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Experimental	Methods	of	Par4cle	Astrophysics	

In	these	lectures	we	will	focus	on	the	experimental	methods	used	to	
detect:	
ü  Cosmic	Rays	109	eV	–	1020	eV	
ü  Gamma	Rays	104	eV	–	1014	eV	
ü  Neutrinos	105	eV	–	1020	eV	
We	will	not	discuss	the	science	output	of	these	techniques	yet.	
	
The	detec7on	of	cosmic	rays,	gamma	rays	and	neutrinos	requires	
understanding	of	how	these	high	energy	par7cles	interact	with	maPer.	
It	also	requires	understanding	how	secondary	par7cles	(low	energy)	
interact	with	maPer.	
	
References:		
Par7cle	Data	Group;	J.D.	Jackson	“Classical	Electrodynamics”	
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Stopping	power	

What	is	the	energy	lost	by	a	par7cle	
by	travelling	through	a	material?	
	
The	(differen7al)	number	of	collisions	resul7ng	in	energy	loss	between	
E	and	E+dE	is:	
	
	
Define	the	following	momenta:	
	
	
M0	is	the	number	of	collisions.	M1	is	the	mean	energy	loss	in	δx.	Then:		
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Example:	Muon	stopping	power	

Par7cle	Data	Group	2012	



Phys	8803	–	Special	Topics	on	Astropar7cle	Physics	–	Ignacio	Taboada	

Ioniza4on	

✓

High	energy	par7cle	

Kicked-out		
atomic/molecular	
electron	

Atomic	or	molecular	electrons	are	stripped	off	due	to	the	Coulomb	
interac7on	of	high	energy	radia7on	and	the	electrons.	Typically	
the	high	energy	deflec7on	angle	θ	is	very	small.	Also	typically	the	
atomic	electron	acquires	energy	<	100	eV.	
	
Ioniza7on	is	one	of	the	most	important	energy	loss	mechanisms	
for	charged	par7cles.	High-energy	electrons,	because	of	their	small	
mass,	must	be	treated	differently	than	any	other	charged	par7cle.	

Example:	
µ

+ + atom ! µ

+ + atom

+ + e
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Ioniza4on	–	Bethe	Bloch	

Energy	loss	per	track	length:	
	
	
	
Where:	

	 	 					 				is	the	electron	density	in	units	of	(e-/cm3)	
	

	NA:	Avogadro’s	number,	Z:	atomic	number,	ρ:	density	(gr/cm3),	
	Mu:	Rela7ve	atomic	weight	(atoms/mol)	
	I:	Average	ioniza7on	poten7al	(e.g.	13	eV	for	Hydrogen)	
	β	is	for	the	incident	par7cle	
	δ(βγ):	density	correc7on	(large	βγ)	

The	equa7on	above	is	not	valid	for	electrons	(limit	me/M	<<	1).	The	
equa7on	above	is	in	c.g.s.	units.		
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Ioniza4on	–	Bethe	Bloch	
It	is	customary	to	rescale	track	length	by	density:	
So	you	end	up	measuring	dE/dx	in	MeV.cm2/g.	This	scale	eliminates	some	of	
the	material	dependence.	The	rest	of	the	material	dependence	is	because	ne	
is	propor7onal	to	Z/Mu	and	in	the		
average	ioniza7on	poten7al	I	
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Ioniza4on	–	average	ioniza4on	poten4al	
Difference	from	material	to	material	is	in	part	due	to	average	
ioniza7on	poten7al.		
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Par4cle	range	
Given	an	energy	loss	mechanism	(e.g.	ioniza7on),	each	par7cle	has	a	range	
that	is	energy	dependent.	
	
	
	
	
	
Note	that	we	s7ll	assume	that	R	has		
been	rescaled	by	material	density	
(though	this	is	not	formally	part	of		
the	integral	above)	
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Bragg	peak	

Ioniza7on	losses	(for	m>>me)	happen	mostly	just	before	the	par7cle	
comes	to	a	stop.	

