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n i l
During the last few years, remarkable progress has been made on the

development of pulsed, high current ion sources.”
9 

Presently, pulsed ion

sour ces are ava ilable”3 at power levels in excess of C.2 terrawatts, and even

higher power levels are anticipated in the near future. Among the various ion

sources the reflex triode has several attractive features. For example, it

can operate in the presence of a magnetic field and its ion current can be

considerably h igher th an that predicted for bipolar flow. However, the reflex

triode has the undesirable feature that about one half of the ion current flows

toward the cathode of the device and thus is wasted. Therefore, under the best

conditions , the optimum efficiency of an ordinary reflex triode cannot exceed

50%. For any practical device the efficiency is less than 30%.

In this letter we report results which demonstrate that by adding a second

anode to an ordinary reflex triode the wasted ion current can be reduced to

~ 5%, i.e., ~ 95% of the ion current propagates toward the virtual cathode and

thus can be extracted out of the source and be utilized. So far, ion generation

efficiencies in excess of 50% have been obtained.

The reflex tetrode configuration with double anode is illustrated schemati-.

cally in Fig. la. A 5-cm diam. graphite cathode, maintained at ground potential,

is located ..l.5 cm from the first anode, A,. This anode consists of a 6-pm-
thick aluminized mylar foil. The second anode, A2, is placed ~~0.5 cm from A,
toward the virtual cathode and is made of a 13-pm-thick polyethylene foil which
Not.: Manuscript submitted November 30, 1977.
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is the primary source of protons. The anodes are mounted on the edges of a

12.7 con I.D. aluminum ring that is connected to the Seven Ohm Line (SOt) gen-

erator, which is operated in positive polarity. Typical peak output voltage

of this generator is 500 kV with a pulse width of —50 nsec (FWHN) . The

experiments are performed with an axial magnetic field of — 5 . 6  kG.

The motivation for using this double anode geometry was to obtain an

electric potential profile in which protons from the anode plasma would be 
V

preferent ia l ly  accelerated in the forward direction, i.e., toward the virtual

cathode. In an ordinary reflex triode , the potential is more or less symmetric

in the vicinity of the anode, so protons are emitted in both the forward and

backward directions in approximately equal numbers. The addition of the

second anode modifies the potential in such a way that most of the ions

emitted at A2 are unable to reach A1
. Qualitatively, the potential profile of

the double anode configuration is shown in Fig. lb. The number of protons

emitted from A1 toward the cathode K is small because , as has been observed in ~ V

prev ious exper iments,’0 aluminized mylar anodes are poor sources of protons .

The o~imber of protons emitted in either direction is determined by nuclear

activation techniques.” Th ick graphite or boron nitride (BN) targets are

placed — 7 cm from A.2 to measure the forward-directed number of protons . The

number of back-directed protons is determined by measuring the activity in-

duced in the graphite cathode and on RN or carbon targets placed around

the cathode. In cases where the proton flux is intense enough to cause sub-

stan tial targe t blow off , a 33% transparent screen is placed in front of the

target to reduce the number of protons striking the target.

Since nuclear ac tiva tion gives only the time in tegra ted pro ton yield ,

the proton current is inferred from the total yield together with the duration

2
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of the proton pulse.  The duration of the proton pulse is assumed to be equal V

to t he time interval from plasma formation un t i l  the diode voltage drops be-

low the threshold for target activation ( 277 kV for the ‘4N ( p ,y ) 150 reaction

on BN , 4~~ kV fo r the 12C(p , -y) ’3N react ion on graphite) . To dete rmine the

proton e f f i c i ency ,  the result ing average proton current is then compared to

the average value of the total current during this time (as measured with a

resistive shunt in the outer conductor of the SOt diode) .

The striking feature of the double anode configurat ion is its unidirec-

tionality . Nearl y all (>95%) of the protons are emitted in the forward direct ion.

When A
~ 

and A
2 
are interchanged (i.e., the proton source is located at A1) , ,

most (> 95~) of the proton current flows only toward the cathode. With a

2- UJ,m-thick A1 foil  (whose thickness is small compared to the 8-pm range of

5C~ -keV protons) , no radioactivity from backstreaming protons is detected on

the cathode nor on BN targets placed around the cathode. Thus , the unidi- V

rectionality of the proton current is evidently due solely to the potential

dist ribution and not to stopp ing by the aluminized mylar anode.

