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8d. Passage of Charged Particles Through Matter!

HANS BICHSEL

University of Washington

8d-1. Introductory Note. This section presents some of the commonly used for-
mulas and principal data on the passage of fast charged particles through matter.
Because of space limitations, much useful material has been omitted. The bibliog-
raphy includes mainly the newest available references. Most of the technical reports
cited are available from the National Technical Information Service, Springfield,
Virgina 22151. An extensive review of the field is found in Publication 1133 of the
National Academy of Sciences-National Research Council (NA67). The Bibliography
of Atomic and Molecular Processes (ORNL-AMPIC 13, UC-34-Physics for January-
December, 1969), is published annually by the Atomic and Molecular Processes
Information Center, Oak Ridge National Laboratory, Oak Ridge, Tennessee. It
contains sections concerned with energy losses, ionization, particle range, etc. The
Information Center at JILA (Joint Institute for Laboratory Astrophysics), University
of Colorado, Boulder, Colorado 80302, also disseminates information of this nature.

A number of papers concerned with particles at the lowest energies considered in
this article have appeared in the Proceedings of an International Conference on Atomic
Collistons and Penetration Studies with Energelic Ion Beams, Chalk River, Ontario,
September 18-21, 1967 (DA®88), in the abstracts of the V International Conference
of the Physics of Electronic and Atomic Collisions (FL67), and of the Sixth Inter-
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national Conference on the Physics of Electronic and Atomic Collisions, M.I.T.,
July 28-August 2 (1969), (The Massachusetts Institute of Technology Press, Cam-
bridge, Massachusetts 02142). The seventh Conference took place in Amsterdam,
July 26-30, 1971. .

8d-2. Atomic Collision Cross Sections. The following notation will be used.

The kinetic energy of particles will be denoted by 7, the energy of a secondary
electron: (delta ray) by E or by W if expressed in atomic shell units [Eq. (8d-3)].
Thicknesses s are usually measured in g cm™? (s = pz, z thickness in ¢m, p density
in g cm™3). The stopping power (usually called dE/dz) will then be denoted as
S = —dT/ds.

Except for particles with very small or extremely large velocities v, the interaction
between energetic charged particles (of charge ze) and matter leads mainly to the
excitation and ionization of atoms or molecules (FA63). The probability for a
collision leading to an atomic state of energy E. is described by the collision cross
section o.. Relatively little information is available about the details of o, (e.g.,
FC68, RU68, OL67, ES69). In energy-loss experiments, the quantities observed
are usually averages over E. and o, (e.g., the stopping power dT/ds is Z.Encs),
and even a coarse approximation of ¢, will give satisfactory answers.

Frequently, the free-electron approximation is used for a description of oa. The
energies K, then are continuously distributed and are equal to the energy E of the
electron after the collision. The collision cross section is differential with respect to
E and is given, nonrelativistically, by (see, e.g., BI68)

( ) E-*dE 8d-1)

where P = 2rz2'mc?ro!No/A = 0.15354 X 22/A MeV/(g/cm?)
z = charge number of incident particle

B = v/c, velocity of incident particle relative to velocity of light [see Eq.
(84-37)]
7o? = e'/m¥! = 7.9408 X 1072¢ em? (square of ‘“classical electron radius”)
m = rest mass of electron, mc? = 0.511004 MeV
N, = Avogadro's number = 6.02217 X 10?2
e = electron charge
E = energy of electron after collision

A = atomic weight of stopping material, in grams
Z = atomic number of stopping material
n = number of electrons in a thickness s = 1 g/em?
Using the Born approximation, Bethe (BE30, IN71) has given the nonrelativistic
quantum mechanical derivation of do for bound electrons:

do = —ﬂ-,z-fe(m.w) aw (8d-2)

where J:is called the excitation function (WA56). Electron energies W and equivalent
particle energies »; are measured in atomic shell units:

E

W= Z=d) K, (8d-3)
_ megt 18,8008
"R Z —d T Z ~ (8d-4)

where R, = Rydberg = 13.60 eV
d; = electron defect, depending on the atomicshell i ( = K, L, M, . . . shell)

dx = 0.3 dp = 4.15
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The excitation functions J; have been evaluated, using hydrogenic wave functions,
for the K, L, and ) shells (WAS51, WA52, WAS56, BI67, KM66, KH68). Whereas
J x probably is reasonably correct for all Z, it appears that J. is acceptable without
modifications for Z > 30 only, and Ju will have to be recalculated with more realistic
wave functions.

An appreciation of the difference between the two approximations, do’ and do,
can be obtained from a study of a plot of J;W? versus W (Fig. 8d-1). Further com-
ments will be made later at appropriate places (see also BI169).

Generally, the Born approximation is valid for 8 > 2/137 (protons with 8 = 1/137
have a kinetic energy of 25 keV). Some tests have been made for small-particle
- velocities: for protons incident on helium, the Bethe-Born approximation is valid for
energies above 450 keV (THG67), while for the vacuum ultraviolet emission of hydrogen
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Fi16. 82-1. First Born approximation of the excitation function J for L-shell electrons
relative to free-electron excitation functionJ’ = 1/W?. PlottedisJ/J’ = JW?asafunction
of é-ray energy W = E/[13.6 eV(Z — 4.15)?]. The “ionization” energy Wmin = I is
approximately 0.09 for Al, 0.17 for Pb. The matrix elements are calculated with hydrogenic
wave functions. In Bohr's papers, the rise at small W is described as a resonance effect.

gas, produced by fast protons, it appears to be valid above 150 keV (DD68). Distribu-
tions in energy and angle of electrons ejected from atoms by fast protons are described
in TO71.

Almost 100 papers concerning atomic and molecular excitation by electron impact
alone are listed in the Bibliography of Atomic and Molecular Processes for January
to June of 1968. In particular, the following may be of interest: ES69, KY68,
OL67, VS68.

Measurements of the excitation of the inner shells with protons have been made:
KP67, DK68; see KJ68 and ML58 for further references. At low energies it is neces-
sary to take into account the Coulomb deflection of the incident particle to get
reasonable agreement with the Born approximation (BL69). Similar corrections
are necessary for incident electrons.

A large fraction of energy losses below 50 eV, in solids or liquids, are caused by the
excitation of plasmons (volume and surface) (PO67), collective oscillations of electrons
(SP63, CR66), discrete excited states, etc. Most of this information has been
obtained from experiments performed with electrons, but similar results have to be
expected for heavy particle interactions. While these small energy losses are of
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relatively little importance for the stopping power (about 30 percent is contributed to
it by energy losses below 60 eV) and straggling, they may be very important for
chemical and biological effects (where 1 or 2 eV may be sufficient to break a DNA
molecule).

8d-3. Stopping Power for Heavy Charged Particles. Since the stopping power of
heavy charged particles depends largely on the velocity and the charge of the particle,
but not on its mass (IS67), the discussion of this section applies to all heavy charged
particles, with the exceptions specified in Sec. 8d-6. The tables and data presented
apply to protons and can be converted for other particles with the procedures described
in Sec. 8d-6.
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F1G. 8d-2. The stopping number B = [W'J dW for L-shell electrons in copper. Also given
is the asymptotic expression B’ = Sp’In (2mv?/IL.). The difference between the two
functions is the shell correction Cr [Eq. (8d-8)]; it is a basic part of the quantum-mechanical
theory.

The mean energy loss per unit path length is called the stopping power 8. It is
defined by

—dT 2P :
S=-Es—=/Wda=FZB,. (84-3)
1]
where the stopping number B; is defined by
Bi= [," JW aw (84-6)

I; = Wain is the energy required to lift an electron from the ith shell to the lowest
unoccupied atomic level, and the integral includes a sum over the discrete atomic
energy levels. Forlarge velocities, Bethe (LB37) has derived the asymptotic expression

2my?

Iy

I,.is defined in Eq. (84-17). Brand B} areshown in Fig. 84-2. The shell corrections
are defined by '

B'=2B;=2Zh (84-7)

2 Ci(ni,Z) = B’ — E B; (8d-8)

and are thus an integral part of the quantum-mechanical theory. For higher-order
Born approximations they will presumably depend on the particie charge ze.



8-146 NUCLEAR PHYSICS

v _ P [2m ZE _2PZ  2mp
S /;'mh FdE = F n 7‘—- (Sd'g)

-5
This choice of E.,, is necessary to take into account the increase of J over J’ at small
energies W (see F ig. 8d-1) but it will not give exact agreement with the quantum

I = I, exp 2% (8d-10)
[

where 7, now of course is energy-dependent,

For the practical calculation of stopping power, the following, relativistically correct
formula is used:

S - —dciT _ (0.3;)308) 2 (f) [fos) -1, — 2 % ~ 5"’] (8d-ll)‘

Stopping power in units MeV/(g/cm?) = keV/(mg/cm’); and z, 8, Z, and 4 are
defined with Eq. (8d-1).
p = density of stopping material (g/em 3)
Ci = shell correction of the 7th shell
8 = density correction at high energies
1,, = average excitation potential perelectron of stopping atom (including low-velocity
density effect), a constant by definition.

76) = In (f%’gf) - (8d-1ia)

8% and f(8) are listed in Table 8d-1 as functions of the kinetic energy T of several
particles. f(8) is applicable for any charged particle of velocity v = 8¢ and mass
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F1e. 8d-3. Practical shell correction C/Z for particles of charge +1. The abscissa is T/Z =
Ti/(m2); pee Eq. (84-12). For Z S 25, Walske's, and for Z > 25, Bonderup's shell
correctionsg are modified to fit experimental data for protons and deuterons, In this pro-
cedure. deviations from the first Born approximation are included in C/Z, and the shell
corrections depend on the incident particle charge 2, For C/Z < —0.1, the Bonderup
corrections do not fit the data well,
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M >m. If an ion of mass M; and kinetic energy 7T is under consideration, its
velocity can be found by looking up in Table 8d-1 the value of 8 corresponding to a
proton energy
T,
22— =12

T g | (8d-12)
where m, = Mc?/938.259 MeV. In general it will be easiest to use rxisting tables,
e.g., NS70. Due to the generalized approach used in NS70, large differences from
experimental data are found, e.g., for alpha particle ranges in argon (50 percent at
1 MeV, no less than 4 percent up to 10 MeV). The shell corrections can be obtained
from Fig. 8d-3, and I values from Fig. 8d-4.
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F16. 8d-4. The mean excitation energy I,.vfor different elements. Given is I.v/Z versus Z.
For Hy, I.. = 19.2 eV, for He, Iu = 41.3 eV, from a-particle measurements. The values
represent the author's present opinion, and may change by several percent The strong
fluctuations found for neighboring elements are significant though. '

For most metals the density effect & is negligible for proton energies below 1000 MeV'.
For details see ST67, FA56, CF70, and page 69 of BK58. Experimental confirmation
is found, e.g., in NM67, and BH67.

At low energies (proton energies of less than 0.5 MeV, alpha-particle energies below
2 MeV), the charged particle will not have its full charge (see Sec. 8d-6).

A list of values for S computed (BJ67) from Eq. (8d-11) is given in Table 8d-2.
For emulsion, see BD63 and BA63. For the other materials, the I values given in
Fig. 8d-5 were used. The shell corrections are discussed in Sec. 8d-5. The density
effect is not used.

For proton energies of 0.05 to 12 MeV, the experimental stopping powers for many
substances are given in Table 8d-3. Most of these numbers are read from the graphs
of WHG58, and the tables of AH67, AS68, and AV69. This seems to be the best way
to average the experimental results, but see also MA68, OR68, WM67, JK68, SP70.
The stopping cross section in eV-cm? per atom can be obtained by multiplying S with
the factor (4/No) X 10% (Avogadro’s number N,, atomic weight A).

For protons in other elements, interpolation for Z by the method of Lindhard
and Scharff (LS53) can be used, but direct computation from Eq. (8d-11) is recom-
mended. (A discussion of experimental results is found in BK67. )

The stopping power of compounds is within a few percent an additive function of
the stopping power of the elements which make up the compound (Bragg rule, see,
e.g., BI68 or BT68). Precise measurements at 300 MeV (TH52) have shown devia-
tions of about 1 percent from additivity. At energics between 4 and 30 MeV energy-
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TABLE &d-1. REeLATIVISTIC VELOCITY 8=
Funcrion f(8) ror Heavy Io

NUCLEAR PHYSICS

oF KiNETic ENERGY T

v/e, B AND StorpPING-NuwMBER
Ns as A Funcrion

Kinetic energy T for
2
Protons, Alphas, Pions, Muons, | Electrons, g 8 1B
MeV MeV MeV - MeV keV
0.50 1.9863 0.0744 0.0563 0.2723 (0.032634 0.001065| 6.9925
0.55 2.1849 0.0818 0.0619 0.2995 (0,034225 0.001171) 7.0877
0.60 2.3836 0.0893 0.0676 0.3268 10.035745/0. 001278 7.17486
0.65 2.5822 0.0967 0.0732 0.3540 (0.037204 0.001384| 7.2546
0.70 2.7808 0.1041 0.0788 0.3812 {0.038606 0.001490| 7.3286
0.75 2.9795 0.1116 0.0845 0.4085 (0.039960/0.001597 7.3975
0.80 3.1781 0.1190 0.0901 0.4357 |10.041269 0.001703] 7.4620
0.85 3.3767 0.12685 0.0957 0.4629 {0.042537 0.001809| 7.5225
0.90 3.5753 0.1339 0.1014 0.4902 [0.043769 0.001916! 7.5796
0.95 3.7740 0.1413 0.1070 0.5174 |0.044966 0.002022! 7.6336
1.00 3.9726 0.1488 0.1126 0.5146 |0.046132 0.002128/ 7.6848
1.10 4.3699 0.1636 0.1239 0.5991 [0.048380/0.002341 7.7800
1.20 4.7671 0.1785 0.1351 0.6536 [0.050528 0.002553! 7.8668
1.30 5.1644 0.1934 0.1464 0.7080 10.052587/0.002765 7.9467
1.40 5.5616 0.2083 0.1577 0.7625 {0.054567 0.002978 8.0206
1.50 5.9589 0.2231 0.1689 0.8169 [0.056478 0.003190  8.0895
1.60 6.3562 0.2380 0.1802 0.8714 |0.058326 0.003402! 8.1539
1.70 6.7534 0.2529 0.1914 0.9259 0.060116{0.003614 8.2143
1.80 7.1507 0.2678 0.2027 0.9803 |0.061854 0.003826; 8.2713
1.90 7.5479 0.2827 0.2140 1.0348 0.063544/0.004038 8.3252
2.00 7.9452 0.2075 0.2252 1.0893 [0.065189 0.004250 8.3764
2.10 8.3425 0.3124 0.2365 1.1437 10.066794 0.004461] 8.4250
2.20 8.7397 0.3273 0.2477 1.1982 10.068360 0.004673| 8.4714
2.30 9.1370 0.3422 0.2590 1.2526 0.069891/0.004885 8 5157
2.40 9.5342 0.3570 0.2703 1.3071 {0.071388]0.005096 8.5581
2.50 9.9315 0.3719 0.2815 1.3616 {0.072855/0.005308 8.5987
2.60 10.3288 0.3868 0.2928 1.4160 |0.074292 0.005519] 8.6378
2.70 10.7260 0.4017 0.3041 1.4705 0.075701/0.005731 8.6754
2.80 11.1233 0.4165 0.3153 1.5250 {0.077084 0.005942| 8.7116
2.90 11.5205 0.4314 0.3266 1.5794 10.078442/0.006153 8.7465
3.00 11.9178 0.4463 0.3378 1.6339 [0.079776/0.006364 8.7803
3.10 12.3151 0.4612 0.3491 1.6884 10.081089!0.006575 8.8129
3.20 12.7123 0.4760 0.3604 1.7428 10.082380 0.006786] 8.8445
3.30 13.1096 0.4909 0.3716 1.7973 {0.0823650/0.006997 8.8751
3.40 13.5068 0.5058 0.3829 1.8517 |0.084901 0.007208| 8.9048
3.50 13.9041 0.5207 0.3941 1.9062 (0.086134 0.007419] 8.9336
3.60 14.3014 0.5356 0.4054 1.9607 |0.087349 0.007630; 8.961¢
3.70 14.6986 0.5504 0.4167 2.0151 10.088547{0.007841 8.988¢9
3.80 15.0959 0.5653 0.4279 2.0696 [0.089728 0.008051! 9.0154
3.90 15.4931 0.5802 0.4392 2.1241 [0.090894 0.008262] 9.0412
4.00 15.8904 0.5951 0.4505 2.1785 |0.092045 0.008472] 9.0664
4.10 16.2877 0.6099 0.4617 2.2330 {0.093181 0.008683| 9.0909
4.20 16.6849 0.6248 0.4730 2.2874 10.094303 0.008893|  9.1148
4.30 17.0822 0.6397 0.4842 2.3419 0.095411/0.009103 9.1382
4.40 17.4794 0.8546 0.4955 2.3964 10.096507,0.009314| 9.1610
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TasLe 8d-1. RevaTivisTic VELOCITY 8 = v/c, 6%, AND STOPPING-NUMBER
FuncrioN f(8) ror HEavy IoNs As o FUNCTION
or KiNeric ENERGY T (Continued)

