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DATA·FOR ELEMENTARY-PARTICLE PHYSICS 

. ·walter H. Barkas and Arthur H.- Rosenfeld 

·Lawrence. Radiation Laboratory 
University of California 

Berkeley, California 

April 1963 

In. this revision the mass of .:E- must be considered tentative (see 
footnote (n) of Table .I). Our current guess is that m(.:E-) and m(.:E 0 ) should 
each be raised 1. 5 MeV, and this correction has been made on Tables I and 
VI only. 

We intend soon to revise Table I, and welcome new data on masses 
and mean lives of particles. 
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Table I. Mas.ses. ~nq .M,e~n Lives of Elementary Particles 

This tab!l:.e .is:-a~ compilation of all information on the masses and 
mean lives of elementary particles available to us at the close of the 1960 
Rochester Conference on·,High-Energy Physics. Both published and un
published information has~ been cited to obtain the current best values. This 
report may not be exhaustive, however. In particular, there may be work 
from the Soviet Union of which we are unaware. 

When systematic as well as statistical errors appear to affect a. meas
urement, we have occasionally been forced to exercise judgment in weight
ing the data, Otherwise, stand~rd statistical methods. were used. To avoid 

.. _skewed distributions,. we have averaged decay rates rather than mean ·lives. 
-An effor~ has beep. made to allow for the interdependence of the masses, 
but this has not been done .in a completely systematic way. 

The brief references pertain mainly to very recent work. They, m 
turn, refer to the earlier publications. 

Part of the table was con~piled in consulta.t:ion with Professor George 
Snow, who has pre.pared a similar table for the Handbook of the American 
Institute of Physics. 

We have assumed that particle and antiparticle share the same spins, 
masses, and mean lives. 1, 2, 3 Conve:q.tionally, the negatively charged 
leptons (e- and j..C) and the positively charged. mesons (1T+ and K+) are de
fined. as "particles".· . We did not, however, want to list as "particles" only 
negative leptons and positive. mesons, since we report a. 1T - p. mass.dif
ference which comes from the decay 1T+ ........ 1-1+ + v. Therefore we have 
adopted the notation e+ and 1-l=F for the leptons, 1T± and K± for the mesons. 

1 T; D. Lee, R. Oehme, and C. Yang, Phys. Rev. ,106, .340 (1957). 
2 

S. Okubo, Phys.· Rev. 109, 984.(1958). 
3 -

A .. Pais, Phys. Rev. Letters 3, 342 (1959). 



TABLES FROM UCRL-8030(rev. ). Table I. Masses and mean lives of pz.rticles. . 

(The antiparticles are assumed to have the same spins, masses, and mean lives as the particles listed) 

Particle 

y 0 

(Errors represent 
standard deviation) 

(MeV} 

y 

Mass 
difference 

(MeV) 

y Stable 

Mean life· 
(sec) 

~· 

-·---~·-:----~-------------------------------------------------------------------------------------------------------- -----~-

"' v 1/2 0 v v Stable 
s:: 'f f + 0 1/2 0.510976 ± 0.000007 (a) Stable ..... e e e 
0.. f f f (2.212 ± 0.001i X 10-6 <11 1/2 105.655 ± 0.010 (b) (r) ..:1 fJ. fJ. 

± } 

fJ. 

------------------~----------------------~--------- 33.93± 0.05 (x) -----------------------------------
+ 0. 139.59 ± 0.05 (*) ± (2.55 ± 0;03) X 10- 8 (w) 1T 

:o} 
4.59± 0.01 (j) 1T 

1To 0 135.00 ± 0.05 (*) "o (2.2 ± 0.8) X 10-16 (d) 
Ill 

K± 
K+} 

K+ (1.224±0.013)X 10-8 s:: 0 493.9 ± 0.2 (k) 
± 0.6 (i) 

(h) 
0 3.9 
"' ::) Ko Ko <11 50% K 1, 50% K 2 

-~ 
0 497.8 ± 0.6 (i) 

Kl} Kl (1.00± 0.038)X 10-IO (e) (1. 5 ± 0. 5)f.jT(K1) (z) 

K2 K2 K2 6.1(+1.6/ -l.I)x 1o-8 (c) 

----------------~-------~-------------------------------------------------------------------------------------------------. . 

p 1/2 938.213 ± 0.01 (a) :} n 1/2 939.507 ± 0.01 (t) 

A V2 1115.36 
Ill"' 

(v) A ± 0.14 .~ ~ 

!:+ 1/2 1189.40 
..... s:: 

(1) !:+} Ill ± 0.20 ~"' s:: s::..<: 
0 !;- 1/2 1197.4 ± 0.30~ ~~ (n) !:- } >-
"' !:0 "' !;0 1/2 1193.0 ± 0.5 ~# (*) IX1 o .... z --~- ? 1318.4 ± 1.2 (f) 

1.2939± 0.0004 (t) p Stable 

n (1.013± 0.029)><10 3 (y) 

A (2. 51± o;09l x 1 o-• o (u) 

!;+ 0.81 (+0. 06/ -0.05)X 10-lO (m) 

!:- 1.61 (+0.1/ -0.09) X 19-I 0 (o) 

!:0 <O.lx10-Io (s) 

--- 1.28(+0.38/ -0.30)>< lo-H-' (f) 

(n) 

4.45 ± 0.4 (p) 

~0 ? 1311 ± 8 (q) :;::0 :::0 1.5 X 10-lO (1 event) (q) 

Walter H. Barkas, Arthur H. Rosenfeld, University of California, Berkeley, Sept. 1960, !: masses revised 1963. 
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(f) 
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(p) 

(q) 

(r) 

(s) 

(t) 

(u) 

(v) 

(w) 

(x) 

(y) 

(z) 

(*) 
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From compilations by Cohen, Crowe, and DuMond, Nuovo ciinento~ 541 (1957) and Fundamental Co.nstants of Physics 
(Interscience, New York, 1957). 

L. Lederman, 1960 11Rochester Conference". Also,. Lathrop, Lundy, Penman, T~lP..gdi, Yanovitch and Winston, N.C. 
.!2.· 23Z2 (1960).' . 

Bardon, Land~. Lederman, and Chinowsky, Ann. Physik 5, 156 (1958), and Crawford, Cresti, Douglass, Good, Kalbfleisch, 
and Stevenson, P.R. L. ~· 361 (1959). The weighted average of the two results is given in the second reference. 

(;l;<~ARP.r. Seem~n, and Stiller, private communication. Referred to as a preliminary figure by Ashkin and Tollestrup at 
1960 Roch• Con£. ' 

T(K ) is a. weighted average of the decay' rates correspoD.ding to the mean lives given in Table V of th~ P1·ocecdings of the 
1qs8 11 CERN Conference on J:figh-Ener_gy Physii:s 11 with a single exception: The Berkeley~result from associated production 
has been changed to (0~94 ::1: 0.05);( lo-10" Ht:C., baacd.on 51.2 K 1 decays (Crawford, Cresti, Good, Kalbfleisch, Stevenson, 
and Ticho (LRL), private communication). 

M(:=:-) is a weighted average of the following results (in Mev): 

1320,4 .. 2.2 W. A. B"rkao and A, H. Rosenfeld, (UCRL-8030 March, 1958) comp.ilation of 12 ;:;:-found 
before March 1958. 

1310.1 • 1.9 FowlP.r, Birge .• Eberhard, Ely, Good, Powell, and Ticho, (20 :=:- in Berkeley 30-inch 
propane chamber, unpublished). 

1317 "'2,2 M. I. Soloviev, ( 11 :=:- in Dubna propane chamber; 1960 Roc h. Con£. ) 

1'(:=;-) is Lak.en only from the ?.0 ;;:- of Fowler et al., since the other events have cont~hle.L·ably lo.rger u.ncert~inties. 

T(K+) from weighted average of the decay rates corresponding to the following mean lives: 1.227 ::1:0.015 J( 10-S Ht:C 

(Alvarez, Crawford, Good, and Stevenson (private comm~ication) ); 1.211 ± 0.026 )( lo-8 sec (V. Fitc~ and R. Motley, 
P.R. ~ 496 (1956); P.R. ~. 265 (1957); and private communcation.) The quoted errors are statistical only. 

From the compilation by Rosenfeld, Solmitz, and Tripp, P.R. L. ~ 110 (1959). 

'Haddock, Abashian, Crowe, and Czirr, P.R. L. 3, 478 (1959). 

M(K+) from the mass of three charged pions, qu~eci in this table, plus the Q value of Reference (a) and an additional 
allowance of 0.1 Mev for a systematic error in the range-energy relation. 

· M(l:t) from the decay l'riOde l:t 7 p t n° 
Thedataof M.S. Swami, P.R. 114, 333(1959), R.S. White, 1957Roch. Conf., Evans eta!., N.C. 15, 873(1960), and 
Oyer et al. , B. A. P. S. 5, 224 {1:9b'QT: have been combined using the mass of the nO quoted 1n this table. Only the protonic 
decay mode has been used, but the mass deduced from the pion mode is consistent with this {Dyer et al. ) . 

