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I. Introduction

As part of the effort to improve the monitoring
of the injection process at the Brookhaven Alterna-
ting Gradient Synchrotron (AGS), we have developed a
beam diagnostics package which processes the signals
from the plates of a pick~up electrode (PUE) located
near the injection region of the AGS and provides
measurements of the position and angle (with respect
to the equilibrium orbit) of the injected beam at the
stripping foil where the incident H™ beam is con-
verted into protons. In addition the package provides
measurements of the tune and chromaticity of the AGS
at injection, and a measurement of the momentum spread
of the injected beam. Since these parameters are
obtained for a short-pulsed beam at injection we shall
refer to the diagnostics package as PIP which stands
for Pulsed Injection Parameters.

II. PUE Signal Processing

To obtain signals from which one can deduce the
injection parameters, a ~2.4us pulse of H™ is injec-
ted into the AGS and the resulting bunch of protons
is observed with a PUE for approximately 40 turns

around the machine. A schematic diagram of the PUE

and associated electronics is shown in Fig. 1. The
PUE consists of four plates and is located approxi-
mately one superperiod downstream of the injection
region. As the proton bunch circles around the ma-
chine it produces in each plate a train of some 40
pulses, each pulse corresponding to the passage of
the bunch through the PUE on a given turn. The sig-
nals from the upper and lower plates yield the ver-
tical displacement of the bunch with respect to the
beam pipe center, while the signals from the inner
and outer plates yield the horizontal (radial) dis-
placement. Since the period of revolution for a
proton in the AGS is ~4.8 us at injection (200 MeV),
a 2.4 pus wide bunch of protons will produce in each
plate pulses which are ~2.4 us wide and are separated
from each other by ~2.4 us. The pulse trains from
the four plates are amplified (unity voltage gain) in
the AGS ring, transmitted 1700 feet on coaxial ca-
bles, voltage amplified x10 and then digitized using
LeCroy (#TR8837F) digitizers which sample the signals
every 250 ns. The digitized data are analyzed with
appropriate software to determine the amplitude of
each pulse. If we let Anand B, respectively be the
amplitudes of the pulses from the upper and lower
plates or from the outer and inner plates of the PUE
on the nth turn, then the vertical or horizontal
displacement, Y(n), of the bunch on the nth turn is

- B

Y(n) = C Aa n (1)
[

where C=5.0 cm is--to first order--a constant which
depends only on the geometry of the PUE. Substitu-
ting the pulse amplitudes determined from the digi-
tized PUE signals into equation (1) we then obtain a
set of values of Y(n) which gives the measured po-
sition of the bunch as a function of turn.

* Work performed under the auspices of the U.S. Dept.
of Energy.
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Fig. 1. PUE and Electronics

ITII. Analysis of Position-vs-Turn Data

Analysis of the position-vs—-turn data given by
Eq. (1) requires the development of a theoretical

Thig eynrescsion

exnregsion for the bunch mnosition
the Lhis e¥pression

uuuuuuuuuuuuuuu bunch position.,
will be some function of the injection parameters of
interest; a least-squares fit of the expression to the
observed Y(n) will yield these parameters.

To develop the expression we consider the posi-
tion at the PUE of the ith proton in the bunch on the
nth turn around the machine:

Yi(n) = ny * Ay cos (Znnvi + ¢i) (2)

where n; is the position of the equilibrium orbit
(E.0.) about which the ith proton is undergoing beta-
tron oscillations, A; and ¢i are the amplitude and
phase of these oscilfations, and v, 1is the tune of the
ith proton. If we assume that A,, ¢.,, v.are uncor-
related then the average of Y,(n) over the bunch
(which is what is measured by the PUE) is

Y(n) =n+ A [ dvf(v) cos (2mnv + ¢) (3)

where n is the position of the E.0. about which the
bunch as a whole oscillates, A and ¢ are the ampli-
tude and the phase of these oscillations, and f(v) is
the tune distribution of the protons in the bunch.

