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In the past, pbar yield calculations have been done 
I 

using Hont• Carlo hadronic cascade programs (bas•d on 
measvred cross sections> which have the advant•g• of 
including •rrects such as secondary production and multipl• 
Coulomb scattering. However, bec a use of their complexity, 
it is sometimes d ifficult to understand the dependences o; 
the y ield on various parameters of the system. and th• 
development of an intuitive feel for the calculations is 

~ thereby inh1b1ted It i s therefore useful to supplement 
these Monte Carl o  calculations with less complex but stil 
relatively realistic estimates of the yield, based on 
analytical calcul3t1ons.  As will be shown below, the o.nly 
s1gn1ficant feature o f the Monte Carlo calculations omitted 
in the analytical d e velopment is the secondary production in 
the target. 

The anal ytical jav?lopment ;allows cl o s ~  ~ the technique 
d1scu~s ~d l"' rs~ ~ Bas1c-:!lly. a rr3ns . :rt equation for 
:ne pea r d l st ~ 1b •;t:.:, .:._..,ct1on in pna:.e s: i : e is written 
~o~n in a1d1tio~ ~ ; )O ~ r pr~d u~ ~~ o~ l : in Jdes proton and 
~oar ~bsor?t1 o n ln -~9 ~3rg ~~ . J~ t ,e;leccs ultiple Coulomb 
scattering 3n1 lre r~1 103; :~re~ !;he poar production is 
ojer1.· ~d Frr:>lil ':i~ ::-1mar•.J pr?ton -Jam onl•.J• secondary 
;-r a o •.• .; t : •J :i t ~ n? g :. '!' 1; !:: -? d . ""•. : 1: t :-1 "' '~ ~ 'J l .;-...., o -: cat t er i n g of 
:; J '= , 1-, '=' :J r c r, ' ·1 : ~ -, j  ; ':J 'l r ; ! ri c , ?  .. :  : ;  • •. -:. v  n e g 1 e c t e d 
-.;,.J.J;::·.·er. ':"Ii.-.: ·:-----: -:~r. ':>~ ~ - ,: ;.;n ·.~ rJ'= :!g1ble For our 
::0;-? <:.ee .:.pp:-Lt ---. ..·.:: ~- - ::· ;_~-::! 1 -;_~ :; r-:atures o f 
: :i e iJ b :p·  ; --:: : •; : t 1 ·~ - _; ""' 1 .: :> 1 : _, .; - .  : ;-. ~ J ; -e ;;· .l ;-~ ;. n c 1 u d e d l n 
-,e :El:.d:ltl:'-

Based on .t h e ~:i ... .Jme t er1::at1on or :-ei l. the pbar 
production c ross s=:~Lun' s an)J13r ~e~~~d en · '!' is plotted in 
Fi g.  1.  <See Ap p ~ nd1 x A-1 f!'Jr  d e tail s > .;This angular 
d e p en d enc e  i s F i t • ·: r tJ we 1 l  b 'J a g a 'J s 'S 1 an , e /eo i. • w i t h e0 = 
7"; ~ nrad i For 120 "';-?v' incu:lent pr"Jtvns -::in t .rigsten, and 8 . 9 
~eV/c pbars> n1:. 3ngular dependence i s Jsed throughout 
t h e c a lcul a~ 1ons The pr~ton beam spatial :1str1bution i s 
=iso modelled ::is .3 'j.,;;;ss1an of rms size o-JC. = ,,.r = f:rn{f,. 

