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Cs-Ba TACITRON: II. IGNITION CHARACTERISTICS DURING BREAKDOWN
AND CURRENT MODULATION MODES

ABSTRACT

Experiments are performed to determine the effects of the emitter temperature, Cs pressure,
Ba pressure, and grid and collector voltages on the ignition of the Cs-Ba tacitron in the breakdown
and current modulation modes. The values of off-time required for ignition in the breakdown
mode are compared with those in the modulation mode for both stable and unstable current
modulation conditions. Results show that in both modes of operation, the off-time required for
ignition is strongly dependent on the Cs pressure in the gap and the applied positive grid potential
but less dependent on the emitter temperature and the Ba pressure. Increasing the Cs pressure
and/or the grid potential causes the off-time for ignition to decrease. It is determined that the net
adsorption/desorption of Cs atoms onto the cold electrode surfaces during the off-time is
negligible. Reducing the grid potential not only increases the off-time, hence decreasing
modulation frequency of the device, but also can under certain conditions, cause current
modulation to become unstable. Results show that the ignition duty cycle threshold for stable
modulation is about 40-60 %, regardless of the values of the applied positive grid potential. This
threshold is weakly dependent on the Cs pressure, Ba pressure and the applied modulation
frequency to the grid. However, increasing the grid potential for ignition beyohd that
corresponding to the duty cycle threshold causes the off-time required for ignition to decrease and

the duty cycle of the device to increase.
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Tg-max

NOMENCLATURE

: Modulation period of tacitron (s)
: Off-time of discharge (s)

: Rise-time of discharge (s)

: On-time of discharge (s)

: Fall-time of discharge (s)

: Anode delay-time (s)

: Pulse width of negative grid

voltage (s)

: Pulse width of maximum negative

grid voltage (s)

: Applied grid period (s)
: Applied voltage between collector

and emitter (V)

: Voltage drop between collector and

emitter (V)

: Applied positive grid voltage (V)

: Applied negative grid voltage (V)

: Discharge current to collector (A)

: Grid current (A)

: Cs reservoir vapor pressure (torr)
: Ba reservoir vapor pressure (torr)
: Cs vapor pressure in the gap (torr)
: Thermal velocity of Cs atoms in

the gap (m/s)

: Boltzmann's constant (J/K)

: Cs surface atom density (m?2)
: Sum of collector and grid surface

areas (m2)

Tg : Emitter temperature (K)

Tc : Collector temperature (K)

Tg : Grid temperature (K)

Tcs : Cesium reservoir temperature (K)

Tga : Barium reservoir temperature (K)

Ta : Arithmetic average of the emitter and
collector temperatures (K)

Tr : Basis flange temperature (K) .

N, : Cs atom density in the gap (atoms/m3)

ny' : Cs atom density in the gap required for
ignition (atoms/m3)

Nae : Heavy particle density in the gap at the
time of extinguishing (particles/m3)

Iy : Cs atom flux entering the gap
(atoms/mZ2s)

Iy : Csatom flux leaving the gap
(atoms/m?2s)

Vg  : Sum of the emitter-grid gap and grid
hole volumes (m3)

S : Area through which Cs enters the gap
from the reservoir (m2)

d : Distance between emitter and grid (m)

Na : Number of Cs atoms in the gap

Ma : Mass of Cs atom (kg)

fm : Modulation frequency of tacitron, 1/tm
(Hz)

fg : Applied modulation frequency to grid,
1/vg (Hz)

1 : Duty cycle, (tg-toff)/tg (%)
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1. INTRODUCTION

The Cs-Ba tacitron is a thermionic converter filled with a low pressure mixture of cesium
and barium (< 25 mtorr) with a third electrode (grid). The Cs vapor neutralizes the space charge in
the interelectrode gap and the Ba vapor increases the emission current. The grid, which is placed
between the emitter and collector, is used to ignite "turn-on" and extinguish "turn-off" the device
by applying a positive and a negative potential on the grid, respectively. Because the tacitron is
inherently radiation and thermal hard and could be operated at a modulation frequency up to 20
kHz, it is suitable for inverting DC signals to AC signals in many space power applications.l'3
However, the device's conduction losses and modulation frequency will determine which
applications it is best suited for. Recently, stable modulation of a Cs-Ba tacitron at a switching
frequency up to 8 kHz and conduction losses as low as 4 volts have been demonstrated.1 A
typical timing diagram showing the I-V characteristics of both the collector and grid of the Cs-Ba
tacitron during current modulation mode of operation is shown in Fig. 1. As can be seen, the
modulation frequency, fm, of the Cs-Ba tacitron is defined as the reciprocal of the modulation
period, Ty, which is approximately equal to the sum of the off-time, Toff, and on-time, Top, of
the device.