William	H	Bragg	(1903)	
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Electrons	and	photons:	radia4ve	losses	

High-energy	electrons	loose	energy	primarily	via	Bremsstrahlung	
High-energy	photons	loose	energy	primarily	via	pair-produc7on.	
Brem:	
	
	
	
	
	
Pair	produc7on:	
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Electrons	and	photons:	radia4ve	losses	

Note	how	brem	and	e-pair	produc7on	are	related	by	7me	reversal.	
This	implies	that	(lowest	order)	Feynman	diagram	calcula7ons	are	very	
similar.	In	both	cases		
	
For	both	brem	and	e-pair	the	incoming	energy	is	(approximately)	split	
among	the	two	outgoing	par7cles	(e-+γ	and	e-+e+	respec7vely).	
	
The	characteris7c	distance	over	which	an	electron	looses	all	but	1/e	of	
its	energy	due	to	brem	is	the	“Radia7on	length”	X0.	For	photons	this	
distance	is	7/9	X0.	A	fit	to	the	data	of	the	radia7on	length	for	elements	
is:	
	
	
	
For	a	mixture	of	elements 	 	 	 				 						,	where	wj	is	the	
frac7on	by	weight	of	each	element.	
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Electrons:	Ioniza4on	&	brems	

Ioniza7on	is	also	relevant	for	electrons	–	but	not	described	properly	by	
Bethe-Bloch.	Ioniza7on	rises	as	logE	for	ioniza7on,	but	as	E	for	Brem.	
The	cri7cal	energy	Ec	is	that	at	which	ioniza7on	losses	equal	brem	
losses.	Alterna7ve	defini7on	(Rossi):			
	

Element	 Z	 X0	(cm)	 Ec	(MeV)	

H2	(*)	 1	 1000	 340	

C	 6	 18.8	 103	

Al	 13	 8.9	 47	

Fe	 26	 1.8	 24	

Cu	 29	 1.4	 19.63	

Pb	 82	 0.56	 7	

(*)	Liquid	H2	@	26	K.		
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Example:	high	energy	electrons/photons	in	air	

The	atmosphere	has	density	that	changes	with	al7tude:	
	
	
	
	
	
	
	
	
	
X0	(Nitrogen)	=	38.2	g.cm-2;	X0	(Oxygen)	=	34.5	g.cm-2	

Air	is	78%	N2	and	21%	O2	by	Volume	(but	we	need	mass	frac7ons)	–	
let’s	use	pure	nitrogen	in	this	example.	
The	atmosphere	is	(ver7cally)	≈28	radia7ons	length	thick.	

X(h, i) = a(i) + b(i)e�
h

c(i) [gcm�2]

Zone		 h	(km)		 X	(g	cm-2)	 a	(g	cm-2)	 b	(g	cm-2)	 c	(m)	

1	 0	–	3.96	 1079.5	–	582.6	 146.66	 932.8	 5208	

2	 3.96	–	8.53	 582.6	–	287.9	 -110.33	 1119.8	 8255	

3	 8.53	–	17.68	 287.9	–	59.73	 -6.8	 1182.0	 6145	

4	 17.68	–	100	 59.73	–	1.28x10-3	 0	 1511.7	 5472	

Antarc7c	atmosphere	profile	
T.K.	Gaisser,	Cosmic	Rays	at	Earth:		

Researcher's	Reference	Manual	and	Data	Book	
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Photon	energy	losses	

p.e.	:	photo-electric	effect	
κnuc:	e-pair	of	nucleus	
κe:	e-pair	of	electron	field	
g.d.r.	:	Photo-disintegra7on	of	nucleus	
via	giant	dipole	resonance	

Let’s	concentrate	on	Compton	scaPering		
and	pair	produc7on.	
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Compton	scaOering	

The	Quantum	Electrodynamics	first	order	scaPering	cross	sec7on	of	
free	electrons	with	photons	is	given	they	Klein-Nishina	formula	
	
	
	
Where	

							is	the	Compton	wavelength,		
	
	
	
The	final	photon	energy	is	
	

	 	:	scaPering	angle	of	photon		
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Thomson	scaOering	

In	the	low	photon	energy	limit,																										,	this	results	in	the	
classical	Thomson	scaPering	because				
	
	
	
With		
	
	
And	the	final	photon	energy	matches	the	ini7al	photon	energy.		
	
