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Abstract

A description is given of the status and perfor-
mance of the AGS multiturn injection system. Experi-
mental results are presented and compared with analyt-
ical predictions. Details are given concerning on-line
computer emittance-acceptance matching and multiturn
stacking in either the "horizontal only' mode or'hori-
zontal-vertical" mode. In addition, a description is
given of specific components such as the "horizontal-
vertical' inflector and the emittance measurement de-
vice.

Introduction

High circulating beam intensities in synchrotrons
require some form of multiturn injection if the inten-
sity of the beam offered for injection (called the linac
beam hereafter) is limited. Such is the case for the
Alternating Gradient Synchrotron at Brookhaven National
Laboratory where at present the linac beam is limited
to < 40 mA, i.e, to < 1.2x 1012 protons per revolution.
Since in practice our net efficiency is of the order of
30% we are effectively injecting about 3.5 x 10l pro-
tons/turn. Thus reaching our target of 1013 accelerated
protons/pulse would require injection during some 30 turns.

One has the choice of stacking in betatron phase
space or in synchrotron phase space. Althoucgh the sec-
ond method is useful for injection into proton storage
rings from a synchrotron it shows serious disadvantages
for synchrotron injection., It puts a large momentum
spread in the beam and tends to be a time consuming
process that requires extensive gymnastics with the rf
system and/or very fast kicker magnets. For the con-
verted AGS we chose to stack in betatron phase space,
using a method with which we had already considerable
experience,

Wwe inject the linac beam via a thin septum mag-
net (called inflector) while moving the closed orbit
away from it. This motion occurs only near the inflec-
tor; the instantaneous closed orbit consists of the un-
perturbed stationary orbit with a bump of half a beta-
tron wavelength of variable magnitude superimposed.

The bump is controlled by twc bump coils. The range
througzh which the bump v obe
the location of the 1nf1ector and the other aperture
testrictions of the accelerator. The length of the in-
jection interval is determined by the range and the
rate of the bump motion. This last variable we

shall call bump collapse rate (Ber).

:d 15 restricted l)\/

Thecoretical Considerations

Area and density being conserved in phase space,
the ultimate beam intensity in the accelerator is deter-
mined by its acceptance and by the brightness of the
linac The ultimate may not be achievable hecause
of intensity dependent cffects or because the current
in the linac beam is so low that it requires an injec-
tion interval of many turns. In that case the finite

beam.

width of the inflector septum will restrict the net
acceptance available., Although the ultimate beam in-
tensity should not be affected by the details of the

irjection method the efficiency of the process is. If

the linac beam pulse is restricted both in intensity
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and in length, considerations of efficiency may become
important., Since the part of the injected beam that is
lost is lost inside the accelerator it contributes to
the radiation dose. Especially at high intensities and
at high injection energy this radiation problem may set
a limit to the acceptable rate of beam loss.

One defines as partial acceptance the region in
transverse phase space that contains the phase points of
all protons that could be injected successfully at a
particular instant. The area within and the shape and
location of the boundary of the partial acceptance
change during the injection interval; the area in par-
ticular increases from zero to a maximum and reduces to
zero again. The details of this behavior are deter-
mined by the closed orbit motion and the betatron
frequencies. If the linac beam is stationary in its
characteristics during injection the only way of popu~
lating all of the accelerator acceptance is tc have the
linac beam emittance cover the envelope of all partial
acceptances.

Figures 1, 2, 3 and 4 represent the subdivision of
an acceptance in partial acceptances. We made use of
a normalized system of coordinates in which transfor-
mations around the accelerator appear as pure rotations
over an angle equal to the betatron phase advance per
turn.* Therefore, the acceptances seen by the linac
beam are identical to the ones in the figures but for
a rotation and a translation. The bump collapse rate
was constant in all four cases and equal to a/n per
turn, with a representing the half aperture (= radius
of acceptance circle) and n = 10, 20, 40 and 20 respec-
tively. The betatron frequency was v = I + 3/4 in the
first three figures and v = I + 0.707 in the last one
with T an arbitrary integer. The area of the partial
acceptance appears to be non-zero during 11, 21, 40 and
21 turns in these four cases. For v = I + 3/4 the
shape is rectangular during most of the injection in-
terval; the width is given by Ax = 4 a/n and the angu-
lar spread increases linearly towards its maxirum value
at a rate 2a/(nB) per turn. B represents here Courant's
and Snyder's amplitude function at the inflector exit.
Figure 5 shows the development with time of the area
for the first three examples, expressed as a ‘raction
of the accelerator acceptance.

