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~TL~St IO~ B[N.~ GENER~AT 1ct ~I Th M INVERSE REFLE X TETRODE (IRT )

In recent years . the ~tner ation of ;‘ulsed , high -current ~on beams has

tttr acted rnULh int t ’rest because of the large nunter of applicat ions

~r’ . is r irr ’~ ‘ )r  n c r  - 
‘h 1”,~ a;~p1 cat ion s include the for,nati on of fie ld—

t i ’- ri ’t ;s .~ inerti al con inement fusion ,: laser excitation ,t

and Hasr’ a ht. a t i n~~. -~ fli’ class r ’ ion source that has received considerable

i 1.’ p ’ n t t  r ~‘ - Y’ e* -t ’ r ’ .” al l ,~~ ’~ and theoret ical l y 7 ’t r~~ is that o’

te ’ 1, - e i n - ~ • -~ “~~‘ ron ~~~~~ i - S . t .i’ .,  rt ’fie~ tri odes ”’~ and reflex tetrodes .~
1 tO

t n s ~ .~~‘ ~~ ~ 
, ~~ ,~ ~

- 
~~ r’~~ I ~~ ~ ~ e 1 e Ct ron ion source and

1 i s ~~; i - r a t ’  it ovc  r a de range u~ t~~ ti r,’ia 1 rs -a~ ni5 tic ‘ i ci d . The

—~~t ~‘~~ore f ln ;  . - i ~~~r.’ ’~ o ‘ni ‘ . ‘~~ dev ice are : (i) relat i vel y high

• ~~~~~~~~~~ t’ -~o” ~~~~~~‘“ ‘~~~~. a : : ]  I’ a- ~ro t i c  f ield c~~ ’eds the seP lcl d .

(ii  ) ~ir di r~’ -~~ 1 - ‘ i  1 1 . , ~~~~~ ( i i i  ) t’y , tant 1 •‘-~ i- d a n  
~~

- d~ri r~ an a~ prec 1 able

• ~~~~ ,i. , lii ~ ~ P i ;.  ulSe ’. :ri add i t i on , tn t ’  present device can

