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'ABSTRACT

Early computer calculations showed that an electrostatic channel
would. have to be very narrow to cause sufficient deflection at high energy. One
alternative conaideréd wag a system of three electrostatic channels in series,
acting as a one-turn regenerative extractor. Such a system could easily achieve
- the required deflection, but at the expense of simplicity, A magnetici—channel
to reinforce the electrostatic channel likewise appeared difficult for a variable-
energy machine. |

Detailed studies of a eimple electrostatic channel began with
~ development of an analytic-graphical method of calculating channel efficiency.
By this method one can estimate acceptance as a function of radial turn separation,
afnplitude and frequency of radial osciilations. and channel geometry. A
cdmputer code was then developed to conipute channel gshapes and calculate
acceptance more é.ccurately by following the fate of a representative sample
of orbits in the presence of the channel. Use of thio code indicated that
highest acceptance would be obtained if the channel ehtrance is set out at
39 in. prvovided’the resonances af v, = 1 and Ve ® 2v, could be safely traversed,

r s

as was believed possible. Some calculations on transition through the v_ = 2v

resonance are pteaented.
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ELECTROSTATIC DEFLECTOR CALCULATIONS FOR
THE BERKELEY 88-INCH CYCLOTRON?

_Alper A. Garren, David L. Judd, Lloyd Smith,
- _ and Hans A. WillaxTt

Lawrence Radiation Laboratory
< University of California
' Berkeley, California

May 15, 1962

], Introduction

This paper presents an account of some of the calculations relating
to the beam-extraction system for the Berkeley 88-inch cyclotron. We
wished to design a system which could extract at least 10% of the internal
beam, for the full range of particles and energies that this machine can
accelerate.

The system chosen is a single conventional electrostatic (ES) channel.

Various alternatives were considered with varying degrees of thoroughness,
as follows:

{{) An ES channél with hot-glass electrodes, to permit higher electric
fields. This system had not been proven feasible in a radiation
environment.

(i{) Three ES channels in series. This system, discussed in.Sec. 2
of this paper, seemed too complex.
(111) A magnetic channel. This seemed too inflexible for a variable-
energy machine, and tests showed it would be difficult to keep the
: field porturbatibm small enough in the circulating-beam region.
The beam could not jump a magnetic system without using a

regenerative field bump-see (v) below.

~ t Work done under the auspices of the U. 8. Atomic Energy Commission.

ttPermanent address: Swiss Federal Institute of Technology, Zurich.
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(iv) An ES channel followed by a magnetic channel. Again this seems
complex, and possibly not flexible enough,

{v) Regenerative extraction. The use of an azimuthal field bump either -
to produce beam spill or enhanced turn sep;.ration. Time was not
sufficient to make calculations to determine the feasibility of
regenerative extraction for our variable-energy machine. Recently
Bloaserl) carried out calculations using our measured field, to
gee if the efficiency of our existing channel could be enhanced in
this way,‘ and we have alseo made some relevant calculations. At
presentic this question is still open.

As will be seen, calculations on the single-ES channel gave encouraging results,

Computations for some of these poseibilities are discussed below. The

space devoted to the topics treated is not necessarily related to their relative
importance, or to the effort devoted to them, but is also determined by novelty
and possible theoretical interest.

2. Multiple Electrostatic Deflectors

At an early stage it became apparent that the simple ES deflector (fig. 1)
would be strained to provide sufficient deflection for the highest energy (60-MeV)
deuteronas. This provided an incentive to consider three deflectors, A, B, C
arranged in series, as shown in fig. 2, with their electric fields directed
outward, inward, and outward, respectively. The first two deflectors, A and
B, produce a large radial amplitude in one turn, go that whan the beam enters
the third deflector it ial headed outward steeply enough to be extracted with a
moderate field in deflector C.

Qualitative understanding of such a scheme is obtained from the following ¥
simplified linear analysis. We suppose that a sequence of deflectors are all
arranged parallel to a reference ray traveling through them, that the electric

fleld 18 constant in each deflector, and that the magnetic field {8 uniform.
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The departure from the magnetic equilibrium orbit x in a deflector is given byt

dzx tx= e (l)
z ’
deé
where
X = %" (R - Ro’ ’
] eBo
w moc [}

€= TO'OZF‘(ET"EW C’:) .

The solution of this equation in the deflector at an angle @ from ths beginuing

of the deflector is

x(0) \ ¢ l-cos @\ M(6/0) / %(0) , (2)
x' (8) gin @ x' (0)
where
. co8 (92-91) 31!1(6 -8 )
M(8,/8,) = &V (3)
~8in (62-91) coa(ez-ei)
Ifithe total deflector angle is )\, then the solution at an angle 8-\ beyond the
end of the deflector is

(:.“:},)) = M(6/6-1) (:,"Z)M) =e¢ M(6/6-)) ("’;‘:: :) ; M(O/O)(:,(%’)

’

cos(f-\) - cos @ x(0) :

e (.ain(@-).) + sinG) + M(G/O)(x. 0)y/ “’

The first term on the right represents the effect of the deflector and is independent
of l}n_‘ttlal'conditions. whereas the second represents the motion én the absence of

a deflector. Now imagine 2 sequence of deflectors and gaps with azimuthal length

'For an azimuthally uniform cyclotron a more exact equation is

-RdB

x" + (l-ntn,) x = ¢/y, wheren = BIT* Do * - g-%. Bp=v/e, y= [1--&'2]"1/z .
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: ki, and strength €. The €, may be positive, negative, or zero (for the gaps

i-1
between deflectors). Then the ith deflector starts at 6, = I ).j and ends
S | J=1
at 811 = Z )\j. From (4) we see that its specific effect at any 6 > Ou is
j“!. .
i i-1
cos(@ - Z kj)-cos(a- z XJ)
x,{6) J=3 J=1
: - e | o (5)
x'(0) i |
i i-1
J=1 =1

