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The techniques I will discuss -

e determine the mass and therefore the

species of charged particles

e are non-destructive

e require that the momentum be
independently measured in the same

or a different sub-detector



Time-of-Flight

A relativistic particle traveling at velocity, v,
traverses distance, D, in time, t, given by
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where E and pc are the particle energy and
momentum. Then,
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where t, = D/c is is the time it would take a
particle traveling at the speed of light to
traverse distance D.




Just how much time is this?

I - = 3.33 x 10 2sec/m

c 3.x 108%m/sec
This is small, only 3.33 nsec! And, because of
the dependence on mocz/pc, we approach this
limit very quickly as the particle momentum
increases. This is demonstrated in the plot
shown below, where you can see that it is
likely to be very difficult to use this technique

above a momentum of about 1 GeV/c.
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For particles with two different masses, mqc?
and moc?, and the same momentum, pe, the
difference in the time-of-flight over a
distance, D, is given by:
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When (pc)2 >> (m1c?)?, (moc?)?, we can
substitute a series expansion for the two
square roots,

t1 —lo =1
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The dependence of the time difference on the
inverse of the momentum squared in this limit
is clearly demonstrated in the figure on the
next transparency, which shows the difference
in the time-of-flight for pions and kaons,
kaons and protons, and protons and kaons as
a function of momentum, over a flight path
of 1.0 m.
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At versus momentum for
Kp, tK, and er over a
flight path of 1 meter.
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Squaring the basic equation, we obtain -

(moc®)? = (pc)? [f 1
tQ

o

The plot above shows (mec?)? for ©'s, K’s,
and p’s from MARK II data. The resolution
of the TOF detector for the experiment was
At = 300 picoseconds



Differentiating,

A(moc?)? = (pe)? (212&)
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Thus, two particles are separable when -




How do we measure time and how good is
the measurement? |

The most common device used to measure
time in time-of-flight detectors is a
“scintillation counter with attached
photomultiplier tube (PMT).
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What are the sources of uncertainty in the
times we measure with this device?

Finite rise and decay times of the flourescence
in the scintillator material. Since this is a
stochastic process the exact times at which
the photons are emitted can't be predicted.
We can use “fast” organic scintillator to keep
the uncertainty as small as possible.

The signal output can be mathematically
described by -

N(t) = Nof(o,t)e™,

where f(o,t) is a Gaussian with standard |
deviation ¢ and 7 is the decay constant. For
some common “fast” scintillators, these fit
parameters are:

Scintillator o(ns) 7(ns)

NE102A 0.7 2.4
NE111 0.2 1.7
Naton 136 0.5 1.87




Difference in pulse signal size due to
statistical fluctuations -

~ 1 photon is produced for 100 eV of
deposited energy

~ 2 MeV/cm of energy is deposited for
particles with z =1 (MIP)

— ~ 20,000 photons/cm

Use thicker counters to improve the photon
statistics -

Typical thickness is about 5 cm.

But, don’t overlook the impact on the
material budget. TOF systems are usually
placed outside of the tracking detectors just
inside the calorimeters in collider detectors for
this reason.



Different times of arrival at the PMT for
photons emitted in the scintillator.

Light is emitted in all directions. How much
travels directly to the PMT depends on the
solid angle it subtends looking from the
emission point. The pulse shape depends on
how many “fast” (shown in red) and "slow”
(shown in blue) photons are included in the
signhal. Better time resolution can be achieved
with a faster signal risetime. To increase the
solid angle and thus the number of “fast”
photons -

Eliminate the light guide and glue the PMT
directly to the scintillation counter. This also
reduces the number of bounces the “slow”
photons undergo.

Glue a PMT on both ends of the scintillation
counter. This also gives a means by which
the dependence of the time resolution on the
hit position in the counter can be corrected.
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If t1, t» are the arrival times of the signals at
the two ends of the counter, then

The position, z, at which the particle entered
the counter is given by

.= (t‘l — tg) ”
- 2 eff7

where v.rr is the effective propagation
velocity of light in the scintillator.

The time, t, at which the particle entered the
counter is given by

p = (tl -+ tg) L
B 2 Q’Ueff,
where L is the length of the counter.
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' Ways we can improve
‘the discrimination of a
tof detector -

e Longer flight path

e Detectors with better
time resolution

~«More measurements
along the particle path

This results in an improvement of

1/~/N, where N is the number of
measurements.
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dE/dx

Measure mean ionization energy loss
in a tracking detector - gas-filled or
even silicon strip

* Requires analog readout
* Many measurements are needed.

* Statistics are improved in gaseous
detectors by operating at higher
pressure => more primary ionizations

* Use method of truncated mean to
remove measurements out on the
Landau tail, which skew the mean

r_

Relative probability

Mc:s.t1l T Energy loss A
proboble Mean

atrergy  energy

loss less




dE/dx is described by the
Bethe-Bloch equation and
is a universal function of

By for all particle masses.

