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Abstract

There is a need for hypersonic wind-tunnel testing at about Mach 10 and above using
natural air and simulating temperatures and pressures which are prototypic of flight at 50 km
altitude or below. With traditional wind-tunnel techniques, gas cooling during expansion results
in exit temperatures which are too low. Miles, et al.', have proposed overcoming this difficulty
by heating the air with a laser beam as it expands in the wind-tunnel nozzle. This report
discusses an alternative option of using a high-power electron beam to heat the air as it expands.

In the e-beam heating concept, the electron beam is injected into the wind-tunnel nozzle
near the exit and then is guided upstream toward the nozzle throat by a strong axial magnetic

field. The beam deposits most of its power in the dense air near the throat where the expansion

(Abstract continued on next page.)
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rate is greatest. A conceptual design is presented for a large-scale system which achieves Mach
14 for 0.1 seconds with an exit diameter of 2.8 meters. It requires 450 MW of electron beam
power (5 MeV at 90 A). The guiding field is 500 G for most of the transport length and increases
to 100 kG near the throat to converge the beam to a 1.0-cm diameter. The beam generator is a
DC accelerator using a Marx bank (of capacitors) and a diode stack with a hot cathode. The

beam is injected into the wind-tunnel nozzle at the low-pressure end through a foilless window,
with differential pumping and cryopanels used to maintain the vacuum in the diode region.

A second conceptual design also is presented for a pilot-scale system which achieves
Mach 12 for 1 second with an exit diameter of 0.33 meters. It requires 25 MW of beam power (5
MeV at 5 A). The guiding field is 3 kG for most of the transport length and increases to 200 kG
near the throat to converge the beam to a 0.24-cm diameter. The e-beam accelerator is similar to
the large-scale design.

The behavior of the beam as it deposits its energy near the nozzle throat is modeled in
detail using a trajectory code which follows 200,000 sample electrons. Spiraling of the electrons
around the guiding field line, intense scattering, and generation of secondary electrons are
included in the modeling. A second model is used to determine the effects of gas ionization by
the beam, recombination, and chemical interactions in the gas flow. This model predicts that the
mole fractions of NO and NO, at the nozzle exit are less than 0.1% each.

A brief look at the required accelerator, magnets, and power supply is made, and it is
concluded that there are no show-stoppers in these areas. A crude cost estimate is made for
development and construction of the e-beam system (accelerator, vacuum system, magnets,
power supplies, controls, and diagnostics). Estimated costs for the large-scale and the pilot-scale
e-beam systems are $95 M and $65 M, respectively.
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1. Introduction

The U.S. has a need for an experimental wind tunnel facility in the Mach-14 regime in
order to maintain the cutting edge in aerospace technology. Small-scale facilities using simulant
gases (e.g. helium or hydrogen) can achieve up to Mach 20, but can not provide the fidelity in gas
constituents or scale which is needed for hypersonic engine or aircraft development. Heating and
ablation of leading edges of airfoils is sensitive to the actual gas mixture. Combustion in engines
is particularly sensitive to gas composition and temperature. It is essential to duplicate, or to
simulate as closely as possible, the velocity, gas composition, temperature, and pressure
prototypic of Mach-14 flight at about 50 km (170,000 ft) altitude or below, and to do so with a
nozzle cross-section large enough for engine development.

The traditional approach for making a wind tunnel is to start with a high-pressure, high-
temperature plenum, and then expand the gas at a balanced rate (to avoid shocks or choking)
until the desired Mach number is achieved. There must be sufficient internal energy and pressure
in the plenum gas to allow for cooling during expansion and still end up at the desired final
temperature and pressure. The fundamental difficulty in achieving prototypic conditions at Mach
14 by using this traditional technique is that it requires an initial temperature and pressure which
leads to unacceptable chemical constituents and intolerable heating of the nozzle throat.

The solution to this dilemma proposed by Miles, et al," 2 is to use a cooler gas in the
plenum and then heat it in the expansion nozzle as it travels. Specifically, they propose using a
very high-power laser tuned to a wavelength which can be readily absorbed by the gas. An HF
laser (2.76-um wavelength) is suggested as a good candidate since that wavelength can be
absorbed by the CO; in the air, and the CO, can transfer that energy to the rest of the air before
the gas travels very far. However, for a 3-m diameter exit region, the laser needs to be 400 MW
for at least 0.1 seconds. This is a very high power for such a long duration, and might be too
expensive.

Since laser beams are a very expensive form of energy one would expect to save money
and reduce risk if electron beams could be used to heat the air instead. This is especially true
since electron beams can be generated with typically 80% electrical efficiency, compared with 1-
4% electrical efficiency for the best electrically driven lasers, and 10-20% efficiency for
chemically-driven lasers. In addition, the hardware to generate an electron beam is less complex
and costly than for a laser beam, and the absorption in air occurs much more readily, without
tuning to a particular energy.

As an alternative to a laser beam, this report suggests using an electron beam (which fills
the nozzle) to heat the air. There are questions about how to generate such a beam, how to guide
it through the wind-tunnel nozzle, and the effects of chemical interactions induced by the beam.
All these issues are addressed in this report.



2. Functional Requirements for E-Beam Heating

The electron beam must meet the following criteria, or “functional requirements”, in
order to successfully heat the air in the wind-tunnel nozzle:

1. Provide sufficient total power and duration. Typically this is 400 MW for 0.1
seconds for a large-scale wind tunnel and 20 MW for 1.0 seconds for a pilot-scale
wind tunnel.

Penetrate uniformly into the gas in the nozzle near the throat.

3. Heat the gas in the nozzle at a rate consistent with nozzle expansion to provide
near constant temperature or constant entropy without creating a reverse pressure
gradient.

4. Avoid melting the nozzle wall.

5. Avoid generation of non-prototypic chemicals.

N

All this should be accomplished using existing or near-term technologies.

3. Electron-Beam Energy-Deposition Characteristics

Electrons deposit energy in air and in solids by a combination of atomic excitation,
ionization, and Bremsstrahlung x-ray production. Figure 3.1 shows the range of electrons in air
as a function of initial electron energy.” The range is given in terms of “areal density” (g/cm?),
which is equivalent to the range in cm for air at 820 times standard density. The energy
deposition rate also is given, and is nearly constant, which is different than for a laser beam. The
energy deposition from a laser beam is dominated by the photoelectric effect. The photons are
destroyed when they lose their energy, so there are fewer and fewer of them as the beam
propagates. Thus, the deposition form a laser beam decreases exponentially as the beam
penetrates the air, while the deposition from an electron beam is much more uniform as the
electrons slow down over their range.

The dashed curve shows the energy deposition including Bremsstrahlung. . For an
electron energy of 5 MeV, the Bremsstrahlung yield is only 2.2% in air. Bremsstrahlung is not

significant in air because the constituents all have low atomic numbers.

For electron energies above 0.5 MeV, the range is approximately

E
R= (0.5 ¢g/cm? £ i
05¢g cm)lMeV 3.1

where the range is given in terms of the mass per unit area penetrated and E. is the initial energy
of the electron. (Mass per unit area is called “areal density”.) This formula is essentially
independent of material that the beam passes through, and the deposition rate is approximately
uniform over the range (except at the very end when the energy drops below 0.5 MeV).
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Figure 3.1. Range of electrons in air, and energy deposition rate.

