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Part I - INTRODUCTION

The r'ecent 1nter‘est in:- booster's f‘or‘ ta.ndem acceler‘ators
has led: to an abundance of reports on. the theory and - technlques
involved in heavy “ion r'oom temperature ba.u:x:h:'mg1 23456 Two
types, the double drlft 'a.nd the single gap (gmdded) harmomc
bunchers, evolved as ‘béing the most sat1sfactory from the poxnt of
view of time resclution {~ lns), effu;lency of bunching (60-75%) - and
range of ion mass which may be used Ffor beams with these
compression characteristics.

A priori, a cheice between these two types is dlf‘ficult'
to make, since under optimum peri‘or‘mance, they are almost
equivalent. Houwever, forr a given accelerator (see Fig. 1],
limitations in the space alohg the beamiine, spa.tlal focu531ng of
the bean along the beamline and f‘lexlblllty in 1on injection energy
all contribute in f‘a.vor'].ng one or the other buncher' type.

We have pursued extensive studies a.nd calculations on
both these types of buncher for use in the USP- Pelletron, _Before
outlining these we will first summarize our éoncl.usions regarding

the virtues of each type for instailation in our system.

THE DOUBLE DRIFT BUNCHER {DD)

a) The ungridded nature of tﬁis buncher demands that it be placed
downstream from the electrostatic triplet:-lens 'in .a- region’ where
the beam is spatially wel?.' focused in order that’ the difference -
in energy modulation of an off‘_—a_.xis pa_.r'l';icle rela;t_ive to an axis
particle remains insufficient to appreciably eff.g.ct_ £he- ﬁil_ne
resolution. Calculations Show that an equivalent buncher target
distance of about 60 cm is indicated. which, for tﬁe ‘USP Pelletron,
means mounting the buncher withio 1.'.he'_ high pressure tank, a

complicated construction and installation pr‘oblem.



b) This short effective distance also means oper‘é.ting wﬁth rather
high rf voltages. (B000-7000 v at SMHz). Furthermore, in order to
accommodate ions of different mass, either the modulation . frequency
or the beam injection energy (or both) must be varied to compensate
for the transit time va.r;iation. For the range of rf voltages
required, changing the freduency means changing the parameters of
the' resonant circuits which necessarily foliow the broad band
f‘f" amplifiers. For any extensive variations in ion mass, the
complications of this procedure should be avoided if possible and
certainly a much simpler alternative is to change the injection

energy, keeping the frequency fixed.

" @)} It was calculated that the change in injection ener-gy' to bl_.lnéh-

_particles at 8MHz fundamental frequency with 10 = A =< B0 is from 80
'_..ke‘f"to 300 keV¥. For the Pelletron this means that the.e.xis.ting
bias source for, the injector is 1nadequate and constructlon and
lnstallatmn of & new supply would need to be- pro,]ecteci . Extension
- of the A mass.region for a given injection energy range is possible
LISJ.ng longer drift tubes but this would set at ieast part of the
buncher in a region where the spatial extension of the beam is
unsuitable for an ungridded buncher.

Thus we conclude that the DD buncher is not a convenient

cheice for us.

TI{E.GRIDDED SINGLE GAI;".[{ARMCIN-IC- BUNCHER" (GG)

a) 'Initially this typé buﬂéhef'; developed at Arg.onne. National
-Laboratories for. the ATLAS project operated at a re.latively high
frequency (48MHz} which' satisfies the requirements for .in‘jection
into a Linac.but is unsuitable for time of flight measurements with
the Pelletron. However, more recently the ATLAS peopie ware able
to achieve equivalent good perfomance with this type buncher pulsed
at 12MHz by placing copper cone extensions on the coriginal grid

suppert to shape the electric flelds in the regions before and

after the single gap so that: ion transit:. time.. effects: were
minimized. At present they have pronounced: good: quality. bea.ms over
a large mass r{al:xge. at this: fundamental frequgm':y.'pl'us Just: two

harmonics, the 2f and the: 31?,_' waves..

b).In the Pelletr‘on the gr_dded gap is to be. positr.oned 1.2 meters,

upstrear from the first accelerator elegtr'oda This is a region of
reasonably easy physical access.. The buncher box (ATLAS- DESIGN)
will sit just above but. _outszide the Pelletron tank. entrace
Although the. present beam optics:. is not the best . ab this: location,
the possibilities in repesitioning the various. optical element_s.‘ to

improve this feature are being calculated..

