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1. 

BEAM CURRENT REGULATOR FOR ELECTRON 
BEAM MACHINES 

BACKGROUND OF THE INVENTION 
l. Field of the Invention 
This invention relates to electron beam machines, 

and particularly to apparatus for regulating and con 
trolling the beam current. A closed loop feedback con 
trol compares actual beam current with a commanded 
beam current, and any error is used to vary the bias to 
the electron gun. 

2. Description of the Prior Art 
Regulation of the high voltage supply in electron 

guns by means of a feedback system is commonly em 
ployed to maintain the voltage at a desired level. When 
a voltage regulator is employed, changes in the line 
voltage or load do not appreciably affect the high volt 
age accelerating potential. However, because the elec 
tron gun is commonly situated in an atmosphere of gas 
and metal vapors created during welding, cutting or 
other operations, the beam current may vary even 
though the accelerating potential is maintained con 
stant. Any changes in the perveance of the gun will 
change the beam current, and as a result the total beam 
power will change. Variations in beam power will affect 
the welding or cutting depth or rate and cause undesir 
able variations in the workpiece. 
The present invention provides a beam current regu 

lator which will maintain a commanded beam current 
regardless of variations in electron gun perveance or 
other changes in operating characteristics. 

In accordance with one aspect of the present inven 
tion, there is provided an improved beam current regu 
lator for an electron gun which can be used on existing 
electron beam machines, is easy to adjust and which 
performs all logical functions and comparisons at es 
sentially ground potential. 

In accordance with another aspect of the present in 
vention, a unique electron gun DC bias control circuit 
utilizing a saturable reactor is provided for versatile 
and improved operation of the regulator. 
Another feature of the present invention is a novel 

current adder circuit which enables several sequential 
levels of beam current to be programmed without re 
turning to the zero current level in between. 
A further feature of the present invention is a unique 

latch and hold circuit which momentarily holds the 
electron gun bias constant to permit 'peaking' of the 
electron gun filament. 

SUMMARY OF THE INVENTION 
The present beam current regulator senses the elec 

tron beam current produced by the electron gun and 
converts the current to a DC feedback voltage which 
is compared with a DC command voltage indicative of 
desired beam current. Any difference between the 
feedback and command voltages in the form of a DC 
error voltage is filtered and compensated, with the ap 
propriate gain being applied thereto, and fed through 
a differential amplifier into a current regulator where 
the DC error voltage is converted into a current. The 
DC current is then supplied to a saturable reactor cir 
cuit as a control for the AC current fed to the bias elec 
trode of the electron gun. "Peaking' of the filament 
may be performed by disconnecting the DC error volt 
age and applying a constant DC voltage to the current 
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2 
regulator circuit by means of a latch and hold circuit. 
A novel current adder circuit enables multiple level 
command voltages to be applied to the electron gun 
bias sequentially. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shown in block diagram form the beam cur 
rent regulating system of the present invention. 
FIG. 2 shows in schematic form the saturable reactor 

and bias supply of FIG. 1. 
FIG. 3 shows schematically the details of the latch 

and hold circuit of FIG. 1. 
FIG. 4 shows in partial block diagram form a com 

mand voltage generator which may be used in conjunc 
tion with FIG. 1. 
FIG. 5 is a graph of a representative current wave 

form produced by the command generator of FIG. 4. 