As delineated in Fig. 1, the off-time is approximately equal to the duration of the negative
grid pulse plus the anode delay time, Tad. Therefore, in order to increase the modulation frequency
of the device, the anode delay time needs to be made as short as possible. The off-time of the
device affects the anode delay time as well as the positive grid potential required to ignite the
discharge.3:4 The anode delay time, is the time lapse between the application of a positive
potential to the grid and the actual ignition of the device (see Fig. 1). Recently, Murray, El-Genk
and Kaibyshev 2-4 have shown that during the modulation mode of operation the discharge in the
Cs-Ba tacitron initially occurs between the emitter and the grid. However, further studies are
needed to understand and quantify the effects of the different design and operation parameters

(such as the emitter temperature, Ba and Cs vapor pressures, grid and collector voltages, width of
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emitter-grid gap and the net adsorption on the cold surfaces) on the off-time required for ignition of

the Cs-Ba tacitron during both the breakdown and modulation modes of operation.

2. OBJECTIVES

The objectives of this work are to perform experiments to determine the effects of the
operating parameters including the emitter temperature, Cs pressure, Ba pressure, grid voltage and .
collector voltage on the ignition of the Cs-Ba tacitron in the breakdown and current modulation
modes. Also, the effect of the net adsorption of Cs atoms onto the cold surfaces during stable
current modulation is studied. To determine the applicability of the ignition data in the breakdown
mode to the modulation mode of operation# the off-time for the former is compared with those of
the latter, for stable and unstable current modulation conditions. The experimental data is also used
to determine the off-time required for successful ignition, and the effects of the aforementioned

operation parameters on the ignition duty cycle threshold for stable modulation.

3. DEVICE DESCRIPTION

The Cs-Ba tacitron device used in the experiments consists of one diode section and two
triode sections, each has a separate grid. All three sections have a common emitter but separate
collectors.! The off-time measurements during both the breakdown and modulation modes are
made on the bottom triode section. The assembled device is mounted on top of a stainless-steel
basis flange. The flange is heated to prevent condensation of the Cs and Ba vapor on the walls.
The Cs and Ba vapors diffuse through the internal cavities in the flange before entering the
interelectrode gap of the tacitron. The Cs reservoir is equipped with a long narrow orifice to
minimize diffusion of Ba vapor and contamination of the Cs reservoir.

The emitter, grid and collector are all constructed of molybdenum. In the bottom triode
section, the spacing between the emitter and grid is 1 mm, and the spacing between the emitter and
collector is 4.25 mm. The grid is 1 mm thick and has 0.8 mm holes and physical transparency ~

34 %. The Cs and Ba vapor pressures in the gap are independently controlled by external electric
3




heaters on their respective reservoirs. The electric heater for the emitter is a 2 mm diameter
tungsten rod. The rod is surrounded by a tantalum tube, which returns the current from the heater
to the power supply and prevents a magnetic field from developing due to the high heater current.
The temperature of the emitter is monitored by three W-Re thermocouples, which are located in the
emitter at elevations which correspond to the positions of the respective collector sections. The '
temperatures of the grid and the collector sections as well as those of the Cs and Ba Teservoirs -are
measured using type-K thermocouples. For a more extensive description of the device, refer to El-

Genk et al.1 and Murray, El-Genk and Kaibyshev.3

4. EXPERIMENTAL PROCEDURE

In the present experiments, measurements are always made after the Cs and Ba pressures
and the temperatures of the device have reached steady-state. When the device is first turned on, a
waiting period of one to two hours is required for the device to reach steady-state. Subsequently, a
change of one of the operating parameters (for example, emitter temperature, Cs pressure, or Ba
pressure) would require a much shorter waiting period, on the order of five to ten minutes, for the
device to reach steady-state. In the experiments, the Cs reservoir temperature is varied from 120
°C (1.76 mtorr) to 165 °C (17.1 mtorr), while the Ba reservoir temperature is kept at either 500 °C
(0.02 mtorr) or 530 °C (0.07 mtorr), and the emitter temperature is kept at either 1200 °C or 1300
°C. The ignition potential to the grid is varied from 5 V to 30 V. In the breakdown experiments,
the emitter temperature, Ba pressure, Cs pressure and the ignition potential to the grid are
maintained constant, while a half-sinusoidal voltage pulse to the collector is applied to determine
the collector voltage when ignition occurs (see Fig. 2). In these experiments, the amplitude of the
voltage pulse to the collector is kept constant at 170 V. By indépendently varying the Cs pressure,
Ba pressure and the emitter temperature, the collector voltage for ignition in the breakdown mode is
determined as a function of the applied positive potential to the grid, Vg,.