in a ,)w~~1v ’ r1us ,~~a r L C , coax ia l qeometr~ to produce solid as well as

i ’ ’  ~. lir  ~ e a ’~c . ~~. i rn c ar. extra cted through the real cathode as opposed

~~~ t~~~i ~~l r ~~~~j1 j t bur j~ ext r a cti sr used in most earl ier sources. Consequently,

the rt’~~c’~t device is called an inverse reflex tetrode (IPT). One of the

,i1 ~ i~~a;, c o’ real athode extracti on is that the zero-potenti al surface is

-.~ iti on ary . flat . and well-de fined. On the other hand , the shape and pos ition ia

of the v ’rtu a~ cathode vary with time . Consequently, one would expect that

i’ wou ld 5~’ possib le t c  extract “colder ’ ion bewis through a real cathode .
Pu nt, M*nua r ripi suhmstt.i1 ?.pt.mtwr 4 . 19 ’~9 ~SSN~0 0

-
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Furthermore , we have found that in s~ i~ instances a proton beani extracted

through a v irtual cathode is not current neutralized , but with the IRT the

heart is almost completely (~ 9~t~~) curren t neu tral i zed.

Th i ’ IRT has been tested extensively on the Seven Ohm Line (SOL) gener-

5tte r (4 400 kV , 60 kI~) and has been successfully used on the upgraded

,
~ar’d~1e U generator as part o~ the 

C
~RL Ion Rin g Program . On Gamble II , the

I~ T b~~i ’ ~ produced 7-~- x 10’’ protons ,i ;iulse with a current effi ciency of

These proton pulses have made possible the formation of transient

~~i’ld-reversed 
‘IC fl rings.

~ schematic dh raP o~ the RT (as used on SOL) coupled to an external

ct rcuit reprcsenting the qenerator is shown in Fiq . 1 . The 5 cm dia r anode

~~‘~~~‘ I . ( t ~ ; s i - i ll, p- Hy e th t l t ’ n i i ) is attached to one end of a stainless steel

~
r- 

~
. -  st5i l~ • The other u’ r id o ’ t hi - stal l contains a back plate 6 and is

connected t~ t h e  
;u5nt r5~~or An c~~ erna 1 a~ i al magnet ic f i eld 60 is suppl ied

• :~~~~u’d so len oi dal a ’nt ’ t S .  E l c i t r c r n s  are en” tted ~rcuIr the 3.8 cr’ diam

- .tat n l es s steel mesh cathode 
~
., ; ics through the anode fo i l , and foni, a

• v r tul i cathod e V C  ht twe c n )‘. and ~~. Some of the electrons pass through VC

• reach ~ and t h e  rest reflex through A until they are absorbed in the anode

- - r ~~rs ‘‘“~t to the walls çs~ the anode stall - Protons are extracted out of

- “ .- - H r.Na wh i ch is ‘or’~ed frrir the p lastic anode . When the applied voltage

is i ncr riici n rj or unc ha n qi nv~, protons directed toward VC are unable to reach

G or reach C with zprr s’e lOC i t y . Thus , these protons do not represent an

‘~ner’~y drain or the sycton . However , most of the ions emitted toward K pass

¶~~rs -u~~b the 75’~ tran srarent screen and enter the drift region .

~i rtua1 cathode formation Is an important process in this device and

o: ~ n~~5 u;-on t hp  u~~nr’p~ncated space charge distributio n and the boundary

ct ’~d t ~onS. 
Th

~ pote ntial on ax i s :(0,z) Is plotted in Fig. 2a for a



__  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~

radially uniform net charge dens ity of radius rb = 2.5 cm of the f o rm

(z) for 0 _. z .. d and . (z) . , for d ‘ z .~~ L with the boundary

conditions :(r,0) :(r ,L) = ;(r ,z) V0 and ;(O,d) 
= 0. ror ~ 500 k’.’ ,

r 5cm , L = 5 cm (solid line), n 1 . ,/e = 2 x lO ’~cm
’1 and

n 1 .28 x lO~~cm
’
~ , a virtua ~ cathode is formed at z ~ 2 cm . However ,

when L is decreased to ‘.S cm and n , is unchanged (dashed line), no virtual

cathode is forti~ d. This behavior explains the experimental result (Fig. Zb)

that proton production drops rapidly as A-~ is decreased below ~ 4 cm.

The our-her of : rrtons 
~ 

w i t h  E ~7I~ keV (as determined by nuclear

act ivation of BN targets v i a ‘ ‘N ( p , ) ’ O reactions) extracted from the IRT

is found to be re1a t ive 1~ ins ens itive to B0 for B0 7 kG (the highest field

used), provided that an app ropriate thickness anode foil is used. In Fig.

3, N vs. B is pl o tted for various 4 o il thicknesses for both con i ca l and

c~’Pndrica1 anode s t a~~~~ . n both cases A-G ~ 7.5 cm . The con i cal anode

cl~ se1 y parall e ls the rin~ in c ; external field and is found to generally

provide higher 
~~

, toan the c y li ndrica l anode. Also , too thin (l~ .5 ,.rr.) or

