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ABSTRACT 

A pulsed electron-bea m syste m h as been developed at t he Arnold Engineering Development 
Center (AEDC) for use in relatively high-pressure hypersonic shock a nd wind tunnels used fo r 
airbreathing propulsion system development. The high-current, short-duration pulse of electrons 
produced by a pulsed e-beam gun allows the resulting N 2

+ fluorescence to be detected during a 
short (~100 nsec) time period.  This enables n onintrusive static temperature measurements in  
blowdown hypersonic flow tunnels,  such  as in AEDC’s Tunnel 9 or  Aerodynamic  Propulsio n 
Test Unit facilities or short duration facilities such as HyPulse.   

The operational pressure of a pulsed e-beam g un (~70 mtorr) is higher than for a continuous e-
beam gun (~0.1 mtorr), which enables the inv estigation of  hypersonic flows, using pulsed e-
beam fluorescence,  to pressure altitudes as lo w as 60,000 ft.  T his is a much lo wer pressure 
altitude than can be examined by continuous e-beams and opens the op portunity to use pulsed 
e-beam sys tems in the developme nt of airbreat hing hypersonic prop ulsion.  However, th e 
pulsed e-beam gun still requires a single-stage  pressure b arrier between it and the relatively 
high-pressure scramjet flowfield (~1 to 76 torr).  Pressure separation up to ~1 torr is provided by 
a differential pressure pump unit.  For pressures from 1 to 50 torr, a second pressure separation 
device, a fast action r otary valve  assemb ly, has been built.  The valve initially had a 12 
millisecond delay between the time i t receives a trigger signal and the time it completely opens, 
allowing the pulsed e-beam to fire into the test medium although further refinements of the valve 
allow it to operate with a 3.5 millise cond delay.  The val ve stays open for 150 mic roseconds, 
which is en ough time t o allow the pulsed e-beam to travel through the  hole and  yet is a lso a 
short-enough time to gu ard against a build up  to a sign ificant pressure that prevents pulsed  e-
beam operation.  The spectral shap e of the N 2

+ fluorescence caused by the pulsed e-beam is 
used to simultaneously measure both rotational and vibrational temperature.  The relative  
strength of the (0-0) vibrational band  fluorescence, at 391 nm, is compared to the (1 -1) band at 
386 nm in order to de duce vibrational temperature.  Rota tional temperature is det ermined by 
comparing the shape of the (0-0) band to several simulated spectr a, each for a different 
rotational temperature.  The temperature associated with th e best-fitting simulation provides the 
measured rotational temperature value.   

The pulsed e-beam system has been used on the AEDC Laboratory Shock Tunnel at pressures 
in its test section of either 1 or 10 torr.  The tunnel produces a short-duration, Mach 7.5 nitrogen 
or air flow u sing a n onoptimized conical nozzle.  For one  run at a te st cabin pressure of 1 torr  
and a driver pressure of 550 psig, matching the experimental N2

+ spectrum to simulated spectra 
shows signif icant vibrational nonequilibrium in the flow as well as sign ificant con tamination of 
the test medium with the helium driver gas.  Another test at 10 torr driven gas pressure and 850 
psig driver gas pressur e showed a surprisingly  low rotational temperature for the test medium 
exiting the nozzle.  These shock tunnel measurements demonstrate the pulsed e-beam systems 
capability for rotational and vibrational tempera ture measurement, but this present work has not  
found that the pulsed e-beam technique can be used for N2 density measurement at densities of 
the order of 1015 molecules/cm3 or greater.  Unfortunately, no systematic relationship was found 
between normalized N2

+ fluorescence signal and N2 density for this density range.    
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pressures the value of f will rise above one to account for collision quenching.  Usually densities 
of 10 16 molecules/cm3 or less are sufficiently low to allow f to be unity and hence obviate the  
need to simultaneously measure all gas specie s to calcu late f.  At 300 K a density of 10 16 
molecules/cm3 corresponds to a pressure of 0.001 atm or a pressure altitude of 160,000 ft.   
Thus e-beam techniques have histo rically examined low de nsity flows usually associated wit h 
the simulation of hypersonic flight vehicles undergoing atmospheric re-entry.   

Besides sig nal nonline arity issues, another p roblem 
with the application of the continuous e-beam 
technique t o high-density flows is that the gun must  
operate around 0.1 mtorr.  To fire  the gun int o flows 
above this pressure re quires a “pressure barrier” that  
separates t he low-pressure gun  from the higher 
pressure test medium it is probin g.  Some continuous 
e-beam work at AEDC 6 has b een at pressure s up t o 
1017 m olecules/cm3 (3 torr at 300 K), and this work  
required a  two-stage  “differential pump” that is 
essentially two thick or ifices in ser ies that dro p the 
pressure of gas leaking into the gun, while still allowing 
the thin e-beam to pass through them.  Figure 2  shows 
a schematic of the two-stage differe ntial pump used at  
AEDC.  Its performance, of cour se, is limited by the  
volumetric flowrate of the vacuum pumps connected to  
it.   

Temperature measurements are obtained by replacing  
the PMT and optica l f ilter sh own in F ig. 1  with a 
spectrograph and linear array d etector.  Thus the 
collected fluorescence is disper sed accordin g to its 
wavelength across the linear array so that the influence 
of temperat ure upon the shape of the mol ecular 
spectrum can be determined.  

2.0  PULSED E-BEAM SYSTEM FOR MEASUREMENT IN RELATIVELY HIGH PRESSURE 
AND DENSITY 

The test an d evaluation needs of hypersonic flight vehicles that use  airbreathin g propulsio n 
require an e-beam technique that can be used at the operational altitud es of scramjet engines.   
For examp le, a 60,0 00-ft densit y altitude corresponds to appro ximately 2. 5 x 10 18 
molecules/cm3, which is about 25 times greater than the  maxi mum density examined by e -
beams at AEDC. 6  This is the motivation for the search fo r a replace ment technique for the 
traditional continuous e-beam technique.   

Laser spectroscopy is a n attractive alternative to e-beam spectroscopy  for many application s, 
but several hypersonic test facilities, such as AEDC’s Tunnel 9, use only N2 as the test medium.  
E-beam spectroscopy h as continue d to prove us eful over the years because of it s ability to 
excite N2, which is difficult to probe using laser-based fluorescence techniques, especially when 
the static temperature is near the condensation  temperature of N 2.  The reason for the difficult y 
in using lasers for N2 fluorescence is shown in Fig. 3, which is an energy level diagram for N2.  

 

Figure 2. Schematic of 
Differential Pressure Pump used 
at AEDC to Provide Pressure 
Separation up to 3 torr. From Ref. 
6. 
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The energy difference between the X and 
A states of  N 2 is appr oximately 6. 2 eV;  
thus a dee p, UV-tunable laser  source 
around 200  nm is re quired for laser-
induced flu orescence. Instead of light 
excitation, an e-beam causes 
fluorescence via primary electrons 
striking gro und state  N 2, transferring 
enough en ergy to ionize N 2 and  even  
causing t he resulting  N 2

+ ion to be 
electronically excited. The B state  of N 2

+ 
results in significant  fluorescence,  with  
the four str ongest emission bands being 
shown in Fig. 3. Of the se four, the (0,0)  
band at 391 nm is the strongest and is 
the one most used f or density and 
temperature measurements althoug h the 
(0,1) and ( 0,2) bands provide the violet  
color visible  along the e -beam path.  It is 
generally assumed that the rotational and 
vibrational distribution s of the nascent 
N2

+ population mimic t hose of ambient 
N2.  This assumption is made because 
the short  duration  of the electron-
molecule collisio n does not provide enough time for energ y to be  add ed to the ro tational o r 
vibrational energy storage modes.2  Additionally, it is often a ssumed that the N2

+ population and 
its resulting  fluorescen ce are dire ctly proportional to the  N 2 population, but this assumptio n 
becomes increasingly invalid as density increases above 1016 cm-3.  

In an effort to apply th e e-beam fl uorescence technique t o higher density flows, Prof. E. P. 
Muntz and co-workers at the University of So uthern California used a novel device called a 
“pulsed electron beam gun” to experimentally investigate N 2

7 and xenon 8 in a st atic cell using 
pulsed e-be am spectroscopy. Because of th eir equipment limitation s, they experimentally 
showed a linear signa l variation between flu orescence and gas d ensity up t o only 10 15 
molecules/cm3.  Howe ver, as show n in Section  III of this r eport, the p ulsed e-beam technique 
theoretically should pro vide signals that are linear with density up to 10 18 m olecules/cm3 
(corresponding approximately to air at 0.1 at m and 300 K).  This density is t wo orders of  
magnitude higher than the densities that the continuous e-beam t echnique can linearly 
investigate.  

The pulsed e-beam gun is based on a pseudo-spark discharge design, which involves the gu n 
operating on the low-pressure side of the Paschen curve minimum. 9  A schematic o f the pulsed 
e-beam gun at AEDC, 10 which is similar to that at the University of Southern California (USC),11 
is shown in Fig. 4.  The gun discharges when a spark is created between a trigger electrode and 
the gun’s main cathode, which is connected to a large capacitor charged to tens of thousands of 
volts. The electrons rele ased in the triggering spark allow a large current to begin flo wing from 
the gun’s main cathode  to the ano de, and in so doing the current escapes the gu n through a  
hole in the anode. In order to work, t his gun must have the correct pressure (~70 mtorr) and the 
correct gas (argon or nitrogen). 