In the experiments involving the modulation mode of operation, the collector voltage is kept

constant at 150 V. At the selected values of the Cs pressure, Ba pressure and emitter temperature,
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the off-times for stable and unstable modulation of the tacitron are measured as functions of the

applied grid voltage to cause ignition.

5. METHODOLOGY

Following ignition of the Cs-Ba tacitron, the Cs atom density in the interelectrode gap
decreases. This rarefaction of Cs atoms in the Cs-Ba tacitron comes about because of the high
degree of plasma ionization and high electron temperature which results in the removal of ions
from the interelectrode gap.2’3 For subsequent ignition to occur, the concentration of Cs atoms in
the gap would have to recover to some definite value; otherwise, the device will fail to ignite. The
recovery of the Cs atoms in the gap by diffusion from the surrounding region depends on the
density of heavy components in Vthe gap at the time of extinguishing the previous discharge, nge,
the Cs reservoir pressure (i.e. Cs reservoir temperature), and the length of the off-time. The
amount of Cs atoms in the gap will affect the anode delay time and/or the magnitude of the grid
potential needed for successful ignition.

Because the anode delay time is an important portion of the off-time, reducing the anode
delay time would subsequently reduce the off-time for ignition. There are six parameters which
affect the anode delay time, Tad, vof the Cs-Ba tacitron: (a) the magnitude of the positive gnd
potential, V., (b) the time between extinguishing and the application of the positive grid potential,
Tg-max- (€) the duration of on-time, Top, (d) the value of collector current, I, during the discharge,
(e) the cesium vapor pressure, and (f) the forward conduction voltage drop, V4. In order to
increase the repetition frequency of the device, it is important to quantify the effects of these
parameters on the off-time required for successful ignition of the device. In this paper, we
investigated the effects of Cs pressure, Ba pressure, emitter temperature, and the applied grid
potential, Vg4, on the off-time for ignition. The effects of the remaining parameters (Tg-max, Ton.
I, and V) are currently being investigated.

The grid potential for successful ignition is measured during both breakdown and stable

current modulation conditions. In the experiments investigating ignition in the breakdown mode,
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the waiting period to reach steady-state (five minutes) is more than sufficient to establish
equilibrium conditions in the interelectrode gap, a priori. When these conditions are established,
the flux of Cs atoms entering the gap from the Cs reservoir equals that leaving the gap to the
surroundings and the Cs atoms in the gap are at thermal equilibrium with the electrodes. The
equilibrium density of Cs atoms in the gap is then given by:

133P, T
n, = =nes A/ ==
a =7, eV T, 1)

£

where ncs, the cesium atom density at the reservoir, is given by

nCg +
§ kTCS . (2)

In Eq. (1), T, is the arithmetic mean temperature of the emitter and collector, and Tcs is the Cs

reservoir temperature. The Cs pressure in the gap, Pa, can be expressed as:

T
P, =Pcg 1/ =2
a SV Tcs . 3)

In Egs. (2) and (3), the Cs pressure in the gap, PCs, can be expressed as:d

8
Pcs = 2.45x10 exp [-8910}
* ATy Tcs @)
Also, the flux of Cs atoms entering the gap from the surrounding is given by:
a=gMaVa = neA T VM, T4V M, | (5)




In the experiments, the mean Cs atom temperature in the surrounding gap region, Ty, is ~
1200 K. For a Cs vapor pressure of 10-2 torr, na in the gap is approximately 8x1014 atoms/cm3
(Egs. (1) and (2)) and the corresponding atom flux is 8.7x1017 atoms/cm2s (Eq. (5)). Since the
flux of Cs atoms entering the gap is driven by the temperature of the cesium reservoir (Eq. (5)), it
does not change whether the device is on or off.4 Conversely, because during current discharge
the ion velocity is larger than the atom velocify, the gas density in the interelectrode gap drops due
to ion leakage from the gap to the surrounding region.4 After the discharge is extinguished, the Cs
atom density in the gap begins to recover with time by diffusion of Cs atoms from the surrounding
region. Results show that for a certain applied grid potential, in order to ignite the device, the Cs
atom density in the gap has to reach a definite value, otherwise ignition will not occur. Also, the

off time, Toff, required for the Cs atom density in the gap to reach the definite value required for

ignition, ny', may be expressed as:3

Toff =—‘AN—?_
(Fa- Fa)S , (6)

where AN, is the increase in the amount of Cs atoms in the gap during Toff, which is given by:

AN, = (n} - Nae)Var + AC, Ag (N

For Eq. (7), Vdr is the volume of the gap, S is the area through which Cs atoms enter the gap from
the surrounding region, nae is the density of Cs atoms in the gap immediately after extinguishing,
and Ag is the sum of the grid and collector surface areas where Cs atoms can be adsorbed. The
values for Vdr, S and Ag for the bottom triode section are 1.5 cm3, 0.27 cm?2 and ~ 19 cm?,
respectively. Ao, is the change in the Cs surface atom density on the grid and collector surfaces

and is a function of the net adsorption/desorption of Cs atoms onto these surfaces during the off-




time. If it assumed that the surface density at the operating temperature of the grid and collector

coincide with a monolayer coating of cesium (2x1014 atoms/cm?), then Ac, can be given by

n' -
Ao, ~2x1014 [(a_n:}ﬂ)] atoms /cm?2 . @)

The mean flux of heavy components out of the gap during the discharge is given by: .

