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ABSTRACT

A proof-of-principle device for characterizing electron-beam rocket pellet acceleration has been

developed and operated during the last few years. Experimental data have been collected for

thousands of accelerated hydrogen pellets under a variety of beam conditions. One intact hydro-

gen pellet was accelerated to a speed of 578 m/s by an electron beam of 10 kV, 0.8 A, and 1 ms.

The collected data reveal the significant finding that the measured burn velocity of bare hydrogen

pellets increases with the square of the beam voltage in a way that is qualitatively consistent with

the theoretical prediction based on the neutral gas shielding (NGS) model. The measured burn

velocity increases with the beam current or power and then saturates at values two to three times

greater than that predicted by the NGS model. The discrepancy may result from low pellet

strength and large beam-pellet interaction areas. Moreover, this feature may be the cause of the

low measured exhaust velocity, which often exceeds the sonic velocity of the ablated gas.

Consistent with the NGS model, the measured exhaust velocity increases in direct proportion to

the beam current and in inverse proportion to the beam voltage. To alleviate the pellet strength

problem, experiments have been performed with the hydrogen ice contained in a lightweight

rocket casing or shell. Pellets in such sabots have the potential to withstand higher beam powers

and achieve higher thrust-coupling efficiency. Some experimental results are reported and ways

of accelerating pellets to higher velocity are discussed.

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under contract DE-AC05-
84OR21400 with Martin Marietta Energy Systems, Inc.
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I. INTRODUCTION

Plasma fueling with high-speed frozen pellets of hydrogen isotopes has contributed fundamen-

tally to many exciting results in fusion confinement research.1-10 The high-speed pellet injectors

used in ongoing fueling experiments are based on both centrifuge and pneumatic pellet

accelerators. Pneumatic injectors can accelerate millimeter-size pellets of hydrogen and

deuterium to speeds ~ 3000 m/s. For fueling future fusion reactors, pellet injectors capable of

injecting deuterium (D2) and/or tritium (T2) pellets at speeds above 10 km/s will be needed. A

number of acceleration techniques—including the electrothermal gun, the rail gun, and the two-

stage pneumatic gun—have been developed to accelerate pellets to higher speeds. Another

concept using electron-beam (e-beam) rocket acceleration was originally conceived and proposed

by C. A. Foster.2-10 In the e-beam rocket pellet accelerator, a magnetically compressed beam of

electrons (1) ablates (evaporates) a hydrogen "ice stick" and heats the resulting exhaust gas and

(2) uses this heated exhaust gas to accelerate a payload pellet of deuterium or tritium to ultrahigh

speeds.

Studies of pellet fueling on the Oak Ridge Tokamak (ORMAK)4 resulted in the develop-

ment of the neutral gas shielding (NGS) model for addressing pellet evaporation in a hot plasma,

which was treated as an "electron beam." Based on this simple model, a theoretical evaluation of

an e-beam rocket pellet accelerator was carried out.9-10 It was concluded that this acceleration

technique is viable and can accommodate both the energy levels required and the inherent

weakness of solid deuterium and tritium. Foster10 proposed to use a 70-kV, 70-A, 2-ms electron

beam to accelerate a 6-mm-diam, 30-mg deuterium pellet to a speed of 20 km/s in a path length

of 20 m. The corresponding constant acceleration pressure on the 6-mm pellet is about 10 MPa

or 100 bar, greatly exceeding the pellet strength limit of 0.5 MPa. However, such acceleration

pressures are similar to those being used safely to accelerate pellets in pneumatic guns and cen-

trifugal accelerators.



In 1986, a conceptual e-beam pellet accelerator was designed with a pellet maker, an elec-

tron gun, and a pellet accelerator with pellet guide rails and a set of solenoid magnets for com-

pressing electron beams. In 1987, a pellet maker was fabricated and operated to demonstrate reli-

able production of 4-mm-diam pellets of hydrogen, with a 12-mm length, or deuterium, with an

18-mm length. In 1988, we demonstrated the magnetic compression of electron beams by a fac-

tor of -12 in cross-sectional area, from ~13 mm in diameter at the cathode to <4 mm in diameter

along the pellet accelerator column. Following that, a proof-of-principle (POP) experimental

device was designed, fabricated, assembled, and operated. This device demonstrated the first

acceleration of pellets by electron beams in 1989. The preliminary performance characteristics of

this POP device are discussed in Refs. 11 and 12. In the following sections, we report and dis-

cuss the experimental results and suggest ways for accelerating and injecting high-velocity pel-

lets to fuel fusion plasmas.