Figure 3.  Energy Level Diagram for N2 and 
N2

+. 
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While con tinuous e-be ams have currents 
on the orde r of milliamps, pulsed e-beam 
guns can produce peak currents well over 
100 amps in magnitude, with pulse  
lengths of approximately 60 nsec. For  
wind and shock tunnel diagnostics, pulsed 
e-beams h ave three major adva ntages 
over continuous e-beams. Th e first  
advantage is that by using a gated,  
intensified CCD camera that is 
synchronized with the e-beam pulse, 
investigators can detect the fluorescence  
signal while  suppressin g the detect ion of  
continuous emission coming from hot 
surfaces, particles, or continuous gaseous 
emission. The second advantage, which is 
in the same vein as th e first,  is th at the stron g pumping by the pulsed e-beam results in a  
stronger fluorescence signal, compared to background sig nal, during t he pulsed f luorescence 
time period.  For exa mple, 200 amps over 60 nsec should  produce the equivalent amount of  
signal as a 10 milliamp system operating for 1.2  msec.  Thu s the f irst two advantages result  in 
improved signal/noise ratio over continuous e-beam systems and a shorter exposure time. 

The third advantage of a pulsed e-beam is that a linear relationship between fluorescence signal 
and number density is maintained for much higher de nsities than  those for  continuou s  
e-beams.7 This allows q uantitative density measurements to be made fo r number de nsities up 
to ~10 18 cm −3.  The hig her number d ensity cor responds to stan dard atmo sphere a ltitudes of 
~60,000 f t. Thus a pulsed e-beam gun opens up the use of quantitative e-beam spectroscopy to 
several wind tunnels at AEDC and e lsewhere that are closed to continuous e-beam work because 
of their relatively high operational pressures.  

3.0  PULSED E-BEAM FLUORESCENCE CONSIDERATIONS 

To clarify the theoretical  ability of a pulsed e-beam to e xtend signal linearity into higher density 
flows, the following background is presented. Fluorescence occurs as a molecule drops from an 
electronically excited state down to a lower elec tronic state, giving up the difference in energy 
between the two states in the form of light.  The fluorescen ce signal, I,  is proportio nal to the  
number density, n, of th e fluorescing species and is also r elated to ot her parameters such as 
the strength  of the e-b eam current, etc.  If a ll of the oth er parameters can be  considered 
constant, then I is equal to the product of n times a calibration constant C1: 

 I = C1 n (2) 

However, a second channel exists whereby molecules exit from the e xcited state without giving 
off any fluorescence signal. This “quenching” channel involves molecular collisions that transfe r 
the electronic energy into translational energy or other modes without th e emission of light. The 
quenching channel’s relative strength compared to that of the fluorescen ce channel is related to 
n, and Eq. (2) can be modified to account for the loss of fluorescence signal attr ibutable to  
quenching by dividing C1 by the  term (1  + C 2 n), where C 2, another constant, acco unts for the 
relative importance of the collision rate compared to the spontaneous emission rate.2 Hence Eq. 
(2) becomes: 

Figure 4. Schematic of Pulsed E-Beam Gun. 
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 I = C1 n / (1 + C2 n) (3) 

Figure 5 shows schematically the  
relationship between I a nd n for con tinuous 
e-beam excitation. Ty pical value s for C 2 
place the tu rning point (the point where the 
I-n relationship can no longer be considered 
linear for any further increase in n) at ~ 1016 
cm-3. 

For pulsed e-beam exc itation, the various 
processes (excitation, fluorescence , 
quenching, and detection) are no  longe r 
constant in time; rath er, they have some  
characteristic time sca le associat ed with  
them. The quenching  time scale, tQ, is 
inversely related to n.  If  the excitat ion time 
and the detection time are short co mpared 
to tQ, and if the detection time occurs soon  
after the excited sta te begins to be 
populated, then the ef fects of  co llisional 
quenching can be minimze d.7 This 
advantage comes at the expense of a great  
reduction in  signal stre ngth becau se since  
the fluorescence time scale is long 
compared to that of t Q, a short detection  
time preve nts detection of the  entire  
fluorescence signal.  I f the “tail”  of the 
fluorescence signal were measure d along 
with the “h ead,” the e ffects of  qu enching 
would become preva lent in th e total 
accumulated fluoresce nce sign al. Figure 6 
shows a schematic of the time history of the 
e-beam pulse, the resulting fluore scence 
(with and without quenching), a nd the 
detection time. The increase in de nsity, for 
which the I-n relationship still remains valid, 
realistically increases by t wo orders of 
magnitude for detection time scales on the order of 20 nsec. Thus 0.1-atm flows (for 300 K) can 
be examined with a “linear” e-beam system. 

Figure 7 shows the relationship between the (0-0) band emission strength and the density of air 
for three different choices of detect or integration times: 10, 100, or 1000 nsec.  Assumptions  
used in the calculations include the following characteristics for the e-beam: 100 amps in current 
strength, 100 nsec in duration, and a circular cross section with a 5-mm diameter.  The curve for 
a 1,000-nse c detector integration time shows a linear relationship ex ists up  to a  density of 
approximately 1.5 x 1017 molecules/cm3 (with t he limit shown by the d ashed vertical line), and  
the 10-nsec curve shows a linear relationship up to 1.5 x 1018 molecules/cm.3 

 
Figure 5. Schematic of Signal Strength 
to Concentration Relationship for 
Continuous E-Beam Excitation. 

Figure 6. Schematic of Temporal Features 
of Pulsed E-Beam System. 
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Figure 7.  Relationship Between (0-0) N2

+ Emission Band Strength 
and N2 Density for Three Different Detector Integration Times. 

Figure 8 shows a ph otograph of  the 
AEDC pulsed e-beam s ystem in  
operation.  It is mounted on a 24-in.-
diam glass vacuum cha mber.  For t he 
photograph, the pulsed e-beam is 
discharging into the chamber while it is 
filled with 70 mtorr N2.  Obviously there 
is considera ble light ge nerated by the  
discharge o f the pulse d e-beam g un.  
However, this represents the best-case 
situation for the gun’s operation, where 
the gun discharges int o a low-density 
medium a nd where there is no  
pressure barrier just downstream of the 
gun that can severely reduce the 
strength of the gun’s ele ctron 
discharge.    

4.0 APPLICATION OF PULSED E-BEAM GUN TO HIGH-PRESSURE FLOWS 

Since the pulsed e-be am gun operates on t he low-pressure side  of the Paschen curve 
minimum, it is essentia lly limited t o a maximum operational pressur e of approximately 200  
millitorr.  However, most flows of interest for scramjet applications are much higher i n pressure, 
usually of t he order of  tens of t orr, correspon ding to atmospheric pr essures wit hin the fligh t 
envelope of scramjet-powered flight vehicles.   Because of the pressure disparity between  
measured flow and me asuring device, there must be some kind of pressure sepa ration barrier 
between the pulsed e-beam gun and the hypersonic test facility.   

Three kinds of pressure separation methods were examined in this work: 1) thin beryllium foil, 2) 
differential pressure pump, and 3) fast acting rotary valve. 

A thin foi l o f beryllium, the lighte st metal, has been used  as a pre ssure barrier fo r e-beam 
systems.12  A 50-µm thick foil was placed at the outlet of the pulsed e-beam gun inside the static 

(0-0) B-X N2
+ emission

N2 at 300 K
100 amp, 100 nsec e-beam pulse
5 mm dia. e-beam
1.24 x 107 sec-1 emission probability
1.5 x 10-15 cm2 quenching cross section
7.5 x 10-18 cm2 collision cross section

 
Figure 8. Photograph of 27-kV Pulsed 
E-Beam Gun in Operation Using N2 at 70 
mtorr. 
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cell that is shown in Fig. 8.  The gun was then fired, but no fluorescence was discernable by eye 
past the foil.  This is somewhat to be expected because the energy of the electrons is, at most, 
40 keV.  B eryllium foils can be  e xpected to absorb at l east 30 ke V of energ y from th e 
electrons,12 so this barr ier method is probably not appropriate for the relatively low-voltage  
pulsed e-beam gun.  However, Ref . 12 does describe a pr omising new barrier made from Si N 
that does n ot absorb a s high a  percentage of energy.  Nevertheless, t he current t echnology of 
beryllium foils is not appropriate for pulsed e-beam pressure separation.  

The second  pressure separation method uses a differentia l pressure “ pump” which is one or  
more orifices in series t hat inhibit gas flow.  Figure 2 shows a two-st age differential pressure  
pump used in the past  at AEDC f or continuo us e-beam work.  Another different ial pressure 
pump, specifically for the pulsed e-beam gun, has bee n developed at AEDC that can b e 
configured f or single-st age or two-stage opera tion.  Figur e 9 shows the schematics of the  
differential pressure pump used at AEDC, with each schematic for one particular ar rangement 
of the orifices inside the pump unit.  The pump has two remo vable orifices so that fou r different 
combinations of orifices can be assembled, as shown in the four schematics of Fig. 9.  A 
packaged vacuum system consisting of a Roots blower backed by a vane pump, with a rating o f 
140 cfm @ 100 mtorr, is used to evacuate the differential pressure pump unit. Figure 10 shows 
a photograph of the pulsed e-beam gun, differential pressure pump, and vacuum pu mp, all  
deployed around the La boratory Shock Tunne l at AEDC.  Figure 11 shows the per formance of 
the different ial pump u sing all fou r of its configurations.  It can be  seen that 1  torr is th e 
approximate maximum pressure that can be withstood by the differential pressure pump while  
still providing an adequate operational pressure in the gun.   

 
Figure 9.  Schematic of Differential Pressure Pump Configurations: 
a) Both Orifices Used, b) Long Orifice Used at Bottom, c) Long 
Orifice Used at Top, and d) Short Orifice Used at Top.  

A 1-torr pre ssure separation is adequate for some applications of the p ulsed e-beam syste m, 
such a s th e Mach 14  nozzle at Tunnel 9 w hich produ ces relatively low test  cabin stat ic 
pressures, but other ap plications, such as APTU, use much higher te st cabin pressures of  the 
order of te ns of torr.  For wides pread application of the pulsed e-beam syste m, the third 
pressure separation method, a fast action valve, was developed.  

