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Abstract

In this summer student report, I discuss the implementation of a tagged photon
beam in the DESY II test beam facility. A simulation of test beam area 21 which is
equipped with a dipole magnet was developed. The simulation studies provided the
guidelines for test beam measurements over a week in August 2018. A 3 mm thick
copper target was installed before the dipole magnet to facilitate the production
of bremstrahlung photons. A measurement of the incident electrons before and
after photon production provided an indirect measurement of the photon energies.
A lead-glass Cherenkov detector was used to measure the energies of the photons
directly. The rate of production of different photon energies is also reported.
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1 Introduction

1.1 DESY Il Test Beam

DESY II is an electron-synchrotron that serves mainly as a pre-accelerator for electrons
injected into PETRA III, a radiation source at DESY[1]. The synchrotron also provides
a source of electrons for three independent test beam lines. The test beams are used by
research groups for prototyping, validation, and calibration of detection devices. The
test beams are generated from a carbon fiber target in the DESY II ring. At this
carbon fiber, bremsstrahlung photons are generated which travel to a converter plate
that creates electron positron pairs with momenta in the range of 1-6 GeV/c. These
particles pass through a variable magnetic field and finally a lead collimator that allows
particles of a specific momentum through to the test beam area.
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Figure 1: DESY II test beam generation

1.2 Photon Tagging

In the photon tagging system, electrons collide with a converter target of some material.
Photons are created in the bremsstrahlung process. After the interaction, the photons
and electrons continue together in the same direction down the beamline. A magnetic
field is placed within the path of the particles. The deflection angle of the electron can
be calculated, and is discussed in section 2.2. The photon will not be deflected, and will
continue in the path of the beamline. Determining the energy of the photon directly
would be a destructive process. Instead, a measurement of the energy of the electron
before and after the photon is generated allows us to calculate indirectly the energy
of the photon. This provides a method for test beam users to select a desired photon
energy based on a well defined electron energy.



In this experiment, the indirect energy of a photon is confirmed by absorbing the photon
completely using a lead-glass Cherenkov detector and triggering on electrons that are
deflected to a know position given a magnetic field. The discussion of the determination
of the deflection position by simulation is discussed in section 3.1. The experimental
setup in the test beam area is discussed in sections 3.2 and 3.3

1.3 Motivation

A photon tagged beam is useful for the characterization of electromagnetic calorimeters.
For instance, the sensitivity of physics searches at the LHC for decay modes involving
photons are greatly affected by the energy resolution of the measurement. DESY Test
Beam users have requested the addition of a photon tagged beam. This would facilitate
the calibration of detectors, the validation of simulations describing electromagnetic
interactions and particle shower characteristics, and the shower separation characteristics
of future calorimeters|7][8].

2 Theory

2.1 Bremsstrahlung

In the Bremsstrahlung process, an electron interacts with a nucleus of the atoms making
up a material. The electron is decelerated, and a photon is created in the exchange. The
electron continues through the material, generating bremsstrahlung photons until it exits
the material. Photons created from incident electrons in the GeV range will continue to
travel in the the same direction of the electrons, the angular distribution of the photons
being less than 1 mr from the beam direction [9)].

The bremsstrahlung spectrum has an energy dependence of 1/E, with the majority of
photons created being on the low energy end of the spectrum[2]. An approximation of
the number of photons created within an energy range of k,,;, and k., given a thin
target is
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Section 4.1 presents the results of the Bremsstrahlung spectrum measured in the exper-
iment.