11. EXPERIMENTAL APPARATUS

The experimental arrangement of the pellet accelerator with its supporting vacuum system

and necessary diagnostics is shown in Fig. 1. Other components (not shown) include power sup-

plies, electronic controls, and a computer data acquisition system (DAS). The experimental

device (Fig. 1) consists of a pellet maker, an electron gun, and a pellet accelerator with guide

rails and an e-beam compression electromagnet. A detailed description is given in Refs. 11 and

12. Here we briefly describe each component and its operation.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect thoie of the
United St. *es Government or any agency thereof.



A. Pellet maker

The pellet maker consists of a pipe-gun-type freezing cell in which molecules of hydrogen

(or one of its isotopes) condense on the walls of a hole in the liquid-helium-cooled copper block.

During normal operation, the gas feed system is purged with dry, pure hydrogen (or deuterium as

needed for experiments), and then liquid helium is fed into the freezing cell. When the freezing

cell is cooled to 5 K, the pellet maker is ready for making cryogenic pellets. As soon as the start

button on its control panel is pressed, a programmable logic controller (PLC) sequentially con-

trols the pneumatic valves to feed a preset amount of gas into the reservoir and then controls gas

flow into the freezing cell and evacuates the freezing cell after making a pellet. A cylindrical

(4-mm-diam) hydrogen pellet up to 12 mm long is made through this process. When the pellet is

pushed out by a mechanical piston, a fraction of the pellet is converted into high-pressure propel-

lant gas, which provides the initial kinetic energy of the pellet. After passing through a baffle

chamber, along a guide tube, and down a feed ramp, the pellet is loaded into the guide rails of the

pellet accelerator. Typical initial pellet speeds are between 50 and 100 m/s.

B. Electron gun

Both diode and triode electron guns have been developed and used for pellet acceleration.

The diode electron gun consists of an anode and an indirectly heated cathode with an electron

emitter made of single-crystal lanthanum hexaboride (operating at 2000 K). During normal

operation, the electron gun, with its cathode at the operating temperature, is gated on by applying

beam voltage for forming a pulsed (<10-ms) electron beam as desired. To protect the cathode

heater from the destructive electromagnetic forces, the heater current is switched off during the

pulsed period when the exciting current of the solenoid magnet is on. After the gate valve at the

electron gun chamber exit is opened, the pulsed beam voltage is applied across the cathode and

the anode. The pulsed electron beam is formed at the desired instant and strikes the pellet in the



guide rails. As mentioned earlier, the electron beam can be magnetically compressed, contained,

and guided along the guide rails.

A triode electron gun, consisting of a cathode, a grid, and an anode, has been developed to

allow control over the beam energy and current. With a negative potential of 45 V applied to the

grid with respect to the cathode, the triode gun can form beams with constant (but low) current

during the beam pulse. Electron beams with energies up to to 16 kV and currents up to 0.5 A

have been transmitted through the narrow space (<4 mm in diameter) formed by the guide rails

(at >1 m downstream) for pulse lengths lasting up to 10 ms. If the grid is biased positively with

respect to the cathode, the transmitted electron currents vary with time during the pulse and are

well below 1 A, even though the cathode emission currents exceed 10 A. By controlling the grid

biasing voltage, the transmitted beam current can be optimized for each beam energy. Two

Rogowski-coil current sensors are installed either at the entrance end or at the exit end of the

guide rails. Each current sensor consists of three coils, which are installed between guide rails.

These coil sensors can estimate the bt>am current impinging on the accelerated pellet. With the

proper arrangement of the solenoid magnets, the transmitted beam current has been raised to

more than 1 A at 10 kV beam energy.