T o  o b t a 1 n t h e y J. -: 1 -.i o f p b a r s i ., t ~ a ·'.J l. v e n  s y s t em < e . g .  , 
' eamiine, Debuncher. ~::: . > tht> pbar d1stribut1on f unction at 
the target (the s ol ~ : ~~n to the trdn~~o rt equa tion> must be 
integrated ove r the 3:c~Qtan c~ of the system. proJected back 
ta the ta r ~et The Jet e rm1~at1on o f   t he ~cc eptance of a 
complex system 11k e a beam 11ne is best done using a 
numerical <ray-tracing> apprt.>ach, however, f'Jr the first and 
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most important element-in the line  <the lithium lens>. the 
acceptance can be idealized as an ellipse in· phase space, 
and th• sensitivity or the yield to the parameters of the 
lens <and targ•t> can be studied 

Th• d•tails of the integrat1on or th~ pbar distribution 
function over the acc~ptance ellipse ar• expound•d in 
Appendix A-3. The analytical development leads to a numb•r 
of integrals which must b e ~valuated numerically on the 
computer. As explained in thi:? appendix, under some 
simplifying Cbut unr9al1stic> assumot1ons. the integrals can 
be evaluated analytically.   For ~tampl e . the integral over 
ail transverse phase space produces a simple e~uation for 
the yield Y, which is defined as 

tJ-
.J- ~ 
7 
- Nt'Ap 

Here NP= number o F antiprotons in the momentum interval 
bp •nd Np = the n umber o ~ protons Th e dependence of the 
~ oar p r o dui:ttori i:ross .;ect1o n :--1• mom~ r.t•Jm i.s taken to be 
,.. • 5 : T 'i ~ t .:J t; a l 'i • '? : J  : :; r ; ? ~ ..:. c ; ~ ~ ~ ! 1 .:. -3 . o 4 ) · 

-· ; -~ i -= i: .,, - ; =? ': i. -? •  : -- ~ "' •• •  _ - : :l ., : " o s s  s e c t i o n 
po:;-.; b·~ •=-- ;~, :·:::•s ·J'" i:ungsten.). = 

~ :, ~v ri: i on it:':i ~th Ln ·. -: , - ~..., ;n.j t1""~ = proton 
s-:i:::L ·.:Jr L'i - -;;-:- ,..,. H· absorption 

1 n  : 1.1 • • ~ ~ - '? r· : '): t ; ".' 3 , " - - -1. , _, • /.. i n t h i s 
: : . ., - -J '"; 

. , .. -~ .. ~ 

_,:--:;.Jn 
). .:. ;· -3 •.::> c m :.1 ·-,.; 

. ~ . -= -~ -
'f-+ot 

:. ..L...(-1-ck\ 
~ er"" c:Ap ) 

· . . , 

'!1_;mericall4, 1J~dtr/Jp =-4. 5 ~ 1::·<· -1 . J-=· 
:. :,, .; ~V i c As u.111 ~ - " ? :., • - · u. ·:;= 1 ~;,g:-

. _ _ : ~ m I :) a V I c ,  o n 1 y 3 ')  _ :; 3 %  _ - --~ : -; : ; : 

,i_J:.:':1ons), 
-3<:m: zes at 

l 3) 

'f~-t. =1660 
.·alue oF Y is 

.:. r ~ -d : ·~ t l c a 1   . _ . •  ; • ··  - ~ _ .; : J   . --; o -:i F l n 1 t e 
.J <:.:ao -. a~: ~ 3 ;-=-:i 'ITC . :"irf..(. =1T(i .~-:'?:-:~ .a :--:. 35 jeta1led 
: ., ~ i:i o >? r. d :. r  ..\ -3 , :l i ·j -~ :  . :1 : ~ ~ : l .ti • : ~--'!' 0 and 
r '( { <... 8; W i t h i = 1/1'3 t r o r- : • ~ 'J D -:-i ; •. ': 3 !:" r.: :--: .. a n c e e l 1 i p s e 

~ : ~~~ c ~ n t~r oF tne target. ~id resul: ·~ 

j(t;) : c-t:/). (.l. ~) ~ fr.+0-+1-' (!1') (+) 
Tl a; a f i1 &o 2-
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_, ~t 
Since -+~~grows more slowly than z, it is clear that 

Y<z> optimizes at zt.'J-., showing that targets shorter than 9 
cm are best for small emittance collection.  Howeve.,., in our 
c a s e ,   n • i th e r  o f t h • c on d i t i o n s cfn _,,, o an d £ l' ""-80 i. i s 
satisfi•d· as mentioned above. so this result is only of 
academic interest. The Tull expression presented in 
Appendix A-3 must be integrated numerically over the lens 
acceptance ellipse. 