Figure 3.2 shows the deposition rate (per unit length) for an electron beam in water as
calculated in detail by the CYLTRAN code of the ITS suite. As expected, it is primarily flat, but
there also is a slight tail caused by random variations in the electron paths and a modest peak due
to backscattered electrons. The behavior in air is similar when scaled by the density.
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Figure 3.2. Energy deposition rate for electrons in water as calculated by the CYLTRAN
code. :
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4.1 Transverse Beam

4. Configuration Options for E-Beam Heating

Since our geometry is thin compared to
the range of selected electrons, one option for
heating the wind-tunnel air is to establish a
beam just downstream of the throat which
penetrates the nozzle wall transversely, as
shown in Figure 4.1. Unfortunately, wall
heating is a problem in this configuration.

The energy deposition rate of an
electron in matter (as implied by equation 1) is
about 0.2 MeV for each 1 kg/m” penetrated.
This converts to a beam deposition rate of 200
kW/kg for each A/m? of current:

v v

v

v

v

v

Electron Beam

Wind Tunnel
Nozzle

Figure 4.1. Cross section of wind-tunnel
nozzle with transverse electron beam. Wall
heating is a problem.

5= 2.0x10° Y /ke (4.1)
T A/’ ‘
The heating rate in matter is then
ar = S 4.2)
dt AC,

In order to deliver 400 MW over a length of 1
meter, the beam would need to be approximately 5
MeV and 260 A (allowing for penetration losses in
the wall). Such a beam is feasible, but the wall
would heat 660,000 K in 0.1 seconds, which is way
beyond acceptability. The details for the transverse-
beam option are shown in Table 4.1. The
fundamental difficulty is that the beam must be
intense enough to raise the air temperature by the
equivalent of about 1000 K (which is offset by
expansive cooling) in the time it takes the air to
move a meter (about 0.0005 sec). This is fine for the
air which is replaced every 0.0005 seconds, but not
so fine for the wall which just sits there. So we need
a different approach.

Table 4.1. Conditions for
heating with a transverse e beam.

Beam Size 2cmx 50 cm
Axial Location 0t00.5m
Gas Thickness 8 kg/m"
Wall Thickness 10 kg/m” ?
Voltage SMV
Beam Range 27 kg/m2
% Power in Gas 30%
Current 260 A
Power 1300 MW
Power in Gas 400 MW
Wall Heating Rate | 6600 °/ms

Time to Melt

<1 ms




4.2 Axial Beam with Annular Window

One solution to the wall-heating problern is to spread the beam over a much larger area so
that the heating rate is greatly reduced. This can be done at the far end of the nozzle where the
diameter is much larger. An annular beam can be injected through a thin section of the wall
(called a “window” since it is thin enough to be as transparent to electrons as glass is to light).
The wall heating will be minimized if the beam passes through perpendicularly, so a step in the
nozzle diameter could be used, as shown in Figure 4.2. If this step is only slightly in front of the
test article, the shock from it (in the air) will not impinge on the test article.

/

Test Object
Nozzle Wall Annular
E Beam
Side View Window

Cross Section

Figure 4.2. Configuration for axial electron beam with annular entrance window.

Table 4.2 shows typical heating conditions for an annular configurations. The heating
rate is much reduced and the window material can survive the required 0.1 seconds.

However, even longer times may be
achievable. Thermal radiation will remove heat Table 4.2. Typical heating
fairly effectively if the foil is thin enough that the ~ conditions for an annular e-beam window.
total heat source is manageable. The surface heat

flux (gp) to each side of a foil resulting from Beam Size 3.0 m diam x
beam heating is 0.2 m thick
Beam Area 19000 cm”
_ SIw, Current ' 100 A
9y = (4.3) . 5
2A Wall Heating Rate 13.3 "/ms
(Carbon)
The heat flux removed by thermal Time to “Melt” 0.27 sec

radiation from each side is

g, =eo(T' - T7) (4.4)
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where ¢ is the foil emissivity, 6 = 5.67 x 10 W/m*>K*, T, is the foil surface temperature, and Ty,
is the temperature of the background surrounding material. If graphite is used and if the
emissivity is about 0.9, and if the background temperature is negligible, then the radiant heat flux
will equal the heat generated by the beam when the surface temperature is 3657 K. (A thinner
foil would yield a lower steady temperature.)

The steady-state temperature rise within the foil is:

Ax
AT:qg—k (4.5)

where Ax is the foil thickness and k is the foil thermal conductivity. For the graphite foil, this is
130 K. Adding this to the surface temperature results in 3787 K, which is below the sublimation
temperature of 3925 K. Thus it is possible that a graphite window could survive well beyond
0.28 seconds (although a thinner foil would give more margin for safety). These results are
summarized in Table 4.3. '

Table 4.3. ‘Beam heating in annular entrance windows.

Inputs:
Electron beam:
voltage (MV) 5 5 5
current (A) 90 85 90
inner radius (m) 147 1.47 1.47
outer radius (m) 1.67 1.67 1.67
deposition density (W-m” 2/kg-A) 200000 | 200000 200000
E-beam window: '
material graphite | molyb- amorphous
denum diamond
density (kg/m”3) 2000 10200 3100
thickness (m) 0.001 0.0001 0.0004
thermal conductivity (W/m K) 35 138 100
emissivity 0.9 0.9 0.9
heat capacity (J/kg K) 711 247 711
melting temperature (K) 3925 2983 3925
Qutputs:
Beam area (m”2) 1.97 1.97 1.97
Foil heat-up rate (K/s) 12832 34885 12832
Time to melt without cooling (s) 0.28 0.08 0.28
Steady foil heat flux to each side (MW/m”2) | 9.12 4.39 5.66
Foil surface temp. to remove flux (K) 3657 3046 3245
Foil internal delta-T to remove flux (K) 130 2 11




Columns 3 and 4 of Table 4.3 give additional possible window configurations.
Molybdenum is a high-temperature metal that would be a good candidate if it could be made thin
enough. Amorphous diamond is another possible window material (although somewhat exotic at
present). It is black with a high emissivity, and has a very high thermal conductivity. It is
currently only available in small-area samples (1 cm?).

4.3 Axial Beam with Beam Injection through a Small Open Window

Another approach to injecting the beam into the nozzle without excessive heating of the
nozzle wall is to eliminate the physical window between the wind-tunnel nozzle and the
accelerator entirely. Instead, there would be a long, skinny, slightly curved tube which the beam
would follow. Strong pumping and cryogenically-cooled panels would be used to stop the flow
of air back toward the accelerator. This technique is called differential pumping. This approach
would be feasible if done at the down-stream end of the nozzle where the air pressure is very
low. Figure 4.3 shows a potential configuration.

Expansion Chamber

_ Test with Differential Pumping
Solenoidal Magnets Atticle and Cryo-Panels
Wind Tunnel /
Nozzle W‘H 1 m @ )
3.0 kG . / a.DkGLQf‘
' Cvoi:‘gs; 7 ™ Helmholtz
- Steering Coil

= 4 (350 G)
Path Accelerator

Diode

Figure 4.3. Beam injection through a small open entrance window.