The fast action valve concept has been demonstrated successfully at USC, and a description of 
the equipment can be found in Ref. 8.  By op ening the hole only for a short time before the  
pulsed e-beam gun fires, the pressure in the  gun can be  maintained at 70 mtorr by a relatively 
small vacuum pump.  The Fast A ction Rotary  Valve Assembly (FARVA) has a 3-mm hole 
mounted in a rotating disk.   

 

to 140 cfm
vacuum pump

to 10 cfm vacuum pump

0.125 inch dia, 
0.75 inch length orifice
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When a TT L trigger pu lse is rece ived by the  
valve m otor, it a ccelerates the  disk whi ch 
rotates the  hole into position wit hin several  
milliseconds.  The hole  is posit ioned to allow 
the e-beam to pass through it (and to allow gas 
to enter the gun) for on ly a 150-µsec duration .  
During this short time period the gun’s pressure 
should not rise substantially above 70 mtorr. 

Figure 12 shows a con ceptual dra wing of the  
FARVA tha t shows th e rotating metal blade  
under the FARVA.  Figure 13 shows the  
peripheral e quipment that is nece ssary for the  
proper timing of the va lve and the pulsed e-
beam gun, and Fig. 14 shows a photograph of  
the gun mounted on the AEDC Laboratory 
Shock Tunnel’s dump tank.  Figure 15 shows a 
wiring sche matic for the four sets of wiring connections made to the programmable moto r 
controller.  In Fig. 13, the motor con troller is connected to the high-torque motor and  its position 
encoder.  U sing a computer connect ed via a USB port, one can program the contr oller to hold 
the rotary valve at a preset posit ion until an e xternal TTL-level trigger signal is re ceived by the  
controller.  The controller is progra mmed to s end its maximum curre nt to the motor, which  
causes the disk to accelerate and rotate into position.  Once the disk is rotated into t he position 
that opens up the pulsed e-beam pathway, another hole oppositely positioned on the valve disk 
is simultaneously opened that allows light from an LED to launch into  an optical fiber.  The fiber 
directs the light into  a photomultlipler tube (P MT) whose voltage out put is sent  to a DG535  
digital gate delay generator which shapes the PMT pulse into a TTL-level pulse that  triggers the 
high-voltage power supplies of the pulsed e-beam gun.  T he high-voltage equipment only ha s 
approximately 5 µsec of delay time, which is short in comparison to the approximately 150 µsec 
that the e-beam path is opened.  Thus there is n o need to “pretrigger” the pulsed e-beam power 
supply before the bea m path is opened.  F igure 15 shows the wiring diagram for the  
connections between th e motor, its controller, and the pow er supply th at transforms 115-v AC 
power into 30-v DC po wer for the controller.  A listing of t he software code used by the moto r 
controller software is given in Appendix I. 

Figure 16 shows a graph of the typical 
firing seque nce for the FARVA.  T he 
operation first involves setting the  
hole in the  valve disk to a position  
about 28 deg before the open 
position.  This is so that the valve disk 
will accelerate to a fast velocity by the 
time the e -beam path  is opened.  
When the command is received by 
the motor controller to open the valve, 
there is approximately a 3 milliseco nd 
delay in the controller before it sends 
out a high-current signal to the motor.  
Figure 16 shows that e ven though a  
current of 2 5 amps is commanded to 
the motor controller, it can only send  

 
Figure 10.  Photograph of Pulsed 
E-Beam System Located at AEDC 
Laboratory Shock Tunnel. 

 
Figure 11.  Performance of Differential Pressure 
Pump Using 140-cfm Roots Blower Vacuum 
Pump. 
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out a maximum of approximatel y 21 amps for a short 
duration, and then the back emf generated by the motor 
reduces the  current sent by the c ontroller.  The controlle r 
sends angular positio n and vel ocity information to the 
computer via the USB c onnection.  Interestingly , the velocity 
data sent b y the controller do not  match the velocity data  
derived from its position information. Both velocitie s ar e 
shown in Fig. 16, and generally the velocity data directly from 
the motor controller lag  by about 3 millisecond s the velocit y 
data calculated from the controlle r’s position  data.  It  is 
unclear which is the more reliable velocity data, but the motor 
controller’s velocity data are arbitr arily chosen .  Figure 1 6 
shows these data have a relative ma ximum around 1 2 
milliseconds after the controller is started.  While almost twice 
the angular velocity could be achieved by waiting for the absolute maximum in velocity to occur, 
it was decided to accept  the relative ma ximum of 25 revolutions per second in order to fire the  
pulsed e-beam gun at 12 millisecon ds after the valve starts.  This al lows the gun to  be used in  
transient facilities, such as the AEDC Laboratory Shock Tunnel.      

 
Figure 13.  Schematic of Equipment Used for 
Timing of FARVA and Pulsed E-Beam Gun. 

 

 
Figure 14.  Photograph Showing Placement of FARVA and 
Pulsed E-Beam Gun on Dump Tank of AEDC Shock Tunnel. 

Figure 12.  Conceptual 
Drawing of FARVA Showing 
Rotating Disk at Bottom. 
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Figure 15.  Wiring Schematic for FARVA Programmable Motor Contoller. 

 

 
Figure. 16.  Time History of FARVA Valve with 28 Deg “Windup.” 

The FARVA and pulsed e-beam gu n were operated together on the static cell sh own in Fig. 8.   
The gun was succe ssfully fired into the static cell at pressures up t o 50 torr of N 2.  At thi s 
pressure or below, there was sufficient fluorescence to be detected  by e ye.  At 60 torr this 
fluorescence became extremely d im, and at 70 torr the system was  fired 15 times with n o 
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discernable fluorescen ce created.   The 50-torr limitation is probably due t o the rapid 
pressurization of the pulsed e-beam gun during the 150 µsec of opening time for the FARVA.     

5.0 DENSITY MEASUREMENT WITH THE PULSED E-BEAM TECHNIQUE 

As mentioned in Sections II and III, a major reason for using a pulsed e-beam system rather 
than a conventional continuous e -beam syst em is that the short duration of the excitation  
process, along with short detection times, theoretically allows a significant increase in the linear 
range of the technique.    

To verify these numerical finding s, an experimental effort was performed where the pulsed  e-
beam gun was mounted on the Laboratory Sh ock Tunnel and its dump tank was pressurize d 
with room t emperature air.  Rather than us ing a Faraday cup to measure e-beam current, a 
Pearson current coil was placed around the outlet of the pulsed e-beam gun to  measure its 
discharge current.  The  time-integrated current measurement obtained from the P earson coil is 
proportional to the total amount of electrons emitted from the pulsed e-be am gun for one pulse.   
By dividing the total amount of N 2

+ fluorescence measured (during one entire e-beam pulse and 
for all wavelengths) by the time-integrated Pearson coil signal, the fluorescence measurement is 
“normalized” to  account for changes in e-beam pulse strength.   Figure 17 shows a graph of the 
measured (0-0) N2

+ emission band strength, normalized to the e-beam current, as a function of 
air density for air at 300 K.  The detector time used for these data was 30 nanoseconds.  Figure 
7 shows that for this detector duration there should be a linear relationship between signal and  
density up to at least 5  x 10 17 m olecules/cm3, after which  the signal strength rolls over and 
becomes insensitive to density changes.  However, the e xperimental data in Figure 17 show n o 
systematic increase in t he signal with an in crease in densit y from approximately 1  x 10 16 to   
4 x 1016 molecules/cm3.  The explanation for this is possibly that as density increases, the spray 
of electrons increases in cross-sectional area so that there a re fewer electrons at the measured 
sample volume location  as density increases.   This reduct ion in excitin g electrons offsets the 
increase in N 2 molecules so that  th ere is no significant change in the  signal strength as a 
function of air density.  The spreading of the pulsed e-beam can be seen by e ye in a darkened 
lab because of several N2

+ and N 2 emission bands located in the violet and blue regions of the 
visible spectrum.  Unfo rtunately, there are no magnetic focusing co ils in the pulsed e-beam  
system with which to adjust the cross-sectional area of the emitted beam. 

 
Figure 17.  Experimental Relationship Between (0-0) N2

+ Emission 
Band Strength and N2 Density for 30-nsec Detector Integration Times. 
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The disapp ointing resu lts shown  in Figure 1 7 indica te t hat, notwith standing th e expected 
theoretical linear relationship, the  pulsed  e- beam technique cann ot be u sed for den sity 
measurement, at least in the densit y range around 1016 molecules/cm3.  More extensive testing 
is necessary to determine the cause of this unexpected result.   

6.0 PULSED  E-BEAM N2
+  EMISSION SPECTRA FOR TEMPERATURE MEASUREMENT 

To demon strate how temperatu re 
affects the shape of an  N 2

+ spectru m 
created by pulsed e-be am e xcitation, 
Fig. 18 shows two N2

+ theoretical 
spectra, on e for 300 K and one  for 
2,000 K. The low-temperat ure 
spectrum shows that only a few 
rotational levels are significan tly 
populated a nd contribut e to the band  
emission, whereas at high  
temperature man y rot ational levels 
contribute. By comparing an  
experimental spectrum to a famil y of 
these the oretical spectra, a nd 
choosing th e best-fit  member of th at 
family, a te mperature measurement is 
obtained. 

Figure 19  shows a  represent ative 
experimental spectrum t aken from 70 
mtorr nitrogen gas during its excitation 
by the pulsed e-bea m. A 0.5- m 
spectrograph with a 3,600 groove/mm 
grating was used to disperse the N2

+ 
spectrum onto a 1-in.-wide gated, 
intensified CCD detector.  In addition to the expe rimental spectrum, Fig. 19 shows a calculated 
N2

+ spectrum whose shape is compared to the experimental spectrum. This calculated spectrum 
was created from an in-house AEDC software code. By comparing the shapes of the calculated 
and experimental spectra, one can deduce the rotational and vibrational temperatures of the N2

+ 
since spe ctral shape is very much dependent on tempe rature. For example, a s rotational 
temperature increase s, the spectr um become s broader d ue to the increasing p opulation of  
rotationally and/or vibrationally excit ed states, which have e mission wavelengths d ifferent from 
“low-temperature” states.  

