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6. Atomic and nuclear properties of materials 1

6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1bl.gov/AtomicNuclearProperties by D.E. Groom (2015). See web pages for more detail about entries in this
table and for several hundred other substances. Parentheses in the dF/dz and density columns indicate gases at 20° C and 1 atm. Boiling points
are at 1 atm. Refractive indices n are evaluated at the sodium D line blend (589.2 nm); values 1 in brackets indicate (n — 1) x 10° for gases at
0°C and 1 atm.

Material Z A (Z/A) Nucl.coll. Nuclinter. Rad.len. dE/dz|yiy, Density Melting Boiling  Refract.
length A length Af Xo {MeV {gcem™3} point point index
{gem~?} {gem2} {gem2} glem?} ({g¢'}) (K)  (K) @NaD

H, 1 1.008(7) 0.99212 42.8 52.0 63.04  (4.103) 0.071(0.084) 13.81 2028 1.11[132]

Do 1 2.01410177803(8) 0.49650 51.3 71.8 125.97 (2.053) 0.169(0.168) 18.7 23.65  1.11[138,]

He 2 4.002602(2) 0.49967 51.8 71.0 94.32 (1.937) 0.125(0.166) 4.220  1.02[35.0]

Li 3 6.94(2) 0.43221 52.2 71.3 82.78 1.639 0.534 453.6 1615.

Be 4 9.0121831(5) 0.44384 55.3 77.8 65.19 1.595 1.848 1560. 2744.

C diamond 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.725 3.520 2.42

C graphite 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.742 2.210

N 7 14.007(2) 0.49976 61.1 89.7 37.99 (1.825) 0.807(1.165) 63.15 77.29  1.20[298.]

O2 8 15.999(3) 0.50002 61.3 90.2 34.24 (1.801) 1.141(1.332) 54.36 90.20  1.22[271.]

Fo 9 18.998403163(6) 0.47372 65.0 97.4 32.93 (1.676) 1.507(1.580) 53.53 85.03 [195.]

Ne 10 20.1797(6) 0.49555 65.7 99.0 28.93  (1.724) 1.204(0.839) 24.56  27.07  1.09[67.1]

Al 13 26.9815385(7) 0.48181 69.7 107.2 24.01 1.615 2.699 933.5 2792.

Si 14 28.0855(3) 0.49848 70.2 108.4 21.82 1.664 2.329 1687. 3538.  3.95

Cly 17 35.453(2) 0.47951 73.8 115.7 19.28 (1.630) 1.574(2.980) 171.6 239.1 [773.]

Ar 18 39.948(1) 0.45059 75.7 119.7 1955  (1.519) 1.396(1.662) 83.81  87.26  1.23[281]

Ti 22 47.867(1) 0.45961 78.8 126.2 16.16 1.477 4.540 1941. 3560.

Fe 26 55.845(2) 0.46557 81.7 132.1 13.84 1.451 7.874 1811. 3134.

Cu 29 63.546(3) 0.45636 84.2 137.3 12.86 1.403 8.960 1358. 2835.

Ge 32 72.630(1) 0.44053 86.9 143.0 12.25 1.370 5.323 1211. 3106.

Sn 50 118.710(7) 0.42119 98.2 166.7 8.82 1.263 7.310 505.1 2875.

Xe 54 131.293(6) 0.41129 100.8 172.1 8.48 (1.255) 2.953(5.483) 161.4 165.1 1.39[701.]

W 74 183.84(1) 0.40252 110.4 191.9 6.76 1.145 19.300 3695. 5828.

Pt 78 195.084(9) 0.39983 112.2 195.7 6.54 1.128 21.450 2042. 4098.

Au 79 196.966569(5) 0.40108 112.5 196.3 6.46 1.134 19.320 1337. 3129.

Pb 82 207.2(1) 0.39575 114.1 199.6 6.37 1.122 11.350 600.6 2022.

