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Summary

A new system for fast extraction of the AGS beam
is described in which the beam is moved rapidly across
a hyper thin septum (HTS) and deflected into the aper-
ture of a thin-septum ejection magnet (EM). The ef-
fects of momentum spread on the clearance obtained at
the ejector septum are calculated. Orbit deformations
from A/2 backleg winding bumps centered at the septum
and ejector azimuths are calculated and the effects of
these perturbations on orbits near the vy = 9 resonance
are discussed. Loss calculations for an electrostatic
HTS indicate that proton losses will be 0.1% per turn
for a .002 in. diam. tungsten wire array or 0.8% per
turn for a .002 in. copper foil. The ferrite beam
kickers required for the fast deformation at the HTS
are described. Component parameters for fractional
extraction are: (15 and E15 beam kickers = .75 mrad,
E10 HTIS = 1.2 mrad, H10 EM = 22 mrad, and I10 EM = 21
mrad. Results of initial tests with a 2.25 m electro-
static septum of .l mm diam. tungsten wires at 2 mm
spacing are discussed.

1. Introduction

The method of fast extraction used heretoforel*?
at the AGS involved the deflection of a single bunch
from the synchrotron. The spill duration, ~ 10 ns,
was well within the 2.5 s interval during which the rf
separators are energized, and the quantity of beam,
~ 1.5x10°! protons per bunch, was appropriate to attain
the desired ~ 10 seccndaries per extraction required
for bubble chamber pictures For the AGS after con-
version, however, we anticipate ~ 107 protons per
bunch with the bubble chambers capable of up to 4 ex-
pansions per AGS cycle at 100 ms intervals. To satisfy
these requirements, the conventional bunched extraction
method will be wasteful both of protons and flat top
time since the beam would have to remain bunched for
approximately 1/3 of the 1 sec flat top, during which
the slow rescnant spill would be inoperative. (Counter
experiments using the slow external beam (SEB) require
a debunched beam.) There are, moreover, problems as-
sociated with components for single bunch extraction of
the post-Conversion beam relating to the expected factor
of two larger emittances: the fast kicker amplitude
and the apertures in internal and external transport
magnets would increase by /2. To overcome these diffi-
culties an extraction method is planned in which the
SEB is interrupted for ~ 10 ms intervals on the flat
top, during which fast external beam (FEB) orbit de-
formations and beam kickers are energized to move the
circulating, debunched beam across a thin septum. Since
the rise and fall time of the beam kicker is not con-
strained to the ~ 200 ns interval between bunches, the
power supply for this component is considerably simpli-
fied. Moreover, since only a fraction of the beam
cross section is "shaved” by this method, the emittance
of the external beam is smaller than that of the circu-
lating beam, which means smaller spot size at experi-
mental targets. The duration of the spill is control-
led by the amount of azimuth "shaved" and the quantity
of extracted protons depends on the product of the
spill duration and the amplitude of the "bite" of trans-
verse phase space. The new method thus provides great-
er operational flexibility and relaxes the constraint
on bubble chamber recycling time.

In Fig. 1 we show the location of the various
elements of the system: backleg windings about selected
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magnets to produce orbit deformations at the septum and
ejector magnets, beam kickers to produce a fast (= 1.75
psec), 3/2 )\ deformation with peak amplitude near the
thin septum straight section, and a thin-septum ejector
magnet at H10 which can either deflect the beam out to
the new North Experimental Area or inward to the I10
ejector magnet for the existing 80-in. Bubble Chamber
beam. The deformed orbit and trajectory of the central
ray deflected by the beam kickers are also shown.
Special vacuum chambers are required to accommcdate the
large outward excursion near the ejector magnets.