The advantages of this approach are (1) easier and less-costly construction of the
accelerator, (2) no generation of plasma on the entrance window which could flow back to the
accelerator diode and short it out, (3) no maintenance or replacement required for the entrance
window, and (4) the potential for very long run times, if the differential pumping can be
maintained.

5. Magnetic Guiding of Electron Beams

If the electron beam is injected at the downstream end of the wind tunnel nozzle, it must
be guided the full length of the nozzle and focused into the tight section where the high-density
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gas is to be heated. Focusing and propagation of electron beams has been studied extensively by
the accelerator community, by the Navy, and by the Strategic Defense Initiative Office. The
Navy research concentrated on high-current (>10 kA) beams propagating in full density air.
SDIO concentrated on 1-kA beams in <1-mTorr air. Some exploration was made in the
intermediate pressures. Lawrence Livermore National Laboratory, Sandia National Laboratories,
Naval Research Lab, Naval Surface Warfare Center, and Mission Research Laboratory
(Albuquerque) were the primary institutes involved in this area. Numerous codes and much
experimental expertise were developed.

The high beam currents and short rise times (100 ns) used in those programs gave rise to
various space-charge problems and instabilities that are not likely to be of concern here because
of the lower current and very long rise time. These instabilities include resistive hose, ion hose,
filamentation, two-stream, and wakefield. In addition, use of an applied axial magnetic field
should stabilize the beam while guiding it down the tube. The defense missions could not use
magnetic guiding because the applications were all in free space.

Under the SDIO program, Sandia propagated a 1-kA, 2.5-MeV electron beam 90 meters
through a thin gas (30 microTorr) by using a laser-generated plasma channel to guide it.* They
used a solenoidal magnet to focus the beam from a 6-cm radius at the accelerator down to a 3-cm
radius. The space charge of the beam stopped the beam convergence at 3 cm, at which time the
plasma channel picked up the beam and guided it down the tube. The beam diameter at 90 m
was still 3 cm. The team also used a 30-G axial field to guide 400-V electrons along the
centerline of a 21-m tube (in order to make a plasma channel before the laser became
operational). In this case the 2.5-MeV beam was first guided for 2 m on a thin wire and then was
picked up by the plasma channel. These are just a few of the techniques that can be applied to
guiding electron beams down tubes.

The approach for guiding the electron beam in the wind tunnel is to inject it at a shallow
angle into the low-pressure end of the nozzle. The injection angle should be low to minimize
beam emittance when it turns at the axial centerline. At the point where the beam reaches the
axial centerline, a long axial magnetic field will begin which will capture the beam and conduct
it down the tube. The test object will be in the fringe of the magnetic field. Heating of the
nozzle air will be negligible until the beam gets close to the nozzle throat where the air is dense.
At that point, the field will converge and strengthen and will bring the beam in with it. With
proper field design, the beam will fill most of the nozzle in this region where the air is dense and
most of the energy deposition occurs.

An estimate of the required field strength can be obtained from the formula for the
Larmor radius. The Larmor radius for a relativistic electron is the radius of the circular or helical
path that an electron follows as it travels around or along a magnetic field line. The formula is:

VB v+l
LT B \Vy-1

(5.1)




where V is the electron energy in electron volts, 3, is the perpendicular component of the
velocity, ¢ is the speed of light, B is the magnetic field, and 1y is the relativistic mass fraction:

Vv

= -4 .
0511 MV : (52)
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For example, where the beam is first injected into the nozzle, B, would be low. If the
beam voltage is S MV and if B, = 0.1, then a field of 1 kG (0.1 T) would yield a 1.8-cm Larmor
radius. If these field lines are then compressed down by a factor of ten in diameter, the field
strength would increase by a factor of 100 (to 100 kG). If B, also increases due to scattering in
the air as the beam travels, then the new Larmor radius would be about 0.16 cm (for §, = 0.9).
The actual beam radius will be larger than the Larmor radius depending on the initial beam
injection radius and the amount of scattering during transport. Beam optics and scattering codes
will be run to better determine the magnetic field configuration needed and the resulting beam
radius.

6. Large-Scale Wind Tunnel with E-Beam Heating

Figure 6.1 shows the configuration for a large-scale wind tunnel heated by an axial beam.
The entrance of the e-beam into the wind tunnel is through a small-diameter port. This port is
just upstream of the article to be tested. Because the flow is hypersonic, the small flow
disturbance caused by this port will remain close to the wall for a long time and will not impact
the test article.

The beam is injected at a shallow angle and slowly spirals toward the center of the nozzle.
As it propagates toward the nozzle throat, it becomes azimuthally uniform due to the energy
spread among the individual electrons. (This is a common effect seen in all electron beams.)
The gas density is very low for most of this trip, so there is negligible beam absorption or gas
heating until the beam reaches the small-diameter portion of the nozzle near the throat.

The accelerator is long-pulse electrostatic accelerator which uses a Marx generator for
the voltage source. The Marx generator consist of a set of large capacitors which are charged in
parallel to around 50 kV, and then quickly switched to a series configuration adding up to 5 or 10
MeV. It is the basis of many electrostatic accelerators throughout the DoD and DOE labs.

The high voltage is held off in the diode by a long, large-diameter stack of insulating
rings. This stack must be cantilevered if it is horizontal; an example of this is the 1-m long stack
in the Troll accelerator at Sandia (demonstrated at 4 MeV for 1 microsecond). However, we will
want to hold off the voltage for very long times and possibly go to higher voltages than 5 MeV,
so the recommended configuration is vertical, which does not require a cantilever. This is the
approach typically used in Van de Graaff generators which support 10 to 20 MeV indefinitely
(hours). Because of this vertical configuration, the accelerator will extend either above or below
the wind-tunnel nozzle.

16
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Figure 6.2 shows an example of an electrostatic accelerator which is similar in design to
the one proposed. It is the “Troll” accelerator at Sandia National Laboratories and produces
about 1000 A at 4 MeV for 1 microsecond; * the proposed wind-tunnel accelerator is 90 A at 5
MeV for 0.1 seconds. The main difference will be in the size of the capacitor bank to drive the

long-duration current (although in the Troll accelerator about 90% of the stored energy is not
utilized).

Figure 6.2 Troll accelerator (1000 A, 4 MeV, 1 microsecond).

Figure 6.3 shows an example of a small beam-propagation tube (2 m long) similar to the
proposed isolation tube between the accelerator and the wind tunnel. It is wrapped with wire to
produce 800 G, which is similar to the proposed 500 G for the wind tunnel. This tube
transported a 1900-A, 2.5-MeV electron beam from the Troll accelerator while maintaining the
beam diameter at about 4 cm.

Figure 6.4 shows an example of a large-diameter steel tank (0.91-m diameter) with a
coarse solenoid around it, similar to the one needed for the wind tunnel. This solenoid produced
only 60 G, but it could be modified to produce the desired 500 G with a higher-voltage power
supply to drive it. '

18



-beam drift tube with 600-G solenoid wrapped around it.




Figure 6.5 shows a set of 35 solenoidal magnets at Sandia National Laboratories with an
inner diameter of 5 cm. The first 30 magnets have been demonstrated at 100 kG and the last 5
have been demonstrated at 240 kG (for about 0.15 ms).® Magnets similar to these would be
needed for the small-diameter section of the wind tunnel nozzle near the throat.