One obtains the solution at the end of a sequence of n deflectors (and gaps)
by adding the effects of all the deflectors, wach of which has an effect given by
(8), and then adding the original radial oscillation, x = A cos (0 - ¢), which goes

through unaltered. Thus we obtain (after some rearrangement) the displacement

and angle at the end of all the deflectors, at angle \ = g "f
=1
[ 2(\) cos{\~-¢) cos \ 3 n-l cou(k-’él xj)
(Aol ) ()
x! (\) -sin(\-¢) -sin\ o/ il -sin{\- ?1 A

(6)
Let us apply this to the three-deflector system of fig. 2. Suppose deflectors
A, B, and the gap between have angular lengths Ao "3' and xz. respectively,
and that A, B have equal and opposite electric fields, o that € = -€3 " €6, ® 0,
The system must satisfy the following conditions;
(1) The end of B muasat not intercept the circulating beam:
| x{hy + Ayt Ng) >0,
(1) When the beam has completed one revolution and enters C it must
‘ be outside of deflector A: x{(2w)> 0, and as iarge as possible.
(4i1) The beam should be headed outward, on entering C: x' (2%) > 0,
and as large as posaible.

{iv) The deflectors must be outside the deet a = k) + Ay + Ay < w.



-
gl

«5- UCRL-10067 Rev
What can be concluded from this about the angles Xl. Moo and k3? By

applying (6) to the above conditions we find, for A = O

a & x,.i_...“) = -cosa t cos(a-\;) + coshy - 1 >0, (7)
ve ____.?"(ez“ = -cosatcosfa-\y) tcoek -1>0, large, @)
' _
w = ___}x :Z“ .2 « gina + sin(a_-xs) + 8in )‘l >0, large, (9)
where
a=h Fh t Ry < - (10)

One way to see the effect of these conditions is to plot curves of cos LY
v8 coa \, for fixed a (see fig. 3). In each case the system point must lie in
the triangular region in the upper right. Case (a), a = 120 deg, looks most
favorable:; Case {c), o = 180 deg, ie impossible.

We used these considerations to suggest several arrangements on which
more exact cornputer runs were based. For thege runs we used the MURA
I11-Tempered Five Code, with Fourier coefficients chosen to fit the model-
magnet measured field. The action of the deflectors was simulated by adding
or subtracting a constant term from this magnetic field to represent elsctric
field directed inward: or outward .

These runs qualitatively confirmed the above analytic estimatea of the
effect of the first two deflectors. Moreover. on entering the third deflector
the beam had not suffered appreciable dispersion. There ig considerable
disperaion in the third deflector, caused by the fringing field of the magnet,

but this affects the single-channel oystem equally.

Table I shows one three-channel system studied which should give
sufficient deflection to 60-MeV deuterons in our cyclotron. The dispersion is
indicated in Table 2 by the effect on two rays displaced from the reference ray.
The clearance of the reference ray from the undeflected equilibrium orbit is

0,9 in, at the end of channel B, and 1.5 in. at the entrance to channel C. -
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TABLE }

Three-channel deflector system

UCRL-10067 Rev

i Deflector Interval ki {deg) Angles covered (deg) Electric field
— (kV/cm)
3 A 48 0 - 48 100
2 gap 24 48 - 72 0
3 B 48 | 72 -120 -100
4 gap 240 120 - 360 0
5 C 144 0 - 144 100
TABLE 2
Dispersion of three-channel system (of Table 1)
AR/R Aa L Ao

Start of A 0.005 0 0 0.005
Staxt of C 0.005 -0.001 -0.0015 0.005
132° down C | 0.00% 0.004 0.0278 0.042

What has been gained by this system is a limitation of the electric

fielde to 100 kV/cm, compared to the 160 kV/cm needed for a single channel,

with a corresponding increase of channel width by a factor of 2.5 (assuming

VXEs=s £%d = Conat. ). The price is an enormous increase in mechanical

complexity, and use of too much valuable space, so thie system was

rejected,
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3. Analytic Studies of Electrostatic Channel Transmission Efficiency

In this section we present some analytic and graphical methods for
estimating the efficiency of electric deflectors. We wished to knbw how the
efficiency depends on particle turn-to-turn separation; on the ampiitude and
£requency of their radial oscillations; and on channel length, width, and
septum thickness.

3.1 CONDITIONS FOR JUMPING THE SEPTUM

| We were able to develop a purely analytic treatment for the restricted
problem of calculating the fraction of the particles that jurhp a septum of
thickness ¢, as 6. function of radial amplitude J}. precessional frequency

6= Ve © i, radialA turn-to-turn separation of the equilibrium orbits Ar, and of

0. This efficiency ie calculated subject to the assumptions that the internal

beam is of uniform density in equilibrium radiue, and random in radial oncillation
phase, inv the vicinity of the deflector.

A septum, of width ¢, is located between rs'and r,t0 atf =0 We
consider a particle of amplitude A at some particular phase § of radial
oscillation and start counting turns at equilibrium radius ry = r_ - A. This
guarantees that the particle has not previously reached the septum. Actually
we cannot specify o this cloaely'since it might vary from re - A by an amount
Ar (equilibrium radius gain per turn). The first turn is given by

ro(s) =T, - A+ \Ar + A cos ("r 60-3), 0€ A5, 0€£3 € 24. (11)
After n turns this same orbit will have a radius at the septﬁm azimuth

(@=0) *n=%n (0):

roEr gt (n + \)Ar-A [1l-cos (2rnd-§)], & = Ve - 1, (12)
All particles in the internal beam are characterized by their values of
A, § within the given ranges; our uniformity assumptions imply a uniform

density in A\, $ space. To calculate the efficiency  for jurhping the septum
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we have to calculate the fraction of the \, § rectangle (of area 2w) belonging

to particles missing the septum. To do this we rewrite (12) as follows:

LR Ar : Or
¥, 3D — t 3 -[l-cos(2mnbd-g], '3 N e (13)
A A A

and ask what fraction of the, X, rectangle (of area 2aAr/A) correspolnda
to particles missing the septum. For each particle there will be a last turn,
N, at which it will either jump or hit the septum, defined by the following
conditions: |

Y, < 0, n <N,
and

N> O/A (ump sepium), "

0 Syys /A (strike septum).
It is useful to represent these conditions graphically. This is done in fig. 4
for A = 0,251in,, 0 = 0.051in., Ar = 0.1 in., 208 = 30 deg. Hence 0/A = 0.2,
or/A = 0,4. To understand the graph the above conditions are written explicitly,

using (13), as follows

z+n _ﬁ_r__ < [1l-cos{2nb-d], n <N,
and
[1 - coa(2uN6-3] €2+ N 35 s £ + [1 -coe(2aN6-3], hit
[ = % z ]
{15)
Ar o :
24N 5 > g+ [1 -cos(2aN&-§], jump.