c} The voltages necessar'y'. for {ime focussing. at. the. terminal
stripper from this position: are- in the range of 2000-3000 volts
(*®o, injected at 74 keV) at a fundamental frequency of 12MHz  (see
part V). Tﬁi_s should- ke achieved without much difficulty.

d) The 6bt'imwu in,jeét.-ion' energies. for. 10.= A = 100" were calculated
(part II} to.be. in the: range 60 keV to 180 keV which is well within

the capabllites of  our: pr‘esent ion injection bias: supply

e) The time spreéd at the terminal stripper was calculated fo be.
G.8 ns. and’ is. aberration limited " This aberration in the s.mgle

gap: harménic buncher' is; dlscussed. in. section: V.

f): The time- spread 30 meters. downstream from the f£inal sccelerator
eiectrode (which could be the position of the superbuncher - .or. the

scattering chamber for time of flight measurements] is 1.1 ns.

Thus the results of our calculatiohé show that the
prospects look very goed for employing this type of buncher in the
USP Pelletron.



Part 1¥ - CALCULATION OF THE OPTIMUM INJECTION ENERGY - -

The Eguivalent Drift Length
(see ref. 2 and 3)

The' availability 'of space -a-long_.'our' beamline and the

advantagesiof locating. the: buncher near the. beam waist (ref. 3} led i

us:- to select: a- grid- positisn’ 1.2 meters :upstream from the first

:a.ccel‘érati-ng.-'-electrode-- of the . Pelletron. This. has: the "further

advantage that the buncher  will be entirely ocutside the- tank and .

easily accessible: All the calculaticns that fellow are for this
positiom L ! )
' L "Choosing. the terminal stripper- as--_tﬁe-tiqu-facﬂs'point_ we
:-shﬁl.lf“--'éa;lculate'-:- the. effective  buncher length, - the modulation
c_ioﬂstant.-- for . this: region and the: cptimum* inject-ion ‘energy as a
’ ?ulnci_:ion of ion mass. ) _

The: time- & -beai particle: of mass.'m: takes: to travel a
disté.nce L “in @ uniform. accelerating field with initial wvelocity

v, and final: velocity vy is called the transit time.and is given by

. -‘_ i _ 2L
b= = —--
: v, N 172 172
) B
m "1 £
or .
’ 142
o LA™
v= 12 - 12y (1}
{ARE

where A is the lon mass nuiber and 7 = 1.38 x 10" m.s .. (MeV) ™=

Since the action of the bunche.:r produces a modulation in
the beam injection energy, it is convenient to define a modulaticon
constant, called B, as the chapnge in transit time with injection

energy, or the time compression.

o

Hence 8 = at/éJEIl may be cé.lculated_ from equation (1).

Let x;v‘-l::i + V'Er s0 tha_.t' :

at  _
8E. -
N
and
ox
aE
C
or : .
ax = 1 gve o .6 'Er o aE(‘
3E 2 i )53 : JE
i 3 i
and
ax _ 1 -2 i,
wE T TR TR
<

since E = E, + (some quantity independent-of E'l')"

: -tz -1r2)
—opAl? . [E‘.‘ o Er—, ]

¥ 2[1_:1/2- + E:"/z]?_

finally, 8 = fqrthse_.ui:'ifor' (2)

1

field region. For a field free region (drift spade) E = E; and
: ) A o . _
equation. (2) gives § = ——— . (3}
. 372 S
. . 27. E:'.i - : :
When § is known iteis ‘convenient ‘to-define as- effective buncher

length or equivaient drift region by

27, 8E:[3/2

Leﬂ‘ = A2 ’ ’ {4)

For the buncher pesition we are tésting, the space up to

the terminal stripper corisigts of three regions shown below. -



terminal
o _ - S .. (@ stripper
B3Py | arift uniform field arify s
beam | ] low energy accelerating tube @)

.2 m 4.67 m- ) 0.48 m

The overall -'‘modulation constant 1is the sum of the

modulation: constants. for éacﬁ=_region:.
.'3 B, * B, + B

and' from eq'uatmns (2} {3y and {4y

L A LA LA

. sz -tr2 -1/ : :
: 1/2 /2 172 (g . E‘ 172 L a2
g = ers - 1 . .2 ] e ]
372 372 O - N v o : 3/2
: - : : + E
2¥ EE % Et . S ,Z[Ex- B o } ) 2y E-r

where E- is f‘.he uuectlon energy' at the buncher- and E is the ion
energy at the- termina].- . o

A equ.walent dr1ft length for the region between the
buncher gnd a.nct the ter‘mma.]_ strlpper- may be. calculated from-