Both the rotational and vibrational temperatures can be measured simultaneously using the N2
+ 

fluorescence from e-beam excitation.  The ability to measure these two te mperatures 
simultaneously can aid  in underst anding non equilibrium phenomena occurring  i n supersoni c 
and hypersonic test facilitie s.12-14  F igure 20 sh ows four simulations of the N 2

+ (0-0) and (1-1) 
emission bands, with each simulatio n for a different choice of vibrational temperature, T v, and 
rotational temperature, Tr.  For Fig. 20 the detector resolution is assumed to be 0.2 5 nm, rather 
than the 0.05-nm resolution shown in Figs. 18 and 19.  For Figure 20a both Tv and Tr are 300 K, 
so this shows the expected relative strengths of the (1-1) and  (0-0) bands at room temperature.   
The important thing to notice in Figure 20a is that there i s a detectable (1-1) emission band, 
even though the ambient N2 population has a negligible vibrationally excited  

Figure 18. Calculated N2
+ (0-0) Emission Spectra 

at 300 and 2,000 K (Instrumental Width: 0.05 nm). 
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population.  This is because there 
is a small transition pro bability for 
N2 neutral molecules to be excited  
to the vibrationally excited N 2

+ 
level.  However, if a high-
temperature populatio n of N 2 
neutral molecules is examined,  
the amount  of (1-1) N2

+ emission 
is much more than at 300 K 
because fo r N 2 neutral to N 2

+ 
excitation the (1-1) transition is 
much stronger than  the (1-0) 
transition.  This is why in Fig. 20b , 
which is fo r 1,900 K,  the (1-1) 
emission b and is str onger in 
comparison to the (0-0) band than 
for Fig. 20a.  At high t emperatures 
as in Fig. 20b there are many 
rotational emission lines that  
appear, which causes an overlap of the “high-te mperature” part of the ( 0-0) band with the (1-1 ) 
band.  The 1,900 K temperature is chosen because it is ap proximately the highest temperature 
that can be realistically obtained in the stagnation chamber of a hypersonic test facility.  Thus 
Fig. 20b represents what might be o btained from the pulse d e-beam s ystem if it were used in 
the high-te mperature (but high-pr essure) st agnation cha mber.  As that flow expands to 
hypersonic Mach numb ers, the gas cools to extrem ely low t emperatures, so for Fig . 20c a gas  
temperature of 100 K is used for both Tv and Tr.  Even at this extremely low temperature there is 
still a small (1-1) emission band, ag ain not b ecause of  any significant  amount of vibrationally 
excited N 2, but becau se of the f inite transit ion probability of the (1-0) N 2 to N 2

+ excitation 
transition.  Lastly, Fig. 20d shows a simulated spectrum for a nonequilibrium flow at Tv = 1,900 
K and Tr = 100 K.  The (1-1) vibrational band is seen quite distinctly apart from the (0-0) band. 

 
Figure 20. Calculated N2

+ Emission Spectra at Four Combinations of 
Vibrational (Tv), and Rotational (Tr) Temperatures.  
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Compared to Theoretical Spectrum at 297 K. 
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Though it is hard to discern when comparing 
Figs. 20a and 20d, there is an  increase in the 
ratio of the  (1-1) band  intensity to  the (0-0)  
band intensity.  Figure 21 shows how that ratio 
changes with vibrational temperature.  At  
temperatures below approximately 700 K the  
ratio remains constan t at ~0.02 5, which  
essentially is the ratio of the (1-0) an d (0-0) N2 
to N 2

+ tra nsition pro babilities.  The ratio 
approximately doubles from 700 K to  2,000 K, 
which is n ominally the highest t emperature 
that could be expected in electrically heated or 
combustion-heated hypersonic test facilities. 

 

7.0 APPLICATION OF PULSED E-BEAM SYSTEM TO HYPERSONIC FLOW 

The flow at the nozzle exit for the AEDC Labora tory Shock Tunnel has been investigated using 
the pulsed e-beam gun , using eithe r the differential pressur e pump or the FARVA f or pressure 
separation.  The Laboratory Shock Tunnel, shown schematically in Fig. 22, has a conical nozzle 
with a 144 to 1 area ratio and produces a hypersonic flow with a Mach Number of approximately 
7.5, assuming isentropic, ideal gas flow with c onstant specific heats.  The hypersonic flow is 
initiated by bursting a diaphragm th at separates low-pressure N 2 from the high-pressure helium 
driver gas.  Piezoelectr ic pressure transducers are located down the le ngth of the driven gas 
section.  They are labeled as K1, K2, etc., on Fig. 22.  

 
Figure 22.  Schematic of AEDC Laboratory Shock Tunnel. 

Figure 23 (a and b) shows the results of two shots of the pulsed ebea m gun at th e nozzle exit .  
These two shots were obtained for  two differe nt firings of the shock tunnel, with  both shots  
producing the same no minal static conditions at the no zzle exit: a dum p tank pressure of 6 50 
mtorr, and an expected static temp erature of 6 40 K.  However the stagnation temperature for 
this flow is expected to be several thousand de grees Fahrenheit, and the few milliseconds that  
the air is in the no zzle may be insufficie nt t o allow complete vibrational re laxation.  Th e 
existence of vibrational nonequilibrium is indeed noticed when comparing the N 2

+ spectra of the 
two runs.  Figure 23a shows the (0-0) and (1-1) N 2

+ e mission spectra , along with several N2 
neutral emission spectra, for a time just 0.5 millisecond after the bursting of the diaphragm.  The 
relative strengths of the (1-1) and (0-0) bands is essentially the same a s that shown in Fig. 18  
for a tempe rature of 30 0 K, which  is the initial temperature of the  undisturbed N 2 in the dump

Figure 21. Ratio of (1,1) to (0,0) N2
+ B-X 

Emission vs. Vibrational Temperature. 
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tank at the nozzle exit. For Figure 23b 
the delay time between the firing  of the 
pulsed e-beam gun and the diap hragm 
bursting is 1.5 milliseconds.  The 
additional d elay of 1 millise cond o ver 
that of F igure 23a make s a significant 
difference in the flo w exa mined.  
Figure 23b shows the co-presence  of  
the helium driver gas along with the 
driven N 2.  The helium presence is 
indicated b y several isolated helium 
emission lines appear ing across the 
entire spect rum of Figu re 23b.  More  
importantly, the (1-1) N 2

+ e mission 
band is much stronger in intensity than  
that of Fig. 23a.  The strong (1-1) band  
strength in Fig. 23b shows that there is 
significant vibrational nonequilibri um 
existing in  the flow that exits the  
conical n ozzle.  Unfortunately, 
because of the close proximity of t he 
33P-23S He  transition at 389 nm, it  is 
hard to accurately mea sure the band  
strength of t he N2

+ (1-1) band in ord er 
to estimate the actual vibrational 
temperature at the exit.   

To operate the pulsed  e-beam gun at  
higher dump tank pressures, the  
differential pressure  pump was 
replaced by  the FARVA.  For th ese 
tests the dump tank was pressurized  
up to an initial pressur e of 10 torr of 
N2. The driver section w as pressurized 
with He at  850 psig.  For the se 
conditions the exit temperature is 
expected to be at least  420 K.  Fig ure 
24 shows the time  history of  the 
pressure at two locations in the shock tunnel an d shows the  time that the pulsed e- beam fires 
across the exhaust of the nozzle.  One pressure trace is for K1, which is located just 31 cm from 
the diaphragm section.  The increase in voltage produced by K1 when the shock pa sses by it is 
the trigger signal sent to the FARVA to begin its actuation.  The second pressure trace is for K6, 
which is located 433 cm away fro m the K1 and approximately 35 cm away fro m the pulse d e-
beam location.  Comp aring these  two pressure traces shows the initial shock traveling  
downstream from the K1 to K6 lo cation in the space of 3 milliseconds.  The shock then reflects 
off the converging nozzle and travel s upstream.  Between the time the shock reflects and the 
pulsed e-beam gun fires, the pressure at the K6 location d rops signif icantly.  This is probably 
due to the loss of the driven gas as it exits thro ugh the nozzle into the dump tank.  By the time  
the pulsed e-beam gun fires at 12.5 milliseconds, the K6 pressure has dropped to 150 psig from 
a high of 37 5 psig.  As a result, it is unclear what the expected nozzle e xit temperature should 
be when the pulsed e-beam gun fires.  

Figure 23.  N2
+ and N2 Neutral Spectra Obtained at 

Two Different Times after Bursting of Shock 
Tunnel Diaphragm.  N2 Flow Conditions at Nozzle 
Exit: Mach Number = 7.5 and Exit Static 
Temperature = Approximately 700oF, Based on 
Ideal Shock Theory. Dump Tank Pressure 650 
mtorr.  
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Figure. 24.  Time History of Shock Tunnel Pressures at K1 and K6, 
Along with Signal from FARVA to Trigger ICCD and Pulsed E-Beam 
Gun. 
 

