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Abstract

In this experiment, the objective was to use ESR to determine the minimum number of quantum

entanglements that occur in a free-radical system. This was done by creating a saw-tooth shaped

magnetic field generator that sweeps through a sample with a strong ESR spectrum. This sample

can produce a spectrum based on the interaction between the electromagnetic radiation and the

sample’s varying magnetic dipole movement. This spectrum is used to study the state changes of

the specific sample used when irradiated with UV light. This sample can then be monitored with

a photo-multiplier tube to measure the number of quantum entanglements that can be analyzed

against the state changes. Although time constraints did not allow for us to complete the data

collection or analysis part of the experiment, we were able to build the components required,

create some theoretical data models, and create the arduino code to run the components we built.

1. Introduction

Magnetic fields can be used to observe magnetic moments generated from a free electron’s spin

and its Fermi contact interactions with nuclei. This process is called electron spin resonance (ESR), and

can be used to acquire information about the composition and properties of different substances. ESR

has broad applications, specifically in the field of identifying and analyzing the properties of advanced

materials. Measuring the ESR spectra of less-studied substances is valuable to provide reference data

for further scientific endeavours and to create a deeper understanding of the material being studied.

Furthermore, better understanding the constraints and processes of ESR techniques is essential to their

refinement, which will lead to more accurate data and a wider scope of ESR applications.

In this experiment, the objective was to use the ESR apparatus to determine theminimum number

of quantum entanglements that occur in a free-radical system. The relation of the ESR spectrum and the

number of entanglements could be studied in data analysis based on the sample’s state changes. The

completion of this experiment would further prove the science behind quantum entanglement to the

authors as well as create an inexpensive apparatus to measure important physical phenomenons at the

molecular level.

2. Theory and Predictions

2.1 Chemical Dynamics

The chemicals used in the experiment are pyrene (Py) and N,N-dimethylaniline (DMA), these

molecules result in a series of possible reactions. The reactants when exposed to UV band light, will exist

in a superposition between two spin states, a singlet (S) and triplet (T) state. This is themagneto-sensitive
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part of the reaction, wherein a magnetic field applied to the solution would change the frequency of

conversion between the two states. The singlet and triplet states can then become either a radical pair

Py – and DMA + or an exiplex {Pyδ– DMAδ+}, which fluoresces to become the original reactants Py + DMA.

The S state can degenerate into either a pair of free radicals or the exciplex, whereas the T state can only

degenerate into a pair of free radicals [1].

2.2 Electron Spin Resonance

ESR is accomplished by applying a magnetic field and electromagnetic wave source targeted at a

sample solution. Applying the magnetic field perturbs the electrons allowing for their spin alignments

to the field to be tested. Since electrons can have two allowed spins (±1/2) within an atom one of these

spins will be aligned to the field and as such, we canmeasure the number of spectral lines that result due

to the interaction between the spin and magnetic field when they go from an unaligned to an aligned

spin [2]. These spectral lines have the form of a first order derivative of a Gaussian distribution as shown

in [2]:

f(x) = −A(x− µ)e−
1
2

(x−µ)2

σ2 (1)

WhereA is the intensity of the line, µ is the mean value of the line and σ is the standard deviation of the

line. In the case of a bound electron the electron spin will interact with some of the nuclei spins. The

resulting effect is that the number of spectral lines with depend on the interactions with the magnetic

field and like-nuclei sets which are configurations of nuclei such that their effect can be combined. This

results in hyperfine splitting which are additional spectral lines with even spacing away from the electron

spectrum [3].