In fig. 4 the abscissa is ¢_= ¢ - 2mnb, the ordinate is z_= n S5 + N 5f,

On turn n = 0 all our particles are in the rectangle ADFE. On each successive
turn each point @n’ znb is displaced by (-2v6, Ar/A) = A, so rectangle n = 0

moves up to rectangle n = 1}, etc. Curves a and § are defined by
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al @n' 3n) = (§nt 1'°°3§n)l

o (16)
P G2 B gt (1 econd )

whilez a_ and a, represent the locus of points on a one turn previously and

one turn later, reapectively‘(i. e.;. a . =a + K, a_®a-~ K). Since the

conditions (15) are equivalent to

mn<o.. n <N,

0% 2N < B, hit septum,

N > B, jump septum,

pafticlen between curves a and f§ hit the septum, and those above f jump
the septum provided on the previous turn they were below a., Thus on turn
n = 0 that part of the rectangle above § represents particles jumping the
septum, that part below a represents particles that make another turn, after
which they occupy part of the n = 1 rectangle -~ and again the same three ‘thing!
can happen. |

The analysis is simplified by taking the original area to be the dark-
shaded zone between a and a,, rather than the rectangular zone n = 0. This

s legitimate because both zones have the same area, and svery beam particle

must pass through each zone. The new zone is A'B'B"A" + C'D'D"C",
The division into two subzones occurs because of the first condition. Point C'
is the intersection of curves a and a_. Had we followed curve a any further
to the left beyond C', then on the previous turn the points on @ would have
been points on a_ above a, contrary to the first condition.

In this way we have chosen a representative zone such that on the previous
turn all the particles are in the light-shaded area below a-and thus have not yet
reached the septum—while on the turn in question all the representative particles

are in the process either of hitting or jumping over the septum.
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To calculate the acceptance efficlency/we taks the ratio of the arca
of the dark-gshaded none above f§ th that of the total dark-ghaded sone, which

is the same 20 that of the original rectangle (with area equal to 2u-%‘-'- »
' & Area(e -f) Area(o -f)

® Krea e, -a) ® CulAr/A 17)
This calculation of & can easily be done by plotting a graph like fig. 4, and

using & planimeter to obtain the areae needed. If the precession angls
2wb << ], the calculation of & can also be done analytically as follows. From

fig. 5 it ig clear that the fraction of particles that hit the septum is
2
5 1 AB *
£=1-£=2?J eds, e=z__c_=_Al (18)
0

To obtain & we write

‘”A locoa§A _Ar
s B g & {19a
3%, TF%, Tk °0 )
2 l-cosy, + 8
hence
Azsz-ﬁAtn@A-ﬁB)quqr. (20a)
CO@A - COEEB = "\(éA - §B) ~8® ﬂ@-ﬁ. (20b)

If the precession angle 2w§ or 0 is small enough, Ad will be amall
enough to juetify replacing coa§A - °°B§B by -4 sin $,r ©0 that from (20)
we obtain

- (21)
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and .
/ 2 z / 2 . 8
Xy ® Hz” + Ad A +1 n—-—-—-—-—-—-—)rde ’
2 [Ar\¢ 2
A= (2e8)" =) = 2nd /0" + 1,
whence

8 1

From eq, (19a) we have
' l-coed,
E=gt — : (23)

This can be used to replace ¢ by '§A as the integration variable in (18);
however,one must exclude those values of § A 8iven by smaller values of

§ » otherwise the same § values would be counted twice. The excluded region
in §A’ if any, runs from §A1 to §A2' where §, ; is at the maximum of $ with
respect to IA’ and §, , is & larger value of § , for which $($,,) = ¢(,,)

From (23), this meana

g, =nteinln, (24)
coa§AZ -1 Jl-nz _
§A2 - -.—.--.;‘--—-~.- = g + gin 1‘]+ n ’ §Az >QA1'

The excluded zone occurs if, and only if, n <1, Frox;m (23) we have

4§ = (1 + %siniA)d§A. so from (18), (22), and (24){we get

a= J@n6)? + (ar/A)®
.0 $az " Pa1]
@zm'[l-._r__%“ , om<1. (25)
These formulas should be uaed with some caution because of the approxi-
mation (21). The graphical method should be used if more accuracy is desired.

It is not surprising that é = 0/Ar wherever n > }, ;]_:s_r << 1 f.e.
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Eol- e | (26)

wherever . Ar
Zn(vr-l) <<£ -ET-A °

3.2 CHANNEL ACCEPTANCE

The graphical method explained above for the septum can now be extended
to the whole channel, Howevef. since rather sweeping assumptions are made
about the path of the orbits in the channel, we only claim qualitative validity
for the resulta.

