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THE BLECTRICAL CONDUCIIVITY
OF THE ATMOSPHERE AND 11§ |
JAUSES

ity

VICTOR F. HESS, Pu. D,
PROFERSOR OF F‘.KI‘RF;I;JF.!N'I‘.\L TUYVSICS 1N THE
UNIVERSITY OF GRAY% {AUSTINA)

§ 23. The Penetrating Radiation in the Atmosphere.

1. Historical Introduction and Summary.!—In the year

1901 Elster and Geitel,> as well as G. T. R, Wilson,3
‘showed that completely enclosed air is always fecbly
ionised, even after the radioactive substances originally
present have long since disappeared. MeLennan and
Burton,* as well as Rutherford and Cooke,® found that
the ionisation in closed vessels may be considerably
reduced by surrcunding them on all sides with as thick a
layer as possible of a material which is itself free from
radioactive impurities. A part of the ionisation, therefore,
arises from somo cause outside the vessel, some radiation
which, like the y-rays of radioactive substances, possesses
the power of penetrating metal walls of not too great
thickness (“ penetrating radiation ).

Experiments by McLennan,® Wulf,? Gockel and Wuli,8
Wright,® and others have shown that the ionisation is
smaller when the ionisation vessel is set up over water
or ice instead of over dry land. It was, therefore, con-
cluded that the penctrating radiation was due for the most
part to the radioactive substances present in the ground.
The view was held by some authors that the radium
emanation and its decomposition products in the air,
together with the radioactive deposits (radium A, efc.)
on the earth’s surface carricd down by the normal clectric
field in the atmosphere, also contributed very considerably

! For comploto bibliography, see W. Kolhéester, * Dio durch-
dringonde Strahlung in der Atmosphire  (Hamburg : Verlng Honri
Grand, 1924),

* Phys. Zeitschr., 2, 136, 560, 590 (1000-1).

* Proc. Camb, Phil, Soc., 11, 62 (1900); Proc. Ltay. Soc., A, 68, 15] ;
69, 277 {190§).

4 Phys. Zeitschr., 4, 653 (1902-3); Phil. Mag. (6}, 6, 343; Phys.
flev.,, 16, 184 (1903},

8 Phys. Nev., 168, 183 (1003).

¢ Phys, Leitschr., 9, 410 (1908).

T Phys. Zeitschr,, 10, 997 (1904).

* Phys. Zeitschr,, 9, 907 (1908).

* Phil. May, (G), 17, 205 (190n).

Fre. 9.—Wull’s radiation apparatus.

to the total efiect ; but this was contradieted by the
results of experiment and calculation.

If the ground itself is the chief source of penetrating
radiation, it is to be expected that this radiation will
diminish rapidly as the height above the earth is inereased.
The earliest observations in towers actually did show a
decrease, but a much smaller decrease than had been
anticipated. The first balloon observations during an
ascent by K. Bergwifz,! and on three asconts by A.
Gockel,? were influenced by instrumental defects and
yielded no quantitatively certain results. Gockel was,
however, able to coneclude that at heights up to 4,000
meftres the total radiation is not appreciably different
from that at the earth’s surface. V. 1. Hess # was the
first to show, from ten balloon ascents with improved
apparatus in the years 1911-12, that the penetrating
radiation diminishes slightly up to 1,000 metres, but
definitely increases again after 2,000 motres. From
3,000 metres upwards the increase becomes very’ great,
and at heights of 5 lan. the total ionisation in the vessel
is already twice or three times as great as on the ground.
From these observaiions Hess concluded that there must
exist @ very penelrating radiation of extra-lerrestrial origin
which enters the atmosphere Sfrom above, and cven at the
eartlh’s surface is responsible for part of the tonisation
obscrved in the vessel. W, Kolhorster ¢ further improved
the apparatus, and undertook five balloon ascents to still

higher altitudes. Up to 5 km. the results of Hess were-

confirmed, and further rise to a height of 9 km. showed
an enormous additional increase in the radiation. Later
obscruations on mountains (Gockel, Ilolhorster) also
showed a definite increase in the radiation.

