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Summary

Design and performance of a recently commissioned
fast extraction system to serve the requirements of the
bubble chamber programs at the AGS are discussed. Sev-
eral of the major components are described along with
the diagnostic instrumentation and system performance.
Extraction of various fractions of the internal beam,
including total extraction in an essentially single~
turn mode, has been accomplished with the AGS beam ei-
ther bunched or debunched. The expected extraction ef-
ficiency, ~ 95%, has been observed and transport losses
in the 258 m, 10-cm aperture external beam are € 1 %.

I. Shaving Extraction Method

In a previous paper,’ we presented the orbit cal-
culations, configuration and component parameters of
the extraction system. A similar system has been devel-
oped at CERN® for extraction from the PS, Briefly, the
method consists of producing a rapid, local orbit de-
‘formation at the azimuth of a thin septum magnet in
straight section E10. The fraction of beam displaced
across the septum is deflected into the aperture of a
septum ejector magnet at straight section H10, approxi-
mately 2% betatron wavelengths (Ag) from E10. The rapid
orbit deformation is produced by two full aperture,
single-turn, ferrite core kicker magnets located in
straight sections Cl5 and E15 with a separation of ap-
proximately 1% Ag. 1In the fractional extraction mode,
the kickers are powered by a half sinusoid current wave-
form of 2,5 us duration, For full extraction, the wave-
form duration is ~ 6 ps with amplitude of ~ 8000 A. At
5000 A in the kickers, and at typical extraction momen-
tum 28.7 GeV/c, the measured deflection at E10 is 1.4
cm, which is adequate for complete displacement of a
1.3 cm wide® AGS bunch across the 0.3 mm E10 septum.

A 1.0 mrad deflection at E10, provided by a current
pulse of 3000 A peak and 200 pus duration in the single-
turn magnet deflects the shaved fraction across the
2.25 mm HIO ejector septum with a measured separation
between circulating and shaved beam of 7.6 mm, in good
agreement with calculations. The H10 ejector, alsoc a
single turn magnet, provides a 1.5 ms current pulse of
21,000 A peak, and deflects the beam by 22 mrad into
the external channel for the 7-ft bubble chamber neu-
trino beam, The E10 and H10 septa are fixed at mean
radial positions relative to the AGS central orbit of
4,6 and 5.6 cm respectively, during the entire accel~
erating cycle; slower orbit deformations of 9 ms dura-
tion in a 1/2 XB configuration centered at the septa
are energized prior to extraction and provide measured
displacements of 3.95 and 3.7 cm at E10 and H10 res-
pectively, for a 1000 A peak current through backleg
windings on selected AGS magnets. We have determined
that the septa are not machine apertures at injection
energy, even for intensities up to 9 X 10%2 protons/
pulse.

Another operating mode, presently being commission-
ed, involves a polarity reversal of the H10 magnet and
deflection of the shaved beam by -3 mrad, back into the
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AGS aperture, for extraction 3/4 Ag downstream at I10
for the 80-in. bubble chamber. The I10 ejector magnet,
originally used for single~bunch extraction,4 has been
reduced in septum thickness to 2.0 cm and a backleg
winding 1/2 Ag orbit deformation has been deployed in
the I superperiod for the present application., 1In this
mode, we will extract only ~ 2% of the 6 X 10% p/p
circulating beam; the system is capable of four extrac-
tions per second at 200 ms intervals. We have achieved
the required spill duration of < 1.5 is imposed by the
present pulse duration of the rf beam separator for the
80-in. chamber, Also, we have extracted the beam both
during the acceleration and flat top part of the AGS
cycle.

I1, Extraction Components

Kicker Power Supply

For the fractional shaving mode, a deuterium thy-
ratron switches a 0.2 uF capacitor charged to 30 kv,
generating a 5 kA peak pulse with 2.5 us base. In the
full extraction mode, four thyratrons are triggered,
each switching a 0.2 uF capacitor at 30 kV onto the
common load. Two thyratrons are triggered initially;
0.6 us later, the other two are triggered. The result-
ing pulse has an 8 kA amplitude and 0.5 ps rise time
with 6 pus base. This triggering method produces an
optimum waveshape for the given constants of cable and
magnet.

Ejector Power Supply

The H10 magnet supply consists of an energy dis-
charge system in which magnet inductance and power sup-
ply capacitance oscillate with a period of 3 ms. The
stored energy is 5500 J and the peak current is 21.5 kA
at 800 V. The power supply is completely solid state,
featuring water cooled SCR's (thyristors) and silicon
rectifiers. The charging supply is a three phase, con=-
stant current type utilizing resonant monocyclic net-
works. This system eliminates the need for a lossy
series charging resistor.