. T( l:+) comes from combining the bubble chamber result (0. 75 "'0.1) X 10-lO sec compiled at the 1958 CERN Con£. with the 
new emulsion results of Evans et al. (N.C. 15, 873 (1960) ); Freden, Kornblum, and White (N.C. 16, 611 (1960)) and an 
unpublished result 0.82(+0.1/-.08) Xlo-10 seCof Dyer, Barkas, Heckman, Mason, Nickol~?, and Snllth. There is no longer 
any anomaly in the emulsion measurements of T(E) . 

M(I:-) - M(I:+) is a weiglited average of the following mass differences (in Mev): 

7.10 "'0.92 Chupp, Gohllta.ber, Coldhabor, an~ Webb. 
6.9 "' 1.0 M.S. Swami, P.R. 114, 333 (1959). 
7,46 "'0.56 Evans et al., N.C. B;'873 (1960). 
6.~15,.0.25 Dyer et al., B. A. P;"S: 5, 224 (1960). 

'J~ geL .M(~-) we hu•v uom.ll.i.Ro:>-:1 tho T.+.>.;- maSS <1Uf~rt:ucc with M(I:+). Tbi!'; M(I:-) is not yet on quite as firm a basis as 
thP. nthers in this table because of an unexplained anomaiy, observed i.ii. tn.e rauge ul i.hc pivuu e.~••mp.ran~rino its prnrtuct1on !!! 
K- + p ¢ z:- + n+. All other information on M(.E•) is consistent with the mass quoted. 

T(l:-) obtained from combined bubble chamber mean lives; l.59(+0.1/-0.09)Xl0- 10 sec (L. W. Alvarez, 1959 Kiev Conf., 
see also UCRL-9354 Aug. 1960) and an unpublished emulsion mean life of l.75(+0.39/-0.30)Xl0-10 sec by Dyer, Barkas, 
Heckman, Mason, Nickols, and Smith. . 

Berge, Rosenfeld, Ross, Solmitz, and Tripp have observed the reaction E- + p ::::::;,1::0 + n and report a E- - 1::0 mass 
. difference o£ 0 4.45 ± 0~4 Mev (private comrm.mication). We have not folded i.n older results with a much larger uncertainty, 
namely, M(l:); 1192.6 "'3,5, by Eisler et al., Nevis-60 Report R-198 (19!>7); M(z<l) = 1191.6 "'3,3, by M. Lynn Stevenson, 
P.R . .!..!.!.:... 1707 (1958). 

Alval'ez, E~?erhard, Good, Graziano, Ticho, and Wojcicki, P.R. L. ~. 215 (1959). 

Astbury, Hattersley, Hussain, Kemp, and Muirhead, 1960 Roch. Coni., Fisher, Leuii.tic, Lundby,. M.t:>nniP.r, and Stroot, 
. P.R. L. ~· 349, (1959). Reiter, Ramanowski, Sutton, and Chidley, P.R. L. ~· 22 (1960); V. Telegdi, 1960 Roch. Coni. 

Alvarez, Bradner, Falk-Vairant, Gow, Rosenfeld, Solrnitz, and Tripp, K- Interactions in Hydrogen, UCRL-3775, May 1957. 

Bondelid, Butler, Achilles del Callar, and Kennedy, P.R. L. ~· 182 (1960). 

T(A) has not changed from the value given by L. W. Alvarez at the 1959 Kiev Con£. It is a weighted average using some of 
the data given in Table I of the Proceedings of the 1958 CERN Con£., and some newer ones. In units of 10-10 sec they are: 

2.95 "'0.4 Berkeley K- capture (CERN, 1958): 
2.29 "'0.14 Columbia, Pisa, Bologna (CERN, 1.958). 
2.75 "'0.41 Columbia (CERN, 1958). 
3.04 "'0.64 Jungfrau (CERN, 1958). 
2.08 "'0.38 Michigan (CERN, 1958). 
2.63 "'0.21 E. Boldt, D. 0. Caldwell, Y. Pal '• Phys. Rev. Letters 1, 148 (1958). 
2. 7 Z. :::t 0.16 Crawford, ·cresti, Good, Kalbflei'sch, Stevenson, and tlcho (private communication). 

New data by Mason, Barkas, Dyer, Heckman, Nickols, and Smith in B. A. P. S; 5, 224 (1960) and also C. J. Mason, 
UCRL-9297, have been combined with that of Bogdanowicz et al. (N.C. 11, 72711959) ), and with that of A. Pevsner 
et al. {private communication). All these emulsion data in turn have beeil combined with the cloud chamber data of 
D' Andlau et al., N.C. ~· 1135 (1957), 

Ashkin, Fazzini, Fidecaro, Goldschmidt- Clermont, Lipman, Mer rison, and Paul, N.C. 16, 490 (1960); also, Anderson, 
·Fujii, Miller, and Tau, P.R. L.· ~· 86 (19.60); and Reference (a). 

Barkas, Birnbaum, and Smith, P.R. ~ 77.8 (1960). 

Sosnovskij, Spivak, Prokofiev, Kutikov, and Dobryhin, reported.by M. Goldhaber at the 1958 CERN Con£. 

Boldt, Caldwell, and Pal. P.R. L. 1, 150 (1958). Muller, Birge, Fowler, Good, Hirsch, Matsen, Oswald, Powell, 
and White; with Piccioni, P.R. L. 4, 418 (19b0} . .8irge, Ely, Powell, White, Fry, R11zita, Camerini, and Natale 
(unpublished). Also see U. Camerlni, 1960 Roch. Con£. 

Calculated using the mass differences given in the next column. MUB-1898 
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Table II. Atomic and Nuclear Properties of Materials 

Atomic and nuclear properties of materials often used as particle 
absorbers. and detectors have been collected for ready reference •. The .. 
densities given are subject to variations depending on the form in which the 
material has been prepared. This is an especially important variable for 
graphite. 

The radiation length, as is well known, depends on the approximations 
made .in its. calculation. · In Table II, for definiteness and consi.stency!; we 
have preferred simply to take the values quoted by Bethe and Ashkin. These 
have not be.en correcte~ for the failure of the Born approximation, and 
Wheeler' s and Lamb's calculation of the {. was used ({. is the efficiency 
for bremsstrahlung of electrons relative 'to nuclei in a screened field). 
Wheeler and Lamb calculated t; on.the basis of a Thomas-Fermi model of 
the atom and neglected electron exchange. The failure of.the Born approxi
mation is known to cause the tabulated radiation. length to be about 1 O% too 
low for lead, 7 and the error varies appro~imately with the square of the 
atomic-number. so that the effect in emulsion, for example, is about 3%. 
The effects of the other approximations are not well known. The calculated 
radiation length is particularly uncertain in liquid hydrogen. A rough for
mula useful when_the atomic number, Z, exceeds 5 is 

L d ~ 16 6 Z -
0 

· 
7 6 g/ em 

2
. 

ra . 

5
H. Bethe and J. Ashkin, Passage of Radiations.'through Matter, in 

Experimental Nuclear Physics, Vol.- 1, E. Segr~, Ed. (Wiley, New York, 
1953), pp. 166-357. 
6 . . . 

J. A. Wheeler and W. 'E. Lamb, Phys. Rev. ~· 858 (1939). 
7 

H. Davies, H. A. Bethe, and L. C. ·Maximon, Phys. Rev. 93, 788 (1954). 



Table ·II. Atomic and nuclear properties (dE/dx, collision mean free pa:h, 
radiation ler:gth, etc ) of materials used as absorbers and detectors 

I dE .[ b] 
! -ax min 
I l _.:.:M..:.."'..:..-v.:..,....._ 

Cc-llision [a] 
length Lcoll 

Density 
p 

Material Z A 

Cross 
section 
a [a] 
(barns) : g/cn

2 
g/cm

2 

26.5 
50.4 
55.0 

em 

Radiatio~ [ c] 

length Lrad 

2 
g/cm em 

3 
(g/cm ) 

H., 1 
Li 3 
Be 4 

c 6 
Al 13 
Cu 29 

Sn 50 
Pb 82 
u 92 

l. 01 
6.94 
9.01 

12.00 
26.97 
63.57 

118.70 
207.21 
238.07 

0.063 
0.23 
0.28 

0.33 
0.57 
1.00 

1.55 
2.20 
2.42 

! 