We shall take f(v) to be the Gaussian distribution

2
£ =
o) vy 2n

exp {m20vv)¥/ ()% ()

of width Av and with center at v,+ Putting (4) into
(3) and doing the integration we find

Y(n) = n + A exp (- %~(wAvn)2} cos(2mv n + ¢). (5)

Thus the tune of the coherent oscillations of the
bunch about the E.O. position n is v_ and these os-
cillations are damped by an exponent?al term whose
strength depends on the tune spread Av.
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We must now take into account the fact that the
B~field of the AGS is ramping at injection, which
means that the E.O. will move in (radially) by an
amount &n and the tune will shift by an amount &v
during each turn of the bunch around the machine.
These shifts may be introduced into Eq. (5) by re-
placing v, with v, + a(8v/2) and n with n + ndn.

Thus the expression for the bunch position on the nth
turn becomes

Y(n) = n + nén
(8)
+ A ex {_1( 2 n5\)
p 5 (7hvn) } cosl[2n(vy + =3)un + ¢ .

For a given set of values of Y(n) obtained from
the PUE signals, the values of the seven parameters
~which appear in (6) are obtained from a Least-~Squares
fitting code which fits the function (6) to the ob—
served data. Figures 2 and 3 are typical plots of
data points Y(n) and the corresponding fitted curves
which show respectively the horizontal and vertical
positions of the bunch as functions of turm. The
parameters of the fitted curves and their statistical
uncertainties, are listed in Table 1. We note that
since the position-vs—turn data yields only the non-
integer part of the tune we must assume that the tune
is between 8.5 and 9.0 (which is normally the case
for the AGS) to obtain the tunes listed in the table.
We also note that the determination of the parameters
v _, Av, &v, and ¢ from the position-vs~turn data
requires that the amplitude of the oscillations of the
bunch about the E.0. be nonzero and in general as the
amplitude of the oscillations becomes smaller the

determination of these parameters becomes less precise.

20 T | l T

(MM}

POSITION
(@]
.

W

-20 | i 1 1
0 10 20 30 40

TURN

Fig. 2. Horizontal Position vs Turn

10 . :
_ st 1
=
s
rad —
& ° I
=
z {
o
a
-8 .
-10 | I L 1
) 10 20 . 30 40

TURN

Fig. 3. Vertical Position vs Turn

1889
TABLE 1. Fitted Parameters for Figures 2 and 3.

Horizontal Data Vertical Data

Parameter (Fig. 2) (Fig. 3)
Tune: v, 8.742(1) 8.917(1)
Tune spread: Av 0.0139(4) 0.0079(7)
Tune shift

per turn: 8v +0.00112(4) +0.00070(6)
Phase: o 0.251(5) x 2n 0.050(9) x 2w
Amplitude: A 10.7(2) mm 6.6(2) mm
E.0. position

at PUE: n ~0.,1(1) mm -0.3(2) um
Shift of E.O.

per turn: &n -0.111(6) mm ~0.005(8) mm

Note: The numbers shown in parentheses are the one-
standard-deviation errors in the last digit of
fitted parameter values.

IV. Position and Angle at the Foil

If the values of the AGS Twiss parameters at
the PUE are known then the fitted parameters allow
for a determination of not only the position but
also the angle of the bunch with respect to (wrt)
the E.0 on each pass through the PUE after being
injected into the machine. In particular the posi-
tion and angle (wrt the E.O.) on the first pass
through the PUE are

Y(PUE) = A cos ¢ i (7

Y'(PUE) = - (A/B) [a cos ¢ + sin ¢] (8)

where (7) is obtained by setting n=0 (first pass) in
equation (6) and @ and B are the values of the Twiss
parameters at the PUE. We are of course primarily
interested in the position, Y(foil), and the angle,
Y'(foil), (wrt the E.0.) at which the bunch is in-
jected into the machine at the foil. These are
given in terms of Y(PUE) and Y'(PUE) by

Y(foil) Y(PUE)
= M1 (9

Y' (foil), Y' (PUE)

where M is the transfer matrix from the foil to the
PUE.