For a linac beam that is independent of time during
the pulse we define as area efficiency Ty the ratio of
the area of the accelerator acceptance and the total in-
jected area. This efficiency is highest if the linac
emittance just covers the envelope of all partial ac-
ceptances and the pulse length just covers the injection
interval., Tor v = I ~ 3/4 the envelcpe is identical
with the larpgest partial acceptance and the ellipse that
covers it has /2 its area, thus Ty 22 n/(4m) vwhere =
indicates after how many turns the acceptable argular
spread has becore maxirum. We find in actuality
na = 0.30, 0.33, 0.35 for the first three exarples

and

na = 0.2 for the last ome where v = I + 0,707,
/
Tor a particular frequency the efficicney appeat
to improve slightly with increasing length of the irjec-
tion interval. In practice this improvement is offset

1
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by the increasing influence of ¢ 7
For equal intervals, "simple' frequencies
efficiencies than arbitrary ornes, mainly

emittance cannot be matched very well to the odd shaped
envelope in the latter case.
To optimize, one first measures the current as a



function of emittance inside the linac beam. Then one
adjusts the betatron frequency to a simple fraction and
the bump collapse rate so that the area of the maximum
partial acceptance equals 2/m of that of the chosen
emittance. Flnally one adjusts the orlentation and the
eccentricity the
partial acceptance.
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Application to AGS

Applying this reasoning to the AGS cne finds that
circulating beams of 1.9 x 10 13 protons should be
achievable under the present conditions if the linac

pulse could be increased to 300 usec

200 sec. This estimate was obtained in the following
manner. With the inflector at 50 mm from the unper=-
turbed closed orbit the acceptance of the AGS is 15
mrad-cm, The linac beam contains at present about

30 mA inside the 0.5 m mrad-cm emittance contour for a
total current of 40 mA, Populating the acceptance with
this density, the circulating beam would be 900 mA.
with vg = 8.75 and Ty 0,35 the injection interval
would have to be 900/(0 35 x 40) = 65 turns. With this
many turns the shadow of the 0,75 mm thick inflector
septum would occupy ~ 4 1 mrad-em so that only 11 r
mrad-cm may _be populated. This corresponds to 660 mA
or 1.9 x 1013 protens. This estimate neglects the fact
that the emittance is not uniformly populated but more
or less gaussian., Assuming it to be valid still the
net efficiency (the best one possible for a fully pop-
ulated acceptance with the assumed linac beam!) is only
26%. This intensity is well beyond the level beyond
which one expects effects
noticeable (1.4 x 1013), The design pulse length of
the linac is 42 turns. Reducing the linac pulse length
from 65 to 42 turns while preserving the injection in-
terval at 65 turns should not reduce the circulating
beam proportionally because the efficiency early and
late in the interval is poor compared to that of the
middle part.
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At present the AGS is operated with an injection
interval of 25 turns. With the 40 mA linac beam men-
CaneG DEIOI'L we achieve LLILUL&Lillg L)Cc?lﬂb of
1.4 x 10+ protons, i.e. an efficiency of 0.46. Com-
paring this with the previous theoretical values one
sees at what price more intensity comes: a 35% in-
crease requires a 2.7-fold increase in injected charge.
Because the linac beam is not uniformly populated but
more or less gaussian, area efficiency curves, as those
cannot ke measured directly. Instead we

. co o
in Fig. 5,

s cn=—eralled short aample survival cu s '
measure so-called short sample survival curves (s.s.s.'s)

which yield an intensity efficiency curve-—in effect an
area efficiency curve weighted with the density profile
of the linac emittance. The s.s.s5.'s are measured by
reducing the pulse length of the linzc beam to shorter
than a revolution period and measuring its intensity,

15 a function of time, by means of a beamn transformer,
it circulates inside the AGS. By charging the
nstant of injectien relative to the injection interval
onz obtains a record of the injection process from which

<

an intensity efficiency curve may be derived. TFigure
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EERE: function of injection time. It may be noted that
n this particular case the curve is not triangular as
cne micht expect but trapezoidal., This ray be due to

teo small an sngular spread in the linac beam which

would cause the large partial acceptances to be filled

incompletely,

the 3.5.8.°5 form an important Jdi wetic device
Sy themselves. The loss pattern they cxhibit, in par-
ticular if they are taken with zero bump Lollawse rate,
is nrimerily deterwined hy the betatron frequency, the
eriittance of the linac beam at the inflector cxit and
reemetrical factors. The less pattern for simple
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betatron
for vy =

frequencies is easily recognized, e.g. 2 pulses
I+%, 3 forw I+ 1/3, 4 for vy=1+ %,

