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Abstract

Beam emittance plays the crucial role in a Beam trans-
portation system. At a fixed-target beamline off the AGS
Booster Synchrotron, beam emittance is determined through
measuring the beam width via a segmented multi-wire ion
chamber (SWIC) and varying quadrupole strength. The
width of the beam signal (as Full Width Half Max) on the
SWIC passes through a minimum value and the resulting
dataset of FWHM per magnet current is used to fit a function.
Using this technique, new controls software has been de-
veloped to set up measurements, acquire data, and perform
analysis through a python-based scripts to calculate the emit-
tance along the NASA Space Radiation Laboratory (NSRL)
beamline. Initial results of the program are presented to for
various points along the beamline in a variety of conditions.

INTRODUCTION

Quadrupole magnets are used in particle accelerators to fo-
cus and transport particle beams [1, 2]. In circular machines,
quadrupoles are essential to control beam size and manipu-
late betatron oscillation, but in fixed target beamlines such
as the NASA Space Radiation Laboratory (NSRL), optics
control using quadrupole magnets is necessary to produce
a uniform beam distribution [3]. By systematically varying
the strength of one quad, while the others remain constant,
the resulting optics variation can be measured in order to
determine certain parameters of the beam at a given location.
In this instance, we focus on measuring the horizontal beam
emittance, €.

Beam emittance characterizes the size and shape of beam
particles in both position and momentum space. It is one of
the key parameters for overall performance of an accelerator
and defines the overall beam quality. The most used methods
for measuring the beam emittance are the quadrupole-scan
method and the SWIC scanner method [4, 5]. The ability to
manipulate in a controlled and measurable way the orienta-
tion and form of the phase ellipse with the quadrupoles gives
us the tool to experimentally determine the emittance of a
beam. The similar approach has been described for some
beamline [6]. In this paper, we present the details on the
quadrupole scan method and calculate the horizontal beam
emittance along with Courant-Snyder parameters along the
NSRL beamline.
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Description of the NSRL Beamline

As a pilot beamline to test this software, we are using the
NSRL fixed-target transfer line. This line, off of the AGS
Booster Synchrotron at Brookhaven National Laboratory,
consists of 9 quadrupoles (Q1-Q9), 11 dipoles (not shown
in Fig. 1), 2 octupoles (Octl, and Oct2), and 4 in-vacuum
SWIC ionization chambers (MW063, MW090, MW 158,
and MW188) as shown in Fig. 1. For the purposes of this
SWIC based quadrupole scan program, we can choose any
quadrupole along the transfer line and measure the beam
emittance and Courant-Snyder parameters on a SWIC down-
stream.
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Figure 1: Schematic drawing of the NSRL beamline showing
different magnet components and SWICs.

In this paper, we briefly describe the quadrupole scan
method to measure the transverse beam emittance in the
NSRL beam line with details in the experimental procedure.
Additionally, we describe a client-server software model to
facilitate the automation of emittance scans. An Accelerator
Device Objects (ADO) is developed and designed in Python
package that runs with logic to conduct emittance profile
monitoring.

QUAD SCAN METHOD

The technique is based on the expectation for a quadrupole
magnet field to change a physical beam area to a maximum
focusing point with respect to a beam profile monitor down-
stream on a beamline. By varying the current of a quadrupole
over a large range, we can observe the width of the signal on
the monitor narrow and widen as the focusing is scanned, as
shown in Fig. 2. As long as the positional accuracy of the
measurement is robust enough, the resultant dataset can be
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Figure 2: Sample of data gathered from the 158 SWIC during
a scan using Iron ions at 968 MeV/u. There are 32 wires per
axis evenly spaced over several centimeters. Intensity of the
signal of each wire is shown at different points of a scan.

used to reconstruct the optical parameters at a given loca-
tion [7]. The beam matrix deam at the SWIC location can
be calculated as XY = MZpeamoM’, where M = SQ is
the transfer matrix between the quadrupole and the SWIC.
S is the transfer matrix of the drift space d between the
quadrupole and the SWIC, and Q is the transfer matrix of
the quadrupole with quadrupole field strength K. In thin
lens approximation, we can write S and Q in 2X 2 matrix

form as
1 d 1 0
S:(o 1)’Q:(K 1)‘ M

Expanding the matrix product for 2X2 beam matrix ¥/, =

SO%y oS )T, and equating the corresponding elements
on both sides, the square of the horizontal beam size follow
as

i1 =(02) = (%) = (82,241, + 2811512510, +
S%zzzzo) + (2S11$122110 + 25%22120)1( + 5%22111(2,
2

which is quadratic in field strength K. To get the beam size,
we fit the parabola to Eq. (2) plotting beam size (x?) as a
function of K, as shown in Fig. 3. The above Eq. (2) can be
expressed in the following form:

Y1 =AK-B?+C

3
= AK?> - 2ABK + (C + AB)?

