltage, gap spacing and pressure will have on the delay time. A reasonable agreement

between the predicted and the experimental response was observed.

As a result of an increase in laser power, shorter values of td were recorded,

presumably because of the smaller value of te. Fig.8 indicates the effect of the charging
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voltage of the gap, V, on the delay
time. The observed increase in the
delay time with decreasing V is
clearly due to the fact that both

a and Va decrease with the de-
d=0.6mm

creasing field. 5= 6,970 Torr
When the pressure p was 2401 Vg5 15KV
P=250kW

increased simultaneously with a
decrease in the gap spacing, keep- 200
ing the ratio E/p constant, a
decrease in the value of t was

. g : 160}
observed. This result also is

anticipated by equation (21) since
the Townsend coefficient a is 120+
proportional to the pressure p

for constant E/p. 4
80l

Delay time (ns)

It is thus apparent that in
order to minimise the delay time

of a CO, LTSG, the highest permis-

4or

sible values of laser power and

pressure should be used in conjunc- L
tion with a charging voltage as

near to the self-breakdown value

as possible.

e -Srver. bars in Flpd Delay time as a function of the applied voltage

indicate the maximum jitter of the delay time. Subnanosecond jitter is observed for
V2= 0.8 Vo *

power of the incident laser pulse does not change from shot-to-shot. Any variation of

Tt should be noted here however, that the jitter remains low only if the

the laser power results in a considerable increase of the jitter even when V = 0.8 Vsb'
This is apparently caused by changes in the value of tg, which is dependent on laser power.
The peak power of the laser beam which entered the gap when the measurements in Fig.8 were
taken was 250 kW. The minimum power required to trigger the gap when the charging voltage
V= 0.95 Vg was found to be ~ 20kW, corresponding to a threshold energy of 1.5 md.

12. ELECTRODE MATERIAL

Since the electron emission from the target electrode is regarded as ther-

(17,18,19,25)

mionic the constants of the material which affect the rate of laser heating —
and therefore the electron emission — must be considered when choosing the most suitable
material for achieving the shortest possible delay time, t,. When the target elec-
trode is irradiated by a 'triangular' laser pulse of duration t, the temperature T at

the surface, as a function of time t(ts7) is given by the relation(EO):

- 2EE. 42 (22)
JTp ck
where A is the absorbed fraction of the incident radiation, P the laser power density
and p,ck the density, specific heat and thermal conductivity of the electrode material
respectively.

w P =



Tungsten has been claimed as the best material for spark gaps triggered by laser

radiation of up to 1um wavelength(qg’zo) with aluminium, brass and stainless steel in
descending order of desirability. However, the longer wavelength of the CO, laser (10um)
requires the resistivity of the material to be taken into account, for this determines
(21),

the value of the abscrption A i.e.

A= 3.65 x 10° (RA)E (23)

where A is the wavelength in um and R is the resistivity in Q.pum. Using the relations
(22) and (23) to ascertain the comparative rates of laser heating, the different electrode
materials can be listed in order of desirability for A~10um as: stainless steel, tung-

sten, brass, aluminium and copper.

Although brass electrodes were used in the present case, they were found to be quite
satisfactory for the generation of nanosecond pulses because for any value of the charging
voltage V 2 0.7 Vg, the electrical pulse appears on the output of the LISG before the
laser pulse reaches its peak (see Fig.8). By suitably delaying the electrical pulse, its

arrival on the Pockels cell can be arranged to coincide with the peak of the laser pulse.

13. RISE TIME DEPENDENCE ON GAS TYPE, PRESSURE,
GAP SPACING AND CHARGING VOLTAGE

While there has been thorough investigation of the delay time and jitter in LTSG
(12,20)

mized — there is very limited experimental evidence(ae) of the effect of spark gap para-

operation — notably the articles by Guenther et al proposing how they can be opti-

meters — such as gas pressure and operating voltage — upon the rise time of the electrical
pulse.