C. Pellet accelerator

The pellet is loaded from the guide tube through the feed ramp (Fig. 1) into the acceleration

column formed by three 0.6-m-long graphite guide rails. The pellet can be accelerated at any

location along the guide rails by applying the magnetically compressed electron beam. The

solenoid magnets align, guide, and confine the compressed electron beam along the guide rails.

The distributed baffle plates along the guide rails support the rails, trap the exhaust gas, and

enhance the reliability of pellet acceleration. The location of the pellet when the beam is applied

has been optimized for pellet acceleration. In the present setup, the acceleration path of the guide

rails is optimized to about 0.4 m.



D. Diagnostics

The diagnostic system is used to measure and take data for both the pellets and the electron

beam. In addition to conventional beam voltage and current sensors, the Rogowski-coil sensors

mentioned in Sec. II.B are used to measure the beam currents actually used for pellet

acceleration. The given distances between the light gates (labeled PD1 through PD7) and a shock

accelerometer (SA) in Fig. 1 are used to measure the speed of accelerated pellets with the time-

of-flight method.10-14 For example, the signals in Fig. 2(a) show the times when the accelerated

pellets arrive at various monitors. The time difference between monitors is used to estimate the

pellet speed. This technique also provides an acceleration history of the pellet [Fig. 2(b)]. These

data including e-beam voltage and currents are collected and stored by the computer DAS. A

video camera located at PD7 and its associated laser and video system are used to record the

shadow graph of the accelerated pellet. The amount of gas trapped in the diagnostic chamber can

be measured by a Baratron capacitive manometer (PDIAG)
 a nd is used to estimate the size of the

accelerated pellet. These data are used to estimate the burn velocity, the exhaust velocity, the

acceleration, the acceleration pressure, etc.

E. Electronic control

Electronic pulsers control the firing sequence for pellet acceleration. Usually, the experi-

ment begins with preparation of the pellet maker, the electron gun, and all supporting systems.

After a pellet is made in the freezing cell and is ready to be launched, the video camera system is

initiated. Then the master pulser is triggered, its individual channels having preset on/off times

that control the opening and closing of the gate valves between the vacuum chambers. As soon as

the gate valves are opened, the pellet is launched by activating the mechanical piston, which is

synchronized to push the pellet out the freezing cell. As soon as the pellet passes light gate PD1,

the DAS is initiated to record data taken by various beam and pellet monitors. Similarly, when



the pellet passes light gate PD3, the high-voltage supply is triggered to apply a pulsed beam for

accelerating the pellet. Light gate PD7 is used to turn on a nitrogen laser to illuminate the passing

pellet. Subsequendy, the video camera system records the shadow graph of the pellet. Soon after

the accelerated pellet enters the diagnostic chamber, all gate valves are closed. The trapped gas

from the accelerated pellet is measured by the capacitive manometer, PDIAG-

HI. DATA ANALYSIS

Experimental data have been collected and analyzed for thousands of intact hydrogen pel-

lets accelerated by intense electron beams. The e-beam parameters are variable, with beam

voltages up to 16 kV, current up to ~1 A, and pulse lengths up to 5 ms. A typical speed

increment of 300 to 500 m/s is often observed and usually increases with increasing beam

voltage, current, pulse length, and their products (powers and energies). The highest speed for an

intact hydrogen pellet is 578 m/s; this pellet was accelerated by an electron beam of 10 keV, 0.8

A and 1 ms. The estimated constant acceleration is 51,000 g, the average burn velocity is 5.4

m/s, the effective exhaust velocity is 270 m/s, and the acceleration pressure is 0.13 MPa. When

the vectorial effect of the exhaust gas expansion is included, the peak values of the acceleration

pressure and the exhaust velocity are potentially well above 0.2 MPa and 450 m/s, respectively.

Significant results are elaborated below.