This Hamiltonian for these interactions from [4] is given as:

Ĥ = Ŝi(âikÎik − γeBi) (2)

Where the magnetic field is being summed over the 3 spatial dimensions in i, γe = gqe/2me and g is

the Legendre g-factor for the electron which is g ≈ 2, qe is the electron charge, me is the mass of the

electron. Ŝ is the spin state. âjk is the hyperfine interaction tensor, and Îjk is the nuclear spin tensor. The

Hamiltonian can be used be to find the energy eigenstates of the electron spin system [4]. The nuclear

spin tensor is the collection of the effective spins of the equivalent nuclei. The hyperfine interaction

tensor is the collection of the hyperfine splitting constants of due to the interactions of the equivalent

nuclei with the electron [3].

2.3 Molecular Structure

The chemical structures determine the number of interaction between the spin states. The nuclei

which have the same effect on the electron can be combined into groups of equivalent nuclei which

are determined based on the symmetry of the chemical structures [5]. The chemical structures used

in the experiment are shown in Figure.1, where the equivalent nuclei are shown. Pyrene has two

sets of 4 equivalent hydrogen and 1 set of two equivalent hydrogen which have hyperfine coupling

constants of 0.481, 0.212, 0.103 mT, respectively. DMA has 6 equivalent hydrogen, 1 nitrogen and 1

additional hydrogenwhich act on the electron, there hyperfine coupling constants are 1.180, 1.100, 0.520

mT respectively [5].
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Figure 1: The chemical structures of the chemicals Pyrene and DMA constructed using MolView, and the

equivalent nuclei are shown. The white spheres represent hydrogen (H), the grey are carbon (C) and the

blue are nitrogen (N). The coloured circles indicate the equivalent grouping.

2.4 Simulated Spectrum

The ESR spectrum structure can be predicted using the hyperfine coupling constants the sets of

equivalent nuclei and their effective spins. The number of spectral lines is given by:

n =
∏
i=1

(2Mi + 1) (3)

Where Mi is the maximum value of the set of M ′
i = −NiIi,NiIi + 1, ..., NiIi − 1, NiIi and Ii is the

nuclear spin for the equivalent nuclei andNi is the number of equivalent nuclei [3]. The spin for hydrogen

is I = 1/2 and for nitrogen I = 1. The number of spectral lines for Pyrene is 75, and DMA is 42. The

spacing between these lines is give by:

Bk = B0 +
∑
i=1

aiMi (4)

ai are the hyperfine coupling and B0 = hν
gµB

is the mean value of the spectrum. h is the plank constant,

ν is the Lamour frequency and µB = qeh̄
2me

is the bohr magnetron where me is the electron mass and qe
is the electron charge [3]. Since the experiment uses a 42 MHz Robinson Oscillator the simulation was

constructed using that as the Lamour frequency ν. The amplitude of the spectral lines is given by the

pascal triangle [3]. Figure.2 simulates both the pyrene and DMA spectrum’s. (c) is the combination of

both spectrums as the solution consists of both pyrene and DMA.
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Figure 2: Simulated ESR spectrum’s for the free radical chemicals at 42MHz at an arbitrary intensity with a

standard deviation σ = 0.025mT. (a): Pyrene radical ESR spectrum with the expected quintet quintet

triplet hyperfine structure. (b): DMA radical ESR spectrum with septet triplet doublet hyperfine structure.

(c): The expected ESR spectrum due to the presence of both Pyrene and DMA in the solution.

2.5 Quantum Entanglement

The transition from a singlet state to the exciplex can be used to determine the concurrence of the

system. We can describe the singlet state as

|S >= 1/
√
2(| ↑↓> +| ↓↑>) (5)

For the basis (| ↑↑> | ↑↓>, | ↓↑>, | ↓↓>) [4]. The density operator that describes the system from [5] is

ρ(t) =


a 0 0 0

0 b c 0

0 c b 0

0 0 0 d

 (6)
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Which has eigenvalues λ = a, b ± c, d. Using the eigenvalues we can measure the fluorescence activity

of the excimer. The intensity of the fluoresce is determined by the singlet fraction which will have an

intensity from [4]:

I = k < S|ρ(t)|S >= k(b− c) (7)

Where k is a constant of proportionality. Additionally, we can constrain the eigenvalue parameters to be

combinations of 3 functions α, β, n from [5]:
a

b

c

d

 =


α(1− β)

(αβ + (1− α)(1− β))/2

−n2/2

β(1− α)

 (8)

Where we define α, β and n [5] as α

β

n

 =

(1− s)e−2γt + s

se−2γt + (1− s)

e−γt

 (9)

and where s and γ can be described by

s =
N

2N + 1
, γ = −2guBBk0(2N + 1) (10)

Where T is the temperature of the system, k0 is a coupling constant and kB is Boltzmann’s constant.