However,	electrons	can’t	always	be	assumed	to	be	free,	and	Thomson	
scaPering	may	not	always	be	the	best	descrip7on.	
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Compton	scaOering	

	
	
	

As	energy	increases,	the	total	cross	sec7on	decreases	and	behaves	as	
	
	
	
	
And	as	the	energy	increases	the	scaPering	angle	is	increasingly	forward	peaked.	
	
We	will	study	the	related	process	of	inverse	compton	scaPering	later	in	the	course.			
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Electromagne4c	Showers	(cascades)	

At	high	energy	electrons	and	photons	loose	energy	via	radia7ve	
processes.	This	leads	to	an	geometrical	increase	in	the	number	of	
par7cles,	with	each	genera7on	of	par7cles	having	ever	lower	energies.	
The	shower	stops	when	ioniza7on,	compton	scaPering,	etc.	become	
more	important	than	radia7ve	losses.		
	
A	simple	model	for	a	cascade	

X0	
t=1	 t=2	 t=3	 t=4	

E/8	E/4	E/2	E	

Rad.	Lengths	

Energy	per		
par7cle	

t	

E/2t	

…	

…	

…	
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Electromagne4c	Showers	

In	the	simplis7c	model,	the	length	of	a	cascade	is	found	thus:	
	
	
	
	
Example:	In	water,	X0	≈	38	cm	and	the	cri7cal	energy	is	≈80	MeV.	
IceCube	has	reported	observing	one	cascade	events	of	approximately	
2	PeV	energy.	If	they	are	electron	ini7ated,	the	showers	would	be	
24.57	radia7on	lengths	or	9.3	m	long	(*).	
	
Simulated	1	TeV	cascade	in	air	(corsika)			
	

E/2t = Ec

t = log2 E/Ec

4,
10
0	
m
	a
.s
.l.
	

(*)	They	probably	have	a	hadronic	component	…	

L = tX0
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Electromagne4c	Showers	
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The	transverse	development	of	a	shower	described	by	the	Moliere	radius
																									,	where	Es	=	21	MeV.	In	a	shower	90%	of	the	energy	is	

contained	in	one	RM	and	99%	within	3.5	RM.	
	
Example:	air	(sea	level),	X0	=	300	m.	Ec	~	84	MeV;	RM	=	75	m	

	 				(N.B.	air	showers	broaden	more	than	this	because	of	variable	
	 					density	in	air	with	al7tude).	
											water,	X0	=	36	cm.	Ec	=	78,6	MeV;	RM	=	9.6	cm	

	

RM = X0Es/Ec
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Hadron-nuclei	interac4ons	

Hadrons	beams	propaga7ng	through	maPer	have	complex	
interac7ons.	Things	to	remember:	
ü  Interac7ons	can	be	both	elas7c	

and	inelas7c	
ü  Resonances	are	cri7cal	over	a		

specific	energy	range	
ü  Short	lived	hadrons	can	decay	

in	flight	
ü  At	large	energies,	the	cross	sec7on	

is	approximately	the	geometrical	
size	of	the	target	

14 41. Plots of cross sections and related quantities
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Figure 41.13: Total and elastic cross sections for π±p and π±d (total only) collisions as a function of laboratory beam momentum and total
center-of-mass energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the
COMPAS Group, IHEP, Protvino, August 2005)
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Hadron-nuclei	interac4ons	

The	total	cross	sec7on	for	hadron-nuclei	interac7ons	is	of	the	form	
	
As	a	hadron	crosses	a	material	of	width	dx,	it’ll	have	an	interac7on	
probability	of															,	where	nt	is	the	nuclei	density.	Thus	the	mean	
free	path	is																									.	For	exclusively	inelas7c	scaPering,	you	can	
define	the	absorp7on	length																													.	Note	that	for	high	beam	
energies,	the	cross	sec7on	is	dominated	by	inelas7c	processes	and	the	
collision	length	λc	and	absorp7on	length	are	almost	iden7cal																	.		