- :E[ .
: L’“f' = ? (5)
Thie- optimum conditions for the beam transport are those
't.ha.t minimize “the- phase- space: product. ¢ = AE AT . Calling. the
"value of" B necessa.ry to insure this f3 (see_ next section for its

determinaticon) equation (4) describes an optimum equivalent drift
length i.e: :

2750 pt.E::/z )
Loer = A2 : (6}

Exa.rui:na.t'i.or_l __of. équati_ons :(8)..and -(B) shows that for = given ion

"

mass A, a value of Ei may be: found which equates the actual drift
length {equation (5)) to :the. optimum: drift length (equation.(sll.
This value of E iz called E (opt} and i{s most easily obtajined by

a graphlcal solutmn of equatwns (5) and [S}

The Optimum Value of 8

Before solving for EZ we  must know -the -value: B = . " For
this we examine a segment of bea.m in a time 1nterva1 A'r assu:nng, :
for the time being, that each particle out- of the ion Source and
1nJected into the buncher has the sSame energy’ E ' Now ‘1f the
buncher were ideal it would produce a point time focus at the

terminal stripper as illustrated below;

point focus at

ac . ' stripper
ot s _ : .
— | ;o !
beam | : '
segment -

To a.chieve a. pomt focus m time the buncher- would have to induce a-
max 1 mum va.r-1at10n in transit -time’ between - the. gmd and stmpper
equal to A-ci itself by, slomng-._ dowri: .the;., leading particles and__ ]
speeding up the trailing par"ticles_; * Hence the energy modulation
.!U-:i which must be placed on -._thi's-‘time_ segment of particles must

have the magnitude

and so these particles arrive ‘at the stri.ppef'with ‘an energy spread
AET = AE_. . Thus at the strip;ﬁer '
1

ar. o
5 n

AE
T



However, some ‘energy: spr'ead AE is always present in: the beam from
the lon: source. ' Hence, -even for an. ideal. buncher, a time spread

‘exists at.the. focus equal. to..
At =-BAEQ _ . (8)

It is. interesting to note i:ha't, for an: ideal buncher whose object
is described by 8E , Z\'r:l"' and whdse - image is described by &E_,
ArT .. the phase space.product, ¢ = AE AT i conserved i.e.

e :¢Sl;j:ect. = ..¢i.nnge

as: shown f‘romwequations‘;f'(?}i' and (8).

-2 more r-ea.lzstxc estimate of. the.phase space paramenters:

should mclude the energy. straggling ‘introduced . by.. the: terminal:

" stripper- A.E! - . Thus the total ener-gy spread at this str1pper is

/l“

) Another source of time spr'ead comes from the spherlcal

*+ (8, )?

(Ba).

‘aberration- Ar of the bu.ncher‘ Ca.lculations of this are shown
_later on::but:. 1[: ‘Suffices now to sa.y that. the time spread due to
'spherlca.l aber-ratmn for the single gap harmonic buncher is (see
refi 3 p. ZSB-a.nd refi- 2 p.: 131) -

A @ :
A'_l.'.‘-—' - o ) . (9b)
1
where &' = .08 and m . is the t‘undamental f‘requency apphed to the.

gap. . :
Thus: the total. time spreadiat the termimal stripper is

=\/’.(BAEQ]2+(A'ra}2 R R (10)

The optimum value of @ iz that which gives a minimum in

phase -space product at the terminal stripper {ref. 2).

10

Hence, ¢.~T = -AEi' .t\'r:T should be a minimum and from

equations {8) and (10}

(az 32 o o 2 _. /2
- i : 21 2 2 SN
6= [ T ¢ (AEI,S) J {ﬁ (.@Eﬁ] L+ (Ara) ] :

T g
LT .
is a minimum when . 78 = Q.+ This-gives the value-
‘AT AT ME S ’
g = | ot 2 . (#1)
opt AE AE i s
2 s g . e

Calucyjation aof ,-3‘;-# for the USP Pelletron -

.'I'he single- gap. harmonic buncher: is. t.o operate: at f‘ =
12 MHz. The efficiency foF thls buncher is: 75% (ref 3). ‘
_Hencg 0.75T where T = 1/f = 83.3ns Eives A'ri = B2.8ns
and At;l. = u/:u— = 0. 796ns.
] The ripple. in the 1on source: supply Eives AE =15 eV.
The str-agglmg and nonumformty m the. str-lpper car-bon f‘oils (5- 16
pg/cm } gives AE - = 35 i_ce_\f_ ..(r.jef‘. 5). 'I'hp.s f'rom_ equation {11)