Although the existence of this new radiation has heen

1 Habtlit.-Sehrift, Brunswick, 1910,

2 Phys. Zelisehr., 11, 280 (1910} ; 12, 595 {1911).
¥ Phys. Zeitschr., 12, 988 (1011) ; 13, 1084 {1912},
* Phys. Zeitschr,, 14 1066, 1153 (1913).
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.T;:us TRE  UP WA ) Fig, 6-3 The positron, or positive electron, was identified as the particle that
entered the cloud chamber from below and produced the track curving sharply
PosS ITIVE TahckK AS to the left after traversing the lead plate. The photograph, taken by Anderson

in 1932, definitely established the existence of positrons. (From a paper in

DISTIN 6 ULSIES TR oA The Physical Review, vol, 43, p. 491, 1933.)

A DO N wARS ) NEGATIVE ELECTRON

D. Discovert oF e u- MES2®
. Ask, for example, when the muon, the main constituent of sea-level cosmic /

radiation, was discovered, and you will receive a Jjumble of answers. According
to Gilberto Bernardini, “the mu meson as a peculiar ionizing fraction of the

’\)\J HO ORDELED bulk of cosmic rays was revealed by an experiment by Bothe and Kolhérster in
Th AT > 7 1929.’3}’)Ohn Wheeler considered that the theoretical work of Niels Bohr and E. 13

) Williams, together with the experimental work of Carl D. Anderson and Seth

- T.T. RAQ| Neddermeyer, “established the existence of the meson™ in 1936¢ ﬂ; contrast,

Bruno Rossi spoke of “the discovc?-y‘of the p. mesons in 1937 by Anderson and

(19% - ]C’qgﬂb Neddermeyer and by Jabez Curry Street and Edward C. Stevenson@Seet him-
self credited John F. Carlson and J. Robert Oppenheimer in 1937 as first arguing
for the necessity of the existence of a new particle of mass intermediate between
that of the proton and the clectron@inally, Abraham Pais began an article on the
birth of particle physics by stating that Cecil F. Powelf discovered the mu meson
in 19475) S




West.Coast

e S0 Coast, Europe

{a) Bands in electron energy spectrum:

(b) No latitude effect.

}#(c) No high encrgy, highly penetrating
particles.

(d) Ejection of nuclear electrons, positrons.
{Pair production?
—Anderson, 1933.)

(e) Atmospheric ionization maximum *“due
to photon primaries.”

{a) No bands.

(b) Latitude effect,

{c) High energy, highly penetrating
pasticles.

(d) Dirac pair-produced electrons,
positrons.

(e) - East-west effect “due to charged

!

primaries.™
4

Lpndén, 1934. Rossi, Andersen, Neddermeyer, Bethe, . . .
Low-energy shower particles as unexplained phenomena, High-energy particles (electrons?) that
do not obey Bethe-Heitler theory. QED condemned. Radical theory needed?

{

!

1
June 1936. Anderson and Neddermeyer
show specific energy loss approximates
Bethe-Heitler for shower particles.

March 1936. Street and Stevenson note
shower particles produce many more show-
ers than single particles,

4

!

December 1936. Carlson and Oppenheimer show showers could be electrons obeying Bethe-
Heitler theory. Penetrating particles would be “new to physics.™

|

April 1937. Fussell conducts cloud-chamber
tests with very thin plates checking Bethe-
Heitler for showers.

!

March 1937. Energy loss measurements
separate particles into two groups even at
same momentum. Penetrating particles thus
not protons or electrons. Protons excluded
by ionization.

(Anderson and Neddermeyer)

April 1937, Energy-range relation shows
penetrating particies of low energy that
cannot be protons or electrons. Protons
excluded by ionization.

(Street and Stevenson)

!

CONCLUSION:
NEW PARTICLE OF INTERMEDIATE MASS EXISTS. QED VINDICATED.

l

November 1937. Stopping track gives
“muon’ mass as approximately 130 m,.

Later developments included the resolution of the following questions: Are there many “muon”
masses? two mesons? Yukawa particles? decay modes?

FIGURE 3.16, Summary of East and West Coast discovery of muon.