U 92 [238.02891(3)] 0.38651 118.6 209.0 6.00 1.081 18.950 1408. 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62  (1.815)  (1.205) 78.80 [289]

Shielding concrete 0.50274 65.1 97.5 26.57 1.711 2.300

Borosilicate glass (Pyrex) 0.49707 64.6 96.5 28.17 1.696 2.230

Lead glass 0.42101 95.9 158.0 7.87 1.255 6.220

Standard rock 0.50000 66.8 101.3 26.54 1.688 2.650

Methane (CHy) 0.62334  54.0 73.8 4647 (2417)  (0.667)  90.68 1117 [444]

Ethane (CoHg) 0.59861 55.0 75.9 45.66 (2.304) (1.263) 90.36 184.5

Propane (C3Hg) 0.58962 55.3 76.7 45.37 (2.262) 0.493(1.868) 85.52 231.0

Butane (C4Hj0) 0.59497 55.5 771 4523 (2278)  (2.489) 1349 2726

Octane (CgH;g) 0.57778 55.8 77.8 45.00 2.123 0.703 214.4 398.8

Paraffin (CH3(CHg2)pa23CHs3) 0.57275 56.0 78.3 44.85 2.088 0.930

Nylon (type 6, 6/6) 0.54790 57.5 81.6 41.92 1.973 1.18

Polycarbonate (Lexan) 0.52697 58.3 83.6 41.50 1.886 1.20

Polyethylene ([CHaCHa)n) 0.57034 56.1 78.5 44.77 2.079 0.89

Polyethylene terephthalate (Mylar) 0.52037 58.9 84.9 39.95 1.848 1.40

Polyimide film (Kapton) 0.51264 59.2 85.5 40.58 1.820 1.42

Polymethylmethacrylate (acrylic) 0.53937 58.1 82.8 40.55 1.929 1.19 1.49

Polypropylene 0.55998 56.1 78.5 44.77 2.041 0.90

Polystyrene ([C¢HsCHCHaly,) 0.53768 57.5 81.7 43.79 1.936 1.06 1.59

Polytetrafluoroethylene (Teflon) 0.47992 63.5 94.4 34.84 1.671 2.20

Polyvinyltoluene 0.54141 57.3 81.3 43.90 1.956 1.03 1.58

Aluminum oxide (sapphire) 0.49038 65.5 98.4 27.94 1.647 3.970 2327. 3273. 1.77

Barium flouride (BaF3g) 0.42207 90.8 149.0 9.91 1.303 4.893 1641. 2533. 1.47

Bismuth germanate (BGO) 0.42065 96.2 159.1 7.97 1.251 7.130 1317. 2.15

Carbon dioxide gas (CO2) 0.49989 60.7 88.9 36.20 1.819 (1.842) [449.]

Solid carbon dioxide (dry ice) 0.49989 60.7 88.9 36.20 1.787 1.563 Sublimes at 194.7 K

Cesium iodide (CsI) 0.41569 100.6 171.5 8.39 1.243 4.510 894.2 1553. 1.79

Lithium fluoride (LiF) 0.46262 61.0 88.7 39.26 1.614 2.635 1121. 1946. 1.39

Lithium hydride (LiH) 0.50321 50.8 68.1 79.62 1.897 0.820 965.

Lead tungstate (PbWOy) 0.41315 100.6 168.3 7.39 1.229 8.300 1403. 2.20

Silicon dioxide (SiO2, fused quartz) 0.49930 65.2 97.8 27.05 1.699 2.200 1986. 3223. 1.46

Sodium chloride (NaCl) 0.47910 71.2 110.1 21.91 1.847 2.170 1075. 1738. 1.54

Sodium iodide (Nal) 0.42697 93.1 154.6 9.49 1.305 3.667 933.2 1577. 1.77

Water (H20) 0.55509 58.5 83.3 36.08 1.992 1.000 273.1 373.1 1.33

Silica aerogel 0.50093 65.0 97.3 27.25 1.740 0.200 (0.03 H20, 0.97 SiO2)
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PARTICLE DETECTORS, ABSORBERS, AND RANGES*

A DETECTOR PARAMETERS

in this section we give various parameters for common detectors. The
quoled numbers represent at best an order of magnitude, and are usefut
only for preliminary design. A more detailed introduction to detectors
can be found in A Consumer's Guide to Particle Detectors,”” by D.).
Miller, Rutherford Lab Report RL-76-072, July 1976.