Consider the equilibrium orbit that just grazes the septum,

~ with radius r, (6). We start counting turns for a particle with amplitude A,

phase §. where the crest of its oscillation juet touches the septum or is within
Ar of doing so, Its displacement from the equilibrium orbit, so long as it
is outside the deflector, is xno, where

xn°(e) =x () - ()= (a+\) Ar - A[1 - cos(zmmb+v_0 - §)),

0sy<2m 0 NA%l, (27)
We assume the channel to be shaped for an equilibrium orbit. If the electric field
in the channel is constant then the deflected equilibrium orbit (called the
reference ray) departs from the undeflected equilibrium orbit roughly quad-
ratically in 6. Hence, the inside edge of the septvum. of radius rb(O). is given
by r, = r_ +x,, where x,(0) = (5 )°h. (28)
Here \ is the azimuthal length of the channel and h is the radial displacement
of its end point. We assume that all particles in the channel follow the same
path as they w8uld outside, except that we add the deflection term (%)Zh.
This assumption is relatively good near the entrance, and gets worse as the
channel goes through the cyclotron fringe-field. With this assumption, the

displacement of our particle in the channel from the reference equilibrium
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6rb'it is x\ni, where v
x 110) = x_ (6) + x, 10): (29)
The surfaces of interest are the following, given in terms of their displacemeént
from r,{0) (here d is the channel width and we will sometimes refer to large

and small r surfaces as top and bottom, respectively);

end of septum E 3 6=0, 0sxs 0O
bottom of septum B x, (0) = (8 )zh
top of septum T 1 xt(()) @ xb(O) + 0
bottom of electrode Bt x,(0) = x.(6) +d.
The various things that might happen to a particle on the nth turn are!
(a) strike bottom of septum (B_) at 0 (a') pass under channel
x_°(0) = x,(0), 056 < % 016) <, (60)
{(b) strike end of septum (E ) (b') enter channel
0s xno(o.) 5 0 xno(O) >0
(c) strike top of septum (T _) at 6 (c') pass over top of septum
x,H(0) = x,(8), 060 X x,1(6) > x,(0), 050\
{d) strike bottom of electrode B, at 8 (d') pass under electrode
xn‘(e) =x_(6), 0s60s\ x '(6) <x_(6), 0565 \

(e) strike end or top of electrode
fn, .
x. (0) axe(O).
Transmission on the N** turn requires (a)' forn< N, (b)', {c'), and (d')
for turn N. Written explicitly, the above conditions, using eqs. (27)<(30),

are as follows:

Ar ok 6< \ hitB,
g;. Lt N5 @) %+ [1-cos(g-zmov 0), §UIEM BEEL L

(b) [1-cos(p-2 wnd)] = (n+ I);) -{%r % % +[1 ~cos(d - 2nnb)], hit E_

}
(b*) (n+)\) %{ >.§. +[1 - coa(d - 2wné)], enter channel
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{c) . Ar = O | any 8 € \, hit T_
ey m+r) T, xt[l-coslo-2mé-v 60)], oo 6, over T_

d) Ar 3z g+d. any 6<\, hit B
an PPN T t[1-cosle-2mmb-v 0o g\ <p,  under B,
(@) AL 3L (1cos(¢-2me)],  BitE, or T,.

As in the case of septum jumping alone, these conditions may be graphed
(fig. ‘6). Again we want to know what fraction of the (\, §) rectangle corresponds
to tfansmiuion on some turnn. We plot in [ §- 2wnb, (n+\) éxr] space the
curvea bounding the inequalities (a)', (c)', and (d)'. These curves are labeled
as follows: a = lower envelope of curves (a), ﬁl:(nH\)%l: = (1-cos($-2 wnb)),
pz =pl + 6/A, y = upper envelope of curves (c), § = lower envelope of curves
(d), € =B, + (d/A).

Again the n = 0 rectangle is the normalizing area, and we replace it by
the equivalent zone between curves a and a+, where at+ i8 curve a shifted by
A = (-2w6, Ar/A) as before. This area is broken into subzones as follows:

hit B_: ‘over a, under ﬁl
hit E : over ﬁl' under [32
hit T : over ,, under y
C(through channel): over y, under 6
hit B4: over vy, under €, over 6
T_or B,: wunder y, over 6 (see which curve comes from asmallest 0)
E,or T,: over ¢,

The procedure is to graph all the above curves and mark the areas defined
above. The fraction that suffer the various fates described above is obtained
by measuring such sub-area, and dividing by the normalizing area 2wAr/A.
As before, the total zone a;-a might break up into two subzones, broken at

the intersection of a and a_.
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Figure & {llustrates the critical effect precesasion can have. There are
three possible (triangular) zones corresponding to traﬁsmiuion (C). As §
bacomes positive, curve a, moves into the left hand zone. As & goes to zero
a4 moves to the right until nothing remains in the left-hand triangle, but some
comes in from the upper triangle (this is usually much less). Finally, for
large negative G(Vr < 1), one can exploit the right-hand triangle.

The latter posasibility, v, < 1, occurs at larger radii as one approaches
the maximum of rB(r). Since p « r B(r), the turn separation Ar is larger
there, 8o curve a, is higher than for v, > 1, which also enhances transmiseion.
Consequently, § should éither be as positive as possible, or sufficiently negative
to get into the right-hand triangle.

A comparison of figs. 6a, b, ¢, shows the effect of amplitude A on
transmission for fixed §, and the results are combined in fig. 6d. Figure 7
shows a case with negative &.

3.3 EFFECT OF SPIRAL HILLS

The turn separation Ar at the beginning of the deflector should be
maximized in order to enhance jumping of the se.ptum. and this determines the
best azimuth for the channel entrance.

If the magnetic field at the septum radius r, is written

B(r,0) = B(ro){l +p'x + :L‘l [a;, cos@nb) + by sin(3n6)]+ ... |8

x = (r - ro)/ro ’ | (31)
then the equilibrium orbits are given approximately%) (for a three-sector
machine by

1 1 :
xe(e) 7 [:ea.3 cos(30) + b, 8in(36)] = 5 g cos| 3(9-8H)]. (32)

where GH is approximately at the center of a hilland f , = \/a32‘+ b:‘)z .
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The radial gain per turn then is

erw) dr

Ar(Q) © I = dr? {1+ _é. [conl3(6-9H).+ 3 tan I ain 3(9-0H)] )
(3¢)

Where
dOH : :
tan ¥ = o —qF is the apiral angle., For a machine with appreciabls

apiral, the makimum Ar is near

3(6-6y) = * w/2, for T 0, or 6 =6, * 30 deg. (35)

Thus, if the hills are about 60 deg wide, we see that the channel should start
~at the end or beginning of a hill, depending on whether the spiral is With or
against the particle rotation, respectively.

