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This paper presents results of experiments to 
measure the current extracted through the foil of an 
electron beam diode by observing the heating of the 
foil. Generally anode current density is measured 
with a dosimeter film, often of dubious linearity, 
or with Faraday cups which give a current density 
versus time mp at isolated points or with an array 
of calorimeters. For the present measurements a 
fast scanning infrared camera is used to measure the 
temperature rise of the foil after a pulse. The 
measurement takes 600 /&s for a single line scan or 
16 ms for a full raster scan. Resolution is corn-- 
parable to that of dosimeter film, the IR camera is 
easily calibrated to produce accurate temperature 
plots, and because of the fast scan this system is 
ideally suited to observing small scale structure in 
the beam current density for repetitive pulses up to 
several hundred Hertz pulse repetition rates. 

Introduction 

Frequently the foil taoperature is of greater 
interest than the current density. For example when 
a beam is extracted repetitively heat buildup in the 
anode foil limits the total power par area that can 
be extracted. A measurement of temperature versus 
position and tine shows hot spots due to nonuniform 
beam generation and gives a measurement of the 
effectiveness of whatever ancde cooling my be 
empm?~. Foil temperature may be converted. directly 
to the product o 

is 
beam current density times time 

(coulanbs per cm ) provided the voltage is constant 
during the pulse and the spectrum of angles for the 
beamisknown. Generally the angles of incidence 
are near normal because the beam must pass through a 
support structure ("Hibachi") to reach the anode. 
Since the incidence angle affects the heating of the 
foil in proportion to the secant, the effect is 
second order (i.e., small) for angles near normal 
and will ba neglected. Care was taken in the data 
to be presented to work with a square voltage pulse. 

Energy is deposited in the ancde foil by (1) 
ilE/dx losses, (2) back scatter from the material 
beyond the foil, and (3) electrons back scattered 
into the diode by the an&e foil which are sub- 
sequently returned to the foil by the diode field. 
These effects were simulated using the electron- 
photon transport code CYLTRAN.1 The results are 
almost identical to the dE/dx losses as calculated 
in Reference 2 except at the lowest energies. Using 
these losses and the thermal properties of the foil 
it is possible to calculate the temperature rise in 
a foil for given voltage and current density wave- 
forms. Data will be be presented for titanium foils 
0.0025 cm thick. For a 250 keV beam assuming a 20" 
divergence 21% of the beam energy or 0.4 J/an2 is 
deposited in the foil. This causes a 71°C tempera- 
ture rise per pulse. 

Cooling may he acccmplished by radiation, 
conduction to the anode support, convection to the 
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material (gas) beyond the foil, and conduction to the 
material beyond the foil with a phase change in that 
material. Radiation and conduction to the supports 
are far less effective than even mcderate convection. 
Conduction with a phase change wuld be very effec- 
tive but has not been tried. Convection coolirig may 
be rrodeled as turlxllent flow over a flat plate when 
the gecrnetry yf Figure 1 is used. The cooling rate 
dQ/dt (Cal/cm /s) is given by 

32 d 
YE=;if (C p XT) = - h (T - To) . 
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Figure 1. Schematic of the experiment. 

The foil variables are specific heat C, density p, 
thickness X, and temperature T. Gas parameters are 
temperature To and cooling coefficient h. Foil 
teqerature decays exponentially with a charac- 
teristic tiiw 

T = C p X/h . (2) 

Generally h is in the range 0.003 to 0.03 J/cn2/s/"K. 
For a 0.0025 an thick titanium foil T = 0.4 to 0.04 s. 

The particular 
?I 

el of convective flm over a 
flat plate used gives 

h = 0.036 uoaa L-OS2 
[ 

Pg 0.8 $-) (Pr)li3 kg . (3) 
1 

The quantity in brackets is a dimensionless number 
involving only prqerties of the gas, density (p 
viscosity (fl), Prandtl number (Pr) and conductiv ty B 

), 

(kg). It is tabulated as F in Table I for three 
c-n gases. Note that even though the parameters 
vary considerably fran gas-to-gas F is relatively 
constant. L, the distance fram the gas nozzle, has 
little effect on h because it enters to a smll 
per. The dcminant effect is due to gas velocity 
u. Inserting an average value for F 

h = 5.9 x lO-4 v"*' L-o*2 J/s/cm=/'K (4) 

for v in m/s and h in meters. At 150 m/s (500 ft/s) 
and L = 0.3 m, h is 0.04 J/an2/s/01C which is in the 
range referred to previously as being typical and 
r=42ms. 

If the foil is repetitively pulsed at a period 
t with a temperature rise per pulse of i\T then 
a P ter N pulses the teqerXure is 

T- To = LIT e-t/T (1 + e-tdT+ +,-=‘!T) . (5) 
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Thermal 

p +=7 
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Here t is the 
nlaybesd 

TABLE1 
Properties of Cooling Gases 

Air (100-F) 6% (ZW'F) q (loo*Fl 

0.071 O.C.38 ".kOB 

1.285 x 1o-5 1.4 x 11Y5 1.05 x 10-5 
0.72 0.685 0.77 

0.0154 0.097 0.01 
13.61 13.1 14.9 

time since themostrecentpulse. This 
to give 

T-T 
0 = .-t/7 

AT (6) 

corrm3n cause of 
anode foil failure in high power electron beam 
diodes. 