A.1 Scintillators: Photon ymid = {y/100 eV in plastic scintillator! and
= 1y/25 eV in Nal.1:2

A.2 Cerenkov:®> Hall-angle @, of cone aperture in terms of velocity f and
index of refraction n:

i [ : ! 42
. = arccos -E"” 211- .ﬁ? .
Thresheld velocity: 8, = I/n; v, = 1//1-8,%.

Therefore, Sy, = 1/ V25 + 42, where 5 = n—I. Values of & for various
commonly used gases are given as a function of pressure and wavelength
in Ref. 4; for values at atmospheric pressure, see the Table of Atomic
and Nuclear Properties, following.

Number of photons, N, per cm:

N—wf[; - }ZIde~ﬁ f[ ;72 ]h—dy

— - ..
= 500 sin“f_ /cm {visible spectrum) .

A.3 Photon CoBlection: In addition to the photon yield, one should take
into account the light collection efficiency (=<10% for typical f-cm-thick
scintillator), attenuation length (=1 to 4 m for typical scintillators®),
and quantum efficiency of the photomultiplier cathode { <25%).

A.d Typical Detector Characteristics:
Resolution Dead

Detector Type Accuracy {rms) Time Time
Bubble chamber ~+0to =£150p = ims =|/20s°
Streamer chamber =300u = 2 us =100 ms
Opticai spark chamber :t200pb = 2 = |10 ms
Magnetostrictive

spark chamber +500u = 2 us = 10 ms
Proportional chamber = 30054 &= 30 ns =200 ns
Drift chamber +50 to 300 = 2 ns® =100 ns
Scintilfator - =150 ps = 10 ns
Emulsion +lu -- --

9 Multiple pulsing time.

b 60 for high pressure.

¢ 300,u is for | mm pitch,
Dclay line cathode readout can give +150u
parallel to anode wire.

¢ For two chambers,

A.5 Shower Detectors: Typical energy resolutions {FWHM) for
incident electron in the | GeV range, E in GeV. For a fixed number of
radiation lengths, FWHM in the last three detectors would be expected to
be proporticnal to Vi for t (== plate thickness) = 0.2 radiation lengths. 6
Nal (20 rad, lengths):’ 2%
El/4

10 - 12%

VE

Lead- Liquid Argon (15.75 rad. lengths):8 16%
{42 cells: 1.1 mm lead, 2 mm liquid argon, VE
2.3 mm lead-G10. 2 mm liguid argon)

Lead-Scintillator Sandwich (12.5 rad. lengths):9 \7%
(66 celis: | mm lead, 5 mm scintiflator) VE

Lead Glass (14 rad. lcnglhs}:8

Proportionai Wire Shower Chamber (17 rad. lengths): !¢ A%

{36 cells: 0.474 rad. length type-metal + Al,
9.5 mm B0% Ar - 20% CH, gas)

A.6. Proportional Chamber Wire Instablility: The limit on the vellage ¥
far a wire tension T, due to mechanical effcels when the electrostatic
repulsion of adjacent wires exceeds the restoring force of wire tension, is
given by“
sT1/2
£C

where s, ¢ , and C are the wire spacing, length, and capacitance per unit
tength. An approximation to C for chamber haif-gap t and wire diameter
d (good for s < t) gives

2 VL s 5 ]
Vo< 59T I:e+”,en[wd )

where V is in kV, and T is in grams.