Kinetic energy T for

P . B 82 §((:)]
rotons, Alphas, Pions, Muons. | Electrons,

MeV MeV MeV MeV keV

4.50 17.8767 0.6694 0.5068 2.4508 10.097589{0.009524! 9.1834
4.60 18.2740 0.6843 0.5180 2.5053 |0.098660/0.009734] 9.2052
4.70 18.6712 0.6992 0.5293 2.5598 10.099718/0.009944| 9.2285
4.80 19.0685 0.7141 0.5405 2.6142 |0.100766{0.010154! 9.2474
4.90 10.4657 0.7280 0.58518 2.6687 |0.101802{0.010364] 9.2679
5.00 19.8630 0.7438 0.5631 2.7232 10.102827{0.010573| 9.2879
5.50 21.8493 0.8182 0.6194 2.9955 10.107803]/0.011622] 9.3825
6.00 23 8356 0.8926 0.6757 3.2678 [0.112552/0.012668] 9.4687
6.50 25.8219 0.9670 0.7320 3.5401 {0.117102{0.013713] 9.5480
7.00 27.8082 1.0414 0.7883 3.8124 |0.121474/0.014756] 9.6213
7.50 29.7945 1.1157 0.8446 4.0847 10.125688/0.015797 9.6895
8.00 31.7808 1.1901 0.9009 4.3570 {0.129758{0.016837| 9.7533
8.50 33.7671 1.2645 0.9572 4.6294 |0.133699/0.017875/ 9.8131
9.00 35.7534 1.3389 1.0135 4.9017 |0.137521/0.018912| 9.8695
Q.50 37.7397 1.4133 1.06908 5.1740 |0.141233/0.019947| 9.9228
10.00 39.7260 1.4876 1.1261 5.4463 [0.144845(0.020980 9.9733
10.50 41,7123 1.5620 1.1824 5.7186 |0.148363{0.022012| 10.0213
11.00 43.6986 1.6364 1.2387 5.9909 10.151795{0.023042| 10.0671
11.50 45.6849 1.7108 1.2950 6.2632 10.155145{0.024070] 10.1108
12.00 47.6712 1.7852 1.3514 6.5356 |0.158420{0.025097| 10.1526
12.50 49.6575 1.8596 1.4077 6.8079 [0.161623{0.026122] 10.1927
13.00 51.6438 1.9339 1.4640 7.0802 |0.164759/0.027145/ 10.2311
13.50 53.6301 2.0083 1.5203 7.3525 10.167831{0.028167| 10.2681
14.00 55.6164 2.0827 1.5766 7.6248 |0.170844/0.029188| 10.3037
14.50 57.6027 2.1571 1.6329 7.8971 10.173800{0.030206{ 10.3380
15.00 59.5890 2.2315 1.6892 8.1695 |0.176701]0.031223] 10.3712
'15.50 61.5763 2.3059 1.7455 8.4418 |0.179552/0.032239] 10.4032
16.00 63.5616 2.3802 1.8018 8.7141 }0.182353{0.033253| 10.4342
16.50 65.5479 2.4546 1.8581 8.9864 |0.185108{0.034265| 10.4643
17.00 67.5342 2.5290 1.9144 9.2587 |0.187818/0.035276{ 10.4934
17.80 69.5205 2.6034 1.9707 9.5310 |0.190486/0.036285| 10.5216
18.00 71.5068 2.6778 2.0270 9.8033 [0.193112(0.037292| 10.5490
18.50 73.4931 2.7522 2.0833 10.0757 10.195700]/0.038298| 10.5757
19.00 75.4794 2.8265 2.1396 10.3480 }0.198249/0.039303| 10.6016
19.50 77.4657 2.9009 2.1960 10.6203 |0.200762(0.040306| 10.6269
20.00 79.4520 2.9753 2.2523 10.8926 {0.203241/0.041307] 10.6514
21.00 83.4246 3.1241 2.3649 11.4372 ]0.208097/0.043305| 10.6988
22.00 7.30972 3.2728 2.4775 11.9819 {0.212829(0.045296] 10.7438
23.00 91.3698 3.4216 2.5901 12.5265 |0.217443|0.047281} 10.7868
24.00 95.3424 3.5704 2.7027 13.0711 |0.221947(0.049261} 10.8279
25.00 99.3150 3.7191 2.8153 13.6158 [0.226348/0.051234] 10.8673
26.00 103.2876 3.8679 2.9279 14.1604 |0.230652/0.053200/ 10.9051
27.00 107.2602 4.0167 3.0405 14.7050 |0.234864/0.055161] 10.9414
28.00 111.2328 4.1654 3.1532 15.2496 |0.238989(0.057116/ 10.9763
29 .00 115. 4.3142 3.2658 15.7943 ]0.243032(0.0590064] 11.0100

2054
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TasLe 8d-1. ReraTivisTic VELOCITY 8 = v/c, B!, AND STOPPING-NUMBER
Function f(8) For Heavy Ions as 1 Funcrion
oF KiNktic ENeErcY T (Continued)

NUCLEAR PHYSICS

Kinetic energy T for I
2
Protons. Alphas, Pions, Muons, | Electrons, s s 7B
M2V MeV MeV MeV keV

|
30.00 119.1780 4.4629 3.3784 16.3389 [0.246996 0.061007; 11.0425
31.00 123.1506 4.6117 3.4910 | 16.8835 |0.250885.0.062943| 11.0738
32.00 127.1232 4.7605 3.6036 17.4282 |0.254704;0.064874] 11,1042
33.00 131.0968 4.9092 3.7162 17.9728 |0.258454.0.066799] 11.1335
34.00 135.0684 5.0580 3.8288 18.5174 |0.262140:0.068717; 11.1620

|
35.00 139.0410 5.2068 3.9414 19.0621 {0.265763 0.070630] 11.1896
36.00 143.0136 5.3555 4.0541 19.6067 [0.269327 0.072537| 11.2164
37.00 146.98862 5.5043 4.1667 20.1513 0.272833'0.074438; 11.2424
38.00 150.9588 5.6531 4.2793 20.6959 10.276284 0.076333] 11.2677
39.00 154.9314 5.8018 4.3919 21.2406 |0.279683 0.078222| 11.2923

' |
40.00 158.9040 5.9506 4.5045 21.7852 [0.283030 0.080106; 11.3163
41.00 162.8766 6.0994 4.6171 22,3298 10.286328 0.081984! 11.3396
42.00 166.8492 6.2481 4.7297 22.8745 |0.289579 0.083856! 11.3624
43.00 170.8218 6.3969 4.8424 23.4191 |0.292784 0.085722! 11.3845
44 .00 174.7944 6.5457 4.9550 23.9637 {0.295944 0.087583, 11.4062

!
45.00 178.7670 6.6944 5.0676 24.5084 {0.299062'0.089438 11.4273
46.00 182.7396 6.8432 5.1802 25.0530 0.302138:0.091287 11.4480
47.00 186.7122 6.9919 5.2928 25.5976 [0.305173.0.093131] 11.4682
48.00 190.6848 7.1407 5.4054 26.1422 10.308170.0.094969] 11.4879
49.00 194.6574 7.2895 5.5180 26.6869 0.311129i0.096801 11.5072
50.00 198.6300 7.4382 5.6306 27.2315 |0.314051.0.098628' 11.5261
52.50 208.5615 7.8102 5.9122 28.5931 10.321203 0.10317li 11.5716
55.00 218.4930 8.1821 6.1937 29.9547 10.328147 0.107680; 11.6149
57 .80 228. 4245 8.56540 6.4752 31.3162 [0.3348960. 112155 11.6562
6v.00 23S5.3560 8.9259 6.7568 32.6778 |0.3414630.116597 11.6956
62.50 248 .2875 9.2978 7.0383 34.0394 (0. 347858;0 .121005; 11.7333
65.00 2568.2190 9.6697 7.2198 35.4010 0.354091'0.125380 11.7693
6..50 268.1505 10.0416 7.6014 36.7625 0.360170;0. 129723] 11.8041
7G.00 278.0820 10.4135 7.8829 38.1241 [0.366105.0.134033] 11.8375
72.50 288.0135 10.7855 8.1644 39.4857 |0.371903:0.138312] 11.8696
75.00 297.9450 11.1574 8.4460 40.8473 |0.377569:0.142558, 11.9005
77.50 307.8765 11.5293 8.7275 42,2088 |0.383111;0.146774] 11.9304
80.00 317.8080 11.9012 9.0090 43.5704 |0.388534:0.150958, 11.9502
82.50 327.7395 12.2731 9.2906 44.9320 [0.393843,0.155112] 11.9871
85.00 337.6710 12.68450 9.5721 46.2936 [0.399043{0.159236! 12.0141
87.50 347.6025 13.0169 9.8536 47.6551 10.404140!0.163329; 12.0403
90.00 357.5340 13.3888 10.1352 49.0167 |0.409136{0.167392! 12.0657
92.50 367.4655 13.7608 10.4167 50.3783 |0.414036{0.171426; 12.0903
95.00 377.3970 14.1327 10.6982 51.7399 [0.418845/0.175431; 12.1142
97.50 387 .3285 14.5046 10.9798 53.1014 |0.42356+4;0.179407; 12.1375
100.00 397.2600 | 14.8765 11.2613 54.4630 {0.428198/0.183354; 12.1601
105.00 417.1230 15.6203 11.8243 57.1862 |0.437222!0.191163: 12.2036
110.00 436.9860 16.3641 12.3874 59.9093 10,445938/0. 198860? 12.2450
115.00 456.84900 17.1080 12.9505 82.6325 |0.454366{0.206448; 12,2844
120.00 476.7120 17.8518 13.5135 65.3558 10.46252510.213929; 12.3220




PASSAGE OF CHARGED PARTICLES THROUGH MATTER 8-151

TaBLe 8d-1. RevaTivistic VELOCITY 8 = /¢, 8%, AND STOPPING-NUMBER
Funcrion f(8) ror Hravy Tons as A FuncTion
oF Kineric ExErgY T (Continued)

Kinetic energy T for ’
2
Protons, Alphnas, Pions, Muons, | Electrons, B B B

MeV MeV MeV MeV keV ‘
125.00 496.5750 18.5956 14.0766 68.0788 |0.470431;0.221305 12.3579
130.00 516.4380 19.3394 14.6397 70.8019 [0.478098:0.228577 12.3923
135.00 536.3010 20.0833 15.2027 73.5251 |0.485539/0.235748 12.4254
140.00 556.1640 20.8271 15.7658 76.2482 |0.492767;0.242820 12.4572
145.00 576.0270 21.5709 16.3289 78.9714 |0.499793,0.249793 12.4878

]
150.00 595.8900 22.3147 16.8919 81.6945 |0.506627:0.256671 12.5173
155.00 615.7530 23.0586 17.4550 84.4177 [0.513279,0.263455 12.5457
160.00 635.6161 23.8024 18.0181 87.1408 10.519756 0.270146 12.5733
165.00 655.4791 24 .5462 18.5811 89.8640 |0.526067,0.276747 12.5999
170.00 | 675.3421 | 25.2900 | 19.1442 | 92.5871 [0.5322200.283255 12.6257

1
175.00 695.2051 26.0339 19.7072 95.3103 [0.53822110.289682 12.6507
180.00 715.0681 26.7777 20.2703 98.0334 10.544077,0.296019 12.6749
185.00 734.9311 27.5215 20.8334 | 100.7566 {0.549793.0.302273 12.6985
190.00 754.7941 28.2653 21.3964 | 103.4797 |0.555377{0.308443 12.7214
195.00 | 774.6571 29.0092 21.9595 | 106.2029 |0.560832!0.314532 12.7437
200.00 794.5201 29.7530 22.5226 | 108.9260 {0.566163:0.320541 12.7655
205.00 814.3831 30.4968 23.0856 | 111.6492 [0.571377;0.326471 12.7866
210.00 834.2461 31.2406 23.6487 | 114.3723 |0.576476;0.332324 12.8073
215.00 854.1091 31.9845 24.2118 | 117.0955 |0.581464,0.338101 12.8274
220.00 873.9721 32.7283 24.7748 | 119.8186 0.586347*0.343803 12.8471
225.00 893.8351 33.4721 25.3379 | 122.5418 |0.591128,0.349432 12.8663
230.00 913.6981 34.2159 25.9010 | 125.2649 |0.595800:0.354989 12.8851
235.00 933.5611 34.9597 26.4640 | 127.9881 |0.600396,0.360475 12.9035
240.00 953.4241 35.7036 27.0271 | 130.7112 [{0.604889'0.365891 12.9215
245.00 973.2871 36.4474 27.5901 | 133.4344 0.609294i0.371239 12.9391
250.00 993.1501 37.1912 28.1532 | 136.1575 |0.613611,0.376519 12.9564
255.00 | 1013.0131 37.9350 28.7163 | 138.8807 [0.6178450.381733 12.9734
260.00 | 1032.8761 38.6789 29.2793 | 141.6038 [0.621998;0.386882 12.9900
265.00 | 1052.7391 39.4227 29.8424 | 144.3270 |0.626073;0.391967. 13.0063
270.00 | 1072.6021 40.1665 30.4055 | 147.0501 {0.630070i0.396989 13.0223
275.00 | 1092.4651 40.9103 30.9685 | 149.7733 {0.633994/0.401949; 13.0380
280.00 | 1112.3281 41.6542 31.5316 | 152.4964 |0.637846:0.406848° 13.0534
285.00 | 1132.1911 42.3980 32.0947 | 155.2196 |0.641628/0.411687; 13.0686
290.00 | 1152.0541 43.1418 | 32.6577 | 157.9427 |0.645342 0.416467; 13.0835
295.00 | 1171.9171 43.8856 33.2208 | 160.6659 {0.648991 0.421189i 13.0082
300.00 | 1191.7801 44.6295 33.7838 | 163.3890 [0.652575 0.425854i 13.1126
310.00 | 1231.5061 46.1171 34.9100 | 168.8353 0.659558i0.435016_ 13.1409
320.00 | 1271.2321 47..6048 36.0361 | 174.2816 |0.666304;0.443961. 13.1682
330.00 | 1310.9581 49.0924 37.1622 | 179.7279 10.672826,0.452695: 13.1948
340.00 | 1350.6841 50,5801 38.2884 | 185.1742.10.679135,0.461225- 13.2206
350.00 | 1390.4101 52.0677 39.4145 | 190.6205 |0.685242!0.469557, 13.2458
360.00 | 1430.1361 53.5554 40.5406 | 196.0668 [9.691156,0.477697, 13.2703
370.00 | 1469.8621 55.0430 41.6667 | 201.5131 |0.896887,0.485651, 13.2042
380.00 | 1509.5881 56,5307 42.7929 | 206.9594 {0.7024420.493425 13.3176
390.00 | 1549.3141 58.0183 43.9190 | 212.4057 0.707830!0.501024i 13.3404




8-152 NUCLEAR PHYSICS

TaBLE 8d-1. RI-ZL.\TH’]ST!C VELocity B =uv/c, B anp STOPPING-.\’L‘.\IBER
Functiox f(8) For Hp.vy Toxs as 4 FtNerion

OF Kixgrre Exkrgy T (Continued)
.o T —
Kinetice energy 7 for ! '

— |
Protons, Alphas. Pions, Muons, Electrons, o / o )
MevV MeV MevV MeVv kev )
400.00 1589 n4ny 59.5060 45.0451 217.8520 0.713059 0.508453: 13.3626

410.h0 1628, 7661 60.9936 46.1713
420.00 16A% 499, 62.4813 47.2974
430.00 1708 2187 63.9689 48 .4235
440.00 | 1747, 9441 65.4566 49.5496

223 2083 0.718135 0.515717‘ 13.3845
228 7446 . 723064 0.522822; 13.4058
234.1909 727854 0.529772! 13.4267
239.6372 732510 0.536570{-’ 13.4473

450.00 | 1737, A70] 66.04490 50,6758
460,00 1R27 30py 68,4319 51.8019
470,00 | 1807, 129 609195 52,9280
480.00 | 1000 Q482 71.4071 54.0542
490.00 19465749 72.8948 55.1803

0
0
0
245.0835 (0.737030(0 543223 13 4674
250. 5298 0.741440/0. 549733 13,4871
255.9761 0.745724/0. 556103 13.5065
261.4224 0.74989510. 562340, 13.5256
266.58687 0.753950{0.568450, 13.5444