Ejector Magnet

The ejector magnet, located at the H10 straight
section, has been designed to serve two purposes. The
magnet assembly consists of two segments; the length
ratio is one-third for the upstream segment and two-
thirds for the downstream segment. With a current of
21.5 kA flowing in the same direction in both segments,
the beam is deflected 22 milliradians out of the AGS,
aiming toward the 7 ft. chamber. With a current of 8 kA
flowing in the opposite direction in the downstream
segment, the beam is displaced across a thick septum
(20 mm) at the I10 straight section. A further kick by
the I10 ejector magnet causes the beam to exit from the
AGS aiming toward the 80-in. bubble chamber,
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tral internal field; 6 mm from the end of the septum
the value was 1.4%.
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IIT. External Optics

| pressure The design of the beam transport was dictated
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PAD largely by the presence of two superconducting dipoles®
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0.F. COPPER — at the 8° bend point located ~'96 m from the ejector
magnet and downstream of a 4%° bend with conventional
magnets as shown in Fig. 2. The superconducting di-
poles are 1.83 m long with a 7 cm ID vacuum pipe; the
additional length of the dewar and vacuum chamber in-
creased the length of the vacuum pipe to 2.62 m.
Sagitta in the magnet accounted for 3.2 cm of the aper-
‘“\47VIWEOUS CERAMIC ture. Calculations® indicate that as few as ~ 3 x 10F
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(VITREOUS CERAMIC COATED) be exceeded and the magnet to revert to normal conduc-
Fig. 1, Cross section of ejector magnet at the H10 tivity. It was therefore necessary to provide a beam
straight section, of small horizontal size at this point with stability

agalnst momentum changes or variations in strength of
the 4; bend. We accomplished this by designing an
achromatic system giving momentum recombination at the
806 the five quadrupoles Q3 through Q7, between the
4%  and 8, powered in series accomplish this objec-
The cross section of the magnet is shown in Fig. 1. tive. In addition, protective collimation upstream of

The septum is of copper 2.25 mm thick. The nominal de- the 8° bend was provided at a betatron phase shift of
sign current is 21.5 kA at induction of 1.05 tesla in 180° at positions U5 and Ul2 in Fig. 2 to remove halo
the gap. Thermal heating of this septum is rather low which might quench the superconductor. Antiscattering
due to the short pulse width (1.5 ms). However, the collimators were also provided at U170 and U259. The
mechanical stress due to magnetic pressure is rather expected collimator images have been observed on scin-
severe. The septum is edge cooled by attaching two tillating screens upstream of the magnet, and the ex-
monel 400 rectangular tubes at the top and bottom of pected beam size there, 9 mm horizontal X 26 mm verti-
the septum. The resistance ratio of each tube to sep- cal, based on full extraction emittances of E = 2.42 1
tun is only in the order of 0.27%; this results in near- umm-mrad and E,~ 1.86 7 mm-mrad, have been qualitative-

ly confirmed.

AGS NORTH AREA FAST EXTERNAL BEAM

Qle
Q3 P2 Q4 D4 Q5 Qo Q7 6 Q8 P3 Q% D4A QIO Qi Qi3 P4 D7

D5 D
110
D1 DZ D3
/
- -—ei—— - —@&
’/'a,o,e-. . . s e =
L‘.Z \ \
s UiBe U259 U273 U303 U380 UG8 U667 772
| BEAM VERT INSTR INSTR INSTR. INSTR. INSTR. lNSTl
Hio & Uies  Ui70 PLUG & BOX BOX  BOX BOYX BOX BOX
INSTR, VERT HORIZ
BOX  COLL. coLL.

vegr | Hg%z ):éiu ar oz O BEAM POSITION ELECTRODES
coLL coLL. BOX

® RADIATION MONITOR IONIZATION CHAMBERS

Fig. 2. Plan view of external beam line from ejector magnet to neutrino production target for
7-ft bubble chamber.
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The transport downstream of the 8° is intended to
provide a minimum spot size at the 5 mm dia. X 45.7 cm
long sapphire production target. Qualitative observa-
tion on a BeD screen indicate that we have achieved the
expected 1.7 mm horizontal X 1.2 mm vertical spot,
which is minimum size for the given target length and
emittances,

1V. Diagnostic Instrumentation

Instrumentation was designed to measure beam inten
sity, position and spatial distribution., All signals
are presented as quasistatic analog levels at the com-
puter interface. No electronic components are located
within the primary radiation shield. Intensity is
measured by current transformers at six locations.
These consists of tape wound permalloy cores with n
100 turn secondaries. The signal is fed via coaxial

cable to an integrator/peak reader (Fig. 3). The inte-
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Schematic diagram of beam current transformer
and integrator.

