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Summary

� Transition Radiation process

� Transition Radiation y iel d

� S ig nal  processing  

� L ast g eneration TRD s f or accel erators

� TRD s to tag  h ig h  energ y  h adron b eam s

� R& D  on nov el  TRD s

� C oncl u sions
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Transition radiation ( TR ) at th e  
inte rf ac e  of  tw o dif f e re nt m e dia

X- r a y  r e g i o n

ε ε ε ε ≈≈≈≈ 1- ( ωωωωp/ ωωωω ) 2

ωωωωp( e V ) ≈≈≈≈2 8 . 8 ( ρρρρ( g / c m 2 ) Z / A ) ½

ωωωωp≈≈≈≈2 0  e V

γγγγ »  1

εεεε0000 εεεε

q = Z e
E = m γγγγ

F o r w a r d  T R

θθθθ~1/γγγγ

B a c k w a r d  T R

Total TR energy ≈≈≈≈ 1 / 3  αααα Z 2 ωωωωp γγγγ

Number of X- ra y s / i n t erfa c e ∼∼∼∼ αααα Z2 

No Backward TR
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εεεε0000 ε,  ωε,  ωε,  ωε,  ωp≈≈≈≈20 e V

q = Z e
E = mγγγγ
γ γ γ γ » 1111

T R  X -r a y  

θθθθ~1/γγγγ

d 1 = f o i l  t h i c k n e s s ≈≈≈≈20 µµµµm

TR from a single foil

γγγγth=2.5 d1 ( µµµµm )  ωωωωp ( e V )  ∼∼∼∼ 1 0 0 0

< E X > ≈≈≈≈ 0 .3  ωωωωp γγγγth ∼∼∼∼ 1 0  k e V

N u m b e r  o f  X -r a y s  ≈≈≈≈ αααα Z2

“Interference” effects:

F o rm a ti o n z o ne ( z )

d 1«  z  ⇒ y i el d  =  0

γγγγ ‹  γγγγ t h ⇒ y i el d  =  0
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Formation zone

Polyethylene A i r

))/(/1(
2

22 ωωωωωωωωγγγγωωωω p

Z
+

=



P. Spinelli - 4 2 nd  E lo is a t r o n I N F N  W o r k s h o p,  E r ic e,  2 0 0 3 6

TR from a “multi- foil”  rad iator

γγγγsat ∼∼∼∼ γγγγth (d2 / d1 ) ½ ∼∼∼∼ 1 0 4 u p  t o  ∼∼∼∼ 1 0 5

Nu m b e r  o f  X -r a y s  ∼∼∼∼ αααα Z2  Nf o i l ~  Z2

d2 = f o i l  g a p ~ 1 0 0  µµµµmd1

Nf o i l =  Nu m b e r  o f  f o i l s  ~ 1 0 0  u p  t o  ~  1 0 0 0

Interference effects:

g a p  fo rm a ti o n z o ne

S a tu ra ti o n γ γ γ γ › γγγγ
sat
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Transition Radiator Detector ( TRD)

X- r a y  d e t e c t o r s :  M W P C s ,  D r i f t  
c h a m b e r s , S t r a w t u b e s  ( Xe - C O

2
)

R e g u l a r  r a d i a t o r :  f o i l s  r e g u l a r l y  s p a c e d  ( C H
2
, M y l a r )

I r r e g u l a r  r a d i a t o r :  f o a m  o r  f i b r e s ( C ,  C H
2
)
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Compton edge

Radiator 
ab s orp tion  

γγγγsat

γγγγth
1  c m  of  X e

TR energy yield

1 0 0  f oi l s  CH 2 / a i r
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TRD Signal processing

Background: 
i nci de nt  p art i cl e  

i oni z at i on l os s

Q- m e t h o d :  c h a r g e  a n a l y s i s

N - m e t h o d :  c l u s t e r - c o u n t i n g

O f f - l i n e :  l i k e l i h o o d  o r  t r u n c a t e d  m e a n  ( Q)  m e t h o d s

δδδδ- r a y

T R  X - r a y

E l e c t r o n i c s  a n d  
d e t e c t o r  g e o m e t r y
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Q- m e t h o d  v s  N - m e t h o d