Figure 25 (a ,b) shows t wo N2
+ spectra obtained  from the shock tunnel while using the FARVA 

valve.  The  experiment al data were obtained  from a 0. 5 m spectrograph, but an 1,800 
groove/mm grating was used, so the effective instrumental linewidth is 0.5 nm.  This is ten times 
the linewidth for the da ta of Figs. 18 and 19, which is why individual rotational lin es are not  
resolved in Fig. 25a and 25b.  An 1,800 groove/mm grating was used because it d iffracts light 
more efficiently than the grating used for Fig s. 18 and 19, thus allowing more  light to be  
detected.  F igure 25a is for the initial conditio ns in the du mp tank, where the initial pressure is 
10 torr and the temperature is 300 K.  A co mparison of the experime ntal data and theoretica l 
data show relatively good agreement, but the noise in the signal associated with the weak signal 
creates ran dom undulations in the  experimental data th at give the f alse impression of  fine  
structure within the experimental spectrum.  For Fig. 25b, t he pulsed e -beam gun is fired into  
the hypersonic flow exiting the nozzle.  The obv ious difference between this spectrum and the  
previous one is that the  shape of the Fig. 25b spectrum appears narrower.  This is indicative o f 
a colder te mperature b ecause fewer rotational levels are populated a t cold temperatures.  In 
fact, the theoretical sp ectrum shown in Fig. 25b is for an assumed temperatu re of 170 K.  
Rather than being colde r, the hypersonic flow is  expected to be hotter than room te mperature, 
but vibrational nonequilbrium, heat transfer to th e metal, and the great r eduction in pressure all 
contribute to an inabilit y to reliably predict wha t should be  present at t he nozzle exit when the 
pulsed e-beam gun fires.   
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a. Stagnant N2 in Dump Tank at 300 
K and 10 torr, 

b. Hypersonic Flow with Driver He Gas 
at 850 psig and Dump Tank and Driven 
Gas Initially at 10 torr.   

Figure. 25.  Pulsed E-Beam Spectra from AEDC Laboratory Shock Tunnel Using 
Spectrograph with 0.5-nm Resolution. Best-Fit Theoretical Spectrum is for 170 K.   

8.0 SUMMARY 

A pulsed e-beam system has been assembled at AEDC with the intention of using it to measure 
vibrational and rotational temperatures simultaneously in hypersonic testing environments, as 
well as mea suring the density of N 2 simultaneously with the temperatu re measurements.  Th e 
gun operates at in ternal pressures up to appro ximately 200 mtorr.  While this is much higher 
than the internal pressures of continuous e-beam guns, it is still much lower than t he pressures 
associated with hypersonic flows of current interest, which range fr om 1 to 100 torr for  
airbreathing scramjet propulsion.  Thus to separate the low-pressure gun from h ypersonic test 
media, a di fferential pressure pump has been developed for pressure separations up to 
approximately 1 torr.  F or higher pr essures, a f ast act ion r otary valve has been b uilt.  It h as 
been demonstrated as allowing the gun to fire into room te mperature gas at pressures up to 50 
torr, when the valve allows a 150-microsecond opening time for the e-beam.  It is possible that a 
shorter ope ning time may allow the gun to fire into even higher pressure test media.   
Nevertheless, the current 50-torr demonstration allows the gun t o be applied to many  
hypersonic test situation s.  The fast action va lve currently has a 12-milli second delay between 
the time it receives a signal to open and the time it allows the pulsed e-beam to fire. 

The original intention fo r the pulsed  e-beam gun was to provide simultaneous measurement of  
N2 density and temperature.  However, the re lationship b etween the total N 2

+ fluorescence  
emission and N2 density was determined to be n onlinear for densities from 1 x 10 16 to 4 x 10 16.  
In fact, there was no sy stematic variation in the signal level detected in this density range.  It is 
possible that the insensitivity of the signal to density change is due to a widening of the pulsed  
e-beam cross section with an increase in density, which counterbalances the expected sign al 
increase due to density increase.  In any case, t his work has not found that the pulsed e-beam 
technique can be u sed for N2 density measurement.  If th e technique is used  in t he future fo r 
density measurement, then there will be a nee d for possib le quenchin g correction s.  To tha t 
end, the results of a literature review on quenching coefficients for N2

+ fluorescence are given in 
Appendix II of this report. 

The pulsed e-beam sys tem has be en demonstrat ed on a hypersonic flow produced in a lab-
scale shock tunnel at AEDC, where it detected significant vibrational nonequilibrium in the Mach 
7.5 flow.  This demonstration was for a 1-torr pressure in the test sectio n of the shock tunnel.  A 
single-stage differential pressure pump was used for the 1 -torr pressure separation, which is 
approximately the maximum that it can produ ce when con nected to  a  140-cfm Roots blower/ 
vacuum pump combination.   
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A second demonstration on a similar hypersonic flow produced in the same facilit y, but with a 
10-torr initial pressure in  the test section, was also performed .  The pressure separation for this 
test was obtained with the fast actio n rotary valve.  Comparisons of theoretical spectra with the 
experimental spectrum give an indicated temperature of 170  K.  This is a surprising result since 
the expected temperatu re at the test location is  expected to be significantly hotter than room 
temperature.  The reasons for this lo w value of temperature measurement are unclear, but they 
could have something to do with  vibrational nonequilibr ium (vibrati onal energy not being  
transferred to rotational motion thr ough the n ozzle) and  with lower initial tempe ratures than 
expected for the shocked flow entering the hypersonic nozzle.   

Current plans are to transition th e pulsed e -beam technique to a  working, “ production” 
hypersonic test facility to provide measurements of static rotational and vibrational temperatures 
nonintrusively.  Future work to improve the performance of the pulsed e-beam system should  
include a re examination of the soli d material pressure se paration technique.  Beryllium was  
used for this project, but other materials – for example lithium and silicon nitride – are candidate 
materials.  The ESTAR database maintained by  NIST lists the e-beam interaction properties for 
several materials.  Additionally, by using a hi gher energy e-beam, such as on the o rder of 100  
keV or greater, a significant percentage of the beam can pass through beryllium or lithium.        
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APPENDIX A.  SOFTWARE FOR MOTOR CONTROLLER 

 
 

 
 
 
 
 

CVM PROGRAM NAME=Homing Current Move.CCP
{ 
SEQUENCE NAME=HomeCLOSE/IN... 

{ 
HOME Next Index Negative 110rpm fast vel 22rpm slow vel 37 rps^2 
accel/decel 2872cts Offset YESWaituntilreferenced 
 
SET OUTPUT Output1 Hi 
 
WAIT FOR INPUT Input IN6 Edge Trigger Rising Active State 
 
CURRENT MOVE 25A current 100000000 mA/s current ramp
 NOwaitforatcommandedcurrent 
 
WAIT FOR DELAY TIME 25ms Delay Time 
 
CURRENT MOVE 0A current 100000000mA/s current ramp YES 
waitforcommandedcurrent 
 
SET OUTPUT Output1 Lo 
} 

 
 
SEQUENCE NAME=Flip Outputs 

{ 
SET OUTPUT Output1 Hi 
 
WAIT FOR DELAY TIME 500ms Delay Time 
 
SET OUTPUT Output2 Hi 
 
WAIT FOR DELAY TIME 500ms Delay Time 
 
SET OUTPUT Output3 Hi 
 
WAIT FOR DELAY TIME 500ms Delay Time 
 
SET OUTPUT Output1 Lo 
 
WAIT FOR DELAY TIME 500ms Delay Time 
 
SET OUTPUT Output2 Lo 
 
WAIT FOR DELAY TIME 500ms Delay Time 
 
SET OUTPUT Output3 Lo 
 
WAIT FOR DELAY TIME 500ms Delay Time 
} 

 
SEQUENCE NAME=FastMove/Home 

{ 
 
CURRENT MOVE 25A current 100000000 mA/s current ramp
 NOwaitforatcommandedcurrent 
 
WAIT FOR DELAY TIME 30ms Delay Time 
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APPENDIX B.  REPORT ON COLLISIONAL QUENCHING LITERATURE REVIEW 

Equation 3 in the main body of th e report shows how the relationship between the e-beam 
fluorescence signal, I, and gas number density, n, beco mes nonlinear if the value of C 2 is 
significant.  Whether C 2 is sign ificant depends on the relative strength of the spontaneou s 
emission rate, A T, to th e collisional  quenching rate k i.   The k i value for N 2

+ is known to be  
temperature-dependent as well as rotational-level dependent, so the proper modeling of k i can 
be important as temperature changes and if tem perature measurements based on the relative  
intensities of signals coming from the various rotational energy levels are made. 

Because of the importance of collisi onal q uenching o n both density and temperature  
measurements derived from e-beam fluoresce nce, a stud y was commissioned a s part of this 
project to a ssemble the quenching data for N 2

+ that have been produced over the years.  The  
following sections summarize the main results of this literature revie w study.  First there is a 
description of the working equation  that relates e-beam fluorescence to density, secondly ther e 
is a review of the que nching data used for d ensity mea surements, and thirdly there is a 
summary of the one work that presents rotational-level dependent quenching data. 

QUENCHING RATE-SIGNAL STRENGTH RELATIONSHIP  

A current of electrons, a, passing t hrough a gas will excite  the gas to an electroni cally excited 
state at a rate given by:  

 σ=
A
an

dt
dn i  A1 

where n i is the number density of  the gas at  a specific energy leve l in the up per excited  
electronic energy level,  n is the nu mber density of the gas in its or iginal unperturbed ground 
state, a is the current in electrons/sec, A is the cross-sectional area of the electron beam, and σ 
is the collisi on cross se ction for electron-molecule collision s that populate the mol ecule’s ith  
energy level.  However, the ith level population is also depleted by the spontaneous emission of 
light from level i to all allowable energy levels.  To account for this depletion, the above equation 
is modified to: 

 Ti
i An

A
an

dt
dn

−σ=  A2 

where AT is the spontaneous emission probability for molecules in the ith level to spontaneously 
emit radiation and fall into any allowable energy level.  The above equation ca n be further 
modified to account for radiationless depletion of the ith level by way of collisional quenching: 

 ij
j

jiTi
i knnAn

A
an

dt
dn ∑−−σ=  A3 

where nj is the number density of a particular gas species j, and kij is the collision rate constant 
for collisions between the gas species of interest in energy level i and a nother gas species j (in 
an unspecified energy level).  Additional terms can be add ed to account for secondary electron 
excitation, diffusional and convective losses, et c., but these terms are  ignored.  Se e Reference  
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APPENDIX B.  CONTINUED 

2 for their consideration s.  For stea dy-state conditions wher e the increa se in n i is 0, the above  
equation can be rearranged into the following: 
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The above equation is in a form similar to that of Eq. (3) in the main body of this report, where 
the C2n term in Eq. (3) is now repr esented by the ratio of t he sum of t he njkij terms to A T.  The 
measured fluorescence  signal for a transition  from energy level i to level k, I ik ( in detected  
photons per second), is related to ni by: 
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where ε is the light dete ction efficiency of the measureme nt system, Ω is the solid angle with in 
which fluorescence is collected, L is the length  of the electron beam th at is detected, and A ik is 
the sponta neous emission transit ion probability for a tr ansition for energy level i in th e 
electronically excited state to level k in the gro und electronic state.  The above equation is valid  
for steady-state situations only. 