: 5.7 x 107° sec/MeV
opt . o

or

R

1. X107 sec/Mev
opt :

Caiculation. of Ei_ {opt) for Various Ion Magses. -

We return to-equation 5 and calculate effective drift
iength from grid to terminal for the Pelletr‘&n as a function of
injection energy El assgming'a ter‘mingl voltage. BIEV, lanci recalling
L = 1.2 meters, I_2 = 4.67 meters and L3 = 0.48 meters. The terms

1
of the equation



L”—L+2L——E}- ! +L[‘
efe 1 2 E E 172 3| E
1+ ”ET

£ _—% E g 132
E ! 1 2L ! L, |——

i E, E; . 2| E; 1+E1/Er1/2 3 E;
.04 |- 005 00035 043 (3.5%). . 000168 (~0%)
.08 | .ot0. .0010 .084 (6.5%) 00048 (~0%)
.12 015 .00184 ©.138  (10.3%) .00083  (~0%)
.18} .o020- .00282 .164 (12.0%} 00135 {~0%)
.20 025 . 00395 202 (14.4%) .00180  (~0%}

The: numbers: in 'ﬁar'enthesés' stiow thé percent contribution

of" the: term to the: tdtal‘féf‘fe.ctive'_- drift length.

'l-Iea':fc:e‘i‘or.-:.*7_.1 = 1.2 meters: we. have.

Ei(név')'
.04
.08
azs
.18
.20

L
eff

(meters)

1.243
1.284 -
1.339
1.384
1.402

This—ris shown as the solid curve.of figure 2.
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Calculation of the Optimum Drift Length

. Using

where Bopt: =_E«i.'7"x1f.':t-Ei séé/He, capd. 7. = I..:3'8x10-’_.mﬁxsec._

get the following relations.

1

L (meters)

- (MeVI YR we

A
g 94.6E.:_3/2.
. 1
16 '86.9E. %
B4 3356720
1 .
. . 72 D
188 _ 22387
200. 18.8E. 7 .
which gives for L in meters. -
E. (Mev): | B2 = ey | ar : 00
; | B L(A=8). .| LfA=18) | L{A=64). | L(A=144}| L(A=200)-
.05 | .o11-) .1.04 | 0.735. | -.368 | ' .245 208 | -
.10 .032 | 3.02. | 214 107 .. .714 .- BO5..
15 058 [. 5.49 | 3.88 1.84° 128 | 1100
.20 | .09 1 8.42 5.95 2.97- |- 1.98 | 1.68.
.25 ..125-| 11.83 - | 8.36 4.18 2.79 ‘2.36 .
.30 164 | 15.51 | 10.97 5.48 3.66- 3.10 ",

The dashed curves of figure 2 show L in

in MeV for the five A values above... The- points of intersection of

these curves. with the curve L = L1 + xL2 + yL___i where

13

meters versus E
i




2aphAE

E 2 Q
x =2 - 1 and where T TaAE

E E iz 1 1,s

T 1+ 1% /ET Sta

arz o For the harmonic bunchei pulsed at .I'.Zl'ﬂiz.'wé:ha',vé:: . L
- [ i ] p=0.75 =08 - . E=15eV. L UEC =3=5'kéV-- .

Y - . 4 . : 1hs .

T and :

: _ -3 3 S ;

give the optimum value of injection energy for our system for a g=18x10 <« %0: SSmm E ’ w-O 75 rad/ns

given A A graph of this is shown by the solid curve of figure 3 vhere the value of the constant g determines. the set of‘ unlts used
: ’ Thus, : :

K= 3.38x107% A (MeV) and

The following table results where the vaiues of‘ E ar'e taken f‘rom

Calculation of the Optimum Injection Energy

Tneludi Gap Effect the solid eurve in fig.3
ncluding Cap ec .

g K2x10. | E, (vl 313?1::'_102 : p;qcxlqz_”' P;=58p,

The nonuniformity of the electric field within the - - - -

buncher gap results in a difference in modulation energy for an 16 .29 <072 ) 1.58 187 ':_ : .109
off-axis ion passing through the gap compared to an axis one. This 40 1.82 .95 2.75 - .B59 R _382_
is known as the gap effect. Skorka (ref. 2, p. 134) presents a set 100 11.4 .13 . ) 5__5? L 2.08 . - Lo19
of equations for calculating gap effect influence on the opt imum 200 45.7 .172'7 8.88 o Bo180 -::_~ - 2.99

injection energy of the previous section. His results are

Ef[opt) = REt'(o'pt] which gives the folliowing equé.ti'ons for A

1]
-
B
o

n
-

_ _ A=18 A%+ :0022%- 108 A {03 E] (opt) = 74ksV
vhere G means gap effect case and El[opt) is neglecting gap effect. . : o ) . T
The quantity A is the root of the dimensionless equation A=40 A"+ .0072% - 38FA=1 — A =1.08 E‘i:.'{'opt) = 101keV -
& s ' T TR, ] . G L
AT+ P, AT - P, A=1 where 2 = 1 A =100 A7+ 02 AT -7 Llgha =1 - A.=115 E_‘ (opt) = 156keV
A=200 A%+ .d5 2" - 283 ax=1 — A =1.20 E (opt) = 223keV
S