V<

A.7 Proportional and Drift Chamber Potentials: Potential distributions
and fields for an array of parallel line charges q (coul. /m) along z and
located at y = 0, x = 0, +3, +2a,..., can usually be calculated with good
accuracy from (MKSA):

V(x.y)=——4—i; &n {4 [sinz [—T— ] + sinh? [%] :| }

B. COSMIC RAY FLUXES

The fluxes of particles of different types depend on the latitude, their
energy, and the conditions of measurement. Some typical sea-level
values!3 for charged particles are given below:

I flux per unit solid angie about vertical
direction crossing unit horizontai area

.!1 perpendicular compenent of total flux crossing
unit horizontal area from above
1, total flux crossing unit horizontal area
Total Hard Soft

Intensity Component  Component
I, L1xi02  08xi0? 03x1072 om?sec! sterad™!
3 nexawr? o eaxe? 0sx10? em? sec”!
B 24x107 L7X10°2 07X1072 em? sec™!

Very approximately, about 75% of ali particles at sea-level are penetrat-
ing, and are muons. The absclute flux of protons at sea-levci in a
momentum range 700-1100 MeV/c, is 1. 5X1073 2 sec! sterad™!,
~0.1% of all particles.

The muon flux at sea-level has a mean energy of 2 GeV and a differential
spectrum falling as B~ Z stccpemng smoothly to E™-¢ above a few TeV.
The angular distribution is cos 29, changing to sech at energies above a
TeV, where @ is the zenith angle at production. The +/- charge ratio is
§.25-1.30, The mean energy of muons originating in the atmosphere is
roughly 300 GeV at slant depths > a few hundred meters. Beyond slant
depths of ~10 km water-equivalent, the muons are due pnmanly to in-
the-earth neutrine interactions (roughly 1/8 mlerachon ton~t year™! for
E, > 300 MeV, ~ constant throughout the earth}.1* Muons from this
source arrive with a mean energy of 20 GeV, and have a flux of ax 10713
em2 sec™! sterad™! in the vertical direction and about twice that in the
horizontat, ! down at least as far as the deepest mines.

C. PASSAGE OF PARTICLES THROUGH MATTER

C.1 Energy Loss Rates for Heavy Charged Projectiles: A heavy projec-
tile (much more massive than an electron} of charge Z, e, incident at
speed fc (B => 1/137) through a slowing medium, dissipates energy
principally via interactions with the electrons of the medium. The mean
rate of such energy loss per unit path tength x may be written as: 16

2
[EE ] — P Zmed Pmec [ﬁg ]
LLI F Anned B

2m 42522
X | & [‘—I— -52-%- <
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PARTICLE DETECTORS, ABSORBERS, AND RANGES (Cont'd)

where D = 4T(NA[62ITIECZ = 0.3070 MeV cm?/g {see Physical and
Numericat Constants Table).

Here Z_ jand A4 are the charge and mass numbers of the medium
and p, 4 8 the mass density of the medium; J, 8, C, and v are
phenomenological functions. Frequently, the values of 8, C, and » are
negligibly small; the parameter I characterizes the binding of the elec-
Lrons of the medium. As a rule of thumb, we may estimate / for an
idealized medium as I ~ 16 (chd)o'g eV when Z 4 > 1. For realis-
tic media the value of [ will vary at the 10% level from this estimate; for
Hy 1= 20.0eV. We may approximately treat media which are chemi-
cal mixiures or compounds by computing

I [9,5 }
de O de J,°

with {dE/dx), appropriate to the nth chemical constituent {using png‘cl as
the partial density in the formula for dE/dx). 17

The function & represents the density effect upon the energy loss rate; it
is non-negligible only for highly refativistic projectiles in denser
media. '3 For ultra-relativistic projectiles, & approaches 2 #ny + con-
stant, where the value of the constant depends wpon the density of the
medium as well as i1s chemical composition.

The function C represents shell corrections to the energy loss rate. 16
These effects are non-negligible only for projectiles with speeds not much
laster than the speeds of the fastest electrons bound in the mediun.