II. Location and Required Deflection
For Thin Septum

The choice of location for components was based on
several criteria: (1) minimum deflection requirement
for the HTS, (2) desire to keep SEB components at pre-
sent locations, (3) minimum number of rf stations dis-
placed, (4) desire to maintain FEB components for
bunched extraction at present locations, and (5) suit-
ability of location for construction of service build-
ings. Both 2-stage (thin septum plus ejector) and 3-
stage (thin septum, intermediate septum and ejector)
systems were considered. Of four possible 2-stage
systems, E10 - H1O0 required the least HTS deflection
angle. Of seven possible 3-stage systems, only B20 -
C5 - HIO0 satisfied all of the criteria. The deflections
required for B20 and E10 were 1.06 and 1.17 mrad, re-
spectively. We did not regard this difference as suf-
ficiently large to justify the added complexity of the
3-stage system.

The deflection required for the ELO septum can be
obtained from linear theory if we assume that the beta-
tron phase shift ¥ from E10 to H10 is independent of
momentum. The transport matrix is then ©

B sin ¥ j

_ {cos ¥ + o sin ¥ |
M= ( -« sin ¥ M

- v sin Y
with @ = 1.284 and B = 603 in. from AGS orbit calcula-
tions,* v = (1 +o®)/B, and ¥ = 61°. For the E10 septum
at distance d from the center of an ellipse containing
particles of momentum ppay the position at H10 of points
on the E10 septum, designated 1 and 2 in Fig. 2, after
deflection k is

cos Y

P d cos ¥ + Bk sin ¥ = sin ¥ vx,° - & (2)

where the + refers to point 1, x = /€ is the ellipse

half-width, and the emittance E = 1me = .1 m inch-mrad

is approximately twice the present® AGS horizontal

value. The “shaved" portion of the ellipse between

x = d and x = x in Fig. 2 also contains protons of

lower momentum with equilibrium orbits on the line

xéo = - (@/B) xgy- If we designate by 1’ and 2’ the

intersections with the septum of an ellipse centered

at x = = D and of momentum p’< p x» then the position

of these points at H10 is given using Eq. (1) as
FR——

(d+D) cos ¥ + Bk sin ¥ ~ D+ sin ¥ Jx%-—(d+D)?.
(3)

I

If we form the difference f(D,d) = x_,, - x_ and set

(af/aD)D= = 0 we obtain the criticai septum position

d, = %, sin ¥/2 such that, for d > d;, we have x_, >

x_ and the separation S between the deflected and unde-
ected beam at H10 is just x, - %,. For d < dC we can

show that f (D,d) has a minimum at D, = d. - d such that

Xy < Xy and the separation is then decreased by momentum

spread, For the two cases
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S=dceos ¥ + Bk sin¥ - x_ - sin¥ yx?® - d®d>d
m m c
§=-x -2d +d+gksin d<d.
(%)

We plan to operate the beam with the septum positicn

d ~ 0 (beam "bite" as %) which, for the AGS, corres-
ponds to a momentum bite pp/p & .3%. The total
momentum spread in the AGS beam during flat top however,
is, ~ .6% (momentum spread is introduced to debunch the
beam® for the SEB and prevent rebunching). Therefore,
if we require a larger beam bite we will ultimately be
limited by clearance problems at the H10 septum as seen
from Eq. (4).

The above formulation neglects the variation of
tune v, and thus Y, with momentum in the AGS. Alsc,
the momentum compaction function is changed in the
perturbed machine which means that the phase space
motion of the equilibrium orbit is not simply described
by XéO = {x/B) xgg as in the unperturbed machine.

We therefore made computer calculations of the separa-
tion at H10 using the AGS ray-trace program BEAM® which
contains the appreciable machine non-linearity at the
design momentum of 29 GeV/c. The results are given in
Fig. 3 for 4 momentum groups. The clearance is in
good agreement with the estimates of linear theory for
this case; however, in other cases where the septum
and ejector are separated by larger phase shifts than
for E10 — H10, we see appreciable discrepancies with
linear theory.

I11. Orbit Deformations

The function of the fast orbit deformation is to
move the beam adjacent to the septa at E10, H10 and
I10, which are positioned at the injection aperture of
the machine (about 2 in. from the central orbit).

Since the SEB is assumed to be on prior to fast ex-
traction, the orbits are contained between by = 8-2/3
and 9 which imposes several ceonstraiants on the fast
bumps: vy must not decrease if the SEB-exciting sextu-
pocles are on, and the deformation of the orbits near

vg = ¢ (low momentum, inside orbit) must not be further
increased by perturbations introduced by the bumps.