Figure 6.5 Line of solenoidal magnets (30 at 100 kG, 5 at 240 kG).

Table 6.1 shows the point-design parameters for the wind tunnel. The details of the
expansion nozzle are not precise because we have not yet made a self-consistent computer
simulation of e-beam heated gas expansion, and so we are using the configuration generated for
laser-beam heated expansion. But the differences should be inconsequential and easily
incorporated into a revised design later. '
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Table 6.1. List of parameters for a large-scale hypersonic wind tunnel.

Gas exit velocity Mach 14

Nozzle exit diameter 2.8 m

Nozzle inlet diameter 0.80 cm

Energy deposited by e-beam (MW) 400 MW

Duration 0.1s

Accelerator high-voltage source Marx Generator
Output voltage 5 MeV
Number of capacitors 2000
Energy per capacitor 50 kJ
Total stored energy 100 MJ
Beam generation efficiency 50%
Pulse shaping Guilleman Circuit
Input voltage per capacitor 50kV

Accelerator type Electrostatic (Diode)
Insulator stack length Sm
Insulator stack outer diameter <3 m
Cathode type Hot emission
Cathode emission area 100 cm®
Total current 90 A
Emission current density 1.0 Alem®

Beam injection system Foilless window with

differential pumping

Pressure in wind-tunnel nozzle 0.76 Torr
Pressure in accelerator diode 10 Torr
Entrance window diameter Scm

Differential pumping technique

pipe bends, cooled walls,
expansion chamber, pumps

Beam guidance technique Axial magnetic field
In entrance tube
Magnetic field strength 800 G
Beam transverse/forward vel. 0.05
Beam diameter 2.3 cm
Near exit of wind-tunnel nozzle
Magnetic field strength 500 G
Beam transverse/forward vel. 0.1
Beam diameter 7cm
Near throat of wind-tunnel nozzle
Magnetic field strength 100 kG
Beam transverse/forward vel. 9
Beam diameter after scattering 1.0 cm
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The expansion nozzle and gas conditions for this design is the same as used in Case 1 of
reference 1. The overall conditions for this case are summarized in Table 6.2. The initial
temperature in the entrance gas plenum is chosen to be low enough to avoid formation of NO and
NO,, and the pressure is chosen to be reasonably achievable. However, in order to obtain the
desired outlet gas conditions (Mach 14 and 190 K at 0.00150 atm, for this case), 400 MW must
be deposited in the flow stream just after the throat.

Table 6.2. Conditions for the baseline wind
tunnel (Case 1 of Ref. 1.)

Table 6.3 and Figure 6.6 give the
conditions in the wind tunnel, as

obtained from Ref. 1. The nozzle radius

changes strongly between 0.3 and 2.3 m. Stagnation (Plenum)

This induces a strong change in pressure Conditions

and density. The axial areal density in Temperature 900 K

Figure 6.6 is the integration of gas Pressure 25,100 atm

densi.ty starting at the nozzle e.:xit and Density 1260 kg/m’

heading toward the throat. It is a good Enthalpy 2777 Ml/kg

measure of how far the electron beam Entropy 4900 J/kg-K

will penetrate. Flow Rate 79.0 ke/s

Note t'hat the lasetr energy 1s Throat Conditions at Mach 1

added primarily from axial locations -

0.15to 1.2 m. Unfortunately, the e- Velocity 1800 m/s

beam energy is added primarily in the Tem;?er ature 610K 5

region from 0.55 to 1.0 m, so the match | 2¢ASItY 932 kg/m

of energy deposition to beam expansion | Liameter 0.774 cm

is not correct. We need to develop a Pressure 7260 atm

better-matched nozzle expansion profile

to have a truly self-consistent design. Exit Conditions

But the dominant features of beam Mach # 14.3

guiding and heating in dense gas will be Velocity 3800 m/s

very similar to what is described here Temperature 190 K

using the Reference 1 design. Density 0.0028 kg/m’
Diameter 28m
Pressure 0.00150 atm
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Table 6.3. Wind tunnel conditions for 400-MW of energy addition, Case 1, Ref. 1. z is axial
distance from the Mach-2.0 location, r is wind-tunnel inner radius, P is pressure, T is
temperature, Axial Sum is the integration of density over distance starting from the downstream

end of the wind tunnel, and PwrDep is the power deposited by the laser.

z r p T Density AxialSum | Pwr Dep

(m) (m) (atm) | K) | kg/m"3) | (kg/m"2) | (MW/m)
0.0 | 0.0040 2000 500 | 1419.6000 | 415.9194 0
0.1 | 0.0045 2000 600 | 1183.0000 | 285.7894 100
0.2 | 0.0050 2000 900 788.6667 187.2061 315
0.3 | 0.0055 2000 1300 { 546.0000 120.4727 375
04 | 0.0060 2000 1650 | 430.1818 71.6637 390
0.5 | 0.0065 1600 | 2000 | 283.9200 35.9586 415
0.6 | 0.0080 600 2000 | 106.4700 16.4391 470
0.7 | 0.0150 150 2000 26.6175 9.7847 430
0.8 | 0.0225 80 2000 14.1960 7.7440 435
0.9 | 0.0300 75 2200 12.0989 6.4293 310
1.0 | 0.0325 65 2400 9.6119 5.3437 250
1.1 | 0.0360 60 2400 8.8725 4.4195 20
1.2 | 0.0380 50 2300 7.7152 3.5901 0
1.3 | 0.0415 40 2200 6.4527 2.8817
1.4 | 0.0450 30 2100 5.0700 2.3056
1.5 | 0.0500 21 1990 3.7452 1.8648
1.6 | 0.0560 16 1880 3.0204 1.5266
1.7 | 0.0620 12 1770 2.4061 1.2552
1.8 | 0.0690 8 1660 1.7104 1.0494
1.9 | 0.0770 6 1550 1.3738 0.8952

2.0 | 0.0900 4 1440 0.9858 0.7772
2.5 | 0.1600 0.7 820 0.3030 0.4550
3.0 | 0.3000 0.1 550 0.0645 0.3631

4.0 | 0.4200 0.07 | 445 0.0558 0.3030
6.0 | 0.5000 0.03 390 0.0273 0.2198
8.0 | 0.6000 | 0.018 340 0.0188 0.1738

10.0 [ 0.6800 0.01 300 0.0118 0.1431

15.0 | 0.8800 | 0.006 265 0.0080 0.0935

20.0 | 1.0700 | 0.003 240 0.0044 0.0623

30.0 | 1.4000 | 0.0015 | 190 0.0028 0.0261
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Figure 6.6. Wind tunnel baseline conditions.

Figures 6.7 shows the nozzle profile in true aspect ratio and Figure 6.8 shows a close-up
of the heated region. Note how small the heated zone is compared to the rest of the nozzle. This
presents a challenge to beam transport and focusing.
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Axial Distance (m)

Figure 6.7. Large-scale wind tunnel nozzle profile.
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Figure 6.8. Large-scale wind tunnel nozzle profile near the heated region (0.1 to 1.1 m)

We completed a computer simulation of the electron beam being guided by the magnetic
field and depositing energy in the high-density air at the start of the expansion nozzle of the
large-scale wind tunnel. The code used was CYLTRAN, which is part of the ITS suite used by
Sandia and the DoD community for determining radiation dosage in various targets from electron
beams and gamma rays. It has had extensive development and benchmarking under Department
of Energy and Defense Nuclear Agency (currently DSWA) programs. The CYLTRAN code is a
Monte-Carlo code which follows individual primary electrons and a sampling of the numerous
cascade-shower electrons. The intent of this simulation is to determine whether the beam is
adequately guided by the applied magnetic field in the nozzle, and to determine where the energy
is deposited.