A. Burn velocity

The burn velocity of a pellet is defined as the rate at which the pellet is evaporated by the

electron beam. We estimate the burn velocity from the total loss of the pellet mass divided by the

e-beam interaction (dwelling) time, assuming that the pellet area facing the beam is evaporated

uniformly. The initial mass Mo of the pellet is determined by measuring the mass of similar pel-

lets launched through the guide rails without beam acceleration. Figure 3 shows experimental



burn velocities and calculated velocities from two models. From the NGS model,4 the calculated

burn velocity (vfcn) in SI units is2.11-12

mv sV
2

V b n =

or

vbn = (2 x 1015V2)mvs/pr . (1)

Here, m is the molecular mass, vs is the sonic velocity, V is the beam voltage, K is a constant

associated with energy loss of electrons in a gas target, p is the pellet mass density, and r is the

pellet radius. This calculated burn velocity is proportional to V2 and is independent of the

e-beam current I. On the other hand, from a calculation based on the heat of vaporization Hv, the

thermal burn velocity (vbth) is

(2>

Thus, vbth increases linearly with the voltage, current, or power of the electron beam. The

experimental data indicate that the measured value is ~5-6 times less than the calculated thermal

burn velocity and ~2-3 times greater than the calculated burn velocity based on the NGS model,

as shown in Fig. 3. When the effect of the beam-pellet interaction area is taken into account, the

measured burn velocities are qualitatively consistent with the predictions based on the NGS

model. In fact, shadow graphs of the accelerated pellets show that the beam side of the pellet is

irregular in shape. Since the ablation rate is relatively independent of current density, an increase

in the pellet-beam interaction area would result in an increased ablation rate. Even a simple shape

such as a hemisphere has twice the surface area of a flat area with a circular cross section. This

area effect could be expected to produce burn velocities that are factors of 2-3 larger than those

calculated for the simple (uniform ablation) case.



B. Exhaust velocity

Using the pellet velocity increment Avp and the measured burn velocity vj,, we can esti-

mate the effective exhaust velocity ve for each accelerated pellet from the rocket equation,

Avp = veln(M(>/mp) = Veln[La/(Lo-vbt)] . (3)

Here, Mo and Lo are respectively the initial mass and length of the pellet, and mp is the final

mass of the pellet after beam dwelling time t. When the vectorial effect is taken into account, the

exhaust velocity should be 1.57 times the effective exhaust velocity derived from this eqi. i.

The relationship of ve, V, and I can be derived as follows based on the NGS model. For

conservation of energy, the incident beam power (= IV) should be equal to the power heating the

ablated gas, i.e.,

i,pvg
2

VL . (4)

Here, f is the fraction of the transmitted beam power used to heat the exhaust gas to high veloc-

ity, vg. With an average vectorial fraction a (= 2/JC = 0.64) of the gas velocity being used to

accelerate the pellet, the effective exhaust velocity, ve = avg, is then obtained by substituting the

burn velocity derived from the NGS model,

(5)

or

jrr) . (6)

The effective exhaust velocity so derived is proportional to the square root of the absorbed beam

power per unit mass of ablation cloud, or inversely proportional to the square root of the voltage,

and decreases with increasing beam voltage, as shown in Fig. 4. Figure 5 shows that ve increases

with increasing beam current and is consistent with the theoretical predictions. Effective exhaust

velocities of 400-500 m/s are equal to peak gas velocities of 600-800 m/s, which are well above



the sonic velocity of the ablated gas, 375 m/s at 24 K. The lower than expected values of ve may

result from differences between the assumed and actual values of burn velocity (which increases

when the larger beam-pellet interaction area is taken into account), beam fraction f, and vectorial

fraction a. For the experiments on bare hydrogen pellets reported here, the fractions f and a are

estimated to be ~0.3 and 0.64, respectively. Increasing the exhaust velocity by raising the beam

power tends to be limited by the abnormally high burn velocities associated with weak pellets, as

discussed in Sec. IV.