0.574430 135608

500,00 1936 3909 74,3874 56.3064 72.3150 In 757911

§10.00 2020 . n0ge |- 75.8701 57.4325 277.7613 0.761765;0.580286; 13.5809
520.00 2065.7522 77.3577 58.5587 283.207s 0.765521,0.586023 13.5988
§39%.0n 2105 4782 78.8454 59.6848 288.6539 0.769183;’0.591613 13.6164
540.00 2145.2042 80.3330 60.8109 294.1002 0.77275450.597149 13.6337

|

§50.00 2184 0300 81.8207 | 61.9371 299 35463 0.770237‘0.602545; 13.6508
&G0 .00 2224 6560 £3.3n83 63.0632 304 a928 0.779636:'0.60783‘2' 13.6677
70,00 22613890 84 .7960 64.1893 310.439]1 0.782953'0.613-’\15 13.6843
§80.01 3041080 86.2836 65.3154 - 315.8854 0.7861910.618096; 13.7007
590.00 2343.8342 8§7.7713 66.4416 321.3317 0.789353 0.623078’, 13.7168
600.00 2383.56092 | 89.2589 7.5677 326.7780 0.792441:'0.627963;' 13.7328
610.00 2423 282 90.7466 68.6938 332.2243 0.795458 0.632753] 13.7486
620.00 2463.0122 92.2342 69.8200 337.6706 0.798406;0.6374511 13.7642
630.00 2502 . 7382 93.7219 -70.9461 343 . 1169 0.801287,‘0.642060;’ 13.7795
640 .00 25424642 95.2095 72.0722 348, 5632 0.804103{0.646582‘ 13.7947
630,00 2582 1902 96.6972/ 73.1983 354.0005 .806857[0.551018,' 13.8098,
660.00 2621 . 9162 98.1848 ! 74.3245 359.4558 .809550!0.655372_ 13.824¢

050 o0 | 2661.6422 | 99 6795 | aa .4506 | 364 902
680.00 | 2701 3682 | 101 1400 76.5767 | 370, 3454
090.00 | 2741 0942 | 102647 77.7029 | 375 7g4-

.812185;0.659644;' 13.8393
-81476210. 663837/ 13_ 8539
.817284 0.667954! 13.8683

700.00 | 2759, 8202 | 104 -1354 78.8290 | 38; .2410
710.00 | 282y 5462 | 105. 6231 79.9551 | 386. 6873
720.00 2860.2722 107 . 1107 81.0812 392.1338
730.00 | 2899 9982 | 108.5084 82.2074 | 397 5799
740.00 | 2039 7242 | 110, 0860 83.3335 | 403 .0262

0.8197530.671995,' 13.8525
0.822170 0.675963! 13.8966
0.824536/0. 67985y 13.9106
0.826853/0. 683686 13.9244
0.829123/0. 687444 13.9380

750.00 | 2079 4502 | 111, 5737 84.4596 | 408. 4725
760.00 3019.1762 113.0613 85.5857 413.9188
770.00 3058.9022 1145490 86.7119 419.3651
780.00 | 30958, 6282 | 116.0366 87.8380 | 424 . 8114
790.00 | 3135, 35342 | 117, 5243 88.9641 | 430. 2577

800.00 3178.0803 | 119 0119 90.0903 | 435. 7040
810.00 3217.8063 120.499¢ 91.2164 441.1503
820.00 | 3257 5323 | 121 .9872 92.3425 | 446, 5966 10.845718]0. 715239] 14,0430
830.00 | 3297 2583 | 123.4749 93.4686 | 452. 0429 10.847615/0 -718451) 14,0556
840.00 | 3336, 9843 | 124 9625 94.5948 | 457. 4892 10.849476/0. 721609{ 14.0681

—

-831346/0.691136 13.9516

-833524/0.694763| 139650

-835659/0. 698326,- 13.9783

-837751/0.701827/ 13.9915

-839802/0. 703268, 14.0045
!

84181310, 708640, 14,0175
.843785 0.711973} 14.0303




PASSAGE OF CHARGED PARTICLES THROUGH MATTER 8-133

TaBLr 8d-1. ReraTivistic VELOCITY 8 = v/c, 8% AND STOPPING-NUMBER
Fuxerion f(B) ror Heavy lons as Ao Funcrion .
ofF KineTic ENerGY T (Continued)

Kinetic energy 7 for

: ! i [} B2 f(8)
Protons + Alphas : Pions, | Muons, | Electrons,
MeV ! MeV l' MeV ! MeV keV
E l i~ !
850.00 { 3376.7103 ' 126.4502 @ 95.7209 ) 462.9355 10.851301]0.724714| 14.0805
860.00 - 3416.4363 . 127.9378 96.8470 | 468.3818 {0.853093,0.727767| 14.0928
870.00 . 3456.1623 ; 129.4255 © 97.9732 | 473.82R81 [0.854851;0.730770{ 14.1050
880.00 . 3495.8883 , 130.9131 . 99.0993 | 479.2744 10.856576|0.733723| 14.1172
890.00 : 3535.6143 % 132.4008 i 100.2254 ; 484.7207 |0.858270{0.736628] 14.1292
900.00 ' 3575.3403 133.8884 ' 101.3515 | 490.1670 |0.859933/0.739485 14.1411
910.00 . 3615.0663 i 135.3761 I 102.4777 1 495.6133 |0.861566{0.742297| 14.1529
920.00 ; 3654.7923 - 136.8637 ! 103.6038 : 501.0596 [{0.863170/0.745063; 14.1647
0 0
0 0

930.00 . 3694.5183 138.3514 ‘ 104.7299 | 506.5059 {0.864745/0.747785 14.1763

940.00 : 3734.2443 © 139.8390 ; 105.8561 | 511.9522 {0.866293,0.750463 14.1879
' ! i

950.00 : 3773.9703 | 141.3266 i 106.9822 | 517.3985 |0.867813]0.753099| 14.1994

960.00 ' 3813.6963 142.8143 ' 108.1083 | 522.8448
970.00 ' 3853.4223 144.3019 | 109.2344 | 528.2911
980.00 : 3893.1483 | 145.7896 ' 111.3606 | 533.7374
990.00 @ 3932.8743 : 147.2772 " 111 .4867 | 539.1837

.869306,0.755694! 14.2108
.870774,0.758248) 14 2221
.872216;0.760762 14.2334
.873634;0.763‘237 14.2446
1000.00 = 3972.6003 | 148.7649 , 112.6128 . 5446300 875028!0.765073 14.2556

1 ' l

< coCoCo D

dependent deviations up to 3 percent have been observed for Al,Oy, 8i0:, and Lucite
(TS67 and BT68;. At small energies, energy-loss measurements (8265, BP71)
have also shown deviations from the Bragg rule.

For the approximation with an analytic function. the expression

S =CTe

may be used over limited energy ranges; e.g., for protons with 5 < T < 20 MeV in .
Ge, C = 136.7 and o = —0.7313 will be accurate to better than 0.1 percent (sec
BI6S for other values). If particles of initial energy 7 are absorbed in a material of
thickness s, the mean residual energy T, of the particles can be calculated directly:

[y = (CrTY — 8)

where Cr = (Cy)™? and y=1—-a.
If the stopping power is used to obtain T,, successive approximations must be cal-
culated. The computer program of BJ67 produces the coefficients C, Cg, and «.

8d-4. Range-energy Relations. As long as fewer than about 20 percent of the
particles are removed from the incident beam by nuclear reactions, the median
projected range R.(T) is defined as the thickness of material through which one-half
of the incident monoenergetic charged particles of energy 7' are transmitted (see
page 203 of BI6S).

The mean range of monoenergetic particles of kinetic energy 7' is defined by

R(T) = [f(R)R dR (8d-13)



8-154 NUCLEAR PHYSICS

TaBLE 8d-2. CaLcuLaTep Mass StoPPING Powkg S/p
IN Mr:\"/(c/ca.x’) ForR PROTONS

|
N\ 7 64 eV 78 eV ,’ 66.6 eV 166 eV 320 eV 75eV 820 eV
T, Be Graphite Water Al Cu Ag Pb
Mev ’
—

10.0 | 37.720 40.875 46.641 33.776 27.169 23.213 17.620
10.5 | 36.252 39.303 44.840 32,531 26.218 22.435 17.068
11.0 | 34.904 37.858 43.185 31.385 25.341 21.714 16.556
11.5 | 383.662 36.525 41.666 30.325 24.528 21.045 16.079
12.0 | 32.513 35.292 40.254 29.343 23.773 20.422 15.633

12.5 31.448 34.147 38.944 28.429 23.069 19.840 15.216
13.0 | 30.456 33.082 37.724 27.5877 22.409 19.294 14,823
13.5 29.531 32.087 36.586 26.779 21.790 18.781 14.454
14.0 | 28.666 31.156 35.521 26.032 21.209 18.299 14.105
14.5 27.855 30.283 34.522 25.330 20.663 17 .844 13.775

15.0 27.094 29.463 33.583 24.669 20.148 17.415 13.463
15.5 26.376 28.690 32.700 24.045 19.662 17.009 13.167
16.0 25.700 27.960 31.865 .456 19.202 16.625 12.885
16.5 25.061 27.271 31.077 22.898 18.764 16.259 12.618
17.0 | 24 456 26.618 30.331 22.369 18.348 15.910 12.363

N
w

17.5 23.882 25.999 29.623 2]1.866 17.953 15.579 12.120
18.0 23.337 25.411 28.951° 21.389 17.577 15.263 11.888
18.5 22.820 24.852 28.312 20.934 17.218 14 961 11.666
19.0 [ 22 327 24.320 | 27 703 20.500 16.876 14.673 11.454
19.5 21.857 23.812 27.123 20.086 16.549 14.398 11.251

20.0 21.409 23.327 26.569 19.690 16.237 14.134 11.056
21.0 20.571 22.421 25.534 18.949 15.651 13.639 10.688
22.0 19.802 21.590 24.584 18.268 15.110 13.181 10.348
23.0 19.095 20.824 23.710 17.640 14.609 12.756 10.032
24.0 18,442 20.117 22.902 17.059 14.145 12.362 9.738

25.0 17 .837 19 462 22.153 16 519 13.714 11,995 9.464
9

26.0 17.275 18.852 21.457 16.017 13.312 11.653 .207
27.0 | 16.750 18.284 | 20.80s | 15.548 12.936 11.333 8.965
28.0 16.261 17.753 | 20.202 | 15 109 12.585 11.033 8.738
29.0 15.802 17.256 | 19.634 | 14.697 12.254 10.750 8.524
30.0 15.372 16.789 19,101 14.310 11.943 10.483 8.323
31.0 | 14.967 16.349 18.600 13.946 11.648 10.230 8.132
32.0 14.586 15.935 18.127 13.602 11.370 9.992 7.952
33.0 | 14.225 15.544 17.681 13.276 11.107 9.766 7.780
34.0 13.885 15,174 17.258 12.969 10.857 9.553 7.617
35.0 | 13.562 14.823 16.859 12.677 10.620 9.349 7.461
36.0 | 13.258 14.491 16.479 12.399 10.395 9.156 7.313
37.0 12.965 14.175 16.119 12.135 10,181 8.972 7.172
38.0 12.689 13.874 15.775 11.884 9.977 8.797 7.037
39.0 12.425 13.587 15.449 11.645 9.782 8.629 6.908
40.0 12,174 13.314 15.137 11.416 9.596 8.469 6.785
41.0 | 11.934 13.053 14.839 11.198 9.418 8.315 6.667
42.0 | 11.704 12.804 14.555 10.989 9.248 8.167 6.554

43.0 | 11.485 | 12.565 | 14 289 10.788 9.085 8.025 8.445
4.0 1 11.275 | 12336 | 14.022 | 10 59 8.928 7.889 6.340
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PASSAGE OF CHARGED PARTICLES THROUGH MATTER 8-155

TaBLe 8d-2. CarcuLatep Mass Storring Powkr S/p
IN MeV/(c/cum?) For Protons (Continucd)

\ I 64 eV 78 eV 66.6 eV 166 eV 320 eV 475 eV 820 eV
T, Be Graphite Water Al Cu Ag b
MeV
45.0 11.073 12.117 13.771 10.413 8.777 7.759 6.239
46.0 10.880 11.906 13.531 10.236 8.632 7.633 6.142
47.0 10.694 11.704 13.301 10.066 8.493 7.513 6.049
48.0 10.515 11.509 13.079 9.903 8.358 7.396 5.938
49.0 10.343 11.322 12.866 9.745 8.229 7.284 5.872
50.0 10.178 11.142 12.660 9.594 8.104 7.176 5.788
52.5 9.790 10.719 12.179 9.238 7.811 6.922 5.590
55.0 9.435 10.333 11.738 8.911 7.543 6.689 5.409
57.6 9.109 9.977 11.333 8.611 7.296 6.475 5.241
60.0 8.808 - 9.649 10.959 8.334 7.066 6.275 5.085
62.5 8.5630 9.345 10.613 8.077 6.854 6.090 4.940
65.0 8.271 9.064 10.293 7.839 6.657 5.017 4.804
67.6 8.031 8.801 9.994 7.616 6.474 5.756 4.678
70.0 7.807 8.557 9.715 7.409 6.302 5.606 4.560
72.56 7.597 8.328 9.454 7.214 6.140 5.465 4.449
75.0 7.400 8.113 9.210 7.032 5.988 5.332 4.344
77.5 7.2156 7.911 8.980 6.860 5.846 5.207 4.246
80.0 7.041 7.721 8.764 6.699 5.711 5.090 4.153
82.6 6.877 7.542 8.560 6.546 5.584 4.978 4,065
85.0 6.722 7.373 8.368 6.402 5.463 4.873 3.982
87.5 6.576 7.213 8.185 6.266 5.350 4.773 3.902
90.0 6.437 7.061 8.013 6.136 5.241 4.679 3.827
92.5 6.305 6.917 7.849 6.013 5.139 4.589 3.755
95.0 6.180 6.780 7.693 b5.897 5.041 4.503 3.687
97.6 6.060 6.650 7.545 5.785 4.948 4.422 3.622
100.0 5.947 6.526 7.403 5.679 4.859 4.343 3.559
105.0 5.735 6.294 7.140 5.481 4.693 4.197 3.443
110.0 5.541 6.083 6.899 5.300 4.542 4.063 3.337
115.0 5.364 - 5.888 6.678 5.134 4.402 3.940 3.238
120.0 5.200 5.709 6.475 4.980 4.274 3.826 - 3.148
125.0 5.049 5.544 6.287 4.839 4.155 3.721 3.064
130.0 4,909 5.391 6.113 4.707 4.044 3.623 2.986
135.0 4.779 5.248 5.951 4.585 3.942 3.532 2.912
140.0 4.657 5.116 5.800 4.471 3.845 3.447 2.844
145.0 4.544 4.992 5.659 4.364 3.755 3.368 2.780
150.0 4.438 4 876 5.527 4.264 3.671 3.293 2.720
155.0 4.338 4.767 5.403 4.171 3.592 3.224 2.664
160.0 4.245 4.664 5.287 4,083 3.517 3.158 2.611
165.0 4.157 4.568 5.177 4,000 3.447 3.096 2.560
170.0 4.073 4.477 5.074 3.921 3.381 3.037 2.513
176.0 3.995 4.391 4.976 3.847 3.318 2.982 2.468
180.0 3.921 4.309 4. 883 3.777 38.259 2.929 2.426
185.0 3.850 4.232 4.796 3.710 3.202 2.879 2.386
180.0 3.783 4.159 4.712 3.647 3.149 2.832 2.347
1956.0 3.720 4.089 4.633 3.587 3.008 2.787 2.311
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Tapry 8d-2. CALCULATFZD Muass Storring Powrg S/p
IN Mt-:\’/(c/cm’) FOR ProTons (C'ontz'nued)

Graphite

4.023
3.960

3.842

440,

470,
480.
490.