I 
i 
l 
I 

I 
I 
I 

4.14 
1.72 
l. 71 

l.E6 
l.E6 
l...;-5 

1.<.7 
l.] 2 
1.095 

Hydrogen (bubble chamber, -27.6°K)! 
Propane (C 3 H8 , bubble chamber) 1 

0.~43 Mev/cm 
0.'n5 Mev/cm 
2.3 Freon CF3 Br ~ 

Polystyrene (CH scintillator) 
Ilford emulsion 

2. t4 Mev/ em 
i 5.-19 Mev/ em 
i 

[a] 
a natural - 1T (m

11
1Tc) 

2 
X A

2/ 3 = 63mb X A 2/ 3,· 

60.4 
79.2 

105.4 

129.7 
156.2 
163.6 

26.5 
48.9 
87.1 
54.9 

103 

374 
94.3 
29.9 

39.0 
29.3 
11.8 

i7.8 
13.8 

8. 75 

452 
119.3 
58,0 
52.3 
27.0 

Lcollision -
A 

58 
77.5 
62.2 

42.5 
23.9 
12.8 

8.54 
5.8 
5.5 

58 
44.7 
17.25 
43.4 
11.2 

819.0 
145 

33.8 

27.4 
8.86 
1.44 

1.17 
0. 51 
0.29 

990 
109.0 

11.5 
41.3 

2. 91 

~
boiling at 

0•0708 1 atmos . 
0.534 
1.84 

1. 55 (variable) 
2. 70 
8.9 

7.30 
11.34 
18.7 

0.0586 
0.41 
1.5 

- 1.05 
3.815 

1/3 2 
26.4 A g/cm . 

[b) From range-energy tables of M. Rich and R. Madey, UCRL-2301, March 1954, and of Walter H. Barkas, 
UCRL-3769, April 1957. 

[ c] From Experimental Nuclear Physics, E. Segre, Ed. (Wiley, New York, 1953), Table 8, p. 265. 
The radiation lengths have not been corrected for :failure of the Born approximation and several additional 
small effects. 

MUB-1831 
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Table III. Particle Scattering 

An estimate of multiple Coulomb ·scattering is ofteri made by assuming 
that the distribution is qaussian, with a root-mean-square space an.gle 

8 . :::: (2l.2/P~) .JL/L d' rms · ra ( la) 

where L is the thickness traversed in the scatterer, and Lrad is the radia
tion length of the scatterer. 8 The equivalent formula for the more useful 
projected rms angle is . 

e . · ::::. (15.0/Pv) -v-LjL: d' rms-p . · · ra ( 1 b) 

Although the formula above is convenient, it has the weakness that 
the true angular distribution is not strictly Gaussian but has an appreciable 
'.'tail" out in the regio·n where a Gaussian distribution has fallen to a few 
percent of its maximum value. 9 . This tail (due to single and plural scatter
ing) causes Eq. (1) to be in error by - 20% for thicknesses - 1% of a radia
tion length (it was derived to .give. correct results for large thicknesses). 
This error is given in Table III and is discussed below. 

Moliere has calculated a distribution that fits the experimental facts. 
Because of the large ''tail" the_ root-mean-square angles 8rms and- 8rm~-p 
fo·r the Moliere distribution are not meaningful unless an arbitrary cutoff 
angle is introduced. The theory, ho~ever, does define a mean (absolute) 
projected angle of scattering emp' 

We have chosen the following way to display the results of Moliere's 
theory. Fir.st we have rewritten the familiar Eq. (1) to give the mean pro
jected scattering angle. This was still done on the assumption that the dis
tribution is Gaussian. so that the mean deviation can be obtained from the 
standard deviation by u~n' the relation 1r(8rms-p)2 = 2(8mp)2. Correcting 
the 15.0 in Eq. (1 b) by 2 1r, we then have 

8 :::: (12/Pv) ~ L/L d . mp ra (2) 

The Moliere-theory results are then expressed as correction factors 
for the crude Eq. (2), i.e .• we have expressed the Moliere result in the 
form 

e = (12/Pv) ~ L/L d. (1 + E). 
mp ra (3) 

8 See, for example, Reference 5, Eq. (7 9b). 
9see, for example, the experimental work of .A. D. Hansen, L. H. Lanzi, 
E. M. Lyman, and M. B. Scott, Phys. Rev. 84, 634 (1951 ). 

10
G. z. Moliere, Naturforsch. -2 (a), 78 (1948)." 

10 
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The values of the correction e are compiled in Table III. The root-mean
square formulas, Eq. ( 1 ), will.also be improved by introducing .the factor 
(l +e). The estimates of e in Table.III are to be. employed .with values of 
Lrad taken from Ta.ble Il. 

The screening effect in the M'oliere theory is derived from the Thomas
. Fermi model of the atom. The ·error introduced. in applying these formulas 
to the scattering by molecular hydrogen is not known. (at lea!it to us). 

When the .thickness of the .scatterer becomes comparable to the 
nuclear interaction free path in that material, the. scattering calculated from 
Moliere's theory will be completely wrong, because specific nuclear scat
tering will by then have become dominant. Also, the high radiation prob
ability makes the .theory unusable for electrons except when the foil is thin. 
Only for muons, therefore, is the formula at all applicable when the ab
sorber is thick. 



Table III 

Multiple scattering (Coulomb only) calculated from Moliere theory. 
emp is the mean prqjected arigle in radians between tangents to the particle trajectories: 

I e I . = e = 12(MeV) J __ L ___ (l + ) ':< 
average - mp . z pv(MeV) L d e 

ra 

L is the thickness, and Lrad the radiation length (from Table II) for the absorber (atomic number Z). 
For particles of charge ze · and velocity l3c, the followir-g table for e applies: 

............... ~ L/L d ra 
...... 

z 
'-~~ . . ............... 

-......., 
10- 3 10- 2 10-1 . 1 10 

1" -0.20 -0.14 -0.08 -0.03 +0.02 
6= -0.14 -0.06 -0.00 +0 .. 06 +0.12 13/z = 0.1 

29 -0.18 -0.10 -0.01 +0.06 +0.13 (4. 7 -MeV proton) 
8t -0.27 -0.16 :.,0.07 +0.02 +0.10 

1 -0.26 -0.20 -0.14 -0·.08 -0.03. 
6 -0.20 -0.12 -0.05 +0. 01 +0.07 13/z=-0.3 

29 -0.20 -0.-11 -0.03 +0.05 +0.12 (45-MeV proton) 
82 -0.28 -0.17 -0.07 +0.02 +0.09 

1 -0.31 -0.24 -0.18 -0.12 -0.06 
6 -0.26 -0.18 -0.10 -0.03 +0.03 13/z =·0.7 

29 -0.25 -0.15 -0.06 +0.02 +0.09 (380-MeV proton) 
82 -0.29 -0.17 -0.08 +0.01 +0.09 

1 -0.34 -0.26 -0.20 -0.14 -0.08 
6 -0.29 -0.20 -0.12 -0.05 +0. 01 

29 -0.34· -0.23 -0.13 -0.05 +0.03 13/z = LO 
82 -0.31 -0.19 -0.09 -0.00 +0.08 

-·-... 
Note that in the Gaussian approximation the root-mean-square projected angle is obtained from the 

formula above by substituting 15 for the coefficient 12. 
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Table Ilia: Multiple Coulomb s·cattering and Lorentz Transformation 

Since Table HI does not appeC~.r on the wallet card and Table Ilia does; 
the formula for ·multiple Coulomb scattering, discussed in connection with 
Table III, is repeated here. 

Comments on Lorentz Transformations 

The mnemonic of F: S. Crawford, Jr., appears in .Am. Jour. Phys. 
26, 376 (1958). Its application is stressed on the wallet card because it 
gives formulas that avoid the differences of large terms and are accordingly 
easily handled by slide rule .. However, for algebraic manipulations or 
computer calculations of relativistic problems. it is more convenient to use 

. _the following expression for the total energy w (instead of t as. given in 

. Eq. (8) on the wallet card. 

(Sa) 

The c. m" momentum .P is then given by p = Jw
2 

-m
2

. It may also 
be calculated direCtly: 

Another easily obtained relation is the following: in the extreme 
relativistic limit a particle going backward in the c. m. system approaches 
a constant momentum in the lab, namely, 

. 2 2 
plab -. (m3 - m2)/ 2mz• 

where particle 2 is the target, particle 3 goes straight backwards in the 
c. m. · (lab direction depends on m 3 - m 2 ); note that the equation is independent 
of both the beam mass and the number and mass of reaction products in 
addition to m 3. 

The Usefulness of Eqs. (10) and (11) on Table Ilia. asApplied.to oRays 

. A particle of known momentum P 1 and unknown mass m 1 may collide 
w1th an electron (0, me) and make a o ray with energy 

2 
T < 2m 11. e e 

This sets a sensitive lower limit on .1"): 

2 Te 
11 > 2m = 

e 
T ·MeV. 

e 

(lla) 



.·Now, :Since:·m·e ~.<m 1 , we have 

.. 
. Co'mbining .(lla) and (12) we have 

Approximation (12) assumes 

-11-

. ' 

2m 
e 
~ 

e 

f-l:::::: m
1

, from (3) this means me << m 1, 

and 

UCRL-8030 Rev. 
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( 12) 

( 13) 

J 

Tl << , i.e., << 10 BeV for a f-l• << 20 BeY for a 'IT, etc. 

"Dalitz Plots," Properties, and a Generalization 

In order to display a three-body reaction in the. center of mass, it is 
convenient to use a coordinate system in which the energy w 1 of one body is 
plotted along x, and w 2 along y (w7 is then simply fl·- '¥1 ~ w 2 ). · This hao the 

. convenient property that unit area -'dwl dwz = dt 1 dt2 is proportional to l.orentz
invariant phase space, 11 in the c. m. 