The constants in this equation are determined from the relations

2 The dotted curve in. figure 2 shows the optlmum 1nJect10n_

= K’ :
p4 - SEa(opt) . S E : energy as a function of ion mass A when the gap efi‘ect is 1ncluded
: It is also seen in fig.3 that for 10 = A = 100 the opt imum
' : ¢ N . - N - N ;
where K = gp “’f s %_ and b, = 2p4 ¢2 injection energies range from 60keV = Ei{opt] = 160 keV which is
1 within the capabilities of our present ion scurce bias supply.
14 15




PART III - THE TIME SPREAD AT THE TERMINAL STRIPPER AND
SUPERBUNCHER

The time spread at the terminal stripper is calculated
from equation (10) i.e. -

at_ = v (88E)2 + (A% )P
T Q ) a

1/2 .
L A
af f

where B8 a7z
Za'El

From figure 2° for A=18, E, (opt) = TikeV and L, is about 1.28

) £
meters. This gives 2 value B = 1.90 x 19_5 sec/MeV. Therefore

BAE-Q =15 x 107" sec = 0.15 ns. From-p.11 we have Ar = 0.8ns so
. _ a
that

A'r:_r_= 0.8ns: {aberration limited) .

Skorka: {ref. 2, p. 131_] ' showfs that for a system to be aberration
limited. the  injection energy El ~ must  be larger than a
characteristic injection energy Ef defined by

r L AE 2/3.
A _ aff 0 |- 1/3
E = ZaAT A
L a
For: A =16 -
¢ -5 ]2/3'
E': - 1. 28xi5x10 — (18)“3
[ 2x1.38x10 'x0.8x10 J
. A
and E1 = 22 keV

so that the condition is indeed fulfilled.

16
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Iransport from Termiﬁ'a.lll_t_:_g..- Siiperbuncher’ -

In this phasg:r of -tl."-'a'm'sp.or'.t. Ehe.ﬁéa;._#féversé; the .d_r'if.t
regicon L1 after the terminal st}"ipper,’ V_It_he'- 'h_igh._eh.ergy part of the
accelerating tube (uniform fiela): L andf1na.11y another- drift’
space La from the accelerator exit to the suparbuncher. = A
reascnable value for L3 woutld be"a.bqut;.. 3(_)__met'ers.

Thus we have

L = 0.48 neters L, = 4,67 meters 7 ' L3 = 30 ‘meters

writing
B = Bl' + 82 + Bs

gives
E

T ] 1 E 3/2":-""
L=L1+2L2 E ’ 1/2 FL:! E_T
T 5/E] 2

where ET is the terminal voltage, 8 MeV and EF is about 56. MeV
(charge state 8, A = 16).

Substitution gives.

L = (0.49) + 2(4.57)[———] ‘ 30[ =

56 [1 N _(8/56_)1/2] o

or

i

049 + 0,998 + 1,70 _
3.20 meters equivalent drift length from

terminal stripper to superbuncher.

The meodulation constant for this transport is.

Lia'? 3.20%4 ..

s = = - ser/MeV
2y E_r 2x1.38%10 %(R8)

I’z

s0 B =21x IOgssec/MeV

17



Calling AET = 35 keV (straggling in stripper) we have
BOE_ = 0.74 x 10°° sec = 0.74 ns
Hence the time spread at the superbuncher is

. foaz) - [A]

sb

=V (0.70)% + (0.8)°

At =1.1ns
sb

so that for A = 1B we may expect about 1 ns time spread at the
entrance to- the superbuncher or at a target .to be used for time of
flight work placed at. this position.
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PART IV - -THE ELECTRIC FIELDS WITHIN THE BUNCHER BOX AND THE
CALCULATIGN OF THE 'AXIAL TRANSIT TI{ME FACTOR

The buncher design of the ATLAS project which we . have
adopted is shown schematicaily-belou'whéfe the appropriate'boundary

conditions on the potential are alse Indicated.’