N = (exp(
2h̄guBB

kBT
)− 1)−1

is the Bosonic distribution function [5].Then the entire system is bound by two variables. Using the

following values the concurrence of entanglement can be found.

2(b− c) + 1 ≤ C(ρ) ≤ λ1 − λ3 − 2
√

λ2λ4 (11)

Where λi are the eigenvalues for ρ, λ1 > λ2 > λ3 > λ4 and C(ρ) is the concurrence [6].

3. Apparatus

All of our circuits were built on and powered by protoboards with built in power sources except

for the lock in amplifier which was fully contained. Due to shipping issues and time restraints, some ideal

parts of our apparatus had to be substituted for other parts. Additionally wewould havewanted to solder

the robinson oscillator apparatus if we had more time.

3.1 Microcontroller and Mixer

The brain of the experimental apparatus was both an Arduino Mega and an Uno. The Arduino

UNO was responsible for creating a sweeping voltage signal that controlled the Helmholtz coil, an AC

modulation signal that is used as a reference for the lock in detector, as well as reading and writing

incoming data to a .csv file.

Because the arduino can only read an analog signal and not write one, some additional measures

were needed to produce a voltage sweep that can be controlled. An R-2R resistor ladder with a resolution
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of 11 bits was made as a digital to analog converter (DAC) for the arduino to output a binary value and

for the ladder to sum up the values into a sawtooth wave. The code used to run the arduino for this

binary output is written out in the appendix. The choice of 11 bits was made to fine tune the voltage

steps enough to get great data but without going overboard. With this setup, we were able to produce

a sweep from 0 to 3V with steps of 1.46 mV over roughly 30 seconds. This produced a very clean sweep,

as there were 2047 steps in the sawtooth wave generated.

Figure 3: This is the circuit to create the 11 bit resistor ladder. This diagram was created using

https://www.circuit-diagram.org/.

The modulation signal is a 1khz sinusoidal wave. This signal is dual purposed. It will be reduced by

a 10k Ohms resistor and then mixed with the sweep signal for the Helmholtz coil, and it will also have its

DC component removed and sent as something called a sync signal to the Robinson oscillator. To do this

mixing and cleaning a series of resistors and capacitors were used as pictured in figure 4.

Figure 4: This is the mixer circuit diagram showing all the components. This diagram was created using

https://www.circuit-diagram.org/.
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3.2 Helmholtz Coil and Driver

The sweep signal mixed with the the modulation signal is sent through a Helmholtz coil next. This

coil is the source of the magnetic field that will be run through the sample. This coil design is known

for generating a uniform magnetic field at its center and is easy to create. It consists of two spools with

the same number of turns of copper wire around each. A current can be run through this to produce a

magnetic field that is calculated using equation 12.

B =
0.8992 ∗ 10−6 ∗N ∗ I

R
(12)

R = Radius of the coils and distance between them

N = Number of wire turns per coil

I = current

B = total magnetic field [7]

The coil will be made from enamelled copper wire, secured to a 3D printed coil. The gauge for the

wire on the Helmholtz coil was 26 gauge which is roughly 0.4 millimeter. Given that we could be running

at about 0.500 Amps, this is the size recommended by staff, though it made positioning it on the coil hard

to do. The dimensions of the coil ended up being 3.23 x 2.73 x 3.23 cm (L x W x H).