' _{ny+n .
ra:i‘v*‘( 2 ae)”lev‘"“a. )

Therefore, substituting Egs. (7) through (9) into Eq. (6) gives:

V 4 XU 2X1014 A

Toff = na'nae) S —

Ta o )’ (10)

The first term in the numerator is the net change in the amount of Cs atoms in the gap during the
off-time, and the second term accounts for the net adsorption/desorption of Cs atoms into/from the -
surface of the grid and collector during the off-time. From Eq. (10), the density required for

ignition during the current modulation mode of operation, ny', can be expressed as

S ncsToff Va A /T,;, + 4n,e (V 4+ X0 2"1014 Ag)

. 8x10*% 1014
X Ag

n,=

(1D

If the net adsorption of Cs atoms onto the surfaces during the off-time is negligible, then Ao, could

be set equal to zero, and Egs. (10) and (11) are reduced respectively to:




(na Nae Vdr

Toff = -
( \/TT “") (12)

and,

— [T
S negTosr Va % + 4nye Ve
' a

n, =
4 Stoff Va + 4V¢r . (13)

Equations (10) and (12) give the off-time required for successful ignition at a certain Cs reservoir
temperature and applied grid potential with and without the effects of Cs adsorption, respectively.
Equations (11) and (13) give the required Cs density in the gap for successful ignition as a function
of the measured operating conditions (Pcs and Ty) and the off-time, with and without the effect of
Cs adsorption onto the cold electrode surfaces, respectively. To ascertain the effect of the Cs
adsorption on the off-time during stable current modulation, the calculated value of np' is compared
with the values determined from the measured Cs pressure in the gap during the breakdown mode
of operation of the device. In addition, the effects of the emitter temperature, Ba vapor pressure
and Cs reservoir temperature on Toff, na' and the positive grid potential required for ignition are

investigated experimentally. The results are presented and discussed in the next section.

6. RESULTS AND DISCUSSION
Experimental measurements are made of the collector voltage, Ve, for 1gmtlon in the
breakdown mode as a function of the following operation parameters: (a) applied positive potentlal )
to the grid, Vg4, (b) Cs reservoir temperature, TCs, (c) Ba reservoir temperature, TBa, and (d)
emitter temperature, TE. This data is used to rheasure the Cs atom density required for ignition to
occur at a given Vg, and calculate the off-time, Toff, required to reach this density for a given set
of operating conditions. To determine the role of the Cs adsorption/desorption on the off-time for

ignition during stable current modulation, the calculated value of ng', from either Eq. (11) or (13),

9




for a given set of operating parameters, is compared to the calculated values based on the measured
Cs pressure. To determine the effect of the operation mode on Toff, the calculated values for
ignition in the breakdown mode are compared with those measured during the stable current
modulation mode of operation. In addition, the effects of Cs reservoir temperature, Ba vapor
pressure, emitter temperature and operating modulation frequency to the grid on Toff and the

device's duty cycle for stable and unstable modulation are determined.

6.1 Ignition in the Breakdown Mode

Figure 2 presents a typical response of the Cs-Ba tacitron operating in the breakdown
mode; the operating conditions are shown at the bottom of the graph. As shown in Fig. 2, ignition
of the tacitron occurs approximately 7 ms after the applicationb of the breakdown pulse to the
collector, at which time the collector voltage drops from 160 V to 10 V and the collector current
rises simultaneously from O A to 60 A. At the point of ignition the grid potential, Vg, also drops
from its pre-ignition value of 5.5 V to zero, while the grid current, Iy, increases from
approximately 250 mA to 4.0 A. After 9 ms (or approximately 2 ms following ignition) the
collector current and voltage and the grid voltage reaches steady values of 30 A, 12 Vand -05 V,
respectively, while the grid current remains unchanged at 4 A |

The measured values of the collector voltage required for ignition in the breakdown mode,
at the same operating conditions as in Fig. 2, are plotted in Fig. 3 versus the applied positive grid
potential, Vg, for different Cs reservoir temperatures (or Cs pressure). Figure 3 shows that at a
given collector voltage, the grid potential required for ignition in the breakdown mode increases as
the Cs reservoir temperature (or Cs pressure) decreases. For example, at a collector voltage of 150
V, the grid potential necessary for ignition increases from 5 V to as much as 24 V as the Cs
pressure decreases from 16.4 mtorr (TCs = 164 °C) to 3.8 mtorr (TCs = 134 °C). Results in Fig.
3 also show that while the grid potential required for ignition is strongly dependent on the Cs

pressure in the gap it is almost independent of the collector voltage, Vce.