\ ]
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s Fig. 9-3 Photomicrograph showing a  meson {x) comin i i
g to rest in a nuclear emulsion and a 4 meson {u) arising from the end of the
x-meson track. {From C. M, G. Lattes, If. Muirhead, (. Occhialini, and C. F. Powell, Nalure, vol. 160, p. 453, 1947.)
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EMULS o0 METHOD
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Fig. 9-4 Photomicrograph of tracks in a nuclear emulsion, showing a «
LuUTion To DETECT meson (x) that comes to rest and decays into a g meson {u}. The g meson in
turn comes to rest and decays into an electron {(e). (From R. H. Brown,

NE  PRODVCT 1N é— U. Camerini, P. Fowler, . Muirhead, C. F. Powell, and D. M. Ritson,

, Nalure, vol, 163, p. 47, 1949,)
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Fig. 10-7 Decay of a heavy meson into three = mesons, observed by Powell's
group at the University of Bristol in 1949. The heavy meson K comes to rest
at A. There it decays into two fast x mesons (tracks @ and b) and a slow nega-
tive = meson, which comes to rest at B. The negative = meson is captured by a |
nucleus, which explodes, ejecting two heavily jonizing fragments (¢ and d) |
and, presumably, one or more neutrons, which leave no visible track. (From '
R. Brown, U. Camerini, P. H. Fowler, H. Muirhead, C. F. Powell, and D. M. /

Ritson, Nature, vol. 163, p. 82, 1949.)

1



TABLE 3.2, THE DI1sCOVERY. OF THE ELEMENTARY. PARTICLES

This table, an cxpansion of one given by Powell, Fowler and Perkins (1959),

shows how and when the relatively stable elementary particles were discovered

(antiparticics being included somewhat arbitrarily). The heavy, lines show the

discoveries made using cosmic rays. The particles are listed in order of
increasing mass, except within charge multiplets.

Date
1900 .I Particte Sou.rce: of [nstrument used Specific observation
1930 radiation made
1931 ,
1932 4! 7.(r.) nuclear reactor liquid scintillator Capture by proton
1933 . accelerator spark chamber Production of g and
1934 not e
1935 e discharge tube fluorescent screen Ratio efm
1936 et cosmic rays + cloud chamber Charge, mass
1937 g*, g~ cosmic rays  cloud chamber Absence of radiation
19318 loss in Pb; decay at
rest; mass
1939 At cosmic rays  nuclear emulsion 7 — u decay at rest
1940 a” cOSmic rays nuclear emulsion Nuclear interaction
1941 at rest
1942 at accelerator counters Decay into y-rays
1943 K* cosmic rays nuclear emulsion K_4 decay
1944 K- cosmic rays nuclear emulsion  Nuclear interaction
1945 at rest
1946 K® COSMmic rays cloud chamber Decay into n 7~
1947 in flight
1948 N accelerator Bubble chamber  Total mass of decay
1949 products
1950 p discharge tube spectroscopes; Charges and masses
1951 mass spectrometers  of ions
1952 LD accelerator Cerenkov counter efm measured;
1953 annihilation
1954 n radioactivity  ionization Mass from elastic
1655 chamber collisions
1956 n accelerator counters Annihilation
1957 A cosmic rays cloud chamber Decay to pxt” in flight
1958 A accelerator nuclear emulsion Decay to p™ in flight
1959 zr cOsMmic rays nuclear emulsion Decay at rest
1960 \E“ accelerator diffusion chamber Decay to a7~ in flight
1961 20 accelerator bubble chamber  Decay to Ay in flight
1962 .ET  cosmic rays cloud chamber Decay to Az~ in flight
1963 =0 accelerator bubble chamber  Decay to Ax° in flight
1964 - £02- accelerator bubbie chamber  Decay to E%~ in flight
1965 Very many “resonance” particles with :
1966 lifetimes ~ 1072 10 10~ 1% g
1967 accelerator bubble chambers Total mass of decay
\ products
?“Fireballs™  cosmic rays nuclear emwision  Angles of meson
emission
Quarks? not found with accelerators; Charge 3 or e

