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Summary

The rf microstructure in the primary
proton beam of & proton linear accelera-
tor may consist typically of 0.2ns pulses
spaced by 5 ns. This pulsed time struc-
ture can be removed to obtain a higher
effective duty factor for the proton beam
by utilizing the transverse phase space
occupied by the beam, An anisochronocus
beam transport system can produce debunch-
ing. One such system consists of a sec-
tor magnet with a strong field gradient
which bends the beam through 450 and fans
it out. A second magnet, of uniform
field, bends it through 90°, and a third
magnet, identical with the first, recom-
bines the beam and renders 1t again paral-
lel., The rf microstructure has now been
removed, since protons from one side of
the beam have travelled farther than the
protons from the other side of the beam.
Removal of the rf microstructure in the
secondary meson beams could be accom-
plished with a magnet system similar to
but smaller than that for the proton beam.
For a sector-focussed cyclotron the above
scheme for removing the rf microstructure
would require an excessively large magnet
system,

1. Introduction: Duty Factor

The fraction of the time that parti-
cles are emitted from an accelerator is
called the duty factor and it is most im-
portant in determining the usefulness of
an accelerator for dolng experiments.

The macroscopic duty factor is determined
by the pulsed nature of an accelerator.
In addition, the radiofrequency accelera-
tion used in high energy proton accelera-
tors entails in general that particles
can be emitted from the machine during
only a fraction of the rf cycle and this
fraction 1s called the microscopic duty
factor.
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A typical time structure of the out-
put beam from a proton linear accelerator
designed as a meson factoryl is shown in
Flgure 1, Since the beam consists of 0.2
ns pulges separated by 5 ns time inter-
vals, wvhich is the rf period, the micro-
scopic duty factor is 0.04. The macro-
scopic duty factor is 0.056, For a sec-
tor focussed cyclotron the microscopic
duty factor? is typically between 0,01
and 0,06 and the rf period between pulses
is about 100 ns,

The relatively low rf frequency used
for a cyclotron implies the need of a mag~
netic storage ring to remove completely
the rf structure; however, no practical
design of a proton storage ring which will
provide a very high efficiency for extrac-
tion of the proton beam has been devised
as yet. Other techniques to increase the
duty factor by smaller amounts have been
suggested,3 The small microscopic duty
factor for a cyclotron together with the
100 ns pulse spacing will be very disad-
vantageous for colncidence experiments
with short resolution times, Increase in
the macroscopic duty factor for a linear
accelerator also would require a proton
storage ring.

Several methods exist to remove the
rf microstructure in the proton beam from
a linear accelerator which occurs at a
much higher frequency of 200 Mc/sec.

Only for some types of experiments need
this structure be removed. For experi-
ments involving time of flight measure-
ments, the sharp time definition of in-
dividual pulses is necessary, and for
experiments which do not have resolution
times of less than 5 ns, the microscopic
time structure is unimportant. However,
for some coincidence experiments with
short resolution times the microscopic
time structure of the pﬂimary proton beam
may be disadvantageous,

2., Techniques for Removing the
rf Microstructure of Beams from
a Proton Linear Accelerator.

The rf structure may bec removed either
inside or outside the linear accelerator.
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Inside the machine, a proposal of Teng's5
suggested running the later sections of
the linac at the phase unstable fixed
point in the phase-energy diagram, By
dephasing the beam in thils way, he shows
that it is possible to spread the beam
over a phase of 2w, but in doing so the
energy spread of the beam becomes very
large, and it is uncertain what defocus-
ing properties within the structure might
arise, Furthermore, one is using a con-
siderable portion of the accelerator
merely to dephase the beam, and not to ac-
celerate it, For phase angles consider-
ably smaller than 2w, the properties look
more reasonable, but the argument against
using a portion of the linac to dephase
and not to accelerate remains.

The simplest method of debunching out-
side the machine allows the proton beam to
drift over a sufficiently long path so
that the inherent velocity spread of the
particles will smooth out the rf micro-
structure. However, for a typical high
energy linac the energy spread of the beam
is likely to be only 0.1% of the beam
energy, and this implies that the protons
are spread over 5 ns in a drift length of
1500 meters, which is inconveniently long.

Debunching using an anisochronous6
transport system seems more feasible. In
such a system, some protons in each group
are constrained to travel longer or short-
er paths than the medlan, For example a
path difference of 124.5 cm corresponds to
a 5 ns spread in time for 750 MeV protons.
The protons may be separated using either
the momentum spread in the beam, which is
approximately 0.05% for 2 high energy ma-
chine, or the natural beam width of about
2 cm,

The method using momentum has been in-
vestigated by Tengd® and by Parain,7 How-
ever, large distances and magnets are in-
volved to obtain a spread of 125 cm (of
the order of 100 m long or more). This
would render such @ device uneconomic to
build for a high energy machine, unless
the momentum spread was much larger than
that designed.

The transverse phase space occupied
by the beam may be employed for debunch-
ing. A system employing this technique
was devised using a series of quadrupoles,
(See Figure 2) The center ray through the
system fravels a shorter distance than the
extremum rays. The quadrupoles involved
are of extremely large aperture (66.5 in-
ches) which would be expensive to build.