10
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Additional experiments are performed to measure the effects of changing the Ba pressure
and/or the emitter temperature on the grid potential required for ignition in the breakdown mode.
The results are presented in Figs. 4 and 5. In these figures the grid voltage for ignition is plotted
versus the Pad parameter, where d is the distance between the emitter and grid (1 mm), and Py is
the Cs pressure in the gap (in torr). The gap between the emitter and grid is used for the Pad
parameter in Figs. 4 and 5, since it has been demonstrated that the discharge initially ignites in'the
emitter-grid region 4 Again, these figures demonstrate that the collector voltage insignificantly
affects the grid potential for ignition, while the effects of the emitter temperature and Ba pressure
are small. Figure 4 shows that at a Ba temperature of 500 °C (PBa = 0.02 mtorr) and a given Pad
value, increasing the emitter temperature from 1200 °C to 1300 °C reduces the grid potential for
ignition. For an example, at a Pad value of 0.01 mm-torr the grid potential for ignition decreases
from 13 V to 11.5 V as the emitter temperature is increased from 1200 °C to 1300 °C. For Pad
values less than 0.01 mm-torr, the difference between the grid voltages required for ignition at
these two emitter temperatures increases as Pad is decreased, while for Pad values greater than
0.01 mm-torr, this difference in Vg, becomes very small. It is worth noting that at Pad values
higher than 0.025 mm-torr, the grid potential for ignition becomes almost independent of Pad.

Figures 4 and 5 indicate that when the Ba reservoir temperature is increased from 500 °C ‘
(Pga = 0.02 mtorr) to 530 °C (Pg, = 0.07 mtorr) the effect of the emitter temperature on the grid
potential for ignition is reversed, such that increasing the emitter temperature from 1200 °C to 1300
°C increases the required grid voltage for ignition. This reversal will be examined in more detail in
the next section from the calculated Cs density required for ignition via the measured off-time
during stable current modulation. For example, at a Pad value of 0.01 mm-torr, the grid potential
for ignition increases from 13 V to 14 V as the emitter temperature is increased from 1200 °C to
1300 °C. Figure 5 also shows that the effect of emitter temperature on the difference in Vg, for
ignition at Tg of 1200 °C and 1300 °C is approximately the same for all Pad values (~ 1 V). A
comparison of the data in Figs. 4 and 5 shows that at TE = 1200 °C the grid potential for ignition is

almost independent of TBa; however, at the higher emitter temperature of 1300 °C, the Ba vapor
13




—— T =1200°C
— T =1300°C

Ty =500 °C

A Vee=160V
O Vee=120V
[0 vVee=sov
V' Vee=40V

\k

.30
25
. i
> 20
% ]
> -
:g 15
g ]
£ -
B 10 |
O .
5
0 T

0.015
P,d (mm-torr)

Figure 4. Effect of Emitter Temperature on the Grid Potential for Ignition in the Breakdown Mode

at Tga = 500 °C

14




30

25
7~
e 20
%
>
| 15
8
2
£
E 1
&)

) I I |

) I |

Tg, = 530°C

—— Ty =1200°C
—— Ty =1300°C

Vee=160V
Vce=l20V
Vee=80V
Vee=40V

LI AL I )

0.015

P, d (mm-torr)

Figure 5. Effect of Emitter Temperature on the Grid Potential for Ignition in the Breakdown Mode

at T, = 530 °C

15




pressure affects the grid potential for ignition whereas increasing Ppa increases the grid potential
required for ignition. For example, at a Pad of 0.01 mm-torr and TE = 1200 °C, the grid potential
of 13 V in Fig. 5 is identical to that shown in Fig. 4 at the same emitter temperature but lower PBa
(TBa = 500 °C). On the other hand at an emitter temperature of 1300 °C, the grid potential
increases from 11.5 V to 14 V (~ 40%) as the Ba reservoir temperature increases from 500 °C to
530 °C.
6.2 Ignition in the Modulation Mode

