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A particle eeparator utilizing a magnetic field croaacd
with tin rf electric field has been built and (incorpo-
rated Into the K9 secondary channel to produce a clean
negative muon beam at 77 MeV/c * SX. The eeparater la
driven at the main cyclotron frequency (23 KBi) «nd
phaae locked to the primary proton beam. Separation 1»
achieved by using both the temporal and velocity dlf-
ferencea between the nuona, produced near the produc-
tion target (cloud muons), and both the plon and
electron contamlnanta In the beam.

Introduction

In early bees atudles of the K9 atopped plon channel *
It was recognized that the intenalty of muona in plon
beau of -60-120 HeV/c Has sufficient to be useful for
a number of muon experiments being considered at 1H1UHF.
Theae ao-called cloud muona are typically about 10? of
the plon flux after 8-10 m drift and are produced in
plon decay in flight near the production target. They
have a well-defined time atructure (determined by the
cyclotron rf) and momenttn bite (determined by the
channel acceptance). Moreover the; come from a rela-
tively well-defined source near the production target
and therefore behave well optically in the channel and
can be focused to a good bean spot of high luminosity.
For some experiments, hovever, the pioa and electron
contamination in the beam contributes an unacceptable
background due to plon decay or capture near the
experimental target or causes serious rate problems In
detectors; sone form of particle separation In the
channel Is then required.

The motivation to develop a clean muon beam waa
enhanced when the experimental program to study exotic
decay modes of the muon in a time projection chamber
(TPC) was proposed.2 The experiment and detector were
well matched to the potential v~ stopping rate from H9
of the order of 106 s~* but required plon contamination
of <10~2. The time atructure of the beam In the momen-
tum range of Immediate Interest (70-80 MeV/c) auggeeted
separation by an rf field at the cyclotron frequency
wae poasible.

Beam Optics

The layout of the complete beam line la ahown in Fig. 1.
The original M9 beam line terminated at the focua F2;
the extension was designed to retain thla short version

•od to include two experimental locations after the
aeparator: W3, a general location for several experi-
ments acd M , a fixed location for the TPC facility.
The cloud muona originate from the decay of plons In
flight In the vicinity of the production target 1AT2 In
the proton beam line ILIA. The vertical source site
(determined by the phase spare acceptance) aeen by the
chancel at F2 is about 2.5 cm.

The principle of operation can be aeen lo Fig. 2 which
shows the ttme-of-flight structure of the secondsry
beam at the location of the middle of the separator
(12.1 m from 1AT2) for a 77 Mev/c (±51) beam. The unions
(B-O.6) arrive approximately one-half an rf period sep-
arated from the pious (S-0.5) *rom the aame 5 ns wide
proton pulse and electrons (6*-1.0) from the following
proton pulse. The phaae of the separator Is adjusted so
thst the peak of the rf voltage coincides approximately
with the muons; the force of the electric field 16
exactly compensated by the vx$ force of a horizontal dc
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Tig. 2. Time atructure of beam In the aeparator rela-
tive to the rf on the electrodes.

magnetic field. Ideally, plons and electrons arrive
180* later wheu the-electric field Is reversed. Then
electric and magnetic forces work in the same direction
to deflect theae particles.

Conalder flrat the caae of dc electric and magnetic
fields. Then we h/ve for the deflection of muonef
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Fig. 1. Layout of H9 Including the rf aeparator.
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where y'u Is the angular deflection for muons In radians
1 Is the length of separator In centimetres, B the mag-
netic field In kllogsuss, E the electric gradient In
kllovolt/centlmetre, and t the moaentua In SeV/c B
and E are chosen so that yJ,"O and therefore 300 B -
E/6U. But In the case of the rf separator, the elec-
tric field has changed sign for the «'s and e's so that
then for the other particles, p

Beaa calculation! were carried out using the prograas
TRANSPORT and 1EVM0C. The plate length and tap con-
straints were first deteralned froa the beaa optics.
In addition the plate length Is Halted by the trsnslt
tlae (3.3 ns/a for electrons, 5.6 ns/a for auons and
6.8 ns/a for plona) vhlch can add to excessive disper-
sion 'through the separator, From thie and considering
the power llaltatlons of the available transmitter,
plate dlaenslons were choaen. The deflections obtaln-
shle for it's and e's with theae values are y', - 123 ar
and y't - 67 ar, respectively. ffslng these paraaeters
the bear line as a whole was then optlalzed leading to
the positioning and current settings of quedrupole
eleaents In the extension.