Landau-t ai l

cut

Re j e c t i o n

P o w e r

Rππππ/e =  
εεεεππππ/ εεεεe( 9 0 % )
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TRD performance vs length

one order of magnitude in Rejection Power is gained
wh en th e T RD  l ength  is increased b y  ~  2 0  cm

Rejection Power

Rππππ/e =  εεεεππππ/εεεεe( 9 0 % )
π/e

R
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TRD applications

Particle IDParticle ID: is  b as ed  o n  th e th res h o ld  p ro p erties  o f  th e T R

E n erg y  m eas u rem en tE n erg y  m eas u rem en t: if  th e m as s  is  k n o w n , th e en erg y  can  b e 
ev alu ated  o n ly  in  th e lim ited  ran g e b etw een  γγγγth an d  γγγγ s a t ,  an d  ab o v e 
γγγγ s a t ( b elo w γγγγth) it is  p o s s ib le o n ly  to  s et a lo w er ( h ig h er) lim it

C h arg e m eas u rem en tC h arg e m eas u rem en t: ch arg e id en tif icatio n  o f  h ig h  en erg y  n u clei in  
p article as tro p h y s ics

ππππ/p separation γγγγsat

γγγγth
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Last generation TRDs for new
ac c el erators

�ATLAS @ LH C :  εεεεππππ ∼∼∼∼ 1 0 -3 - 1 0 -2  @ εεεε e ∼∼∼∼ 9 0 %

�ALI C E  @ LH C :  εεεεππππ ∼∼∼∼ 1 0 -3  @ εεεεe ∼∼∼∼ 9 0 %

� P H E N I X  @ R H I C :  εεεεππππ ∼∼∼∼ 1 0 -3  @ εεεεe ∼∼∼∼ 9 0 %
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TRT Design 
Parameters

• Straw based tracking chamber with TR capability 
for electron identification.

• Straws run in parallel to beam line. 

• Active gas is Xe/CO2/O2 (70/27/3) operated at 
~2x104 gas gain; drift time ~ 40ns ( fast!)

• Counting rate ~ 6-18 MHz at LHC design 
luminosity 1034 cm-2s-1

Chiho Wang
Duke University

TRD 2003 
4-7 September 2003, Bari, Italy
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Radiator prototypeRadiator prototype

Goals: precise measurement of dE/dx and TR spectra; different radiators 
performance study; comparison with MC predictions. 

(V.Tikhomirov. ATLAS TRT test beam results. 4 September 2003, Bari, Italy.)



P. Spinelli - 4 2 nd  E lo is a t r o n I N F N  W o r k s h o p,  E r ic e,  2 0 0 3 18

Sector prototypeSector prototype

• Sector  of ATLAS TRT end cap
• 384 straws, 16 layers on beam 
direction
• 4 mm straw diameter
• Regular  radiator : 15 µm 
polyethylene foils with 200 µm 
spacing
• 70% Xe + 20% CF4 + 10% CO2

gas mixture (70% Xe + 27% CO2 + 
3%O2 since 2002)
• 2.5 ·104 nominal gas gain
• LHC type electronics

(V.Tikhomirov. ATLAS TRT test beam results. 4 September 2003, Bari, Italy.)



ALICE TRD @ LHC

Carbon-polypropylene fibers/TEC (Xe-CO2) with pad read-out, 
e/ππππ identification, tracking and triggering 

εεεε ππππ ∼∼∼∼10-3 @ εεεεe ∼∼∼∼90%
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ALICE TRD Ch a m b e r
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ALICE TRD performance
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PHENIX Time Expansion Chamber TRD

• 24 chambers arranged in 4,  6- chamber  sect o rs, each 3 . 7 m × 2. 0 m × 0 . 1 m 
co nt aining 27 0 0  w ires

• p o l y p ro p y l ene f ibers/ T E C  ( X e- C 4H 10) , e/ ππππ ident if icat io n, t rack ing and mo ment u m 
reco nst ru ct io n u sing dE / dx

Xinhua Li
Univ. of California, Riverside, CA 92521, USA
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TRDs for Cosmic Rays