5 forvg=1I%1/5and vy=12 2/5. By changing the
betatron tune of the accelerator one may calibrate the

tuning means at injection time, At a fixed betatron
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cursion, the relative locations in the accelerator aper-
ture of the inflector and the unperturbed closed orbit,
The changes in the pattern as function of the bump excur-
sion make it possible to derive the essential charac-
istics of the emittance and also to determine whether

the limiting aperture is formed by the inflector or
something else. If the latter appears to be the case,

one mav chanece +ha nAd i+ wv
one may change the condition

turbed closed orbit,

P
cune,
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Inflector

Figure 8 shows our inflector assembly. Its copper
current septum, together with its conetic magnetic
shield is effectively 0.75 wm thick and its iron mag-
Tt consisgta of three 'rpr\r':nan'l:ar

netic septum 4.5 mm.
magnet units that bend the linac beam through 130, 65
and 10 mrad by means of pulsed uniform fields of
0.427 T, 0.213 T and 0.025 T. The pulses are half
sinusoids with base lengths of about 8 msec. The peak
current through the first two units is about 7000 4,
while that through the (electrically independent) last
one is 1200 A. The first two units are electrically in
series with a uniform field magnet upstream that bends
through =230 wmrad. The net effect on the beam is a
displacement of -80 cm and a rotation of ~25 mrad with
1

reanaetr +o the nomi 2 dncoming nac eam
respect to the nom of the incoming linac beam

ina
at the inflector exit with negligible dispersion. The
three units are built up of %" mu-metal laminations

cut away to form C-shaped apertures. The assembled sys-
tem presents a free aperture of 4 x 4 cm2 to the beam.
Where necessary, the upper left-hand corner (looking

in the direction of beam travel) of the laminations is

also cut away to provide space for the circulating beam
The horizontal

n axis <Cx

3t

iron septum

when stacking vertically.
left between this space and the aperture is 4.5 mm
thick. 1In all units the open end of the aperture that
faces the circulating beam is closed by a mu-metal or
conetic shield to reduce the stray fields inside the
AGS aperture. Some units carry an experimeuntally ad-
justed backleg winding to assist in this and a tight
fitting heavy copper shield envelopes the AGS aper-

ture for the same purpose. In this way we succeeded in
keeping the stray field belew 1G in all important areas.
There is no doubt we could improve on this by further
Tha N & &L«'ak
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(langthy) development,
copper septum in the third unit is cooled by water
flowing in triangular inconel channels in the corners

of the aperture, all other copper by water flow in
longitudinal channels in the solid. Nearly all joints
in the cooling channels are brazed in crder to prevent
leakage when hit by the heam. A 5 o thick water-cooled
copper shadow target immediately upstream of the first
inflector unit protects most of the assembly
from direct hits by either the linac or the circulating
beam, the third unit beirg the most critical one in this

J.He Ldl}{el— LUHSJ.bLb \.4].

mm

inflector

and all other respects. The target consists of four
clectrically insulated secctions with conrecticns to the
control room so that it way be used for beam diagnostics.
We have used it for locating the beam and for determin-
ing both horizontal and vertical beam prufiles. DMore
diagnostics are provided by a movable fluorescent screen

and scanning wire asgembly at the inflector exit. The
base plate on which all this equipment is mounted may
he moved from tFhe control room in Fhe hovdison Pom s e
he moved from the control room in the horizontal plane

to adjust its distance and direction with respect to the

ACS structure; vertical position and tilt can be set
with locally controlled electric motors, an exercise
of 45 minutes from beam off to beam on.



Vertical Stacking

At less than 1 mrad-cm, the vertical emittance of
the linac beam is sufficiently smaller than the 4.9 11
rmrad-cm vertical acceptance of the AGS3 to consider in-

jection with
The motion may be induced by injecting off the medium
plane. If the inflector has a "thin'" horizontal septum
placed suitably with respect to the medium plane the
beam will miss the inflector structure vertically for

a number of turns by the same wechanism that works
horizontally.“ The net result is that the horizontal
partial acceptances have their areas increased at the
expense of the ve One may use this for
increasing the beam 1nten51ty or for increasing the
injection efficiency, or both.

vertical betatron osgcillation.

a coherent

Fizure 9 shows to the left the development of the
partial acceptances in the horizontal plane, to the
right that for the vertical plane, using a bump col-
lapse rate of a/40, vg = I + 3/4 and vy = T + 2/3.
large size of the horizontal partial acceptances and
the reduced size of the vertical ones is evident. Since
particles injected three revolutions apart move on the

tical all the time the horizontal diagram
fica: aii tine time iane norizonigl diagram