In prsctlce It Is not passible to have a 180* phase
difference between u and * and simultaneously between u
and e. At the centre of the separator both * and e are
120* out of phase with the u'e. The phase of the rf
wave shown In Fig. 2 la taken In such a way to aaxlalze
auon flux and at the saae tlae minimize the plon con-
tsalnstlon. The effect of phase tuning of the separa-
tor on the overall auon transalaslon to the final focus
and on the plon and electron contaalnatlon la shown In
Fig. 3.
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Fig. 3. Effect of separator phase on beam composition:
left scale auon transmission and right scale » and e
contamination.

A typical exaaple of the separating effect of the sepa-
rator fro* IEVH0C Is given In Fig. 4 for a peak elect-
ric field gradient of 17 kV/ca and a magnetic field of
80 G. Figure *(a) gives the resulting distributions of
the vertical position, y, 1.5 a from the exit of the
aeparator near the entrance of the following quedrupole
Figure 4(b) fflves the distributions for the vertical
angle y*. In both caaea a long plon tall overlapa the
auon distribution. We nave Included vertical silts at
this location In the final dealgn to allow the option
of refining the plon and electron separation at the
expenae of 10Z to 20Z of the auon flux.

The criteria of aoaentua acceptance (-101 4P/P), auon
flux (~106/e) and bcaa spot at the TPC target (8>8 ea2)
were shown by the beaa calculations to be feasible.

ylcmi

Fig. 4. Calculated aeparation of it's froa u's after the
separator a) vertical position y, b) vertical angle y1.

IF Syatea

The rf power for the separator is supplied by s aodl-
fied 120 kW rf amplifier that was initially used for
the central region cyclotron model work. It Is a
standard class "C* amplifier using an Elaac 4CW 25O000A
tetrode. The standing wave section of transalsslon
line which tranafera the power to the reaonator coup-
ling loop la teralnated at each end with a variable
vacuua capacitor to provide a x network matching sec-
tion. The coupling loop la water cooled and the ceramic
feedthrough la a coaxial structure almllar to the
coupling loop used In the TRIOMF 500 HeV cyclotron.

The design of the resonators for the aeparator was con-
strained by the available physical space, deteralned by
the existing beam line height and Its components, and
the physical sire of the electrodes (places) deteralned
by the beaa line optics calculations. Thi peak plate-
to-plate voltage required waa >300 kV. The two reaona-
tor assemblies operste in push-pull mode each at
1160 kV to ground. The height of the beaa line Bade it
neceasary to have a 90* bend In the lower resonstor
structure; the upper resonstor was built to be Identi-
cal for symmetry and coapactness. The electrodes also
had to be specially shaped In order to provide a uni-
form field distribution acroas the width of the plates.
A structure mepMTMte from the vacuua box wss conctruc-
ted out of copper to provide an rf liner which complete-
ly encloaes the electrodes except for the apertures at
both ends to allow the beaa to pass through. The rf
structure design parameters are shown In Table I.

Table I
TRIUMF rf Separator Paraaeters

Electrodea width
length
MP
gradient
voltage

BF liner width
length
height

Vacuum chaaber width
length
height
typical
pressure

Keaonatora
l.d.
o.d.
Zo
length
freque acy
power
Q
magnetic
field coll

25 ca
100 ca
15 ca
21 kV/ca

±160 kV/ca

45 ca
115 ca
38 ca

58.4 cm
123.8 cm
51.4 ca

5*10"7 Torr

Tip
7.6 ca

17.8 CB
50 &
60 ca
23.06 HBz

100 kW
5000

0.41 gauss/sap

Root
7.6 ca

40.6 CB
100 I)
99 cm

2 100 gsuss



The 72 pfd of electrode capacity, determined' by their
il« end the beam gap, has a foreshortening effect of
62.5* of electrlcsl length. While thla makes the
•tructure shorter It also Increases the pomr require-
ments and hence Increase* the current density especial-
ly «t the loner conductor. Typical current densities
are B8 A/cm on the surface of the Inner conductor at
the aborted and of the 100 0 section of line and
55 A/cm on the surface of the vertical stem and the
electrodes. Because of these high current densities
good electrical contact becomes very Important, ill
the rf surfaces sre water cooled.