The acceptance ellipse of the lens is determined by th• 
lens optics. The development of the relation b•tween the 
acceptance ellipse parameters at the target and the lens 
parameters (length.radius , gradi ent> is presented in Appendix 
A-4.   A plot of the variation of the lattice functions /3 
a n d ~ from the target to the lens image plane is given in 
fig. 2 . 

In the approximation oF an elliptical acceptance 
ellipse. the y ield oF pbars is entirely determined by the 
aspect ratio oF the upright a<ceptance ellipse at the target 
c ~ n t e r   ( ~. ) .:i n d t h ~ a r e a  o t- t h e  " l  1 i p s e < fr £  , t h e 
em1 ttance of the f;r-.ansmitt;e1 _":;; ::ir beam) .  · h e basic relation 
betwe~n fa.t < f3 at che i mcl<}«? :io1nt, wh!. ..., is approximately 
<? q •} a 1 t o /3 :3 t t !"I e ~ <?!"ls '? x l t  ( :; ~ " ~ i '1 ~ l  ) and f3-t C (?, 
at :r.~ ~argeti i~ 

( .r) 

... ,; g;-.adient (in 

<J ·k1- and l=lenyth .:if 
13,l ...... :! ?P> gradient G i s 

/3~ '::, _-;-, ;1.:1~1c11 covers 

r, h e ..: ,-t ; r.i u. i ~ .) r t n 2 o :i a r y l ~ ! .J :. :; ~ _ , • .• : -: 1 o >? l ow ) . Th e 
..--= i. a <: l •) n :i e t we e n ;: r. -? :Tl a t : n ·-" (3 ..l .:: : . v .., e d n d c h e p h y s i  c a l 
ls>ns l'odius R

0 
is 

•.i h ~ T' e 'il S: = o b a :- b e a m e m 1 ~ ;. :i n c ~ 1 ;; t:: :· .<'ii p p e n d i x 
lhu-;. For -3 a1·.· ~ri 1(

0 
f3,£ ~; · :.,:'::d ~t ._,e by this: 

t ._ 'Tl i t s a r ?  :; Ii o <j,I n •- •· .-; r IJ. 0 = 1 0 r .~: l .: l :i J . FT' om 

A-4 >. 
these 
thi s 

Jraph can :ie 0t-~·~l "?d  th~ .r:1 ,~~ ,-r. u m Jr'3·l1 ; t rectuired For a 
;> ~; r '; ~ : J l -3 r ~ m -:. t t !'., : -~ i! 'r a ·) 1 _,,. n  • .3 '. 1 ~ '.:> .: /31: Th e a c t u a l 
1-:i L •.: e '.:> f f3 :s t t h e i m.:. g ~ ;:> :i i :i t ; o ri c e  c t1 o s e n ,  mu s t o ~ 
c 0u r . ~ be able to~~ iJ ~  : he1 ~: ~?-2 tot~~ Debuncher. This 
could be a :>robl oa.n ::')r ·,,n~ l : . : : .;>.; 'jr 13£ 
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The required values of ~e are shown in fig. 4, which 
illustrates the variation of the p yield vs. ~ for 
different emittances. Tnis result comes from the 
integration over the pbar distributi on function discussed 
above, which is presented in gory detail i n Appendix A-3. 
This calculation include s absorption of pbars in th• 
lithium, using /.L.i. = 136 c m. Note that there is a broad 
range of acceptabl e ~~ over which the yield variation is 
rather flat: this is e specially true at small values oft 
The Falloff at large ~ is due to the fact that the ellipse 
is too squat: this corresponds to too little lens focusing 
action.  As ~e decreas e~ the acceptance ellipse gets tall 
and skinny: the falloff at small 1J~ <large lens gradiQnts> 
comes From loosing particles at large x, and is a result of 
the finite size oF the proton b~am . For a point beam, there 
could be no falloff at small ~t: this can be seen from eq,. 
4, where the yield increases monotonically as ¥ increases. 