Equating the coefficients in Eq. (2) and Eq. (3), the coeffi-
cients can be expressed as

A=52%
~2AB = 2811512511 + 253,31, %)
C+ AB2 = S%IZH + 2511512212 + 5%2222.
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Solving the above Eq. (4) for A, B, and C, Courant-Snyder
(Courant-Snyder) parameters can be calculated as:

s _211_ A
T ¢ Nc
Z2 A S
=———=4/=|B+— 5
ax 6 C( SIZ) (5)

Sty (AB*+C) 2AB(S“) A(S”)Z]
= — +C)+ — | +A[—] |
I VAC Si2 S12

And the horizontal emittance of the beam is calculated as

VAC

€x = o (6)
12
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Figure 3: Beam size squared versus quadrupole strength plot
which provides emittance and Courant-Snyder parameters
at the magnet location.

Despite the relative simplicity of this technique, imple-
menting a high fidelity transverse beam emittance measure-
ment in practice can be challenging due to limitations as-
sociated with the measurement process [7, 8]. One such
limitation is due to the magnet power supplies. The current
of the magnet, and consequently the magnetic field strength,
is controlled through by a complex controls network. An
operator will change ADO parameters through controls soft-
ware which communicate this change to a front end computer
which manages the device power supply controller to set and
read current to the magnet. Power supply calibration and
current regulation of these systems can introduce uncertainty
and minor variance during the measurement. In order to
handle data collection and processing, we built python-based
software integrated with the accelerator controls system to
perform a quadrupole scan and provide the Courant-Snyder
parameters at a given location.

CONTROLS PROGRAM FUNCTIONALITY
AND OPERATION

ADO Development

Based on above mentioned quadrupole scanning method
and calculation, a client-server software model was estab-
lished to facilitate the automation of emittance scans. The
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Collider-Accelerator Department utilizes a proprietary com-
munications protocol, called Accelerator Device Objects
(ADO), within its controls system. An ADO-compliant
server was designed in Python to encapsulate the business
logic associated with emittance profile monitoring. The
server receives inputs such as starting and ending magnet
current, current step size, and a chosen multiwire and magnet
combination. Likewise, the server serves readbacks provid-
ing states associated with a scan — such as the multiwire
data, magnet readback current, and a percentage-complete
indicator for the current scan. The server also provides an
action to be taken which initiates a scan once all applicable
inputs have been defined.

Complementary to the server providing business logic of
the emittance scan, a graphical user interface application
provides an easy way to interact with the server. This appli-
cation was also developed in Python and utilizes the PyQt5
framework for the interface. The application mirrors the
inputs and outputs of the server, providing the user widgets
with which to interact. Likewise, it receives the collected
multiwire data and performs processing to calculate emit-
tance values for a given scan. It also provides plot views to
display collected data in an easy-to-read manner as shown
in Fig. 4.
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Figure 4: GUI displaying emittance profile monitor with
emittance value, quadrupole magnet and the range of
quadrupole current used during the scan.

Initializing a Scan

The scanning sequence begins after an operator defines
which magnet will be varied and which SWIC will be read
out. By default, the SWIC immediately downstream of the
magnet is selected. The user also sets the initial and final
magnet current set-points and current step size. The program
reads an ADO value of the wire-output-per-spill data array
along with the corresponding signal to noise ratio from each
wire of the system [9]. Upon initialization of a scan, the
server sends the starting setpoint and waits for data collection.
After the server has received three acceptable multi-wire
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datasets at a given setpoint, the accumulated data is written
to the filesystem as a Numpy-compatible array. This process
is completed across the breadth of specified current.

Bad Spill Rejection

Due to the autonomous nature of the program, it is pos-
sible that spills of uncharacteristic low intensity will occur
and, without identification, could decrease the fidelity of the
measurement. Since only 3 spills of beam are taken at each
setpoint, if one of the three sets is non-representative data, it
could have significant impact on the calculated parameters.
These incidents must be identified and subsequently rejected
from progressing the scan sequence. To this end, we monitor
the signal to noise ratio in the readout software to use as a
veto. The rejection threshold is a modifiable parameter.

BEAMLINE MEASUREMENT RESULTS

The measured emittance values for various ions at dif-
ferent energy (energy per nucleon, MeV/u) and the corre-
sponding Courant-Snyder parameters are presented in Ta-
ble 1. Emittance (&) is measured in mm-mrad and Sy is
measured in m. The relationship between Courant-Snyder
parameters Sy, @y, and y, holds true, i.e. Byyx — 0/)2( =1

Table 1: Emittance and Courant-Snyder Parameters Mea-
sured from Scan

Ion Energy Quad. SWIC &, Bxs ax

Nb 420 Q3 MWI58 6.82 502.02,53.67

Fe 968 Q3 MWI58 538 186.30,24.43

H 1000 Q2 MWO090 3.52 151.68,29.11
FUTURE WORK

Future work will focus on improving the ADO manager,
which will incorporate corrections from dispersion affecting
beam size during the scan. Additionally, we will expand our
existing ADO manager to measure vertical beam emittance
values, propagate measurement uncertainty to the calculated
value, and autonomous decrease in current step size for better
sampling at the beam width inflection point.

CONCLUSION

We developed and tested an automated quadrupole scan
tool for measuring the horizontal beam emittance and
Courant-Snyder parameters at various locations along the
beamline in the NASA Space Radiation Laboratory. Initial
scan results demonstrate promising values for horizontal
beam emittance. This development has reduced the time
required for a single quad-scan from an hour to just a few
minutes.
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