52¢

0
0
0
5100
(o}
530.0
0
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TasLe 8d-2. CarLcvraTtedp Mass Storring Powkr S/p
IN MEV/(G/cm?) ror ProToNs (Continued)

\ B
N7 64 eV 78 eV 66.6 eV 166 eV 320 eV 475 eV 820 eV

T, . Be Graphite | Water Al Cu Ag Pb

MeV
550.0 2.147 2.366 2.676 2.096 1.830 1.659 | 1.394
560.0 2.132 2.349 2.657 2.082 1.818 1.648 1.385
570.0 2.118 2.334 2.639 2.068 1.807 1.638 1.377
580.0 2.104 2.319 2.622 2.055 1.796 1.628 1.369
590.0 2.091 2.304 2.606 2.043 1.785 1.618 1.361
600.0 2.078 2.290 2.590 2.030 1.775 1.6090 1.3583
610.0 2.065 2.277 2.574 2.019 1.765 1.600 1.346
620.0 2.054 2.263 2.560 2.007 1.755 1.592 1.339
630.0 2.042 2.251 . 2.645 1.997 1.746 1.684 1.333
640.0 2.031 2.239 2.531 1.986 1.737 1.576 1.326
650.0 2.020 2.227 2.518 1.976 1.728 1.568 1.320
660.0 2.010 2.216 2.505 1.966 1 1.720 1.861 1.314
670.0 2.000 2.205 2.493 1.957 1.712 1.554 1.308
680.0 1.990 2.194 2.481 1.948 1.704 1.547 1.303
690.0 1.981 2.184 2.469 1.939 1.697 1.540 1.297
700.0 1.972 2.174 2.458 1.930 1.690 1.534 1.292
710.0 1.963 2.165 2.447 1.922 1.683 1.528 1.287
720.0 1.955 2.1585 2.437 1.914 1.676 1.522 1.282
730.0 1.947 2.146 2.426 1.906 1.669 1.516 1.277
740.0 1.939 2,138 2.417 1.899 1.663 1.510 1.273
750.0 1.931 2.129 2.407 1.892 1.657 1.505 1.268
760.0 1.924 2.121 2.398 1.885 1.651 1.500 1.264
770.0 1.916 2.113 2.389 1.878 1.645 1.495 1.260
780.0 1.909 2.106 2.380 1.871 1.640 1.490 1.256
790.0 1.903 2.098 2.372 1.865 1.634 1.485 1.252
800.0 1.896 2.091 2.363 1.859 1.629 1.480 1.248
810.0 1.890 2.084 2.355 1.853 1.624 1.476 1.245
820.0 1.883 2.077 2.348 1.847 1.619 1.47 1.241
830.0 1.8%77 2.071 2.340 1.841 1.614 1.467 1.238
840.0 1.871 2.064 2.333 1.836 1.610 1.463 1.235
850.0 1.866 2.058 2.326 1.830 1.6056 1.459 1.231
860.0 1.860 2.052 2.319 1.825 1.601 1.456686 1.228
870.0 1.855 2.046 2.312 1.820 1.596 1.451 1.225
880.0 1.850 2.040 2.306 1.815 1.592 1.448 1.222
890.0 1.845 2.035 2.299 1.811 1.588 1.444 1.220
900.0 1.840 2.029 2.293 1.806 1.585 1.441 1.217
910.0 1.835 2.024 2.287 1.801 1.581 1.437 1.214
920.0 1.830 2.019 2.282 1.797 1.577 1.434 1.212
930.0 1.826 2.014 2.276 1.793 1.574 1.431 1.209
940.0 1.821 2.009 2.270 1.789 1.570 1.428 1.207
.950.0 1.817 2.005 2.265 1.785 1.5667 1.425 1.204
960.0 1.813 2.000 2.260 1.781 1.563 1.422 1.202
970.0 1.809 1.996 2.255 1.777 1.560 1.419 1.200
980.0 1.805 1.991 2.250 1.773 1.657 1.417 1.198
990.0 1.801 1.987 2.245 1.770 1.554 1.414 1.196
1000.0 1.797 1.983 2.240 1.766 1.551 1.412 1.193

I
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the last bubble or grain). Itisnotg practical quantity for experiments in which the
tracks of the particles cannot be followed. In particular, the megn projected range
is difficult to determine experimentally because of the removal of particles from the

At energies higher than a few MeV, the number of particles is sensibly reduced
owing to nuclear reactions (K064, BI60, and BA61), and appropriate corrections must
be applied (see Sec. 8d-8 under Nuclear Reactions).

The quantity related to R(T) which can be calculated from stopping-power theory
is the theoretical mean range R(T) in the continuous slowing-down approximation
(csda):

T
RAT) = /h S~ 4T 4 (8d-14)

In principle, T\ is the thermal energy of the particle. For small velocities the descrip-
tion of the stopping power given in Sec. 8d-6 under Very Low Velocity Particles can
be used. If S is not known accurately at these energies, a more accurate result for
R(T) may be obtained when T, is chosen to be a higher energy (e.g., 1 MeV for
protons), and an experimental valye of R(T.) is added to the integral to take care of
the low-energy contribution to the range. For experimental measurements it will
be necessary to consider the detector threshold energy as the energy T, (BM57
and HP60), .

A small difference between R(T) and R(T) is caused by the use of the csda approxi-
mation (LE52 and TT68). A simple relation that exists between the ranges for
different particles is discussed in Sec. 8d-6.

Mean csda ranges for protons in several elements have been computed (BJ67) by
numerical integration of the values of Tables 84-2 and 8d-3. They are listed in
Table 8d-4. Values for R (1 MeV) are obtained from BF60, MR67, and RY55.
For other elements, the method of SUB0 can be used to obtain range-energy relations.
For other particles (mesons or heavier ions) see Sec. 8d-6. Extensive tabulations
can be found in JAGB6, BJ69, BB67, and NOQs7. For high energies (7 > 1000 MeV
for protons) nuclear interactions absorb most of the particles, and range becomes
a rather meaningless term.

While the straggling in pathlength can be represented approximately by a gaussian
(see Sec. 8d-7), the asymmetry of multiple Scattering (the zigzag path taken oy a
particle can only be longer than the foi] thickness, see Sec. 8d-8), and the residual
skewness of the electron-loss straggling causes an asymmetry in the range straggling.
The median range therefore, is different from the mean range. '

The total median range Rn(T) (equal to the foil thickness), neglecting the straggling
asymmetries, can be obtained from the computed mean pathlength R,(T) by the
application of the multiple-scattering correction AR:

En(T) = R(T) — AR

The relative correction of AR/R for several elements is plotted in Fig. 8d-5. Further
discussion is given in BU60, BFs1, BZ67, and TB68. No discussion of the relation
of mean and median range seems to be available (see Sec. 8d-7).

8d-6. Shell Corrections and / Values. In principle, the stopping power § can be
calculated theoretical!y using atomic collision cross sections [Eq. (8d-5)]. At present,
Do complete sets of cross sections for all shells are available, and the expression
Eq. (8d-11) is used for the calculation of S. The unknown functions By, B,, . . .
are then replaced by one unknown constant, I = I,,. and the unknown functions
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PASSAGE OF CHARGED PARTICLES THROUGH MATTER 8-161

TasrLe 8d-4. CarcurLaTeD cspa RANGES R 1N g/cM? FOR PROTONS

or Kineri¢ Eneray T

[ 2. Sl

T, MeV Be Graphite Water Al Cu Ag Pb
1.0 0.0029 0.0039 0.0039 0.0042 0.0061 0.0080 0.0116
1.1 0.0034 0.0043 0.0043 0.0048 0.0070 0.0091 0.0133
1.2 0.0039 0.0048 0.0047 0.0054 0.0078 0.0103 0.0151
1.3 0.0044 0.0053 0.0051 0.0061 0.0088 0.0115 0.0169
1.4 0.0050 0.0059 0.0056 0.0068 0.0098 0.0128 0.0188
1.5 0.0055 0.0064 0.0061 0.0075 0.0108 0.0141 0.0208
1.6 0.0062 0.0070 0.0066 0.0083 0.0118 0.0154 0.0228
1.7 0.0068 0.0076 0.0071 0.0091 0.0129 0.0168 0.0248
1.8 0.0075 0.0083 0.0077 0.0099 0.0141 0.0183 0.0270
1.9 0.0082 0.0089 0.0083 0.0108 0.0153 0.0198 0.0291
2.0 0.0089 0.0096 0.0089 0.0117 0.0165 0.0213 0.0314
2.1 0.0097 0.0104 0.0095 0.0126 0.0178 0.0229 0.0336
2.2 0.0105 0.0111 0.0101 0.0136 0.0190 0.0245 0.0360
2.3 0.0113 0.0119 0.0108 0.0146 0.0204 0.0262 0.0384
2.4 0.0121 0.0127 0.0115 0.0156 0.0218 0.0279 0.0408
2.5 0.0130 0.0135 0.0122 0.0166 0.0232 0.0296 0.0433
2.6 0.0139 0.0143 0.0130 0.0177 0.0246 0.0314 0.0458
2.7 0.0148 0.0152 0.0137 0.0188 0.0261 0.0332 0.0484
2.8 0.0158 0.0161 0.0145 0.0200 0.0276 0.0351 0.0511
2.9 0.0167 0.0170 0.0153 0.0211 0.0291 0.0370 0.0538
3.0 0.0177 0.0180 0.0161 0.0223 0.0307 0.0390 0.0565
3.1 0.0188 0.0189 0.0170 0.0236 0.0323 0.0409 0.0593
3.2 0.0198 0.0199 0.0178 0.0248 0.0340 0.0430 0.0621
3.3 0.0209 0.0209 0.0187 0.0261 0.0357 0.0450 0.0650
3.4 0.0220 0.0220 0.0196 0.0274 0.0374 0.0471 0.0680
3.5 0.0232 0.0230 0.0205 0.0287 0.0392 0.0493 0.0709
3.6 0.0243 0.0241 0.0215 0.0301 0.0409 0.0515 0.0740
3.7 0.0255 0.0252 0.0225 0.0315 0.0428 0.0537 0.0771
3.8 0.0267 0.0263 0.0234 0.0329 0.0446 0.0559 0.0802
3.9 0.0279 0.0275; 0.0245 0.0344 0.0465 0.0582 0.0834
4.0 0.0292 0.0287 0.0255 0.0358 0.0484 0.0605 0.0866
4.1 0.0305 0.0299 0.0265 0.0373 0.0504 0.0629 0.0899
4.2 0.0318 0.0311 0.0276 0.0389 0.0524 0.0653 0.0932
4.3 0.0331 0.0323 0.0287 0.0404 0.0544 0.0677 0.0965
4.4 0.0345 0.0336 0.0298 0.0420 0.0564 0.0702 0.0999
4.5 0.0359 0.0349 0.0309 0.0436 0.0585 0.0727 0.1034
4.6 0.0373 0.0362 0.0321 0.0453 0.0606 0.0753 0.1069
4.7 0.0387 0.0375 0.0332 0.0469 0.0628 0.0778 0.1104
4.8 0.0402} .0.0389 0.0344 0.0486 0.0649 0.0805 0.1140
4.9 0.0416 0.0403 0.0356 0.0503 0.0672 0.0831 0.1176
5.0 0.0432 0.0417 0.0369 0.0521 0.0694 0.0858 0.1213
5.8 0.0510 0.0490 0.0433 0.0612 0.0810 0.0997 0.1403
6.0 0.0595 0.0569 0.0502 0.0709 0.0934 0.1145 0.1603
6.5 0.0686 0.0653 0.0575 0.0812 0.1066 0.1302 0.1814
7.0 0.0782 0.0742 0.0653 0.0922 0.1205 0.1466 0.2035
7.5 0.0884 0.0837 0.0736 0.1038 0.1351 0.1639 0.2267
8.0 0.0992 0.0937 0.0824 0.1160 0.1504 0.1820 0.2508
8.5 0.1106 0.1042 0.0915 0.1288 0.1664 0.2008 0.2759
9.0 0.1225 0.1152 0.1012 0.1421 0.1831 0.2205 0.3019
9.5 0.1349 0.1268 0.1112 0.1561 0.2005 0.2409 0.3289
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TasLe 8d-4. CaLcurirep cspa RaNGEs R IN ¢/cm?
oF KiNeTic ENeErGY T (Continued)

FOR PRroToONS

T, MeV Be Graphite Water Al Cu Ag Pb
10.0 0.1479 0.1386 0.1217 0.1706 0.2186 0.2620 0.3568
10.5 0.1614 0.1511 0.1327 0.1857 0.2373 0.2840 0.3856
11.0 0.1755 0.1641 0.1440 0.2013 0.2567 0.3066 0.4154
11.5 0.1901 0.1775 0.1558 0.2175 0.2768 0.3300 0.4460
12.0 0.2052 0.1015 0.1680 0.2343 0.2975 0.3541 0.4776
12.5 0.2208 0.2059 0.1807 0.2516 0.3188 0.3790 0.5100
13.0 0.2370 0.2207 0.1937 0.2695 0.3408 0.4045 0.5433
13.5 0.2536 0.2361 0.2072 0.2879 0.3635 0.4308 0.5775
14.0 0.2708 0.2519 0.2211 0.3068 0.3867 0.4578 0.6125
14.5 0.2885 0.2682 0.2353 0.3263 0.4106 0.4855 0.6484
15.0 0.3067 0.2849 0.2500 0.3463 0.4351 0.5138 0.6851
15.5 0.3254 0.3021 0.2651 0.3668 0.4602 0.5429 0.7226
16.0 0.3446 0.3198 0.2806 -0.3879 0.4860 0.5726 0.7610
16.5 0.3643 0.3379 0.2965 0.4095 0.5123 0.6030 0.8002
17.0 0.3845 0.3564 0.312 0.4316 0.5393 0.6341 0.8403
17.5 0.4052 0.3755 0.3295 0.4542 0.5668 0.6659 0.8811
18.0 0.4264 0.3949 0.3465 0.4773 0.5950 0.6983 0.9228
18.5 0.4481 0.4148 0.3640 0.5009 0.6237 0.7314 0.9652
19.0 0.4702 0.4351 0.3819 0.5251 0.6530 0.7651 1.0085
19.5 0.4929 0.4559 0.4001 0.5497 0.6830 0.7995 1.0525
20.0 0.5160 0.4771 0.4187 0.5748 0.7135 0.8346 1.0974
21.0 0.5637 0.5209 0.4571 0.6266 0.7762 0.9066 1.1894
22.0 0.6132 0.5663 0.4970 0.6804 0.8412 0.9812 1.2845
23.0 0.6646 0.6135 0.5385 0.7361 0.9086 1.0584 1.3826
24.0 0.7179 0.6624 0.5814 0.7937 0.9781 1.1380 1.4838
25.0 0.7731 0.7129 0.6258 0.8533 1.0499 1.2201 1.5880
26.0 0.8301 0.7651 0.6717 0.9148 1.1240 1.3047 1.6952
27.0 0.8889 0.8190 "0.7190 0.9782 1.2002 1.3918 1.8052
28.0 0.9495 0.8745 0.7678 1.0434 1.2786 1.4812 1.9182
29.0 1.0119 0.9317 | * 0.8180 1.1106 1.3591 1.5730 2.0341
30.0 1.0760 0.9904 0.8696 | 1.1795 1.4418 1.6672 2.1529
31.0 1.1420 1.0508 0.9227 1.2503 1.5266 1.7638 2.2744
32.0 1.2096 1.1127 0.9772 1.3229 1.6135 1.8627 2.3988
33.0 1.2791 1.1763 1.0330 1.3974 1.7025 1.9640 2.5259
34.0 1.3502 1.2414 1.0903 1.4736 1.7935 2.0675 2.6558
35.0 1.4231 1.3081 1.1489 1.5516 1.8867 2.1733 2.7885
36.0 1.4977 1.3763 1.2089 1.6313 1.9818 2.2814 2.0239
37.0 1.5740 1.4461 1.2703 1.7129 2.0791 2.3918 3.0620
38.0 1.6520 1.5174 1.3330 1.7861 2.1783 2.5043 3.2027
39.0 1.7316 1.5903 1.3971 1.8811 2.2795 2.6191 3.3462
40.0 1.8129 1.6646 1.4625 1.9679 2.3827 2.7361 3.4922
41.0 1.8959 1.7405 1.5292 2.0563 2.4879 2.8553 3.6409
42.0 1.9805 1.8178 1.5972 2.1465 2.5951 | - 2.9766 3.7922
43.0 2.0668 1.8967 1.6666 2.2383 2.7042 3.1002 3.0461
44.0 2.1546 1.9770 1.7373 2.3319 2.8152 3.2258 4.1025
45.0 2.2441 2.0588 1.8092 2.4271 2.9282 3.3837 4.2815
46.0 2.3353 2.1421 1.8825 2.5239 3.0431 3.4836 4.4231
47.0 2.4280, 2.2268 1.9570 2.6224 3.1599 3.68157 4.5871
48.0 2.5223 | 2.3129 2.0329 2.7228 3.2786 3.7498 4.7537
49.0 2.6182; 2.4008 2.1099 2.8244 3.3992 3.88861 4.9228
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TaBLE 8d-t. CALCULATED cspa RaNGeEs R IN G/cM? For ProTONS .
oF KiNetic ENErRGY T (Continued) i