All the inFcrmation on the ~ie ld dependence on the lens 
parameters 1s, in principle, contained i n figs. 3 and 4 . 
However, it is u-:er•;l to d 1~pl3 '.J the yie. I as a function of 
the lens and ~3rgeting pdr ame~~ rs more iplicitly, to allow 
the deveicpment '.)r o:.vme ins!.:.JI· ~ i:..l;.:> .. he dependence of 
the ,11eli:I . .,,... ';ar:;~': t~ng tn. ;:;r·.:.::.o:i :pot ze and lens length 
is u-:~ f Jl to di.;st1ate (~ :=~;:; 5 ::: 9. the yield is 
pl~c~~d 3! ~ :~r::t~n of: 

·3) 0~3r ~~~rn ~m1ttan~~ .r c ~r! :; s lens gradients 
·.:::, ,. ~hi~ grap h are the rc1; Si Tno? ·:1rcles ..,!-

D ' ~ .. , -:  ; r •:l .r. : .: ; 1 . ..: a l  :: :..i ! .:. -: -=? • 
T ~ e ~2r.: :-3~ ~n~;? ~~1r:; !  _  : ' 
?~? -_ ,a J:1 ~~~i= ~~ r~~ ~~~- --

t 1 ;o :, '? l: o - ; .:1 - · l e ;  :: r o? :: ;. :; 1 

d i r ; , -2 ,, ~ e s -; :-i o 'JJ r. i :i F l g 
th 1 s . 

( b  ) . p r  o ton ~ 7 .1 .r. :> t ! "1 , 

lens gradients ~.::; f-.) 

: ~ ) 

grad1ents 
l ens 
~ r i a 

l~-., - ~ . 

-' .. ~, · ;;ame parameters. 
" .. -: .• r ·•• e r 0 r £ .> 20 
, ; =~ ,jar1es, 8lthough 
• _:j· _, t~F land tne 

;:~ s . ~rably less than 

.1a r i,, IJ s !M~ ttanc es and 2 

and 2 lens 

i d > . tar g e c ~ .: ., ; r ;-, , f :) :- . . : ,.. ' .:, •J s e rn l i: -:in i: es and 2   1 ens 
grad1'?nts (F19 S i 

. e ) l '? 11 S '.} r 3 ~ ": , • , j ) i" • ;, - : : IJ ~ em i t l; d n C e 5  ( f! l g . 9). 

In each ::>i~P. • 3lU'= 

calcY!ation is :~~~ w~1~~ 

allowable for that gr~~ 1"1 n~ · 

dotted lines in f 19. J ) 

-- i3t- u;-: d  F OT' 
:orr ~spond3 to the 
1.,=-k1ng R -' cm ~ 0  - •  . 

the yield 
maximum ~.t 
<i. e .• the 
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In fig. 10. we show the variation in yield with lens 
radius, for various emittances: for each radius. the 
gradient is scaled like \f Ro as the radius is changed 
<which corresponds to scaling the current lik• Ro ) and the 
value of '3-t_ used again corresponds to the maximum 13~ 
allowed for the scaled gradient and the corresponding 
radius. 

Examination of the figures reveals the followi~g facts: 

<a>. From fig. 5, at £" =20 there is very little 
difference between 800 and 1000 Tim. This is seen even more 
clearly in fig. 9. Lens operation at 800 Tim is 
considerably easier than at 1000 T/m; thus, it would be ver~ 
useful to be aole to empirically optimize the lens gradient 
over the range 800 to 1000 Ti m. This requires the ability 
to change the focal length over the l"'ange 14. S to 19. S cm. 
This ability is not present in the existing target assembly 
and should be added.  As seen from fig. 9, for emittances 
larger than 20 pi. higher gradi!?nts ( 1 . e . , near the design 
o f 1000 Tim> are clearly preFerred. Als0. for smaller 
proton spot s i?es, larger 1radt:?nts ~- required, as 
discussed b<!!low. 