Figure 6.9 shows the modeling conditions for the zones at the start of the expansion
region of the wind tunnel (not to scale). A 5-MeV, 90-A, 450-MW (to allow for some losses)
electron beam is injected up the nozzle from the downstream end. The e beam enters the
modeling region with a 2.8-cm radius, uniform distribution, and zero transverse temperature.
(Scattering will increase its temperature very rapidly once the simulation begins, so the initial
beam temperature is not important.) The applied magnetic field at this region increases from 2.3
kG to 100 kG as the field lines converge toward the throat. (A 100 kG solenoidal field is
challenging to make but readily achievable with present technology, as will be described in a
later section.) The equation for the magnetic field is:

(6.1)

26.4 cm )2
zZ - 26.4cm

B=(100 kG)(

The simulation involved the modeling of the specific trajectories of 200,000 source
electrons. Figure 6.10 shows the trajectories of a few individual electrons for the case with no
air in the wind tunnel. This demonstrates how the field guides the beam when there is no air to
scatter




the electrons. Figure 6.11 shows electron trajectories for the case where there is air present in the
nozzle in the conditions shown in Figure 6.10. The figure is drawn to proper scale. Figure 6.12
shows the same result but expanded vertically for better clarity.
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Figure 6.9. Geometry for CYLTRAN model of electron beam (not to scale)

Large Scale (400 MW)

5-MeV Beam
No Gas

Electron
Trajectories

Magnetic
Field Lines

80 100

| Axial Position (cm)

Figure 6.10. Electron beam with no gas present. (Not to scale.)
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clarity.

Axial Position (cm)

Figure 6.11. Electron trajectories for the case where there is air present in the nozzle in the
conditions shown in Figure 6.6. 200,000 electron trajectories were calculated, but only
four are shown. The figure is drawn to scale.
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Figure 6.12 Same as Figure 6.11 but expanded in the vertical direction for better

Figure 6.13 shows an expanded view of the zone from 50 to 75 cm with ten sample
electrons instead of four. Scattering greatly randomizes the beam propagation, but the applied
magnetic field confines the beam and guides it toward the nozzle throat while keeping it away

from the walls. Most of the electrons run out of energy before reaching the 60-cm location.
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Some are reflected back, and a small percentage strike the wall (one is shown). The electrons
continuously deposit energy into the gas as they travel, thus heating the air in situ.
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Figure 6.13 Simulation results for ten sample electron trajectories, again expanded vertically for
better clarity.

Figure 6.14 shows the axial-profile for various radial locations. Note how the deposition
rate per unit mass increases as the beam is compressed toward the throat, but at some point the
electrons run out of energy and the deposition goes to zero (near 55 cm). Figure 6.15 shows the
radial profile of the energy deposition rate for various axial locations. Note that the width of the
energy deposition column decreases with decreasing z to match the convergence of the nozzle.
Note also that very little energy is deposited in the nozzle walls.

The e-beam power is deposited in the region from 55 cm to about 100 cm. For
comparison, the laser in the Reference-1 case-1 model deposited its energy from about 15 cm to
about 120 cm, as displayed in Figure 6.6. To be fully consistent, we need to develop a case in
which the wind-tunnel nozzle expands at a rate that matches the energy deposition rate of the e
beam. Alternatively, we could mix in some higher-energy electrons to penetrate farther.
Nonetheless, these results show that an e-beam could be guided with an axial field in a large-
scale wind tunnel, in spite of scattering in the thick wind-tunnel air.

Figure 6.16 shows the beam radius (half width at half maximum) vs. axial location,

compared to the nozzle radius. Note that the magnetic field actually compresses the beam as it
travels, in spite of scattering in the high-density air. If needed, the field and beam could be
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adjusted so that the beam extends closer to the wall, but we would need to be careful of excessive

wall heating.
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Figure 6.14. Axial profile of the energy deposition rate for various radial locations normalized
to the total current in the beam (not local current).
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Figure 6.15. Radial-profile for various axial locations.
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Figure 6.16. Beam radius (at 1/e of maximum) vs. axial position in nozzle.

7. Pilot-Scale Wind Tunnel with E-Beam Heating

Princeton developed a hydrodynamic code to model gas behavior in a wind tunnel heated
by an electron beam.” With this code they determined a nozzle shape in which the expansion
was well-matched to the energy deposition rate from a 21-MW e beam for a pilot-scale wind
tunnel with an exit velocity of Mach 12. Figure 7.1 shows the configuration for the pilot-scale
design, and Table 7.1 summarizes the key parameters along with those for the large-scale wind
tunnel.

The 25-MW e beam delivers about 21 MW into the gas. The baseline design for the
accelerator is a single large capacitor bank that discharges for 1.0 second. (An alternative is
several small accelerators, each discharging for a fraction of a second and fired in sequence at
about a 5 Hz rate.) The beam enters the nozzle region through a small aperture without a foil
barrier, so window heating is not a problem. The dimensions and magnetic field strengths have
been adjusted to meet the new requirements, but otherwise the geometry is very similar to the
large-scale wind tunnel.
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Table 7.1. List of parameters for the e-beam heating system of a Prototype and a large-scale
Radiatively-Driven Hypersonic Wind Tunnel.

System Pilot-Scale Large-Scale

Stagnation Conditions:

Pressure 15,000 atm 25,100 atm
Temperature 1200 K 900 K

Sonic (Throat) Conditions:

Pressure 5375 atm 7260 atm
Temperature 894 K 610 K
Velocity 1584 m/s 1800 m/s

Exit Conditions:

Mach Number Mach 12 Mach 14.3
Pressure 0.0173 atm 0.0015 atm
Temperature 171 K 190K

Overall Conditions:

Nozzle inlet diameter 0.30 cm 0.80 cm
Nozzle exit diameter 0.326 m 2.8 m
Nozzle length 8 m 30 m
Mass flow rate 8.3 kg/s 79 kg/s
Duration 1s 0.1s
Energy deposited by e-beam (MW) | 21 MW 400 MW

E-beam System:

Accelerator high-voltage source Marx Generator Marx Generator
Output voltage 5 MeV S MeV
Number of capacitors 1000 2000
Energy per capacitor S0 kJ 50kJ
Total stored energy 50 M) 100 MJ
Beam generation efficiency 50% 50%

Pulse shaping

Guilleman Circuit

Guilleman Circuit

Input voltage per capacitor

50 kV

S0kV

Accelerator type Electrostatic (Diode) Electrostatic (Diode)
Insulator stack length Sm Sm
Insulator stack outer diameter <3 m <3m
Cathode type Hot emission Hot emission
Cathode emission area 20 cm” 100 cm®
Total current 5A 100 A
Emission current density 0.25 A/em® 1.0 Alem”




