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The atmosphere as a high 
energy physics laboratory 



Effect of sudden transient changes in atmospheric properties  
in cosmic ray propagation

Copernicus Atmosphere Monitoring Service

An example with density, effect on secondary particle energy

Low density           Decay High density          Interaction
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Effect of sudden transient changes in atmospheric properties  
in cosmic ray propagation
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A lot going on in the atmosphere
Both periodic and aperiodic intensity variations in the secondary particle flux: 
Changes:  
• Barometric pressure 
• Temperature 
• Air density 
• Humidity 

✦ Changes in density            lateral spread of particles (scattering)  
                               mass above the detector            absorption 

• Electromagnetic properties accelerate charged particles and deflects the particle  trajectories 

Important to control the systematic effects in order to do more precise studies using cosmic rays

Produce variations in the column density [ ]g cm−2
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Goals of the project
1. Systematic study of the effects of the atmospheric properties in the secondary particle propagation 
2. Is it possible to measure hard radiation phenomena (avalanches of relativistic electrons) from 

thunderclouds at 2,200 m a.s.l.? 
• Gamma-ray glows (1-100’s seconds) 
• Terrestrial gamma-Ray flashes (10’s-100’s , radio and optical signals) 
• Flickering gamma-ray flashes (20 to 250 ms, radio and optically silent)   [Nature 634 (October 2024)]

μs



High energy atmospheric physics

Flickering gamma-ray flashes, the missing link between gamma glows and TGFs 
N. Østgaard  et al. Nature 634 (2024)
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Article

source was well within the FEGS FOV (‘Spectral characteristics and 
fluence estimates’ in Methods).

The electric-field change meter (EFCM) onboard the aircraft, which 
records close-range, low-frequency, electric-field variations, found no 
detectable signatures of electric activity during the pulses. A rather 
strong narrow bipolar event (NBE) occurred 9 ms after the last pulse, 
which was followed by continuous lightning activity, as seen in both 
radio and optical data (Fig. 1b, Extended Data Figs. 1 and 4).

Ground-based low-frequency radio data from the closest campaign 
radio receiver, which was 920 km away in Sisal, Mexico, are shown in 
Fig. 1c. These data confirm that no radio signals that can be associated 
with the FGF pulses are seen, including the first few FGF pulses not 
captured by the EFCM. From this range, the background noise was 
equivalent in amplitude to lightning signals with a very weak 1 kA peak 
current (‘No detectable electrical signals or radio signals from FGFs’ 
in Methods and Extended Data Fig. 2). Although there are numerous 
lightning pulses in the data window shown, most arrived at the sen-
sor from a different direction than the known direction to the ER-2. 
The two-axis orthogonal measurements were rotated so that a signal 
originating from that direction had a large azimuthal Bφ component 
(blue curve) and a negligible radial Br component (red curve). The pulse 
at 12.474 s had a large Br component and originated from a lightning 
source 725 km west of the ER-2, according to the Global Lightning Detec-
tion Network. The NBE seen by EFCM was also seen at a low frequency 
in Mexico (Fig. 1c).

24 FGFs were observed during five of the ten flights, each of which 
spent 2–3 h above active gamma-glowing thunderclouds25. Figure 2 
shows all the FGFs observed by the BGO detectors, with the in-situ 
thunderstorm observer for radiation mechanisms (iSTORM) data over-
laid for 21 of them. The count rates measured by iSTORM were about a 
half to two-thirds of what BGO measured, consistent with the smaller 
geometric area of the detector (157 cm2 versus 225 cm2) and the smaller 
energy range (up to 5 MeV versus 30 MeV). The iSTORM data acquisi-
tion system was fully independent from that of the BGO. Despite some 
small differences (‘Instrument performance of the gamma detectors’ 
in Methods), the two independent detector systems confirm that FGFs 
are a real phenomenon and cannot be the result of instrumental effects.

The FGFs were observed east of Yucatan, on the western coast of El 
Salvador, the coast of the Mexican states of Tabasco and Veracruz, and 
on the east coast of Florida. All the FGFs were observed over coastal 
regions and above gamma-glowing thunderclouds. The typical duration 
of a pulse was 1–2 ms. They were separated by 1–20 ms, and the whole 
FGF lasted for tens to several hundreds of milliseconds. An FGF typically 
started with a couple of less intense but longer pulses (5–20 ms), which 
was followed by a train of shorter, intense pulses (0.4–4 ms). Towards 
the end of the FGF, the pulse intensity decreased and the separation 
between pulses became longer.