Of course the choice of initial angle will also affect the amount of radial
deflection attainable with a given electric field. For low energy machines
the beam might be deflected sharply enough to have most of the deflector in
a valley. Then, perhaps one should have the spiraling with the particle
rotation and start deflection at the beginning of a valley, so that both turn
separation and deflection will be optimized. For higher energies the deflector
runs through both hill and valley, and the deflection is less sensitive to
position of the deflector, especially if the spiral is against the particle rotation.

It is not completely obvious that spiral in the particle-rotation direction
i8 best, for while it means deflection can start in a valley, the orbit is headed
inward there. Also, the hill field falls off faster with radius. | For our cyclotron
the spiral is counter to the particle rotation, a choice not entirely governed by

deflector considerations.
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4. Channel Efficiency Computer Studies

4.1 DEFLECTION CODE CYBOUT

To facilitate more precise predictions of channel efficiency a specialized
‘computer code for the IBM 704 was designéd by one of the authors, and
written by Owennz) at Oak Ridge National Laboratory. This code, called
CYBOUT, is intended both to calculate channel wall coordinates and
transmission efficiencies.

The heart of the CYBOUT code is the Oak Ridge general orbit code GOC,
which integrates orbits in a magnetic field specified on a polar-coordinate
grid in the median plane. The effect of an electric channel is represented
by an appropriate change in the original magnetic field, which is valid if the
channel follows the orbits, so that the electric field is always perpendicular
to them. The effect of a magnetic channel is also specified by an appropriate
field modification, First-harmonic perturbation of the field for regenerative
extraction can be introduced by specifying the ‘amplitude and phase of the
first harmonic as functions of radius.

For an electric channel one gives the electric field in the form

E(0) = Ey ¢ E)(6-0,) t EZ(G-GO)Z, (36)

0
where 90 is the entrance azimuth of the channel. A reference ray is chosen
by specifying initial conditions p, r., p, at some Gi <€ 00. The code integrates
this reference orbit into and througl‘x the channel (from 90 to 91). and beyond
to 9{‘ From this information and the specification of deflector voltage va
and septum thickness ¢, a trial configuration of the channel is calculated
and stored by the computer.
To estimate acceptance efficiency, one specifies initial conditions for
a representative set of orbits at radii sufficiently smaller than that of the

channel to be axe they have not yet hit it. Each orbit is then integrated

with acceleration; and the computer keeps track of whether each orbit stays
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outside the channel, strikes some part of the septum, or enters the channel.
If the particle enters the channel, ito orbit is in;ograted through the E-
modified magnetic field. The integration stops when the orbit hits the
aepytum.or electrode, or goes through the channd (to Gf). By recording,
with CYBOUT, the fates of a sufficiently large and representative set of
particles, one may eatimate the efficlency of the channel.

The addition to, or replacement of, the electric field in the channel by
a fleld change caused by a magnetic channel simply alters the effective field
within and outside the channel. Addition of a first-harmonic bump mbd;ﬁeé
the field everywhere., The code can also simulate the effect of several channels
in series,
4,2 NUMERICAL CALCULATIONS

Most of our numerical calculations with the CYBOUT code were
concerned with the design of a single ES channel for 60-MeV deuterons, since
these particles require the largest electric field. It will be recalled that the
graphical analysis yielded good channel acceptance oither for small positive
precession, or for large negative precession., The latter corresponds to ES
extraction from conventional cyclotrons, and 2 major objective of our analysis
was td determine the feasibility of extraction with positive precession. Woe
considered this a safer way to extract, since we feared it might prove im«-
possible to bring the beam through the v_ = ] and v, *® sz resonancep
which would occur before & was sufficiently negative to provide good channel
efficiency, Consequently, we began our studies with the code putting the
channel at 37 in. where v, & 1.03.

The first task wae to determine values of Ej, E), E, {eq. (36)] that
would give an external beam 5 to 10 in. away from and parallel to the yoke.
Thie was done by trial.-and-e.rror variation of the E;, and plotting of the

external orbits. Then one sets the electrode voltage Ve at a value given
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by the empirical sparking limit:

| V_E = K = constant. (37)
Thia constant {8 about 304kvz/ cm for copper, and perhaps twice that for
hot glasa. Since the channel is psually narrowest at the otart, this limit
controls Eo only. (It is. important to deflect ap much as poosible at the
beginning, since this is most effective in termse of maximizing displacement
at the channel exit.)

After we had obtained suitable values of the Ei' acceptance studies were

made, These involved'shooting' representative particles at the deflector, as

. spanning
described above. We computed orbits for five different onerglea./AE. the
we took '
energy gain per turn; at each of those energies/Anitial values of r, Py

located on a rectangular grid about the equilibrium orbit for the energy in-
volved. These grids generally included radial amplitudes of 1/16, 1/8, and
1/4 in. | -

For thgs&i‘é__tﬁdies at 37 in. the relevant paramefara were typically
v, ® 1.03, Ar = 6’.04 in. (for 70-kV 'dee voltage), O = 0.034n., A= )08 deg,

Eo ~ 185 kV/em, V, = (10%/185) kV, Wo found the results were quite sensitive

0
to various parameters at our disposal. Thue toward the end of the channel
the beam is disperased most strongly by the fringe-field. Consequently one
gains a good deal by flaring the channel at the downstream end to conform
to the beam envelope. It was bed to tilt the channel inwards relative to a
which has entered the deflector.
deflected equilibrium orbit/ It was alsc advantageous to run the reference
ray much closer to the inside of the channel than to the outside. V)lov found
that with the parameters noted above we were able to obtain extraction
efficiencies of 10 to 15% for amplitudes up to 1/8 in.
This acceptance is perhaps satisfactory, but not outstanding.