� CRN (1985): polyolefin fibers/MWPC (Xe- H e- CO 2),  prim a ry 
c osm ic  ra y energ y m ea su rem ent  (S pa c e S h u t t le)

� WI Z A RD - T S 93  (1993 ): C- fibres/MWPC (Xe- CO 2),  e/h a d ron
id ent ific a t ion (ba lloon flig h t ),  εεεεππππ ∼∼∼∼10 - 3  @  εεεε e ∼∼∼∼90 %

� H E A T  (1994 ): fibers/MWPC (Xe- CO 2),  e/h a d ron id ent ific a t ion 
(ba lloon flig h t ),  εεεεππππ ∼∼∼∼10 - 3  @  εεεε e ∼∼∼∼90 %

� MA CRO  (1994 - 2 0 0 0 ): CH 2 foa m /sq u a re proport iona l t u bes 
(A r- CO 2),  u nd erg rou nd  µµµµ−−−−energ y m ea su rem ent  (L NG S )

� PA ME L A  (2 0 0 4 ): C- fibers/st ra w  t u bes (Xe- CO 2),  e/h a d ron
id ent ific a t ion (sa t ellit e m ission),  εεεεππππ ∼∼∼∼10 - 2 @  εεεε e ∼∼∼∼90 %

� A MS 2  (2 0 0 6 ): F iber/st ra w  t u bes (Xe- CO 2),  e/h a d ron
id ent ific a t ion (S pa c e S t a t ion) εεεεππππ ∼∼∼∼10 - 3 - 10 - 2 @  εεεε e ∼∼∼∼90 %
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Hadron Colliders beyond LHC
Two main routes past LHC:

increase luminosity

S L H C

L = 1 0 35 cm - 2 s- 1

√s =  1 4  T eV

increase energ y:

V L H C

P h ase I :  L = 1 0 34 cm - 2 s- 1 ,  √s =  4 0  T eV

P h ase I I :  L = 5 - 2 × 1 0 34 cm - 2 s - 1 ,  √s =  1 2 5 - 2 0 0  T eV

ELOISATRON: L=1036cm - 2 s - 1 ,  √√√√ s  =  2 0 0 - 1 0 0 0  T e V

Plans to reach far- energ y  fronti er b ey ond  the L H C  req u i re a 
si g ni fi cant,  conti nu ed  w orld - w i d e R & D  effort,  b ased  on 
reali sti c stu d i es of ex p eri m ental cond i ti ons and  ab i li ty  to 
d etect and  reconstru ct ev ent characteri sti cs i n fu ll.  F ast
p arti cle ( leptons) i d enti fi cati on d etectors ( T R D s? ) are 
need ed  !
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Some R&Ds for fa st  T RDs:
T RDs t o t a g  h i g h  en erg y  h a d ron  b ea m 

( a s t ri g g er or v et o)

�E769 (1991)- E791:  p i o n s / k a o n s / p r o t o n s  b e a m  
a t  2 5 0  G e V / c - 5 0 0  G e V / c  (2  M H z  r a t e ),  

�2 4  m o d u l e s  r a d i a t o r (p o l y p r o p y l e n e  
f o i l s )/ d o u b l e - g a p  M W P C s  (X e - C O 2),  

�d r i f t  t i m e  ~  12 0  n s  (n o t  y e t  s o  f a s t … ),  

�p r o t o n s  c o n t a m i n a t i o n  o f  2 %  @  8 7%  p i o n s  
e f f i c i e n c y  
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Fast T R D to  tag  h i g h  e n e rg y  h ad ro n  b e am 
( as tri g g e r o r v e to )

• T R D  f o r S P S - b e am p ro p o se d  f o r N A 5 7  
e x p e ri me n t ( 1 9 9 9 )  

• p i o n s/ k ao n s/ p ro to n s b e am ~  20 0  G e V / c 
( 4  M H z  rate ) ,  

• 1 6  mo d u l e s rad i ato r ( C - f i b e rs) / d o u b l e  
straw  tu b e s l ay e r ( X e - C O 2) ,

• sh o rt d ri f t ti me   ~  4 0  n s !