2 
A more general pair of variab_les a~e th~ squares f-lij of the effective 

masses of any· two of the three pos.s1ble d1part1cles. These have a general 
meaning, independent of the c. m. energy, but still have the property that 
unit area is proportional to Lorentz-invariant phase space. 

Proof: 

fi~. = (w. + w.)z -
lJ i J 

2 
(p. + p .) . 
-1 -J 

'But conservation of energy and momentum gives 
I 

so 

11 

w. + w. = 
1 J 

2 
f-L .. 

lJ 

2 
df-L •. 

1J 

\ 

jp. + p.jj = 
-1 -J 

M. Gell-Mann and .A. H. ·Rosenfeld, Hyperons and Heavy Me sons 
(Appendix C), .Ann. Rev. Nucl. Sci. 7, 4:07 (1957). 
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i.e. , d!J.~· is lin·ear in dwk' so that unit area d!J.;j diJ.fk a: dwkdwi a: L. I. 
phase sp~ce. Q.E.D. 

Lor.entz invariant phase space is appropriate for strong interactions. 
For weak interaction (e. g. , 13 -decay) the rate is proportional t~ the density 
of states in momentum space i.e. ,without the factor (wlw2w 3)- . Th~s . 
three-body 13 -decay with an "energy-independent matrix element" corre
spends to a Dalitz plot population a: w 1 wzw3 . 

. ~ .. 



Table Ilia. Multiple Coulomb scattering and Lorentz transformation 

The rms projected angle e due to multiple Coulomb (I:m(products)] 2 = (m 1 + m 2)2 + 2T 1m 2. 
scattering (only) of a particle of charge z, 

(:i) 

momentum P, vel~city V is 

e __ z 15(MeV) j L 
proj PV(MeV) L(rad) 

(1 +E) radians; 

L = Length in scatterer; !...(radiation) from Table II. 
For L ~ 1/10 L(rad) E is generally < 1/10. The 
distribution of 8 is not truly Gaussian. The rms 
projected displacement is 

Y = L8 .j.JT. 
rms proJ 

Lorentz transformations. Notation: Lower-case 
type lor c. m. 4-momentum (p, w) and capitals for 
lab (P, W). (c=l.) To transform from c. m. to 
lab write 

(
'( o o T)x· p cos e, ( 'YP cos e + T)W) ,p cos e)· 
o 1 o o ' p sine 1 = p sine =(p sin e 
0010 0 J 0 0 

T) 0 0 '( w TJP cos 8 + '(W W 

If two particles (J and 2) collide, the invariant "mass" 
fl. of the system is given by 

2 
= (W 1 + w )2 -+ -+ 2 

( 1) fl. 2 (Pl + P2) • 

wl + w2 I Pl: P2 
= yf3. (2) '( = 

fl. 
T) = 

Write T for lab kinetic energy, t for 
fl.= ml + m2 + tl + t2 = ml + m2 + Q. 

is at rest (0, m 2) fl. simplifies: 

2 2 
fl. = (m 1 + m 2) + 2T 1m 2. 

c. m.; thus 
If the target 

(3) 

To get a threshold T 1, set fl.= sum of masses of 
reaction products, then 

and 

p 

The max. lab angle that a particle of c. m. momentum 
Pi can haveTS giVen by 

Tl· pi 
sin 8· - 1- (T). must be < 11); 

1 T) 1 mi 
If 'li > 11• then of course 8i can be '!T. 

Crawford' s mnemonic for extending nonrelativistic 
fo:r:mulas to relativistic case: "To the rest energy 
of each moving particle add Q/2" where 
Q =the total kinetic energy (c. m. ) = fl. - :Em .. 

Thus in the rest frame of a two-body decay 
1 

the kinetic energy Q is shared between the two 
particles according to 

m 2 + Q/2 m 1 + Q/2 
tl = Q fl. t2 = Q 

The above of course applies in the c. m. for the 
production of a two-body final state. To express 
t in terms of p, apply the mnemonic to a single 
p~rticle (then Q = t). The non-rel. relation 
p = 2tm becomes 

(6) 

(7) 

(8) 

p
2 

= 2t(m + t/2) = 2tm + t 2
. (9) 

En-ergy Transfer inelastic. collisions of beam 
(P). w 1) Wlth resting target (0, m2)' is 

p 2 

T 2 = 2m 2 + sin
2 

(ec. m./2) 
J...l 

Note that for max T 2 , 8 = 'IT, so 
c.m. 

T2max. 

(10) 

(11) 
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·Table IV.· Atomic and. Nuclear Constants 
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Atomic and nuclear constants in the directly applicable units. of MeV, 
em, and sec are .tabulated. A few useful formulas and numeric~l.constants 
are also included. 



Table IV. Atomic and nuclear constant 3 in units of MeV, em, and sec. a 

GENERAL ATOMIC CONSTANTS 

N = 6. 0249 X 1 o23 molecules/ gram -mole 

"c = 2.99793. X 1010 em/sec 

e = 4.80286 X 10-lO esu = l.6021X10- 19 coulomb. 

1 MeV:: L602i · Xlo-6 erg [ 1 ev = e(108/c)] 

.fl.= 6.5817 X 10- 22 MeV sec= l.054Xl0- 27 erg.sec. 

flc = 1.9732 X 10- 11 MeV em [ = 11. for p = 1 MeV/ c) 

· · k = 8.6167 x Io- 11 MeV/°C[ Boltzmann constant] 

2 2 
a= _e_. = 1/137.037; e = 1.44 x l0·- 13 MeV em 

.. flc , 

... QUANTITIESDERIVED FROM THE ELECTRON MASS; m 

Mass and Energy 

m = 0.510976 MeV= 1/1836.12 m = 1/273.26 m · 
. .. p 1T 

· me4 2 a2 .~ 
Rydberg,.R

00 
=.-..--=·me ·X ~ = 13.605 e v 

211"' . . ·.:. 

. Length (1 fermi= lo-13 em; 1 A= 10-8 em) 

r = e 2/mc2 = 2.81785 fer~i 
e 

li.Compton - :c ~rea-l= 3.8612)do-11 em 

fl2 -2 
= ~ =rea = 0.52917 A a.., Bohr 

me 

Hy.drogen-like atom (Non. Re1.; fl.= reduced mass). 

2 4 2 ) 2 
E 

_ 1 fJ.Z e . _ fl . v . _ ze 
n- 7 --2 ' an=l - --2' c - --

(nfl) fJ.Ze rms nflc 

Cross Section 
. 8 2 . -24 2 

CJTh =., 1rr = 0.6652 X 10 em = 0.6652 barn · ompson .:> . e . · . 

Magnetic Moment and Cyclotron Angular Frequency 

. efl -14 / 
~Bohr = 2mc = 0.5788~X10 

6 
MeV g~u~s 

2wcyclotron= ~c = 8.7945 X 10 rad sec- /gauss 

2[ 1 + 2a - 0.328 (~ )2 ] = 2[ 1.0011596] b gelectron 1r. 1r 

= 2[1 + 2a + 0.75 (~) 2 ] = 2[1.001165] b ~uon 1r 1r . 

QUANTITIES DERIVED FROM THE PROTON MASS, m 
p 

:Rest mass = 938.211 Mevic 2 = 1836.12m = 6.719m 
e 1T 

'1.007593 m
1 

\:O'here ·m1 = 1 amu= rk- 0
16 

= 931.141 MeV 

Magnetic Moment and Cyclotron Angular ·Frequency 

fl.p 

1 
.,.-(.U = 2 cyclotron 

efl 

2m c 
p 

e. 

-2m c 
p 

f1). . ·= 2. 79275; 
fLp proton 

-18 I 3~.1524. X 10 MeV gauss 

= .. 4. 7896 X •10 3· rad sec - 1/ gauss 

fl. ) . -1.9128 
fLP neutron 
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Table ]V (continued) 

QUANTITIES DERIVED FRQM THE MAE:S OF THE 
CHARGED PION , m 

'IT 

Rest m:1.ss = 139.63 Mev/c
2

- 273.2.6 m 
E. 

Length 

1i 
n1 C 

lT 

· = 1.4132. fermi (- ..JT fermi) 

0.14882. m 
p 

Natu::-al (::::: "geometricul") Nucleon Cross ·section 

n- =62.7344mb(lmb=l0 em·) ~
1i ) 2 . . . -27 2 

m~ . i . 

c 

(3/2. 3/2)np Resonan:~e of mass 1237 MeV (Q = 159 MeV). 

Center-of-mass momentum: p ·= 230-MeV/c 
. lT 

Lab-.system momentum: P = 303 Me\./t. (T = 195 MeV) 
lT r. 

RADIOACTIVITY 

curie = 3. 7 X 10 10 disintegrations/sec 

1 R = 87.8 ergs/g ·air= 5.49X 1!)7 MeV/g air 

Fluxes (per cm 2 ) to liber:.tte 1 R in carbon:. 

