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Beam	Tests	at	CERN	
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AMS	in	Space	
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In 5 years on ISS,  

AMS has collected >80 billion cosmic rays.  

To match the statistics,  

systematic error studies are important. 



Nuclei	Analysis	
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Tracker (L1 – L9) + Magnet 
 Rigidity (momentum/charge) 
 Bending Coordinate Resolution ≈ 10 µm / 7.5 µm 
 MDR ≈ 2 TV / 3.2 TV   
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Flux	Measurement	
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The	isotropic	proton	flux	Φi	for	the	i	th	rigidity	bin	(Ri	,	Ri	+ΔRi)	is:	

To	match	the	sta7s7cs	of	300	million	events,	extensive	systema7c	errors	studies	have	been	made.	

1)	σtrig.:trigger	efficiency		
	
2)	σacc.:	
							a.	the	acceptance	and	event	selec0on	
							b.	background	contamina0on	
							c.	geomagne0c	cutoff	
 

3)	σunf.	
										a.	unfolding	
							b.	the	rigidity	resolu0on	func0on	
	
4)	σscale.:	the	absolute	rigidity	scale 



Trigger	Efficiency	
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Trigger	efficiency	[4/4	TOF	(+	VETO)	]	was	measured	
using	1%	prescaled	event	sample	obtained	with	
unbiased	3	out	of	4	ToF	coincidence	trigger:	
εT=	90-95%	for	protons,	95-99%	for	helium,	

	~100%	Z>2	

LowerTOF 
(layers 3  
and 4) 

UpperTOF 
(layers 1  
and 2) 

This	systema7c	error	is	negligible	(less	than	0.1%)	below	100GV		
and	increasing	~1.5%	at	highest	rigidi7es	

VETO 

Ni 
Ti εi Ai ΔRi 

Φi(Ri) = 



Proton	Acceptance	
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The	detector	is	mostly	made	of	C(73%	by	
weight)	and	Al(17	%).	The	inelas7c	cross					
sec7ons	of	p	+	C	and	p	+	Al	are	known	to	
few	percent	between	1	GV	and	1.8	TV.		
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Using	MC	samples	with	cross	
sec7ons	scaled	by	±10%,	we	
found	that	the	errors	on	the	
proton	flux	due	to	uncertainty	
in	inelas7c	cross	sec7ons	are:	
	
	 							1%	[1GV]				
										0.6%		[10-300	GV]																									

				0.8%	[1.8	TV]		

	
	
		

Ni 
Ti εi Ai ΔRi 

Φi(Ri) = 



Nuclei	Acceptance	
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→	New	method	to	determine	interac7ons	from	ISS	data	with	
AMS	poin7ng	in	horizontal	direc7on:	2+	days	in	total		

  eg. He+C and He+Al are measured only below 10 GV 

Survival prob. L2 → L1 

L1 
L9 

 ID: L8-L2 Target 

Survival prob. L8 → L9 

L1 L9 

ID: L2-L8 Target 

Method	was	verified	by	comparing	this	 L8 → L9 survival	probability	to	
one	obtained	from	data	collected	in	nominal	AMS	orienta7on:	
For	Helium	~1%	<	200	GV	increasing	to	~2%	at	highest	rigidi7es	

Ni 
Ti εi Ai ΔRi 

Φi(Ri) = 



Unfolding	
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σ=1/MDR 

1/R 

Correc0on	of	bin-to-bin	migra0on		
	is	needed	due	to	the	finite	

tracker	resolu0on	

1/R 

En
tri

es
 

True 
 spectrum = 

1/R 

En
tri

es
 

Measured 
 spectrum 

× 

Bin-to-bin Migration 

Unfolding 

Ni 
Ti εi Ai ΔRi 

Φi(Ri) = 

Resolution function 

Difference	between	different	unfolding	algorithms	gives	a	systema7c	error	~0.5%	



Tracker	resolu0on	
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Protons:	
•  Resolu7on	func7on	from	MC	simula7on	
•  Verified	with:	

•  400	GeV/c	Test	Beams	data	
•  ISS	data:	tracker	residuals,	rigidity	

reconstruc7on	(L1-L8)	vs.	(L2-L9)	
	

Nuclei:	
•  Resolu7on	func7on	from	MC	simula7on	
•  Verified	with	ISS	data:	

•  Tracker	residuals	
•  Rigidity	reconstruc7on	(L1-L8)	vs.	