IV. DISCUSSION

Rockets can achieve high velocity either by increasing the exhaust velocity or by increasing

the mass ratio. The e-beam pellet acceleration concept transcends the limitation of propellant

mass, however, by applying external energy to light propellant gas. The experimental data indi-

cate that there are limitations on the amount of beam power that can be efficiently applied to

accelerate the bare hydrogen pellets. For example, for low beam currents (<0.2 A), bare hydro-

gen pellets can be accelerated by beams with V < 16 kV. Above that level, the pellets are often

shattered by the electron beam within 0.1 ms. This voltage limit decreases to 11 kV when the

beam current is increased to 1.5 A. In fact, as the power is increased by raising either I or V,

there is a corresponding increase in the acceleration pressure applied to the pellet. If the accel-

eration pressure rises above the triple-point pressure of the solid, a solid/liquid/gas interface is

formed between the solid pellet and the expansion gas cloud. Since the surface tension of liquid

hydrogen is very low, this could result in a macroscopic shedding of liquid droplets from the sur-

face. At the highest beam powers, the acceleration pressure exceeds the strength of solid hydro-

gen, thus causing the pellet to shatter. This results in less pellet mass delivered downstream, and

by definition a higher "burn velocity" will result. Correspondingly, a lower effective exhaust

velocity limits the muzzle velocity and thus the final pellet velocity.
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Consideration of the technical issues associated with pellet strength began some time ago,

and the development of a solution has been initiated. The pellet maker has been modified with a

shell-loading mechanism so that hydrogen pellets can be made inside protective lightweight

casings or shells. The shell materials used in this study are carbon foam (CF), carbon composite,

polyethylene, and Teflon. Composite pellets of hydrogen encased in both CF and polyethylene

shells have been successfully accelerated by applying electron beams. The CF shells can be

burned away from the hydrogen pellets by beam electrons. The polyethylene shells are readily

detached from the hydrogen pellets. Composite pellets tend to remain intact under e-beam

acceleration at higher beam voltages or powers than those tolerated by bare hydrogen pellets.

Though the bum velocities are proportional to V2, the final pellet velocities are still low because

of the additional mass of the shell. Thus, the corresponding exhaust velocities remain low,

though they increase with increasing beam power.

If weak pellets are the principal factor in the low pellet velocities, then using lithium or

lithium hydride pellets in protective sabots could be the solution. Lithium pellets are much

stronger than hydrogen pellets and should be able to withstand greater beam acceleration. The

initial sonic velocity is a factor of five higher for lithium ihan for hydrogen. With additional

improvements in sabots and in the coupling of exhaust gas thrust to pellet acceleration, the

promise of the e-beam acceleration technique—pellet velocities of 10 km/s—remains achievable.

As shown in Fig. 6, with an electron beam of 40 kV, 100 A, and 0.65 ms used to accelerate a

pellet with a 1.6-cm-long lithium propellant section, a final pellet velocity of 10 km/s will be

achieved with an accelerating pressure Po of 42 MPa, a 2-m acceleration length S, an exhaust

velocity of 3.2 km/s, and a bum velocity of 24 m/s. An alternative approach is to use a 20-kV

electron beam of 38 A and 4.7 ms impinging on a 3-cm-long lithium propellant section. The

pellet will be accelerated to 10 km/s with Po = 8.8 MPa and S = 12 m at an exhaust velocity of

2.7 km/s and a burn velocity of 6.1 m/s. If successfully developed, this pellet accelerator is ideal

for ar injection system that would supply 10-km/s deuterium or tritium pellets for fusion

reactors.
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FIGURE CAPTIONS

Fig. 1. Electron-beam rocket pellet accelerator, consisting of a pipe-gun-type pellet maker, an

electron gun, a pellet accelerator with guide rails and electromagnet, and monitors.

Fig. 2. Data from a typical shot: (a) signals of light gates PDl to PD6, with the pellet arrival time

at each detector, and the beam-on time, and (b) the derived pellet velocity along the pellet

acceleration path length.

Fig. 3. Measured and calculated pellet burn velocities as a function of the beam current for 4-kV

and 10-kV beams.

Fig. 4. Effective exhaust velocity decreases as a function of beam voltage, as predicted by

Eq. (6).

Fig. 5. Effective exhaust velocity increases as a function of beam current for 4-kV and 10-kV

beams.

Fig. 6. Acceleration pressure, acceleration length, and initial pellet length required for lithium

propellant pellets to deliver 10-km/s deuterium or tritium payload pellets.
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