FIG. 6 shows schematically the details of the current 
adder of FIG. 4. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring specifically to FIG. 1, there is shown the 
beam current regulating system of this invention. A tri 
ode electron gun shown generally in schematic form at 
10 may be of the type used in any well-known electron 
beam machine such as a welding machine. In the typi 
cal triode electron gun, the filament or cathode 12 is 
maintained at a high negative potential such as -50 kV 
or greater relative to an anode 14 which is generally 
grounded. A bias electrode as shown at 16 is main 
tained at a potential slightly more negative than the 
cathode 12, and variations in the bias potential such as 
provided by bias supply 18 connected to the bias elec 
trode 16 will control the current produced by the elec 
tron gun 10. Electrons emitted from the filament 12 are 
accelerated toward the anode 14 and pass through an 
aperture in its center to impinge on a workpiece shown 
at 20. Conventional electron beam machines also con 
tain vacuum chambers, focusing lens, etc. which are 
not shown in the figure for purposes of clarity. 
The beam current which impinges on the workpiece 

20 may be sensed by any of several conventional tech 
niques. If the workpiece 20 is grounded, a small resistor 
(not shown) connected between ground and the high 
voltage supply will produce a DC voltage drop propor 
tional to beam current as the electrons which comprise 
the beam current complete the circuit and return to the 
high voltage supply via the ground connection. The 
production of the DC feedback voltage proportional to 
beam current together with any amplifiers required for 
gain matching are shown in block 22. 
The DC feedback voltage proportional to beam cur 

rent produced in block 22 is compared in a comparator 
24 with a DC command voltage proportional to desired 
beam current generated in block 26. In its simplest 
form the command voltage may be a potentiometer 
connected to a source of voltage, the operator of the 
electron beam machine varying the wiper of the poten 
tiometer in accordance with the desired beam current. 
A more complex command voltage supply in which 
various beam current programs may be produced will 
be described in connection with FIGS. 4 and 5. 

If the beam current differs from that set by the ma 
chine operator by means of command voltage 26, a DC 
error voltage will be generated in comparator 24 which 
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is proportional to the difference between the desired 
beam current and the actual beam current. The DC 
error voltage is fed through a noise filter 28 where the 
60 cycle noise inherently present in the feedback signal 
is removed, and then through a compensation block 30 
and a nonlinear gain block 32 where the gains and lags 
necessary to maintain regulation and stability in the 
total loop are provided. The nonlinear transconduct 
ance of the electron gun and the linear transfer func 
tion of the bias supply are combined into a single com 
pensating nonlinear gain in block 32. 
The modified and filtered DC error voltage is then 

fed into a buffer amplifier 34 where the DC voltage and 
impedance levels are matched to the input of a current 
regulator 36. The current regulator converts the DC 
voltage from buffer amplifier 34 into a DC current. 
During 'peaking' of the electron gun filament the out 
put from the nonlinear gain block 32 is disconnected 
from buffer amplifier 34 and the output from a latch 
and hold circuit 40 is applied to the buffer amplifier 34 
through switches 38 as will be described in conjunction 
with FIG. 3. 
The current regulator or driver stage 36 supplies a 

DC current proportional to the desireed beam current 
to a saturable reactor stage 42 to which the high volt 
age AC is supplied via line 44. The output from the re 
actor 42 is an AC voltage having an amplitude propor 
tional to the desired beam current which is then fed to 
the bias supply 18 which in turn rectifies the AC volt 
age and provides a DC bias voltage to bias electrode 
16. 
The bias supply is a hybrid system which controls bias 

voltage by direct application of a high potential DC 
voltage together with an additional bias voltage which 
is a function of the beam current and which is applied 
in a negative feedback mode directly to the grid 16. 
The additional DC bias voltage is controlled by varying 
the applied amplitude of the AC voltage supplied via 
line 44 by controlling the impedance of the saturable 
reactor 42 in response to a low voltage DC current 
'from the current regulator 36. Because the bias voltage 
is at a high potential, it is desirable to regulate it by a 
low voltage signal and to isolate the high voltage AC 
from the regulator 36. FIG. 2 shows in detail the novel 
saturable reactor circuit which provides the required 
isolation and enables control of a high voltage system 
by a low voltage DC current. 
Control of the electron beam gun triode configura 