Meanwhile we had been urged by Richardsons) to try larger radil, since

his experience with the Berkeley electron model had convinced him that
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particlec would spill without any assistance. If the beam could negotiate
the resonances, channel efficiency should improve at larger radii because the
turwnl aeparation increases near the peak of rB(r), thé pvre'(:csai‘on' becomes
et;‘ohgly negative, and less E-fioldvh r'equired to deflect, allowing the channel
to be wider., Therefore we deéided to try CYBOUT acéeptance rune further
out, and investigate the resonances later. | o

The CYBOUT code was used with the channel entrance at 38, 38,5, and
3;9 in. For 38 in, we obtained essentially zero acc‘eptanée -= a8 expected
from the graphical analysis, because § was negath’re but small, However at
.38-1/2 and 39 in., especially 39 in., we obtained very encouraging results,
At 39 in. the turn separation Ar had increased to about 0,06 in., v, ® 0.8,
and E » 65 MeV, We took é reference ray 1/16 in. outside and headed inward
by #/16 in. /r kadians relative to the corresponding equilibrium orbit, and
used a flared channel shape; E = (160—3562‘)kV/cm. (thie shape fits the 1/8 in.
amplitude orbite fairly well). With this «nmi.{iguratidn we were able to obtain
about 50% transmission efficlency for particles with A € 1/8 in., and about
20% for A =~ 1/4in. This regime of extraction corresponds to the graphical
#nalysia of fig. 7. The entrgy spread of the transmitted particles {5 0.3 to
0.4 MeV. These particles ltave the channel as if they originated at a point
aourc:e/;";xi).:;:c upstream from the channel exit, with an angular spread of
1/2 ldeg. ' The point source moves inward with energy at a rate of about 0.1 n. /MeV,
The moderate effect of the fringe-fields in the channel on the axial motion g
shown on three sample orbits in fig. 8. -

There are possible hazards to extraction at 39 in. One ie that the heam
will be lost vertically near 38 in., where the coupling resonance v, ® Zv“
occura. Another is that the radial beam quality will deteriorate in pansing
thrbugh the Ve © i radial resonance. For reasons that will be discuseed in

the next section, neither of these effecta should be too bad; the channel wasg
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designed for extraction at 39 in, but considerable flexibility has been provided,
It is 108 deg long, and is jointed at 72 deg. Each of the six relevant points,
two at each end and two at the joint, can be moved about 3 in. in radius,

The proper shaping of the channel field and choice of reference ray
was accomplished, needless to say, after considerable experimentation
with CYBOUT, plotting of deflected orbits, etc.

Unfortunately, the optimal channel shape for high-energy deuterons
is not optimal for particles in lower fields. This problem has not yet been
fully explored by calculations; however, it is less severe because at lower
fields the deflecting field can be weaker, and the channel wider, A preliminary
calculation showed that 50 MeV protons, at about 12 kG, would fit in the
channel, It is possible that an additional element of flexibility in the syastem
may be required to prevent interference of the septum with the circulating
beam under these conditions,

The statistice of our acceptance run with the 39-in. channel are
shown in figs. 9 and 10, the first showing the energy spread in fractions of
140 keV (one turn), and the second the fractions of particles that go through

the channel, hit the septurmn, etc., vs amplitude.



«22e . UCRL-~10067 Rev

5, Transition Through the Resonance Reglon

5,1 RADIAL STABILITY
It is not cortain that the beam can he accelerated out to a radius
where Ve ie sufficiently lees than one to exploit the right-hand acceptancé
triangle (fig, 6a) while retaining adequate radial and axial beam quality, In
our cyclotron at lsast, there {s no problem with phase lag, which is about
30 deg at 39 in,, where v = 0.8. As for loss of radial beam quality, acceleration
rune on the GOC (general orbit code) showed that the beam suffers hardly any
distortion on passing through v, = lfor A% 1/8 in., and only moderate distartion
up to 1/4 in, (see fig. 11},
However, if there is a small first-harmonic component i{n the field,
a large radial oscillation will be introduced. This effect may be sstimated
29 follows, The radial equation of motion may be written approximately

a%x ;. B

. Jrva,:r&mg E'l cos 8,
a6 0

where BO and B g Bre the azmuthal average and first-harmonic amplitude of the

(38)

field, respectively, and
x={r - 1) ry .
We approximate v, near the resonance by

vy © 1 -¢6. (39)
Integration of the resulting equation invelves a Fresnel integral. Moot
of the change in x occurs over & comparatively emall range in 8, 80 one gets
the correct shift approximately by integrating between % =, The result is that

traversal of the v . ! radius with a first-harmonic component B, induces

AR b /IL- (40)
r "E-(; €

The quantity ¢ 5 d Vx/ dé can be obtained, for example, by running the

& radial amplitude

equilibrium orbit code at equal small increments of energy. For 60-MeV
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deuterons in our cyclotron, with 70-kV dee voltage, we have R = 37 in.,
By = 17 X 103 G, whence A = (1/7)131 in, .’I‘hia ostiniate was well-confirmed
by the orbit code,

There are two bad consequences of having such a radial amplitude,
The firat {s that if the ES channel has been shaped as described in sec. 4, 2.
it will not accept large amplitudes. Thus our calculations showed acceptance
d'ro‘pping from 50% to 20% between 1/8 in. and 1/4 in. amplitude, and reaching
zera at about 3/8 in. Second, the energy of radial oscillation can feed into that
of vertical oscillation when v, © vr/Z. This occure at about 38 in. in our

cyclotron, before the optimal radius for channel acceptance.
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8.2 AXIAL STABILITY

The coupling {Walkinshaw) resonance at Ve © Zvy.ie a formidable
barrier, and it is usually regarded as impassable. * However, this resonance
can be passed if the fringe-field is suitably shaped, since both the strength of
the driving force at the resonance and the resonance width depend critically
on the radial derivatives of the average magnetic field and on the amplitude of
radial oscillation. |

In our cyclotron, the Walkinshaw resonance is never traversed in
the‘lsochronous region of the magnetic field, but only in the fringe-field, whe’r‘.f:
the large negative gradient of the average fleld causes vy to become large, lnl
thie region the strongest nonlinear terms in both radial and axial motion arkaé
from the average field only.