We have low-frequency radio recordings for all 24 FGFs, EFCM data 
for three of them and optical data for 22 of them. No detectable radio 
signals or optical pulses that could be associated with the pulses of the 
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Fig. 1 | Flickering gamma-ray flashes from 05:01:12.44 UT to 05:01:12.64 UT 
on 8 July 2023. a, Gamma emissions measured by BGO and LYSO. The inset is an 
enlargement of the FGF time interval. b, FEGS optical emissions at 777 nm (red) 

and 337 nm (blue) and the electric-field variability (∆E) measured by the  
EFCM. a.u., arbitrary units. c, Low-frequency magnetic-field radio emissions 
from Sisal, Mexico, showing the radial (Br) and azimuthal (Bφ) components.



The experiments

Glowing  γ-rays solve thunderstorm conundrum 
J. R. Dwyer. Nature 634 (2024)
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Decades of in situ measurements have failed 
to detect electric fields that would be large 
enough to initiate a spark capable of triggering 
lightning8, according to current understand-
ing. Yet thunderstorms somehow manage 
to produce about 8.6 million flashes per day 
worldwide. Because the γ-ray emissions orig-
inate in regions with high electric fields — the 
same fields that might initiate lightning — 
investigating this fascinating phenomenon 
could also shed light on how lightning starts 
inside clouds.  

It is generally accepted that γ-ray glows and 
TGFs are generated when high-energy elec-
trons collide with air, resulting in the emis-
sion of energetic photons9. These electrons 
are called runaway electrons, and they are 
accelerated by strong electric fields to speeds 
that are close to that of light10. However, the 
source of these energetic electrons remains 
uncertain, because previous observations 
have failed to pinpoint which of the possible 
mechanisms is the most likely. Some suggest 
that the electrons are injected by atmospheric 
cosmic rays11, whereas others hold that they 
are emitted in the high fields near lightning 
leaders12 (the initial channels that precede 
the main flashes of lightning strikes). Yet 
another possibility is that they are produced 

through a positive feedback loop involving 
energetic positrons13, the antimatter equiva-
lent of electrons.

Østgaard et al.4 and Marisaldi et al.5 present 
γ-ray observations that were made by flying a 
NASA ER-2 aircraft above thunderstorms in 
the Gulf of Mexico, Central America and the 
Caribbean (Fig. 1). The project is known as the 
Airborne Lightning Observatory for FEGS and 
TGFs (ALOFT), where FEGS is short for Fly’s Eye 
Geostationary Lightning Mapper Simulator. 
The authors’ observations upend the previ-
ously held distinction between γ-ray glows 
and TGFs1. 

By repeatedly steering the aircraft over 
thunderstorm systems, Marisaldi et al. found 
that the storms almost continuously produced 
γ-ray glows for hours over an area of thousands 
of square kilometres, demonstrating that 
glows are a common feature of thunderstorm 
electrification. The glows, which typically 
lasted a few seconds, were highly dynamic and 
bubbled up as though the storm were a boiling 
cauldron — contradicting the view that glows 
are slowly varying and featureless. 

Meanwhile, Østgaard et al. showed that as 
γ-ray glows intensify, they often start oscillat-
ing between being bright and dim and then 
smoothly transform into flickering γ-ray 

flashes, which can comprise a dozen or more 
individual γ-ray pulses, separated by roughly 
a few milliseconds. Flickering γ-ray flashes 
resemble the multi-pulsed TGFs that have been 
observed from satellites in space14, suggesting 
that there is one underlying mechanism for 
this wide range of energetic phenomena. 

Furthermore, Østgaard and colleagues’ 
optical and electric-field measurements con-
firm that these shapeshifting γ-ray emissions 
occur without lightning being present, demon-
strating that thunderstorm electrification 
alone can generate intense γ-ray emissions. 
The authors found that, when lightning does 
occur, it often follows the γ-ray emissions, 
which suggests that γ-ray events might have 
some role in lightning initiation. The absence 
of lightning, along with the large γ-ray lumi-
nosities observed, effectively rules out the 
mechanisms involving cosmic rays and light-
ning leaders — leaving positron feedback as the 
last mechanism standing. Although more the-
oretical and observational work is still needed, 
it is fascinating to think that positrons could 
have a key role in thunderstorm electrification. 