3 X 107 minimum iontztng singly cha :ged particles 
0.9X 109 photons of I MeV energy. . 

(These fluxes are actuallv correct to .viihir; '-' 
factor of two for all m.:>teri;:.Js.) 

Natural background: 100 mJ?../ yeo. r 

"Tolerance" 100 milliren</week l Note, I R may procuce 
up to 10 "Rem" (R equiva.lent for m-~!:), C.epending on 
type of radiation. l 

MISCELLANEOUS 

Physical Constants 
7 . . 7 

1year=3.1536Xl0. sec-(znxlQ sec) 

Density of air = 1. 205 mg/ em 
3 

at 20°C 

Acceleration by gravity= 980.67 cm/sec 2 

calorie= 4.184 joules 

1 atmosphere = 1033.2 g/cm2 

Numerical Constants 

radian = 57.29578 deg; e = 2. 71828 
ln 2 0.69315; log 10 e 0.43429; 
ln 10 = 2.30259; log10 Z= .0.30103. 

Stirling's approximation 

-/ 2nn (~>,n < n.! <-/ 2nn (~ )n (1 + 1fn-l· 

Gaussianlike Distributions 

For n > -1 but not necessar_ily integral: 

!c
oo 2n+l [ x

2 J d 2n 1 2n+2 (.!:) •~-~ x exp - --2 x = . n. (J ; 2 . ·--v Tif.:. 
0 2(J . 

Relation between standard deviation (J and mean 
deviation ·a.: 

2a2 = na.2; (J = 1.4826 probable error. 

Odds against exceeding one standard deviation = 2. 15: 1; 
two, 21: 1; three, 370: 1; four, 16,000: 1; 

· five, . l, 7 00,000: 1 

----·------------------------------'---------------
aBased mainlv on Cohen, Crowe, and Dumond, The Fundamental Constants of Physics (Interscience, New York, 1957), 
not on the lat.er corrections of Cohen and Dumond, Phys. Rev. Lett. 1, 291 (1958). 

be. Sommerfield, Phys. Rev. 107, 328 (1957) and A. Petermans, Hel~. Phys. Acta. 30, 407 (1957). 

cNote that this table was prepared using a pion mass at 139.63 MEN, instead of the current value of 
139.59±0.05 MeV. 
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Table Va, b. Particle Decay and Reaction Dynamics 

Energy and momentum conservation have been applied to the possible 
decay reactions of the unstable par~icles listed in T<i.ble I, and center-of
mass quantities of interest derived from the mass values listed are given in 
Table Va.· Reactions of negative particles with protons and deuterons have 
also been analyzed and the result~- are given in Table Vb. 

Coulomb binding. energies. have been neglected. 
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Table Va 

Dynamics of particle decays 

. For three-body decays ·(e. g. f.L- e + v + ii) the .quantities tabulated for each particle are the maximum 
v;>.hJP.S attainable. Ueuteron mass, (HZ)+" d =.1875,49 MeV. a 

Momentum 
Mass. p w=T+Mc 2 

y~w/Mc 2 Branching 
Q (MeV) (MeV[c) (MeV) ,=e Me ~=pc/w ratio 

+ + 

{ } 100% d f.L - e + ... 105.144 e+ 0.511 52.826 52.829 103.3831 103.3879 l. 0000 (Mf.L+ = 105.655 MeV) 

+ 
{ ... + + ... . 33 935 {/ 105.655 29.810 109.780 0.2821 l. 0390 0.2715 } -IOOo/o b 1T -

(M,+ = 139.59 MeV) 0 + +· ... • {e+ 0.511 69.794 69.796 136.5897 136.5934 1.000 } l.2xlo-4 b 

,+ 139.59 205.258 248.226 1.4704 1.7783 0.82.69 } ,+ + 1T 0 
219.310{ 0 19% c 

[ 
1T 135.0 205.258 245.674 I. 5204 1.8198 0.8355 

I!:++ ... 388.245 1!:+ 105.655 235.649 258.251 2..2304 2.4443 o. 9125 64% c 
,++,++,- 75.130 ,:t: 139.59 125.590 187.772 0.8997 1.3452 0.6688 6% c 

K+- I ,+ + ,o+ ,o 
,+ .135.0 132.3'11 189.069 o. 9805 1.4005 0.700! } 84.310 
,o 139.590 

2% c 

(MK+ = 493.9 MeV) ( 
133.100 192..876 0.9535 •J. 3817 0.6901 

ro 135.0 215,2.71 2.54,099 1.5946 1.8822. 0.8472 } 
,o+ / +" 253.245 ... + 105.655 215.271 2.39.801 2.0375 2.2697 0.8977 5o/o c 

... 0 188.32.0 188.320 -0 -0 1.000 

, 0 +e+ +v 
ro 135.0 288.500 2.65.400 1.6926 1.9659 0.8610} 

358.389 + 5% c 
e Q,!;Hl . 2.2.8.500 228. !Hio 447.1826 447.1838 1. 0000 

,o+,o 227.800 ,o 135.0 2.09.108 2.48.900 1. 5489 1.8437 \).8401 31% of K 1 d 
,+ + ,- 218.620 ,+ 139.59 206.072 248,900 1.4763 1. 7831 0.8279 69% of K 1 

d 

,o+ ,o+ ,o 92.800 , 0 135.0 139.300 193. ?83 1. 0319 1,436'1 0. 7181 19% of Kz_~ -· ~ -· 

,++,-+,o {""' 139.59 132.901 192.739 0.9521 1.3807 0.6895 } 
83.620 llo/o of K2 

e 

Ko- ,o 135.0 132.158 188.920 0.9789 1. 3994 0.6995 

(MKO = 497.8 MeV) 
1T'f + 11:1:+ V 

{"+ 134.59 2.16.095 257.259 1. 5481 1.8430 0.8400 } 
252,555 31% of K2 

e 

... - 105.655 216.095 240.541 2.0453 z.,Z-767 ·0.8984 

,++e"'+v 
{"+ 139.59 229.328 268.471 1.6429 l. 9233 0.8542 } e 357.699 39% of K2 e- 0.511 229.32.8 2.29. )29 418.8043 448.8054 1.0000 

{p 938.213 100.174 943.546 0.1068 1.0057 0.1062} k p+tr 37.557 64% 
,- 139.59 100.174 171.814 o. 7176 l. 2308 0. 5830 

176.636{:_ 
938.213 163.079 952.281 0.17 38 l. 0150 0.17 13 } 

0.08% f p+e-+ii 
A- 0.511 163.079 163.079 319.1512 319.1528 I. 0000 

(MA = 1115.36 MeV) r 938.213 130.725 947.276 0.1393 1.0097 0.1380} 
p + ... - + ii 71.492 0.03% g 

. ...- 105.655 130.725 168.084 1.2.373 1.5909 o. 7777 

0 r 939.507 103.583 945.200 0.1103 1.0061 0.1096 } 
36o/o k n+, 40.853 

,o 135.0 103.583 170.160 o. 767 3 l. 2604 0.6087 

MUB-1850 



·.! -19- UCRL-8030 Rev. 
April 196 3 Edition 

Mass 
Q (MeV) 

p + ,o 116.187 ~ 
p 938.213 

,o U5.0 

n+ ,+ 110.303 

Table Va (continued)'. 

Momentum· 
p 

(MeV/c) 

189.076 957.075 

2 
11=p Me y=w/Mc 13=pc/w 

0.2015 1.0201 0.1976} 

189.076 232.325 1.4006 1.7209 0.8138 

{

n,+ 939.507 1~5.098 957.567 0.1970 1.0192 0.1933} 

----------'--'----1-'3'-'9-'. -'59.:...._ ___ 1..:_8c_5.c..:0_:_9..:_8 ___ 2_3_1:...:. 8:..::3...:.3 __ 1. 3260 1. 6608 o. 7 984 

n 939.507 202.419 961.066 0.2155 1.0229 0.21,06 }· 
E+_:. n+fl++;; 144.238} 

' . '"'+ 105.655 202.419 228,334 1.9159 2.1611 0.8865 (ME+ =· 1189.4· MeV) <---------...!...t::...._....:..:::.:..:.::..::.::...._ _ __::.:..:::..:.:....:.... __ _:_::.:..:_::.:._::.._ _ _:_:_.:...:_:....:.._ _ _:_:_:.:_.:...:_ _ _:_:_:::.:::_:_: 

{

n 939.507 223.641 965.758 Q.2380 1.0279 0.2316} 
249·. 382 

_________ :..:.e + __ 0_._5_1_1 ___ 22_3_._6_4_1 ___ 2_2_3 __ . _64_2 __ 4_37. 6 7 4 7 437.6 ~.?.~ ___ .. ~.: o_o_o_o -· 

Eo- A + y . (See 

{ 
Intro

(MEo = 11-91.5 MeV?) duction, 
. . p. 1. ) 

n+n 

A 1115.36 
73.529 J 

)e+ 0.511 

{

A 1115.36 
76.140 y 0 

{

n 939.507 
116.863 --

" 139.59 

{

n 939.507 
150.798 -

. "' 105.655 

71.7 34 

71.7 34 

7 3. 707. 