We shall analyze the effect neglecting flutter and comment briefly
on its influence at the end. We keep only the largest nonlinear terms in the
fringe-field region and find that the equations for x = (r - ro)/ro, y = /v, are

approximately

2 .
-3-532« + vxzx = -%'—‘ (yz-xz) + -%—'—' xyz - 'l%l x3 , {41a)

2

.

Z i Z LA 1] 3
+vyy==;x"xy+ﬂz--xy-£6——y. {(41b)

o

)

where p(n) = (ron/B(ro))(dnB(ro)/drOn), In these equations and in the
aubsequent analysis we assume that p'" >> p'* >> u'. Equations (41) follow

from a Hamiltonian

2 2 2 2
p P v v t 2 " .
H = (..32‘. + ,}’..) + l..%.. x2.+_2¥_ v - _Ez_' xwz__:%_ﬂ % (- by 4 Vﬂ o

(42)

Q.We have changed notation here, and now write Yoy and Vy in place of Ve and Ve
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The topology of the equipotential curves of the potential.cnergy
‘function in the x-y plane is determined by the location and character of the

stationary points of V(x,y). We have examined these under the assumptions

2

) = a <<i.
Yy

(1) v, T2v, (@) W <0, and (3) W2/ (v

'V has a minimum value at the origin, which is surrounded by a set of closed

éqﬁipotenﬂal lines, The saddle points nearest the origin are at /
5 2 1/2
g ' 6v :
!
x"‘?’ ‘Er:. [1+0(a)} y YR ® {" -ﬁrX" [1+0-34°+0(°«Zﬂ} '

‘They are connected by an equipotential line, inside of which all equipotentiale
are closed and outside of which they diverge to infinity, The maxima in x
and y of the enclosed region are given approximately by

3v [ 2
1 4+ 0.4a+ O(™) |,

gk

@

]
™~

E)

L

(43)

140.34a+ O (az)}‘

-

The coefficients in these formulas are evaluated for v, ©® ZVY and approximated
numerically. (The next terms in the series contribute leas than 20% for |a|
as large as 1.4.)

At = 2v__we find from (43) that for small " x/x - 81/23

. Yx y - B Ymax/ *max

(o]
the ratio/extreme displacements is smaller for equipotentials lying nearer the
origin. Since the available aperture allows only =z < 3/4 in., we must keep
Ar <1/4 in. to avoid beam loss if the particleé stay within the stopband long
enough to transfer an appreciable fraction of the energy from x to y motion.
Conaequently, safe passage of the coupling resonance is assured for our
cyclotron conditions provided the orbits are centered within 1/4 in. and have

incoherent radial oscillations with amplitudes under 1/4 in. at the extraction

radiua.
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The situation would have been worse had Ymaxt &% (43), been
smaller; it can be seen from eq, (41) that the axial force {8 defocusing for
Yy > Ymax eVeR if x = 0, However, since our aperture is much less than
Ymax' W& may proceed by regarding the nonlinear terms in eq. (41) as
perturbations and assuming the amplitudes and phaaes.of the x and y
osciliations to be slowly varying paramétexs. as follows;

x = Ax aip(vxe + wx). Py © vax cozs(vx 6 + \px). (44)

and similarly for y, We obtain the equations of motion for “‘u' “‘y’ q‘x’ and

¢Y; retaining only terms of low frequency, 0 = Zvy - Ve

= ™
W B Ay o

(45)

L2
dy " 2 A
a-alw-ﬁ— Axsinx- %7 Ax"+'
b4 y
where y = 060 + Zu.py - pr. This system may be shown to have two invariante,

A and C, defined by

2 2 2
4A" = 4Ax + Ay {46a)
and . :
. B 2 / 2 _, 2 . . 2 33 4
C v AY A AY /4 sinx (U UO)AY mb—; Ay »

X
(461)



03T UCRL-10047 Rov
whoro : 2
9!t A
00 e : vw ]
ond we have not Vy © avy in the various ceefficiontns. Tho cooumptione undore
lying thio troatmont aro valid enly i At <. Sv:/ (Bp'M).

From 6q. {46b) onc may see that A; will oocillato botwoon limite

A?a and A;z’ positive solutions of the quartic oquation for .Ayz' ebtained by
gotting oinx © & } in oq. (46b). The lmito Ayzl and Ayg aro clooe togothey

4
for |Q@ « ool > ie’;;ﬁf o corresponding to little change of oxial amplitude,
®

"
but if |0 - Ol < l&o-.-é | thay may be quite far apart, and most of the
® ' .
oeocillation onergy may go into the axial mode, Thus the cquationo

4

-0yt |ﬂ;-'§ | define the edges of the stopband, whooe center i6 located
'x ‘

ot the radiuo where ¢ = ¢,. Since do/dr > 0 2nd u'" <0 we soe that tho

rooonance occurc ot gmalier radit for larger valuse of A.

As particles are accelerated the parametors ¢, p'', p'', and Yo

chonge continuously. Since ¢ changes most rapidly, the stopband width

correspondn to an aximuthal interval @ s given approximately by

21 A -
65 & ;;—f&m— . ‘ ﬁé?b

To calculate the maximum value of AV one could integrate oquotions (45)
allowing for the slow variations of all the parameters. Inctecad, wo will
eotimate thio value by neglecting energy interchange o-utaido‘tho otophand bus
including it at the maximum rats {that at tho stopband centor) ovorywhere.
insido the stopband. The azimuthal interval § o Foduired for ono iﬁtérch&ngo
{from the smalleat value of .&V to thoe largest (from A vi to Ayz) moy bo
ebtained ao an olliptic integral iavelving all of the parameters appooaring in
0qo. (46). Wo are must interested in ths sage that fuitially most of the onergy
1o zadial 4. &, Ayf/’wz <), In this engo A,f‘,a/ema ® 3 L. o, moot of the
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energy becomes axial. For this case the elliptic integral for Oe {(at the
stopband center o = OO) may be written approximately
v 2

, _ 32A .