System Pilot-Scale Large-Scale

Beam injection system Foilless window with Foilless window with
differential pumping differential pumping
Pressure in wind-tunnel nozzle 13 Torr 1 Torr
Pressure in accelerator diode 10 Torr 10 Torr
Isolation tube inner diameter 1.2cm Scm
Isolation tube length 3m 3m
Isolation tube shape S-curve, >2-cm offset S-curve, >10-cm offset

Differential pumping technique pipe bends, cooled walls, | pipe bends, cooled walls,
expansion chamber, pumps | expansion chamber,

pumps
Beam guidance technique Axial magnetic field Axial magnetic field
In isolation tube
Magnetic field strength 3.0kG 800 G
Beam transverse/forward vel. 0.05 0.05
Beam diameter 0.61 cm 2.3 cm
Near exit of wind-tunnel nozzle
Magnetic field strength 3.0kG 500 G
Beam transverse/forward vel. 0.1 0.1
Beam diameter 1.0 cm 7 cm
Near throat of wind-tunnel nozzle ‘
Magnetic field strength 200 kG 100 kG
Beam transverse/forward vel. .9 .9
Beam diameter after scattering 0.24 cm 1.0cm

Figure 7.2 shows a plot of the key nozzle and gas parameters as a function of position, as
determined by Princeton. Figure 7.3 shows a blowup of the energy deposition profile.

After several iterations, we concluded that we needed a field which converges to 200 kG
at z = 5 cm in order to keep the beam from hitting and heating the nozzle wall near the throat.
The equation for the field strength was:

20cm
—_— (7.1)

=(2
B (OOkG)(z + 15cm

In addition, the beam diameter needed to be about 1.0 cm at the z = 1.0 m location. So
the total configuration requires that the beam enter the nozzle at a shallow angle following a 3-
kG field. The beam remains small as it is guided down the nozzle on the axial centerline. Atz =
1.0 m, the field begins to increase until it reaches 200 kG at z = 5 cm.




10000.0

1000.0 - V/- N\ - - - - - m T e e e e e e e e s e
Pressure (atm)
T00.0 -0 - - N " o T " " T Tttt s e e e
Density (kg/m3)
10.0
1.0
0.1

Axial Position (cm)

Figure 7.2. Nozzle and gas parameters for a pilot-scale wind tunnel with 21 MW of
heating.
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Figure 7.3. Energy deposition profile used by Princeton for the pilot-scale wind-tunnel.

Figure 7.4 shows the results for four selected electrons with this field, and Figure 7.5
show ten trajectories. (A total of 200,000 source electron trajectories were calculated in the
simulation). The beam is fairly well confined for this configuration in spite of strong scattering
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by the very dense air in that region. Figure 7.4 suggests that the major deposition occurs up to
about z = 5.5 cm. This is very consistent with the Princeton modeling as shown in Figure 7.3.
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Figure 7.4. Four sample electrons following a field converging to 200 kG with nozzle radius and
gas conditions taken from the Princeton design for a Mach-12 pilot-scale wind tunnel.

1.0 .
Pilot-Scale (21 MW)
0.9 + 5.MeV Beam
0.8 - (Densities from Anderson)
07T Electron
T 0.6 + Nozzle Trajectories
e Magnetic Wall
g 0.5 T Field LineS \ 40 kG
E <
S 0.4+ ‘ E
0.3 + \ "‘\ \‘,A\’ 7
/A i\
0.2 + \ ’\"“
¥
0.1 + S 1 \(\'/, \
0.0 f—=z==zzzipese vy L. AR .
0 5 10 15 20 25 30

Axial Position (cm)

Figure 7.5. Ten sample electrons for the same conditions as in Figure 7.4, expanded
horizontally.




A 200-kG field requires a very strong magnet. Sandia has already developed and demonstrated
magnets in its coilgun program that are similar to what is required.8 A series of 5 solenoidal
coils linked together produced an axial field of 240 kG with a length of 27 cm and a diameter of
5 cm. This assembly was fired many times without coil damage. The power source limited the
field duration to 0.15 ms, and temperature rises would be expected to limit the operation to about
2 ms if a stronger power source were used. However, moderate design changes would allow for
convective cooling (possibly by transient boiling in small capillaries) which could extend this
duration to the 1-second regime or higher.

Figure 7.6 shows the axial-profile for various radial locations. Note how the deposition
rate per unit mass increases as the beam is compressed toward the throat, but at some point the
electrons run out of energy and the deposition goes to zero (near 5 cm). Figure 7.7 shows the
radial profile of the energy deposition rate for various axial locations. Note that the width of the
energy deposition column decreases with decreasing z to match the convergence of the nozzle.
Note also that very little energy is deposited in the nozzle walls.

Figure 7.8 shows the beam radius (at 1/e of maximum) vs axial position. The magnetic
field keeps the beam well confined and away from the wall.
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Figure 7.6. Axial profile of the energy deposition rate for various radial locations
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Figure 7.8 Beam radius (at 1/e of maximum) vs axial position.
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8. Gas Chemistry Induced by the E Beam

A brief assessment was made on how electron-beam heating might affect the chemistry of
the heated air. The electron beam deposits energy into the gas primarily by direct impact of the
bound electrons in the gas molecules. (For 5-MeV electrons in air, about 2.2% goes into the
production of Bremsstrahlung x rays.) Most of these impacts cause ionization of the molecule,
and some cause simultaneous dissociation. The ejected electron is typically many keV in energy,
and it goes on to ionize or excite more molecules. The net result is a cascade of electrons which
eventually results in a plasma with electron energy comparable to the ionization potential of the
gas molecules or atoms.

This plasma co-exists with the neutral gas at a number density determined by the
ionization rate and the recombination rate. At the same time, ion chemistry and neutral
chemistry is proceeding at rates dependent on the number density of the various species and the
gas temperature. The beam energy is eventually converted to heat as recombination and
chemical reactions yield excited vibrational states, and subsequent collisions transfer this energy
to translational energy. This total process is very challenging to model completely.

Experimental data show that electrons in the MeV regime lose an average of 32.5 eV for
every ion produced.9 Since the average ionization energy for air (without dissociation) is 14.9
eV, most of the remaining energy is in the kinetic energy of the free electrons or in excited states
of the atoms or molecules. The low-energy electrons also are available to excite the molecules
without ionizing them. For the base case, the gas flow is 79 kg/s, and the added energy is 400
MW. The fraction of gas that undergoes ionization is thus

6 -26
¢ = Poay _ (400X 10° W) (.i.Sl x10%kg) _ o 04 6.1
Ew, (32.5x16x10™J) (79kg/s)

where P, is the beam power, m,y, is the average mass of an air molecule, E; is the average energy
per ion pair produced, and wy is the total gas mass flow rate. So only about 5% of the gas goes
through an ionization and recombination process, primarily as it passes through the zone from
0.5 to 1.0 m down the nozzle. At the high densities in the heated region, recombination will be
quite fast. A detailed code is needed to track the ionization, recombination, and air chemistry.

The Computational Optical and Discharge Physics Group (CODPG) at the University of
Ilinois has developed a suite of computer models which address electron beam excitation and
plasma chemistry of high pressure plasmas.lo These codes were originally developed for e-beam
excitation and fission fragment excitation of excimer and rare gas lasers; and for electric
discharge excited air plasmas for toxic gas remediation.