—L

ling

Vil R

2T

i o P o e o

arbitrary. peint

X

19



In order to . galn soﬁe- intuition-about the role. of the
c&nes; .we-decided-_. to-calculate -the electric flelds without the
cones and '..;ith cones of different dimensions. To this end =
computer program. BUNEL was wr‘itten which performs a numerical
-~ solution {ref.7) of Laplace = equation in cylindrical coordinates
with theta symmetry for the potential U (or V) in the box shown
above. At the 'péint Z?..a. circular contour of_rac[_ius 8cm, maintained
at the potential U=0- was supposed. .

Following ref. 7 we write ~ .

vu=20
2.0 1 BUI - 62U \
or - L . — - o) (12)
ar?: T ar 3z :

Calling the bir lengths in the z and r directions’ a and b
reéj:ectively_" {éee the mesh figure below), =a Taylor 's,:_xpansion is

used to expréss the potentials U1 and U2 in-the neighborhood of the
the potential U ' SRR o

z
U =y ea 202 FU
. adz 2 dz
RPN R L B

ar 2 ér
- au Ul - Ua 2
and - from the figure it is seen that . = — % + 0fa”)

: dz 2a
20

(13)

(14}

vwhich when substituted into (13) and (14} gives

a%u 2 ST O N R U A 9 .
= — JU. -0 —a = =— U -u -~ — 21 +og@E)
azz a2 t ° az ag t o 2 . .
or, b
8%y Uy v Y- ey 3 o D e
= . o+ 0™ " for .z = variable
dz a e ’
and,
2 o . .
fu g ey mau = :
= + 0(b%) for r - variable-
z 2
ar b

Substitution into the Laplace equation (12} gi.ves..t‘_or; points not on-

the z-axis <

2 . _ S . e,
2u 41 + -2 =Up+ U+ U, 1——b 2 fey e 2 [ e
o 2 . 2r b2 & 2r z

and for points on the z;-axi's'

O P P - 2} T S
2u 1+ = =U1.+U3'+Uza +u‘.a :

The boundary condltlons shown for. the potent;als are

mput data to the computer code for a prechosen mesh ‘size. (e. E.
2=0. Scm, b-‘O Scm, cone half angle 45 ) and by linear mterpolat.lon
an initial set. cf potentlal values ‘at each mesh-point in the regich
within the box was calcuylated: .-App11cat10n.of e_quat19ns_ {15) and
(16) was performed for each mesh point and the process then

repeated until the value of U0 for each -mesh'point‘--was. negligibly

(18)

" (18)

different from the anterior calculation. It was found that 20.. )

iterations were sufficient for convergence.

2t




Once- the - potential | mappihg- was  détermined, the

z~component of the electric field was calculated from
Ez = .— grad U

aleng the  lines of b = constant. Graphs of the Ez field along the
axis. are shown in figure 4 for a variety of cone angles
'(lrmnta:imng the distance from gnd to cone base 8cm) and a gmd
m.thout any cones- at ali: {plane grid)_

" An ion velocity v, which enters an accelerating gap of

width-D will spend a time t= Do in crossing this gap. If this
time is not negligible compared to the rf period, the transit time
: effects, which must be minimized for optimum performance of the
7- b\;ncherf,..must be-_con51dered.. A transit time factor F is defined as
" the. Patic of the modilation that the ion actually feels 3 to the
'mndulat_ion it would feel if transit_ time (-_-ffects were negligible,
As shown. in .ref. 3, fer an ion which a_f: t=to enters a

planar "accelerating gap of width D with acceierating field
AR

E-z = D—mcoswt, the modulation it would receive without transit
time ¢onsideration would be Ge“ = Vm q coswto. When . transit time

is considered the energy gain in traversing the gap is

o R S R ) -
) qVv qV
de = q,_g s dZ = % coswt dz. = 2 J coswt dz

D D
o . .. Yo ’ - 0

since’ z = irot )

22.

Doy

qV v [} C gV v s
@ 0 . _ m O i wi
dc = —35 J coswt dt = me— [5111 v, ]

~ o

Hence,

N

C{vao o b

wh in vo 5 . -

F= qv_coswt a-ﬂd since t =0

Si“[ o } " sin|-2™0 }

o L. .
F= wD : D
VO A

where vy = Af defmes X as the dlsta.nce the 1011 tr'avels in, one
buncher period T=1/f. ' ) o

Another def'inition. for the fransit time factor ‘is

: J-.E(z.)cosm't-dz :
., (17)

f E(ziz

where E(z} is the maximum field in the gap.  That .this 1is
equivalent to the previous definition is shown in what follows.