•b) Frorn f1g _ ::ie ·::.,o;  ":;:;:-1~:31 ~:n · : t afforded in 
pr1ni:1ple by 5f"·.3l:<:r ·~p.:,- ..;l:-=.; .. " .~~: .. :1r·~ .. seen. Smaller 
proton spot ~ i:es ~ r0j0c e mer~ gd~~ ;ar lar~er gradients: 
~ ~ lS 1 5 bec2u;e -~ ~ smali~r St ~>:.OC13~ed Wlth larger 
~ r :3 a ~ '? ' 1 t s ! :.; :--~ r ... '  '  - ~ ' t •1 111"" k ;: .:. " .. t n . . ·; . ! s e Cs f   ; h e h i g h er . p b 3 r 
"! ~:-;;~::-~ =! ~ -·::. · - .i -:~ ~  · .... ...;. , ... . . . ~;Jo t ..;i:e or 
.; .:-u r ~ "! , s 1 ;"" : = "' i.; .; -= .1 -= :3 -;- :--, _, • _ .. .  :; .:-t I) q m e c h a n i c a l 
.:1 ':? s t ;-u:: ;; i u "  : • .: ': :--i- : 3 ~ 9 e t  ·' ·=· :- " ·. -.> • ; : ;, : d .-, Of\ == ·) . c) 54 cm, 
: •-· b s ~ = n i: i ~ : =: ~ • . -; i. ,., ., , . . o-1"\. ·.L" : .. • ~ ,. ; ·~ u ·. ~ :  · -· l ~ ·Tl ~ r. t a i o n r:> f 

a b ~ .3 m  s w e e :::> 1 - ;  ; • , ;. ': ,;. m. i'1 o r •? .; .. · >:' •• : h .: r e ~ l ::. m 1 t s o n t h e 
effective proton :?~rn size d~ e ~0 multi pie ~ · itter:ng in the 
lens and lens aoerrd ~ton s (1:?e ~dJ~n um c1 ~n ~ must also be 
~vercometopush t"J -?r .. 11 :;mall ;pot sizes ~ i. e . o-n.under 
about 0 . 02 cm' 

i .:  ) . Fr om r ; J ;; 7  : n d 8, : t l ;  .: l ~ .; r t · .J t J. fetH 
.3 n d .1 +., r "" 5 ·~ ,;i :;; :· ~ - ~· ;! " ~ h e rJ D :; lfl"ld l'l e .::i;:: ti  . s e , for 
800 or '1.ooo r:m gr-d ·J ~-::-:it s . L~- ,J-=~ 2.-n1-:ti:lnc than 
would req =.•i~e ~:.:::~-;;-=- ~ enses ; f:;r f!tq~ d ']ICI·"' -;n<;> and 

targets 

= 15 cm 
either 
20 pi 
longer 

<d>. Figure 10 s~~ws  th~ 
:i current wh1cn ·.31 ~'=S as 

1r.t e,.~ ~ !: U'l] 

:-:pe r-~ rj1t;s 

F2?ture that . for 
-:it! the lens and 

£~.lo , the •Ji.eld t: 3 lmosl; 

f<o "': 
radius 



This is due to the rollowing: as the radius is 
d e creased, P.t a t th e l en s mu st d e c r ea s e < s .-e e <l · 6 > w h i c h 
means that. to keep ~~<and hence the yield> Pixed. the 
gradient must increase <see fig. 3). But with current 
varying lik• ~o' gradient varies like 1/~; this increase 
in gradient is close to what is required to keep ~~ 

constant. The variation of Y with a+ is slow anyway <see 
f i g . 4 ) ' so th e r  e s u 1 t i  s a v er y s  l ow c h an g e  i  n Y w i th R

0 
. 