(L2-L9)	

Uncertainty	on	the	flux	<	1%	below	300	GV	rising	to		3%	at	2	TV	



Rigidity	Scale	
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Two	contribu7ons	to	the	uncertainty:	
	
1.   Residual	tracker	misalignment		(1/Δ ):	

checked	with	EECAL/RTracker	ra7o	for	
electrons	and	positrons,	limited	by	the	
current	high	energy	positron	sta7s7cs.	
The	corresponding		flux	error	is	2.5%	
@1	TV.	

2.   Magne0c	field:		
	Mapping	measurement	(0.25%)	and	
	temperature	correc7ons	(0.1%).	
	Taken	in	quadrature	and	weighted	by	
	the	measured	flux	rigidity	depen-
	dence,	this	amounts	to	less	than	
	0.5%	systema7c	error	on	the		flux.	

CERN, 2010 
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Verifica0on	(I)	
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Study	the	dependence	of	the	integral	of	the	proton	flux	above	30	GV		
on	the	angle	Θ	between	the	incoming	proton	direc7on	and	the	AMS	zenith	axis.	

1.01	

0.99	

This	verifies	the	systema7c	error	assigned	to	the	acceptance.	
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Verifica0on	(II)	
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The	monthly	integral	flux	above	45GV	is	within	the	systema7c	error	of	0.4%.		

1.01	

0.99	

This	verifies	that	the	flux	above	45GV	shows	no	observable	effect	from	solar	
modula7on	fluctua7ons	and	that	the	detector	performance	is	stable.	
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Verifica0on	(III)	

6/23/16	 M.Heil,	RICAP'16,	Frasca7	 15	

The	ra7os	of	fluxes	obtained	using	events	which	pass	through	different	sec7ons	of	L1	

to	the	average	flux	is	in	good	agreement	and	within	the	assigned	systema7c	errors.	

This	verifies	the	errors	assigned	to	the	tracker	alignment.	



Verifica0on	(IV)	
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1.01	

0.99	

1.00	

1.02	

0.98	

Fl
ux
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o	

The	flux	obtained	with	only	the	inner	Tracker	(L2-L8)	is	in	good	agreement	
to	the	one	obtained	with	the	full	span	Tracker	(L1-L9)		

This	verifies	the	error	on		the	rigidity	resolu0on	func0on	and	
the	unfolding	

	



Proton	Flux	
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Phys.	Rev.	Leq.	114,	171103	(2015)	
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Proton	Flux	
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Double	Power	Law:	



Proton	Spectral	Index	
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Helium	Flux	
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Phys.	Rev.	Leq.	115,	211101	(2015)	



Helium	Flux	
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Helium	Flux	
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Δγ=0	or R0= ∞ 	

Double	Power	Law:	



Helium	Spectral	Index	
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Proton/Helium	Flux	Ra0o	
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Consistent with a single 
power law above 45 GV 



Proton/Helium	Ra0o	Spectral	Index	
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Constant above 45 GV 
 
γp/He= -0.077±0.0073 



Light	Nuclei	Analysis	
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Acceptance	for	Light	Nuclei	Analyses	
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Protons,	Helium:	Tracker	L1-L9	 Z>2:	Tracker	L1-L8	for	Rigidi0es	<1TV	



Background	from	Interac0ons	
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ZTOF_LOW=5.2 

ZTRK_IN=4.8 

ZRICH=5.1 

ZTRK_L1=6.1 

ZTRD=6.0 

Z0=9.9 
Z1=5.3 

front      
view 

•  There	is	a	small	background	
from	higher	charge	nuclei	
interac0ons	inside	AMS,	
such	as																												
Carbon	->	Lithium	

					Carbon	->	Boron	or	
					Oxygen	->	Carbon	or	
	

•  Due	to	their	abundance	in	
cosmic	rays	only	nuclei	up	
to	Oxygen	play	a	significant	
role	

•  Background	is	determined	
by	charge	measurement	at	
the	top	of	AMS	(Tracker	L1)	
and	MC		



	Lithium	Flux	–	current	status	
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	Carbon	Flux	–	current	status	
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~	
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comparison	with	measurements		
from	0.5	GeV/n	to	3	TeV/n	

	Boron/Carbon	ra0o–	current	status	
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In the past hundred years, measurements of charged cosmic rays by 
balloons and satellites have typically contained ~30% accuracy. 