• p ro to n s ( p i o n s)  co n tami n ati o n :                            
2- 3  %  @  9 0 %  p i o n s ( p ro to n s)  e f f i ci e n cy
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Radiator:  5  c m  th ic k ,  m ade  of  s h ort c arb on  f ib e rs  of  7  µµµµm  diam e te r
X - ray  de te c tor:  k ap ton  ( 3 0  µµµµm  th ic k )  s traw  tu b e s ,  4  m m  diam e te r
G as :  X e - C O

2
( 7 0 % - 3 0 % )  @  1  b ar p re s s u re

Fast- T R D  f o r  a S P S - b e am :  

d e te c to r  v i e w  ( P.Spinelli et al., 1999)
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Fast- T R D  f o r  a S P S - b e am :  
tr i g g e r  l ay o u t

for T R I G G E R

or

for V E T O
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Fast- T R D :  e / π π π π b e am

e/ππππ ~  G eV /c ππππ/p ~  1 0 0  G eV /c u p  t o  1  T eV /c

Min.n° modules a s t r i g g er

e

e c on t a m.

π π π π c on t a m

ππππ

Min.n°  modules a s v et o
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Limitations of TRD electron/hadron 

rej ection p ow er

H adron interactions ( mainly  in the 
radiator material)  →→→→short TRDs !

E nerg etic δδδδ- electrons on the hadron
track →→→→ g aseou s chamb ers indicated…

dE /dx  relativ istic rise for hadrons in 
g aseou s detectors @  a few  1 0 0  G eV /c
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Novel a p p li c a t i on s : T R D  b a s ed on  t h i n f i lm s of  
h ea vy i n or g a n i c s c i n t i lla t or s

V.S o s n o v t e v e t a l , T R D  2 0 0 3  W o r k s h o p ,  B a r i

C s I 3 7 µµµµ t h i c k n e s s ,  d e c a y t i m e  =  6 3 0  n s

n e x t  R & D :  L u 2S 3:Ce ,  d e c a y  t i m e  = 3 2 n s !  ( v e r y f a s t … )

P M  →→→→ S i l i c o n multi- mic r o c o un te r P M  ( D o l g o s h e i n t a l k )   
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Landau and TR e ne r g y di s t r i b ut i o ns
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Rejection p ow er
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Novel applications : Silicon Strip TRD
(P.Spinelli et al., TRD 2003 workshop,Bari )

B  F ield

Silicon m icr os t r ip d e t e ct or s  t r a ck  t h e  r a d ia t ing  
p a r t icle  in a  m a g ne t ic f ie ld a nd  d e t e ct  t h e  T R  X  
r a y s  a p a r t  f r om  t h e  p a r t icle

SSD SSDX  r a y

R a d i a t i n g  
P a r t i c l ekeV

dx

dE

Si

100≈ keVETR 10≈

B Field ~  1 T

Typical 300- 4 00µm  t h ick n e s s

Absorption Probability 80%
Absorption Probability 7 0%
Absorption Probability 6 0%
Absorption Probability 5 0%
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Beam Test 2003: The set- u p

SSDs:

9  x  9  c m 2 c r o ss 
se c t i o n

4 0 0 / 5 0 0 µµµµm  t h i c k

2 2 8 µµµµm  st r i p  p i t c h

C
1 C

2

S
1

S
2

S
3

Carbon F i be r

R ad i at ors
5  c m  t h i c k n e s s

6 0  g/l d e n s i t y

E . M . - C a l

1 0 X
0

d e e p

Dipole B  F ield

500µµµµ m

4 00µµµµ m

500µµµµ m

4 00µµµµm

B e a m :  e l e c t r o n s &  p i o n s



P. Spinelli - 4 2 nd  E lo is a t r o n I N F N  W o r k s h o p,  E r ic e,  2 0 0 3 36

SSD Calibration

Electrons @  3  G eV / c:  1 1 6  k eV  f or 4 0 0  µµµµm  ( M od 1 )  

1 4 5  k eV f or 5 0 0  µµµµm  ( M od 2 )

Energy ( k eV )
Energy ( k eV )