Experimental Results 

To Itudy beam extraction in the range of 
250 A/cm at 250 kV which wer the parameters of 
interest 

4 
snnll area (- 8 2 ) diodewasbuil'c for 

the FZF-1 pulser. FtTF-1 is a 10 R, 30 ns (2 way 
time) coaxial pulse forming line pulser which 
operates to 350 kV on the cable at rates to 100 Hz 
for up to lo6 shots in scme runs. A water resistor 
served to terminate the cable in its characteristic 
impedance assuring a square voltage pulse to the 
high impedance (- 50 R) diode which paralleled the 
resistor. Voltage was measured with a dV/dt monitor 
and current with a 0.35 .Q shunt (CVR) which observed 
the CXrent through the diode only. Typical wa’be- 

forms are shc+in in Figure 2. The voltage rises to 
250 kV in 7 ns and has a 22 ns flat top. The shape 
of the current waveform is determined by the cathcde. 

Figure 2. Waveforms at 200 ns/div, upper trace 
voltage (160 kV/div), lo+zer trace diode 
current (4.6 kA/div). 

Several cathodes were explored in an attenpt to 
get a uniform electron beaii at the anode foil with a 
rapid turn on. Table II lists the main candidates 
used. Current density is proportional to the di&e 
voltage (in MV) to the 3/Z power and inversely pro- 
portional to the A-K spacing. Values of the propor- 
tionality constant K are given in the table. In the 
interest of mintaining a reasonably large A-K gap a 
large K was desirable. Carbon felt, with the largest 
K, gave a very filamented beam so a grcoved brass 
plate, shm schematically in Figure 1 was used. 
Uniformity, current turn on and lifetime of the brass 
cathole were acceptable. 

Test foils were -ted in the holder shc%+n 
schematically in Figure 1. The extraction area was 

TABCEII 
Properties of Cathodes 

rf for 250 A:& 
M x at 0 .*5 :+I Unifc-it%. 
0.5 mil 260 0.36 cm 
ss made 

?.::q-i2L? 

21 mil 396 0.44 
Brass Blade 

accF+tr21e 

2 P 0.5 nil 534 0.52 accqzx3l+ 
ss 31ties 

9 saw xxles 64) 0.59 accepczla 

Grooved Bras3 10‘5 0.73 
Plate 

airep-~le 
(- + is%, - 

cah Pelt l209 0.78 p33; 

1 an across by 8 an high. The foil surface was 
approximately 1 cm behind the remainder of the anode. 
The anode field shaper bars were used to keep the 
beam from diverting to the foil support. Cooling 
gas was blcr*m along the length of the foil fran a 
nenifold at one end. Air, argon, and sulfur hexa- 
fluoride were used. Gas velocity was estimated 
from the measured flw rate and checked with a Pitot 
tube. Temperature was measured along a single line 
through the center of the foil along the long 
dimension. It was measured with a scanning IR 
camera which was selectable for a single scan 
every 600.~~ or a full raster scan every 16 ms. The 
camzra was calibrated using titanium and al&num 
foils heated to temperatures in the range of interest. 
A typical calibration curve for camera output voltage 
versus temperature is given in Figure 3. The camera 
is rather sensitive for all but the Iwest tempera- 
tures for titanium foils (emissivity = 0.3) but for 
lmer emissivity (E = 0.055) aluminum foils single 
shot temperature rises (AT - 60°C) were masked by 
noise. 
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Figure 3. Calibration curves for the IR camera. 

Figure4 shows themaximum foil temperature 
versus time along the line of scan for a single 
pulse on titanium at 250 A/cm2, 250 kV, 30 ns. The 
expected temperature rise is 71"C, the measured rise 
is 70°C. In general the measured rise is in the 
range 65 to 75°C in good agreement with the calcula- 
tions indicating that the ttrnperature profiles may 
be used to measure current density profiles. A fit 
of temperature decay to an exponential yields a decay 
time for each -ination of cooling gas and velocity. 
This is plotted in Figure 5. Argon and air lie on a 
ccmnon curve as expected from earlier arguments, 
sulfur hexafluoride provides better cooling. The 
cooling coefficient for air and argon varies as 
velocity to the 0.9 per, consistent within errors 
to the 0.8 expected. The power for sulfur hexa- 
fluoride is 1.2. 
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Figure 4. Termperature vs. time for a single pulse. 
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Fig. 5. Cwling time vs. gas flew rate. 

Figure 6 displays the temperature versus position 
along the foil for a single pulse. The structure on 
the temperature distribution correlates directly to 
the structure of the anode field shaper bar. The 
positions of the bars are narked by the arraJs in 
Figure 6. The camera spatial resolution is better 
than the bar width which was 0.075 cm. The relative 
emission from various parts of the cathode was 
observed to change with accurranulated pulses. 

Figure 7 shows the buildup of foil temperature 
as a function of time for a 5 second run at 10 Hz. 
Equation (6) is used to ccmpute the temperature 
versus time line drawn on the rising part of the 
figure. The large spikes appearing on several pulses 
(such as the first 3) are at present unexplained but 
may be related to an interaction of EMP frcxn the 
accelerator with the camera. Figure 7 illustrates 
the ability of this technique to follcw a train of 
pulses and measure shot-to-shot uniformity. 

Conclusions 

It has been shckJn that a scanning IR camera can 
be used to measure spatial and temporal temperature 
profiles along the extraction foil of an electron 
beam dicde. From this data the extraction current 
density can be inferred. 'Ihe temperature distribu- 
tion can also be used to study foil cooling and 
explore foil failure mechanisms. 
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Figure 6. Foil temperature distribution iamediately 
follting a pulse. 
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Figure 7. Foil teqerature vs. time under repetitive 
pulsing at 10 Hz. 
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