Fig. 3.

grators have an output calibration of

Q/V = ncf/1.6 x 10719 = 102 protons/volt, (1)

The integrator incorporates a dynamic reset circuit
which prevents runaway drift due to low source imped-
ance but is slow enough (500 pus) to have a negligible
effect over the 3 ps extraction interval. Bench cali-
bration using a pulser or capacitor discharge source
and a dielectric loaded coaxial fixture to minimize re-
flections showed less than 1% departure from the theo-
retical value in Eq. (l). Another calibration compared
the integrator output with the beam charge determined
from *1C activation of polyethylene foils. This also
agreed with the theoretical calibration to within the
* 4.6% uncertainty in the '1C production cross sec-
tion.” A current transformer with a 24 turn secondary
has also been used to observe the temporal distribution
of the beam (see Fig. 7 below).

Beam position is measured by insulated plates and
split transverse ion chambers (STIC). Insulated plates
in the AGS ring are situated in the shadows of the ex-
traction magnet septa. The plates are charge sources
by virtue of the knock-on electrons ejected by the pro-
ton beam. The efficiency is about 10%, i.e. one elec-
tron per 10 incident protons. The signal is trans-
ported via coaxial cable to integrators similar to
those for current transformers; however, the peak de-
tector and dynamic reset circuits are omitted because
the source impedance is large. The plates are used to
optimize extraction magnet position and skew-angle.
Insulated plates are also located upstream of collima-
tor jaws in the external traasport, but suffer in thisg
application due to ion collection in the rough vacuum
(10™® to 1002 T). The residual gas ionization is ex-
ploited in the STIC (Fig. 4). The ions are propelled
along field lines transverse to the beam axis to tri-
angular collection electrodes. For uniform ionization
density, the relative signal strength is proportional

Fig. 5.
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to beam position. The beam position is given by D-W/2,
where W is the effective width of the electrodes and D
is the normalized difference in integrated signals,
(A-B)/(A+B).
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Fig. 4. Sketch of split transverse ion chamber (STIC).

Spatial distribution is provided by closed circuit
TV viewing scintillating screens of "Radelin" (a fluoro-
scopy screen from U.S. Randium Corp.) or beryllium ox-
ide, and by multiwire profile monitors. The usefulness
of the screens is limited since they are easily damaged
by the beam and optical and electronic components of the
cameras suffer radiation damage. The profile monitors
consist of 16 Al strips, 0.6 mm thick and 5 mm center-
to-center spacing, attached to a rotatable frame. A
0.05 mm Al bias electrode is included upstream and
downstream of the strips to comprise 16 parallel strip
ionization chambers. Screens and profile monitors are
mounted on remotely controlled actuators and are re-
moved from the beam when not required. Future designs
of the profile monitor will use thinner electrodes and
bias foils. The charge from each electrode is stored
on the coaxial signal cable which sees > 10° Q imped-
ance at the FET multiplex switch at the computer inter-
face. 1In the "on" state, each switch FET has < 100 Q
resistance and the charge from each cable is sequen-
tially transferred to an integrator and ADC. The read
time per channel is 75 ps. The integrator gain is re-
motely varied over a 36:1 range by means of a switch-
able integrating capacitor. Typical beam profile dis-
plays are shown in Fig. 5.

>

Al
&
N

U303 VERTICAL Pi
1 DIV=3.9 MM

=

Ll 1l Ll Ll

U165 HORIZONTAL PM
1 Div=1.8 MM

Typical beam profile monitor displays for suc-
cessive machine cycles. The profiles at right
show saturation at low values for the remotely
switched integrating capacitor.



We have also deployed 22 jonization chambers along
the beam line to measure the longitudinal distribution
of beam loss. The associated electronics include dis-
criminators and alarm circuits which activate inter-
locks to turn the beam off should excessive losses occur,
An illustration of the computer-generated loss pattern
from these detectors is given in Fig., 6. The readout
and display utilizes an amplifier and FET multiplex
switch similar to the profile monitor circuit. The data
readout and transfer is accomplished by a single-coax
digital system, Datacon 1I, controlled by a PDP-8E com-
puter interfaced to the AGS control room PDP-10 computer.
The system is described elsewhere.

b.

uis

Fig. 6. Computer generated display of radiation monitor
signals along the beam line. The ejector mag-
net is at the left, and the production target,
T, at the right of each abscissa. a - Beam
tuned for minimum loss. b - Scintillation

screen (~ 72 mg/cm®) inserted at U15.

