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Introduction

In the past few vears, the pulse stretcher ring
{PSR) concept [1] has emerged as a viable method for
exterding the duty factor of pulsed linacs. The via-
bility is a result of considerations such as cost and
expected extracted beam quality. Table 1 compares
some relevant parameters of PSR projects currently in
various stages of design or construction. A few of the
prcjects emchasize high average extracted beam intensi-
ty. This is accomplished through a high injection
frequency (1 kHz) and relatively high injected peak
currents (280mA). To enhance the injection efficiency,
the number of turns of injection are minimized so the
ring is long and there are fewer turns for extractioen.
There is considerable experience with beam extraction
over large numbers of turns from synchrotrons, but time
unifcrm extraction over fewer turns has not been treat-
ed as thoroughly. In this paper, some of the extrac-
tion calculations made for the proposed MIT-Bates
One-GeV Pulse Stretcher Ring are discussed. The theory
used for the simulation procedure will be reviewed, the
results summarized, and some points of operational in-
terest mentioned.

Table 1. Comparison of PSR Parameters
Place Circumference Extraction RF
(M) (# turns) (Y,N)
Synchrotron 100,000
Tohoku 16 56,000 N
Bonn 165 36,400 Y
Lund 31 10,000 Y
Saskatoon 109 9,000 Y
CE3AF 360 1,000 Y
Saclay 360 1,000 Y
MIT~Bates 390 <1,000 Y
Theory

The theory of resonant extraction has been well
documented. To efficiently do particle tracking, a
linearized formalism has been chosen both for its speed
and the agreement obtained when compared to the results
of other more accurate tracking codes such as DIMAT (2.
The formalism for third integer resonance has already
been discussed [3], and we discuss its extension to the
half integer case here. The symbols follow the defin-
itions in reference 3 and will not be discussed here.

The governing equations for a particle in motion
in a linear focussing system, represented by X{(s), per-
turbed by a quadrupole E(s), and an octupole O(s) dis-
tribution are given in normalized phase space coordi-~
nate n and p by, dzn
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The solution to (1) written in integral form is
n(¢)=nocosQ¢+posinQ¢-Qde[sinQ(¢—T)][E82n+083n3] (2)
wnere n, and p, are the coordinates at ¢ = 0, which we
take to be the extraction point. Note that in the
absense of perturbing terms on the right {(E and 0),
the particle motion is simsle harmonic and stable. If
the particle coordinates are examined after every two
turns then the change in n at extraction (after assum-
ing the perturbing element lengths L to be small) is
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Where AQ is the deviation of Q from the half integer
resonance. This gives the pitch at the extraction lo-
cation. In this formalism, the equation of the separ-
atrix equipotential curves can bhe written as
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Ring Design

The ring lattice is shown in Figure 1. The berd
sections are second order achromats [4] and the short
straight sections have symmetric first order optics
such that the chromatic centroid shifting aberrations
are corrected. The sextupoles in the bend are placed
so that the chromaticity of the ring can be varied
without affecting these aberrations. There is a nigh
beta (32M) at the extraction point to minimize the in-
terception of the extraction sentum with the bcam and
to cause the extracted emittance to be mairly dependent
upon the extracticn pitch.
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Figure 1. lLayout of PSR components

Extraction Simulations

There are three main types of extraction mechan-
isms considered in this paper. Achromatic extraction
uses a zero chromaticity and depends upon changing the
tune of the ring to extract particles from the stable
area. Monochromatic extraction uses a finite chromati-
city coupled to a controlled loss of energy by synchro-
tron radiation or other means to effectively change
particle tune and cause it to be unstable. Chromatic
extraction uses a chromaticity also but relies on a tune
change to bring the particles into the unstable region.

In general, there are two main features in common
to all the above extraction methods. First, the shape
of the injected particle phase space distribution does
not usually match the shape of the stable area. It
takes some number of turns, dependent on the tune and
nonlinearities, for the stable particles to accommodate
to that shape. During that time, the particles orbit in
phase space, sampling a variety of tunes resulting from
passing through different positions in the nonlinear
elements and eventually approach the point in phase
space known as the fixed point, where the tune is near
resonance. In this way, the particles are slowed down
and the stable phase space is filled up. This situaticn
is common to all resonant extraction techniques when
injection is inside the stable area. (See reference 5
for another method.) As will be seen below, the unifor-
mity of the extraction is very dependent upon this
Drocess.

