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16 25. Particle detectors

25.8. Calorimeters

Electromagnetic calorimeters: The development of electromagnetic showers is discussed
in the “Passage of Particles Through Matter” section (Sec. 23 of this Review). Formulae
are given for the approximate description of average showers, but since the physics of
electromagnetic showers is well understood, detailed and reliable Monte Carlo simulation
is possible. EGS4 has emerged as the standard [50].

The resolution of sampling calorimeters (hadronic and electromagnetic) is usually
dominated by sampling fluctuations, leading to fractional resolution σ/E scaling inversely
as the square root of the incident energy. Homogenous calorimeters, such as solid
NaI(Tl), will in general not have resolution varying as 1/

√
E. At high energies deviations

from 1/
√
E occur because of noise, pedestal fluctuations, nonuniformities, calibration

errors, and incomplete shower containment. Such effects are usually included by adding
a constant term to σ/E, either in quadrature or (incorrectly) directly. In the case of the
hadronic cascades discussed below, noncompensation also contributes to the constant
term.

In Table 25.4 we give resolution as measured in detectors using typical EM calorimeter
technologies. In almost all cases the installed calorimeters yield worse resolution than
test beam prototypes for a variety of practical reasons. Where possible actual detector
performance is given. For a fixed number of radiation lengths, the FWHM in sandwich
detectors would be expected to be proportional to

√
t for t (= plate thickness) ≥ 0.2

radiation lengths [51].
Given sufficient transverse granularity early in the calorimeter, position resolution of

the order of a millimeter can be obtained.

Table 25.4: Resolution of typical electromagnetic calorimeters. E is in GeV.

Detector Resolution

NaI(Tl) (Crystal Ball [52]; 20 X0) 2.7%/E1/4

Lead glass (OPAL [53]) 5%/
√
E

Lead-liquid argon (NA31 [54]; 80 cells: 27 X0, 1.5 mm Pb 7.5%/
√
E

+ 0.6 mm Al + 0.8 mm G10 + 4 mm LA)

Lead-scintillator sandwich (ARGUS [55], LAPP-LAL [56]) 9%/
√
E

Lead-scintillator spaghetti (CERN test module) [57] 13%/
√
E

Proportional wire chamber (MAC; 32 cells: 13 X0, 23%/
√
E

2.5 mm typemetal + 1.6 mm Al) [58]

Hadronic calorimeters [59,60]: The length scale appropriate for hadronic cascades is the
nuclear interaction length, given very roughly by

λI ≈ 35 g cm−2A1/3 . (25.18)
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25. Particle detectors 17

Longitudinal energy deposition profiles are characterized by a sharp peak near the first
interaction point (from the fairly local deposition of EM energy resulting from π0’s
produced in the first interaction), followed by a more gradual development with a
maximum at

x/λI ≡ tmax ≈ 0.2 ln(E/1 GeV) + 0.7 (25.19)

as measured from the front of the detector.
The depth required for containment of a fixed fraction of the energy also increases

logarithmically with incident particle energy. The thickness of iron required for 95%
(99%) containment of cascades induced by single hadrons is shown in Fig. 25.5 [61].
Two of the sets of data are from large neutrino experiments, while the third is from
a commonly used parametrization. Depths as measured in nuclear interaction lengths
presumably scale to other materials. From the same data it can be concluded that the
requirement that 95% of the energy in 95% of the showers be contained requires 40 to 50
cm (2.4 to 3.0 λI) more material material than for an average 95% containment.
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Figure 25.5: Required calorimeter thickness for 95% and 99% hadronic cascade
containment in iron, on the basis of data from two large neutrino detectors and the
parametrization of Bock et al. [61].

The transverse dimensions of hadronic showers also scale as λI , although most of the
energy is contained in a narrow core.

The energy deposit in a hadronic cascade consists of a prompt EM component due
to π0 production and a slower component mainly due to low-energy hadronic activity.
In general, these energy depositions are converted to electrical signals with different
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18 25. Particle detectors

efficiencies [62]. The ratio of the conversion efficiencies is usually called the intrinsic e/h
ratio. If e/h = 1.0 the calorimeter is said to be compensating. If it differs from unity by
more than 5% or 10%, detector performance is compromised because of fluctuations in
the π0 content of the cascades. Problems include:

a) A skewed signal distribution;
b) A response ratio for electrons and hadrons (the “e/π ratio”) which is different from

unity and depends upon energy;
c) A nonlinear response to hadrons (the response per GeV is proportional to the

reciprocal of e/π);
d) A constant contribution to detector resolution, almost proportional to the degree

of noncompensation. The coefficient relating the constant term to |1− e/h| is 14%
according to FLUKA simulations, and 21% according to Wigman’s calculations [59].