ROTATIONAL LEVEL-DEPENDENT QUENCHING RATE DATA 

Equations (A4) and (A5) suggest t hat a knowledge of the values of k ij is needed  to properly 
relate the measured fluorescence to a particular rotational level population ni of N2

+.  However, a 
very thorou gh literature  review re vealed only one publica tion that measured rotational-level 
dependent values of k ij, and this publication happened to be an AEDC T echnical Report.16  The 
report describes measured k ij values for two temperatures only: 94 K an d 300 K, and both are 
for nitrogen as the collider species.  The two graphs from the TR for these two temperatures are 
shown in Fig. B-1.  A comparison of these two graphs shows that in general the kiN2 values are 
larger for the colder temperature t han for the warmer.  Fo r example, for the 3 rd rotational level, 
the k3,N2 value is 2.55 x 10 10 cm3/sec at 300 K and rises to 5.5 x 10 10 cm3/sec at 94 K.  More 
importantly, both graphs show that kiN2 is a function of rotational level i.  Values for kiN2 vary by a 
factor of five for the 94 K case and by a factor of two for the 300 K case as the rotational level is 
varied from 1 to 11.   

The drop in the quenching rate with increasing rotational level indicates that an exp erimentally 
obtained N2

+ emission spectrum will have its lo wer rotational level com ponents appear weaker 
in comparison to its h igh rotation al level co mponents, thus appearing “hotter” than if the 
quenching rates were independent of rotational level. 
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APPENDIX B.  CONTINUED 

 
Figure B-1.  Graphs of Quenching Rate Coefficient kiN2 Versus Rotational Energy Level i 
for N2

+ Collisions with N2 at Two Temperatures: a) 94 K, b) 300 K.  Graphs Taken from 
Ref. 16.  

 
ROTATIONAL LEVEL-INDEPENDENT QUENCHING DATA 

Even though Ref. 16 is the only so urce of rotat ional level-dependent quenching data found in 
the literature review, there were several references that w ere found to  contain qu enching data 
that were n ot resolved into particular N 2

+ rot ational ener gy levels.  These references were 
concerned with the quenching rate associated with the entire N2

+ (0-0) (B-X) emission band. 

The N 2 mol ecule has t he most quenching dat a references.  In addition to Ref. 16, these ar e 
Refs. 17 through 32.  Figure B-2 shows a summary of the  N2 quenching information obtained  
from those references.  In this figu re, the size  of each da ta point is scaled to rep resent th e 
relative confidence level or “data weight” of the kN2 data for that particular point.  Figure B-2 also 
displays a curve which is the be st-fit curve to th e weighted data.  The  equation for this best-fit 
curve is 

 ( )75976.01010
2N T10317.28108.3k −−− ×+×=  A6 

where T is in kelvins an d the units of k N2 are cm 3/sec.  At high temperatures the value of k N2 
approaches 3.8 x 10 -10 cm 3/sec, and for tempe ratures below about 200 K the val ue becomes  
significantly higher. 
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Figure. B-2.  Graph of Quenching Rate Coefficient kN2 for Collisions Between 
B-State N2

+ and N2.  Data in Graph Obtained from Refs. 16 through 31.    
 
A literature review of quenching da ta for N 2

+ colliding  with  other gas species was also made.   
However, the extent of t he information is much less than  for collisions with N2.  Table 1 shows 
quenching data for CO 2, CO, C2H6, He, O2, and H2O, along with the references fro m which the  
data were obtained.  All of the data in Table B-1 is for a temperature of 300 K.   

Table B-1.  Collisional Quenching Rates for B-state N2
+ Colliding with 

Species i.  Data Obtained from References Listed in Right Column.  

Gas Species i ki, 10-10cm3/sec Reference Number 
C2H6 20 28 
He 0.3 28 
CO2 16 28 
CO2 16 33 
H2O 8.6 28 
H2O 9.4 33 
CO 1.9 32 
CO 3.5 28 
CO 9.4 33 
O2 7.4  17 
O2 7.1 18 
O2 3.8 20 
O2 9.3 23 
O2 1 1 28 
O2 5.1 32 
O2 9.4 33 
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APPENDIX C.  IMPROVEMENTS TO PULSED E-BEAM SYSTEM 

The work d escribed in t he previous sections of this report was accomplished und er one HSHT  
focus area-funded project.  After the  end of the original project, a smaller follow-on project was  
initiated to a ddress some of the operational issu es that became appare nt during the execution 
of the original project.  Three main areas of system improve ment were identified for  this fo llow-
on project.  The first area of interest is associat ed with improving the st rength and consistency 
of e-beam output.  Output consisten cy is espec ially important when the pulsed e-b eam system 
is applie d t o a transien t test facility , where only one pulse  from the system can be obtained 
during the test event.  Repeated operation of  the FARVA-equipped pulsed e-beam system has 
shown that there is a high degree of variability in the strength of the electron discharg e from the 
gun, even though all experimenta l parameters are held constant.  The second system 
improvement to be inve stigated is t he decrease in the ove rall response time of th e pulsed e-
beam system.  The system in its configuration at the end of the previously-funded TE/ST project 
has a 12 millise cond n ominal delay time.  Wh en the pulsed e-beam system is applied to a  
transient fa cility, su ch as a sho ck tunnel, such a long  t ime delay can be a major system 
limitation.  The third system improvement to  be investig ated is the proper hole  size for th e 
aperture disk in the FARVA.  As the system is configured at the end of the original project, there 
is a 0.125-in.-diam ape rture in the rotating disk of the FARVA.  This a perture size  may have 
been arbitrarily selected by the vendor who cons tructed the FARVA, and the optimum hole size  
could depend on the pressure of the test medium into which the gun discharges.   

The followin g section s describe th e work accomplished b y the follow-on project for the thre e 
improvement areas mentioned above. 

IMPROVEMENT 1: INCREASE IN STRENGTH AND RELIABILITY OF PULSED E-BEAM 
OUTPUT 

Theory of Operation of Pulsed E-Beam High Voltage Electronic Equipment 

The pulsed  e-beam system comprises three  pr imary comp onents: the  e-beam gun, the high -
voltage pulse generator, and the delayed trigger generator.  The high-voltage pulse  generator 
produces a 10-µsec charging pulse of a maxi mum of -40 k V to a cathode on the electron gu n 
cathode. Th e delayed t rigger gene rator produ ces a  fast  r ise-time pulse of a bout -5 kV to a 
different electron gun cathode to initiate breakd own in the gun, which results in ele ctron beam 
discharge.  Figure 4 shows the cathode arrangement. The electron beam gun is a pseudo-spark 
electron beam generator. 

The delayed trigger ge nerator is similar to a  radar pulse  modulator or pulsed  laser driver 
composed of a high-voltage power supply that charges a pulse forming network quickly 
discharged through a hy drogen thyratron switch  into the  primary of a step-up transformer.  A 
limited number of off-th e-shelf prod ucts perfor ming the function of a thyratron drive for pulse  
switching were identifie d, but none met the  specialize d power a nd switchin g wavefor m 
requirements of the pulsed e-beam gun. 

The high-voltage pulse generator is a pulsed power supply t hat generates its output  similarly to 
the delayed trigger gen erator. Inste ad of a thyratron, a fo ur-gang ba nk of slower, but more 
powerful, silicon controlled rectifiers is used to switch the pulse-forming network-stored charge  
through a st ep-up output transformer.  The output transformer is contain ed in a transformer oil 
bath, creating extra maintenance and safety requirements. 
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Figure C-4.  Pulse Generator Following Rebuild. 

Testing of Overhauled Hardware 

After the above-mentio ned electro nic system improvements were ma de, the pulsed e-beam 
system was operated to determine the influence of the modification upon performance.  The gun 
was remounted on the static cell that is shown in Fig. 8 of the original report.  Various pressures 
in the gun a nd in the te st medium in the static cell were pr oduced.  Figure C-5 shows a time  
history of the high voltages measured at the ou tput of the h igh-voltage pulse generator and the 
delayed trigger generator for an internal pressu re of 71.5 mtorr in the gun and 51 mtorr for the  
test medium.  This graph shows that for this particular pulse  the high vo ltage achieves a value 
of approximately -19 kilovolts when the delay t rigger generator fires.  Figure C-5  is for the 
installation of two storage capacit ors on the pulsed e-be am gun, which raises the syste m 
capacitance from 1.5 n F to 3.2 nF.  As a result of this extra capacitan ce, the time required t o 
achieve a given voltage  for the gun ’s cathode is increased.  This is ob vious when comparin g 
Fig. C-5 to the traces of Fig. C-6, which were obtaine d from the modified pulsed e-beam 
system, except that only the one original 1.5 nF capacitor is used.  For this situation it takes less 
time for the gun’s cathode to achieve a given high voltage. In fact, a volt age of over 25 kilovolt s 
is obta ined before the delay pulse  trigger arr ives at the high-voltage pulse  elect ronics.  Th e 
electrical energy delivered to the gu n by the dual-capacitor system is 3.2 nF x 19 kvolts 2 = 1.16 
joules, whereas the single-capacitor system delivers 1.5 x 26 kvolts 2 = 1.0 joules.  However, the 
dual-capacitor system, because of its slower rate-of-increase in voltage, can be more accurately 
triggered by the delay p ulse generator than can the single-capacitor system.  For the two tests 
shown in Figs. C-5 and C-6, the d elay time s ent in to the delay trigger generator is 3 µsec.   
However, if the dual-capacitor system had received a longer trigger delay, on the order of 3 .5 
µsec, then its maximu m attainable voltage difference would  be similar t o the 25 kV  obtained 
from the single-capacito r system.  By doing th is, the curre nt that is discharged b y the dual -
capacitor pulsed e-beam gun  should be increased from th at of the single-capacito r gun by the  
ratio of capacitance, 3.2/1.5 = 2.13, and the resulting electrical energy discharged by the pulsed 
e-beam gun should in crease by the same ratio.  Figure C-7 shows a ph otograph of the pulsed 
e-beam emitted by the pulsed e-beam gun using the dual-capacitor configuration along with the 
modified electronic cir cuits of the high-voltage pulser and the delay t rigger generator.  Th e 
output stren gth is visually similar to that of the original u nmodified system, who se output is 
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photographed in Fig. 8 of the original report.  The main result of all of the electr ical system  
improvements has been  the provision of more reliability an d consisten cy in the output of the 
pulsed e-beam gun, rather than an increase in the voltage or energy that the gun provides. 