With radius of 1.3 cm, the circumference was 8.17 cm and the total length of the wire ended up

being roughly 1307 cm. This ended up meaning that the coil looped 80 times on both sides. According to

literature values, this would mean that the resistance of the coil should be around 1.75 Ohms at 133.85

Ohms per km [8].

The current from the microcontroller is then run through a voltage follower made with an op amp

and aNPN transistor. The exactmaterialsweused are the CA748CEoperational amplifier and the JCHC337

transistor.

Figure 5: This is the coil driver and Helmholtz coil circuit diagram. This diagram was created using

https://www.circuit-diagram.org/.

3.3 Hall Sensor

Next is the Hall sensor, which will be measuring the magnetic field coming off the Helmholtz coil

to be plotted against our final data. Unfortunately this part was put on back order when ordered which

caused issues for data collection. The part ordered was the DRV5055 from Texas Instruments. Some

other sensors in the lab were used like the US18818 and the US5881 but both were latch hall sensors,

meaning we could only test the existence of the magnetic field and not the strength of it [9]. We were
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able to see the changing magnetic strength of the Helmholtz coil using the LIS3MDL magnometer from

Adafruit, but the collection range only ran from -/+ 1.6 mT which was well out of the range of 2-12 mT

that we predicted to see our ESR spectrum at [10].

With more time the Hall Sensor could have been ignored in favor of simply plotting ESR against the

voltage change over the Helmholtz coil, but we would not be able to check the accuracy of the magnetic

field strength very well. Calculations of resistance, current, and magnetic field could have been used, but

in the end there may have been some discrepancies. Given that the Robinson Oscillator is very sensitive

to the changes, this may have been very hard to collect data with.

3.4 RF Coil and Robinson Oscillator

The next component built was the RF coil. Thiswas created bywrapping a thicker enamelled copper

wire around the sample test tube. This RF coil has a radius of around 5.5 mm and is a 22 gauge wire.

This coil interfaces with the Robinson oscillator, which picks up on signals coming from the

sample being put in an oscillating magnetic field. These signals are due to the interaction between the

electromagnetic radiation and the sample’s varyingmagnetic dipolemovement. The Robinson oscillator’s

purpose is to have its frequency set close to the oscillation frequency. This will cause a resonance

frequency from the material, which will then begin to gain energy. This is the most sensitive apparatus

in the setup and would have taken the longest to set up if the data collection stage for the sample had

been reached [11].

Figure 6: This is the Robinson oscillator circuit diagram. This diagram was created using

https://www.circuit-diagram.org/.

3.5 Bandpass Filter

A bandpass filter was used to eliminate both high and low frequencies in the return signal from the

Robinson Oscillator. We used a universal filter so it can be adjusted for different uses. The part selected is

the UAF42AP which is a universal filter from Texas Instruments. It can also be adjusted by changing other

resistances in figure 7.

8



Figure 7: This is the Bandpass filter circuit. This diagram was created using

https://www.circuit-diagram.org/.

3.6 Lock-In Amplifier

The next component is known as the lock-in amplifier that will take in the reference signal initially

discussed in this section as well as the complete signal from the ESR. It is a sophisticated component

that is very good as using the reference signal initially mixed into the sweep signal to extract data from

high levels of noise. We had Stanford Research Systems’ Model SR810 DSP Lock-In amplifier set up and

plugged into the circuit system to perform these measurements [11].

3.7 UV Light

Another important part of the experiment we did not reach due to time constraints was

bombarding the sample with UV light and measuring the fluorescent intensity with a photo-multiplier

tube. Some part availability issues arose here due to the fact that the optimal vial for UV light to pass

through is a quartz chemistry vial, which is very expensive and had a large lead time for shipping [12].

If we were to reach this level of the experiment, we would use a 275nm light emitter and a Hamamatsu

C1556-01 photo-multiplier tube for irradiation and detection, respectively.