V. Beam Performance

Extraction efficiency for the full extraction mode
was measured by comparing the internal AGS "pick-up"
electrode beam monitor to an external current trans-
former, and a monitor foil using carbon-eleven activa-
tion. During the calibration run, the measured effi-
ciency was only 85%; however, ~ 907 is indicated by the
current transformer at a circulating beam intensity of
~ 5 %X 10'% when the beam is well tuned, and ~ 95% is
observed at lower circulating beams of ~ 2 X% 10*® p/p.
Assuming that three AGS bunches are shaved by the E10
septum due to the finite rise time of the beam kicker
pulse, the expected” theoretical efficiency is ~ 98%.
Indirect evidence from bunch amplitudes from current
transformer signals indicate an efficiency of 96%.
Thus, the measurements are well within the * 5% un-
certainty in calibration of the internal beam monitor.*®

Transport efficiency was measured by comparing
current transformers and foil calibrations at the up-
stream and downstream end of the beam. The result
under optimum conditions was 100 +0/-1%. Note that for
this case, the coil activation results do not suffer
from the + 4% absolute uncertainty in the **C activa-
tion cross section.

The observed spill duration for total and fraction-
al extraction in a bunched and unbunched mode were ob-
served on an external current transformer and is shown
in Fig. 7. For the full extraction case, it is seen
that a fraction of the first bunch was shaved by the
E10 septum; part of the remainder was extracted on the
second turn. For the fractional extraction cases illus-
trated, the internal beam was only ~ 2 X 10*2 p/p and

we extracted about 257 of the beam. The spill duraticn
for smaller fractions will be correspondingly less.

Fig. 7. Top photo - Oscillogram of external beam cur-
rent transformer signal-full extraction mode,
bunched beam (0.5 psec/div). Middle photo -
Fractional extraction mode, bunched beam.
Upper trace shows AGS circulating beam inten-
sity during extraction process. Lower trace
shows external current transformer signal

(1 usec/div). Bottom photo - Current trans-
former oscillogram for fractional extraction
mode, debunched beam (0.5 wsec/div).

The beam has been successfully utilized for both
bubble chamber and spark chamber neutrino experiments,
In these applications, position stability has been of
importance for optimum neutrino production as well as
to minimize neutron and muon background resulting from
transport losses. We have noted that the position
variation, AX, at an observation station ~ 14 m from the
ejection magnet for a change, Ar, in the radial position
of the internal beam is AX/Ar & 6.4 mm/mm. The corre-
sponding sensitivity at the production target is
(Ax)tar /Ar = 2.2 mm/mm. Thus, a radial shift aAr =
I mm wifl move the spot at the production target by
more than its diameter. We therefore had to optimize
the gain of the AGS radial position servo, and have
achieved long-term stability of Ar ~ 0.1 mm. Similarly,
we have maintained the momentum drift at extraction
time to 0.1% by careful adjustment of the motor-genera-
tor speed control. The extraction process is also
sensitive to internal beam size. The beam size is in
turn affected by longitudinal and transverse instabil-
ities in the machine during acceleration. The insta-
bilities are intensity and tune-dependent. We have
observed both vertical and horizontal beam blow-up from
coherent dipole oscillations and higher order resonances.
To avert these difficulties, it is necessary to program
the machine radius by a sequence of radius shifts dur-
ing acceleration, as well as introduce a larger than
optimal momentum spread by detuning the rf phase shift
at transition energy. This procedure results in a beam
loss at transition of ~ 15% from a circulating beam of
~ 6 x 102 p/p. We also find that the available aper-
ture at extraction time is only 3 mm. Typical machine

tune at the extraction radius is vy = 8.74, vy = 8.66.
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Spot size measurements in the external channel
have been in qualitative agreement with calculations
based on earlier emittance measurements.® However,
we plan new measurements to define the emittance better
under various extraction conditions. For the new
measurements, we plan to measure the beam half widths,
W,, W, and W, at three different positions downstream
of the 8° bend. It can be shown'® the emittance area
e =E/m and the ellipse parameter oy and B, at point
one are given by

«/(D +D, +D )gz (D2 + 02 + p?)
1772773 17 72"
= (2)
2|agby - agb,[byb,
L] (a3»] - a3op) - b, + 0,
@€ = 3
2(ayb, - azby)byb,
2
Bie = W) (4)
2 2 2.2 2.2
where D1 = wl (a2b3- a3b2) ; D2 = W2 b3, D3 = w3 b2

and a_, b_ and a, I:o‘3 are matrix elements of the trans-

port matrix
ab
M= (c d)

from point one to points two and three respectively.
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