Summary of Electrical Modifications to Pulsed E-Beam System 

Shown below is a listin g of the ele ctrical modifications made to the de lay trigger generator, the 
high-voltage pulse generator, and the pulsed e-beam gun.  All of these modificatio ns together 
have impro ved the performance of the system  (increased pulse -to-pulse re liability and 
consistency); however, not every modification may have resulted in a contribution to the system 
improvement.  

1. Replaced faulty pulse-delay circuit f rom trigger generator with lab equip ment (DG535 
and 33220A) 

2. Removed faulty front panel display and power circuit from pulse generator 

3. Replaced all four pulse generator SCR trigger interface and isolation  circuits wit h 
improved circuits  

4. Cleaned pulsed e-beam gun internals 

5. Removed superfluous electrolytic capacitors from pulse generator 

6. Replaced all four faulty pulse generator pulse forming network current-limiting resistors  

7. Reassembled pulse generator to provide troubleshooting access to components 

8. Added 1.7 nF capacitor to existing 1.5 nF gun charging capacitor 
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Figure C-5.  Voltages from Delay Trigger Generator and High-Voltage Pulser Using 
Pulsed E-Beam Gun with Two Capacitors.  Conditions: 3.1-nF Total Capacitance, 71-
mtorr Gun Pressure, 57.5-mtorr Cell Pressure, 60% Dial Settings for Both Units. 

 

 
Figure C-6.  Voltages from Delay Trigger Generator and High-Voltage Pulser 
Using Pulsed E-Beam Gun with One Capacitor.  Conditions: 1.5-nF Capacitance, 
70-mtorr Gun Pressure, 46-mtorr Cell Pressure, 60% Dial Setting for Both Units. 
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Figure C-7.  Photograph of Discharge from Pulsed 
E-Beam Gun, with Two Capacitors, into Static Cell 
with 40-mtorr Air. Gun Pressure at 60-mtorr, 70% 
Setting for High-Voltage Pulser (25 kV Max Voltage). 

 
IMPROVEMENT 2: RESPONSE TIME REDUCTION 

It is desirab le to reduce  the respo nse time of  the pulsed e-beam system, where the response  
time is the time between  the receipt of a trigger signal sent to the system and the ti me that the 
pulsed e-beam fires from the transiently opened aperture o f the FARVA.  Since  there is only an 
approximately 6-µsec d elay time for the high-v oltage pulse d e-beam electronics, t he FARVA 
operational time will determine the overall system response time.  Referring to Fig. 16, there is a 
nominal delay time of 1 2 milliseconds for the FA RVA valve assembly.  In order to reduce this 
time, two improve ments to the FARVA unit were performed: 1) install a heavier duty motor 
controller to drive the high-torque motor that actuates the valve and 2) install a stiffer connecting 
shaft between the motor and the valve disk.  F igure 13 sho ws the mechanical arra ngement of 
the FARVA, and the  high-torque motor can b e seen at the  top of the  FARVA and the existing  
plastic shaft which connects the motor to the thin, aluminum disk that acts as th e pressure 
barrier between the low-pressure gun and the high-pressure test medium. 

To produce the heavy-duty motor drive circuit, five “ganged” National Semiconductor LMD18200 
motor drivers are arranged in parallel.  This arrangement was developed to replace the previous 
system’s off-the-shelf module that exhibits ex cessive delay from the dri ve command signal to 
valve opening. Actuatio n of the  ne w heavy-dut y circuit wa s contro lled by an Agilent 33220A 
function ge nerator to eliminate delay inherent in the Copley control system. The laboratory 
arrangement is shown in Fig. 35. 
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Figure C-8.  Equipment Arrangement for Modified Motor Drive Circuit. 

An addition al system modification  was replac ement of the drive sha ft connect ing the valve  
motor to th e valve  disk.  The original shaft was made of Lexan or similar plastic material,  
possibly turned from stock to the finished diameter.  The n ew shaft was made of 0.375-in.-diam 
carbon fiber rod cut to length. 

Results indicate the new circuit was successfu l. The best-case delay of the original Copley 
Accelnet servoamp module with valve “windup” or preset position at 4.3° (72 encoder counts) in 
front of the valve open position was 8.20 millise conds. Under the same windup, a d elay of 3.66 
milliseconds was measured using th e new circui t and carbo n fiber shaft . This i s relevant since 
the shock tube sequence of events lasts only about 8 milliseconds. 

A detailed comparison at other co nditions is listed in Table C-2.  Again referencin g Fig. 13,  it  
can be seen that in addition to the e-beam aperture of the valve disk, there is a second aperture 
that is 180  deg away. This se cond aperture is used a s a trigger by allowing light from a  
continuously emitting LED to be coupled into an optical fiber.  This fiber optic signal is labeled in 
the table as FO2.  Another fiber optic signal system (not shown in Fig. 13) that is located 10 deg 
“upstream” of the FO2 system provides another trigger (FO1) that occurs before the FO2 signal.  
Shaft twist was calcu lated from the difference  of the motor encoder an d the valve position  as 
detected by the fiber optic signals while the valve is running.  

  

37Statement A: Approved for public 
release; distribution is unlimited.

AEDC-TR-09-T-5 



 

 

APPENDIX C.  CONTINUED 

Table C-2.  FARVA Time Response Data for Various Initial Positions and Equipment 
Configurations. 
Windup 
Counts 

Supply 
Volts 

Shaft Driver FO1 
delay, 
msec 

FO1 
twist, 
counts 

FO2 
delay, 
msec 

FO2 
twist, 
counts 

FO2 
twist, 
degree 

Motor 
velocity 
at FO2,  
rpm 

72 31.5 plastic Copley   8.20 812 48.72 1350 

100 31.5 plastic Copley   9.59 884 53.04 1850 
272 31.5 plastic Copley    10.60 924 55.44 825 
472 31.5 plastic Copley    11.96 686 41.16 708 
72 31.5 carbon 

fiber 
LMD 
18200 

  3.66 246 14.76 780 

100 31.5 carbon 
fiber 

LMD 
18200 

  3.32 211 12.66 923 

166 31.5 carbon 
fiber 

LMD 
18200 

  4.40 189 11.34 539 

271 31.5 carbon 
fiber 

LMD 
18200 

3.31 32 4.51 245 14.7 1358 

439 31.5 carbon 
fiber 

LMD 
18200 

3.4 30 4.90 -24 -1.44 841 

472 31.5 carbon 
fiber 

LMD 
18200 

5.78 300 5.78 587 35.2 1957 

642 31.5 carbon 
fiber 

LMD 
18200 

5.5 4 6.60 -8 -0.48 1681 

166 44 carbon 
fiber 

LMD 
18200 

  3.95 368 22.08 1081 

273 44 carbon 
fiber 

LMD 
18200 

2.8 243 3.98 216 12.96 1395 

 
The table shows that for the original system that used the plastic shaft and Copley motor 
controller the disk velocity (when its aperture passed by the e-beam o utlet) has a  velocity of 
1,350 rpm at the smallest windup (72 counts). The lowest speed recorded for the pl astic shaft is 
708 rpm at  a 472-count windup.  It was expected that the f astest velocity would ha ve been for 
the largest windup value, assuming that the motor can achieve a faster speed when given more 
time to accelerate.  However, this assumption was not borne out in th e experime ntal results.  
This pheno menon is n oticeable in Fig. C-9, which show s that the  calculated m otor velocity 
exhibits several relative ma xima an d minima in  the 50-millisecond time period shown on the  
graph.  The nonlinear velocity-time response can be attributed to the elasticity of the plastic 
shaft.  Figure C-9 is for a 100-count (6-deg) windup situation. 

The shaft twist at the moment the disk aperture  passes the e-beam outlet can be m easured by 
comparing the known angular position of the  disk (0 de g) with the angle provided by the  
encoder at the other end of the shaft.  The twist angles for the plastic shaft are fairly severe and 
are around 50 deg for  the four te st condit ions listed in the  table.  In Fig. C-9 the t ime for the  
actual open ing of the  e-beam output is approximately 9.6 millisecond s after the  tri gger to the  
FARVA oc curs (Input  6); however, the motor encoder  shows th at it beg ins moving 5  
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milliseconds after receipt of the start trigger. The remaining 4 .6 milliseconds are associated with 
the time re quired to twist the plast ic connect ion rod and to mo ve the  aperture to the correct 
angular position. 