Second, the output beam quality must be optimized.
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The extracted emittance (in the plane of extraction)
will depend upon the location of the extraction septum,
as well as the strength of the nonlinear element and
the orientation of the separatrix. This must be opti-
mized. A variety of cases were considered under dif-
ferent conditicons and some parameters are summarized
in Table 2 below.

Half-Integer Resonant Extraction

Single Turn Injection: The most straightforward
technique involves centering the injected beam within
the stable area and contracting the stable area so as
to sgueeze the particles into the unstable region op-
timized for the separatrix orientation and pitch at
extraction. Using the parameters in Table 2, the re-
sulting time dependence of extracted beam intensity is
shown in Figure 2.
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Fig. 2 . Time dependence of Extracted Beam

After about 300 turns, the intensity begins to become
uniform,.
is evident. As the beam phase space ellipse rotates,
the area at the intersection points of the curves of
the separatrix gets filled and some beam is extracted.
After the contraction of the stable area, the shape of

the beam phase space is forced to match the stable area

and the uniformity is improved. One can improve the
initial uniformity by injecting in a phase space too
small for the beam at the expense of an initial large
extracted beam for the early turns. The overall duty
factor is good and the other beam gquality factors are
excellent. However, for two reasons, we have decided
not to propose this technique. First we would like to
try to improve the overall uniformity of extraction,
and secondly, one turn injection does not produce suf-

ficient average qQutput current for our %urpo$es.
Two-Turn Injection: One injects off axis and af-

ter some number of turns a hollow phase space is filled

with beam. The input beam and calculated separatrix
after two turns of injection is shown in the left hand

However, the earlier time dependent structure
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side of Figure 3. After 100 turns, the phase space
filled up.is displayed in right side of Figure 3.
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Fig 3 Phase space occupied during Achromatic Extraction

Note the spiral effect and gaps evident near the fixed

noint vertices

point vertices. This resgultsg from +he tune dependence

This results from the tune dependence
of a particle's position in phase space. The resulting
output intensity is shown in Figure 4. The time struc-
ture is due to the time it takes for a particle in
phase space to travel to the fixed point, or roughly
1/(24Q) turns.

In order to optimize the resulting duty factor, it
is beneficial to introduce an additional tune spread in
the beam, 1n such a way as to not increase the non-
linearity of the extraction process. A useful method
is to use the energy spread in the beam and couple it
with a finite chromaticity producing a tune spread.

With this technique, the output time dependence improves.
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Fig. 4. Time dependence of Extracted Beam

This technigue becomes difficult to implement with
the inclusion of RF in the ring. With synchrotron

Table 2. Paramoters for Some Cases of Resconant Extraction 3

Case Half Integer Third Integer

Single Turn Two Turn Three Turn

Achromatic Achromatic Chromatic Monochromatic Achromatic Chromatic
Input Emittance(mm-mr) .01 .01 .01 .01 .01 .01
Input Energy Spread 2.(~4) 2.(-4) 2. (~-4) 1.(-2) 2. (~4) 2.(-4)
Nominal AQ .015 .04 .04 .04 .015 .015
Tune Period (Turns) 67 25 25 25 67 67
Chromaticity o} 9} 10 20 0 5
RF Voltage (keV) 0 0 40 o] 0 o]
Synch. Period (Turns) -— - 56 —— - -
Septum Location (mm) 5 8 8 8 12 12
Output Emittance 7w {mm-mxr) 0.01 0.01 0.01 0.06 0.03 0.03
OQutput Energy Spread 2.(~4) 2.(-4) 2.(-4) 4.(-4) 2.(-4) 2.(-4)
Output Duty Factor 80% 66% 87% 93% 64% 82%
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oscillation, it is possible to oscillate in energy at
such a rate that the average energy deviation of a
particle from the central energy is zero in a time
less than 1./2*AQ turns. In this case, the results