The work presented by Østgaard et al. and 
Marisaldi et al. is part of a new, growing field 
of research called high-energy atmospheric 
physics1. It is amazing that, more than two 
decades into the twenty-first century, Earth’s 
atmosphere has enough surprises in store to 
motivate an entirely new line of research. Not 
only are the measurements by ALOFT excit-
ing, but they also lay the groundwork for 
future campaigns by demonstrating how to 
use aircraft to efficiently find and study γ-ray 
emissions from thunderstorms. In doing so, 
these studies potentially revolutionize our 
understanding of thunderstorm electrifica-
tion and lightning.  
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Figure 1 | Recording γ-ray emissions from thunderstorms. In July 2023, a NASA ER-2 aircraft flew over 
thunderstorms in the Gulf of Mexico, Central America and the Caribbean, taking measurements of 
γ-rays emitted during the storms. By analysing these data, Marisaldi et al.5 found that γ-ray glows are a 
common feature of thunderstorm electrification and are highly dynamic. Østgaard et al.4 showed that, 
as these glows intensify, they can transform into flickering γ-ray flashes, which resemble multi-pulsed 
terrestrial γ-ray flashes (TGFs) — emissions that were previously assumed to be distinct from γ-ray glows. 
Because no lightning occurred during most of these emissions, the authors’ observations demonstrate 
that thunderstorm electrification alone, occurring deep in Earth’s atmosphere, is capable of generating 
γ-rays. They also suggest that the emissions are probably produced when highly energetic ‘runaway’ 
electrons combine with positrons, the antimatter equivalent of electrons. Once created, these electrons 
are accelerated between negative and positive charge centres in the cloud, emitting γ-rays as they move 
through the air.   

NASA ER-2 aircraft 
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Work of Antonio Galván

Atmospheric monitoring (I)

DAQ ready and recording data in ROOT format 
First version of web monitoring also running

Davis Vantage Pro 6323m
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Tested during the solar eclipse of last April

ALPHEA 6CW 
180º  180º FOV×

Atmospheric monitoring (II)
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• DAQ ready, writing ROOT files 
• Waiting for a cable to get an estimate of the distance to the electric discharge

Atmospheric monitoring (III)

ERL 10-KIT2 Dual Sensor
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EFM100C-121415 

 
 

BOLTEK  CORPORATION 
Lightning Detection 

     

 
 
 

EFM-100 Atmospheric Electric Field Monitor 

Installation/Operators Guide for model EFM-100C 

 
 
 

Atmospheric Electric Field Monitor (Field Mill) 
Max range: ~40 km

Thunderstorms

conditions

Lightning detector (radio antena) 
Max range: ~480 km

Work of Antonio Galván



SENSYS FGM3D - magnetometer  
Three-axis fluxgate magnetometer 
Measuring range:  100 ± μT

Atmospheric monitoring (IV)
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Designed to measure weak constant and alternating fields 

• DAQ ready, writing ROOT files 

Work of Antonio Galván



A scaler detector: Cosmic Watch

https://arxiv.org/abs/1801.03029 
https://arxiv.org/abs/1908.00146

DATA SHEET
www.onsemi.com

©  Semiconductor Components Industries, LLC, 2014

February, 2022 − Rev. 9
1 Publication Order Number:

MICROC−SERIES/D

Silicon Photomultipliers
(SiPM), Low-Noise,
Blue-Sensitive

C-Series SiPM Sensors

The C−Series low-light sensors from onsemi feature an
industry-leading low dark-count rate combined with a high PDE. For
ultrafast timing applications, C−Series sensors have a fast output that
can have a rise time of 300 ps and a pulse width of 600 ps. The
C−Series is available in different sensor sizes (1 mm, 3 mm and 6 mm)
and packaged in a 4-side tileable surface mount (SMT) package that is
compatible with industry standard, lead-free, reflow soldering
processes.