A drawing of tha rf sepsrator Is shown In Fig. 5. The
electrodes are cantllevercd sod supported only at the
root of the 100 (1 section of line and at thr extended
end of the Inner conJuctor. The coarss tuning Is done
via vacuum feedthrough adjusting screws which adjusts
the rf liner walls In and out. The fine tuning Is
accomplished by adjusting the extended end of the Inner
conductor. This has a coablaed effect of chsnglng trie
electrode capacity and the characteristic impedence of
the line sections for frequency adjustments.

Fig. 5. Line drawing of the rf aeparator (aide view).
Beam enters from the left.

IT Tests

The problems encountered were mainly those dealing with
high power operation, the flrat one being the produc-
tion of several hundred mr/h of X-rays which necessita-
ted the building of shielding walls making the resona-
tor Inaccessible during tests. Our first major problem
was the failure of finger-stock In the vertical aectlon
of the resonator. This was replaced by a clasped knife
edge ring. Once the separator was Installed In the
beam line the major downtime wss due to the damage of
the beam line vacuum windows from rf leakage. This
problem was solved by shielding the windows completely
from the electrodes by reducing the beam aperture In
the rf liner. The window material was changed from
6.4 ua A (-mylar to 19 us At metal.

In order to determine the plate voltage one of the
voltage probes was calibrated directly at low power.
This gave about a 20Z meaaurement which was compatible
with estimates from the power developed and q. The
best confirmation of plate voltage was obtained from
the muon beam performance and the optimized value of
the crossed magnetic field.

The major operational difficulty with the aaparator has
been a phase Instability between th* coupling loop and
the electrode. When the amplifier-resonator system Is
optimally tuned, this instability la of the order of
4 0 ' maximum and ±S* typical. As can be seen from Fig.
3 this lesds to son* loss of transmission and poorer
aeparatlon of plons and alectrons.

Beam Tests

The channel was first tuned to obtain maxlmiai tranemls-
slon with the separator turned off. The optimized
values for moat magnetic elements was within 101 of the
calculated valuea. The separator was then powered up
to nominal values of the rf power and crossed magnetic
field calculated from the beam studies for 77 MtV/c
muons. These values proved to be doae to the optimum
for transmission of muons and good pion and electron
rejection.

The aaparator was driven from a signal picked up from
the main cyclotron resonator. This signal wss phsse
locked to a second signal obtained from a capacltlve
probe Is the proton beam line; this eliminated any
phase uncertainty due to the tuning of tMe cyclotron.
The phase of the separator relative to the muon beam is
determined by a variable delay In the capacltlve probe
signal fed to the phase-locking circuit.

The profile of the besm was meaaured with a 14-elenent
bodoscope at the target position In the TPC. Figure 6
shows profiles taken with this device *n both x (hori-
zontal) and y (vertical) planes. The beast muat pass
through a 20 cm diameter hole In the front of the TPC
magnet; the profiles in Fig. 6 correspond to about 801
of the muon beam Incident at the entrance of the TFC
magnet, or about 8*105 u~ a'1 for 100 uA of protons on
a 10 cm Be production target at 1AT2.

Fig. 6. Beam profiles for muons messured st the TPC
target position, x: horizontal, y: vertical.

The plon contamination of the beam at the entrance of
the TPC magnet was determined from the tlme-of-fllght
apectrisi of the L-«am to be about 0.1X; electrons are
about 1Z.

The plon contamination in bMm reaching the TPC target
Is further reduced by degrading and colllmators. The
plon contamination here was determined from analysis of
events in the TPC itself by observing the number of
high energy protons following *~ absorption. The plon
contamination in the incident beam waa determined to be

Acknowledgement

We are pleased tc acknowledge th? asslstsnce st various
points in the design and execution of the rf separator
of ft. Burge, J* Cresswell, D. Evana, J. Love, G. Mannes,
J. Mcllroy, A. Otter, V. tebmor, B. Sprenger, X. Trellc,
G. Waters and J. Tandon.

tefertjets

1. B.H.tJ. Al-Qazzaz «t al., Th* TMDMF stepped *-\i
channel, mucl. hwtruaj. Hetti. __£*_, 35 (1980).

2. C.E. Hargrove at al., Tloc. Int. Conf. Instrumenta-
tion for Collider teat Physics SLAC-250, p.41 (1982).

tdeceaeed.