, MeV Be Graphite Water Al Cu Ag ; Pb 5
50.0 2.7156 | 2.4896| 2.1883| 2.9278| 3.5216| 4.0244 5.0043 o
1 52.5 2.9661 | 2.7184| 2.3897 | 3.1934¢| 3.8359! 4.3792] 5.5339 Ak
55.0 3.2263 | 2.9560 | 2.5988| 3.4690 | 4.1617| 4.7466| 5.9886 i
L 57.5 3.4960 | 3.2023 2.8156 | 3.7545| 4.4088| 5.1266| 6.4583 oy
- 60.0 3.7752 | 3.4571 3.0400 | 4.0496| 4.8470| 5.5188| 6.9426 i
i
62.5 4.0637 | 3.7204| 3.2718| 4.3544| 5.2063| 5.92331 7.4413 e
65.0 4.3614 | 3.9921 3.5111| 4.6686| 5.5764| 6.339S8| 7.9547 H i
67.5 4.6681| 4.2720| 3.7576| 4.9922| 5.9573| 6.7682| 8.4821 4
70.0 4.9839 | 4.5602| 4.0113| 5.3251| 6.3487| 7.2083| 9.0235 "
72.5 5.3086 | 4.8563| 4.2722| 5.6671| 6.7507| T.6601! 9.5786 I
75.0 | 5.642 | 5.161 | 4.540 | 6.018 | 7.163 | 8.123 | 10.147 g
77.5 5.984 5.473 4.815 6.378 7.586 8.598 | 10.729 o
80.0 6.335 5.792 5.097 6.747 8.018 9.083 | 11.325 1
82.5 6.694 6.120 5.386 7.124 8.461 9.580 | 11.933 ﬁ
85.0 7.062 6.455 5.681 7.511 8.914 | 10.088 12.555 iy
g1 04
87.5 7.438 6.798 5.983 7.905 9.376 | 10.606 | 13.189 ﬁ
90.0 7.822 7.149 6.292 8.309 9.848 | 11.135 | 13.836 1N
92.5 8.215 7.506 6.607 8.720 | 10.330 | 11.675 | 14.495 b
95.0 8.615 7.871 6.920 9.140 | 10.821 | 12.225 | 15.167 i
97.5 9.024 8.244 7.257 9.568 | 11.322 | 12.785 | 15.852 R
i -
100.0 9.440 8.623 7.592 | 10.004 | 11.832 | 13.355 | 16.548 @%
105.0 | 10.297 9.404 8.279 | 10.901 | 12.879 | 14.527 17.976 i
110.0 | 11.184 | 10.212 8.992 | 11.828 | 13.962 | 15.738 | 19.452 i
115.0 | 12.101 11.047 9.729 | 12.787 | 15.081 16.988 | 20.973 B
120.0 | 13.048 11.910 10.489 | 13.776 | 16.233 | 18.276 | 22.539 i
. 3
125.0 | 14.024 | 12.799 11.273 | 14.795 | 17.420 | 19.601 | 24.150 :
130.0 | 15.029 | 13.713 12.080 | 15.843 | 18.640 | 20.963 | 25.803 E
135.0 | 16.061 14.654 | 12.009 | 16.910 | 10.803 | 22.361 | 27.4990 S
140.0 | 17.121 15.619 13.760 | 18.024 | 21.177 | 23.794 | 29.236 {f
145.0 | 18.208 | 16.608 14.633 | 19.156 | 22.493 | 25.262 | 31.015 L3R
150.0 | 19.322 | 17.622 | 15.527 | 20.315 | 23.840 | 26.763 | 82.833 % ;
155.0 | 20.462 18.659 16.442 | 21.500 | 25.217 | 28.298 | 34.691 !
160.0 | 21.627 | 19.720 17.378 | 22.712 | 26.623 | 29.865 | 36.587
165.0 | 22.817 | 20.803 18.334 | 23.950 | 28.059 | 31.464 | 38.321
170.0 | 24.032 | 21.909 19.309. | 25.212 | 29.524 | 33.095 | 40.492
175.0 | 25.272 7| 23.037 | 20.304 | 26.500 | 31.017 | 34.757 | 42.500
180.0 | 26.536 | 24.186 | 21.319 | 27.812 | 32.538 | 36.449 | 44.344
185.0 | 27.823 | 25.357 22.352 | 29.147 | 34.086 | 38.171 | 46.622
190.0 | 29.133 | 26.549 23.404 | 30.507 | 35.661 | 39.922 | 48.735
195.0 | 30.466 | 27.761 | 24.474 | 31.889 | 37.262 | 41.702 | 50.882 ‘
200.0 | 31.821 | 28.994 | 25.562 | 33.204 | 38.888 | 43.510 | 53.063 i 1
205.0 | 33.199 | 30.247 | 26.668 | 34.722 | 40.541 | 45.346 | 55.276 b
210.0 | 34.598 | 31.519 27.791 | 36.171 | 42.218 | 47.210 | 57.521 i
215.0 | 36.018 | 32.811 |-28.932 | 37.643 | 43.920 | 49.100 | 59.798 1
220.0 | 37.460 34.122 30.089 39.135 45.646 51.018 62.106 H
225.0 | 38.922 | 35.451 31.262 | 40.649 | 47.396 | 52.961 | 64.444 g
230.0 | 40.404 | 36.799 | 32.452 | 42.183 | 49.169 | 54.930 | 66.813 IRt
235.0 | 41.907 | 38.165 | 33.659 | 43.737 | 50.965 | 56.92¢ | 69.211 LS
240.0 | 43.429 | 39.549 | 34.880 | 45.312 | 52.784 | 58.943 | 71.638 RN
245.0 | 44.971 | 40.951 36.118 | 46.906 | 54.625 | 60.987 74.094 E:
i l.‘.
e
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TaBLE Sd-2. CALCULATED cspa RaNGES B IN G/CM® FOR ProTONS
orF Kixeric Exercy T (Continued)

T, MeV Be Graphite Water Al Cu
250.0 46.531 42.370 37.371 48.520 56.489
255.0 48.111 43.806 38.639 50.152 58.373
260.0 49.709 45.238 39.021 31.804 60.279
265.0 51.325 46.727 41.219 53.473 62.206
270.0 52.960 48.213 42,531 55.161 64.154
275.0 54.612 49.714 43.857 56.867 66.121
280.0 56.282 51.232 45.197 58.591 68.109
285.0 57.968 52.765 46.551 60.332 70.116
290.0 59.672 54.313 47.918 62.090 72.143
295.0 61.392 55.876 49.299 63.863 74.188
300.0 63.129 57.453 50.693 65.657 76.253
310.0 66.6351 60.653 53.520 69.289 80.437
320.0 70.236 63.912 56.397 72.984 S4.692
330.0 73.883 67.225 59.323 76.741 §9.017
340.0 77.588 70.591 62.297 $0.558 93.410
350.0 81.352 74.010 65.318 84.434 97.868
360.0 85.171 77.479 68.383 88.365 | 102.389
370.0 89.045 | 80.998 71.492 92.352 | 106.973
380.0 92.972 84.565 74.644 96.392 | 111.616
390.0 96.951 88.178 77.836 | 100.484 | 116.317
400.0 | 100.980 91.837 81.070 | 104.626 | 121.075
"410.0 | 105.058 95.540 84.342 | 108.818 | 125.889
420.0 | 109.183 99.286 87.653 | 113.057 | 130.756
430.0 | 113.355 | 103.07 91.000 | 117.342 | 135.675
440.0 | 117.572 106.902 04.384 121.673 140.644
450.0 | 121.832 | 110.77 97.803 | 126.048 | 145.663
460.0 | 126.136 | 114.677 | 101.256 | 130.465 | 150.731
470.0 | 130.431 118.621 104.742 134.924 155.844
480.0 | 134.866 | 122.602 | 108.261 | 139.423 | 161.003
490.0 | 139.291 | 126.619 | 111.812 | 143.962 | 166.207
500.0 | 143.734 | 130.670 | 115.393 | 148.539 | 171.433
510.0 | 148.255 | 134.755 | 119.005 | 1533.154 | 176.741
520.0 | 152.792 | 138.873 | 122.645 | 157.805 | 182.070
530.0 | 157.365 | 143.023 | 126.314 | 162.492 | 187.439
540.0 | 161.972 | 147.205 | 130.011 | 167.213 | 192.846
550.0 | 166.614 | 151.417 | 133.735 | 171.967 | 198.291
560.0 | 171.288 | 155.658 | 137.486 | 176.735 | 203.773
570.0 | 175.994 | 159.929 | 141.262 | 181.574 | 209.290
580.0 | 180.732 | 164.228 | 145.063 | 186.425 | 214.842
590.0 | 185.301 | 168.555. | 148.889 | 191.306 | 220.428
600.0 | 190.299 | 172.908 | 152.739 | 196.216 | 226.047
610.0 | 195.126 | 177.288 | 156.612 | 201.156 | 231.697
620.0 | 199.982 | 181.693 | 160.508 | 206.124 | 237.350
630.0 | 204.865 186.124% 164.426 211.119 243.093
640.0 | 209.775 | 190.579 | 168.365 | 216.140 | 248.835
650.0 | 214.712 195.057 172.326 221.188 254.607
660.0 | 219.675 | 199.359 | 176.308 | 226.262 | 260.406
670.0 | 224.662 | 204.083. | 180.309 | 231.360 | 266.234
680.0 | 220.675 | 208.630 | 184.330 | 236.482 | 272.088
600.0 | 234.711 | 213.198 | 188.371 | 241.628 | 277.968

Ag Pb
63.034 76.578
65.145 79.090
67.260 81.630
69.397 84.196
71.5537 86.789
73.739 89.408
75.943 92.052
78.169 94.722
80.416 97.416
82.6383 100.135
84.971 | 102.877
89.608 | 108.434
94.322 114.081
99.113 119.818

103.978 | 125.641
108.914 | 131.548
113.920 | 137.535
118.993 | 143.601
124.131 149.744
129.333 155.960
134.597 | 162.249
139.921 168.607
145.304 | 175.033
150.743 181.525
156.237 | 188.081
161.785 | 194.699
167.384 | 201.378
173.035 208.115
178.734 | 214.909
184.482 | 221.758
190.276 228.662
196.115 | 235.618
201.999 | 242.624
207.925 | 249.681
213.893 | 256.785
219.902 | 263.937
225.951 | 271.134
232.038 | 278.375
238.162 285.660
244.323 292.987
250.520 300.355
256.751 307.763
263.017 315.211
269.315 | 322.696
275.645 | 330.218
282.006 337.776
288.397 345.369
204.819 | 352.996
301.269 | 360.657
307.747 | 368.349

i e o i 441 e+ At 1
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TABLE Sd-4. CaLCULATED cspa RaNges R IN G/cu® For PrRoOTONS
oF KiNeTic ENxErcY T (Continued)

T, MeV Be Graphite Water Al Cu Ag Pb
700.0 | 239.770 217.787 192 .430 246.797 283.87+4 314.253 376.074
710.0 | 244.853 222.396 196.507 251.989 289.8035 320.785 383.829
720.0 | 249.957 | 227.026 | 200.603 | 257.202 | 295.760 27 .34 391.614
730.0 | 255.08¢ | 231.676 | 204.715 | 262.437 | 301.739 | 333.928 | 399.428
740.0 | 260.231 | 236.344 | 208.845 | 267.693 | 307.741 | 340.537 | 407.270
750.0 | 265.400 | 241.031 | 212.99 272.960 | 313.765 | 347.170 | 415.140
760.0 | 270.589 245.737 217.154 278.265 319.812 333.827 423.037
770.0 | 275.797 250.460 221.332 283.581 325.880 360.507 +30.960
780.0 | 281.025 | 255.201 | 225.526 | 288.916 | 331.96S | 367.209 | 438.909
790.0 | 286.272 | 250.959 | 229.736 | 294.269 | 338.078 | 373.933 | 446.882
800.0 | 291.537 | 264.733 | 233.960 | 209.640 | 344.207 | 380.679 | 454.880
810.0 | 296.821 | 269.524 | 238.198 | 305.029 | 350.355 | 387.445 | 462.902
820.0 | 302.122 | 274.330 | 242.451 | 310.435 | 356.523 | 394.232 | 470.945
830.0 | 307.440 279.152 246.717 315.858 362.709 401 .039 479.013
840.0 | 312.775 | 283.989 | 250.997 ! 321.297 | 368.913 | 407.864 487.102
850.0 | 318.127 | 288.841 | 255.290 | 326.752 | 375.13%¢ | 414.709 | 495.212
860.0 | 323.494 293.708 259.596 332.223 381.373 21.572 503.343
870.0 | 328.878 298.588 263.914 337.710 387.628 425.454 511.494
880.0 | 334.276 303.483 268.245 343.211 393.900 435.352 519.665
890.0 | 339.600 | 308.391 | 272.588 | 348.727 | 400.188 | 442.268 | 527.835
900.0 | 345.119 313.312 276.943 354.257 406.492 449.200 336.06+4
910.0 | 350.562 | 318.246 | 281.309 | 359.802 | 412.810 | 456.149 | 544.291
020.0 | 356.019 | 323.192 | 285.686 | 365.359 | 419.14+ | 463.113 | 552.536
930.0 | 361.489 | 328.151 | 290.075 | 370.930 | 425.492 | 470.093 560.798
940.0 | 366.973 | 333.123 | 294.474 | 376.514 | 431.854 477.088 | 569.077
950.0 | 372.470 338.105 298.883 382.111 438.230 484.008 577.373
960.0 | 377.981 | 343.100 | 303.303 | 387.720 | 444.619 | 491.122 | 585.684
970.0 | 883.503 | 348.105 | 307.733 | 393.341 | 451.022 | 498.160 | 594.012
980.0 | 389.038 353.122 312.173 398.974 457.437 505.211 602.354
990.0 | 394.585 358.149 316.622 404.619 463.865 312.276 610.711

1000.0 | 400.143 | 363.187 | 321.081 | 410.275 470.305 | 519.354 | 619.083

C:, which are important only at small energies. If extensive experimental data are
available, the shell corrections, C/Z = Z:Ci/Z, can be determined experimentally
(AN69), together with the I value. TUsually, experimental uncertsinties and limited
coverage in energy do not permit this approach. In a modification of an earlier
approach (BI61), it is suggested now, that, for 8 < Z < 25, Walske's shell corrections
(WA52, WA356, B167, KH68) be used in modified form:

.C _ Cx + VCu(HB?)

7 7 (8d-15)

with parameters H, V, and I determined in a least-squares fit to experimental data.
Similarly, for Z <8, C/Z = VCx(H8?. For Z > 25, Bonderup’s shell corrections
Cs (BO67) are used, also in a modified form:

C _ VCg(Hv*/ve*Z)

> - (3d-16)
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Good fits to experimental data for protons and deuterons are obtained as long as
Cs > 0. Values for H, V, and I may be found in BJ67. Typically, for Z > 47,
H =0.755, V = 068, and [y, = 476 eV, Iy, = 780 eV. For Z =29, H = (.55,
V = 0.61, and Ic,.= 319.5 eV. These fits include effects due to the higher Born
approximations and are therefore valid only for particles of charge -+e.

It was found that the least-squares fits do not show singular and distinct minima.
For experimental data covering a limited energy range, different local minima will give
almost the same x®. This is fairly obvious from Eq. (8d-11): for a limited velocity
range, an increase in I can be almost entirely compensated by a decrease in the shell
corrections (BHG69).

100 %

5

Ni =

o.I-

()]
o

50 100 500 1000
T, MeV

Fr1g. 8d-5. The fractional multiple-scattering correction for different elements as a function
of proton energy T. The experimental median projected range R, is related to the csda
range Ro through Ro = R, + AR. Corrections due to nuclear diffraction scattering are
neglected. Accuracy 10 to 20 percent.

Values of C'/Z for protons and deuterons adopted in this section are given in Fig.
8d-4.
Although I values are properly defined by

o Lo =Y falnl, ‘ (8d-17)

(DT68), only a few values for light elements have been calculated with this expression
(BE66, WH33). They are not as accurate as the experimental values. The quotient
k = I/Z is expected to be a constant if I is evaluated using the Thomas-Fermi model
(BL33). Figure 8d-5 shows a plot of the best available values of k. Both the rise
of k for 20 < Z < 30 and the oscillation for even and odd values are unexpected.
The interpolation schemes suggested in the past (DT68) cannot be considered reliable,
and further measurements appear to be very desirable. Recent data are given in
VEK69.

8d-6. Miscellaneous Effects. A difference in the ranges of positive and negative
mesons has been observed (BD63,HL69). Similarly, Andersen, Simonsen, and
Sgrensen (A369) found a difference between the stopping power of particles of charge
one (p,d) and of charge two (He3He!). This difference presumably is caused by
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‘effects due to higher Born approximations. In the further discussions of this section,
these effects are implicitly included in the definition of z*.

The first Born approximation used in the derivation of the collision cross sections
[Eq. (84-2)] is valid for 8> g1 = 2/137. For particles with 8 < 8,, atom-atom
collisions will contribute increasingly to the stopping process, and an approach based
on the use of the Thomas-Fermi model of both the incident ions (with an effective
charge z*¢ < ze) and the absorber atoms has been fruitful (see Very Low Velocity
Particles in this section).

The stopping power Sy for any particle of mass M, nuclear charge ze (values for
different particles are given in Table 8d-5), and kinetic energy T can be calculated
from the proton stopping power S, with

Su(T) = 2*%8,(r) (8d-18)

where r = T/m,, and z* is discussed under Charge-state Correction in this section.
Similarly, a simple relation exists between the range Ry of the particle and the range
R, of a proton:

Ru(T) = % Ryle) + mia1C, (f) (8d-19)

where m, = Mc?/938.259 MeV, and the second term is called the range extension
caused by the reduced charge z*. C:is a universal function for any ion in a specific
substance. For emulsion, C. is found in fig. 5 of HP60, and it is defined for any sub-
stance in eq. (7) of HP60 (see BB67 for data). Another approach can be used: Use

Eq. (8d-19) to find the range difference Ru(T) — Ru(T1) and add Ry (T)) as defined
under Very Low Velocity Particles to find Ry (7).

In general, a numerical calculation for a specific case, using Eq. (8d-11) with
appropriate effective charge z* will be preferable to the use of Eq. (84-19).

EXAMPLES
1. The mean range of 20-MeV muons in aluminum (m, = 0.1126 from Table 8d-5)
R,(20 MeV) = 0.1126 X R,(177.6 MeV) = 0.1126 X 27.15 = 3.057 g/cm?

2. The mean range of 50-MeV alphas (m, = 3.9726) in copper is

3.9726

Ra(30 MeV) = ==

X R,(12.602 MeV) = 0.3219 g/cm?

where R, is obtained from Table 8d-4, and C. has been neglected. An extensive
discussion for heavy ions is given in NO67 and NS70, with many graphs for differ-
ent incident particles.