The Pad values in Figs. 4 and 5 directly cotrespond to the densities of Cs atoms, ng', in the
gap which are required to successfully ignite the Cs-Ba tacitron in the breakdown mode. To
determine the effect of the net Cs adsorption occurring during the off-time of stable current
modulation, the value of ng' calculated from Eq. (11) and (13) are compared to these values
corresponding to the Cs pressure for ignition in the breakdown mode from Figs. 4 and 5. To
achieve this, the off-time during current modulation is measured, and the results are shown in Figs
6-11, for various emitter temperatures (Tg), Ba pressures (Tpa), Cs pressures (Tcs) and applied
modulation frequencies (fg). As can be seen in Fig. 6, the off-time required for ignition during
stable current modulation decreases as the Cs pressure is increased. For example, at Vg, = 25V,
Toff decreases from 220 ps to 120 ps as Tcg is increased from 150 °C to 160 °C. Also, as Vg is
increased, the off-time decreases and becomes almost independent of Vg, beyond 35 V. As an
example, for Tcs = 160 °C, Tofr increases from 100 ps to 200 ps as Vg4 is decreases from 30 V to
20 V. For Vg+ less than 20 V (toff ~ 260 ps), a large jump in the off-time occurs because current
modulation becomes unstable; whereas fm < fg. During unstable curfent modulation, ignition of
the discharge occurs when a positive potential is applied to the grid, but the discharge fails to
extinguish intermittently when a negative potential is applied to the grid, resulting in a longer off-
time. Based on the results presented in Fig. 6, it is concluded that a necessary condition for the
calculation of n,' at fg = 2 kHz is that Toff < 260 ps.

Similar results of the measured off-time during the current modulation mode as a function

of Vg, for three different Cs reservoir temperatures, are obtained and presented in Figs. 7 and 8.
16
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As Figs. 6-8 show, increasing the emitter temperature slightly increases the values of Toff for stable
current modulation. However, the threshold for unstable current modulation decreases from ~ 260
us at Tg = 1200 °C (Fig. 6) to ~ 210 ps at Tg = 1300 °C (Fig. 8).

Figures 9-11 show the measured off-time as a function of Vg, for a modulation frequency
of 3 kHz. Figure 9 shows the same dependances of Toff on Vgy and Cs pressures as those
delineated Fig. 7, except that the valued of T at the same Vg, is significantly lower. Figure 7
also shows that increasing the grid modulation frequency from 2 kHz to 3 kHz reduces not only
the values of Toff, but also its threshold for stable current modulation. Figures 10 and 11 give the
measured off-time as a function of Vg, for two emitter temperatures (1200 °C and 1300 °C) at Tcs
= 155 °C. As can be seen in Figs. 9-11, stable current modulation occurs when Toff < 200 ps.
These Tofr values for stable modulation are used to calculate ny'. The results in Fig. 10 show that
for Vg, >30 V, s for stable current modulation is independent of the Vg, value . At lower Vg,
values, however, T increases as T is increased. For an example, at Vg, =25V, increasing Tg
from 1200 °C to 1300 °C increases Toff from 140 ps to 170 ps (~21%).

Figures 12-15 show the calculated and measured P,d values for ignition in the stable
current modulation and the breakdown mode, as a function of Vey for Tog = 155 °C, fg =3 kHz,
and for different emitter and Ba reservoir temperatures. The calculated values are obtained from '
the stable current modulation off-times measurements (see Figs. 6-11). As can be seen in Fig. 12,
the calculated values of P,d for ignition during stable current modulation with a net Cs adsorption
term (Eq. (11)) is approximately 0.003 mm-torr, which is independent of Vg, and far from the
measured P,d values for ignition in the breakdown mode. On the other hand, using the
formulation without a net Cs adsorption during the off-time (Eq. (13)), the calculated Ppd values lie
close to, but are smaller than those from the breakdown mode. Since in this last case, the
calculated and measured values are close to each other, it is believed that the effects of Cs
adsorption, if any, insignificantly influences the off-time required to restore the Cs density in the

gap in order for ignition to occur during stable current modulation.
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Similar results are shown in Figs. 13-15. However, as can be seen in Fig. 13, the
measured P,d values for ignition in the breakdown mode lie between the calculated values from
Eq. (11) and (13). Since this is the only measured Pad data that does this and, as previously
mentioned, the influence of the emitter temperature is reversed from that observed for Tga = 530 °C
(Fig. 4 and 5), it is concluded that these measured values of Pad for Tg = 1300 °C and T, = 500
°C are not accurate. This inaccuracy could be caused by the fact that the operating parameters (TBa,
Tcs and TE) in the device had not reached equilibrium when the measurements were taken.
Additional measurements of the P,d for ignition during the breakdown mode of operation are
needed to clarify this error.