� = �inel + �elast

nt�tdx

�c = 1/nt�t

�a = 1/nt�inel

�a ⇡ �c

Element	 Z	 σt	(mb)	 σinel	(mb)	 λc	(cm)	 λa	(cm)	

H2	(*)	 1	 39	 33	 687	 806	

C	 6	 331	 231	 26.6	 38.1	

Al	 13	 634	 421	 26.1	 39.4	

Fe	 26	 1120	 703	 10.5	 16.8	

Pb	 82	 2960	 1770	 10.2	 17.1	

Beams	in	the	80-300	GeV	range.	(*)	Liquid	H2	@	26	K.	
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Hadronic	cascades	(or	showers)	

Similar	idea	to	electromagne7c	cascades.	When	the	cross	sec7on	is	
dominated	by	inelas7c	processes	and	mul7-pion	(or	mul7	meson)	
produc7on,	the	number	of	par7cles	with	each	interac7on	grows	
geometrically	with	each	interac7on.		
	
Frequent	genera7on	of	π0,	which	decays																							,	results	in	
hadronic	cascades	having	a	pure	electromagne7c	component.	
	
Fluctua7ons	in	hadronic	showers	are	far	more	significant	than	for	
electromagne7c	cascades.	The	transversal	development	
of	hadronic	cascades	is	larger.		

⇡0 ! � + �

4,
10
0	
m
	a
.s
.l.
	

Simulated	1	TeV	hadronic	in	air	(corsika)			
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Summary	of	passage	of	par4cles	through	maOer	

Photons	and	electrons:	at	high	energy	(	>	0.1	–	1	GeV)	radia7ve	losses	
dominate,	and	these	are	the	least	penetra7ng	par7cles.	
	
Photons	at	intermediate	energies	(~	10	–	100	MeV)	Compton	
scaPering	is	most	important	
	
Electrons	at	low	energies:	ioniza7on.		
	
Hadrons:	radia7ve	losses	suppressed	by	1/m2,	hadronic	showers	
develop.	
	
Muons:	long	life7me	and	low	radia7ve	losses,	imply	that	these	are	the	
most	penetra7ng	par7cles	(save	for	neutrinos)	
	
Neutrinos:	To	be	discussed	later.		
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Proper4es	for	some	materials	

The	table	uses	different	nomenclature	than	what	I’ve	used.		
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Detectors	

This	is	an	extensive	topic.	I	will	show	a	couple	of	examples	for	the	
detec7on	of	cosmic	rays,	gamma-rays	and	neutrinos.	
	
I	will	however	describe	other	experimental	techniques	when	
describing	specific	experiments.		
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Cosmic	Rays	

Cosmic	rays	are	charged	
par7cles	that	arrive	at	Earth	
with	a	wide	range	of	energies	
with	isotropic	direc7ons.	
Studies	on	cosmic	rays	focus	
on	spectrum	and	elemental	
composi7on.	
	
Highest	energies:	1020	eV	and	
par7cle	fluxes	of	1	par7cle	
per	sq.km	per	century	...	
	

PDG	2010	

Factor	of	10-x	added	
for	clarity	
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Balloon	and	Satellite	detec4on	of	cosmic	rays	

Satellite	and	Balloons	directly	observe	cosmic	rays.	Minimal	CR-atmosphere	
interac7on.	Atmosphere	is	~10-3	gr/cm2	at	100	km.	Detectors	are	small,	
observa7ons	are	limited	to	low	energy.	Balloons,	short	flight,	cheap.	
Satellites,	long	flight,	expensive	

	Example	balloon	experiment:	Cream	
	Example	satellite	experiment:	AMS	

	
Science	objec7ve	of	these	experiments	o}en	goes	beyond	studying	C.R.	
	
	 CREAM	(ar7st	depic7on)	
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Example:	Pierre	Auger	–	Water	Cherenkov	

Air	Showers:	hadronic	showers	ini7ated	by	cosmic	rays	in	the	upper	
atmosphere.	At	ground	level,	the	most	common	par7cles	are	
electrons,	positrons,	gamma-rays,	muons	and	neutrinos.	
	