Charge-state Correction. For velocities g8 < §; = 0.04z! it is observed that the
nuclear charge ze is not fully effective. A reduced effective charge z*¢ is used in Eq.
(84-11) instead of the nuclear charge ze (RO60, NO63, NO67, HP60). If z*is
defined to give the correct observed stopping power, it is not equal to the mean
charge per particle of a beam leaving an absorber (PB68, BG65). With an accu-
racy of about 5 percent, z* can be obtained from

’? =1 — exp (—1.316z + 0.1112z? — 0.0650z?) (84-20)

where z = 1008/z!. This expression is valid for z > 0.27. In gases, the values are
several percent smaller (AR69). It should be noted that the approach described in
the next section overlaps the range of validity of Eq. (84-20).
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TaBLE 8d-5. Prorer
(Electron Masse

NUCLEAR PHYSICS

Ion 2 ,‘ Lifetime. ‘l Cé)arge' Mass , m
i _Manosec | 10~ws ¢ 10724 g amu MeV ’
Electron | 1. Stable | £1.60219 | 0.910955 0.548593 | 511.004 | 0 543530~
Muon 1}2198.3 *+1.60219 0.188357 0.113432 105.6598 | 0.112613
Pion 1. 26.04 +1.60219] o. 248823 | 0. 149846 139.578 0.148763
Kaon 1] 12.35 +1.60219 0.880322 0.530147 493.82 0.526317
Sigma + 1 0.081 | +1.60219 2.120318 1.276895 1189.40 1.267671
Sigma - 1 0.164 | —1.60219 2.134436 1.285398 1197.32 1.276112
Mass
excess,
MeV
1N 0 i 8.0714; o0, 1.674920 1.0086652 939.553 1.0013786
1H 1 7.2890' 1.60219 1.672614] 1 .0072766 938.259 1.0000000
2H 1 , 13.1359 | 1.60219 3.343569 2.0135536 1875.587 1.9990076
3 H 11  14.9500 ’ 1.60219| 5.007334 3.0155011 2808.883 2.9937170
3 He 2 14.9313 3.20438 5.006390| 3. 0149325 2808.353 2.9931526
4 He 2 2.4248 ,, 3.20438| 6. 644626 4.0015059 3727.328 3.9725990
6 L1 3 i 14.088+4 4.80658| 9. 985570 6. 0134789 | 5601. 443 5.9700375
7 L1 3 14.9073 ! 4.80658 | 11, 647561 7. 0143581 | 6533. 743 6.9636862
7 Be 4 15.7689 6.40877 | 11. 648186 7.0147345 6534.093 6.9640599
9 Be 4 11.3505 6.40877 | 14.961372 9.0000911 | 8392.637 8.9449027
10 B 5 12.0522 8.01096 | 16.622243 10.0101958 9324.309 9.9378820
11B 5 8.6677 i 8.01096 ] 18. 276741 11. 0065623 | 10252 . 406 | 10, 9270507
12C 6 0. 9.61315 19.920910 11.0067084 11174.708 11.9100440
13 C 6 3.1246, 9.61315 21.587011 13.0000629 12109.314 12.9061502
14 C 6 3.0198; 9 61315 23.247356 13.9999504 13040.691 13.8988145
14 N 7 2.8637 11.21534 23.246166 13.9992342 13040.024 13.8981035
1§ N 7 0.1004| 11.21534 24.901771 14.9962676 13968.741 14.8879343
16 O 8 —4.7365! 12.81753 26.552769 15.9905263 14894.875 15.8750105
17 8 —-0.8077| 12.81753 28.220304 16.994744] 15830.285 16.8719738
180 8 —-0.7824] 12 81753 | 29.880881 17.9947713 16761.791 17.8647767
19 F 9 —1.4860| 14.41073 31.539247 18.9934674 17692.058 18.8562582
20 Ne 10 —7.0415| 16.02192 33.188963/ 19. 9869546 18617.472 |[19. 8425685
21 Ne 10 =-5.7299| 16.02192 34.851833 20.9883627 19550.265 20.8367424
22 Ne 10 —8.0249 | 16.02192 36.508273 | 21. 9858989 20479.451 | 21.8270724
23 Na 11 -9 5283[ 17.62411 38.165213 22.9837363 21408.918 22.8177014
24 Mg [ 12| — 13.9333] 19. 22630 | 39.816981 23.9784587 22335.483 | 23 .8052379
25 Mg [ 12| —13 1907 19.22630 | 41, 478836 | 24 .9792559 23267.707 24.7988053
26 Mg 12 | —16.2142 19.22630 | 43. 133977 | 25. 9760100 | 24196, 165 | 25.7883589
27 Al 131 —-17.1961! 20 82849 | 44.791847 26.9744073 25126.153 | 26. 7795437
28 Si 14 | —21.4899] 22 43068 | 46.443813 27.9692490 26052.830 27.7671987
29 Si 14 } —21.8936| 22 43068 | 48.103625 28.9688156 26983.907 28.7595444
30 Si 14 | —24 4394 22.43068 | 49 . 750617 | 29.9660826 27912.843 | 29. 7496071
31 P 15 | —24.4376| 24 03288 51.41924] 30.9655359 28843.815 30.7418404
328 16 | -26.0127 25.63507 | 53. 076053 | 31, 9632963 29773.210 |31. 7323930
338 16 | —26.5826! 25 63507 | 54.735569 32.9626845 30704.121 | 32. 7245615
34 S 16 | —29.9335 25.63507 | 56. 390126 | 33.9590871 31632.251 | 33, 7137661
368 16 | -30.6550] 25. 63507 | 59.709903 | 35 9583126 | 33494 . 492 |35.6985491
35 Cl 17 | —29.0145 27.23726 | 58.051385 34.9595251 | 32564 . 140 | 34.7069770
37 C1 17 | ~31.7648| 27. 23726 | 81.367545 | 36. 9565725 | 34424 .353 36.6895976
36 Ar 18 | ~30.2316| 28. 83945 | 59.708836 | 35 9576699 | 33493 . 894 |35.6979111
38 Ar 18 | ~34.7182] 28. 83945 | 63.021900 | 37 9528533 | 35352 369 | 37.6786813
40 Ar 18 | —35.0383 28. 83945 | 66.342392 | 39. 9525096 | 37215.012 39.6638921
39 K 19 | ~33.8033] 30. 44164 | 64.683151 | 38. 9532869 | 36284 . 254 |38.6718877
40 K 19 | —33.5333] 30.44164 | 66.344164 39.9535768 37216.006 39.6649515
40 Ca 20 | ~34.8476] 32, 04383 | 66.340910 39. 9516172 37214.180 39.8630069

TIES OF CHARGED PaRrTICLES*
S to Be Divided by 1,000)

* From refs. BB69, TP69, and MT65.
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For ions with 21 <z < 39, Hvelplund and Fastrup (HV6S, FB68) have found a
periodic dependence of the stopping cross seetion on z for a carbon absorber. Similar
effects were found in WI6S, NA69, and HA68. Fractional charges for carbon
absorbers in CC67 agree with Eq. (8d-20) to better than 5 percent for most ions.
The fluctuations for different absorbers found in table III of that reference could be
due to shell corrections.

When available, experimental data should be used. Recent papers include:

Br and I ions in Be, C, Al, Ag, Au MB66
O'¢ions in Ag, Au; S* ions in Au AH68
32, CI%, Br®, 1'% jons in Mylar PB68
O and Cl jons in C, Al Ni, Ag, Au BG65
I'*"jons in C, Al, Ni, Ag, Ay, UF, BN67

C, N, O, F, Nein Be, C CB68
21 £2<39in C ) HV68
3<:<13in Ar AR69

Interesting resuylts for charge-state populations (I'*7 in gas and solid) have been found
by Moak et al. (ML68). Many references to earlier work are included.

Very Low Velocity Particles. At low velocities, 8 < 8, = 21/137, ions will carry a
reduced charge, and for B K 3o = 1/137 = 0.0073, they will be neutral. The colli-
sions then will be between neutral atoms, and are commonly called nuclear collisions
(LS63, OH63). Even for this case, energy loss to atomic electrons is still possible
(L363). From a Thomas-Fermi description of the atoms, it is expccted that the
following dimensionless parameters should result in universal range-energy curves:

Energy: €

|

32.53 X T(keV) M:/[zZ(M, + M)) /7] (8d-21)

1.660 X 105 X R(mg cm=?) 20t (8d-22)

Range: P My + My)%

where M, = atomic mass of incident particle
M: = atomic mass of absorber material
¢ = atomic number of incident particle (usually called Z,)
Z = atomic number of absorber material (usually ealled Z,)
¢ =21 4. 7t
It is found that the stopping power consists of contributions by electronic and nuclear
stopping:

[l

S =8 + 8. (8d-23)
From (LS63), |

Se=k/¢ (8d-24)
where
(M + M)

ko= 00793 X & VeZ o e

(8d-23)

and & is approximately given by zt. This formula is valid for ¢ < 1000.

The nuclear collision stopping power depends on the ion-atom potential (discussed,
e.g., in NV66, KE68, LS63, LN68). From table I of SC68, the following analytic
form has been derived (similar to an expression given in BS68):

de 0.5453 In « o
de)  _ -26
(dp)n (1 — 0.9988 X ¢ 1-5991) (8d-26)
_, de V¢ o=
and Sa = 1.96 X 10 ‘g, MM+ Mz)szl (8d-27)

S in keV/(mg/cm?)
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It is scen that (de/dp), is a universal function of ¢, while S,, through %, depends on
2Z. It is therefore only possible to produce a universal range curve

< de
P(G) =_/O‘ (de'/dp);.

for the nuclear collisions, and if the electronic collisions are of importance, different
range curves will be obtained for different values of k.

linear range (total pathlength), vector range (vector distance from point of incidence
to stopping point), and projected range (projection of vector range onto direction of
incidence). A particle will experience only few collisions: e.g., for T = 12 keV argon
atoms in a germanium absorber, the mean collision number is ~6 (KE68). Both
statistical and continuous methods have been used to calculate mean ranges,

] i 1 1 i 1 i i i i H i I
400 400
200 , " 200 .
100 A 100
70( WROSLAL" 1119
LT
40" 7 104 A 40
20} Z oG it 20
10 Vidvas 10
7 g A S
P 4+ Z oWl 4
2 '/’/ L1 2
. gz ,
07} — ; ~ o7
045 eV -10.4
~ 1
.0.2}- T -o.2
0.1 < 0.1
0,07 o -0.07
0.04——t=Z —0.04
0.02—= 1 ! (| ! L4 ! 1 1:10.02
2 7 4 F3 4 7 2 4+ T 20 40 70
1073 1072 1074 I 10 10%
€

Fi1G. 84d-6. Range-energy relation for low-energy ions. The dimensionless paramenters
(for the kinetic energy) and p (for the range) are defined in Egs. (84-21) and (8d-22).
The parameter k {Eq. (8d-25)] is related to the low-energy electronic stopping power.

For M, > 1., the ratio of mean projected range R, and linear range R is approxi-

mately R/IT,, ~ 1+ M./3M,; (LS63, MS65). A modification of this procedure is
suggested in MS635, giving a better agreement with experiment for ¢ < 1.

Using Egs. (8d-14) and (8d-27), range-energy curves have been calculated (SCé66)
for different values of k, and are plotted in Fig. 8d-6. In general, the agreement
between theory and experiment is satisfactory, with accuracies of about 20 percent:
AG88, BL6S, BS68, CAsS, JD67, LS67. The use of logarithmic scales in the plots
of experimental data tends to hide the differences. Usually, the value of % in Eq.
(8d-24) is considered an adjustable parameter, and better agreement with the theory
can then be achieved (c.g., CS68, CB6S).

Moak and Brown (MB66) and Kahn and Forgue (KF67) have found deviations
from the v/¢ behavior predicted by Eq. (8d-24) for « ~ 200. The deviations in & for
light elements are not unexpected: the Thomas-Fermi model may not give a good
approximation for Z < 20. v

At higher values of « (say, ¢ > 300), the approach presented here overlaps with the
Bethe theory using effective charges (see under Charge-state Correction in this section),
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and experimental data have to be consulted to find the more reliable approach.
Useful data are found in AG69 for protons with 0.5 < T < 30 keV in 10 materials.

Small Volumes. The energy losses discussed in Sec. 8d-3 are as experienced by the
charged particles and are not directly related to the energy gained by the absorber
material (see the discussion of LET in Sec. 8d-9).

EXAMPLES

1. For an energy T = 50 MeV, in a silicon detector of the transmission type thicker
than 5 mg/cin® =~ 20 um, in a vacuum, about 5 percent of all the protons will each
knock out delta rays of mean energy 40 keV. The mean energy loss 3 of all
protons is reduced by 2 keV. The most probable energy loss A, will be changed
much less, though. Contrary to expectation, the spectrum of these delta ray
losses is proportional to E°%.

2. In very small volumes (diameter of 1 um or less of a material of density p = 1g/cm?,
corresponding to the size of living cells), the energy lost by a particle of moderate
or large energy is quite uncorrelated to the energy absorbed in the volume. Since
the behavior of low-energy electrons is not well known (energies of less than 1 keV),
and since the collision cross sections are not known for low-Z materials, calculations
are extremely unreliable at present (KL68, EB70).

Channeling. In single crystals it is observed that energy loss depends on the
direction of the particle path with respect to the crystal axes. A detailed discussion
of various aspects of the problem is given by Lindhard (LI65). Other calculations
are available in several of the experimental papers mentioned below and in BR6S.

If particles travel parallel to a major axis of the lattice, some can move ““in between”
the atoms, reducing the number of collisions with small impact parameters (energy
loss and straggling would then both be reduced; see AE67 and DM69) while others
would move close to nuclear positions, increasing the effects. For a well-collimated
beam with small multiple scattering, a fraction of the beam may keep away from
atoms for long distances. '

A number of experiments have recently been published: an especially instructive
diagram is given in RS67, a study of 3- to 11-MeV protons in Si and Ge is of interest
for the use of solid-state detectors (AE67). Other studies are described in DW6S,
DM69, ER67, RO69, SV68.

8d-7. Straggling of Heavy Particles. Particles, in passing through an absorber of
thickness s, experience a random number of collisions with a wide range of possible
energy transfers. The energy losses A of a monoenergetic beam of particles thus will
fluctuate (‘‘straggle’’) about the mean energylossd = sS. '

The straggling distribution function f(A) depends only slightly on the properties of
the incident particle (8,z) and the material (Z,A,S). It is highly asymmetric for small
A, reaching minimum asymmetry for A ~ 0.57T.

Straggling theories frequently are based on the use of the moments u, of the distribu-
tion functions (SY48, TT68, PA69):

pn = ff(8) A% dA  pe=1
Also used are the central moments Ca:
Cn = [fla) (A —3)rdA & =4 (8d-28)
and the moments M, of the primary collision cross section:
M, = [Wrde [do, e.g., from Eq. (8d-2)]
Thin Absorbers. Simple equations relate the moments (FA53):

23 =8M1 Cs = 3sM,
C: = 8M, Co = sM, 4+ 33 M2 etc.



If an experimental Straggling function (e.g., NI61, KO0es, MRss, AL89) is known to
have negligible Spurious contributions for large A (e.g., from slit edge Scattering or
delta ray escape losses) the Comparison of C, with M, is much simpler thap the
comparison with theoretical Straggling functions. Thereis no simple relation between
the full-width-at-half~maximum (FWHM) and o = VG, (SB67) e€xcept for a gaussian :
FWHM = 2.355,.

Landay (LA44), Symon (SY48), Vavilov (VA57), Bichsel (BJ70) and others have
discussed straggling in thin absorbers. Most of these calculationg are based on the
use of the free electron collision spectrym. Thus:

n-1
0.1535 Z 2? Emn

M"=/E"d"'= FA -1

[ 1-p Q‘;‘\U] (MeV)remi/g  (g4.99)
using the relativistic form of Eq. (8d-1):
' E 2 me? gt
= 4 - Q2 ~
dd, do (1 B Emu) and Em" ._RT’)
In particular (e.g., BO48):

M, = \(0'1529222) \11-_;3 ;fQ (MeV)2cm/g (8d-30)
The Vavilov parameter
x = 0.15032z1 (1 — B%) 8/(48%) (84-31)

is used customarily in the discussion of f(a). Extensive tables of f@a) according to
Vavilov are given in SB67. It should be noted that the numerical tonvergence of the
Vavilov calculation s unsatisfactory for ¢t = B <71 (HB6S).

Corrections to the Vavilov functions using Eq. (8d-2) for L-shell electrons are
discussed in BJ7(). The corrections are especially important for <D:=MyM, -
(BL50, BK58: the quantity b2 used in these papers is equal to 2 Dy/x).

For applications in thin silicon detectors, gsee F ig. 8d-9 (taken from BI70).