tion at ground level without the use of mechanical de 
vices was a major problem which has been overcome 
by the use of a hybrid bias supply. As described above 
a hybrid bias is one in which the high voltage DC is ap 
plied to both the filament and the bias electrode 
through current limiting resistors with an additional 
variable DC voltage being superimposed on the high 
voltage DC. This variable DC is provided from a vari 
able AC voltage through an isolation transformer and 
rectifier-filter circuit. The amplitude of the variable AC 
voltage is controlled by a DC current from a current 
regulator stage. 
Referring to FIG. 2, the AC input from source 44 is 

applied to the primary winding of transformer T. The 
full secondary voltage from transformer T is fed 
through two saturable reactor stages S1 and S2 and 
then across the primary winding of isolation trans 
former T. The AC output from the secondary winding 
of transformer T is fed to bias supply 18 where it is 

10 

15 

20 

25 

30 

35 

40 

45 

SO 

55 

60 

65 

4. 
combined with the high voltage DC, rectified, filtered 
and fed to the bias electrode 16. A signal line 50 is con 
nected directly to isolation transformer T, through 
switch SW1. The saturable reactors S1 and S2 are fed 
by DC current from current regulator 36 to vary the 
impedance of the reactors and regulate the AC voltage 
across transformer T2. Two reactors are used in order 
to attain a symmetrical AC output and minimize the 
AC feedback upon the current regulator 36. 
The AC voltage on line 50 with switch SW1 closed 

is selected to be sufficient to assure cutoff of the elec 
tron gun if a malfunction occurs in the regulator sys 
tem, i.e., switch SW i is a safety device to turn the beam 
off when the switch is closed. With the switch SW1 
open and maximum current flowing from current regu 
lator 36 through saturable reactors S1 and S2, the im 
pedance of reactors S1 and S2 is at a minimum and the 
voltage across transformer T is at its maximum value 
sufficient to supply a bias voltage to bias electrode 16 
to turn off the electron gun. With minimum or zero cur 
rent flowing through reactors S1 and S2 from current 
regulator 36, the impedance of S1 and S2 is at its maxi 
mum and the voltage across transformer T is at a maxi 
mum whereby the bias voltage at bias electrode 16 will 
produce maximum current in the electron gun. 
The reactors S1 and S2 may be operated in their lin 

ear region to provide easier stabilization of the beam 
current control. An increase in DC control current pro 
duced by current regulator 36 decreases the impedance 
of S1 and S2 and decreases the electron beam current, 
and a decrease in DC control current produced by reg 
ulator 36 increases the impedance of S1 and S2 and in 
creases the beam current. The DC windings of reactors 
S1 and S2 are connected in AC opposition to cancel 
out any AC feedback, the secondary windings of S1 
and S2 appearing as pure DC paths. 
Connected to the secondary winding of isolation 

transformer T is a full wave diode bridge rectifier 52 
which converts the AC from saturable reactor stage 42 
into DC. A choke 54 and a capacitor 56 connected 
across the output of bridge rectifier 52 smooth the DC 
from the rectifier. A parasitic load resistor 58 is con 
nected across the capacitor 56. The high potential DC 
voltage for the electron gun shown as -V and which 
may be -50 kV or more is connected to one terminal 
of the diode bridge rectifier 52 and to the electron gun 
filament 12. The electron gun grid 16 is also connected 
to the high potential DC voltage-V through load resis 
tor 58. The rectified DC current from rectifier 52 
passes through resistor 58 in a direction to always 
maintain grid 16 at a negative potential relative to fila 
ment 12 by an amount determined by the voltage drop 
across resistor 58, normally 100 to 2,000 volts. In other 
words, the grid 16 is maintained at the high potential 
DC voltage -V with the additional DC voltage pro 
duced by the rectified DC from rectifier 52 superim 
posed thereon, the additional voltage always maintain 
ing the grid 16 more negative than the filament 12 by 
an amount determined and controlled by the DC cur 
rent from current regulator 36. 
Each control stage in the current regulator system ex 

cept for the bias supply stage 18 is varied about ground 
potential with only the bias supply 18 being at a high 
potential. 