In most cases e/h is greater than unity, particularly if little hydrogen is present or if the
gate time is short. This is because much of the low-energy hadronic energy is “hidden” in
nuclear binding energy release, low-energy spallation products, etc. Partial correction for
these losses occurs in a sampling calorimeter with thick plates, because a disproportionate
fraction of electromagnetic energy is deposited in the inactive region. For this reason, a
fully sensitive detector such as BGO or glass cannot be made compensating.

Compensation has been demonstrated in calorimeters with 2.5 mm scintillator sheets
sandwiched between 3 mm depleted uranium plates [64] or 10 mm lead plates [65];
resolutions σ/E of 0.34/

√
E and 0.44/

√
E were obtained for these cases (E in GeV). The

former was shown to be linear to within 2% over three orders of magnitude in energy,
with approximately Gaussian signal distributions.

25.9. Measurement of particle momenta in a uniform magnetic
field [71,72]

The trajectory of a particle with momentum p (in GeV/c) and charge ze in a constant
magnetic field

−→
B is a helix, with radius of curvature R and pitch angle λ. The radius of

curvature and momentum component perpendicular to
−→
B are related by

p cosλ = 0.3 z B R , (25.20)

where B is in tesla and R is in meters.
The distribution of measurements of the curvature k ≡ 1/R is approximately Gaussian.

The curvature error for a large number of uniformly spaced measurements on the
trajectory of a charged particle in a uniform magnetic field can be approximated by

(δk)2 = (δkres)2 + (δkms)2 , (25.21)

where δk = curvature error
δkres = curvature error due to finite measurement resolution
δkms = curvature error due to multiple scattering.
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25. Particle detectors 19

If many (≥ 10) uniformly spaced position measurements are made along a trajectory
in a uniform medium,

δkres =
ε

L′2

√
720
N + 4

, (25.22)

where N = number of points measured along track
L′ = the projected length of the track onto the bending plane
ε = measurement error for each point, perpendicular to the trajectory.

If a vertex constraint is applied at the origin of the track, the coefficient under the radical
becomes 320.

For arbitrary spacing of coordinates si measured along the projected trajectory and
with variable measurement errors εi the curvature error δkres is calculated from:

(δkres)2 =
4
w

Vss
VssVs2s2 − (Vss2)2 , (25.23)

where V are covariances defined as Vsmsn = 〈smsn〉 − 〈sm〉〈sn〉 with 〈sm〉 =
w−1∑(sim/εi2) and w =

∑
εi
−2.

The contribution due to multiple Coulomb scattering is approximately

δkms ≈
(0.016)(GeV/c)z

Lpβ cos2 λ

√
L

X0
, (25.24)

where p = momentum (GeV/c)
z = charge of incident particle in units of e
L = the total track length
X0 = radiation length of the scattering medium (in units of length; the X0 defined

elsewhere must be multiplied by density)
β = the kinematic variable v/c.

More accurate approximations for multiple scattering may be found in the section on
Passage of Particles Through Matter (Sec. 23 of this Review). The contribution to the
curvature error is given approximately by δkms ≈ 8srms

plane/L
2, where srms

plane is defined
there.
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20 25. Particle detectors

25.10. Superconducting solenoids for collider detectors

Revised October 1997 by R.D. Kephart (FNAL).

25.10.1. Basic (approximate) equations: In all cases SI units are assumed, so that
B is in tesla, E is in joules, dimensions are in meters, and µ0 = 4π × 10−7.