Thick Absorbers. An extensive discussion for large energy losses is given by Symon
(8Y48), by Tschaldr (TS67, TS68, TT68), and by Payne (PA69). For éxperimenta]
results, see TM70. For moderate energy losses, Tschalir's results for heavy particles _
of initial kinetjc eénergy T and residyal mean energy 7, can be approximated by the
following expression for the Second moment (accurate to about 2 percent):

Cz = sM;Q
where Q = (TT)} for §~ 23 and -Tf' > 04
1
T\} B - T,
= 0.99 T 7 ~ 3.5 T > 04
— 0ogs [ T\ B T,
= 0.985 (T,) 7~ 69 7 > 06

where B is the stopping number, Eq. (8d-8), and

B Ci
Z=fw>—1n1_23
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Fic. 8d-7. The ratio M:/M2 of the second moments of the quantum-mechanical [Eq.

(8d-2)] and the free-electron cross sections [Eq. (8d-1)]for the L shell. The curves apply for
silicon (Wmis = 0.093), copper (0.115) silver (0.135), and lead (0.167).
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T1G. 84-8. The ratio M3/My of the third moments for the L shell (see Fig. 8d-8 for the
elements). Notice that the asymmetry (skewness) is reduced at lower energies.

For larger energy losses, TS68 should be consulted. For the asymmetry of the curves,
the third moment should be studied. Tschaldr uses the skewness parameter
+, = C3/Cy} for this purpose. From his results it is found that the expression for
thin absorbers, v, = sM/(sM3)}, is accurate to a few percent for B/Z ~2.3and T/T >

0.5 and for B/Z ~ 6 and T,/T > 0.7. It may be noted that the distribution fune-
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tions for the cases discussed above are approximately given by the Vavilov functions
for the value &y = 0.254;7% of the Vavilov parameter x, = $/Eax (SB6T).

For the ranges R of particles with a mean value R the second central moment, also
called the mean-square fluctuation o? is defined by

ot = (RY) — R? _ (8d-32)

The distribution f(R) is usually approximated by a gaussian:

exp [ - M] (84-33)

SR) = —

1
['4 ‘\/é;
and the probability p of finding a particle with range between R and R + dR is
p dR = f(R) dR. The deviations from a gaussian are small, but not negligible.

They are discussed in LE52 and TT68. Their influence on the Bragg curve has not
been studied yet (VK69).
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F1G. 84-10. The range straggling parameter, ¢ /R (percent), for protons of kinetic energy T
in different elements. ¢ R is corrected for the quantum-mechanical effects (estimated from
Fig. 8d-8).

The ratio of o to the total mean range R is given in Fig. 8d-10 for protons in several
elements. For other particles of mass M, the value can be calculated from

o 1
'é (T)u = ¢R %, (T)protou ) (8d-34)

Estimates for the quantum-mechanical corrections have been incorporated in the
calculations for Fig. 8d-10. The values of /R are considerably smaller than the

modified for the quantum-mechanical corrections. The Vavilov parameter is
vy = T.49 X 107%22(1 — B?) /B2
(for silicon; & in gem™=?). DPlotted is the energy loss p (dimensionless) which exceeds the

energy loss of @ percent of the incident particles. The actual energy loss is A = A + po,
where A is the mean energy loss (3 = sS), and ¢ is the standard deviation

ot = 78,250822(1 — B2/2) /(1 — B?) keV?2,
EXAMPLE: 40-MeV protons, &8 = 0.02 gem™2, 8t = 0.08, xv = 0.22, A = 0.02 X 11.72 =
0.234 MeV, 0 = 40 keV. For A = 3, p = 0, and about 58 percent of all the protons lose
less than 234 keV. The exact answer is 61.6 percent. On the other hand, for ¢ = 96 per-

cent, p ~ 2.0, and A = 234 + 80 keV = 314 keV. Thus. 4 percent of the protons lose more
than 314 keV (ihe exact answer is 315 keV),
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values calculated by Sternheimer (ST60), but they are sti]] slightly larger thap experi-
mental valyes (BU60), which were evaluated neglecting the skewness of the range
straggling curves. The observed Straggling in range-energy Measurements is com posed
of the energy-loss straggling, and an additiona] asymmetric contribution Caused by

Scattering, The differentig] Cross section for Coulomb Scattering of g charged particle
of kinetijc energy 7T (in MeV), momentum p, velocity y, and charge z¢ by a nucleus of
charge Ze¢ and mass number 4 intq. the solid angle 2x sin 9 gg jg given by the Ruther-
ford formulg :

= 22227 4 )

dd(6) = It g (@72) Sin ads
0.81422Z(2 -+ 1) sin 6dg

o~ 26 2 -33

._\WXIO‘ cm (8d-35)
where 6 is the angle of Scattering from the incident direction. The above formy]ly

sSumes that the mass of the incident particle is negligible Compared with the mass of
the nucleus,

T =224 + 3)- Mev (8d-36)

A detailed discussion is found in EP61 and JAss. At small angles, the crogg section
will be smaller than given by Eq. (8d-33) because the atomic electrons will shield the
nuclear charge. The Rutherford cross section is redyceq by 10 percent at an angle
6, g:ven by (from MO47)

b0 = 64(61.7 + 4212t
and by 50 percent at

br = 06(2.75 + 10.854)

0.244 24 0.244271

where 6o = ¢ (MaV) ~\Vm’

and a = 22/1373. For large kinetjc energies, v
Pe = (T* + 2TM %)}, and wity, £ = T/My

2 _, &+ 2 )
8 fm (84-37)

EXAMPLE. 10-MeV alpha particles in Au: from Table 8d-1, g = 0.073, « = 15.8.
8y = 1.05/(74,600)} = 3.84 X 10~3 deg, Finally, '

b = 3.84 X 10~361.7 4 105,000)} < 1.25 geg.

This reductjon is of great importance in the derivation of the multiple-scattering

Multiple Scattering i Thin Absorbers. Multiple Coulomp Scattering in thin foils
will cause a Parallel beam of Particles to spreaq out into a cope, Recent discussions
are found in HF 68, SC63, and GDes. Moliere’s theory (MO4s, BES53, and MOs55)
is a small-angle approximation to the general problem (BR59, NS61, and TM59)

(8d-38)

TR
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01 is in radians; s is the foil thickness in g/cm? p the momentum, and v the velocity
of the particle (pv in MeV); 2, Z, and 4 have the same meaning as in Sec. 8d-2. B is
defined in MO48; for practical purposes it can be obtained from MZ67 or from Table
8d-6, for particles with charge 1 with an accuracy of better than 5 percent. A few
values are listed for z > 1. It is not obvious whether z* or z should be used for a
computation of the multiple scattering of heavy ions. The use of z* is suggested.
For z > 6 and Z > 50, all values B(8,z) are larger than 0.98 X B(8 = 0, z = 1);
and for z > 6 and Z > 20, all values B(8,z) > 0.95 X B(8 = 0, z = 1), but less than
B(0,1).

TaBLE 8d-6. B oF MoLIERE'S THEORY FOR z = 1, 2, AND 6, VARIABLE S, AND
THICKNESS 8*

» z2=1 2= 2 z2=06
Z 8, g/cm? )
82 =0 10.0050.01/0.02 0.05‘0.1 0.2(0.5{1.0{0.1{1.0(/0.1{1.0
3 1073 10.5 8.8 8.3/ 7.6 6.6 | 5.7/ 4.9/ 3.8 2.8/ 7.4/ 4.6
1072 13.0 11.5/10.8{10.2| 9.2 | 8.5/ 7.7| 6.6 5.7/10.0{ 7.4
107 | 15.4 |14.0/13.3(12.8[11.7 {11.0{10.3| 9.2| 8. 512.5/10.0
1 17.9 |16.4]15.8/15.2(14.2 |13.5(12.8{11.8(11.0/14.9(12.6
10 | 1070 8.2 | 8.0{7.77.4 6.7 6.0 5.2 4.2/ 3.2/ 7.2 4.9] 8.1| 7.2
1002 | 10.7 |10.5{10.3| 9.9 9.25! 8.7/ 8.0/ 7.0| 6.2| 9.8| 7.7/10.6 9.7
1071 13.3 |13.0[12.8/12.4/11.8 |11.2/10.5 9.6| 8.812.310.3/13 1/12 3
1 15.7 |15.4[15.214.8(14.3 [13.7/13.1/12.1]11.4{14.8[12.8{15.5(14.7
20 | 1073 6.8 | 6.7 6.6/ 6.5 6.2 | 5.8/ 5.2 4.2 3.5 6.5 5.0/ 6.8 6.4
10-2 9.4 | 9.3/ 9.3 9.2/8.9|8.5/7.07.16.4 9.2/ 7.8 9.4/ 9.1
1071 | 12.0 |11.9]11.811.7|11.4 {11.0{10.5 9.7| 9.0[11.710.3/11.9|11.6
1 14.4 |14.4]14.3014.2(13.9 [13.5(13.1]12.2(11.5(14.2(12.8/14.4[14.2
50 | 10~ 4.7 | 47047 46/ 46|45 43/ 3739 46 4.1/4.7/ 4.6
102 7.5 | 7.5/ 7.5/ 7.4/ 7.4|7.3 7.2 6.6/ 6.0/ 7.5/ 7.0 7.5 7.4
10-* | 10.0 {10.0/10.0{10.0/10.0 | 9.9 9.7 9.2/ 8.810.0| 9.6/10.1/10.0
1 12.5 |12.5]12.5/12.5(12.5 :12.4/12.2/11.8(11.3]12.6/12.1/12.5/12.5
100 | 1072 3.1 | 3.13.1/3.1 3.0} 3.0 3.0/ 2.8 2.5/ 3.1 2.9 3.1] 3.1
10-2 6.0 | 6.0/ 6.0 6.0/ 6.0 | 5.9 5.9 5.7/ 5.4/ 6.0| 5.8 6.0 6.0
10—t 8.7 8.7, 8.7/ 8.7/ 8.7 | 8.6/ 8.6/ 8.4; 8.2/ 8.7 8.5 8.7/ 8 7
1 11.2 | 11.2{11.211.211.2 [11.1[11.1]10.9|10.7(11.2{11.0[11.2{11.2

* For any value of z at 8 = 0, B is the same as for z = 1. The theory is valid only for B > 4.5.

Linear interpolation for Z or §t will give sufficient accuracy. Logarithmic interpolation is reqmred
for a.

- Moliere’s theory modified by Nigam et al. (NS61) gives the distribution function
F(z) dz for the relative number of particles entering a cone of angle z and width dz.
The reduced angle z is defined by

6

I=0°

An extensive discussion of the problem is given in MZ67. Table 8d-7 giving F(z) is
obtained from MZ67.

Also of interest is the relative number A'/N, of particles entering a cone of half
angle

:0 / % @)z dz (84-39)
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Values are given in Tuble 8d-8. For experimental tests of the theory, see BI5§
MO58, LO67, BN66.

EXAMPLE. 2-MeV protons penetrating 3 mg/em? of Ni foil: The average energy
in the foil is 1.87 MeV. g% ~ 3.96 X 10~*from Table 8d-1, B ~ 7.7 from Table 8d-6.
6,2 = 4.72 X 1074, 8, = 6.03 X 102 rad = 3.46 deg. Thus, inside a cone of half
angle 7 deg, 2ll but about 6.3 percent of the protons will be found (see Table 8d-8).

TasLE 8d-7. MULTIPLE-SCATTERING DIFFERENTIAL DiISTRIBUTION FUNCTION® F(z)

WL W WD

z| B=4 5 6 7 8 9 10 12
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.2 ] 0.94070 | 0.94546 | 0.94850 | 0.95058 | 0.95208 | 0.95321 | 0.95400 | 0.95537
0.4 0.78389 | 0.79992 | 0.81017 | 0.81721 | 0.82232 | 0.82616 | 0.82916 | 0.83351
0.6 | 0.58102 | 0.60800 | 0.62535 | 0.63731 | 0.64601 | 0.65259 | 0.65772 | 0.66520
0.8 | 0.38726 | 0.41889 | 0.43939 | 0.45363 | 0.46402 | 0.47192 | 0.47811 | 0.48716
2:0F| 0.23800 | 0.26632 | 0.28491 | 0.29793 | 0.30752 | 0.31486 | 0.32063 | 0.32013
1.2 1 0.14139 | 0.16116 | 0.17437 | 0.18377 | 0.19077 | 0.19616 | 0.20045 | 0.20681
1.4 | 0.08650 { 0.09681 | 0.10393 | 0.10911 | 0.11304 | 0.11612 | 0.11859 | 0.12231
1.6 ] 0.05666 | 0.05986°| 0.06226 | 0.06410 | 0.06556 | 0.06673 | 0.06769 | 0.06018
1.8 | 0.03899 | 0.03840 | 0.03816 | 0.03807 | 0.03805 | 0.03806 | 0.03809 | 0.03817
2.0 | 0.02685 | 0.02506 | 0.02387 | 0.02303 | 0.02240 | 0.02192 | 0.02154 | 0.02097
.21 0.01793 | 0.01628 | 0.01507 | 0.01416 | 0.01345 | 0.01288 | 0.01241 | 0.01170
.41 0.01164 | 0.01048 | 0.00956 | 0.00883 | 0.00824 | 0.00775 | 0.00735 | 0.00673
.61 0.00799 | 0.00716 | 0.00646 | 0.00589 | 0.00543 | 0.00504 | 0.00471 | 0.00419
8 1 0.00549 | 0.00489 | 0.00438 | 0.00396 | 0.00361 | 0.00332 | 0.00308 | O.00269
0} 0.00397 | 0.00349 { 0.00310 | 0.00277 | 0.00251 | 0.00229 | 0.00211 | 0.00182
2| 0.00300 | 0.00259 | 0.00227 | 0.00202 | 0.00181 | 0.00164 | 0.00150 | 0.00128
41 0.00232 | 0.00198 | 0.00171 |{ 0.00151 | 0.00135 | 0.00122 | 0.00111 | 0.00094
6 | 0.00182 | 0.00154 | 0.00132 | 0.00118 | 0.00103 | 0.00003 | 0.00084 | 0.00071
8 | 0.00145 | 0.00121 | 0.00103 | 0.00090 | 0.00080 | 0.00072 | 0.00065
0| 0.00115 | 0.00096 | 0.00082 | 0.00071 | 0.00063 | 0.00056 | 0.00051
4.2 | 0.00093 ;| 0.00077 | 0.00065 | 0.00057 | 0.00050 | 0.00045 | 0.00041
4.4 | 0.00075 | 0.00062 | 0.00053 | 0.00046 | 0.00041 | 0.00037 | 0.00033
4.6 | 0.00062 | -0.00051 | 0.00043 | 0.0003% | 0.00033 | 0.00030 | 0.00027
4.8 | 0.00051 | 0.00042 | 0.00036 | 0.00031 | 0.00027 | 0.00025 | 0.00022
5.0 0.00043 | 0.00035 | 0.00030 | 0.00026 | 0.00023 | 0.00021 | 0.00019
5.2 0.00036 | 0.00030 | 0.00025 | 0.00022 | 0.00019 | 0.00018 | 0.00016
5.4 ] 0.00030 | 0.00025 | 0.00021 | 0.00019 | 0.00016 | 0.00015 | 0.00013
5.6 | 0.00026 | 0.00021 | 0.00018 | 0.00016 | 0.00014 | 0.00013
5.8 | 0.00022 | 0.00019 | 0.00016 | 0.00014 | 0.00012 | 0.00011}
6.0 | 0.00019 | 0.00016 | 0.00014 | 0.00012 | 0.00010 | 0.00010

* From J. B. Marion and B. A. Zimmerman, Nucl. Instr. Methods 51, 93 (1967).

Caution must be used with the incident particle of mass approximately equal to
or larger than the mass of the scattering nucleus. In this case a considerable fraction
of the energy can be lost to the recoil nucleus. This effect is, of course, not included
in the fundamental energy-loss formula [Eq. (8d4-11)].

Multiple Scattering in Thick Absorbers. For thick absorbers the mean energy
correction due to multiple scattering has been calculated in TB68 for energy losses
between 0.5T and 0.17, for 10 < T < 140 MeV, for detector angles between 0.005
and 0.5 rad for protons in Al, Ag, and Au.
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TasLe 8d-8. MULTIPLE-SCATTERING INTEGRAL DistrisuTion FunctioN
(Given is the fraction of incident particles found inside a cone of half angle 1.)