7 3. 707 

191.658 

191.658 

208.368 

208.368 

1117.67 0.0643 1.0021 

71.7 36 140.379 140.383 

1117.793 0.0661 1.0022 

7 3. 707 0 0 

958.857 

237.103 

962.336 

. 233.624 

0.2040 

1. 37 30 

0.2218 

1.9722 

1. 0206 

1.6986 

1.0243 

2. 2122 

0.0642 } 

1.0000 

0.0659} 

1.0000 

0.1999 } . 

0.8083 

0.2165} 

0.8919 

Branching 
ratio 

51% k 

49% k 

{ 

Partly } forbidden? 
< O.l"!o 

(see refs. 
g and h) 

d 

"' 100% k 

0.1% g, h 

(ME_= 

(See Introduction, 
p. L) 

{

·n 939.507 
255.942 ~-

~ 0. 511 

228.957 

:1.2.8.?57 

967.003 

J~0.957 

0.2437 1.0293 

Hs.o7o9 H8.o1s1 

0. 2.368} ------
0.2% g, h 

l.OOUO 

::;:0-

(M:::o = 1311 MeV) 

(M'E_ = 1318.4 MeV) 

l 
A+ ,o 

1A 1115.36 
80.089) 

\ e- o. 511 

{

A 1115.36 
60.640 

,o 135.0 

{A 1115.36 

A+e"+;; 202.529 e" 

77.882 

77.882 

130.830 

130.8 30 

135.867 

135.867 

187.405 

1118.076 

77.884 

o. 0698 1. 0024 

152.4190 152.4223 

1123.007 0.117 3 1.0069 

187.993 0.9691 1. 3925 

1123.605 0.1218 1. 007 4 

194.795 o. 97 33 1.3955 

1130.99 0. 1680 1.0140 

187.406 366.741 366.743. 

0.0697 } 

1.0000 

0.1165t 

0.6959 j 

0.1209 \ 

0.697 5 ! 

0.1657 } 

1. 0000 

"' 100% d 

"' 100% d 

"' 0.6% i 

1

r A+,- 63.450{~- ~~~:::: 
--------~--~0.511 

n 939. 5CJ7 

187.405 

301.050 
·---·--· --·--------------

n+n 239.303{--
" 139.59 301.050 

0. 3052 ·, 

0.9072 r 
« l"!o d 

986.562 o. 3204 

331.838 2.1567 

1.0501 

2.3772 

a. American Institute of Physics, Handbook (McGraw-Hill, New York, 1957). 

b. Ashkin et al., Nuovo cimento ~· 1240 (1959). 

c. Roe et al., Phys. Rev. Letters 7, 346 (1961 ). 

d. G. A. Snow and M. M. Shapiro, Rev. Mod. Phys. 33, 231 (1961). 

e. Alexander et al., Phys. Rev. Letters 1• 69 (1962); Luers et al., Phys. Rev. Letters 7, 255 (1961). 

f. Ely et al., Phys. Rev. (to be· published, 1963) and UCRL-10678. 

g. Humphrey et al.,, Proc. International Conference on High-Energy Physics, CERN, 1962, p. 442, and Eisler et al., 
Phys. Rev. Letters~· 487 (1961). 

h. Adair et al., Bull .. Am. Phys. Soc . .!!_, 349 (1963); and Phys. Rev. Letters (to be published, 1963). 

i. D. D. Carmony and G. M. Pjerrou, Phys. Rev. Letters .!_Q, 381 (1963). 

j. Ferro-Luzzi et al., Phys. Rev. (to be published, 1963); and UCRL-10547. 

k. W. D. Humphrey and R. R. Ross, Phys. Rev. ~· '1305 (1962). 
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Table Vb 

Dynam1cs of parhcle absorption by H and D 
The hyperfragments (An), ·(I:::n), etc., are assumed to have :ot:ro binding energy. 

Note that the· r.0 mass was assumed to be 1190.0 Mev for this table. See Ref. (p) of Table I. 

TT. t p-
(M = 1077.803 

TT" <· p 
(Mev) 

r 

r· + P - I 
(M

1
• = 2134.173 < 

- +p (Mev) 

See footnote d 

K. + d-

(MK. td = 2369.390 
(Mev) 

(continued) 

n + V 

+ -L t TT 

- + '} + TT 

M~.AA 

Q (Mev) 

{ 

no 939.507 
3.296 

TT 135,0 

r n 939.507 
138.296 ~ 

L, v 0 

181.753 
{

• 11. 1115.36 

n° 135.0 

{ 

E+l189.4 
) 03.123 

TT. 139.59 

{ 
r.01191.5 

105.613 
n°· 135.0 

' E-1195. 96 
96.563~ 

L T,+ 139.590 

o 0 r ~ 11'15.36 
... ' 1T +." 46.753) 

L n° 135.0 

~ + 1T + 1T 37.57 3 + - { 
.~ 1115.36 

1T± 139.59 

~ + n 

~0 + n 

ntn 

~ + n 

!:0 + n 

II + p + " 

"+ n + 1To 

{ 

~ 1115.36 
79' 3Q6 

n 939.507 

{ 
r 01 i 91.5 

3.166 
n 939.507 

136.066 n 939.507 

{ 

• 1115.36 
314.523 

n 939.507 

r r0 1191. 5 
238.383 < 

L n 939.507 

{ 

E-1195.96 
235.217 

p 938.213 

!
~ 1115.36 

176.227 pn· 938.213 

139.59 

1 

A 1115.36 

179.523 n 939.507 

· n° 135.o 

Momentum 
p w=T+Mc

2 

(Mcv/c) (Mev) 

28.025 939.925 

28.025 

129.423 

129.423 

254.497 

254.497 

181.472 

181.472 

182.199 

182.199 

I74.529 

174.529 

146.481 

113.826 

132.286 

102.207 

287.211 

l!! l.l11 

57.696 

57.696 

363.955 

588.189 

588.189 

514.947 

514.947 

511.561 

511.561 

448.286 

444.319 

264.281 

452.285 

448.443 

265.099 

137.878 

948.380 

129.423 

1144.027 

288.086 

1203.164 

228.949 

1205.350 

226.763 

1208.628 

223.485 

1124.938 

176.583 

1123.177 

17 3.008 

1151.746 

';182..4Z.7 

1192.896 

941.277 

1007.540 

1260.950 

1108.440 

1298.015 

1071.375 

1300.775 

1068.615 

1202.077 

1038.105 

298.881 

1203.574 

1041.045 

297.493 

TJ=p/Mc 

0.0298 

0.2076 

0.1378 

0 

0.2282 

1. 8852 

0.1526 

1.3UOO 

0.1529 

1. 3496 

0.1459 

1. 2503 

0.1313 

0.8432-

b. i 186 

0.7322 

0.2575 

0.0484 

0.0614 

0 .. 3874 

0. 5274 

0.6261 

0.43Z2 

0.5481 

0.4277 

0.5453 

0.4019 

0.4736 

1.8933 

0.4055 

0.4773 

I. 9637 

1.0004 

1.0213 

1.00.94 

0 

1.0257 

2.1340 

0.0298 } 

0.2033 

0.1365} 

1.0000 

0.22251 

0.1!834 f 

Branching 
fJ. a~t,..liuu 

66o/. c 

34% c 

1.0116 

1.6402 

1.0116 

0.150·8}· 21"/ob 
0. 7926 

1.6797 

1.0106 

1.6010 

1.0086 

1.3080 

1.00'/U 

1.2394 

1.0326 

1.0157 

1.0012 

1.0019 

0.1512} 

0.8035 

0.1444} 

0. 7809 

0.1302} 

0.6446 

0.1178} 

0.5908 

0. 2494} 

0,2'}H 

0.0484 } 

O.U613 

1.0724 0.3612 

1.1305 0.4665 

1.1798 0.5306 j 

1.0894 

1.1404 

1.0876 

' 0. 3967 } 

0.4806' 

0. 3933} 

0.4787 1.1390 

1.0777 

1.1065 

2.1411 

0.37291 
0.4280 

0.8842 

1.0791 

1.1081 

2.2037 
) 

0.3758 

0.4308 

0.8911 

28%b 

45%b 

« 1%b 

34% c 

66% e 

100% 
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Table Vb (continued) 

MomE:m~um .. 2 
p w=T+Mc 

Q 
Mass 
(Mev) (Mev/c) (Mev) n=p/Mc 

··· 
2 

Branching 
y=w/Mc i3=pc/w fraction 

K- + d
(MK-+d = 2369.390 

M«v) 

t + d
(ME+d=3071.450 

Mev) 