AMS is providing cosmic ray information with ~1% accuracy. 
The improvement in accuracy will provide new insights into the source of 

cosmic rays and their propagation through the galaxy. 
 

The Space Station is now a unique platform for fundamental physics 
research. 
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Back	up	



Transi0on	Radia0on	Detector	
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Typically,	1	in	1,000	protons	may	be	
misiden7fied	as	a	positron	

ISS Data 

Normalized 
Probabilities 

TRD estimator = -ln(Pe/(Pe+Pp)) 

20 layers: fleece radiator  
and proportional tubes  

TRD classifier = -Log10(Pe)-2 

TRD likelihood  = -Log10(Pe) 

Lead	by:	K.	Luebelsmeyer,	S.	Schael	



Time-of-Flight	Detector	
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Measures Velocity and Charge of particles 

Velocity 
[Rigidity>20GV] 

E
ve

nt
s 

	Lead	by:	A.	Con@n,	G.	Lauren@,	F.	Palmonari	

Z = 6 
σ = 48ps	



Tracker	
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Inner tracker alignment stability  
monitored with IR Lasers. 

 
The Outer Tracker is continuously aligned  

with cosmic rays in a 2 minute window  

1 

5 
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3 
4 
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2 

Laser	rays	

9 planes, 200,000 channels 
The coordinate resolution is 10 µm. 

Lead by: R. Battiston, G. Ambrosi, B. Bertucci 



Ring	Imaging	Cherenkov	
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Measurement	of	Nuclear	Charge	(Z2)	and	its	Velocity	to	1/1000	

Par0cl
e	

Θ 

Intensity � Z2 

 � V 

Aerogel NaF 

10,880 
photosensors 

p	=	633	
GeV/c	 p	=	203	

GeV/c	

Aerogel NaF Fe	 Fe	

Lead	by:	J.	Berdugo,			G.	Lauren@	



Electromagne0c	Calorimeter	
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e± 
Lead foil 

Fibers 

50 000 fibers, φ = 1 mm 
distributed uniformly  
inside 600 Kg of lead 

provides a precision, 17 X0, TeV, 3-dimensional measurement  
of the directions and energies of electrons and positrons 

Lead by: F. Cervelli, S. Rosier-Lees, H.S. Chen 

Typically,	1	in	10,000	protons	
may	be	misiden7fied	as	a	
positron	

Proton rejection at 90% e+ efficiency  
ISS data: 83–100 GeV 

Momentum	(GeV/c)	



Proton	/	Helium	selec0on	
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	Tracker	hits	from	L1	to	L9	with	ZL1-L9	≈	1(2),	and	ZTOF	≈	1(2)	

Zinner 

ZL1 ≈1(2) 

ZL9 ≈1(2) 

ZTOF ≈1(2) 

ZTOF ≈1(2) 

Selected  
 primary He 50 ✕106 



Flux	Measurement	
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Assuming that the flux is isotropic,  
          the differential flux is defined as : 

Rigidity: 
1-1800 GV  
2-3000 GV 

Exposure Time: 
63 . 106 sec >30GV 

Ni 
Ti εi Ai ΔRi 

Φi(Ri, Ri+ΔRi) = 

 Trigger 
 Efficiency  

Bin width 

Events Corrected for Bin 
to Bin Migration due to 
Tracker Rigidity 
Resolution 

Effective  Acceptance 



Systema0c	Errors	
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Due	to	the	high	sta7s7cs	of	AMS,	studies	of	the	systema7c	
errors	are	important:	
	
•  Background	contribu7ons			 	 	very	small	in	AMS	
	
•  Trigger	efficiency	uncertainty 	 	typically	≤	1%	
	
•  Acceptance	uncertain7es 	 	 	1-2	%	for	all	rigidi7es	

•  Interac7on	cross-sec7ons	
•  Data/MC	correc7on	
	

•  Unfolding	uncertain7es	 	 	 	at	high	rigidi7es	~3%	
•  Unfolding	method	
•  Rigidity	resolu7on	func7on	
	

•  Rigidity	scale	uncertainty 	 	 	at	high	rigidi7es	2-3%	



Exposure	Time	
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