2.2 Magnetic Force on an Electric Charge

Charged particles traveling in a perpendicular path through a homogeneous magnetic
field will undergo circular motion. The Lorentz force given by the magnetic field is

F=quxB (2)



The magnitude of the Lorentz force is equal to the centripetal force experienced by the
particle

2

quB = R (3)

The radius of curvature of the path of the particle can then be found by

muv

R:(JTB (4)
R= % (5)

Figure 2 depicts the path of the particle. R is the radius of curvature of the circular
path which is proportional to the momentum of the particle. The deflection distance, d,
depends on the distance from the magnetic field at which it is measured, and the angle
at which the particle exits the magnetic field.
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Figure 2: Motion of a charged particle in a homogeneous magnetic field

3 Method

For this experiment, a simulation of the test beam conditions was first performed. The
information from the simulation guided the set up of the test beam 21 at DESY, as the
area is equipped with a dipole magnet. The following sections discuss the experimental
set up, calibration, and measurements taken.



3.1 Simulation

The test beam conditions were first simulated using SLIC (Simulation for the Interna-
tional Linear Collider) [3], a software framework based on Geant4. The beam is defined
using a General Particle Source (GPS) defined to be 2cm x 2cm with a momentum
spread of 6.173 MeV. The deflection positions are simulated by placing a dipole with
constant magnetic field of 0.18 T inside of a box of 100 cm x 200 cm x 110 cm. To simu-
late the bremsstrahlung process, a 3 mm thick copper target is defined and placed 45 cm
from the particle source, 10 cm from the beginning of the magnetic field and 65 cm from
the center of the dipole. The magnetic field extends forwards and backwards 55cm
from the center of the dipole. The simulation geometry matches the later test beam
measurements and is based on a simulation of the DESY II test beam facility[5]. The
properties of the magnetic field match measurements of the test beam dipole magnet
made previously [4]

Endpoint Energy Map XY

Photons (1--5 GeV)
Electrons 5 GeV
Electrons 3.4 GeV

Electrons 2.4 GeV
Electrons 1.4 GeV

50

100
TTT[TTTT[TTITT[1

Y Position [mm]

TTTTTT

PR S TN T NN TN T TN WA N Y T T AN ST ST SN TN NN N ST SN [N ST SO T A R T T S |

0 50 100 150 200 250

X Position [mm]

Figure 3: Endpoints of particles based on type and momentum from simulation

Figure 3 depicts the simulated bremsstrahlung process, with generated photons dis-
tributed around the ’0’ position—-the beamline. The deflected electrons are shown de-
flected to the right of the photons. The different colors correspond to the electron
momentum at the end of the bremsstrahlung process

3.2 Electron Calibration

The calibration measurements with electrons were done without the converter target.
For pulse height calibration, a chosen momentum electron beam travels straight to the
pair of scintillators and the lead-glass detector without a magnetic field.
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Figure 4: Schematic of measurement setup for deflection position. Electrons travel di-
rectly through a magnetic field and to a pair of scintillators.

The measurement of deflection position is done with a magnetic field applied. The
scintillator pair is moved to a given position and a set of count rate measurements are
performed at each position. The schematic for deflection position is in Figure 4.
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Figure 5: Screenshot from Techtronix MSO500 oscilloscope. The yellow pulse is the
signal from the lead-glass detector. The vertical histogram records the pulse
minimum value over a period of time

3.2.1 Pulse Height

The measurement devices were calibrated first using an electron beam with a known
momentum. The calibration of the lead-glass detector provided a correlation between
pulse height and incident particle momentum. The signal from the lead-glass detector is
sent directly to a Tektronix MSO0500 oscilloscope. For each momentum measurement,
the minimum voltage measured is recorded for 2000-4000 events. The oscilloscope au-
tomatically creates a histogram of these values. An example histogram can be seen in
Figure 5.



The lead-glass pulse is depicted in yellow. The blue signal is the coincidence signal be-
tween the lead glass and both of the scintillators. A distribution of these pulse minimums
corresponding to the incident momentum can be seen in Figure 6.
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Figure 6: Distribution in Volts of pulse height measured with lead-glass detector.