Writing E{z) = - g:
) J. L8y coswtidz - J- v - coswt dz
L 3z . _ 3z )
F = - 5V =
I - —— dz . v

oz . m.

which is easil.‘/.ihtegz;at.é& for 5 uniforn field E = 'Vm'/['):

J- T coset dz | -. .
_— P ) HE t coswt dz
B v RS

=
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so  that. in crossing t.hemgap the ion may be associated with =a

transit timé factor

D 0
1 1 wZ 5 vo wh
F=T cosut dz=—D— gos VO dz-.—— o0 51nv
o o :
. |'un]:' . [zm}
sin sin
A
F= @D . . 2D
v A
o

The- béhéviour of this function is shown in figure 3.

-Scﬁemat'icﬁl'ly.r: the gaps are shown below where region 2 is the
gridded harmonic gap. ’ '

—> =07
Hence in region 2 we want F=1 so that the ion receives

"all the modulation available but in regions 1 and 3 we want F as

small as possible so that the particle does.not receive or lose '

energy. in these regions. Inspection of figure 5 shows that the gap

width D for region 2 shquld be very small and the distances D1 and

Dé very large. It is,'.'howevér, usuaily very impractical to have
caxt‘.el:u;ied_i?l1 and I)2 regions since space is just not available. It is
for these regions that the ATLAS people designed the single gridded
pap with conducting cones extending into the regicns D1 and IJ3
thereby shaping the electric field distribution (see fig. 4) in

such a way as to reduce the transit time factor.
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Below is a table of transit tims’ factors cé.lci:l‘aiéd'us'ing'
equation (17) and the electric fieid"distributions of figure 4 for

various grid geemetries (see sketch p.19).

SY6T

Configuration - - Transit. Time Factor, F
plane grid ’ o ) - 13%.

corie half angle 51.4° - 3%

cone half angle 45° _ - 2.3%

cone half angle 26.5° - 1.0%

a) For azll the cones the axial distance from the grid to the. cone
base was mantained at 8.0 cm.
b) Facters for "0, E = 15QkeV, f = 12 Miz.

Thus the cones reduée thé tr-a.ns:.t Itime f‘a..ct.o:'
considerably.. Further  calculations for rays 1.0 cm off.'axis but
parallel to the axis showed _tha_t:' the transit time factors were only:
slightly different from.the “above. r'e_s'uLts for the corresponding:
axial ray (see Fig. 6). Thus it appears that the more ;Sa.r-al'le'l the
beam rays in. passing through the -gridded gap, the less the
destruction in .tinie resoluti.on (modulation due' ‘to transit: ti‘mé
effects).” At present caleculatiohs are being carried out"by: J.c.
Acquadre to determine the positioning of the. different lenses in
order that a beam of minimum divergence passes through the buncher
which is positicned as close to the bear waist as ‘15 possible
(about 1.2 meters upstf-eam from the first accelerator electrode).

. Finally we mention. that the transit time factor is
independent of the amplitudes of the maximum voltage -applied to the

gap. This has been verified computationally.
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PART V. = TIME RESOLUTION LIMIT DUE TO SPHERICAL ABERRATION IN THE
HARMONIC BUNCHER

To calcuiate the effect of spherical aberration on the
time resolution of the single gap har_‘monic buncher we first suppose
that’ the. medulation appi-ied to the gap consists of -one wave of
amplitude Vd- ‘and frequency. f. )

For a continuous beam of particles of mass M we corisider
a segment: of total durationm T (where T=1/f) entering the gap with
energy: Eo‘ At-the gap exit different porticns of thi’é"segment will

have particle energies E_, determined by

)

. E'rur._ Eo qu051n th . ) . (12)
or

E‘i‘ot = EZo (1 + asin th)

A

where o represents the reiative modulation g and t'3 is the

: 0
tine associated with a particular portion of the .segment relative

to the time tc' associated-with the center of the segment. Thus we
define. a. phase. ¢B = th such that the entire segment is described
by the condition -w = ¢B Ea

The time at. which a given porticn of the segment -of
particles. arrives ra.t a time focus peint situated an arbitrary

distance [ from the gap center is

_ L
LSty vit_J
R
2E
. mu_l?t_ 1/2
where - v(t )} = M = KE,
B Tot.
2
and K= i
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" From eguation (1B) we may write

to=t +t + 1/2' —— (19)
KEO (1 + asin ¢B)- :