As previously stated, the P,d values from Fig. 4 and 5 (excluding the Tg = 1300 °C and
Tga = 500 °C curve) correspond to the densities of Cs atoms, ng', in the gap, which are required to
successfully ignite the discharge in the Cs-Ba tacitron. These densities are used in Eq. (12) (no net
Cs adsorption as seen in Figs. 12-15) to calculate the corresponding off-times required for the Cs
atoms to recover to their values for ignition. The calculated off-times are plotted versus the applied
positive grid potential for ignition in Fig. 16. These off-time values are also compared with those
measured for ignition during the modulation mode of operation at TE = 1300 °C, TBa = 530 °C and
Tcs = 150 °C and a grid modulation frequency of 4 kHz. As shown in Fig. 16, the off-time for '
ignition in the stable current modulation mode of operation is always lower than that calculated
from the breakdown mode. For an applied grid potential greater than 24 V, the measured off-time
during stable current modulation are almost the same for both pulse mode modulation times of 3
ms and 13 ms. This indicates that the discharge conditions change very little for pulse mode
modulation times greater than 3 ms. This time equals that needed for the plasma in the gap to reach
equilibrium during the discharge.4

The data in Fig. 16 also demonstrates that in order to reduce the off-time during
modulation, and hence increase the modulation frequency of the tacitron, Vg4 should be increased.
A high grid potential forces ignition between the emitter and grid at lower Cs atom concentrations,

hence smaller Tofr. At a modulation time of 3.0 ms, when the grid potential is increased from 25 V
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to 35 V, the off-time for ignition is almost halved from 120 ps to 70 ps. Figures 16-18 show that,
at a modulation time of approximately 13 ms, decreasing the grid potential for ignition from 30 V
to 20 V not only increases the off-time for ignition, but also causes the current modulation of the
Cs-Ba tacitron to become unstable; the application of a negative potential to the grid sometimes fails
to extinguish the discharge (see Fig. 18). Consequently, the device's modulation frequency (~ 2
kHz) becomes lower than the applied modulation frequency to the grid (4 kHz). In Fig. 17, the
ignition and extinguishing of the device always occurred when Vg, >30 V. Because the total of
Vg+ and Vg_in the experiments is constant at 46 V, increasing Vg4 automatically lowers Vg.. In
Fig. 18 where the operating conditions are identical to Fig. 17, reducing Vg, from 30 V t0o 20 V
still successfully ignites the device; however the tacitron fails to extinguish when a negative
potential of 26 V is applied to the grid. The threshold value of Vg, for unstable modulation
decreases as the Cs reservoir temperature increases, i.e. shorter off-time. For example, the Vg,
threshold decreases from 20 V at T¢g = 150 °C to about 12 V at T¢s = 160 °C.

Additional results on the effects of the Cs pressure on the off-time for ignition are shown in
Fig. 19. This figure compares the values of the tacitron off-time calculated from the breakdown
mode and measured from the modulation mode as functions of the ignition grid potential, Vg4, and
Cs reservoir temperature. It is interesting to note that not only does the off-time decrease when the
Cs pressure is increased, as previously mentioned (Figs. 6-11), but the difference between the
values of the measured and calculated off-times also decreases with increasing Cs pressure. This
decrease in the difference is due to the flux from the reservoir becoming the major source of atoms
going into the gap at the high Cs reservoir temperatures. This is because the density of Cs atoms
in the reservoir becomes large enough to compensate for the square-root of the temperature ratios
as seen in Eq. (5).

As shown in Fig. 19, for Vg, =30V, the off-time for ignition decreases from 190 ps to
110 ps as the Tcg is increased from 150 °C to 160 °C, which corresponds to that previously
observed in Figs. 6. Note that the lowest value of Toff is only about 10 pus lower than that

calculated for the breakdown mode at the same conditions.
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The results in Fig. 20 also show, that the minimum duty cycle for stable current modulation
is about 48 %. The results also show, that the duty cycle for stable current modulation increases
not only with Tcs but also with Vg+; but it seem to level out at about 80 %. Since P.d is directly
related to the Cs reservoir temperature, increasing the latter would reduce the off-time for ignition
and increase the duty cycle of the tacitron (see Figs. 19-23). The duty cycle, g, is defined as the '

ratio of the on-time (tg-T,p) to the applied modulation period o the grid (tg).