This observation leads one to consider 
of smaller radius collection lenses, 
advantage that they can pulse more rapidly 
As explained in rer. 3, thi;a temperature 
the lens 

the possibility 
which have the 
<see ref. 3>. 
rise per pulse in 

where T is the pulse duration and I0 is the peak lens 
current. To acheive the same current penetration ratio, 
lSlrt.0) should be kept constant, where ~Cl( rf' is the skin 
depth. For constari1; (_~1~0),_"' TIRc!- T mvst -.'Crease as R._l., 
'5 0 

T h us, 
in rig. 

to 
10. 

keep 6rp .:·Jr.stant, 1n u ; ~ v a r y 1 i k e as 

Th e c 9 c  1 i c -; il e !" ;-. ::i '. -= ::; r ~ s :; .i ' "  : ;, ~ : ~ ' ' ~ -
' the cooling 

JdCketJ is 'see re~ J' 

where t is the t h1::irness  •JF t-hoe cuoling jcket, Y- =the 
compressibility of i1t~tum anG ~~ the elast1: modulus or the 
cooling ;acket. If ATp is constant, Der can be kept 
constant if C ~0 /t) ~ ·. ·l'la1nta1ned constant a: fl.o decreases. 
Th i s i mp 1 i e s  a t h i r. ;; e r'  .: o o 1 i n g J :i c k e t . F o r c a n s t an t C> tr , 
th e m i n i mum 1 en s ;:, 11 .: 1 e t t me  "rcy a.. l s p r o :i ·Jr t i on a l t o t h e 
thermal time constan~ ~vr he~t transfer clcro s~ the Jacket. ~~: 

"revc:. c<. 'T'/tl. «-t~ 

For constant ( f<0 ' tJ, to<. R.o , so 'T~ot. f<0'-. for example, 
to reduce 'Yeye fr.::im ;~ -:,~c (Te·"  I de$1gn) to l sec requires 
reducing R. by R ~? R,, = 707 c m. As seen in rig. 10. 
the same yield wo1.;lj be produced iF I0 scaled like Ro to 
350 kA. <Actually, 280 kA would be Just as good, as fig. 
10 shows>. 
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Other practical considerat1ons resulting from smaller 
lens radius must also be considereJ, of course. For 
example, as R0 decreases and '3..t decreases as fJ0'L- AP-2 
must still be able to match the lens to the Debuncher. 
Also. as Q increoases the focal length decreases, which could 
present practical problems.  Fi:>r ~xample . for R. = . 7 cm and 
"!'0 =350 kA, f=8.  4 cm and 13,t = l . 92 m. Never the 1 e ss. the 
feasibility of smaller radi ~s lenses i s clearly useful to 
investigate. 
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Addenum a;_ the pbar distribution rucntion 

An effort to understand AP-2 by Monte Carlo ray tracing 
of pbar• from the target obviously needs an expression for 
the density distribution i n phase space at th• target 
center. This expression is derived in Appendi1 A-3, 
basically by guessing at a Green' s function. using it to 
derive· an answer. and then verifying that it satifies th• 
transport e~uation . 

Fig. A-1 is a projection of the di~ferential yield at 
th• target center 

~'( = P (x,~, 9t., 91) 
J'I.. ~tct9.<..dB'1 Np 6p 

0 n th e x -a x i s  ( f 0 r y = @.-i =O I l = 5 c m ) fl 0 r v a,. i 0 u 5 e ~ . 
The broadening of the dist~ibut1on as &~ increases is the 
depth-of-field effect (due to the finite target length>. 
Figs. A-2 and A-3 illustrate a 3-dimensional view of the 
surface P(x ~ .. 'd:.01 B~.::.qi::.5"c.-it) from two angles; figure A-4 
is a pt' OJe~ti'on or the  3 -1i111ens1onal s._·face onto the 
Cx, {}'I. ) plane Tne sndpe ]tves r1se to the -.. r m "buttefly" 
to describe c~e d~n~1ty ~: ! ~rLout1on in ph ~. ~ space from 3 
F1n1te-lengtn rar9e~ 