3.2.2 Deflection Position

The horizontal deflection positions for electrons traveling through the magnetic field
were measured with different momentum beams and a fixed magnetic field of 0.18T.
Several measurements were taken in 3mm steps around the position predicted by the
simulation software. At each of these positions, a count of the number of coincidence
signals between the horizontal and vertical scintillators in a duration of 10 seconds was
taken. An average of each of the measurements is taken, and the position with the
highest count rate is taken to be the central deflection position. A plot of the beam
momentum versus deflection position is seen in Figure 7.
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Figure 7: Deflection in horizontal plane of electrons of varying momenta

The deflection positions are used to trigger a photon momentum measurement, based on
the momentum of the deflected electron. A table of the electron momentum, triggering
position, and corresponding photon momentum is found in Table 1.

Trigger Position [mm] Electron Momentum [GeV /c] Photon Momentum [GeV/c]

18.3 £ 0.1 1.4 3.6
12.8 £ 0.3 2.0 3.0
10.8 £ 0.1 2.4 2.6
8.8 £0.2 3.0 2.0
7.8 £ 0.1 3.4 1.6
6.6 £ 0.2 4.0 1.0
6.0 £ 0.1 4.4 0.6

Table 1: Table of the triggering position corresponding to an electron momentum and
photon momentum.

3.3 Photon Measurements

The photon measurements were done with the converter target installed in the test beam
area. The 3 mm thick copper target was placed 30 cm from the test beam collimator and
65 cm from the center of the dipole magnet. The copper target can be seen in Figure 8.
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Figure 8: 3mm copper target installed before the magnet. On the left is view towards
lead collimator. On the right is view towards magnet

3.3.1 Photon Energies

Photon pulse heights were recorded first by triggering on all incident particles in the lead-
glass detector. This provides the spectrum of all photons created in the bremsstrahlung
process. The measurement schematic is shown in Figure 9.
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Figure 9: Schematic of measurement setup for photon energy measurements. The mea-
surement in the lead-glass detector is triggered upon a coincidence with the 2
scintillators

The distribution of photon pulse heights were then measured by triggering a lead-glass
measurement on a coincidence between the two scintillators placed at the corresponding
deflection position.

3.3.2 Photon Rates

The rate of photons detected by the lead-glass is measured by sending the lead-glass
output to a discriminator with a threshold of 800 mV. The minimum momentum photon
to be measured was 1 GeV, as lower momentum photons are created in a multitude
of processes, for instance synchrotron radiation from electrons bending in the magnetic
field. From the simulation, photons of momenta less than 1 GeV were distributed evenly
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across a large horizontal and vertical space, while photons greater than 1 GeV were well
contained within the lead-glass detector area.

From the electron calibration measurements, the pulse height for a 1 GeV particle cor-
responded to 1.18 £ 0.18V. The 800 mV threshold was chosen as 2-sigma away from
this mean pulse height value. The scintillator signals were each discriminated with a
threshold of 40 mV. The three discriminated signals were sent to a coincidence signal.
The coincidence output was sent to a counter with a 10 second enabled gate. The 3-
coincidence rate was measured several times for each expected photon momentum, and
the average of the measurements was taken to be the rate. The standard deviation of
the measurements is the given error.

4 Results

4.1 Photon Energies

The results of triggering only on the lead-glass detector can be seen in Figure 10. This
corresponds to the bremsstrahlung spectrum. The spectrum has a 1/E dependence as
expected from Equation 1 in section 2.1. More lower momentum photons are created, and
there is a maximum to the spectrum as a consequence of the conservation of momentum
as the created photon cannot have a larger momentum than the incident particle that
created it.

10% 3
1 |[full photon spectrum
total counts = 22834.0

—
[=]
(]
il

counts [#]
[
o
[(¥]
A

=
o
r
al

10°

L) T L) T

0 2 4 6 8
pulse height [V]

Figure 10: Bremsstrahlung spectrum measured from 5 GeV/c electron beam incident on
a 3mm copper target

Triggering on a specific momentum deflected electron provides a slice from this spectrum
of the corresponding photon momentum. Figures 11,12 display the distributions of the
photon measurements.
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Figure 11: Pulse height distributions of photons in yellow,

electron calibration in blue.
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Figure 12: Pulse height distributions of photons in yellow, electron calibration in blue.