We have considered two configurations of backleg wind-
ing bumps (BIWB).

Method A

We center a A\/2 BLWB at each of the three FEB
septa and energize three additional inward A/2 bumps
to compensate for the AR ~ -.14 v-shift caused by the
primary bumps, The compensating bumps are superimposed
on the existing three A/2 outward SEB bumps centered at
F7, Gl0 and H20 and thus ''cancel' the SEB bumps without
causing an objectionable inward excursion and thus beam
lcss of low momentum protons. The cancelling bumps also
aid in suppressing the slow beam by moving the beam away
from the SEB septa.

The orbits resulting from the 6 FEB and 3 SEB bumps
are shown in Fig. 4 for a momentum near the 8=2/3 reson-
ance and ,6% lower momentum. The low momentum orbit at
v = 8.90 is seen to be highly deformed, with peak-to-
peak oscillations of 5.2 in. which exceed the available
aperture in the AGS. This orbit can be corrected with
the aid of additional dipoles. 1In Fig. 5 we show an
example of an orbit corrected by two pairs of AGS mag-
nets excited with backleg windings and separated by
approximately \/4. The correction magnets are located
downstream of the last (I10) FEB bump. An iterative
technique is used to calculate the dipole strengths
required to restore the beam to the unperturbed orbit.
The corrected low momentum orbit has a maximum inward
excursion of 1.9 in. In Fig. 5 the strength of the FEB
“"cancelling" bumps has been increased to assure that
the v shift is positive near 8-2/3. We note that,

because of the small width of the 8-2/3 resonance, we
can effectively move the entire beam out of its
influence by a small (=~ .02) v increase. We alsc point
out that the oscillations from low momentum orbits can
be mitigated by pulsing the AGS superperiod sextupoles
and thus decreasing dv/dp.

The large oscillations in the orbits of Fig. 4
result from the dipole and quadrupole perturbations
introduced by the bumps, and the proximity of the tune
to the integral and half~-integral resonances at v, = 9.
The dipole errors arise from two cffects: the devia-
tion of the BLWB from a perfect /2 separation, and
the non-linearity of the AGS field. Consider first the
9th harmeonic component of the orbit oscillation from
dipole errors® due to one A/2 bump (4 magnets):

y
gretvo? g % =iv ¢y
S o e ) fitibie TTOTE 4 C.Cl (5)
where (&B)i/p, © is the azimuthal angle ¥/v, and
the Z; are magnet lengths. We obtain (sx)

cak-to-peak”
.66 in, from Eq. (5) with © = 8.9 and v, =p9. The'

additional dipole error arises from the fact that the
large deformation moves the beam over a large region of
the AGS magnets, so that the effect of nonlinearities be-
comes appreciable., If we write for the vertical AGS

field

BZ = B,

N x°) (6)
with coefficients ¢ = .10 in.”! and e = -7 x 1074
in.,”?, where €, was inferred from v, vE R measurements,”
and if we assume that the orbit deformaticn between mag-
net pairs of the A/2 bump is sinusoidal, i.e. x=4A sin
v,@, then the orbit oscillaticn around the remainder

of the machine is

(1 + e

ivge  m/vg
U e 0% ala =iy ¢ S
AX = 2 ) J E=17 fe oY da + C.C, (7)
where f = sﬁBOA“ sin 7 Y ﬂ/p. We obtain from Eq. (7),
usiné A= 1.8"in. and an av;ragc g = 600 in.,

k- = 1.0 in. Since the amplitudes from
%53 and %93 add, and the amplitudes from the other
A/Z bumps add in quddraturc, the observed ~ 5 in.
amplitude from Fig. (4) is not unreasonable.