J 

j 

L:+ + n + ,-

+ 
~+n+n tn 

- 0 A+p+n tn 

f1 + n + n 

{

E-1195.96 

94.333 n + 939.507 

1T 139.59 

l 
E-1195. 96 

100.211 p

0 

938.213 

n 135.0 

\ 

<:01191. 5 

103.383 no 939.507 

1T 135.0 

\ 

E01191.5 

100.087 p,- 938.213 

139.59 

r t+, 189.4 

100.893\n,- 939.507 

139.59 

\
~1115.36 

44.523 n,o 939.507 

135.0 

\

II 1115.360 

35.343 n± 939.507 

n 139.59 

f
. 11 15.36 

p 938.213 
41.227 

n 139.59 

n° 135.0 

{

A 1115.36 
77.076 

n 939.507 

{

E+1191.5 
0.936 

n 939.507 

330.552 

326.299 

178.357 

340.446 

336.188 

182.976 

345.707 

341.481 

1B6.50!i 

340.295 

335.972 

184.889 

341.656 

337.375 

185.796 

228.403 

224.500 

113;803 

203.665 

200.064 

. 101.494 

219.851 

216.00l 

110.495 

109.014 

331.145 

318.542 

36.949 

34.941 

1240.800 

994.557 

2.2.6.488 

1243.473 

996.627 

227.388 

1240.639 

999.641 

230.237 

1239.142 

996.554 

231.667 

1237.498 

'198·. 246 

232.391 

1138.506 

965.957 

176.568 

1133.802 

960.572 

172.587 

1136.821 

962.757 

178.029 

173.519 

1163.480 

992.040 

1192.073 

940.157 

0. 2764 

0.3473 

1. 2777 

0.2847 

0. 3583 

1.3554 

0.2901 

0.3635 

l. 38!5 

0.2856 

0. 3581 

1.3245 

0.2873 

0.3591 

1.3310 

0.2048 

0.2390 

0.8430 

0.1826 

0.2129 

0. 7271 

0. 1971 

0. 2302 

0. 7916 

0.8075 

0. 2969 

0.3391 

0.0310 

0.0372 

1.037 5 

1.0586 

1.6225 

1.0397 

1.0623 

1.6844 

1.0412 

1.0640 

l. 7055 

1.0400 

1.0622 

1.6596 

1.0404 

1.0625 

1.6648 

1.0208 

1.0282 

1.3079 

1.0165 

1.0224 

1. 2364 

1.0192 

1.0262 

1. 2754 

1. 2353 

l. 0431 

1.0559 

1.0005 

1.0007 

aPrivate communication from 0. Dahl, R. Levine, M. Horowitz, D. H. Miller, J. J. Murray, and 
J. Schwartz, LRL, Berkeley, Calif. 

bW. D. Humphrey and R. R. Ross, Phys. Rev. ~· 1305 (1962). 

cCocconi et al., Nuevo Cimento 22, 494 (1961 ). 

dAs mentioned in the Introduction, p. 1, the mass of :E- and 1:0 should each probably be raised by 
1.5 MeV to 1197.4 and 1193 MeV retipectively. 

eR. R. Ross, Am. Phys. Soc. 3, 335 (1958). 

0.2664 } 

0. 3281 

0. 7875 

:::::: 1J 

0.8047 

0.2787 ) 

0. 3416 

0.8101 

l 
0. 2746 

0. 3371 

0.7981 

0.2761 ) 

J 

0. 3380 

0. 7995 

0. 2006 l 
0.2324 ~ 

0.6445 J 

0.1796! 

J 

0.2083 

0.5881 

0.19341 

0. 2244 I 

0.6207 > 

0.6283 

0.2846 } 

0.3211 

} 
0.0310 

0.0372 
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Table VI. 
TENTATIVE DATA ON STRONGLY INTERACTING STATES ,(April 1963, A. H. Rosenfeld) 

Eatab- Possible 
lished assignment Dominant decars 
quan- Quan-

Regg~[l] tum No. tum No. 
rfZJ Mass

2 J4l 
p or 

I(JPG) l(JPG) 
trajec- Mass (~"i~c) Particle tory (MeV) (MeV) (BeV)z Mode % ,(MeV) 

O(J eve:+) 0(0++) +"'• 
Even number of pions <o <o 

K
1
K

1 . -zmK ? KR(K~ 1 , KzK~, 
uul r 

1
K

2
) 

Zn large 980 090 

f = 4n ' < 30 710 550 

Vacuum ? O(?:Z++) O(Z++) +"'• IZSO 0 75 1.56 KK(K 1Kl' Kzrz· 
? Z56 380 •not K 1K 2 

+ - 0 Z3 134 174 
~ 

0(0-+) +"'~ 548 < 10 .30 ;o:o;o[3} 39 143 18Z 
+ -

11' tf y' 7 Z69 Z35 
yy 31 548 Z74 

-- tr:,.- trot3, S} 84 368 326 

"' 0(1 ) "' 18Z < 15 .6Z 1Z"'4 647 379 - y ;+~- 4 503 364 

$ ;J~:~: , J oil:-, "' IOZO < 5 1,04 KR:(~Kz• not Z4 Ill - y 
IKI' KzKz) 

Odd number of pions 

•. 
{n' 1(0--) _n~ ,.: .13.5 0 0.019 •!-n[6] 100 135 67 . •"' 11' 140 0 .oz 'If -).LV 58 34 30 

p 1(1-+) +ny 750 100 .56 ~.[ 3 1 (p-wave) 100 471 348 

K{~! ~0-) K! 498 0 ,Z4 
Kj-•+.-[6] Z/3K 1 Zl9 Z06 

·~ K 494 0 K:t:.....!J." 58 388 Z36 

K~;z (888) {- (1-) . 888 so 0 78 K1r(p-wave) 100 ZSI(K"n -, Z83 
y 

K;;z (725! i (?) ? ? '725' < 15 0 53 Kn ? !Ol(K-•') 161 

N{; H•, N n 940} 0 ,88 
e-vp[6] 100 0 78 1. z . p 938 - - - -

N7/t.(lflAR):"9nOl'o&aV ~~~ ~ (~+) Nil 1680 100 ~.o• 
Ntr(f-wave) AQ 610 !i7J. . AK(f-wave) < z 76 Z35 

N;/z(l51Z)="600MeV np" i<i-l N 151Z 100 
y 

z.z8 Nn(d-wave) 80 434(•-p) 450 

N;/Z( 1 238)= '.'Isobar" H·•) ~ 1Z38 100 1.53 Nn(p-wave) 100 !60(n-p) Z33 

N;/Z (19ZO) i<fl H•, c.:, I 19ZO -zoo 3.69 
Nn 30 84Z(n,-p) 1ZZ 
I:K < 4 Z33 4Z5 

II. 0({-+l II. 1115 0 l,Z4 .-p [6) 67 ,38 100 . 
Y~(l815) O(J,.i) O(i+) 

' 
II. 1815 IZO 3.Z9 RN 60 383 541 . I:n <)) 490 504 

Y~(1405) 0(?) 0({- -) II.~ 1405 so[S] 1,97 {I:• {1oo} 
69(:!:-~·, 144 

II.Zn 10(11.• .-, 69 

y~ (ISZO) O(i -) 
{Ilrr (d-wave) 55 194(L"n°) Z67 

II. ISZO 16 Z,31 KN(d-wave) 30 88(K-f) Z44 
y II.Zn IS IZS(II.• •-) Z53 

r <{-+l 
1189 0 1.4Z nn+L6] 50 110 185 

E ~~ I: 1193 0 1.4Z ~Tr'{ 100 76 74 
" 

. 1197.4 0 1.4Z 100 117 19Z 

Y;(l385) l(J~) l(j+l :!:6 1385 50 1.9Z { II.• 98 135(11.~·~ ZIO 
I:n 4"'4 49(:!: • ) 119 

y; (1660) l(f ) l(f-l I: 1660 40 z. 76 RN -Io zzs 406 
y I:n zs 335 386 

ll.n 30 410 441 
I:nn zo lOO 3Z8 
11.•• 15 Z75 394 

{~' H?,· -lilt) 
? 11.•'[6] -

~ ~- ::: 1321 
0 1,72 II.•- 66 138 z< . -

:;1°( 1530) i lf+l {-<itl :::6 1530 <7 Z,34 ~11' 100 74(:;;'-n°) 148 
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FOOTNOTES (Table VI. ) 

Means data that either I have not seen, or of .which I am not yet convinced. 

The re;1.der can use the data on p. 1 without reference to this shorthand notation. The 
first (and perhaps the only ~seful) contraction comes in choosing a single symbol to 
denote baryon nu:rnher B. strangeness S, and !-spin I. Thus for the S = 0 meson with 
I = 0 (like w) we chose w. For the S = 0 meson with I = 1 (like 1f, p) we chose n. For 

K and K!{·z... we chose a Greek K. Suggestive names (N,A, ~.~)existed for the baryons 
with I=. 1 t., 0, and 1. :E_;or I= 3/2 [e. g., the N!{ 2 (3/2+, 1238) and N~!z (1922) isobars], 
we invent symbol .6; if E:~/2 shows up, we sugges 0 (omicron). One shock is that 
A (.f = 0) now stands for something that can break up into ~ n, bnt is forbidden by con
servation of I to break up into A and a single 11'. 