being sought in cosmic rays
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7 First observation of the ‘delayed’ disintegration of a nucleus. A nuclear fragment, f, of charge
~ e, reaches the end of its range at B and disintegrates with the emission of three fast charged pat-
ticles. It is possible that the track (3) is due to a w-meson. If so0, the total release of kinetic energy
in the disintegration is about 40 MeV, in good accord with the assumption of a A% particle as a com-
pouent of the nuclear fragment.
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.................................. Material-Z-oo Ao Nuclear - Nuclear - Nuelear € Nuclear &~ dE /e min F: S ‘Radiation tengih Dé'n"sii'yfm ReTvictive
( total inefastic  collision interaction AE LY Lo efem? index i g
Cross ¢1oss length length 2 is fo (s (m-1)x 10
section section Ay A, MeV o E:’ii%‘:!gas lg/em I() is[‘}(':; " 0 |iyc}rigas for gas
bam] ¢, [barn| 2 2 fem? ga
or | | o fgrem®]  {gfem?} |8 fkeV]
H, 1 1.01  0.0387 0.033 413 50.8 4.12 {0.19) 6£.28 8635 0.0708(0.090) EE12{140}
Dy t 201 0,073 0.061 45.7 547 207 (0.17) 122.6 151 0.162(0.177) 1.128
He 2 400 0133 0.102 49.9 65.1 1.94 (0.16) 94,32 755 0.125(0.118) 1.024(35)
Li 3 694 0211 0.157 4.6 134 1.58 0.7¢ 82,76 155 0,534 —
Be 4 9.01 (.268 0.199 55.8 75.2 .6t 2.61 65,19 353 1.848 —
C 6 F2.001 0331 0.231 60.2 86.3 1.78 .57 42,70 18.8 2.2658 —
N, 7 1401 0.379 0.265 61.4 87.8 1.82 ©.93) 37.99 47.0 (.808(1.25) 1.205(300}
0, &8 1600 0420 0.292 63.2 910 1.82 (1.31) 3424 300 1.14(t.43) 1.22(266)
Ne 10 20,18 0.507 0.347 66.1 96.6 1.13 (0.75) 28.94 24.0 1.207(0.90} 1.092(67)
Al [3 2698 0.634 0.421 70.6 106.4 1.62 181 24.04 89 270 —
Si 14 2809 0.660 0.440 10.6 106.0 1.66 136 21.82 Q.36 233 —
Ar 18 3995 (.868 0,566 76.4 1172 1.51 (1.30} £9.55 14,0 1.40{1.78) 1.233(283)
Fe 26 5585 1120 0.703 82,8 t3L9 1.48 10.7 13.84 1.76 1.87 —
Cu 29 6354 1.232 0.782 85.6 134.9 1.44 11.85 12.86 1.43 8.96 —
Sn 50 §18.6% 1.967 1.24 100.2 163 1.26 8.3 882 1.2 7.31 —
Xe 54 13130 2420 1.29 102.8 169 £.24 3.57) 8.48 1 3.057(5.89 (705)
W 74 183.85 2767 1.65 i10.3 185 L16 21.1 6.76 0.35 19.3 —
Pb 82 20719 2960 t.77 £16.2 194 1.13 1.7 6.37 0.56 11.35 —
U 92 23803 3.3718 1.98 1120 199 1.09 19.3 6.00 =0.32 =|8.95 — .
Adr, 20°C, t atm. (STP in paren.) 62.0 %0.0 1.82 (1.12) 36.66 (30420 0.601205(1.29y  1.000273(293) I
H,O 60.1 4.9 20 £.72 36.02 6.1 1.00 1.33
Shielding concrete 67.4 99.9 1.70 3.68 2.7 10.7 2.5 —
§iG, (quartz} 67.0 99.2 172 1218 27.05 123 2.64 1.458
H; (bubble chamber 26°K) 433 50.8 4.2 0.2 61,28 =1000 =G.063‘: E100
D, {bubble chamber 31°K) ] 45.7 54.7 207 0.22 122.6 =900 =(.140° IR
H-Ne mixture (50 mole percent)/ 65.0 94.5 1.84 0.59 19,70 73.0 0.407 '.092
Hford emulsion GS§ 820 134 1,44 4.79 11.0 2.89 3.815 —
Nat 94.8 152 £.32 4.13 9.49 2.59 3.67 1.775
BaF, 9.1 146 .35 5.72 9.91 2.05 4,89 1.56
{ BGO (Bi,Gey0,5) 9.4 156 1.27 8.07 1.98 112 71 215
’ Polystyrene, scintillator (CH)" 58.4 82.0 1.95 1.72 43.8 42.4 1.032 1.581
Lucite, Plexiglas (CSHSOZ) 59.2 836 1.95 1.98 40.55 =34.4 1.16-1.20 =1.49
Polyethylene (CHz) 56.9 78.8 2.09 1.68 448 =419 0.92-0.95 —
Mylar (CsHO,) 60.2 85,7 .86 224 39,95 183 1.39 —
Borosilicate glass (Pyrex)¢ 66.2 91.6 1.72 332 28.3 12,7 223 1.474
0, 62.4 93,5 1.82 (1.92) 6.2 (18310} {1977 (40} l
Methane CH, 54.7 4.0 2.41 0.9} 46.5 {64850} 0.423(0.717) (444)
{sobutane C4Hm 56.3 717.4 2.22 {3.43) 452 (16930) (2.67) {1270}
Freon 12 (CCize) gas, 26°C, | aim.”™ 70.6 106 1.62 4.49 AN 4810 {4.93) 1.001080
Silica Aeroge!l " 65.5 95.7 ERY 0,28 29.85 =150 0.1-0.3 1.0+0.25p
G10 plate® 62.6 90,2 1.87 27 30 19.4 1.7 — |

ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS*

*  Table revised Apnl 1986 by W. Canithers. aroop A

7+ and A, are energy dependent, Values quoted apply to high energy range given in footnote a !

or i, where encrgy dependence is weak,

6. Oy, At 80-240 GeV for neutrons (= o for protons) from Murthy et al., Nucl. Phys. B92, 269 (1975). This scales approximately as A0

b. Finclastic™%1ota} ~ elastic ~ quasiclagtic’ for neutrons at 60-375 GeV from Robents et al., Nuel. Phys., BIS9, 56 (1979). For protons and other parti-

cles, se¢ Carroll e1 al, Phys. Lett, 0B, 319 (1979); nole that oilp) = oy(n}). dy scales approximately as A 71

anm

Mean free path between collisions {Ay) or inclastic inleractions (M), calcutated from A = A /(N Xo), where A is the Avogadro number.
. For minimum-ionizing protons and pions. AE is energy loss per p/em® from Barkas and Berger, Tables of Encegy Losses and Ranges of Heavy
Charged Particles, NASA-SP-3013 {1964). For clectrons and positrons see; M.J. Berger and §.M. Seluzer, Stopping Powers and Ranges of Elecirons

and Positrons (2™ Ed.), U.S. National Bureau of Standards report NBSIR 82-2550-A (1982). a}:mp is the most probable deposilted energy in one

cm, in MeV for sofids and liguids, in keV for gases. En
Through Matier.| Parentheses refer to gaseous form at S%P {G*C, ! atm.),

varies with depth in a nonproportional manner, [See Sect. {1) of Passage of Paniicles

€. From Y.5. Tsai, Rev. Mod, Phys, 46, 815 (1974); L ;4 data for all elements up to uranium may be found here. Cormrections for molecular binding

applied for H,, and Dy Parentheses refer to gaseous form at STP (0°C, 1 atm.),

£ Vatues for solids, or the liquid phase at boiling point, except as noted. Values in parentheses for gaseous phase at STP (0°C, 1 atm.}). Refractive

index given for sodium D tine.
. For pure graphite; industriaf graphite density may vary 2,1 - 2.3 gjcmj.

£
4, Standard shiclding)btocks. typical composition 0, 52%, Si 32.5%, Ca 6%, Na 1.5%, Fe 2%, Al 4%, plus reinforcing iran bars. The alienuation fength,:

€= 115 = 5 gfem?, is atso valid for earth (typical p = 2.15), from CERN-LRL-RHEL Shielding exp., UCRL-1784i (I
i Density may vary about = 3%, depending on operating conditions.
J. Values for 1ypical working conditions with H, target: 50 mole percent, 29°K, 7 atm.
k. Typicat scintiltator; e.g. PILOT B and NE 162A have an alomic ratio B/C = L0
€. Main components: 30% Si02 + 12% B 03 + 5% Na,0.
mt. Used in Cerenkov counlers. Values at %
n nSi0,) + 2n{H,0) used in Cerenkov counters, p « density in gfem?. From M. Cantin et al., Nucl. Insir. Mcth. 118,
o. G10-plate, typical 60% $i0- and A0% epoxy.

lewe HMosT
PuHsicrg T,

9683,

117 (1974).

6°C and | atm. Indices of zefraction from E.R. Hayes, R.A. Schiuter, and A, Tamosaitis, ANL-6916 (1964).
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