FIG. 3 shows the details of the latch and hold circuit 
40 which is inserted between the nonlinear gain block 
32 and the buffer amplifier 34. When a beam current 
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regulator system as shown in FIG. 1 is employed to 
maintain the electron gun current at a programmed 
value, it is difficult to "peak' the electron gun filament. 
As the filament heats up, the resulting emission current 
increases and the beam current likewise increases up to 
the point of space charge saturation. When a beam cur 
rent regulating system is used, it is difficult to adjust the 
filament temperature to its optimum value since any 
variation in the filament temperature for a fixed bias 
voltage will cause a variation in beam current, and the 
regulating system will then adjust the bias voltage to 
maintain a constant beam current. Thus the attainment 
of peak operating heat at the filament is masked by the 
inherent operation of the regulating system and the op 
erator has no assurance that the electron gun is operat 
ing in its optimum mode. 
This problem is overcome by the latch and hold cir 

cuit of FIG. 3. The beam current error signal produced 
in comparator 24 of FIG. 1, which is indicative of the 
difference between the desired beam current and the 
actual beam current and which after being filtered, 
compensated and amplified appears as the output from 
block 32, is maintained at a constant value for a suffi 
cient time so that the electron filament temperature 
may be adjusted to its optimum value without changes 
occurring in the bias voltage. In other words, the latch 
and hold circuit effectively disconnects the regulator 
system from the circuit and in its place maintains the 
bias voltage at a fixed value while the filament is 
"peaked'. 

Referring to FIG. 3, the error signal voltage from 
nonlinear gain block 32 is fed through signal line 60 
into latch and hold circuit 40 where the voltage appear 
ing on line 60 is continuously updated and stored when 
switch 38c is connected to the positive voltage terminal 
+V. With switch 38c connected to the +V terminal (the 
"regulate' mode), the error signal voltage from nonlin 
ear gain block 32 also passes through line 62 and 
through switch 38a to the buffer amplifier 34, to ulti 
mately regulate the electron beam current. At this time 
switch 38b is open. 
When switch 38c is moved to the "filament peaking' 

mode which is at ground potential, switch 38a is 
opened thereby disconnecting the error signal voltage 
on line 62 from the buffer amplifier 34, and switch 38b 
is closed thereby connecting the stored voltage signal 
in the latch and hold circuit 40 to the buffer amplifier 
34. The voltage stored in the latch and hold circuit 40 
at this time will be the last voltage level which appeared 
on line 60. While in the “filament peaking' mode, the 
output from the latch and hold circuit 40 slowly decays 
and can be controlled by a capacitor 64 connected 
across the output from the latch and hold circuit. 
Thus, when switch 38c is in the "regulate' position, 

normal beam current regulation occurs. With switch 
38c in the “filament peaking' position, a constant volt 
age equal to the last occurring error voltage is fed to 
the regulator allowing the filament to be "peaked' 
without any changes occurring in the error voltage. 
After "peaking' has been effected, switch 38c is re 
turned to the “regulate' position and normal beam cur 
rent regulation is resumed. Since the beam current may 
have been changed as a result of the 'peaking' opera 
tion, the control loop should be permitted to stabilize 
before normal operation of the system is resumed. 

FIG. 4 shows how the command voltage generator 26 
of FIG. 1 may be implemented to permit the electron 
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6 
beam to be operated at several preprogrammed beam 
current levels in a sequential manner without returning 
to the zero current level in between. The beam pro 
grammer utilizes a logic network to program an inte 
grator and a current adder at the proper times to pro 
duce various sequential voltages which cause the elec 
tron gun to produce the desired current levels. 
Referring to FIG. 4, when the beam on' switch 70 