Multiplying both sides of equation {19} by w gﬁves

th = wtc -t 7 s 3 {20)
KE~ {i + asin (bB) : '

s}

However, since the welocity VD of the unmddulat;ed,'

particles {center of Segment) is given by vo .=\ K_E;’z, by
intreducing t‘J = : we get
o
~ wto
wb = wt_ + wt™ + -
L c B (1 + asin %)1/2
or ) )
. ¥ .
: ; : oT ;
¢ = ¢ v g+ {21)
L 't B (1 + asin ¢B)1/2 .
By noting that ¢ "= ¢ £ AP where "A¢ 1is the’ phase

difference at the. time focus of a given portion of the b\'.lhc:hed'
segment with respect to the ‘center ‘of the bunch, we -obtain a
measure of the time resolution of the bunch at the time fdc_u_s point
through the relation Ag = w(At)foc“s; Since the terminal 'str"}ppgr"-"

has been chosen as the focus point we write

. oT .. . . -
] L= g+ - — : ) . (22}
strip B (1 + asin ¢8)1/2 T
where we recall that -t = ¢ = nm and ¢ = wt = —
. B st e 0T 0 KEME
"

A convenient expression for calculatirng wm; is easily shown to be
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_ 14312 fL
or E =~ .1s2 (23)
o

if £ is.in MHz, L in meters, E, in keV and A in amu.

For-a six_lgle' harmonic gap to which three frequencies are
a.ppliéd -_(f, 2f, 3f with respective amp‘iitude [VO, V1 and Vz} the
expression for the phase spread in the bunch at the time focus is

N o : I
Agy =+ - - - (24)
serip. # [1 + esin ¢ - Bsin [2:358) + gsin (3¢B)]1/2
where:
: v, v, v,
—I5¢Bsn, a:E y B=E'7=_E—
3 0 o
and "'6-: is given by equation: (23}. The minus sign in the even

harmonic. is a: result of the. composition of the sine wave and its
first two harmonics to form a sawtooth-like waveform at the gap.

_ Filgure 7 is a sketch of a set of typical relative
a.mplltudes of ‘the three waves applied. to the harmonic buncher. The
solid parts of the curves would have a convergent action and the
dashed parts a divergent action on the particles in the bunch at
the tlme focus

It is possible. to extend the parametrization of equation
‘{24} by allowmg phasé shifts A and A in the first two harmonics

with:respect t¢ the fundamental wave, ) Thus we write equation (24)

14

A = ¢ * -7 DT
stiip B [1 + asin ¢ - @sin (26, + 8.} + ysin (3¢, + Aa]}!/z

A computer code (SPHERAR) was written to calculate the
phases. at the terminal -stripper of an original beam ségment of
duration T entering the single harmonic buncher using the algorithm
of: eqi:ation (25).
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(25)

Figure 8 shows a graph of the phase at. the. time focus
Aq&stﬁp as a function of the f.ia'rf.icle_ phasg-,in the original beam
segment ¢ {relative to. the segment. center).. The: input__d::.;a. used
to obtain this result is given in the table below for 0O ions

injected intec the gap with the optimum energy. T4 KeV‘ of figure. 3.

A =16 amu

Ep = 74 keV

L = L28-meters

£ = 12.0 MHz
« = .0334 8= .0100 y = .0022 8,=0.
V, ='2.472kV V.= 0.T40KV V. = 0.183kV.

As shown in equation - (8b) the. time resclution

characteristics of the ATIAS “prebuncher are described by _
AT, = afw
a

Wheré_ w. is the fundamentai frequency applied to the: gap (12MHz) and
the value of o« obtained is « = .. 06 radians, defining a fwhm.

The  area in figure 8 delineated. by- the dashed* lines
corresponds to At = 0.8 nanoseconds or « = .06 radians =-%° .7
(fwhm) for the acceptz;ble phase varialbion at the stripper terminal. .

The values of ¢B wiiich falil wifhin 't.his. region show that:
an efficiency, p, of 60% in {he beam bunching may be expected for
the modulation parameters used in th1s case.

The ATLAS group reports values. of‘ P up to- 754 for- this
time reseclution . More precise parametmzatlon of equation (253 -

would give this value for the three wave harmonic gap.
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A-'_‘PSTRI? B

a = .0334 B= .0100 vy = .0022
i e e
62~ 1.5 As [¢]
L =1.28 meters

E°= 74 keV {optimum injection energy for lﬁO)

'lt_= 2.472 kv V2f= 0. 740 kv v3_f= 0.163 ' kv

60% efficiency.

. te,

for fwhm: A¢. . = 3.5% ——sAt=
strip

= D.8ns




