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SEPARATION OF HIGH-ENERCY CHARGED PARTICIES
BY RF DEFLECTIOHN

1. The Procedure of SBelective Deflesction

We consider a sharply bunched high-energy beam of charged particles traveling

in the z-direction. Iet this beam have two different kinds of charged particles,
the wanted and the unwanted. They bhave the same chorge end the same momentum,
but slightly different velocities. The wented pearticles ars eassuned to travel
slightly faster then the unwented paviticles. It is sufficient 4o consider
Just thils caese; ithe opposite case can be treated in a similsy wenner. ILet
this beam pass through a microwave field of suit&blg configuration and of the
correct frequency and phase. The wanted particles are to be synchronized with
the field and to experience s cumilative deflection in cne transverse direction,
say, the x-direction. The unwanted particles are to remain prectically unde-
Tlected, beceuse they will gradually lag behind the field in phase and will
experience both positive and negative deflect.ons in any transverse dirvechion,
If the field is of sufficient strength and length, then, evidently, the wanted
particles (if they live long enough) cen be completely separsted from the

unwanted ones

2., HRotations

o B 0 e e

L = total length of beanm separstor.

P = total miercwave power in megawatis.

by = free space wavelength of microwave fleld.

% = ares of aperture (=¥ 2 x 2 an?).

pz = g-component of particle momentum in units of Mev/c; Pz % constant
along the whole length of the sepsrator

v, = speed of unwmntmé particles, )

v, = (1 -vfer) e (u ShE

v, = speed of the wanted particles; v, <‘v2 2o g 72 ¥ o,

UM = ares of the beam.

519) = 0lld sngle subtended by the beam in stersdians

&y = Bxﬁyﬁpxﬁpy/pi = brensverse phase space of the beam in urnits of cm®-.

steradian; @ = o X &0.
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Qilfo) = initial phase space of unwanted particles.
QLZ(O) = initial phase space of wanted particles. If the wanted and unwanted

particles are thoroughly mixed initially, then

® ,(0) = qu(o) = ¢, (0).
@ll(L) = Pinal phase space of unwanted particles. If no unwented particles
are lost to the separmtor walls, then according to Licnville’s
theorem @il(L) = @Ll(o)ﬁ
final phase space of wanted particles. If no wanted particles are
lost to the separator walls, @lE(L) = @ia(o). If, furthermore,
the wanted particles are completely sepmrated from the unwanted
particles, then QL(L) = QLJ(L) 4 QLQ(L) = @il(L) + @12(0).g ®4;(0)
+ ©,,(0).
7] = phase angle of a particle {referred to the ghuse of the field at

@ (L)

ft

which the deflection in the desired direction, i.e., x-direction,
would be meximum. )
JAY 4 = total increment of x due to deflection by the microwave field.

A = total increment of p_ due to the microwave field.
A

3. Irnitisl Conditions of the Besn

The initial solid gngzle 690 subtended by the beam should be as small as

practicable. If pno supplementery focusing field is contemplated, we must
demend that

/88, x L /T

Otherwisa, part of the wanted perticles will be lost to the separator walls and
the geparation of the remsining psrt of the wanted pariicles froam the wiwented
ones may be very difficult. Thus, generally speaking, the pdmissable megni-
tude of the initiel phase space @i(O) depends on the strength of the supple-
mentery focusing field.

For practicai reasons we shall take o, (initlal area of peam) = 1 em?®
and @,(0) = 10" em® --steradien. Then B0, = 10°° ster, and Jgﬁo x L > /%
= 2 om for the kind of seperator lengths (L < 40 m) to be considered here.

Hemce, we shall assume that the focusing field is sufficiently strong so that



TH-62-12 -3 - Mareh, 1962

in the absence of the separstor fisld the srea of the beam will aiways be
smaller than the srea of the aperture. In other words, we shall sssume thatl

o < (g} Sz
o 1'max

where (Ul)may is the maximum srea of the unwanted besm.

4. Approximate Formulas

Based -on the experimental value obiained by Philli?sl ; we have For the in-
crement of the transverse momentum {in units of Mev/e) in the direction of

maximun deflection

~ L
(Apx)2 = \j dpx,
Z=0

% 0.80/PL/A cos 6, ‘ (1)

W

whers © R is the phese angle of the wanted particle, 82 being independent of

Z
Similerly, we heve
() ~L(2), L 0.80 /'5" z 0.80 y
Ax S el gy B f s [ = €08 0,07 = s PL/A ¢ L cos 6, (2)
2 o ol p=)
Z;j - > P, ¥ m A Q}‘JZ
Alsoc,
rlo.go [ » rz Y| dz
{(APK_}E - (APX)I} /PZ = J/ \ ———— o {ees 8, - 608(62 - 2) ———
T ek ®, /A 2,3
. o 3L .
(L\.px)a sm(stL/kyl )} cos (22‘712 62)
- {1 - —— (3)
Py #L/ Ay, cos 8, J

1. . Fhillips, "The Sepsration of High~Energy Particle Beams by Microwave
Technigues,” Ph.D. Thesis, Stenford University, Stenford, Californias, November
1960 (unpublished).
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Y