Pierre	Auger	detects	par7cles	that	have	
reached	the	ground	and	infers	proper7es	
of	the	ini7al	cosmic	ray.	
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Example:	Pierre	Auger	–	Water	Cherekov	

Charged	par7cles	that	reach	the	ground	produce	Cherenkov	radia7on	
in	water	tanks.	This	is	detected	by	PMTs.	Photons	(typical	energies	at	
ground	are	100	MeV)	may	compton-scaPer	in	water,	leading	to	an	
electron,	that	also	produces	Cherenkov	radia7on.		

Cherenkov	
front	

PMT	

θc	

Reflec7ve
	liner	
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Example:	Pierre	Auger	–	Water	Cherenkov	

Tank	separa7on:	1.5	km	
Area	covered	by	tanks:		
3000	km2	

	
Air	shower	direc7on:	
Rela7ve	7me	between	tanks	
	
Shower	maximum/height	of		
first	interac7on:	curvature	of	shower	front	
	
Energy:	Normaliza7on	of	the	lateral	distribu7on	func7on	
	
N.B.	Pierre	Auger	uses	a	second	detec7on	method,	air	fluorescence	
that	I	won’t	discuss.	

Auger	footprint,	Argen7na.	
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Sample	Pierre	Auger	event	

Event	informa7on	
Date:	Tue	Oct	26	17:39:16	2010	
#	of	sta7ons	13	
Energy				 	 	4.99	±	0.19	1019	eV	
θ								 	 	40.3	±	0.1	deg	
φ      											 	-139.5	±	0.2	deg	
Curvature		 	12.2	±	0.6	km	



Phys	8803	–	Special	Topics	on	Astropar7cle	Physics	–	Ignacio	Taboada	

Pierre-Auger:	spectrum	and	composi4on	

We	will	return	to	these	plots	when	we	
study	cosmic	rays.		
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Satellite	detec4on	of	gamma	rays	

Satellite	directly	observe	gamma	rays.	Minimal	gamma-atmosphere	
interac7on.	Atmosphere	is	~10-3	gr/cm2	at	100	km.	Detectors	are	small,	
observa7ons	are	limited	to	<	30	GeV.	Satellites,	long	flight,	expensive.	
	
Example	satellite	experiment:	Fermi	LAT	–	e-pair	conversion.	E-pair	
conversion	is	not	the	only	relevant	technique.	At	lower	energy		Compton	
telescopes,	scin7llators,	etc	are	also	used.		
	
EGRET	(part	of	CGRO)	also	worked	as	an	e-pair		
conversion	detector	
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Pair-Conversion	Telescope	(tracker)	

E-pair	produc7on		
dominates	

Note	that	the	actual	target	is	tungsten	Thickness	of	target	foils	is	a	compromise	
between	thin	(good	for	angular	resolu7on)	
and	thick	(good	for	effec7ve	area).	
	
First	12	Tungsten	foils	are	2.7%	rad	lengths,	final	four	are	18%	rad	lengths.	
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LAT:	Silicon	strips	

A	charged	par7cle	passing	through	a	semi-
conductor	will	promote	an	electron	from	
the	valence	band	to	the	conduc7on	band.	
	
The	result	is	an	electron-hole	pair.	
	
The	band	gap	is	only	~1	eV	(for	
semiconductors).	And	only	3-4	eV	energy	
loss	are	needed	to	create	the	electron-hole	
pair.	So	a	par7cle	passing	through	a	silicon	
strip	will	release	create	many	electron-hole	
pairs,	even	if	the	strip	is	very	thin	(400	µm	
in	LAT).	A	voltage	across	the	strip	allows	the	
measurement	of	a	current	pulse	related	to	
the	passage	of	ionizing	radia7on.	Both	holes	
and	electrons	produce	current.	

The	current	is	simply		

I = Evqv

LAT	Si	strip	pitch:	
228	µm	



Phys	8803	–	Special	Topics	on	Astropar7cle	Physics	–	Ignacio	Taboada	

Fermi	LAT	performance	
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Fermi	LAT	sky	map	(>	1	GeV)	

Over	2000	sources	+	diffuse	emission.	More	later	…	

5	year	Fermi	sky	map	above	1	GeV		
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Ground	detec4on	of	gamma	rays	-	IACT	

For	a	10	km	high	shower	
max	and	1o	Cherenkov	angle,		
the	Cherenkov	pool	
at	the	ground	is	175	m	in		
radius.	
	