The computer code WVALUE is a Monte Carlo simulation of the slowing of an electron
beam in an arbitrary gas mixture. The user specifies the mole fractions, pressure and temperature
of the gas mixture of interest. WVALUE then accesses an online electron impact cross section
data base, WVXSECS, to obtain the necessary transport coefficients. WVALUE produces the
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electron energy distribution, "W-values", excitation rates and energy partitioning for all pertinent
electron impact processes. This information can be generated as a function of position from the
foil for single or double sided pumping. WVALUE also contains a Boltzmann solver using the 2-
term spherical harmonic expansion method, and so can address electron-beam sustained
discharges.

Three computer models have been developed to address high pressure plasma chemistry.
All use general "Chemkin-like" input files to specify species and reactions. KRFDIS was
originally developed to address high pressure electron beam and discharge excited KrF lasers.
FFLASER was originally written to address fission fragment excitation of rare gas lasers. TOXIC
was originally developed to address atmospheric pressure discharge excited plasmas for toxic gas
cleanup. All models are time dependent, zero-dimensional codes. '

University of Illinois modeled the chemical interactions for the large-scale wind tunnel
described previously.” Unfortunately, a fully self-consistent set of input conditions in which the
nozzle expansion was matched precisely to the axial energy deposition by the e-beam was not
available. So we used the nozzle and gas conditions for the case of laser-heated gas instead
(reference 1). U. of Illinois then simulated an electron beam penetrating that configuration of gas
density, temperature, and velocity, and determined the resulting chemical compounds as the gas
flowed down the nozzle. The match between beam-energy deposition and gas temperature rise
(or enthalpy rise) was not correct as a function of axial position, but the total energy added was
correct, and the results are a good first estimate of the expected chemistry.

Figure 8.1 shows the energy deposition vs. axial position in the nozzle. The deposition
tail extends further upstream than it should because of a modeling approximation, but the
difference from a more precise simulation is not very consequential. Figures 8.2 through 8.5
show how rapidly the ions neutralize, including the dominant ion O,. which is formed by electron
attachment. Essentially all of the ionization is gone by the time the gas has flowed to the 3-meter
point.

Figures 8.6 and 8.7 show how the neutral gas chemistry evolves as the gas flows and
expands, with Figure 8.7 displaying the constituents in terms of mole fraction. After about 3
meters, the constituents “freeze” into place and change very little thereafter because of the low
gas densities downstream. The levels of NO and NO; end up at about 0.08%. These levels are
much lower than we had initially thought would be the case for e-beam heating.

The intent of heating the gas in the nozzle is to achieve exit temperatures which are
prototypic of the upper atmosphere, but avoid having non-prototypic chemistry caused by
excessively high temperatures in the initial plenum. Without heating in the nozzle, the plenum
temperature would have to be about 6300 K, and the NO and NO, concentrations would be about
10% and 1%, respectively. So the low concentrations levels shown by the calculations for e-
beam heating (less than 0.1% each) suggests that post-heating the gas with an e beam is a major
step forward in producing prototypic air conditions. The levels are not as low as with laser
heating, but they are probably more than adequate for wind-tunnel applications because NO and
NO; levels comparable to these are expected to be created when the air is compressed as it enters




a hypersonic air-breathing engine.
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9. Accelerator and Power Supply

The accelerator for the large-scale system is a “DC” accelerator composed of a Marx
capacitor bank and an electrostatic beam source (referred to as a “diode”). It is similar to the
Troll accelerator at Sandia National Laboratories'? except it is slightly higher voltage and much
longer in beam duration, and delivers a lower current. The Troll accelerator (Figure 6.2) can
produce about 1000 A at 4 MeV for 1 microsecond; the wind-tunnel accelerator is designed for
90 A at S MeV for 0.1 seconds. The most significant difference is the much longer beam
duration.

The accelerator works by establishing a constant (DC) voltage of S MV across a single
large acceleration gap. The voltage is established by first charging a large bank of capacitors to
50 kV in parallel, and then rapidly reconnecting the capacitors in series to yield 5 MV. Such a
system is called a “Marx” bank, and the reconnection process is called “erecting” the capacitor
bank.

Figure 9.1 shows the general configuration for the Marx bank.”* The 50 kV power supply
slowly charges the bank through charge resistors with resistance R.. A set of spark-gap switches
connects the capacitors in series but are initially open. After the bank is charged, a few of the
switches are closed by inducing a spark in them. An electric pulse then progresses and causes a
breakdown in the remaining switches to close them all in rapid order. This erects the bank to a
total voltage of 5 MV.




The bulk of the current is now delivered to the accelerator diode where it is absorbed by
the 90-A e beam. However, some of the current is shorted out back through the charging
resistors. The object of the design is to make these resistors small enough to charge the
capacitors in a reasonable time, yet large enough cause negligible shorting during the 0.1-second
beam time. These criteria are met for the conditions shown in Table 9.1 and are the design

configuratiosMor the accelerator.

Charging

Output
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Power _l?)gtemallc)j/
Supplies Sa?t%ire Self-
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Figure 9.1 4-Stage Marx bank configuration

Table 9.1 Capacitances and resistances for the accelerator Marx bank.

Item Large-Scale Pilot-Scale
Charging voltage +50 kV +50 kV
Number of stages 50 50
Output voltage 5 MeV 5 MeV
Capacitor size 40 uF 40 uF
Capacitor energy 50kJ 50kJ
Total stored energy needed 100 MJ 50 MJ
Total number of capacitors 2000 1000
Capacitors per stage 40 20
Charging resistance between stages | 4 kQ 80 kQ
Isolation resistance to ground 4kQ 80 kQ
Time constant for charging 640 s 6400 s
Time constant for bleedoff 0.8s 11s

—o

The characteristic charging time is t =2 N R; N C, where N; is the number of stages in
the Marx, R is the resistance of each charging resistor, N is the number of capacitors per stage,
and C is the capacitance of one capacitor. The characteristic time for bleed-off of the current
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through the charging resistors after firing is t = 0.17 R¢ N; C (if the beam-generating diode has
infinite impedance). This time must be larger than the desired pulse duration. This leads to the
requirement of rather large resistances in the charging circuit and long charge times (especially
for the prototype machine which has a 1.0 second beam requirement). If these charge times are
too long, an alternative solution is to insert mechanical opening switches (solenoids) between the
charging resistors of each capacitor stage and open them when charging is complete. (This is
often done on the power supply to protect it from high voltages when the Marx is fired).

Another requirement for the Marx bank is to resist surface breakdown for the duration of
the beam. This is done by immersing the capacitors in transformer oil with adequate spacing
between surfaces with large voltage differences. The experience with Troll shows how much
spacing is adequate for a beam of several microseconds. There is some uncertainty on how much
more is needed for a 0.1-s or 1.0-s beam. However, conventional wisdom is that there is not
much difference between a microsecond and about 1 second in terms of the needed distances.
This question can be easily resolved by a series of tests with just a few capacitors.