~L
(a2), - (ex), = | {lo), - (o).} &

z
2=0
L0.80 [P = sin(xz/2xy Z) 72
’é‘fm-—-—-—---—eosspu » eos|——— - g_| ) dz
o v, 'I/x % ) xzfany,® 2ay @
2 1 il
= {ax), - 11 - y {1~ cos
al/xy al/ay \ ay ®
1 %L
+ tan & {1 ~ =+ gin (%)
2 nL/}vyl Is.yle

5. Criterion of Separsbility
If we have

(0 )pay S 2 (5e)

and
(ax), - (ax), 2 /% (50)

it is clesr thet we can arrange things go that @ (L) = (0, For exsmple ; we can

bend 'bhe axis of the separator shgg}x‘tlj and gradually in the direction that the

wa,nmé. p&r‘mc} es are dcflec“ted. huth this exrangement the unwanted particles

vill gradually ‘be lost to the separator wells, and o v usaed above, may be
understood to be the "virtual” erea of the unwanted beam calculated as 1f the
separator apertures were large enough to let all the unwanted particles pass.
Thug, 1T we neglee'i’, the possible contamination of the wanted beam caused by
the stray particles resulting from nuclear collisions in the separator walls,
ve may have @ (L) = @, (L) £,  (0). This means that the separation of
particles mey be complete.

In general, the phase space of the separsted part of the wanted partvicles
is {@_,_(L) - @_Ll(L)},
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o,1) -9, (1) ), - (), - /o (B . ©

0,(0} f&;

In this spproximate equation "Inf.” means "the smaller of,” and cl(L) is the

virtusl area of the unwented bean 2t 2z = L.

6. Specisl Cases

(a)
6, =0, L=2xy% (ap), =0 (Ta)
b
(ax), - (ax) = (o), . {1 - = ()
{b)
I 2
--<82§O,-~£-—~==l»*~l92l: (ap ), =0 (8a)
2 171@ E
() - (ax). = (ox) + |1 = B o B cop IR (8b)
a 1 2 T 2 2 Ay 2
ﬁLfk?l L/ ny 27
1 1
(c)
-Z<g, %0, 1> L 41 g-!ezgz
2
2 kyl e
s k — 1
(ep,), - (ap), = (op), - == { L g, 4 L AL (92)
» 2 : 1 2
}“71 2 3. 3:71‘-

[+ \2
(ax), - (o), = (o), - (J—‘i‘—-) -{- L tan 6, + --l—). (o)
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(a)
- X L 2
Z<e,<0,1» _1--.!egl;
2 Ay 2 2
1
(ap,). =0 (102)
2 1 [« 2
(ax), - (ax) z (o), - (S - = |F2— (100)
§ R ERR A
7. Operating Phase Angle
From the foregoing results it is clear that
L 2 < -
m_r,l—mieqi » (e,20), (11)
o «
xyl~ %

should be quite close to the optimum condition for high-energy beam seperators.
In the limit of smell L/Ayla, i.e., §_ - - %2, we have

2ay ®

\ e | X 3L
(oo} - (op, ) w 0.8Q/PL/) cos {2 )
1

0.80/FL/x - {(xL/22y 2). (122)

2

il

(ax), - (ax), =2, 28 /A g cos(zg LT
- 3

2pz 2 thf

2
> 0.hex /-121'4 . L,F - L (12vb)
Aoa®op

A

8. Iumerical Examples
A4 & o £ .y - s - »
Let us take A =10.5cm, p, =2 % 10 Mev/c, ‘O“}o = (Sy)O = JE; = 1 cm,
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end

(), (em)),

. - 10-8/2
=R 10° .

Py Py

For different values of 7, we can choose suitable values of BP, L, and P,
and calculate {(Ax)e - (Ax)3>/(6x)o and ((Apx)g - {Apx)l>/(5px)o. These
results are tabulated below.

, ; L . L . (ax)  -"lax)  (ap), - (o),
1 z 171 (EK)G (5PX)O
20 0 1 Y2 wm 10 Mw 3.2 0.80
4o “5f16 3/8  63m 10 My 3.6 0.55
&  -1xf16 /8  8hm L0 Mw 3.9 0.43
160 -flmfi28  3/6h 126 m  BO Mw 3.8 0.29
320 -63xf128  1/64 1168 m 160 M | 2.8 0.16

.;.
Here we may note that at an energy of 20 Bev muons (1™} have 9 & 200.
The only lighter charged pertieles {y > 200) presently known to exist are
the electrons (ei).

9. Supplementary Remarks

We may define & deflection impedance (rx) in ohms/meter, for a separstor in

an obvious magner, nsmely,

1 8EZ 2
s (power loss per unit length). (13}

r =
X

In this equation k = 2u/x, and 3E>EZ/ax1 iz the maximum emplitude of BEZ/BK
evalunted on the axis (x = O and y = 0). In tems of r. Eg. {(12b) vecames

e rXPL 12
(Ax)2 - (Ax)l = const. W ~— ¢ . (1)

2
c pz Ayl
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Since ™ A"1/2, we can write the law of separator scaling as follows;

PZ—IP1/2L5/27i~2x~5!4 = const. - (15)

In this note we have neglected the possible contaminstion of stray particles
and also the debunching effect of the separator field. 7Tt is believed that these
effects should not signiflcantly alter cur qualitative results.