The C−Series Silicon Photomultipliers (SiPM) form a range of high
gain, single-photon sensitive, UV-to-visible light sensors. They have
performance characteristics similar to a conventional PMT, while
benefiting from the practical advantages of solid-state technology: low
operating voltage, excellent temperature stability, robustness,
compactness, output uniformity, and low cost. For advice on the usage
of these sensors please refer to the Biasing and Readout Application
Note.

Table 1. PERFORMANCE PARAMETERS  

Sensor
Size Microcell Size Parameter (Note 1) Overvoltage Min. Typ. Max. Units

1 mm 10!, 20!, 35!  Breakdown Voltage (Vbr) (Note 3) 24.2 24.7 V

3 mm 20!, 35!, 50!

6 mm 35!

1 mm 10!, 20!, 35!  Recommended overvoltage Range 
 (Voltage above Vbr) (Note 2)

1.0 5.0 V

3 mm 20!, 35!, 50!

6 mm 35!

1 mm 10!, 20!, 35!  Spectral Range (Note 4) 300 950 nm

3 mm 20!, 35!, 50!

6 mm 35!

1 mm 10!, 20!, 35!  Peak Wavelength ("p) 420 nm

3 mm 20!, 35!, 50!

6 mm 35!

Figure 1. C−Series Sensors

See detailed ordering and shipping information on page 14 of
this data sheet.

ORDERING INFORMATION

Will be based on the CosmicWatch project (http://www.cosmicwatch.lns.mit.edu/)

VCC and GND pins reversed. The VCC pin should be the 4th pin (one of the outer pins),
not the GND pin.

6. The SiPM can be purchased from SensL [13]. We use the SensL 60035 SMT C-series. It
has a photocathode area of 6 mm⇥6 mm (36 mm2 active area). The documentation can
be found in Ref. [5]. The price per SiPM drops significantly once you place an order of
x100 or more. It is recommended to look for other groups who are making large SiPM
orders and work with them. We’ve found many physics professors and research scientists
that work with photomultipliers may be able to help you. Currently, SensL o↵ers a special
price (60 USD) for students here, [14]. When purchasing in quantities greater than x100,
the price currently drops to 48 USD per SiPM.

7. There are several companies that sell plastic scintillator, but we found that physics de-
partments often have left over scintillator from previous experiments. We use 1 cm thick
scintillator since it appears to be the most common size available and will produce a su�-
cient number of photons to help distinguish a muon event from a background event. Ebay
and other online shops often sell used scintillator as well. The SiPM photon detection
e�ciency peaks at 420 nm , therefore the scintillator should be chosen to emit near that
frequency with the highest photon yield per MeV. We’ve found all of our scintillator in
various labs and physics departments, but have talked with people who acquire scintillator
from companies such as Eljen [2] or Saint-Gobain [12]. We’ve also seen scintillator of the
correct size available on Ebay.

Figure 1: A rendering of the three PCBs.

7

Excellent starting point!

H. León Vargas (IF-UNAM)                                                                                                 Piritakua@ SILAFAE 2024                                                                                                                                                      10



First pulses detected last October 17!

First Cosmic Watch at IF-UNAM
After a long way to purchase all the components and debugging the first detector

Raw SiPM

Amplified

Input to Arduino
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Plan to increase the sensitive volume

SECTION D-D
SCALE 1 / 2

DETAIL  A
SCALE 1 : 1

SECTION E-E
SCALE 1 / 2

DETAIL  C
SCALE 2 : 1

D
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Dibujó:

Revisó:

Plano:

Hoja 1 de 2

Maira Pérez

Fecha: 5/30/2024

plástico centellador

Dimensiones en mm.