0 % x tn (;..2...) . | 48)
, - yl _ : '
A similar result has been obtained by J. W, Burren~7)

1f 98 > 96 the stopband is wide 'enough to allow a complete interchange,

This condition is found from eqs." (47) and (48) to be

2 ! 2
2(u" A) > pn [ 32A7 (49)
vxz do/d0 Aylz

with the parameters evaluated at the stopband center; it may also be expressed

in terms of the energy gainbper turn, moch €y cos8 ¢rf’ as

2 3 2 2 .

8 A2 y> [u"| A 32A

5v_ €,co8d T E) =0
x -0 rf

Ayl

where it has been assumed that v‘y2 ¥ - n'  and sz = 1+ ut, Therefore
{p'' | should be kept small in the stopband to avoid large axial growth for
relevant values of A(~ Ax)' Typical values for 60 MeV deuterons in our
cy_clotron are " ~ -6, = 0.18, €~ 3.5 % 10"5, yieldiﬁg Ax > 0.4 in, for
complete interchange when Ayl ~1/4 in,

With suitably shaped fields beam epill may occur before the
resonance is reached if Ax is large, It is. also pussible that for large Ax
the resonance may be shifted inward so far as to oécur at a radiue where
'] 18 small enough to avoid complete interchange. For these reasons
particles with large radial amplitudes need not always be lost.

The influence of flutter is to modify the coefficients p'' and p'*
in eqs, (45)-(50), A large number of terms play a role, including terme
involving third derivatives of the flutter, and cross terms with flutter and
p''y  The possibility exists of redﬁcing the effective valué of W' bya

suitable choice of field parameters in the extraction region.
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One other resonance should be mentioned. If a firat harmonic
field component is pre;sent. an axial instability exists at ‘)Y = 1/2 because
of the p'" coupling of the axial motion to the distorted equilibrium orbit,
The amplitude of the driving term is approximately A_ = (Bl/Bo)u . vxz)'l.
For our gyc@otron 1l - vrz = 0,1 where Yy = 1/2, which is at a slightly lgrger
radius than the v_ = Zvy resonance. Aty = 1/2, a 10 gauua first harmonic
givea Ar = 1/4 inch. Since such a first harmonic would induce about one

inch of radial amplitude (of frequency v, ) in passing throughv = 1, the

VY = 1/2 resonance is far less important than the V. Zvy resonance,
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5.3 USE OF FIRST HARMONIC TO AID EXTRACTION

Some orbit computations have been carried out corresponding to
the situation in which beam spill was induced by R{chardson. 6) He enorgized -
the outer valley correcting coils so that they produced a first-harmonic
amplitude rising slowly from 30 in. to'a peak of about 20 G at 37 in., with
the peak of the bump 140 deg upstream from the deflector entrance. The"
computed orbits developed radial amplitudes of about 3 in, at about 37 in.,
and then spilled (one third of therh into the dee, however), The divergence
of the spill-beam was very large. I“Idwevei'. a few turns before the spill,
and near the deflector-entrance azimuth, the orbits wexe: very concentrated
in r, P, space. They also showed complete turn-to-turn separation (for an.
initial 1/8-in. -amplitude distribution) and jumped sufficiently to enter the
channel with almost 100% efficiency. Unfortunately, these orbits also have
about 10% less energy than they would without a field bump. This in iteelf
means that a higher electric field might be required to deflect them, but
on the other hand the larger radial momentum of the bumped orbits reduces

the field required. Further investigation of this possibility is planned.
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FIGURE CAPTIONS -
Fig, 1. Schematic diagram of single electrostatic deflector for the
Berkelsy 88-inch cyclotron,
Fig, 2. Schematic diagram of triple ES deflector system.
Fig. 3, Graphical construction for three-deflector system [ see eqﬁ (7)-
(10)]. X, = length of channel A(deg), A, = gap A-B, Ay ® length of
+ \,. Each plot shov)s k3 vs )\l. for fixed a, Conditions

2 3
(7)-(10) require that point (xl, x3) be away from hatched side of each

B.n=k1+)\

curve, and restrict point to be in triangular region at upper right.
(Fig. 3a: a = 120°, fig. 3b; a = 150°.'fig. 3c: a = 180°.)

Fig, 4. Graph representing efficlency for jumping a septum of width ¢, by
particles with turn separation Ar, amplitude A, precession frequency
& = v, - 1. Thia graph represents 2w8 = 30°, a/A = 0,2, Ar/A = 0.4,
(see Text).

Fig, 5, Diagram to indicate derivation of approximate formula for septum-
jumping efficiency,

Fig, 6a, Graphical construction for ES channel efficiency. Shaded areas are
proportional f;o the fraction of particles striking various parts of the
deflector or passing through, according to letter key {n schematic
diagram at upper right. Normalizing area (all shaded area) = 360 *Ar/A degrees.
Unshaded lettered areas are potentially available, by changing Ar/A or 8.

Fig, 6b. Channel acceptance for 1/16-in. radial amplitude, Other parameters
are the same as for fig. 6a.

Fig. 6c. Channel acceptance for 1/4-in. radial amplitude. Other parameters
are the same as for fig. 6a,

¥ig. 6d. Channel transmission efficiency vs amplitude from graphs ba, b, c.
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Fig. 7. A channel acceptance diagram fsr v, < 1.
Fig. 8. Axial motion in deflector cfnanﬁel. : |
‘Fig. 9. Energy and amplitude distribution of particles transmitted by
channel at 39 in, frbm comﬁﬁter runs, Integration o £ all orbite was
begun‘about‘ 1/2 in, inside of channel, with oxiorgy spread correupon‘ding
to one turn (140 kV). Turn nufnber {a number' of turns orbite hado
before entering channel, Shadingu represent different radial amplitudes,
- Fig. 10, Percentage of particles transmitted by channel or ntriking various
j:arto of structure, as functions of radial amplitude.
| Filg. 1la, Radial distyrtion of particles accelerated through v . 1 (ﬁt 37.%4n. )
amplitude of grid » -é- {n. |
Eig. lib; Radial distortion of particles accelerated through v, ® 1 (at 37.5 in. )

amplitude of grid = i— in.
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This report was prepared as an account of Government
‘sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

-A. Makes any warranty or representation, expressed or
~ implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

‘As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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