With	a	single	telescope	you	
know	the	plane	that	contains	
the	shower,	but	not	the	actual	
shower	max	loca7on.	

HESS	

Other	IACTs:	Veritas,	Magic,	etc	
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HESS	performance	

Crab	nebula	(points)	
Simula7on	(histogram)	

Field	of	view:	about	5	degrees	
	
Duty	cycle:	about	10	%	(700	hours/year)		
																					+	5%	(350	hours/year	par7al	moon	
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The	Gamma	ray	sky	(>100	GeV)	

tevcat.uchicago.edu	
	
Approximately	180	known	sources	
More	later	…	
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Neutrino-maOer	cross	sec4on	low	energy	

Electron	scaPering	
	 	 	 	 	 	 	 	 						 	 	 	Eν	~	7	–	50	MeV	

	
Deuteron-neutrino	

Data	from		
Nakamura	et	al.		
Nucl.Phys.	A707	(2002)	561-576	

⌫e + d ! p+ p+ e�

⌫e + d ! n+ p+ ⌫e

CC	

NC	

CC	

NC	

Neutrino	–	m
aPer	interac7

ons	depend	

on	the	chann
el.	Only	a	cou

ple	of		

examples	given.	

�⌫e+e�!⌫e+e� = 1⇥ 10�44E⌫/MeV [cm2]
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MeV-GeV	Neutrino	detec4on:	Super	Kamiokande	

SuperK	works	via:	
	
	
(let’s	ignore	an7-neutrinos)	
	
50	ktons	of	water	(33.8	m	high,	36.2	m	diam	
inner	detector).	Walls	covered	with	11,456	large	
(51	cm	diam)	PMTs	looking	inward	and	1885	(20	
cm	diam)	PMTs	in	the	outer	detector.	
	
Energy	is	measured	by	number	of	Cherenkov	
photons	(propor7onal	to	e-	track	in	water)	
For	MeV	energies,	electrons	travel	~1	cm/MeV.	
	
Electron	direc7on	is	obtained	from	Cherenkov	
ring	on	the	wall.	
	
	

⌫l ⌫l

e� e�

Z0

⌫l + e� ! ⌫l + e�

e�

e�

W

⌫e
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Super	K	Performance	

For																																							in	the	C.M.	
the	cross	sec7on	is	isotropic	in																																								
scaPering	angle.	In	the	lab	frame:	

⌫e + e� ! ⌫e + e�

d�

d cos ✓
/ 1

1 +

E⌫
mec2

(1� cos ✓)

 0

 0.1

 0.2

 0.3

 0.4
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 0.7

 0.8

 0.9

 1

-1 -0.5  0  0.5  1

1/( (1+4./0.511*(1-x) )*(1+4./0.511*(1-x) ) )
1/( (1+10./0.511*(1-x) )*(1+10./0.511*(1-x) ) )

cosθ

10	MeV	

4	MeV	

SuperK	
Phys.Rev.D83:052010,2011	

Neutrino-Electron	
direc7on	correla7on	

Electron	angular		
resolu7on	

SK	I	

SK	III	
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Super	K	Performance	

SuperK	
Phys.Rev.D83:052010,2011	

SK	I		

SK	III		

Neutrino	and	electron	energy	
are	perfectly	correlated	as	it	is	a	
2	body	result.	
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neutrino	-	maOer	cross-sec4on	E	>	1	GeV	

/ E

/
p
E

PDG	2012	
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TeV	neutrino	detec4on:	IcEcube	
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TeV	neutrino	detec4on:	IceCube	

Main	detec7on	mode	(but	not	the	only	one)	is	
muon	neutrino	charged	current	interac7on.		
	
Muon	track	length	is	hundreds	of	meters	to	several	
km	long	in	IceCube	energy	range.	
	
	
Muon	direc7onal	reconstruc7on	is	based	on	
long	lever	arm	of	track	in	the	detector	and	
on	rela7ve	7ming	of	PMTs.	
	