The ADC channel distribution is fitted with a Landau distrib. :  the m ost p robable v alue 
has been set to 1 1 1  k eV for p ions at 3 G eV / c in 4 0 0  µµµµm  ( B ichsel P DG  2 0 0 2 )
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SSD Noise

TR p h o t o n s ’ s e a r c h  > 3 σ ~  4  k e V
σ = 5 . 8 c h s ⇒ 1 . 3  k e V
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The X-r a y  s ea r c h a l g o r i t hm

Particle 
p o s itio n

Particle 
s h ad o w

� The particle trajectory in the bending plane is approximated by an arc
of  a circle

� The tangents to the trajectory are draw n f rom the points at the 
beginning and at the end of  each radiator

� TR  X- ray search is perf ormed in the region of  the particle shadow

� X- ray clu sters mu st hav e at least one strip w ith S / N  >  3 σ  ( 4  k eV ) ;
adjacent strips w ith S / N  >  1 σ are also inclu ded in the clu ster
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Energy Spectra

Photons

E l e c tr ons

<E γγγγ >  =  1 2 . 8  k e V @  3 G e V / c

<E γγγγ >  =  1 4 . 2  k e V @  5 G e V / c

The two spectra are obtained 
in two separate S S D  reg ions

Photons

E l e c tr ons
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Si- T R D  t e s t  b e a m  p e r f o r m a n c e

Si- T R D e l e c t r o n  t a g g in g :

A t  l e a s t o n e  T R  p h o t o n ( in  t h e  s h a d o w r e g io n )

4%2 . 5 %2 . 1 %1 . 6 %R e j e c t i o n  p o w e r

1 . 5 %1 . 5 %1 . 3 %1 . 3 %ππππ c o n t a m i n a t i o n

3 0 %5 5 %6 0 %8 0 %e  e f f i c i e n c y

5  G e V / c

0 . 5 T

5  G e V / c

1 T

3  G e V / c

0 . 5 T

3  G e V / c

1 T

Time r es p o n s e ~  µµµµs ,  d ep en d in g o n  t h e el ec t r o n ic s ,  ( f a ir … )

B u t  n o  g a s is n eed ed ,  a n d  it c a n  b e u s ed a s s p ec t r o met er
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Multi-la y e r  S I -T R D

SSD

m o d u l eB  f i e l d

SSD x z - v i e wSSD x y - v i e w

5 c m 1 1 c m
4 0 0 µ m  t h i c k n e s s

C - f i b e r

r a d i a t o r
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Multi-la y e r  S i-T R D  r e j e c tio n  
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Next F u tu r e p o s s i b l e R & D  f o r T R D s

Radiator G E M

Charged P art i c l e

TR P h o t o n

S ig n al tim e  w idth ~  1 0  n s  !  ( u l tra f as t! )



Typical geometry:
5 µm Cu on 50 µm Kapton
70 µm holes at 140 mm pitch

Thin metal-coated 
polymer foil 
chemically pierced 
by a high density of 
holes (technology 
developed at CERN)

GEM (= Gas Electron Multiplier)

F. Sauli, Nucl. Instrum. Methods A386(1997)531
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DRIFT

TRANSFER
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GEM signal formation

S1 S2 S3 S4

Induction gap

e-

e-

I+
Ar-CO2 70-30

Fast electron signal only 
N o p ositiv e ion tail →→→→ very good m u l t i - t ra c k t i m e res ol u t i on
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Conclusions

� TRDs a r e  w e l l  su i t e d  f o r  h i g h  e n e r g y  
p a r t i c l e  ( l e p t o n ) i d e n t i f i c a t i o n  ( →→→→Te V r e g i o n )

� TRDs c a n  a l so  b e  u se d  f o r  t h e  m e a su r e m e n t  
o f  k n o w n  m a ss p a r t i c l e s

� TRDs c a n  b e  u se d  a s f i r st  l e v e l  t r i g g e r  f a st  
d e v i c e s o n  h i g h  e n e r g y  b e a m  l i n e s

� R& D r e su l t s o n  n o v e l  TRDs a r e  p r o m i si n g  f o r  

P I D f o r  n e x t  g e n e r a t i o n  o f  “ su p e r  c o l l i d e r s”