6.3 Ignition Conditions for Stable Current Modulation

As previously mentioned, stable modulation of the Cs-Ba tacitron occurs when ignition and
extinguishing of the discharge successfully occur when a positive and a negative potential is
applied to the grid, respectively. Consequently, the device modulation frequency, fy,, will be
equal to the applied modulation frequency to the grid, fg.2 However, during stable modulation,
results show that the on-time should be approximately equal to or greater than the off-time of the
device, which results in a duty cycle for the tacitron in excess of 50 %. For a given fg, the longer
the off-time for ignition the shorter are the on-time and the duty cycle of the device. However, if
the on-time is not long enough to lower the ion density in the gap to successfully extinguish the
discharge when a negative potential is applied, the device is said to be operating in the unstable
modulation mode.23 As shown in Fig. 20-23, stable modulation of the tacitron occurs at a duty
cycle > 40-50 %. At a lower duty cycle, the modulation of the device becomes unstable where
ignition occurs when a positive potential is applied to the grid, but the device fails to extinguish
when the negative potential is applied to the grid. The results in Figs. 20-23 indicate that
increasing the Cs reservoir temperature beyond 1250 °C lowers the grid potential required for
ignition, but insignificantly affect the duty cycle threshold value for stable modulation. Also,
increasing the emitter temperature increases Vg, for ignition and slightly increases the duty cycle
threshold for stable modulation (~ 60 %). For Tg < 1250 °C, the duty cycle for stable modulation
is almost independent of the emitter temperature. For example, increasing the emitter temperature

from 1200 °C in Fig. 20 to 1300 °C in Fig. 22 increases the duty cycle threshold from 50 % to ~ 60
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%. As indicated earlier, increasing the Cs reservoir temperature decreases Toff and hence increases
the duty cycle for a given Vg, or decreases Vg4 for ignition at a given duty cycle.

Figures 20-23 also show that not only the Cs pressure but also the modulation time effects
the values of Vg, corresponding to the duty cycle threshold for stable modulation. For example,
the data delineated in Fig. 20 indicates that increasing the Cs temperature from 150 °C to 160 °C
decreases Vg, corresponding to the duty cycle threshold for stable modulation from 20 V to as low -
as 12 V. Such a decrease in Vg, is due to the higher Cs atom flux into the gap from the reservoir.
A comparison of the data in Figs. 21 and 23 at Tg = 1250 °C show that increasing the applied grid
frequency from 2 kHz to 3 kHz slightly lowers the duty cycle threshold value for stable current

modulation, but increases the corresponding values of Vgy by ~ 20 %. For example at Tcs = 150

°C, when the applied grid modulation frequency is increased from 2 to 3 kHz, the duty cycle
threshold remains almost the same at about 48 %; however, the cotresponding value ‘of Vg+
increases from approximately 20 V to 25 V, respectively. Such an increase in Vg, with fg is due to
the fact that increasing the modulation frequency proportionally decreases the off-time required for

ignition and hence, lowering the Cs atom density in the gap at the time of ignition and increasing

the value of Vg, required for ignition.

7. SUMMARY AND CONCLUSION

Experimental studies of the ignition conditions of the Cs-Ba tacitron during both
breakdown and modulation modes of operation are performed. Investigated are the effects of the
Cs pressure, Ba pressure, emitter temperature, collector potential and grid potential on the off-time
for ignition in both modes of operation. The effect of the net Cs adsorption on the off-time during
stable current modulation is found to be insignificant. Results indicate that the off-time required
for ignition is strongly dependent on the Cs pressure in the gap and the ignition grid potential, but
it is less dependent on the emitter temperature. At low emitter temperature (Tg < 1250 °C), the off-
time for ignition is almost independent of the Ba vapor pressure, but increass slightly with Ba

vapor pressure at high emitter temperatures. Results also show that during current modulation at a
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given Cs pressure, the off-time increases as the grid potential for ignition decreases. Conversely,

for a given Vg, the off-time required for ignition during stable current modulation decreases as the

Cs pressure is increased. Increasing the modulation frequency to the grid not only reduces the

value of Tff for ignition but also its threshold value for stable current modulation. Experimental

results demonstrate that T should be shorter than a threshold value in order to successfully ignitel
the discharge for a given Vg,. This value is <260 ps ata grid modulation frequency of 2 kHz and

is < 200 ps at 3 kHz. For stable current modulation, at Vg, > 30 V, T is almost independent of
Vg4, but increases as Vg, is decreased and/or the emitter temperature is increased.

In the current modulation mode of operation, decreasing the positive ignition potential to
the grid increases the off-time, hence decreasing the duty cycle, but could cause unstable current
modulation since it simultaneously decreases the negative grid potential for extinguishing. The
value of the duty cycle threshold for stable current modulation in these experiments is between 40-
60 %, depending upon the grid modulation frequency and the Cs vapor pressure and to a lesser
extent on the emitter temperature. It is shown that increasing the applied grid frequency negligibly
affects the duty cycle threshold for stable modulation but increases the corresponding values of the
ignition potential of the grid by as much as 20 %. Future research will investigate the effect of the
time when the positive grid potential is applied followihg ignition (tg.max) on the off-tirﬂe for

ignition and on the operation frequency attainable for stable modulation of the Cs-Ba tacitron.
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