4.2 Photon Rates

The rates measured for the given photon momenta can be seen in Figure 13. Higher
momentum photons (3.6 GeV/c) have a production rate of less than 10 per second, while
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more lower momentum photons are created, with a rate of 330 per second for 1.4 GeV /c
photons.
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Figure 13: Production rates of photon momenta between 1.4 — 3.6 GeV/c

The scintillator area is 1 c¢m in the x plane and 2 cm in the y plane. Because of this, we
are triggering on a subset of the electrons with a given momentum. The distribution in
the x plane of low momentum electrons is very wide because of a more prominent effect
from multiple scattering. This is widening effect can be seen in the plot of the simulation
in Figure 3. The given production rate is then higher than that reported here. This
explains in part the loss of rate for higher momentum particles seen in Figure 13. There
also is a total maximum rate set by the rate of the incoming 5 GeV/c electron beam.
The rates of the emission of photons at various momenta are then constituent parts of
the total maximum rate.

5 Summary and Outlook

A photon tagging experiment has been performed at the DESY 11 test beam facility. The
experiment has provided a proof of concept for resolving photon energies between 1-3.6
GeV using a lead-glass Cherenkov detector. The rates of the production of differing
photon energies for this setup is on the order of 10-100 Hz.

From this information, test beam users will be able to produce a desired photon by
installing a variable converter target, choosing a given distance z along the beamline,
completing a calibration run with the corresponding deflection positions, and taking
measurements with expected rates.

A further study should be done to investigate increasing the measured rates by triggering
on electrons with wide horizontal distributions which escape the triggering window.

13



Acknowledgements

I would first like to thank my supervisor, Jan Dreyling-Eschweiler, for an excellent
project and for his gracious and thoughtful approach to all challenges, technical and
personal.

Thank you to Test Beam Coordinator Marcel Stanitzki for many stimulating conver-
sations about physics, test beam operations, and graduate school.

Thank you to Jan-Hendrik Arling and Stepan Zakharov for help with test beam shifts.
Thank you to Tom Daubney for help with many software troubles.

Thank you to the ATLAS group, especially Ingrid-Maria Gregor and Claire David, for
making an effort to include Summer students in barbecues, picnics, and salsa lessons.

Finally, thank you to the Summer student organizers for a fun and fulfilling program.
A more perfect Hamburg experience could not be possible.

14



References

1]

2]

3]
[4]

[5]
[6]

[7]

Description of the DESY Test Beam Attributes. Map of the DESY-II tunnel and
the test beam lines. http://particle-physics.desy.de/e252106/

K.A. Olive et al. (Particle Data Group), Review of Particle Physics, volume
zz. 2017 doi: URL: http://pdg.lbl.gov/2017/reviews/rpp2017-rev-passage-particles-
matter.pdf

Simulator for the Linear Collider (SLIC) http://www.lcsim.org/software/slic/
P. Schiitz (2013), Energy calibration of the DESY test beam in beamline 21
A. Schiitz (2015), Simulation of Particle Fluxes at the DESY-II Test Beam Facility

CMS (2015), Performance of photon reconstruction and identification with the CMS
detector in proton-proton collisions at \/s = 8 TeV

F. Simon (2017), CALICE Test Beam Actiwities & Plans, DESY Test Beam Work-
shop, October 2017.

J.-H. Arling et al. Summary and Conclusions of the First DESY Test Beam User
Workshop arXiv:1802.00412 [physics.ins-det]

D.I. Sober et al., The bremsstrahlung tagged photon beam in Hall B at JLab, Nuclear
Instruments and Mathods in Physics Research Section A: Accelerators, Spectrome-
ters, Detectors and Associated Equipment, volume 440, issue 2, 1 February 2000

15