The v-ghift associated with the A/2 BLWB can
similarly be explained by gradient errors within the
AGS magnets and by non-linearities. For a A/2 bump we
can write ®

(-’T
k;Byd k) B aY (8)
(o]

o = L 1
: 41y i 4ﬂ

»—nl\\/'l I

where k = (G /p, k(y¥) = €, B A sin ¢/p and (2G);
are the gradlent errors w1th1n magnets with backleg
windings. We obtain pp A& -.05 from Eq. (8) with ~ 90%
of the v-shift coming from the second term. This
estimate of pv is consistent with the computed values
of a~= -.14 for three )\/2 bumps.

Finally, we note that gradient errors from the
BIWB increase the width of the stopband at ¢ = 18/2
and thereby increase the B function oscillations® for

orbits near the stopband. We can estimate the stopband
width from one A/2 bump as”
1 % 21Y o 24y
69 = 50 | ) kyByrget L+ JO we?e M av| o 03, (9)

-

Computer calculations give for the total stopband width
with all bumps energized: ¢&v = .l. This results in a
30% increase in amplitude of betatron oscillations for
the orbit at v,y = 8.9. The stopband also increases the
orbit oscillations near v, = 9 by increasing the B-
function. We note that even if pure dipoles rather than
powered backleg windings were used to produce the orbit
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deformations, we would still have a large gradient stop-
band at vy = 9 from the second term in Eq. 9).

Method B

Only fast A/2 bumps centered at E10, H10 and 110
are used. We require that the SEB sextupoles be turned
off during fast extraction. The horizontal tune of
the high momentum orbit shifts from 8.67 to 8.55 while
the low momentum orbit shifts to v, = 8.80. The orbits
are shown in Fig. (6). Since we are no longer near

; = 9 the horizontal orbits are reasonably well
behaved. However, u,, for the high momentum particles
shifts up to vy .89; thus we require that the super-
period quadrupoles be pulsed to shift p away from the
vy = 8-1/2 and vy = 9 resonances. The method requires
that the 26 8 sextupole component in the ring be small
since we are shifting part of the beam through the
g = 8-2/3 non-linear resonance. The principle source
of sextupcle error is in the magnets with powered back-
leg windings. We estimate that the strength of the 26

§ sextupole error will be 1°
24
(AB). e . .
g = | k2 G200 00« 107% 1072 (10)
L p 1

1

/

which is small compared to the g = 4 x 107% in.~
introduced by the SEB sextupoles. By pulsing two inde-
pendent sets of extraction sextupoles we can ensure a
sufficiently small 26th harmonic as the beam moves
through the resonance. We favor Method B since fewer
crbit bumps are required and dipole orbit corrections
do not appear necessary.

2

IV. Expected Beam Losses on Hyper Thin Septum

We have calculated*’ septum losses using a Monte
Carlo technique by selecting proton coordinates at
random from the phase space distribution of Fig. 2
and following the particles through either a solid
foil electrostatic septum or an array of wires'®parallel
to a high voltage electrode. For a wire septum with
wire radius ¢, wire spacing a and gap b relative to a
plane at voltage V, the potential is known'® and can
be shown to give a nearly uniform field within the
septum of strength € a« (V/b)f where

£ = /(1L + =2 in

2mb ) (11)

2
21p
with f near unity. Protons strike the septum either at
its upstream end or along its length. Within the array,
proton scattering angles are selected randomly'#* from

a Moliere'® multiple-coulomb scattering distribution.
In addition, elastic proton-nucleus scattering angles
are selected from a distribution constructed from the
differential cross section given by an optical model
calculation.?® Finally, protons are absorbed with a
probability derived from the approximate interaction
cross section *7 oy a 43 AU69 gh, where A is the
atomic weight. The numerical results give a loss from
scattering and absorption of 0.1% per turn for a .002~
in. diam. tungsten wire array with a = 2 mm and length
L =2.25 m. The loss for a Cu foil septum of the same
thickness and length is 0.8% per turn. Thus, for
fractional turn extraction, beam losses will be neglig-
ible for either septum. For multiturn extraction,
which we eventually plan to achieve, the factor of 8
smaller losses for the wire array will be significant.
During initial beam tests it may be necessary to oper-
ate with a .010-in., 26-in. long Cu septum magnet at
E10; the lesses for this septum will be 6% per turn.