t o - ’ t h i ck  ~~~ n) an anode foil cl earl i hinders reton p roduction , especially

at higher r -a qn cti c fields.

To under tand this behavior , it is necessary to t’~amine the voltage and

current waveform s for the various cases. Typical waveforms obtained using

the conical anode on the SOL generator are shown in Fiq . 4. In genera l , the

i r-pedance of the iRT is higher aria the current rise is slower at iow~r

—.aqr’tic fiel ds . Correspond ingly , the voltage is relatively flat. As B0 is

increased, the current rises rrorc rapidly and a signifi cant dip appears in

the voltage trace . The current rise is also larger for 6 between 25 and

100 , n’, The depth and duration of the voltage dip increases with B0 up to 

a3
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point that depends on I
. For a particular B0, the min i mum value of the

voltage in the dip Vmi n is hi gher for thicker anode foils. In fact , when

the range of an electron of enerq_y eVmin Is reduced to approximately the

foil thickness, no further decrease i n Vmi n i s observ ed as B0 Is i ncreased .

When B
~ ~ 

7 kG and 250 ,5m , the voltage dip disappears and the waveforms

are sim ilar to those in the 1-0 simulat ion of Sternlieb et al. ’’ F inally,

it is found that with all other parameters fixed , the current ri ses more

slowly and the voltage dip is less pronounced wi th the cylindrical than wi th

the conical anode stalk .

The rapid initial current rise observed with the IRT is character istic

of reflexing electron devices.~~
e 10 1) The rise is due to a bootstrapping

e~~ect which occurs as the electrons reflex through the anode foil. The

ref lexing electrons form a negative charge cloud near the anode which draws

ions f ror’ the anode plasma . The ions near the cathode further enhance

•-~ +‘ tr on emission , and t~ic total current rises rapidly as the process

:,)ntinues. The reduction in the initial current rise with decreasing magnetic

‘ield is apparentl y due to a reduction of this bootstrapping effect. The

self “a qn eti c ‘ie ld 8sel’ acts to in h ibit the axial moti on of the electron s

when B
0 Bsei~ • A lso , when B is sm all , the limiting current in the A-C

region increases ’~ so that virtual cathode formation is more dif fic ult and

a highe r electron current is lost to the end plate 6 or the walls of the anode

sta~~. These electron losses reduce the bootstrapping effect.

The slower current rise when • ‘ l~ 5 cdr is easily explained by the

red uct i on in the nLanber of electron transits N wi th increasing ~~ . If the

~Hil is too thin , anode plasma production may be slowe d because of the

sl ower dep’s .lt lon of electron s In the anode foil. However, once a

4 
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sufficiently dense plasma is produced , the current rises very rap idl y tc a

large value because N is quite large and bootstrapping is enhanced.

To explain the voltage dip, wh ich has also been observed in a reflex

triode exper iment ,’ we mus t consider the external circuit to which the IRT

is coupled . ‘~ The circuit equation is (see Fig. 1)

= V d Rg I + L
9
d1/dt (1)

w r er e Rg and L
9 

art’ the resistance and inductance of the generator , Vd and I

ire the d iode  voltage and total current , and V g is the open circuit generator

itage whic l is ap~’ro~ i a r t e l y constant after an ir t t i a l rise. Before anode

~ i’.r ’ a ° or--ation , the di di’ impedan ce is large and 
~d 

rises quick ly to a

large •a lue N 400 . . ~f and B
~ 

are such that the current r is e is very

r (t : ’ l d . t n t ’  resi’,t’ .- .
~ i’~~ i ~u~~t i~~t’ terr’s in Eq. (1) become so large that

n-tu S 1t~crea~~e St’  u , i5 c i n S t a r ’ (
~ ~- ‘c ’ p ’,’ ) .  A’ ~ d r1v ~ ‘ , N decreasesd

j r J  t~’e i~~ ‘s ”i,, in ;  u’ ’~~C~~ iS halt ed . ~~~v the l owe r nac;net ’c ields , the

~ rrs n t ri .‘ is 5 ’ w c r - c u - r ’~ so that ~~d can remain appro xit ’at. -ly constant.

r l ir  v :‘ 
- , the ji du ’ vo l t a ; . ’  Con t lr ut’ tc dro: ~i- t i  1 the e lect rons

,‘r-i ted - ‘ ‘ni’ i ’ndi - ar , u’ r’ u- t ra te  ~ r,1- anode f o i l onl y o nce .  As the