 
Figure C-9.  FARVA Valve Response Data with Copley Accelnet Drive Circuit 
and Plastic Drive Shaft.  Data is for a 100-Count (6-deg) Windup Situation.  
Green Pulse is Start Command. Red Spike is Estimated Valve Opening Time 
Merged from Other Data Source.  Motor Velocity Data are Provided Directly 
by Copley Control Software.  Calculated Velocity Data are Obtained from 
Motor Position Data and Times Associated with that Data. 

By replacing the plastic shaft with a stiffer carbon-fiber shaft, the delay time associat ed with the 
twisting of the shaft was greatly reduced.  The twist angles using the ca rbon-fiber shaft are also 
greatly reduced, as shown in Table 2.  They have dropped to a nominal value of approximately 
16 deg or less, as compared to the 40- to 55-deg range of the plastic shaft.  In addition, the new 
power supply that provi des power to the motor has been improved b y using the LMD18200-
based pow er supply.  These two modifications, along  wit h the usa ge of an  Agilent 33220 A 
controller rather than th e relatively slow Copley  controller, have greatly reduced th e delay time  
for the FARVA.  For example, with a 272-count (16-deg) windup and 31.5-volts supply voltage, 
the original system had a time delay of 10.6 milliseconds, w hereas the new system had only a 
4.51 millisecond time delay.  By increasing the  supply voltage from 31.5 to 44 volts, the time  
delay is decreased to an even smal ler value: 3.98 milliseco nds.  Figure s C-10 and C-11 show 
data obtained from the FARVA when it operates with the stiffer shaft and new motor driver.  For 
these figures the time delay between the arrival of the trigger signal (Input 6) and the opening of 
the aperture to the e-beam (Output 1) is approximately 4 milliseconds. 

OBSERVATIONS: 

In the previous se ction it was sho wn that the  replacement of the  original pla stic shaft with  a 
carbon-fiber shaft and  t he replace ment of the Copley mo tor controlle r with a cu stom-made, 
heavy-duty motor controller greatly reduced the  time delay of the FARVA.  During the testing of  
the FARVA, the following additional observations were made: 
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1. Vacuum conditions wit h pumps ru nning vs. no pumping showed no significant speed 
difference. Therefore, all test dat a were obtained with no pumping since th is was 
easier to execute. 

2. Velocity data reported by the Copley servoa mplifier user interface appear to be  
inaccurate, possibly due to excessive filtering. The velocity data appea r delayed a nd 
smoothed relative to velocity calculated usin g encoder position an d time which 
correlated inversely with motor current. 

3. Although the carbon f iber shaft f lexes torsionally (twists) as evinced by difference  in  
position indicated by motor encoder from the position indicated by valve aperture  
wheel, it does so much less than the plastic shaft. 

4. An increase in supply voltage of 13 volts using a lead-acid battery did not show 
appreciable speed ben efits at  shor t windups. This may have been due to significan t 
battery voltage drop when the valve was moved.  

5. Calculated velocity plots indica te it takes 1 milli second for t he motor to spin up fre ely 
(take up slop) then anot her millisecond before velocity minimizes, prob ably when the 
shaft has torqued and valve static friction is overcome resulting in valve movement. 
Therefore, it is unlikely that any reduction of  opening time under 2 milliseconds can be 
made no matter how small the windup. 

 
Figure C-10.  FARVA Valve Response Data when Using LMD18200 Drive Circuit 
and Carbon Shaft.  Data are for a 100-Count (6-deg) Windup.  Output 1 is LED 
Signal (FOS2) Indicating Aperture Opening for E-Beam.  Measured Amperage is 
That Entering FARVA Motor.    
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Figure C-11.  FARVA Valve Response Data when Using LMD18200 Drive Circuit and 
Carbon Shaft.  Data is for a 100-Count (6-deg) Windup.  Input 6 is Start Command, 
Which Occurs at 0 sec.  Motor Position and Motor Velocity Data Obtained from Encoder 
on Motor Along with Encoder Software.  Calculated Velocity Obtained from Motor 
Position Data and Known Times.   

 
IMPROVEMENT 3: OPTIMUM APERTURE SIZE 

The original pulsed e-beam system includes a fast action valve assembly (FARVA) whose major 
pressure barrier is a thin aluminum disk wi th a 0.125-in.-diam aperture that acts as the  
transiently opened aperture through which the pulsed e-beam tra vels.  Figure C-1 2 shows a  
photograph of the FARVA disk.  The aperture is shown at the bottom of the wheel, a nd another 
smaller hole, used for triggering purposes, is at the top of the disk.  Large cutouts on the wheel 
reduce the disk’s moment of inertia.  The 0.125-in. aperture provides a 150-µsec opening time  
when the 4.5-in.-diam disk is proper ly positioned to open at the fastest speed provided by th e 
high-torque FARVA motor.   
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Figure C-12.  Photograph of Original Rotating Disk in 
FARVA Showing 0.125-in.-diam Aperture at Bottom and 
Smaller Aperture Used for Timing Purposes at Top. 

Several considerations affect the o ptimum orifice diameter.  One consideration is that as the  
hole is made smaller, it takes a longer time for the pulsed e-beam gun to fill with gas for a given 
ambient pressure.  Thu s the gun h as a b etter chance to  successf ully fire.  Howe ver, as the  
aperture is made smaller, a lower percentage of the pulsed e-beam discharge makes it  out into 
the ambient environment.  At the other extreme, for a large-diameter orifice, the re will be no 
reduction in  the amoun t of electrons passing through the hole, but the gun will be quickly 
pressurized to the same  pressure as the te st medium into which it fires as soon a s the valve  
opens.  Ob viously the t wo extremes of a very l arge- or a very small-diameter aperture do not  
provide a useful output f or the pulsed e-beam system.  For an infinite ly small aperture, the gun 
will remain at its optimum pressur e (approximately 70 mtorr), but no  electrons will be  emitted.  
For an infini tely large aperture, the gun will no t even fire for an ambient pressure significantly 
above 70 mtorr.  Thus, for a given hole size and rotational speed, there is an optimum aperture 
size that will give the strongest issuance of electrons out of the FARVA. 

In addition to the original disk, two additional disks were machined.  Each of the new disks had 
the same overall diamet er as the  original, but  one new disk had an orif ice that was 5 0% larger 
than the original, and the other new disk was 50% smaller.  The two new disks were also slightly 
thicker and did not have the metal cutouts that t he original disk had, so their moments of inertia 
were significantly larger than that of the original d isk.  The expectation for these disks is that the 
largest diameter (0.1875-in.) aperture will provide the strongest e-beam output at low pressures, 
but at the  cost of  lowering the maximum pressure for the  test medium that the  e-beam shoots 
into.  Conve rsely, the smallest diameter (0.0 625-in.) aperture will provide the weakest e-bea m 
output of th e three aper tures, but will be able to provide an e-beam for test medium pressur es 
that are above those associated wit h the other two larger orifices.  As mentioned earlier in this  
report, the upper pressure limit for  the orig inal 0.125-in.-diam aperture is 50 torr.   Thus th e 
largest aperture is expected to allow pulsed e-beam operation up to a maximum pressure that is 
below 50 to rr, and the smallest aper ture will all ow operation up to a maximu m pressure above  
50 torr. 

The largest diameter (0.1875-in.) aperture disk was tested first.  The pulsed e-beam system was 
mounted on the Laboratory Shock Tunnel dump tank, which  acted as a static cell that could be 
pressurized with air or nitrogen.  For this test, air was used as the test medium.  As expected, 
the maximu m static ce ll pressure that would still allow successf ul e -beam emission was 
significantly lowered.  The pulsed  e-beam op erated relia bly up to approximatel y 2 torr, but  
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output strength and shot-to-shot repeatability degraded as the static cell pr essure wa s 
increased to 5 torr.  Above 5 torr no  e-beam emission cou ld be visually observed, and no N2+ 
emission spectra could be recorded using the s pectrometer and CCD camera.  However, withi n 
its operat ion range the  0.1875-in.-diam aperture allo wed more electrons to be  emit ted by the  
pulsed e-beam gun than the orig inal 0.125-in.-diam aperture.  For example, Fig.  C-13 shows an 
emission spectrum obtained by firin g the pulse d e-beam gun with the large-diameter aperture 
into 0.5-torr air.  The  signal strength is excellent  for this situ ation.  The  signal-to-noise ratio for 
this spectrum is much better than for the spectra taken at 0.65 torr which are shown in Figs. 23a 
and 23b.  I n Fig. 40 th e N2+ and N2 emission bands ar e all clearly visible with  much less 
random variations in the signal strength across the spectrum in comparison to those in Fig. 23.  

Next, the disk with  the  0.1875-in.  orifice was replaced by  the one  with the 0.06 25-in.-diam 
orifice.  Unfortunately, as this disk was being checked out for testing, t he power supply for th e 
high-torque valve motor experienced a catastrophic failure which put an early end to this, the 
last task of the follow-on work.  The replacement of the damaged power supply was prohibitively 
expensive and would require too long of a delivery ti me to be accomplished within th e 
scheduling and cost limits of the follow-on project.  As a result, the 0.06 25-in.-diam orifice disk 
has not been experimentally investigated. 

 
Figure. C-13.  Nitrogen Emission Spectrum from 0.5-torr Air in Laboratory 
Shock Tunnel Dump Tank Using Pulsed E-Beam System with Large-Diam 
(0.1875-in.) Aperture in Fast Action Valve Assembly (FARVA). 

 
To summarize this add- on task, the 0.1875-in.-diam aperture allows th e pulsed e-beam system 
to operate only up to 5  torr for the  test mediu m pressure.  In comparison, the 0. 125-in.-diam 
aperture allows the system to operate up to 50  torr, a full o rder-of-magnitude higher.  However, 
for pressures below 2 t orr the 0.1875-in.-diam aperture provides a stro nger e-beam than does 
the 0.125-in.-diam aperture.  
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