We then plan to augment the copper septum with a 60-in.
long electrostatic wire septum as an interim, hybrid
straight section. The loss for this situation will be
~ 0.9% per turn. For the hybrid straight section we
calculated the losses for variocus wire materials, wire
diameters, wire spacings and septum voltages. For
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samples of 10° protons, the results are (NABS = number
absorbed, NSCAT = number diffraction scattered, NTARG

= number lost in downstream septum, and L = loss):

Wire
Material z NABS NSCAT NTARG L)
Be 4 38 24 1305 1.37
Al 13 41 26 1264 1.33
Fe 26 69 73 1048 1.19
Cu 29 78 64 1054 1.20
Mo 42 74 76 955 1.10
W 74 104 101 794 1.00
a = 2mm, 2p = ,002 in., V = 100 kv
W Wire Dia.
2p (inch) NABS NSCAT NTARG L{%
. 002 104 101 794 1.0
. 004 373 393 543 1.3
. 006 828 807 397 2.0
.008 1118 1063 202 2.4
.010 1140 1163 119 2.4
a = 2mm, V = 100 kv
W Wire
Spacing a (mm) NABS NSCAT NTARG L{%
1 155 165 516 .84
2 104 101 794 1.00
3 32 43 932 1.01
4 39 39 1159 1.24
5 33 25 1363 1.42
2p = .002 in. V = 100 kV
Septum
Voltage (kV) NABS NSCAT NTARG L{%)
60 129 137 1788 2.05
70 143 135 1601 1.88
80 112 118 1238 1.47
90 108 100 1014 1.20
100 104 101 794 1.00
a = 2mm, 2p = .002 in. wire material W

The losses show a significant increase between .004
and .006 in., diam., a gradual decrease with increasing
Z, an increase with larger wire spacing due to a de-
crease in deflecting field (decrease in f of Eq. (11)),
and significant decreases with higher voltage.

V. Description of Components

The beam kickers will be single turn, full aperture
ferrite dipoles, 33 in. long and with a 6 in. x 2-3/4
in. aperture. A capacitor bank will be discharged into
the magnet through a deuteron thyratron to attain a peak
current of 5000 A from a 1.75 psec half-sinusoid wave-
form. The resulting 870 G field will produce a .75
mrad deflection, giving .4 in. displacement at the HTS.
For full extraction of the AGS beam in three turns,
we will add additional capacitor~switch systems to
attain ~ 15,000 A in 8 ysec. The kickers are separated
by ~ 3/2 A to obtain a nearly local bump in the vicinity
of the HTS. With a third, correction kicker in straight
section D15, we can attain an ideal local bump.

The H10 EM septum will be built in two sections of
length £, = 25.5 in. and {2 = 56.5 in. To obtain the
inward, -3 mrad, deflection for ejecticn at 110, the
septum units will be powered with opposite polarity.
For ejection at H10, the septum will deflect bv + 22
mrad. The septum is .090 in. Cu, edge-cooled and with
a 1 in. vertical gap. The peak current of 21,000 A
will be obtained from a capacitor-discharge power
supply with ar 1 msec half-sinusoid waveform. The unit
will be capable of pulsing 4 times at 100 msec intervals.
The .010 in., 26 in. long Cu septum required for the
E10 hybrid straight section will be of similar design
and capable of 1.2 mrad deflection. The electrostatic
HTS upstream of the .010 in. Cu septum in E10 will be
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Fast extraction at H10 and I10.
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Fast external beam orbit deformations at E10,
H10, and I10. The SEB orbit deformations are
overcompensated by 257 with fast orbit de-
formations to obtain a slight upward v shift.
The extraction sextupoles and superperiod quad-
rupoles are on. Additional backleg windings
are used for both SEB and FEB orbits to correct
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Fig. 6. Fast external beam orbit deformations at E10,
H10, and I10. The SEB orbit defecrmations are
present and not compensated. No correction
windings are used and the extraction sextu-
poles are off. The superperiod quadrupoles
are on and keep the horizontal v value above
8%.
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