is closed, the logic control 72 is activated and transmits 
activating signals to integrator 74 and current adder 76 
in the proper sequence to cause the current adder to 
produce the desired output or command voltage. Upon 
actuation of logic block 72, a signal is sent to integrator 
74 via line 78 and the integrator 74 generates three ref 
erence voltages, E1R, E2R and E3R, which are propor 
tional respectively to a first maximum current level, a 
second maximum current level (which may be identical 
with the first reference current level), and a final cur 
rent level (which may be zero). The E1R, E2R and 
E3R voltages are fed to the current adder 76. Potenti 
ometers 80 and 82 are adjusted by the machine opera 
tor or automatically to produce voltage signals respec 
tively proportional to the desired first current level 
E1C and the desired second current level E2C, and the 
E1C and E2C signals are also fed to the current adder 
76. Timing signals are fed to current adder 76 from 
logic network 72 via line 84 to signal the appropriate 
times for initiating the desired command voltages. 
FIG. 5 shows in graph form the generation of a two 

level ramp command voltage with a return to zero, but 
it is apparent that other waveforms of beam current are 
possible, and that step functions may be incorporated 
in the control. The voltages E1R and E2R are identical 
and are proportional to maximum beam current. Volt 
age E1C is proportional to about 50 percent of maxi 
mum beam current, while voltage E2C is proportional 
to about 80 percent of maximum beam current. Volt 
age E3R is a voltage which subtracts from the pro 
grammed beam currents and provides a return to zero 
beam current. 
FIG. 6 shows the implementation of the command 

voltage programmer in the current adder 76 to produce 
the command voltage function shown in FIG. 5. At 
time t logic network sends a signal via line 84 to the 
current adder 76, and in response thereto switch 86 is 
closed. The voltage E1C (which is shown to be about 
50 percent of the voltage E1R) is fed via line 88 to sum 
ming junction 90 and voltage E1R is fed to multiplier 
96. At this time all other inputs to summer 90 are zero, 
and the output Ec from summer 90 is fed to compara 
tor 24 of FIG. 1. FIG. 5 shows that voltage level E1C 
is reached by means of a time delay or ramp from the 
zero voltage level, but the level E10 could be reached 
by a step function as will be obvious to those skilled in 
the art. The voltage E1C is also fed to multipler 92 via 
line 94, but no output is generated from multiplier 92 
and 96 at this time because both E2C and E2R are still 
ZeIO. 
At time to a second signal is fed from logic network 

72 to current adder 76 to close switch 98 and apply 
voltage E2C to multiplier 96. Voltage E2R is also ap 
plied to multiplier 92 at this time, and voltage E2C is 
fed to multiplier 100 via line 102. Voltage E2C is 
shown to be about 80 percent of voltage E2R. The out 
put from multiplier 100 is zero at this time because 
voltage E3R is zero. As E2R and E2C increase to their 
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final values, the output from summer 90 increases to a 
level equal to E2C as explained below. 
With switch 98 closed, multiplier 96 receives volt 

ages E1R and E2C, and its output EA is E1RE2C-K (K 
is a proportionality factor). Multiplier 92 receives volt- 5 
ages E1C and E2R, and its output EB is ECE2RK. 
The voltage EB is subtracted from voltage EA in differ 
ential stage 104, and the output from the differential 
stage 104 is fed to summer 90 to be added to the E1C 
voltage fed to summer 90 via line 88. O 
The output from differential stage 104 is EA-EB. 

EA = E RE2C.K 

and 
5 

EB = E1 CE2R-K, 
therefore 

EA-EB = E1 RE2C-K - El C. E2R. K. 

Since by design E1 R = E2R, 2O 
EA-EB = E2R-K (E2C-E1 C) 

and if K is set equal to 1/E2R, then 
EA-EB = E2C-El C. 25 

The output from summer 90 now is 
El C+ (E2C-El C) = E2C. 

