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1.  Introduction

One of the most complex questions in modern physics is how to unify Classical Mechanics with
Quantum Mechanics to create a Grand Unified Theory. Physicists understand that classical physics breaks
down at the quantum scale, while quantum mechanics becomes negligible past a certain scale. Our
experiment aims to investigate this realm between classical and quantum mechanics by observing a
uniquely quantum effect in a semi-classical process. We will generate Parametric X-ray Radiation (PXR)
with both electrons and positrons to identify a quantum signature by the differing intensities of produced
PXR due to two-photon exchange during the scattering process.

1.  Why We Want to Go

Many of our team members wish to pursue a career in the STEM field, and so far, the only
experience we have had in the scientific field are either school labs or small personal projects. By being
able to come to DESY, we would be able to learn from top scientists and see first-hand how experiments
of international caliber are conducted. Furthermore, we would be able to realize our experiment without
parameters such as resources and funding and maybe even make a small impact on the scientific
community.

1I1.  Experiment

Theory

Parametric X-Ray Radiation is generated when a relativistic particle traverses the periodic
potential of a crystal. During the scattering process, virtual photons that surround the incident particle
undergo Bragg Diffraction and transfer part of the particle’s momentum to the surrounding atoms. As a
result of the momentum transfer, the atoms in the crystalline medium recoil and release energy in the form
of enhanced photons due to coherence in the X-ray range (Figure 1).
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Figure 1. Parametric X-ray Radiation

Note: While conventional methods of PXR generation have used electron beams in the MeV range, the 1-6 GeV
Beam at DESY will be suitable for our experiment, as the generation process depends on the spectrum of virtual
photons and not of the electrons; as long as the electron beam is near relativistic, the spectrum of virtual photons will
be suitable for PXR.

Though PXR is defined as a semi-classical process, we theorize that it can also exhibit a quantum effect
through differing intensities of PXR generated by electrons versus those generated by positrons.
According to the classical theory of force interactions, the two intensities would be the same, as both
electrons and positrons would interact via the same force when scattering. On the other hand, the quantum
interpretation of the exchangement of virtual particles would predict the intensities to be different, as
electrons and positrons would differ during scattering due to two-photon exchange.' (Figures 2 & 3).
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Figure 2. Box Two-Photon Exchange

' During the inelastic scattering of a charged particle beam, there is a possibility of the incident particle exchanging
two virtual photons with the target. There is also the possibility of more than two photons being exchanged, but the
scattering probability becomes so small that it is negligible in our experiment.
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Figure 3. Cross Two-Photon Exchange

The intensity difference of the PXR due to two-photon exchange results from different cross sections. The
differing cross sections arises from the number of powers of the coupling constants in the electric
potential, which can be seen using Coulomb's Law? (1):

F=— (1)

In the case of a positron (+) scattering from a nucleus (+), the sign of F is positive, while in the case of an
electron (-) scattering from a nucleus (+), the sign is negative.

This distinction does not make a difference in single-photon exchange, as the negative will be squared
away when calculating the cross-section:

. 2 . .
Cross-section = | F|" *kinematic factors

However, if two photons are being exchanged, another power of F is needed:

2
. 2 . .
Cross section=| F+ y * F'| *kinematic factors

Where y is a set of constants depending on the angle of scattering and incident particle energy.

In this case, there is a difference between positrons and electrons. The signs of the first term (F) and the
second term (F?) will be negative and positive respectively for electrons (thus subtracting from each other
and decreasing the cross-section), while the signs of the terms will both be positive for positrons (thus
adding to each other and increasing the cross-section), resulting in differing cross-sections for electrons
and positrons.

2 Where q, is defined as the charge of the electron/positron, q, is defined as the charge of the protons in the crystal,
and r is the distance between the two charges, and k is the Coulomb Constant(1/4se,)



Calculations

In order to calculate the optimal Bragg Angle, we have set the wavelength as 1 nm, the lattice distance as
0.357 nanometers, and the order of reflection as 1. Using the Bragg Equation’ (2), we have calculated the
Bragg Angle to be 23 degrees:

nA = 2d * sinGB (2)

To determine the type of scintillator required to count the PXR beam rate, we have calculated using (3)*
the energy peak to be 12 KeV. We have selected a Sodium lodide Scintillator (of which we will bring
ourselves), as it has excellent resolutions detecting soft and hard X-rays.

_ T

h(x)n[kG’V] = 1.974 T[A]silTeBn (3)
. do .

In order to compare the cross sections (W) between the electron and positron beam, we seek to measure

2 components:

1. The PXR beam rate (%) in particles per steradian per second

2. The Initial beam flux (¢) in particles per cm”2 per second

dN
_ . do a0
We can calculate the cross-section by using 70 = p

As a reference of comparison during the experiment, we have graphed the theoretical angular distribution
of PXR intensity using the first approximation of the perturbation theory’:
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3 Where n is the order of reflection, lamba is the wavelength of the PXR, d is the lattice distance, and theta is the
Bragg Angle

* Where d[A] is the interplanar distance in Angstroms, o is the angular frequency, and n is the order of reflection.

® dN is the discrete amount of energy emitted at the solid angle d©. n is the amount of particles having charge e,
mass is m, and total energy is E, . The thickness of the crystalline medium, L. y = E, / mc’ is the Lorentz factor, the
velocity ¥V = | V], g is the reciprocal lattice vector of the crystalline medium, and Q L and g L are perpendicular
components to V. x, (w) is the refers to the variable part of the dielectric susceptibility Fourier component. Q is the
unit vector in the direction of the PXR emission, o is the angular frequency, and g is the reciprocal lattice vector of
the crystalline medium.
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Figure 4. Angular Distribution of PXR Intensity
Experimental Setup
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Figure 5(a). Electron Schematic
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Figure 5(b). Positron Schematic

*The Diamond will be placed on a motorized stand to adjust the Bragg Condition

Procedure

1) The beamline is collimated to select for particles (electrons first and then positrons) with a
momentum of 2 GeV/c. We will conduct trials with only electrons and then only positrons.
2) The particle beam passes through the particle counters (scintillators), which will determine the
initial beam rate.
a) There are two scintillators for coincidence counting to ensure that only
electrons/positrons are being counted.
3) The beam then traverses the diamond radiator crystal to generate PXR.
a) If the PXR does not occur or is too weak, the stand will be adjusted closer to the Bragg
Angle.
4) A scintillator placed at double the Bragg Angle from the initial beam (see above diagrams) will
count the particle rate of the PXR.

1V.  What We Hope to Take Away

Aside from expanding our knowledge about particle physics as a whole, we hope to learn the way of
thinking and experimenting that physicists at DESY/CERN use on a daily basis. We hope to better
understand how physicists go about tackling the mysteries of the universe, as well as how they deal with
and solve obstacles along the way. Furthermore, since many of our classmates have not yet taken physics,
we wish to be able to share this opportunity with them, in hopes of kindling the same passion for physics
that we believe the world should share.
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