Magnetic field: The magnetic field at the center of a solenoid of length L and radius R,
having N total turns and a current I is

B(0, 0) =
µ0NI√
L2 + 4R2

. (25.25)

Stored energy: The energy stored in the magnetic field of any magnet is calculated by
integrating B2 over all space:

E =
1

2µ0

∫
B2dV . (25.26)

For a solenoid with an iron flux return in which the magnetic field is < 2T , the field in
the aperture is approximately uniform and equal to µ0NI/L. If the thickness of the coil
is small, (which is the case if it is superconducting), then

E ≈ (π/2µ0)B2R2L . (25.27)

Cost of a superconducting solenoid [73]:

Cost (in M$) = 0.523 [(E/(1 MJ)]0.662 (25.28)

Magnetostatic computer programs: It is too difficult to solve the Biot-Savart equation for
a magnetic circuit which includes iron components and so iterative computer programs
are used. These include POISSON, TOSCA [74], and ANSYS [75].

25.10.2. Scaling laws for thin solenoids: For a detector in which the calorimetry
is outside the aperture of the solenoid, the coil must be thin in terms of radiation and
absorption lengths. This usually means that the coil is superconducting and that the
vacuum vessel encasing it is of minimum real thickness and fabricated of a material
with long radiation length. There are two major contributers to the thickness of a thin
solenoid:

1. The conductor, consisting of the current-carrying superconducting material (usually
Cu/Nb-Ti) and the quench protecting stabilizer (usually aluminum), is wound on
the inside of a structural support cylinder (usually aluminum also). This package
typically represents about 60% of the total thickness in radiation lengths. The
thickness scales approximately as B2R.

2. Approximately another 25% of the thickness of the magnet comes from the outer
cylindrical shell of the vacuum vessel. Since this shell is susceptible to buckling
collapse, its thickness is determined by the diameter, length, and the modulus of the
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25. Particle detectors 21

material of which it is fabricated. When designing this shell to a typical standard,
the real thickness is

t = PcD
2.5[(L/D)− 0.45(t/D)0.5]/2.6Y

0.4
, (25.29)

where t = shell thickness (in), D = shell diameter (in), L = shell length (in), Y
= modulus of elasticity (psi), and Pc = design collapse pressure (= 30 psi). For
most large-diameter detector solenoids, the thickness to within a few percent is given
by [76]

t = PcD
2.5(L/D)/2.6Y 0.4

. (25.30)

25.10.3. Properties of collider detector solenoids: The physical dimensions, central
field, stored energy and thickness in radiation lengths normal to the beam line of the
superconducting solenoids associated with the major colliders are given in Table 25.5.

Table 25.5: Properties of superconducting collider detector solenoids.

Experiment–Lab Field Bore Dia Length Energy Thickness
(T) (m) (m) (MJ) (X0)

CDF–Fermilab 1.5 2.86 5.07 30 0.86
DØ –Fermilab 2.0 1.06 2.73 5.6 0.87
BaBar–SLAC 1.5 2.80 3.46 27.0 < 1.4
Topaz–KEK 1.2 2.72 5.4 19.5 0.70
Venus–KEK 0.75 3.4 5.64 12 0.52
Cleo II–Cornell 1.5 2.9 3.8 25 2.5
Aleph–CERN 1.5 5.0 7.0 130 1.7
Delphi–CERN 1.2 5.2 7.4 109 4.0
H1–DESY 1.2 5.2 5.75 120 1.2
Zeus–DESY 1.8 1.72 2.85 10.5 0.9

The ratio of stored energy to cold mass (E/M) is a useful performance measure.
One would like the cold mass to be as small as possible to minimize the thickness, but
temperature rise during a quench must also be minimized. Ratios as large as 8 kJ/kg
may be possible (final temperature of 80 K after a fast quench with homogenous energy
dump), but some contingency is desirable. This quantity is shown as a function of total
stored energy for some major collider detectors in Fig. 25.6.
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Figure 25.6: Ratio of stored energy to cold mass for existing thin detector
solenoids. Solenoids in decommissioned detectors are indicated by open circles.

25.11. Other observations

dE/dx resolution in argon: Particle identification by dE/dx is dependent on the width
of the distribution. For relativistic incident particles with charge e in a multiple-sample
Ar gas counter with no lead [66],

dE

dx

∣∣∣
FWHM

/
dE

dx

∣∣∣
most probable

= 0.96N−0.46 (xp)−0.32 , (25.31)

where N = number of samples, x = thickness per sample (cm), p = pressure (atm.).
Most commonly used chamber gases (except Xe) give approximately the same resolution.

Free electron drift velocities in liquid ionization chambers [67–70]: Velocity as a function
of electric field strength is given in
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Figure 25.7: Electron drift velocity as a function of field strength for commonly
used liquids.
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