At time ts, switch 106 is closed by a signal from logic 
network 72 via line 84, and voltage E3R (with a polar- 30 
ity opposite that from E1R and E2R) is fed to multi 
plier 100. Voltage E2C is fed to multiplier 100 via line 
102. If E3R is made unity, the output from multiplier 
100 is - E2C, which is then fed to Summer 90 and sub 
tracts from the EC voltage fed to comparator 24. EC 
then reduces to zero. E3R can, however, assume other 
values which would reduce Ec to some voltage other 
than zero and command a fixed current level. 
Upon termination of the command voltage program, 

logic network 72 instructs current adder 76 to open 
switches 86, 98 and 106, and Ec will then become zero. 

35 

40 

It is obvious that other combinations of command 
voltages may be programmed by the novel current ad 
der. 
While the present invention has been described with 

respect to its preferred embodiment, it will be apparent 
that changes may be made in its construction and oper 
ation without departing from the scope of the invention 
as hereinafter claimed. 

I claim: 
1. A beam current regulator for an electron gun hav 

ing a filament and a bias electrode comprising 
means for sensing the electron gun beam current and 
producing a beam current signal indicative thereof, 

45 

50 

55 

means for generating a beam command signal indica 
tive of desired electron gun beam current, 

a comparator for comparing said beam current signal 
with said beam command signal to produce a beam 
current error signal variable as the difference 
there between, 

first and second saturable reactors having input and 
output windings, the output windings of Said reac 
tors being connected in series and the input wind 
ings thereof being connected in series opposition, 
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8 
a source of alternating voltage, 
means for connecting said alternating voltage source 

to one end of said series connected saturable reac 
tor output windings, 

means for connecting said beam current error signal 
to the input windings of said saturable reactors to 
vary the impedance of said saturable reactors in 
versely with the magnitude of said beam current 
error signal, 

output means connected to the pposite end of said 
series connected Saturable reactor output windings 
for producing an ac output signal having an ampli 
tude variable with the magnitude of said beam cur 
rent error signal, 

means for rectifying said ac output signal to produce 
therefrom a dc bias voltage, 

and means for connecting said dc bias voltage to said 
electron gun bias electrode. 

2. A beam current regulator as in claim 1 and includ 
ing 
means for producing a high potential negative dc 

voltage, 
means for connecting said high potential negative dic 
voltage to said electron gun filament, 

means for combining said dc bias voltage with said 
high potential negative dc voltage so that said com 
bined voltage is more negative than said high po 
tential dc voltage by the amount of said dc bias 
Voltage, 

and means for connecting said combined voltage to 
said electron gun bias electrode. 

3. A beam current regulator as in claim 1 wherein 
said means for producing a beam command signal com 
prises 

integrator means producing first and second voltage 
reference signals of equal magnitude, 

means for selectively producing from said first and 
second voltage reference signals respectively first 
and second variable command voltage signals, and 

current adder means including multiplier means for 
receiving said first and second voltage reference 
signals and said first and second command voltage 
signals, said current adder means producing a 
beam command signal which will cause said beam 
current to achieve a first level as a function of said 
first command voltage signal, and subsequently to 
achieve a second level as a function of said second 
command voltage signal. 

4. A beam current regulator for an electron gun, said 
gun having a filament and a bias electrode, comprising 

means for sensing the electron gun beam current and 
producing a beam current singal indicative thereof, 

means for producing a beam command signal indica 
tive of desired electron gun beam current, 

means comparing said beam current signal with said 
beam command signal to produce a beam current 
error signal variable as the difference therebe 
tween, 

means responsive to said error signal for generating 
a dc bias voltage, 

means for connecting said dc bias voltage to said bias 
electrode, 

a signal storage circuit, 

  



3,838,313 
9 10 

means connecting said error signal with said storage nal from said bias voltage generating means and 
circuit to store therein the value of said error sig- connecting in place thereof the value of the error 
nal, signal stored in said signal storage circuit. 

and switching means for disconnecting said error sig- ck k k >k k 
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