MAT-VET-F-26017
Examensarbete 15 hp

UPPSALA Maj 2026
UNIVERSITET

Statistics of doubly stochastic light

An experimental investigation of photon arrival statistics

Martin Hilbers, Josef Malsher & Ask Olaussen

Civilingenjorsprogrammet i teknisk fysik



D)
TER
20

RYERITAS ¥

S

UPPSALA
UNIVERSITET

Martin Hilbers, Josef Malsher & Ask Olaussen

Abstract

If a beam of light is coherent, then the photons constituting the beam arrive at random moments
in time. Consequently, the photon counting statistics in a given time interval below the coherence
time, should in theory follow a Poissonian distribution. When the measurement interval exceeds
the coherence time, the distribution should broaden and become a super-Poissonian distribution.
The aim of this study is to experimentally demonstrate the Poissonian nature of light, as well as
quantifying the transition to a super-Poissonian distribution.

In the experiment, a low-intensity laser beam was measured with single-photon detectors, able to
capture individual photons. The arrival time of the photons was detected with an oscilloscope, and
the data further analysed with our own Python code. The probability distribution of the arrival time
of photons was constructed and fitted with a Poissonian distribution for different time intervals. The
results showed a clear Poissonian distribution for all intervals from 0.2 s up to 2000 s. We did
however, observe tendencies of randomness for the longest measured intervals. A Poissonian
distribution is defined by the variance being equal to the mean, whilst for a super-Poissonian
distribution the variance is higher. The biggest measured ratio between the variance and the mean
in our experiment was 1.06 for interval time 2000 s, which is too small to infer super-Poissonian.
Due to limited data memory, our dataset was restricted in length and resolution. Therefore, longer
intervals could not be studied without statistical uncertainty.

To cross-check the result we also calculated the probability distribution for the arrival time itself.
The result perfectly fitted an exponential distribution which was in accordance with the theory of
coherent light. Hence, within the given measurement accuracy and statistical uncertainty, it is safe
to conclude that the laser beam is coherent for all tested time intervals. However, this does not
allow us to conclude that it is a single-mode laser.
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Photomultiplier Tube (PMT) - Schematic Cross-Section

' 1 Vacuum envelope. —— Incident photon
— ---- Electron cascade
—— Electrical output
7\ P 27
Photop /DI LT D3N L7 DR Ouffput
(hy) Ve S Sseo N sigpal
> =
Anode
L D2 D4 D6
\Photocathode

Increasing positive voltage — (High-voltage supply)
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Single-Photon Avalanche Diode (SPAD) - Device & Quench Circuit

Rq hv Vbias > Vap
l » Output
© pulse
Ap.d

9 A x 1 ?*106
e caifriers

p-reg iOIl\\ n-region
Sa é

Depletion
region
Reverse-biased above breakdown voltage Vap
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SPAD Dead-Time Timing Diagram

= || || ] |

Tdead Tdead mm Detected photon (output pulse) — Tdead

< > < > X Missed photon (within dead time)
Dead-time window Tgead
SPAD
output X X X
0 2 4 6 8 10 12 14

Time (arb. units)

00000 000 00000o0ioo oo boo 0000 O0boboodooo titd 0o O 0oo0o0ooon

0

000 DOU0Dooo 0o DOO DOCIoo 00 00000 0 000 Coobobd 00o0iotid 0Ooo 0bodood 00O0moot 0 0ooeoo oo oo
000000000 booo 0o 1b000I00 00booD 0 Dooinooood 0B0 0o o 0000000 0o O 0ooodoo 0oooetib bomol 000 0oooood
00000000 00 0000000 00 000 00 000000 00 000 00000000 0 < < 1%%90 000 0000 00000000000 0000 000000 00 00000
1000 boo booo 00000 booo biotoo boptoot 0Oomhoor 0o iotoo bUboobo boopbiuoo 0o tioo boooiniot 0 0o
0000000 bO0i0DoO 0o Cootool DOoo Chotooiob o0ioinool 00boobo 0bo 00o0obd bOoomnoot 0bo 0o ooooo oo oo

0o



0000000 00000000000 000000 I0 Dootoooion booooo 000000 Dioooon 00000 OJoinooo O 000 4iooonon

0 D00000mo OO0 boo DO 0ooo [0 0Dooo 00 000 b0poooo o0omooo 00 b00000ooe 0o boo 0oo0itooot 00 000 ooog
J000 0J0000OIo0 o 00 000000000 00 0000 0000 0000 000 00ooiooono 00 00 bOo0 0000 booboo boo 0000 0000000
000000000 00 000 000 Oo000000000 0ooio 0ot 10booooooo ooobooo booo oo 0 0ooo boooooool 000 0000t boooo
8 1 0

o Quantum Efficiency vs. Wavelength
1 OO /0 : —— High-performance SPAD (Si)

{ HeNe laser = Typical Si APD
1632.8 nm — = Bialkali PMT (reference)
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HeNe laser energy level diagram — 632.8 nm transition

Helium Neon
Resonant
He* 215 energy transfer
0
(metastable, ~20.6 eV) Ne 5s (upper laser level)
He* 235, 632.8 nm
(metastable, ~19.8 eV) (stimulated
emission)
Ne 3p (lower laser level)
Electron
collisions Fast
(discharge) decay
Ne 3s
Wall
collision
He ground state

Ne ground state

152 150
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Fabry-Pérot laser cavity — standing-wave resonator
.y —pC ; _cC
Resonance: vg = a57 mode spacing Av = 5T

L=30cm

Output
beam

He-Ne gain medium
(632.8 nm)

High-reflectivity Output coupler
mirror (R=1) (R=0.99)
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HeNe laser at 632.8 nm — gain profile and longitudinal modes
Cavity length L = 30 cm, mode spacing Av = 500 MHz, gain bandwidth = 1.5 GHz

(] [ Doppler gain profile
-g I Longitudinal modes (3 above threshold)
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Frequency offset from line centre (GHz)
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Multi-mode beating in a HeNe laser

(a) Two longitudinal modes in frequency space

Mode q, freqvq

=
=]

Mode g+1, freq vg+ Av

o
o

Av=c/2L = 500 MHz

Amplitude (a.u.)

o
o

I
o
)
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Frequency offset (GHz)

Electric field (a.u.)
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(b) Individual field amplitudes (schematic carrier oscillation)
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(c) Intensity I(t) = |E1 + E2|> — sinusoidal beat note
- classical intensity noise — super-Poissonian photon statistics
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Short Laser Long Laser
L~0.15 m, P~0.5 mW L~0.5m,P~17 mW

e Gain Curve
(Doppler Width~1.5 GHz)

Longitudinal Modes
(Axial Modes)

—_ Frequency — Frequency
FSR~1000 MHz FSR~200 MHz
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HeNe Laser Mirrors P Filter] Fiber SPAD Oscilloscope
) Coupler
632.8 nm X2 attenuation| detector RTO1024
TTL pulses
Free-space beam Optical fibre Electrical signal
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