~~~~~~~~ ~ 5 already in fne dev i ce  are absorbed by t~~’ anode f - i l , the  n e g a t i v e

v -i ’ - ;e c ‘ -~~ d n.’jr 
~~~~~~ 

jr 1.- i~ ra p i d l y  redu~i’i and tne tot al current drops.

‘
~~~‘ urr,’rt dr o: is more rapid w i t h  t h i c ke r  f o i l s , be c au s e th e el e c t r o n

,~ - v - , 10r ~~ tne ‘o i l  is  fas t e r . As d~~’dt be c ome s negative , 
~d must

- r rp -l - e n s a t i s ’-~ Ei.  ( 1) .  Then N bec omes larger and I levels off . The

diod e itage r~ — t -  is ‘ r-~ n ha l ted and there is a period of ~ 15-20 ns

lu’ ’r ~ P ’ich ,

~~~ 
~
‘ 278 ~V .  The magnitude of this second V d peak is not a

‘u’- c i- ir ‘ ‘o i l t h icknes s . For  e x amp le , at B
~ ~ 7 kG , 

~d ~ 400 kV

S

~
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r fo il  t h i c k ’ es~ e-~ ranging f ron- 50 ,Jr to 1:5 rn . When both elastic and

i ’  ~- ia ~ t i c scattering are accounted or , the number of electron transits

‘‘ i’ ‘-u~~ t f l i c ~~r ,’ ’ S  f o i l s  is N -~~ 1 3—h .

Th~ ~- u ! t e n  ; t s i ’v ol~~~uc e  or the 1k~ w ith the c r  i c i l  than w i t h  the

ical  anod. - ya1~ coul d u dun o i ~~~~t - i ’ eleC t i-on loss to the w a l l s

0. ‘ • - __ - ‘ ‘-  i La 1 s~ a • °- , The B i n  la ii’ t’s i n t l - I - u - c  t Hu  ‘u..al is o ’ •

in ~ri cal y a l k so e l t c  1 010 L I f l  5~ ‘ ‘ d ’  ~O ~~
- ~ ,ti 1s ‘ H  ~~‘ ,~ f l ’~ v . A ls o ,

. 1 ’ 4 d 1  C a t h o d e  ot~’jt ’o-n~~r-d the curr ent , t r i i- s r i t t e d  to  U are a f fec ted

w - l l  5 ” O t ,  T u e L -. l ind r ica l  w a i l s  a u ’  d o - - e r  to th e ’ St’ar radius , so

~ ‘ 1 i~~i ti’ - : ~ v ’ n s - r . t ( m o  v p - 1 

~ 
) is I i C  o r .

;1t r oj - ; ’: ?5~ ( -  ‘‘ ‘‘  t ’ o~~OI-~ !l ’!’ 5~~, u ; ;  u d t~ tN s c r e e n , t hu

- . v ’
~~- I~’T ii it ’ - :  tOu r’ , ; - t’ r m t ’ r :  ru~~~’~~- is s l i ; h r l v  l i e - ;er

~~~~~~ 
‘v- , ‘ , ‘ “ i c i ~~~~ 

‘ - ~~~~~~ ~r i -  0-5 :”

= 0. (‘ i’ , • I)  — 
(r” 

~ 
) , ( 2 )

v.. -re , iS  O’ .~~~rac ’ ’~ P’ ’ - - ‘ L rnu !’t r’
~~

(- )  i ’  t he ’ ~~~

~a s s .  .‘ ; - i~~u l • • : C 7 ( ’ O C i C S  ‘ -
~ O H ” ’ - ‘ us ’ • - = 50— 100 pm mr-i F = 2— 7 V

~
.‘ u i n  ‘ ‘  ~- r’;u 20- ,~~% , ~i- i le  ~~

‘ c ‘‘ - ‘ ‘  u - ’’n cai v ,ilu’ 5 ‘ ~~~~ ‘ u’ ~~ l 5 — 2O ~~.

‘ v . ’ • • L , 1~~~~P _ t P ~~ n t ’  m ’ ~~’ d  ‘- i - r e  a r • -  a ‘ - u c t - ” o w r r’- m i l u . , - ‘han previous resu l t s

- • P. - ‘ 1’ ’ ‘ .- ‘ - - 
• ~ H ‘we ~ or , b ‘ . and I 

- 
-. are  ~~ ‘ ~ t 1 . 5 t i n~’ s

la -
‘ ‘ ~~~~~~~ ~~e I PT ‘ ar wt ~~‘ t~ -~ “~ ‘ - d ’ - . Thi s is P c c O u - ’  ~hu ~CT performs

~• - i  a’ a ‘ u , ’- ~~~ ~j n ’ .  ( i i— d  P eN. Hi (;bn r ,~rr. ’ i v  ve l )  and i~ better

~be : u ’ r . ’ r , r ’ r t h i r -  t h u  re t 
~ex t e f r d u .

‘he ~r ’ r s  .i:~pr ec 1 c~~ - ‘h .. tu bn id a l a s s i s t a n  e ~“ R . COv i n ( l t f l ’ . P .

A ~t . an d B. Hu rt u” - T i iS  -~~(r ~ w a s  su pp-r - rt ’d , ~~~ mr- d DOE .

I-

_ _ _-- ______
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