Muon	energy	reconstruc7on	is	based	on	dE/dx	
(brems+ioniza7on)	of	muon	inside	the	detector.		
Neutrino-muon	energy	are	correlated	but	not	
perfectly.	

⌫µ µ�

W
A
ZN X

✓⌫µ�µ ⇠ 0.7�p
Eµ/TeV
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Example	balloon	experiment:	CREAM		

Modern	balloon	experiments	are	o}en	launched	from	McMurdo,	
Antarc7ca	to	maximize	flight	dura7on.	

Cream	1st	flight	trajectory	
Cream	flights		
(1)12/16/04	–	1/27/05	
(2)	12/16/05	–	1/13/06	
(3)	12/19/07	–	1/17/08	
(4)	12/19/08	–	1/7/09	
(5)	12/1/09	–	1/8/10	
(6)	12/20/10	–	12/26/10	
(7)	2012	?	
(8)	?	



Phys	8803	–	Special	Topics	on	Astropar7cle	Physics	–	Ignacio	Taboada	

Example	balloon	experiment:	CREAM	

CREAM	objec7ve:	measure	energy	and	species	with	high	accuracy.	
	
Mul7ple	par7cle	detectors	
•  Timing	Charge	Detector	(TCD)	
•  Transi7on	Radia7on	Detector	(TRD)	
•  Cherenkov	Detector	(CD)	
•  Silicon	Charge	Detector	(SCD)	
•  Scin7llator	hosdoscopes	(S1,S2,S3)	
•  Calorimeter	

Let’s	focus	on	understanding	the		
transi7on	radia7on	detector.	CREAM’s	
	
Transi7on	Radia7on	Detector	works	in		
in	the	X-ray	range.		

H.S.	Ahn	et	al	(CREAM	collab.)	
NIMPA	579,	(2007),	1034–1053	
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Cherenkov	Radia4on	

A	charged	par7cle	traveling	through	a	homogeneous	dielectric	with	a	
speed	faster	than	the	speed	of	light	in	the	medium	produces	
Cherenkov	radia7on.	The	energy	loss	is	insignificant,	but	it’s	easy	to	
detect	op7cal	photons.		
	
The	wave	front	of	Cherenkov	is																										where	n	is	the	index	of	
refrac7on.	The	threshold	is	
	
The	number	of	photons	
produced	is		

Nuclear	Reactor	Pond	
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Transi4on	Radia4on	

Transi7on	radia7on	is	related	to	Cherenkov	radia7on.	When	a	par7cle	
of	charge	ze	crosses	from	vacuum	to	a	medium	with	plasma	frequency	
ωp,	the	energy	radiated	is	
	
Here	
	
The	number	of	photons	above									is:	
	
	
So	for	
	
	
Photon	coun7ng	measures	γ.		
(but	note	dependence	on	z.	
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CREAM	Performance	Transi4on	
Transi7on	Radia7on	Detector.	
Test	at	CERN	

Timing	Charge	Detector.	
Test	at	CERN.	

Calorimeter	response	to	150	GeV	electrons	
Test	at	CERN	

H.S.	Ahn	et	al	(CREAM	collab.)	
NIMPA	579,	(2007),	1034–1053	

Test	without	
radiator	foam	
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Electromagne4c	Showers	

The	longitudinal	profile	of	a	cascade	is	well	described	by	a	gamma	
func7on.	The	energy	deposited	in	the	medium	is:	
	
	
The	maximum	energy	deposi7on	happens	at	
	
The	values	a	&	b	can	be	fiPed	to	data.	An	alterna7ve	is	to	assume	
b=0.5	(good	for	a	wide	range	of	elements)	and	then	find	a	from	
equa7ng	tmax	with	the	shower	length	in	the	simplis7c	model:		

dE

dt
= E0b

(bt)a�1e�bt

�(a)

t
max

= (a� 1)/b

t
max

= (a� 1)/b = log2 E/E
c
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Cosmic	Rays	
Cosmic	rays	are	charged	par7cles	that	arrive	at	Earth	with	a	wide	range	of	
energies	with	isotropic	direc7ons.	Studies	on	cosmic	rays	focus	on	
spectrum	and	elemental	composi7on.		

PDG	2010	