The distr1 ~u~ 1 0~ ~~~nt1Jn a~ any point 11) along the 
beam line can r~~ :-i ~ 1 ;ompute1 ~rcm t tne expression given in 
Appendix .~-5, ·-,:::-:' r:~ ~ oot1.:al <;r--ansF".lrmJt=ion M which 
c an n ~ c t s ~ J t   : ~ C! t ; r g >: t 1 'JJ i t h ~· ~ s k n own . F o r 
e'(ample, at, t:-? (:1:--;?: l~age \:l . .;s"' r..:i :re 1:-; 1H1t> 

and 

1J l. = B~t: I jz_s~µ 

e'd~ ~ -~tk~µ. 

So, at the target i.:-iage the pbar density 1lstribution is 

f (-~/k~).( I )()Q.~,J.(J -8~ /Jt<.';MA~ l;Jkl.M4,,t<
1 
!:. ) 

where x, y. 9~. and &~ ar: ': ·1~ pha s e space variables at 
the target image fhe Jacobian is un: ~ y since the 
determinant of M i; one ~Lgure A-5 i!lustrates the 
projection oF the J1F Ferent1~l yiald onto ~he •-axis, For 
various el( valves ia:-ij ·i= @'j..:tJ) The dl'l"OWS indicate the 
lens aperture 11~1t~ ~vera~~d over y) Figs A-6 and A-7 
illustrate 3·-dim~n "$;.".'r3l '-'L?>J':I :F the surface Por y= ~~=Q, 

Fr om two a n g l e s . n-e -; t, d r p c-d g e s c or r e s p o n d t o th e vi ens 
aperture limits. 



A si•pler but less complete description o, th• density 
distribution ,unction c•n be specified by computing the 
ch•ng• in yield into a fixed emittance v s th• emittance (f~ 
01" c.., ). Although th• result is • dif,erential in only one 
ctu•ntitv Ctr•nsverse emitt•nce in one pl•n•>· the result 
obviousllJ depends on th• aspect ratio of the acceptance 
el lips• at the target center Ci. e . , J3, ), and so has less 
inform•tion in it than the full differential yield 
expression. Nevertheless, since, as seen from 'ig. 4, the 
yi•ld vs ~c is rather flat near the optimu1n, this 
dependence is probably not very strong. Since th• e•ittance 
is invariant. the distribution of yield vs emittance in the 
Debuncher is presumably the same as at the target, except 
for the effects of aperture limit•tions. 

Fig. A-9 shows J.'//J.L~vs rl( , where the integr•tion over 
the (y, 9-1) variables is to c1 =30. and th• otheT para•eters 
are the rev I design values. Also shown is the exponential 
d:f{J.rJ..=JOe£fco, with Eo =23. for comparison. 
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Addendum ~ opt~cs .Q.f. longer lensei 

Plasma lenses are an alternativ e to lithium lenses as 
cylindrically symmetric focusing devic•s. Th• advantag• of 
the pl••m• lens is its negligible density, which allo~s the 
length to be increased beyond that of the lithium lens. The 
length of the lithium lens i s limited by absoTption in the 
lithium <see fig. 7 abov e>. To evaluate th• parameteTs of 
a plasma lens which would have the sam• optical 
characteristic s as the Tev I design lithium lens, we display 
the quantities I <lens curren t), l <lens length),and f(focal 
length> vs. ~ =phase advanc e a cross the lens, in fig 8-1. 
Th• calculations f or these cur ves are present•d on the next 
two pages: we hav e required a constant emittanc• ellipse at 
the target < l =20. '3-t: -=1. 29 c m> and a plasma rt1dius of 1 
cm. As can be seen from the figur e . the required current 
d •crease s s u b s t a n t  i a 1 1 y as <f> and 1 inc r • • s • . c$ :s90 ° 
corresponds to t h e minimum curl'ent; here, F=O, which is. 
somewhat impractical <a lthough combined target-plasma lens 
a ssemblies could be conside r ed>.   A more practical solution 
is. ~ =70°, which r ~q u i r e s f=7 7 c m.  l=;:?S. 8 cm and 1=330 