V As a result of its unidirect ionali ty ,  the eff ic iency of the double

anode configuration is considerably higher than that of an ordinary reflex

tr iode. Proton to total current ratios of ~ 50% are obtained with this con-

figuration compared to maximum eff icienc ies of ~ 3C% p reviously observed with

reflex triodes under the same conditions . About 9 x iO ’~ protons per pulse

are detected (E > 277 keV) , i.e. ,  about twice that  generated with ordinary

reflex triodes under similar conditions . These results may not represent the

maximum e f f ic iency ,  since a systematic optimization of parameters has not yet

been performed .
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The performanc e of the double anode device is characterized by a sub-

stantial delay in impedence collapse when compared to a ref lex triode

with the same anode-cathode spacing . This phenomenon is i l lus tra ted in Fig .

2 , which shows voltage and current traces for each case.

The anode voltage is in i t ia l ly  the same in both the ref lex triode and the re-

flex tetrode.  However , about 30 nsec af ter  the ini t iat ion of the voltage

V pulse , the impedence drops sharply in the reflex triode (dashed curves) ,

result ing in a considerably shorter voltage pulse . The total current of the re-

f lex tetrode is about 1/3 that of the simple reflex triode . This suggests

that the plasma forme d at A1 is not dense enough to provide suf-

f icient numbers of protons to neutralize the electron space charge in the

V cathode-A1 region . Thus , the cathode emission is substantially reduced.

Framing photography is used to compare plasma formation and propagation V

in the ref lex tetrode configuration to that in a conventional reflex triode

L 
( i . e . ,  with polyethylene foil  on A1 or A2 and the second anode removed) . An

V 

image converter camera photographs the anode assemb ly from the side in three

lO-osec exposures on each shot. In Fig. 3, a microdensitometer analysis of a

typical set of framing photographs i l lustrates  the operation of the reflex

tetrode . Brigh t areas correspond ing to the two anode plasmas and the cathode

plasma can be seen. The important feature is that the plasma forme d at A1
(from the aluminized mylar) remains essentially stationary , while the A2 plasma

(formed from the pol yethylene) moves downstream .

By incorporating photographs from several shots , it is possible to ex-

amine the time history of the plasma expans ion. In Fig. L~, data are plotted

4
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for three cases: (a) the reflex tetrode , (b) a reflex triode with polyethy-

lene anode at A.2, and (c) a reflex triode with polyethylene anode at A1
. In

the reflex triodes , the emitted l ight is dim , and it is d i f f i c u l t  to see the

V plasma expansion inside the aluminum anode ring, even though a 1-cm-long

section of it has been removed to allow photographing between A1 and A2 . It

is c lear from these results that the A1 p lasma expands toward the cathode in
V 

V the reflex triode case (Fig . 3c) , but not in the reflex tetrode configuration.

V In general , the p lasma expansion velocity away from the pol yethylene anode is

— 1.7 cm/~ sec .

In a small number of shots , we have investigated the p resence of high

energy protons in the double anode configuration. Using the °3Cu ( p , n ) °3Zn

reaction ,11 it has been conc luded from the activation induced on stacked

coppe r foil targets that — 2-5 x 1C~ protons with energy ~ 5 MeV are generated .

The presence of these high energy protons suggests a time-dependent po-

tential profi le . This aspect of the double anode configuration is evidently

similar to that of an ordinary reflex triode , in wh ich we measured similar

numbers of 5-6 MeV protons.

In conc lusion ,a new tetro~~ configuration has been developed that is

characterized by a unidirectional proton beam and high proton generation

eff ic iency.
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Fig. 1 — (a) Schematic of reflex tetrode, and (b) qualitative electric
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Fig. 2 — (a) Diode voltage traces for the reflex tetrode (solid
curve) and reflex triode (dashed curve), and (b) correspond. 

V

ing shunt currents for the two cases. For the reflex tetrode
A1..K~ 1.1cm and A2-K~ 1.6cm while for the reflex triode
A-K~1 .6cm.
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LL
Fig. 3 — Microdensitometer analysis of a set of framing photographs,
taken in three 1O-nsec exposures at various times after initiation of the
voltage pulse, for the reflex tetrode. A1 .K gap is 1.5cm.
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Fig. 4 — Position of anode plasma fronts at various times as
determined by framing photography in three configurations:
(a) reflex tetrode , (b) reflex triode with polyethylene at A2, 

V

(c) reflex triode with polyethylene at A1.
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