To obtain M and the values of the Twiss para-
meters at the PUE, a computer code! »2 which models
the AGS and employs detailed maps of the midplane
fields of the AGS magnets is used. In general the
values of a, B, and M calculated by the code will
differ from those of the actual machine, depending
on how the machine is modeled, and the extent to
which they differ is reflected by systematic errors
in the values of Y(foil) and Y'(foil) obtained from
(9). By varying parameters of the model in the code
we are able to estimate that these errors are of
order 1.0 mm in Y(foil) and #0.l mrad in Y¥'(foil).

Since Y(foil) and Y'(foil) are the position and
angle wrt the E.O., the ability of our diagnostics
package (PIP) to measure their values can be tested
by varylng the position and angle of the E.O. at the
foil and noting the changes in values of Y(foil) and
Y'(foil) obtained from (9). A set of low-field
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correction dipoles located near the injection region
was used to vary the position and angle of the E.O.

at the foll and the resulting values of Y(foil) and

Y'(foil) are plotted in Figures 4 and 5.

Figure 4 shows that as the radial position of
the E.0. at the foil is incremented (while keeping
the angle of the E.0. fixed) Y(foil) decreases lin-
early with the increment and Y'(foil) remains con-—
stant. Similarly Fig. 5 shows that as the angle of
the E.0. at the foil is incremented (while keeping
the position of the E.O. fixed) Y'(foil) varies
linearly and Y(foil) remains constant. This demon-
strates that the values of Y(foil) and Y'(foil)
determined by PIP vary linearly and indepeundently as
the position and angle of the E.0 are variled inde-
pendently. In addition, the amount by which Y(foil)
changes was found to be equal (within the measurement
uncertainty) to the change in the E.0., position.
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V. Tune, Chromaticity, and Momentum Spread

Although the tune provided by PIP 1is not what
one would measure for high beam intensities where
wall currents and space-charge effects become impor-
tant, it is nevertheless a useful parameter for
characterizing the state of the machine at injec-
tion. The typical precision with which the tune can
be determined is as indicated in Table I. As a test
of the tune measurement the low—field quadruples in
the AGS ring, used for shifting the tune at in-
jection, were varied and the corresponding changes

in the measured tune were noted. A calculation of
the expected tune shifts was found to agree with the
measured changes.

The measured tune v may also be used along
with the fitted parameter §v {(which Is the tune-
shift per turn due to the ramping B-field at injec-—
tion) to obtain a value for the chromaticity at
injection. If AB is the change in the B-field per
turn and B, is the magnitude of the B-field at in-
jection then the chrowmaticity, £, 1s just

- dv/vo (10
ZB?BG *

Putting the values of Vo and 8v from Table I into
(10) and using the measured values of AB = ,0207 G
and B, = 250 G we then find that the horizontal ({y)
and vertical (£,,) chromaticities for the data plot-
ted in Figures ¥ and 3 are -1.5(1) and ~0.9(1) re-
spectively. As a check of the ability of PIP to
correctly determine the chromaticity, the current in
a series of 16 sextupoles was varied and the result-
ing changes in the measured chromaticity were com—
pared and found to agree with a calculation of the
expected shifts due to the sextupoles. Figure 6
shows the measured horizontal and vertical chroma-
ticities as functions of sextupole current.

The value of the chromaticity obtained from &v
and v_ can be used with the fitted parameter Av to
obtain an estimate of the momentum spread, AP, of
the injected beam in the AGS. Since Av is the
spread in the tunes of the protons in the bunch due
to the momentum spread, we have

AP/P = (&v/v )/E (11)

Putting the relevent numbers from Table I into (11)
we find AP/P = ,0010(1) which is consistent with
independent measurements of the momentum spread.
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Fig. 6. Chromaticity vs Sextupole Current
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