1

Rev.Hesiquio Vargas

Escala: 1 / 2

Material:         plástico centellador 
                     10 mm espesor
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Use wavelength shifter  
fibers to collect light from  
a larger surface

Emission: 
~490 nm

www.luxiumsolutions.com

BC-400,BC-404,BC-408,BC-412,BC-416
Premium Plastic Scintillators

Premium Plastic Scintillator
Response to Atomic Particles Range of Atomic Particles in

Premium Plastic Scintillator

Emission Spectra BC-408

BC-412 & BC-416

BC-400

BC-404

Manufacturer reserves the right to alter specifications.
©2007-2023 Luxium Solutions, LLC. All rights reserved. (06-23)

Optical Spectra -

C−Series SiPM Sensors

www.onsemi.com
7

PERFORMANCE

Figure 3. PDE versus Wavelength 
(MicroFC−30035−SMT)

Figure 4. Responsivity versus Wavelength
(MicroFC−30035−SMT)

Scintillator 
~430 nm

SiPM
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While waiting for the micro-milling tool to arrive, testing with a larger 
scintillator without fibers

First prototype of a larger detector
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E-Field electronics

Mechanical structures

UNIVERIDAD NACIONAL AUTÓNOMA DE MÉXICO INSTITUTO DE FÍSICA

SOLICITANTE :

PROYECTO:

CANTIDAD:

ACOT.ACABADOS:

TOLERANCIAS: + 0.1
- 0.1 HOJA - 1DATOS:

MATERIAL:DISEÑADOR: M. en I. Maira Pérez/Dr. Jaime Everardo Pérez 

INICIO:19/AGO/2024 FIN: 30/AGO/2024 ACTUALIZACIÓN:27/SEP/2024

milímetros

T-2750Dr. Hermes León Vargas

ESTRUCTURA PARA DETECTOR DE MUONES

ALUMINIO 1

N/E

OPCIÓN 2

Electric box: 
Control computer 
Electric connections

Main structure Scintillator detectors

Cable storage

Camera

Weather station
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E-Field electronics

Mechanical structures (current status)
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Electric box: 
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Main structure Scintillator detectors

Cable storage

Camera

Weather station

N
O

TAS:

U
N

IVER
ID

AD
 N

AC
IO

N
AL AU

TÓ
N

O
M

A D
E M

ÉXIC
O

IN
STITU

TO
 D

E FÍSIC
A

SO
LIC

ITAN
TE :

PR
O

YE
C

TO
:

C
AN

TID
A

D
:

AC
O

T.
AC

ABA
D

O
S:

TO
LER

AN
C

IAS:
+ 0.1
- 0.1

H
O

JA - 3
D

ATO
S:

M
ATER

IA
L:

D
ISEÑ

AD
O

R
:

M
. en I. M

aira Pérez/D
r. Jaim

e Everardo Pérez 

IN
IC

IO
:19/AG

O
/2024

FIN
: 30/AG

O
/2024

AC
TU

ALIZA
C

IÓ
N

:5/SEP/2024

m
ilím

etros

T-2750
D

r. H
erm

es León Vargas

ESTR
U

C
TU

R
A PAR

A
 D

ETEC
TO

R
 D

E M
U

O
N

ES

ALU
M

IN
IO

50

SAN
D

B
LASTEAD

O

ESC
U

AD
R

AS - O
PC

IÓ
N

 2
vista frontal

vista lateral

vista superior 50.8 [2"]

50.8 [2"]

22.2 [7/8"]

14

28

Ø6

22.2 [7/8"]

14

28

Ø
6

6.4 [1/4"]

Some missing pieces, almost there

H. León Vargas (IF-UNAM)                                                                                                 Piritakua@ SILAFAE 2024                                                                                                                                                      14



Detector array

To be installed in the rooftop of the Experimental Physics building at IF-UNAM
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Piritakua team
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DGAPA-UNAM  (PAPIIT IN102223) 
IF-UNAM 
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✦Funding started in September 2023 
• Very long delays to complete purchases 

abroad 

✦Construction of the particle counters 
underway 

     Second cosmic watch working just yesterday! 

✦Working on the first prototype using 
wavelength shifter (hopefully before the end 
of the year) 

✦The goal is to reach ~1  of active detector 
surface 

  
• Build a few “muon” modules using a metal 

plate as absorber 

• In 6 months: 8 scintillator detectors taking 
data simultaneously with the atmospheric 
sensors  

m2

Summary of the project, so far

Adiv González
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Lighting in Mexico City



“Anyone who has been in a thunderstorm 
has enjoyed it, or has been frightened, or 
at least have had some emotion. And in 
those places in nature we get an emotion, 
we find that there is generally a 
corresponding complexity and mystery 
about it”

Piritakua (flash of lightning in Purépecha) 

Caltech Archives
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NASA