The function v represents corrections due to higher-order electrodynam-
ics.!? These effects become important when |Z, /8| is comparable to
137. For relativistic unit-charge projectiles, |v| is of the order of 1%;
positively charged projectiles lose energy more rapidiy than do their
charge conjugates. [%:20

For non-relativistic projectiles, our formulae above are inapplicable. At
the very slowest speeds, total energy foss rates are believed to be propor-
tional to §, rising through a peak at projectile speeds comparable to
atomic speeds, afler having passed through a smaller peak (due to elastic
Coulomb collisions with the nuclei of the slowing medium”) at inter-
mediate speeds. In some cases, energy loss rates depend significantly
upon the relation of the grojuctilc trajectory to the crystalline structure
of the slowing medium. 2

For relativistic projectiles, (dE/dx),, . falis rapidly with increasing g
until reaching a minimum around § = 0.96 (almost independent of
medium), followed by a slow rise. Because of the density effect, the
quantity in square brackets approaches &ny + constant for large .

The quantity (dE/dx};  #x is the mean total cnergy loss via interactions
with electrons of the medium in a layer of thickness &x. For any finite
ox, Poisson fluctuations can cause the actual energy loss to deviate from
the mean. For thin layers, the distribution is broad and skewed, being
peaked below (dE/dx)sx, and having a long tail toward Iargc cnergy
lasses.2* Only for a very thick layer {(dE/dx)éx >> 2m g v2c2] will the
distribution of energy losses become nearly Gaussian. The large fluctua-
tions of the total energy loss rate from the mean are due to a small
number of collisions involving targe energy transfers. The fluctuations
are greatly reduced for the so-called restricted energy loss rate, described
in Section C.4.

C.2 Yonization Yields: Physicists [requently relate total energy loss to
the number of ion pairs produced in the stopping medium. This relation
becomes complicated for relativistic projectiles due to the wandering of
energetic knock-on electrons whose ranges exceed the dimensions of the
fiducial volume, For a qualitative appraisal of the non-locality of energy
deposition by such modestly energetic knock-on electrons in various
media, see Ref. 24. The mean energy loss per ion pair produced, W, is
essentially constant for relativistic projectiles, but increases at slow pro-
jectile speeds.*® The numerical value of W for gases can be surprisingly
sensitive to trace amounts of various contaminants.2¥ Of course, in addi-
tion to the preceding eflects, practical ionization yields may be grealtly
influenced by subsequent recombinations, ete.

C-3 Energetic Knock-On Electrons: For a relativistic spinless point-
charge projectile, the production of high energy {kinetic energy T > )

* electrons is given by (neglecting the spin of the ¢lectron):

b4
d2N :-LD Zied [Zinc ] , |
d ~5
dTdx 2 Aved 8 me Tl

for f <<=T = Tray » Where
2,22
_ 2m e
Tax ™ 1
m, m
P+ 2y —= + <
inc Mim:

M, . is the mass of the incident projectile, and at] other quantities are as
in Section C.1. This formula does not differ significantly from the pre-
cise result, incorporating spin effects, for any projectile {including e*)
in the restricted range / << T << T _: more accurate formulae are
available for various projectiles.?”2® Our formula is inaccurate for T
close to J; for 2f << T < 10/, the /T dependence above becomes ~ T
with3 <4 < 5.2

C.4 Rates of Restricted Energy Loss for Relativistic Charged Projectiles:
The variability of energy loss for heavy projectites is due primarily to the
variability in the production of energetic knock-on e¢lectrons,
Bremsstrahlung and pair-production processes make this variability even
greater for electrons than for heavy particles as projectiles {see, e.g., the
figure “*Fractional Energy Loss for ¢* and ¢” in Lead,” following), If
an instrument, such as a bubble chamber, is capabie of isolating these
high-energy-loss interactions, then it is appropriate to consider the rate
of energy loss excluding them, i.e., a restricted energy loss rate. The
mean energy loss rate via all collisions which have energy transfer T
suchthat T<E_, << T, is: 16
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Notice the overall factor of 1/2.

The density effect causes the restricted energy loss rate to approach a
constant, the Fermi platcau value, for the fastest projectiles.