What appears to be a more compact and
economical system 1s shown in Figures 3

June

and 4, A sector magnet with a strong
field gradient bends the beam through 45°
and fans it out. A second magnet, of uni-
form field, bends it through 900, and a
third magnet, identical with the first,
recombines the beam and renders it paral-
lel, but the fine structure has now been
removed, since the protons from one side
of the beam have travelled farther than
the protons from the other side of the
beam, This system has the rfollowing ad-
vantages:

1) It is more compact than the quadru-
pole or momentum dependent systems. (Ap-
proximately 17 meters by & meters for the
beam parameters discussed previously).

2) The field gradient magnets have nar-
row pole tips., Only the zero gradient
magnet has very wide pole tips, and for
this magnet the gap may be almost as nar-
row as the beam,

3) Only three magnets are required.

4) Each magnet employs normal entry and
exit in the first approximation.

Tight restrictions on the transfer
matrices are required, to keep the beam
compact in a direction normal to the mag-
net pole faces, Since the end magnets are
strongly defocusing in the plane of the
magnets (Figure 3) they must be strongly
focussing in the perpendicular direction,
To keep the beam compact, it must emerge
from the magnet in a plane parallel to the
pole faces,

The following expressions can be de-
rived for the motion of the particles in
the first magnet

1 ' 1

vy cos Oy Py sin ay Yo
! 1 . ! - ! '
y ;;l sin ay coOS ay yo
where
1
., =1’11/2C‘L
y
o =2 2B
B - Y
P = P
¥ n172
and
o = angle of maghet = —%;
p = radius of magnet = 450 cm
B = magnet field = 10 kgauss
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For the beam to emerge parallel after
passing through the magnet
H 1

y =0 for Vo = 0

1
sina__ =0, «a

v y = 0, 7 etc.

n a = 0, 7T, etc,

Since o = % R nl/2 =0, 4, 8 etce Thus n

is restricted to be 0, 16, 64 etc. and
n = 16 is the only suitable value.

The x matrix for the first magnet is

X cosh a' P'sinh a' xo
x' =+ sinh a' cosh a' xo'
where
a’ = (n :L)l/2 a = 3.87 % = 3,04
P
P - ———7 =116 cn
(n-1)

[~ 7] B a0
X 10.4956, 116x10, 4479 xo
x 1 x 10.4479, 10.4956 '

116 X . 79, 1D xO

I JL 7

For the drift space of length L
between the first and second magnets,

For half the second magnet (which
brings the particle to the center of sym-
metry of the system)

X cos a, P Sin a Xs
1 __l . )
X -—E— sin a, coOsS « X,
1 450 X
= 0,707
1 . 1
1o %o

We adjust L, so that the value of x' at
the center of the system is 0, when x_'=0.
This gives L approximately 333 cm. °

The transfer matrix to the center of
the system then becomes

X 57.2 , 6672 X,
] 1 ]
b4 0 s B7TD X,

The beam diverges from 2 cm at the inpat
to 114 cm at the center of the second
magnet.

If the transfer matrix for half the
system is

that for the whole system becomes

ad 4+ be 2 bd

2 ac , ad - be

leading to a transfer matrix of

bl 1 , 233 X

[} 1
b d o , 1 %

The total path difference through the sys-
tem for the edges of the beam is 140.2 cm,

The transfer matrix in the y direction

is
v 1, 1373 | v,

1 t

y o, 1 Yo

The inherent spread in angle of the inci-
dent beam which amounts to 1 milliradian
will spread the beam through 0.233 cm in
the x direction and 1.4 cm in the y direc-
tion as it emerges from the system,

The microstructure of the proton beam
is not completely removed., As can be seen
by examining Figure 5, the time structure
will now be the same as the beam profile,
since the first particles to arrive for
one pulse come from one edge of the beam,
and the last to arrive come from the oppo-~
site edge.

It should be noticed that thils gevice
resembles in some respects a Moble mag-
net, and could also be used, if preceded
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by an electrostatic deflector, for the 2, A,I, Yavin, Nucl. Instr, and Methods,

opposite purpose of providing very short 18,19, 610 (1962),

pulses from the beam,

3. T.K. Khoe, Nucl. Instr, and Methods,
18,19, 606-609 (1962).

R.P, Haddock, Nucl,Instr., and Methods,
18,19, 387 (1962).

For the secondary meson beams such an
anisochronous beam transport system can
also be used to remove the time micro-
structure., However, the use of a quadru- 4.
pole muon channel spreads the muon time
distribution, and the stopping times of
low energy mesons, particularly in low
density targets, also wipes out the rf
microstructure. Furthermore, as for the
primary proton beam, often 1t will not be

R.D. Edge, V.,W. Hughes, and J, Sand-

deslrable or necessary to remove the 6.
microstructure from the secondary beams. Yiégi; Bull, Am, Phys. Soc. 9, 45

5. L. Teng, Report of a Conference on
Proton Linear Accelerators at Yale,
October 1963, p. 49,
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Fig. 1. Time structure of the proton beam
from the linear accelerator.
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