The

lovel

same vor
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is the composite of three, each drawn for a bump col=-
lapse rate of 3a/40 but with different starting times.
This is shown in the diagram by soliid, dashed and dash-
dot lines, For want of a better word we call this ver-
tical stacking and the first experiments have been
started recently.

septum
the mecdium plane we induce a ver al betatron motion
of 17.2 mm amplitude. This 1eaves a vertical partial
acceptance of about 1.40 1 mrad~cm. Under these condi-
tions we noticed a drop in intensity of about 10% in
comparison with medium plane injection, Since optimum
results require specific betatron frequencies we began
a program of measuring short sample survivals as a
function of the frequencies. We do this in a static
condition, with the bump collapse rate equal to zero in
order to eliminate that variable.

257 of the beam survive for up to

this state without doing any emittance
10 shows a typical short sample sur-
vival. There the sample survived for 8 turns, the

first three of them practically unharmed, then a slight
loss occurred,followed by a large loss after which there
were another three undisturbed revolutions followed by

a large loss. This pattern may be explained
s ard more information is reeded to decide on the

As was expected, the experimental curves
the betatron fr Dur-
ing actual injection the intensity of the circulating
bear builds up gradually and the changing space-charge
forces will depress the phase advances experienced by
cach sample of the linac beam in a way that depends

upon the sample's injection time and the beam intensity.
If this effect is serious it may be necessary to intro-
vamic control of the nominal betatroa frequen-

We have seen
15 revolutions in
matching. Figure

in several

W EL
correct one.

nsitive to equencies.

duce dyn

cies

Prozrasmed Bump Collapse Rate

Since a large part of the inefficiercy of the in-
jection process is due to the change in area of the

sartial acceptance with time, which chansze is in-
ferent in & conatant bump collapse rate, one may expect
improvenent with a [actor of 2 If Lthe collapse rate is

This would imply
injection interval and

varied to keep the area corstant.
larie rates rear the ends of the

part. An im

one in its wic quence
would ke that the she al

acceptance change morxe drastically than they do with

riddle muediate conse

a low 5
pe and pusition of the parti

a constant collapse rate. Such changes can possibly
be met by dynamic control of the linac beam emittance.
This matter is under consideration.

Injection Controls

Injection is a process controlled by 20 parameters,
10 of these describe the linac beam, the other 10 the
accelerater., Because of this large number it is prac-
tically essential to have independent control of each
of them if one is to find an optimum experimentally.
The beam delivered by the linac passes through a trans-
port line and the inflector.* The last part of the
transport line forms the matching section, consisting
of first six quadrupoles and then of two pairs of
steering magnets, one horizontal pair, which incor-
porates the
is asked to deliver beam of specified and fixed charac-
teristics at a point immediately upstream of the matching
section, where we have equipment to measure those charac-
teristics.

ertical pair.

-8 P e md Amo
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It consists of a drift space of 8 m length that con-
tains two pairs of nondestructive magnetic position
for determining the position
of the beam and of movable slits and movable arrays of
secondary emigsion wires, a slit and an array for each
of the two transverse directions with which density
distributions in the transverse phase planes may be
measured .b

and direction

ancg direction

monitors

The linac group succeeds pretty well in meeting the
specifications most cf the time. The quads are used to
adjust the emittance parameters to desired values at
the inflector exit. Since the quads are nominall

Y
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centered on axis the axis is hardly
effected by quadrupole adjustments. The steering mag-
nets are used to bring the centers of the emittances to
the desired locations in phase space. Since the rela-
tive variations are small the changes in dipole focusing
are also small. Still it appears to be extremely diffi-
cult and time consuming to find the proper settings of
these ten magnets by individual experimental adjust-
Therefore we make use of an online computer pro-

rore we maxke uge Or an oniin computer pro

ment .
gram6 that can calculate the magnet excitations neces-
sary to transform the beam characteristics measured at
the input of the matching section to desired values

at the inflector exit. We do not have at present a
method for direct measurement of the betatron frequen-
cies during injection; this is a serious inconvenience,
partly because they depend fairly strongly on the loca=-
tion of the unperturbed closed orbit via the as vet
uncompensated sextupole component of the main field.
(That due to eddy, currents in the vacuum chamber should
be small because B ~ 1 kG/sec Jduring injectien.) It is
easy to intrcduce known changes in the betatron fre-
quencies via a series of tuning quadrupoles. This may
effect the shape and lJocation of the closed corbit to

an extent we can estimate only by extrapolating from
measurements taken later in the machinc cycle.
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