kA.  This peak l~ns current :i.s svb s tqr -iall y less than the 
r oughly 600 ~A ~~eded for the l it-um lens; the 13% 
a bsorption 1n t~e lithium is also elim1r-.ted. The51! are th@ 
principal advancag ~s of the plasma lens 
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Addendum ~ Lens Abberations 

The discussions in the previous sections assum•d a 
perfectl~ lin••r field in the lens, and neglected multiple 
Coulomb scatt•ring in the lens and chrom•tic effects. O' 
th•s• thr•• principal sourc•s of aberrations. th• most 
significant in the Tev I design is the first on•. This 
arises from the pulsed nature of the l•ns current, ~hich 

takes some time to diffuse from the periphery of th• lens 
into the center. This diffusion, and the constr•ints that 
it sets on the lens operating param•ters, has been described 
in d•tail elsewhere <see ref. 4 and ~>. As discussed in 
these references. the deviation from line•rity of the lens 
field is a function of the time t after the beginning of t .h• 
1 ens p u 1 s e : ~ C'\

0 
l 

J cL\ f\ ( BCf\ wt) -G-l~)f\.) I ( ne 
l}(wt}; o (6(/\ wT))l. ncin.. o, 0 

. Here D,_ is the mean S!ll.Uare r@lativ'!l d@viation of t:h• 
field B<r,wt. ) fr-om linearity at the t ;· ~ t ; T='TT'/w is the 
duration of the holf-s1ne wave current p u. ~ e . G<~~ > is the 
effective gradient,  d efined by minim1 · 1ng the function 
l::>°l.(e.Jt) j i. e . I 

i s t h e e q u a t i o n f or G C wt: ) J 6 "l...., vs . ~ = ~ i s sh own 
in rig C-1 =Jr the Tev i dec1gn : ~ ns parameters; it 
m1n1m1zes at db out ;;: lY. for cf = l. 9 8 rad. ,,ns .  As shown in 
Appendix A- -~ , rhe :3ngular ·1ar1.:ition ~ ,. .im linear focusing 
produced b~ h~ i~ tha lens is roughly ~qu1v alent to a 
position spread at tne target of 

~Ot:: R._o~ 

For the Tev I  d e s1gn lens <see Append: t A-6), ~flt tv . 21 
mm.   This append1r also shows that the ef ~c t of the multiple 
Coulomb scatter1ng in the lens is equ1val e ~ t to a  position 
spread of about 16 mm,  and chromatic eff-:·.:ts for l>f(f) = .!:. 
2 . 4'l. are equivalent to a posit1on spread o f 0 . 07 mm at the 
target. 

The total ~ff~ct of the aberrations <taken in 
quadrature) is roJghly equivalent to a spread in r of about 
. 26 mm at the tarqet Wh•n taken in quadratur• with the 
design crf". :s 54 mm, this is a 10% increas e in be•m siz•, or 
a lO'l. decrease i n pbar yield according to fig.  6 . How•v•r• 
if pl•ns are made to reduce the spot size possibl• on th• 
target utilizing beam sweeping techni ~ues , it •u•t be 
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realized that there will be a limit to the effectiv e beam 
size at abou t  . 26 mm, unless tJ-i s reduced by increasing 
the pulse width of the current pulse applied to the len5 
(see ref. 4 ,  5). This· results i n greater energy depostion 
in the lens and has implications for the peak current at 
~hich the lens can be operated. 
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