Commercial capacitors are available with a 50-kV, 50 kJ rating (40 microFarads). If we
assume that we can deliver 45% of the stored energy to the beam, then we need a total of 100 MJ
of capacitors, which is 2000 capacitors. However, in order to achieve this efficiency, we must
shape the decay of the voltage on the capacitors to be more of a square wave than an exponential
decay. This is done with a Guilleman circuit," which is a set of capacitors and inductors placed
between the Marx bank and the diode.

The DC voltage is delivered to an electrostatic diode to produce the 90-A e beam. The
Troll accelerator uses a cold cathode made of velvet. The carbon (cloth) whiskers on the velvet
experience a large electric field on their tips which cause them to explode into a plasma. This
plasma then becomes the source for the electrons in the beam. Such a system works well on the
microsecond time scale. However, the plasma will tend to expand at about 1 cm/microsecond, so
this approach is probably not appropriate for a 0.1-s beam. We plan to use a thermionic (hot)
cathode instead.

A hot cathode uses a heated metal as the source of electrons for the beam. There is no
expanding plasma connect to ground and short out the diode. If this cathode is recessed properly
inside a cavity, fringe fields will help keep the resulting beam focused. Hot cathodes can
generate up to 10 A/cm?, so we plan to use 25 cm” with about 4 A/cm®. Hot cathodes also
require a very good vacuum when operating, so care must be taken in designing the entrance of
the beam into the wind-tunnel nozzle. This will be discussed shortly.

The barrier (interface) between the Marx oil insulation and the diode vacuum must avoid
surface breakdown for the duration of the beam. This is accomplished by making a long path
from the negative surface to the positive surface, and by making a series-of angled steps on the
insulator stack so that electrons leaping from the insulator surface are trapped before they can
accumulate much energy.




The typical distance that can be supported in the microsecond regime is about 3 MV/m,
and this is the design basis used in the Troll accelerator. Again, there is uncertainty over how
much more distance is needed for a 0.1-s beam. However, conventional wisdom says that not
much more is needed, and experience with 20-MV Van de Graaff accelerators confirms this. So
the wind-tunnel accelerator design uses 5 meters for 5 MV, but it might be able to handle the
voltage with only 2 meters of insulator stack. Again, this question can be resolved by testing
before the design is finalized..

The beam enters the wind-tunnel nozzle through a small open port so that we can avoid
melting the nozzle wall. Fortunately, this is at the low-pressure end of the nozzle, but we still
must use a careful design and strong differential pumping to protect the hot cathode from too
much gas. The approach used was shown in Figure 6.1.

The nozzle is initially evacuated. When operation begins, the air enters nozzle and
reaches a maximum pressure of 0.0015 atmospheres. To reach the cathode, the air must first
pass through a long small-diameter tube. The tube is pre-cooled to cryogenic temperatures, so
any air molecules which hit the walls will tend to condense out. The tube also is slightly “S”
shaped so that there is no direct path through it.

Any air which survives passage through the tube then enters a large blowdown tank. This
tank also has cryogenically-cooled panels in it. Furthermore, to reach the cathode, the air must
make another turn and go through a small hole in the wall of the blowdown tank. Only a very
small fraction of the air will survive this path without condensing on the cooled walls and plates.
These also is a fast-closing valve to seal off the diode region after the beam has finished passing
(0.15s).

Magnetic fields are used to guide the beam through the blowdown tanks and into the
wind-tunnel nozzle. A transverse field is used to bend the beam over short distances, and an
axial field is used to confine it over long distances. The strengths of the fields indicated in
Figure 7.1 are designed to yield the proper radii of curvature and confinement.

An alternative design for differential pumping is to use several tanks in succession and
eliminate the need for cryopanels. (See Figure 9.2). The pressure buildup in each tank increases
linearly at first and is proportional to the area of the entrance tube divided by the volume of the
tank. If we assume sonic velocity in each entrance tube and that the connecting tubes are such
that air cannot stream directly from one tank to another without bouncing off the walls, then the
rate of pressure change in the n™ tank initially is

dP, AV, P_T, ©.1)
dt vV, T, '

This is valid for t << V,/ (A; vy).

For times as short as this, the pressure in the n™ tank is then approximately
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where A, is the cross-sectional area of each tube connecting the tanks, v; is the speed of sound, t
is time, V, is the volume of each tank, T, is the gas temperature at tank n (allowing for cooling
from expansion), Ty is the gas temperature in the wind tunnel, and P is the pressure in the wind
tunnel.

P; P2 Ps

000700

0 0 0
0(}01:@3 ..... Electron

Beam
Vt Vt Vt

Figure 9.2. Series of tanks for differential pumping. A series of short solenoids guides the e
beam from one tank to the next.

For example, if the connecting tubes are each 8 cm in diameter, and the volume of each
tank is 100 m>, v, = 300 m/s, and if we ignore the temperature drop from cooling, then at t = 0.1
seconds the pressure is attenuated by a factor of about 1000 for each tank. Thus only two tanks
are needed to drop the pressure from 1 Torr in the wind tunnel nozzle down to 10°® Torr just
outside the accelerator. If we want to go for 1.0 seconds, we would need three tanks.

10. Cost Estimates

The cost of the e-beam system was roughly estimated at this point. The e-beam system
consists of the accelerator, beam injection hardware, vacuum pumps, numerous solenoidal and
steering magnets, beam data acquisition system, and control systems for the beam and
accelerator. Experience with accelerator and magnetic systems shows that the costs are
dominated by the accelerator. The accelerator cost scales with the capacitor cost in the Marx
generator. The remaining hardware is a fairly simple extrapolation of existing systems. Table
10.1 gives a summary of the component costs for the e-beam system.

The cost of the pilot-scale e-beam system was roughly estimated at this point. The e-
beam system consists of the accelerator, beam injection hardware, vacuum pumps, numerous
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solenoidal and steering magnets, beam data acquisition system, and control systems for the beam
and accelerator. Experience with accelerator and magnetic systems shows that the costs are
dominated by the accelerator. Table 10.2 gives a summary of the component costs for the e-
beam system. It may be possible to reduce this cost by building several small accelerators and
firing them in sequence.

Table 10.1. Rough cost estimate for the 450-MW, 0.1-s, e-beam system used to heat a
Mach-14 large-scale hypersonic wind tunnel.

100 MJ of Marx banks @ $0.25/] $25M
Diode and remainder of accelerator $25M
Magnets & power supplies $15M
Pumps & tanks $5M
Diagnostics & control $5M
Labor (development & assembly) $20 M
Total _ $95 M

Table 10.2. Rough cost estimate for the 25-MW, 1-s, e-beam system used to heat a Mach-12
pilot-scale hypersonic wind tunnel.

50 MJ of Marx banks @ $0.25/] $13M
Diode and remainder of accelerator $15M
Magnets & power supplies $8 M
Pumps & tanks $5M
Diagnostics & control $5M
Labor (development & assembly) $17M
Total $65 M

11. Conclusions

Heating wind-tunnel air with an axial € beam may be an excellent and viable alternative
to using laser beams. The accelerator and guiding magnetic fields would almost certainly be less
expensive than a laser. In addition, beam propagation may be more tractable for electrons on
magnetic field lines because a laser beam will greatly disturb the index of refraction of its
medium. An e beam is less susceptible to causing wall damage than a laser beam because the
energy is deposited in depth, not on the surface. It is recommended that this option be considered
further.
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