F B =4 5 6 7 8 9 10 12
0.2| 0.04617 | 0.04431 | 0.04320 | 0.04247 | 0.04195 | 0.04153 | 0.04123 0.04078
0.4/ 0.16593 | 0.16330 | 0.15993 | 0.15773 | 0.15616 | 0.15485 | 0.15393 0.15253
0.6 0.33004 | 0.32259 | 0.31815 | 0.31523 | 0.31316 | 0.31132 | 0.31008 | 0.30814
0.8/ 0.48890 | 0.48427 | 0.48156 | 0.47981 | 0.47856 | 0.47716 | 0.47637 0.47496
1.0l 0.61973 | 0.62202 | 0.62359 | 0.62473 | 0.62554 | 0.62555 | O. 62592 | 0.62614
1.2l 0.71612 | 0.72641 | 0.73300 | 0.73759 | 0.74088 | 0.74266 | 0.74449 0.74676
1.4| 0.78446 | 0.80062 | 0.81102 | 0.81829 | 0.82357 | 0.82679 | 0.82981 | O .83380
1.6/ 0.83429 | 0.85269 | 0.86473 | 0.87324 | 0.87948 | 0.88340 | 0.88704 0.89194
1.8/ 0.87231 | 0.88987 | 0.90159 | 0.90998 | 0.91620 | 0.92011 | 0.92378 0.92875
2.0 0.90166 | 0.91679 | 0.92709 | 0.83457 0.94016 | 0.94358 | 0.94690 | 0.95136
2.9 0.92375 | 0.93623 | 0.94485 | 0.95118 | 0.95591 | 0.95868 0.96149 | 0.96519
2 4] 0.93064 | 0.94997 | 0.95714 | 0.96242 | 0.96636 | 0.96849 0.97080 | 0.97375
2 6 0.95110 | 0.95983 | 0.96584 | 0.97026 | 0.97353 | 0.97513 | 0.97700 0.97928
2.8 0.95964 | 0.96714 | 0.97224 | 0.97596 | 0.97869 | 0.97985 0.98136 | 0.98308
3.0l 0.96607 | 0.97259 | 0.97697 | 0.98014 | 0.98244 | 0.98325 | 0 .98447 | 0.98575
39 0.97115 | 0.97684 | 0.98062 | 0.98334 | 0.98528 | 0.08581 | 0.08680 0.98772
3. 4| 0.97529 | 0.98024 | 0.98351 | 0.98584 : 0.98750 | 0.98779 0.98860 | 0.98924
3.6/ 0.97872 | 0.98302 | 0.98584 | 0.98786 ' 0.98927 | 0.98938 | O. 99002 | 0.99043
3.8/ 0.98158 | 0.98531 | 0.98776 | 0.98950 | 0.99071 | 0.99066 0.99117 | 0.99140
4.0/ 0 98398 | 0.98722 | 0.98934 | 0.99086 | 0.99189 | 0.99172 | 0.99212 | 0.00224
4.2 0.98600 | 0.98882 | 0.99067 | 0.99199 | 0.99288 | 0.99260 | 0.99291 0.99296
4.4 0.98771 | 0.99018 | 0.99179 | 0.99295 | 0.99372 | 0.99334 | 0.99357 0.99359
4.6 0.98917 | 0.99134 | 0.99275 | 0.99377 | 0.99443 | 0.99397 | 0.99413 0.99413
4.8 0.99043 | 0.99233 | 0.99357 | 0.99447 | 0.99504 | 0.99452 | 0.99462 0.99461
5.0 0.99152 | 0.99320 | 0.99429 | 0.99508 | 0.99557 | 0.99500 | 0.99504 0.99503
5.9 0.99247 | 0.99395 | 0.99491 | 0.99561 | 0.99603 | 0.99541 0.99541 | 0.99541
5.4] 0.99331 | 0.99461 | 0.99545 | 0.99607 | 0.99644 | 0.99578 | O. 99573 | 0.99574
5.6; 0.99405 0.99519 | 0.99594 { 0.99648 ~ 0.99680 ' 0.99610 = 0.99602 | 0.99604
5.8 0.99470 | 0.99571 | 0.99637 | 0.99685 : 0.99712 | 0.99639 | 0. 99628 | 0.99631
6.0! 0.99530 | 0.99618 | 0.99676 | 0.99719 i 0.99741 | 0.99666 | 0.99651 | 0.90655
7.0 0.99655 | 0.99720 | 0.99762 | 0.99793 | 0.99810 | 0.99755 | 0.99744 | 0.99747
8.0/ 0.99736 | 0.99785 | 0.99818 | 0.99842 l 0.99854 | 0.99812 | 0.99804 | 0.99806
9.0{ 0.99791 | 0.99830 | 0.99856 | 0.99875 | 0.99885 | 0.99852 | 0.99845 0.99847
10.0| 0.99831 | 0.99863 | 0.99883 | 0.99899 l 0.99907 | 0.99880 | 0.99874 | 0.99876

The multiple-scattering correction for median ranges has been discussed in Sec. 8d-3.
Nuclear Interactions. Heavy charged particles will be removed from beams by
nuclear interactions: the beam intensity will be attenuated exponentially

I = I (8d-40)

where I is the flux density, and Z is the macroscopic cross section Z = o (o1 = total
microscopic cross section, n = number of nuclei perg). Forestimates, Z = 0.032/A1
cm?/g may be used (4 = atomic number of absorber).

8d-9. Electrons. While electrons in passing through matter will experience inter-
actions similar to heavy-particle interactions, two basic differences are manifest:

1. In the collisions with atomic electrons, large energy losses can occur.

2. Electrons with energies of only a few hundred keV will show relativistic effects.
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An extensive review of the theory is found in BK38, and extensive tabulations are
containad in BS67. The derivation of the stopping-power formula is similar to the
heavy-particle case. It will be assumed that after a collision by a negative electron,
the electron with the higher velocity will be considered the primary. The mean
collision loss in MeV em? g™!is given by BS67:

dT)’k 0.1535 Z [l 2(r + 2)

T \bds)em A (I'/me?)?

w=F + Fi(r,a) — a] (8d-41)

where for electrons A = }r and

- 1 _ T '+ 2r +D)In (1 - af)
F= = —1—=8"41n[(r — a)a) +f Y + T F I (8d-42)
and for positrons A = r and
_ _B __jat (r+ 1)(r 4+ 3)a — }a?
F* =1n (ra) T[T+A 1*-+2+ " F2)r
_ (r + 1)(z + 31144 — 7/3a% 4+ 1a¢ )
= oy (8d-43)

Herer = T/mc?, §is the density correction, and mc? = 511,004 eV'; A is the mavimum
energy given to delta rays, divided by mc?. The other symbols here have the same
meaning as in Eq. (8d-11). In particular, the same I values are used as for the
heavier particles.

The shell corrections are not included, because their contribution above 0.1 MceV
amounts to less than 1 percent. If desired, the shell corrections discussed above
(Fig. 8d-4) can be used to correct stopping-power values obtained from Eq. (8d-41).
The differences between electrons and positrons have been studied by Rohrlich and
Carlson (RC54).

The energy loss due to bremsstrahlung is important for electrons at relatively small
energies. An estimate of the ratio » of the bremsstrahlung energy loss to (dT /ds)eon
is given by )
Z+12

r~T =5

(T in MeV) (8d-44)

At T, ~ 700/(Z + 1.2) MeV the two energy losses are equal. An important quantity
is associated with the traversal of matter by electrons of energies above T.; this is the
distance X, in which an electron’s energy is reduced to 1/e = 0.3679 of its original
value. X, is called the radiation length and is given in Table 8d-9, together with
more accurate values of T.. Recent experimental results are found.in DR68, and
for T < 4 keV in BC69.

Restricted Stopping Power (LET). Secondary radiation (delta rays or brems-
strahlung photons) may travel quite far from the track of a particle. An estimate
of the energy deposited inside of a small cylinder around a track can be obtained by
getting the quantity A in Eq. (8d-41) equal to the energy of delta rays rapable of
escaping from the volume of interest. Heavy particles produce relatively few delta
rays of 2igh energy [see Eq. (8d-1)], and the difference between LET and dT/ds is
relatively small for energies below Mc? (see Small Volumes in Sec. 8d-6, however).

Practical Considerations for Stopping Power. Computed values of the electron
stopping power are given for some elements in Fig. 8d-11. Extensive tables are
found in BS67. For T < 5 MeV, (dT/p ds)eon ~ Z-}. This factor should be used
for interpolation in Fig. 8d-11. '

Straggling (discussed in detail in KMS61) is much larger for electrons than for
heavier particles (see, e.g., Fig. 12 in BI68 or Fig. 2 in BR64). The width at half
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TaBLe 8d-9. CriticaL ExerGgY T. aND RapiatioN LeneTH Xy FOR
Variovs SuBsTaNces*

Substance T., MeV | Xy, gem™2
Hydrogen........... 340 58
Helium............. 220 85
Carbon............. 103 42.5
Nitrogen............ 87 38
Oxygen............. 77 34.2
Aluminum........... 47 23.9
Argon............... 34.5 19.4
Iron................ 24 13.8
Copper............. 21.5 12.8
Lead................ 6.9 5.8
- 5 83 36.5
Water....... e 93 35.9

* From H. A. Bethe and J. Ashkin, "“Experimental Nuclear Physics,” vol. 1, p. 166, John Wiley &
Sons, New York, 1952.
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F1c. 8d-11. Calculated electron-mass stopping power S, including collision and radiation
loss for different materials (BS67). The stopping power for Nal is within 1 percent of S
for Ag.

maximum of a straggling distribution may amount to more than 50 percent of the
mean energy loss.  Multiple scattering (VV68) and backscattering contribute to the
problem. Comparison of mean energy losses calculated from Eq. (8d-41) with experi-
mental data (e.g., HU57, HA59, HR68) can be expected to be accurate to better than
10 percent only if a detailed study of straggling etc., has been made. A comparison
of experiment and theory for 1- and 2-MeV electrons in silicon is found in S167.
Electron Ranges and Energy Deposition in Thick Absorbers. For electrons traversing
thick absorbers, lateral and backscattering will be very important, and electron distri-
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bution functions will extend over wide ranges in space, angle, and energy. A general
treatment is found in BEs63, KKss, RO6¢, SP33, and SP34. Practical results for
many substances are given in SP59, KE66, BS67, LP57, and PE62 ang KK6S.
Detailed investigations have been performed for 5 to 30-keV electrons (CT65), and
for 40- to 160-keV electrons (GF59). For higher energies, see, e.g., BH38. Electron
ranges calculated by the use of Eq. (8d-14) donot havea simple relation to any observed

quantity: see Table 8d-10.

TasLE 8d-10. Tue CoMPaRISON 0F Maxrvum ErectroN Rances R,
WITH SPENCER’S X, *

T, Ropax csda . Spencer’s R csda . Spencer’s
MeV exu;;. range Ratio X maz v exp. range Ratio X max
Aluminum Copper
0.05 5.05 5.71 0.884 0.875 5.42 6.90 0.786 0.775
0.10 15. 44 18.64 0.829 0.875 17.1 22.1 0.772 0.775
0.10+ 14 4 17.3 0.832 16.1 20.7 0.778
0.15 31.0 36.4 0.850 | 0.875 34.0 42.8 0.795 0.760
Silver Gold
1 1
0.0s 5.04 7.99 0.63 0.70 4.73 9.83 0.48
0.10 15.6 25.2 0.62 0.67 14.3 30.3 0.47 0.57
0.10+ 16.5 23.5 0.70 18.5 28.2 0.66
0.15 30.2 48 .4 0.62 0.‘65 27.6 857.5 0.48

* Positrons of 0.1 MeV are indicated by 0.1 +. Experimental ranges from GF59; csda ranges from
BS687; Xmax is the value at which J(X) reaches a value of 0.001 (SPs9).

The practical range-energy relation for electrons is not strongly dependent on the
atomic number of the stopping material. Ounly that for aluminum is given. Mono-
energetic electrons are absorbed as indicated in Fig. 8d-12, which serves to define

100 %

PARTICLES TRANSMITTED
3

10

Fic. 8d-12. Absorption curve of monoenergetic electrons. R, is defined as the extrapolated
range, R, as the maximum range (BK58).

the “practical range” R, and the “maximum range” R,. The practical range, in
aluminum is given by
0.9815

T ¥0.0031237 (8d-43)

R, = 0.537T (1 -
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Ry isin mg/cm? and T in keV, for the energy range 0.3 keV < T < 20 MeV, with an
accuracy of about +6 percent (KK68). A graph of this relation is given in Fig. 8d-13.

The formulas given above for monoenergetic electrons can be used for continuous
beta-ray spectra where R, and T refer to the maximum beta-ray range and energy,
respectively. For a discussion of the methods of determining the range from an
absorption curve, see KP52.

For practical applications in which information on electron range and energy
deposition is required, it appears best to use Spencer’s calculations (SP59; see also
BI168); but some information is found also in KK68.
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F16. 8d-13. Practical range in aluminum versuselectron energy (KK68). [Coslett and Thomas
(CT65); Kanter and Sternglass, Phys. Rer. 126, 620 (1962), Katz and Penfold (KP52);
Young, Phys. Rev. 103, 292 (1956).] The dotted line gives experimental data in air and
collodion (C0O69).

Unlike the case for heavy charged particles, determination of electron energies
from transmission messurements is not accurate enough for most applications.
Energies can be determined much more accurately by measurements with calibrated
scintillation or solid-state detectors.

8d-10. Mean Energy for the Formation of an Ion Pair. Gases. The energy loss
W of a charged particle per ion pair formed in the material traversed is nearly inde-
pendent of the energy and type of particle for velocities 82 > 10~*z;, as can be secn in
Table 8d-11. For further values see MY68.

From the measurements of Phipps, Boring, and Lowry (PB64), the following
approximate velocity dependence of W has been derived for ions in argon with A < 40:

0.119

W = T eV for 8 < 0.0043
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TaBLe 8d-11. AveRag: ENkrcY W IN EV FOR THE ForMaTION OF N IoN
Pair ForR Various PARTICLES

. Fission .
Particle fragments Particle
Gas Gas

8 P @ Light | Heavy 8 D @
Ki;e:ic energy | 4 1 5 90 60 Ki;e:c energy | o 4 1 5
Heeotn L. 36.6]....[36.2 C:He......... 26.3 28.03
He........... 41.5 ....146.0 C:Ha. ..., ..., 24.6 26.6
Nao.ooooooooo.. 34.6{36.6|36.39 CsHs......... 27.8
Ot 31.8(31.5/32.3 CHiuw........ 23.0 24 .8
Ne........... l36.2|28.61357 | | o) I 22.4 ,
Ar....o Ll 126.2/26.4126.3 280 20.5 |BFs.......... R R i 0
Kr.. 24.3/ ....124.0 NH;.......... 34.8/....130.5
Xe........... 21.9/....122.8 C:H,OH...... oo ... 1328
Air........... 133.7{36.0|34.98 CCl:Fa....... el oo (2905
CO.. 132.9/34.9 34.1 SOe.......... o] ... 13205
CHi.......... 127.3]....129.1 H:O.......... 30.1{....[37.6
CHa. ..., .. '25.7 . 27.3

For more accurate values, PB64, BS65, and LH65 should be consulted. For Pb20s
ions with 7 = 103 keV, measurements have been made by Cano (CA68): see also
PL#69.

Mixtures of gases do not follow a simple additivity rule for the value of " (MYS68,
BH34). Alarge dropin Wof argon for small concentrations of C.H,hasbeen observed.
For further details see MY6S. Ionization fluctuations and the resolution of ionization
chambers are discussed extensively in AK87. .

Solids. A recent discussion of the response of Nal(Tl) to heavy ions is found in
KA68, with references to earlier work.

The ionization in silicon and germanium has been studied extensively (see almost
any issuc of IEEE Transactions on Nuclear Science). The average energy e for the
generation of an electron-hole pair is much smaller than for gases. For Si, e ~ 3.6 eV,
for Ge, ¢ ~ 2.96 eV. For silicon, the following effects have been observed:

1. For low-energy electrons (produced with gamma rays), pulse heights, after
correction for charge collection efficiency, are proportional to energy within 0.2 per-
cent (ZM69).

2. For a change in temperature from 300 to 90 K, an increase of 4 percent in ¢ has
been observed (PG68, KR71).

3. e is about one percent smaller for alpha particles than for electrons (PG68).

4. For heavy ions, ¢ is energy-dependent at small energies (BB63, FK67, FS69,
KAG67, BB69, S465), mainly due to “nuclear collisions” (LN63). The energy T},
calculated from a measured ionization pulse should be increased by A7 to obtain the
correct kinetic energy T of the particle.

Until better information becomes available, AT ~ 431 (keV) (‘“ionization defect”,
BB63) can be used for Tw >»>6M (keV) (M = atomic mass of particle). For «
‘particles, the upper curvein Fig. 10of LN63 may be used ; for protons, AT ~1 — 2keV
(FS69).
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Somewhat different results are given in RB69. Similar results have been obtajned
tor germanium detectors (DB67, PR69). Several factors determine the resolution of
solid-state detectors (BL67, AN67, TS67); some of the more important are:

1. Electronic noise and drift of amplifier system
Ballistic deficit
Pulse pileup
Recombination and trapping
Channeling (see Sec. 8d-7)

Absorption in surface layers

Statistics of the number N of electron-hole pairs produced.

Fano (FA47) has shown that the standard deviation of the mean number N is:
AN? = {(N = N)) = FN, where F < 1. Bilger (BL67) found ¥ = 0.13 for germa-
nium. Alkhazov et al. (AK67) obtained F ~ 0.1 for silicon. The problem is also
discussed in DF67, ZA70. PG70 give an upper limit F ~ 0.08.

Energy-loss tables for p, d. ¢, He?, He4, and Li® with data useful for particle identifier
systems are given in BT67 and SK67. Information about the straggling in thin
silicon detectors is given in Fig. 84-7.

No ;e
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