~ avtrractian o 1 3 +- 3
of extraction become identical to Figure 4. In order

to solve this problem, it is necessary to both increase
the synchrotron period as long as possible, and in-
crease the velocity of the particles in phase space by
increasing AQ. This is limited, however, by the ne-
cessary complementary increase in octupole strength
for maintaining a given stable area which itself must
be optimized given other constraints such as ring ad-
mittance and extraction pitch and emittance. The
resulting optimization processes produce the beam
phase space during extraction shown in Figure 5 and
the output beam intensity shown in Figure 6.
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Chromatic Extraction Chromatic Extraction

Figure 7 shows the output beam phase space after cor-
recting for an angular dependence with time and an
angular dispersion. The former comes about as a re-
sult of the changing separatrix during the extraction
and the crientation of the separatrix, and the latter
from the chromaticity. This is the final situation
chosen for the proposal.
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Simulations of monochromatic extraction result in
the best duty fzctor of all methods, however its use
is limited in a range where the energy less per turn
is sufficient to extract the beam in the required time.
Use of RF to decelerate the beam complicates the situ-
ation with synchrotron oscillations. 1In additiocn, the
high degree of energy dependence of the output beam
makes it difficult to correct the output emittance and
results in an acceptable, but higher value than other
methods.

Third Integer Resonant Extraction

The third integer case is essentially identical to
the two-turn, half integer case. The time constants
are slightly faster since the number cf fixed points
are increased. Simulation of this case does not re-
sult in an output emittance as good as the correspond-
ing half-integer case.

Operational Considerations

The output beam parameters obtained in the above
described simulations are dependrnt upon the particle's
trajectories in phase space, the strength of the mag-
netic elements and thereby, the location of the circu~
lating beam centroid relative to an extraction septum.
The tolerances associated with the pitch, or the loca-
tion of the septum relative to the beam are not criti-
cal. The most unintuitive factor is the tolerance
associated with the position in the non-~linear element
through which the beam passes. This affects the par-
ticle tune. Simulations to determine this accuracy
were done by examining the effects of this error on
the output beam parameters, including the duty factor.
Using a criteria of not reducing the duty factor by
more than 10%, the necessary tolerances dictate that
the beam centroid pass within .5mm from the octupole
center.

Drifts in the ring magnetics or injection coordi-
rates can produce non-uniformities in the extracted
beam intensity. The response time to effect a change
in the extraction mechanism is about 50 turns. Thus
some feedback is possible to maintain a uniform extreac-
tion. However, given the stability of the MIT-Bates
beam, we feel that a feed~forward system will be more
important in correcting long term drifts.

Conclusions

A technique has been simulated for extraction from
a pulse stretcher ring which indicates that it is poss-
ible to achieve a high duty factor beam of excellent
quality from a one-GeV pulse stretcher ring. Care must
be taken in choosing the nominal tune, RF system para-
meters, location of the extraction septum, and the
perturbing element locations and strengths. Once this
is done, the relevant tolerances and specifications in-
dicate that one can realistically expect to achieve an
optimized extracted beam.

References

[1] G. A. Loew, "Properties of a Linac-Storage Ring
Stretcher System", Proceedings of Conference cn
Future Possibilities for Electron Accelerators,
1979, pp. Y-1 - ¥Y-11.

[2] R. Servranckx, "DIMAT: A Computer Program for Cir-
cular Machine Design", Internal Report University
of Saskatchewan, 1979,

[3] L. J. Lindgren and M. Eriksson, "Injection and Ex-
traction at MAX", Nucl. Instru. and Meth., Vol. 214,

179, 1983.

{4] K. L. Brown, "A Second-order Magnetic Ogtical
Achromat", IEEE Trans. Nucl. Sci., Vol. 26, 3490
(1979) .

[5] C. P. Sargent, "Accelerator Development at Bates",
IEEE Trans. Nucl. Sci., Vol. 30, 3262, 1983.