Bearing in mind the fact that the rise time of the transmitted laser pulse will be
determined by that of the electrical pulse, it is clearly important that the operating

conditions for the minimum rise time should be found.

p =4900 torr
V/V,,= constant (ns)
e = Experim. points . d =06 mm
— Theoret. curve 241 V/Vgp = constant
e o« Experim. points
sl — Theoret. curve
20
141
1.2 : 1.6f
10}
1.2
0.8+ .
O.G' ° 08_
0.4 04l
0.2+
1 L 1 1 1 1 L 1 1 1 1
0 02 04 06 08 1(mm) 0 1 2 3 4 5 6x103(torr)
Fig.9 Fig.10
Effect of the gap spacing on the Effect of the nitrogen pressure on the
rise time of the electrical pulse rise time of the electrical pulse
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Figures 9 and 10 illustfate the effect of the gap spacing and the gas pressure res-
pectively on the rise time of the electrical pulse. The gas pressure was held constant for
the former and the gap spacing for the latter. The ratio V/Vsb was maintained at a con-
stant value in both cases.

The solid lines are theoretical curves based on the relationcaa)

tp = 3.5 pd” /8V° (24)
which gives the rise time as a function of the gap spacing d, the gas pressure p and the
applied voltage V. The best fit to the experimental points gives a value for the constant
S of 4Otorrcm® V> s. The close agreement (a) between this value of S and those of
418 = 10% torr em” V=2 gt (23) and 450 torr cm® V=2 st (22) in other investigations, and (b)
between the measured and the predicted values of the rise time, fully endorses the validity
of equation (24).

Nitrogen was chosen as the insulating gas because of its high dielectric strength.

(10,20,23) that a mixture of nitrogen and argon (which has a

It has often been suggested
lower dielectric strength should be used in order to achieve shorter delay times. How-
ever the addition of argon was avoided, in the present case, for two reasons:
(a) because there is no need for any further reduction in the delay time
while the maintenance of as short a rise time as possible is essential;

(v) because this will necessitate longer gap spacings to hold off the same
voltage, which, in turn, will increase the rise time of the electrical
pulse. It can be easily shown that the rise time will be increased by
a factor of 1 to 5.3 should the argon concentration change from zero
to 100%.

Should the need arise in future applications of the CO, ITSG for even shorter
delay time, this could be achieved — without any adverse effect on the rise time of the

electrical pulse — by replacing the brass electrodes with those of stainless steel, rather

than by adding argon to the nitrogen.

Equation (24) indicates how any change in the voltage applied across the gap affects
the rise time of the electrical pulse (i.e. for constant pressure and gap spacing: tR“j%)‘
Thus operation as near self-breakdown as possible is essential not only to obtain shorter

delay time but, more importantly, to achieve faster-rising electrical pulses.

14. CONCLUDING REMARKS

The electro-optical shutter, whose operational characteristics are fully analysed
here, has been used to generate single subnanosecond CO; laser pulses from the output of

(26)

a self-mode locked oscillator

Figure 7 shows three laser pulses (on the right) of duration 100, 20 and ~ 1.5 nsec
transmitted by the shutter, together with the corresponding electrical pulses (on the left)
that activated the GaAs crystal. The performance of the device has shown no signs of
deterioration after two years of use. However there are some improvements which could be

made in the existing arrangement:

1. The main limitation in its performance is the finite contrast ratio (signal/
background noise) of the switched-out laser pulses due to the intrinsic bire-
fringence of the GaAs crystal. The upper limit of this ratio (i.e. the

extinction ratio of the crystal) is attained when the voltage of the electrical

=15 =



pulse is made equal to the half-wave retardation voltage V% (in the present
case V% =21 kV). Up to now the voltage used has been V a‘%V%, and there-
fore increasing this will significantly improve the present contrast ratio.
However, this should be followed by an appropriate increase in the pressure

of the nitrogen in the spark gap in order to maintain the fast rise time of

the electrical pulse (see equation (24)).

2. As a further step to improve the contrast ratio, a second GaAs crystal could
be used together with an additional polarizer. This should greatly improve
the contrast ratioc because the upper limit in this case will be determined by
the product of the extinction ratio of the two crystals: Ec::qu)x Ega)ﬁ.1oa.
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