C.5 Multiple Scattering through Small Angles: As a charged particle
traverses a medium it is deflected by many small-angle elastic scatter-
ings. The bulk of this deflection is dug 1o elastic Coulomb scattering
from the nuclei within the medium, hence the usual identification as mul-
tiple Coulomb scattering (note, however, that strong interactions do con-
tribute to the total multipte scattering for hadronic projectiles). For
both Coulomb and strong interactions, the Central Limit Theorem pro-
vides little usefu] guidance in establishing the precise nature of the dis-
tribution of the total deficctions resulting from multiple scatteripg, The
true distribution is roughly Gaussian only for small defiection angles
while it shows much greater probability for large-angle scatterings = 2
few 8, see below, depending on absorber) than the Gaussian would sug-
gest. These tails on the distribution (a few % of peak height in the
region where the Gaussian part becomes negligible) are more pronounced
for hadrons than for muons as projectiles. The large-angle behavior of
these distributions is best estimated by computing the exact distribution
for the vectorial sum of the targest deflections based upon the true ejastic
scattering cross section of the projectile against the medium, 30 or, when
applicable, by interpolation from tabular data.3! An easier alternative
which may suffice for non-critical applications would be to use a Gavus-
sian approximation with the foilowing width:32

by = I4.l;\;c\’[c 2, /7T [, + L iog, (e ) :l(radi'mS).
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where p, 8, and Zi 1 are the momentum {in MeV/c), velocity, and charge
number of the incidens particle, and [./Lg is the thickness, in radiation
lengths, of the scattering medium. Ly for certain materials is given in
the Table of Atornic and Nuclear Properties of Materials {following).
The angle, 8, is a fit to Moliere30 theory, accurate to about 5% for 1073
< LfLg <10 except for very tght elements or low velocity where the
error is about 10 10 20%. In this Gaussian approximation, 8, has the
meaning
1
fo = prﬂse = _\/“‘2‘ ﬂwfgge :

The non-projected (space) and projected (plane) angular distributions are

given approximately 0 by the Gaussian forms:
82
! 7P |- : c; dq,
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where # is the deflection angle.

Other quantities are sometimes used to describe the amount of multiple
Coulomb scattering: the auxiliary quantities ¢ and s

lane' ¥plane lane
(see the figure) obey: F P '
s o 1 Leim = LLB
Yplane \/i plane \/i LU
1 1
wpll':nse = .W Bpﬂr:e = ‘E%'
and ) |
ms o ms = .,
Spiane v L 6 lane a3 Léy .
-—— L
L [
2 |
' i L}
; ¥
\‘____“_Lplone Ypione
splc:ne =
S
\\(gplune
~

All the quantitative estimates in this section apply only in the Hmit of
smajl 6[’{;":‘156 and in the absence of large-angle scatters,

C.6 Longitudinal Distribution of Electromagnetic Showers: A photon of
energy E (GeV) = 0.1 GeV converting in a semi-infinite medium pro-
duces an electromagnetic cascade whose intensity initially increases with
depth and then falls off. The average number of e T with kinetic energy
above 1.5 MeV, crossing a plane at a depth of 1 radiation lengths fram
the beginning of the medium, in & material of atomic number Z, calcu-
lated using the Monte Carlo program EGS,>? can be fit by the empirical
formula
N = Nydebi |

where Ny = 5.51 E VZ b**1/I(a+1) and b = 0.634 - 0.0021 Z. For Z
=26, a = 2.0 - Z/340 + (0.664 - Z/340) énE. ForZ =13, a = 1.77
- 052 E. The maximum intensity, Nipaye Occurs at the depth t =
a/b. The maximum error of the fit occurs in the vicinity of this depth

The integral of the tail, f N dt is fit to
1.5 a/b

better than 2.5%. The total longitudinally-projected e path length,

o

and is less than 0.15 me.

fN dt = 551 E V/Z, is less than the total ¢* path length due primarily
)

to multiple Coulomb scattering.
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