Energy loss as a function
of momentum

e Falls as 1/’ to a minimum at By of
approximately 4

* Then increases logarithmically (the
Relativistic Rise region)

* Saturates at the Fermi plateau




Figure 2.5 Density effect correction parameter & {or several materials.
(The parameter was calculated using the formulas and coeflicients given
in R.M. Sternheimer, M.J. Berger, and S.M. Seltzer. Atomic [¥ata and
Nuglear Data Tables 30: 261, 1984)

T -

| | Joe ™1 Liwibs ris
Density Effect e | R st
10 75 PN IR TR T
?!.*u'\"‘ n
fee l:1u:d3 oand
T Jo hdy
e
Kise
]l Can be as
{s5re)
large O3
, 50-307, in

p.-.au\ Z nohle
5&!11

Figure 2.6 Measured mean energy losses in propane as a function of
pressure and By. The energy losses are normalized to those for 3-GeV/c
protons. (After A, Walenta, J. Fischer, H. Okuno, and C. Wang, Nuc.
Instr. Meth. 161: 45, 1979,)

T I WLl !
2.0 -
C, H, - 303 ATM
o0 ATM
e | » 0 50 ATM
ERN.
P % rise
[~} ]
‘&l\ “r 1e— %0
Wl t 1= |4~ 0.50 atm
| " l¢—1coatm
?F"ﬂ__,.l'ﬁ. — i ——
1= b
l-*"'.___..--?"""" _L 3-‘3 n:*m
10 Ty i n NN .
/ T 100 000
[




di/dx (kev/cm)

—
-
—

(A

For

Mk

relotivistic rise

Iny*

plateau

=]

Iny' - 6(6)

minimum

density functlion
d(ﬂ) - d(x'xmu)

Xe X,

J i)

aal sl P
l 10 10° 10° 10 10°
By

Ardon-Mc.fha.nL at 4 bars pressuce

s

38'..1.% ﬂra‘ln y 9, @7& ”Qa‘f)dntl

2% Isobutane

0Pl




(dE/dx)/(dE/dX) iy — =

Fig.521. Mean ionization energy loss in a 1 cm-thick layer of 80%
argon and 207, methane at standard conditions for five kinds of
charged particles [MA 78].
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assuming a resolutlon of 100 ps-

;




CDF

TOF

_ 2\ seintillator bars ab 1A m cadius

- 3 m \oma Y A am Yaicdk ¥ A em wide

- mo»&q__Q-rom RICRON 408 scintillator

- /9 SJN:»BL RAY46-Mod Womea matsu Fmemr’s
* operate [n high magnetic Field (1.5T)

» ?w_o-mp on owY ?u»*' Yo o'H'.St’r veductioy
in 8“:“ cowyed \0«3 o\auw\:on in

NC,B“L\-C(_, '@it‘lﬂ

- O\L'\"Pul- v Thc 'pbf" -!'f‘mq_ mgasut—emnu{' 0~ud

ADC for time wealle Correction

— 4v ochieve dqsiruﬂ 0o ps +Fme Feso le—r'oqj

L

cequire £ 15 P d-“‘w in electronics

s ymonitor +zmp¢wa4’ur¢ on board

mo-.\Lq_ Swrg C’aclc d.‘.j‘-l-r-.'bc..-h'a.., -I-v
Lroat ands Ny S\/mchraﬂc:u;

b within £ R5pS



Ened Wall
Faedron

Cal. -
1 N -’d' d
/
Solenoid Coil : - f
.-'—'—-—""‘_'_‘—"'-'-ﬂ’)‘/.ﬁ"
NI
Central ' £
Ouler ' End Plug
Tracker ' Hadron
' = Calorimetor
1K
! k=)
= i
— \ I
| —
\ e '?\
£ . Intermediale
C Vil Sliicon
‘ Layeis
8

Figure 3.2: Slill‘ view of CDF 1I showing the location of the Tine-ofl-Flight.
subdetector,

. PMT + base + presmp assembly
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Figure 3.3: Arrangement of the scintillator, Winston cone and 'MT assembly.
This also shows the printed circuit boards for the PMT base and the preamplifier.
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Figure 3.16: The measured TOF mass (my) spectrum for tracks with 0.5 GeV/e
< p < 1.0 GeV/e. The solid line is the result of a {it to the spectrum which
includes contributions from pions, kaons, protons, and a linear background. The
dashed line shows contribution of only the pion and background terms.
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Figure 3.17: Timing resolution fromn cosmic rays for left and vight ’M1s as fune-
tions of z-position. The average resolution, relevant for particle identification,
was O(60ps) in this study.
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