4. Analysis

Due to illness and in lab time constraints an analysis of results was not possible. The analysis that

would have been conducted is explained within this section.

4.1 ESR Spectrum

An ESR spectrum would have been measured by the detector. This result would then be plotted

as an intensity from the perturbed electron spin as a function of the magnetic field measured by the

hall sensor. This spectrum would then be fitted using the simulation result (c) from Figure.2 with the B0

parameter of both the pyrene and DMA, the scaling constantA and σ from pyrene and DMA from Eq.1 as

free parameters. This will allow us to to separate the result into the two ESR spectrum’s (a) and (b) from

Figure.2. We could then preform an additional curve fit on the individual spectrum’s using the simulated

ESR spectrums (a) and (b). This would tell us g , as well as confirm the hyperfine coupling constants for

both chemicals. This will also allow us to compare spectrum line widths of pyrene and DMA.
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4.2 Quantum Concurrence

The second part of the experiment would use the g factor found in the previous analysis. Using the

fluoresces spectrum as a function of time and magnetic field strength, then the constants γ and s. This

will be done by fitting the spectrum using Eq.7, where k, k0 will be free parameters. This will allow us to

determine how a, b + c, b − c, d behave over time and as functions of magnetic field strength. This will

provide the information needed to determine the concurrence of the entanglement of the singlet state

using Eq.11. This can then be compared to models developed in [1], [4] and [5].
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8. Appendix

1 //Purpose: To create a sweep signal using a binary output
// which then gets sent to the DAC

3 //Author: Max Kingsley
//Date: March 22nd 2022

5

int sweep = 0;
7

void setup() {
9

pinMode(3, OUTPUT); //choose how many pins (and bits) you want to use
11 pinMode(4, OUTPUT);

pinMode(5, OUTPUT);
13 pinMode(6, OUTPUT);

pinMode(7, OUTPUT);
15 pinMode(8, OUTPUT);

pinMode(9, OUTPUT);
17 pinMode(10, OUTPUT);

pinMode(11, OUTPUT);
19 pinMode(12, OUTPUT);

pinMode(13, OUTPUT);
21

}
23

void loop() {
25

/*for each pin, if it is divisible by its
27 pin value, it write the pin high, and

if not, sets it low.
29

There might be an easier way to do this,
31 but for this project it worked out fine!*/

33 for (int sweep = 0; sweep <=2047; sweep += 1) {
//this loop counts up to a specific value in binary and resets

35

if((sweep % 2) > 0) {digitalWrite(13, HIGH);}
37 else {digitalWrite(13, LOW);}

if((sweep % 4) > 1) {digitalWrite(12, HIGH);}
39 else {digitalWrite(12, LOW);}

if((sweep % 8) > 3) {digitalWrite(11, HIGH);}
41 else {digitalWrite(11, LOW);}

if((sweep % 16) > 7) {digitalWrite(10, HIGH);}
43 else {digitalWrite(10, LOW);}
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if((sweep % 32) > 15) {digitalWrite(9, HIGH);}
45 else {digitalWrite(9, LOW);}

if((sweep % 64) > 31) {digitalWrite(8, HIGH);}
47 else {digitalWrite(8, LOW);}

if((sweep % 128) > 63) {digitalWrite(7, HIGH);}
49 else {digitalWrite(7, LOW);}

if((sweep % 256) > 127) {digitalWrite(6, HIGH);}
51 else {digitalWrite(6, LOW);}

if((sweep % 512) > 255) {digitalWrite(5, HIGH);}
53 else {digitalWrite(5, LOW);}

if((sweep % 1024) > 511) {digitalWrite(4, HIGH);}
55 else {digitalWrite(4, LOW);}

if((sweep % 2048) > 1023) {digitalWrite(3, HIGH);}
57 else {digitalWrite(3, LOW);}

delay(10);
59 }

sweep = 0; //resets sweep
61 }

Listing 1: Sweep.ino
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