The symbols above are useful independent of the idea of a Regge tr;;~.jectory. In addition, 
the Regge conjecture suggests that particles (e. g., w; N, .6, etc.) having the Sa.me panty, 
but J -values differing by 2, can lie in the same trajectory. To emphasize this point, and 
to further condense the notation, we suggest the following subsl.:ripts to denote parity and 
a string of J' s differing by 2: 

Subscript For baryons 
1 5 
2 +, 2 +, · • • (thus p = Na.) .a. 

For mesons 

o+, 2+ .•• (e. g. I vacuum or ABC) 

1 5 z-· z-···· o-. 2- .•. (e. g. J 1T meson) 

3 7 z-• z-• ... (e.g., D3/2Kp 

resonance Y0* (1520)] 

1-, 3- .•• (yfor"vector") 

+ + 1 , 3 • • • (none known) 3 1+ I z+, 7 • . . (e. g. ' the 3 2, 

3/2 isobar t:.
0 

) 

G parity is written as a pre script (this avoids confusion with the charge of a particle). 
In the past it has been conventional to use an asterisk to indicate an excited state; 
instead we use a Roman superscript to indicate+a rotational recurrence. Thus the 
a.-baryons are written N for the proton (Jp= t ), and Nil (1688) for the 900-MeV 1rN 
rARonance. which is kno~n to have J = 5/2 and which we ~uess has positive parity and 
is the "second occurrence" of N • 

a 

Where its properties are essentially unknown, a particle has been given the simplest 
possible assignment merely because it had to be listed somewhere. 

This no!:?.tion was evolved in conversations with G. F. Chew and M. Gell-Mann. 

[ 2] r = empirical full width at half-max with background substracted. 

[ 3] For analysis of possible neutral decay modes, see Tables 2 and 3 in G of R. Lynch, 
Proc. Phys. Soc. (London) 80, 46 (1962). 

[ 4] Q values apply to decays to neutral particles (unless that mode is forbidden). 

[ 5] 

[ 6] 

See notes below on this particle. 

Common electromagnetic or weak decays are listed for convenience. The masses come 
from Table I, except for m(~-) for which see note on:=:- below. 
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References and Notes on Individual Particles 
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Vander Walle, Phys. Rev. Letters 8, 293 (1962); Pickup, RObinson, and Salant, Phys. Rev, Letters 8, 329 
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1 
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K*(880) Alston et·al,, Phys. Rev, Letters 6, 300 (1961); CERN, p. 291; Chinowski et al., Phys, Rev, Letters 
~. 330 (1962). 

K*(730) Alexander, Kalbfleisch, Miller, and Smith, Phys. Rev. Letters 8, 447 (1962), and CERN, p. 320. 
The width (r < 8) is from Wojcicki, Kalbfleisch, and Alston (Bull. Am. Phys. Soc. ~· 341 ( 1962) and 
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p See summary by Stevenson, UCRL~9999, and CERN (1962), 
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p. 4. The 1rp phase shift for N3';, 2 (1238) goes through 90 deg at 1238 MeV, but because of a 1T 11. 2 factor, 
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3/2? and 5/2? At 1640 MeV invariant mass in I= 3 .Z there is another shoulder, probably not a pure 
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also D. Keefe, CERN, p. 368. 
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(1520) Ferro~Luzzi, Tripp, and Watson, Phys. Rev, Letters~. 28 (1962); Tripp, Watson, and Ferro~Luzzi, 
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following papers show that if J=3/2, then d":\; 2 is ruled out: Colley et al., -Phys. Rev. 128, 1930 (1962); 
Shafer, Huwe, and Murray (Berkeley) Phys. Rev. Letters (to h.::: published). 

Y;(I660)' Alvarez et al., Phys. Rev, Letters_?, 184 (1963); Bastien and Berge, Phys. Rev. Letters_?, 188(1963); 
Alexander et al., CERN, p. 320. 

:=:-(1321) Mass from Bertanza et al., Phys. Rev. Letters~. 229 (1962). Spin from Donald Stork, talk at New 
York APS meeting, Jan. 1963, 

:=: 0 (1316) Mass from F. T. Solmitz, talk at Stanford APS meeting, Dec. 1962. 

:=:;/ 2(1530) Pjerrou et al., Phys. Rev, Letters~. 114 (1962); and CERN, p. 289; Bertanza et al. Phys. Rev. 
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Figure 1. Range, energy-loss rate. and momentum-loss rate. 

The curves are plotted f:r.·om .Aron' s calculations for copper, 12 as
suming a nomi.nal mean, excitation potential of 310 eV. Provided that thick
nesses are measured in g/cm2, the range curves also apply for all other 
materials (except H 2 ), with an error usually not exceeding 30o/o. Ranges 
are plotted up to 100 g/cm2, which is about one nuclear mean free path. 

More extensive data for specific materials and particles are found in 
the following: 

(a) Ward Wha.Hng. The Energy Loss of Charged Particles in Matter, 
in Handbuch der Physik, Vol. 34 (Springer- Verlag, Berlin, 1958), 
pp. 193-217. 

(b) R ... M. Sternheimer, Phys. Rev. 117, 485 .(1960). 

(c) Hans Bichsel, Linear Accelerator Group, University of Southern 
California, Technical Report No. 2 (1961 ). 

(d) For emulsion, reference can be made to the tables of Walter H. 
B<nkas, Nuovo cimento 8, 201 (1958), and H.· H. Heckman et al., 
Phys. Rev. 117, 544 (197>0). 

A simple analytical expression for the range in .g/ em 2 for a particle 
of charge z e, mass number A, and kinetic energy T in a stopping material 
of atomic number Z (excluding hydrogen) is 

2 
g/cm; 

this is correct to within about lOo/o for T/ A from 1 MeV to 400 MeV. For 
protons it is simply 

R= 
500 

2 
g/cm. 

12w. A. Aron, The Passage of Charged Particles through Matter (Ph. D. 
Thesis), University of California Radiation Laboratory Report UCRL-1325, 
May 1951 (unpublished) . 
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WALLET CARD N0.2 

(Tables from UCRL -8030 - Rev ., April 1963) 

Inva ri ant moss,fL(MeVl 

<2 .J <29 <2s <26 <2 > <2 
oo oo oo oo oo 

Beam momentum (Ge\1/c l 
Fig . 2 

or resonance 
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, TABLE V.ll 

CLEBSCH-GOROAN COEFFICIENTS AND SPHERICAL HARMONICS 

IXI/2 3/2X 1/2 

1 0 1 

~ 
3/Z 3/Z 1/Z 3/Z 1/Z 3/Z 

~ ' ' 1 ' 1 ' 1 ·' 0 ·• 0 -1 M +''3/l. +1/l. +"1/Z -1/Z -1/Z -3/Z " +1 .+1 ci 0 -1 -1 _,. 
' +1 +1/Z 1 +3/Z + llz 1 

.J17i J.rm +1 -1/Z ..rmi.Jr73 +3/Z -1/Z .rmj.ffl4 

.J17i 1-.rm 0 II/~ ..rmi-.JT73 •>B +1/Z .JT77oi-.JT7T 
1 0 -1/Z .Jr73j.JT73 +1/Z '· 1/Z .rml.rrrr 

-1 ·+1/Z J173I-.JZ7J -1/Z +1/l. .J'iT~.JTTf 
-I -1/Z 1 -1/Z -1/Z .rT7i l.ff74 

-3/Z +1/Z' .fTT4 ~..rm 
3/Z • 5/Z 3/Z 5/Z 5/Z 3/Z• 5/Z 3/Z 5/Z 

-1/Z ; 3/Z +3/Z +1/Z +1/Z -1/Z -1/Z -3/Z -3/Z -5/Z -3/Z 

-11'7'i-14Ts 
-14751-JTTs 

-msj.f315 
.JT75I--ms y 0 .-Vf. 

z I 
+I +I 

-rrTz I -rrTz 
·"" l .. tTT> 

5/Z 
+3/Z 

3/Z 
+3/Z 

IJZ75 1-~V> 
..ms l • .m;· 

3 z 

" +Z 

.rml.rm 

.JZ73 1-J173 

.f3TS l.fflg' 
I~.J315 

msi.JT?l' 
.fTTSI--ms 

' I 0 z 1 
0 0 0 -I -I 

.rm I.JT7i I .rm 

.rm I 0 I-.J173 

.rm l...rT?Z I .JT73 

I JTTz I .mz 
.fT7i. 1-.Jl?F 

I 

z. _, 

. 
I 

1/Z 5/Z 

0 

y 0 
I 

y 0 
z 

y 0 
3 

3/Z 5/Z 
+1/Z 

3/Z 
+1/2. 

1/Z 
+1/2 

5/Z 
-1/Z 

3/Z 
-1/Z -1/Z -3/Z _,,, 

.rmo l.a75 I .JT7Z 

..ms lm 1-.JTJ'J' 

.JTm 1-.{87i;l .JT7b 

rora 1-JBml .JT70 
""'I-.J17r! 1-.JTJ'J' 

.rmo 1--ms _I .Jl7F 

~l..m;-
I .fflg' 1-.JT?l' 

3 z I 3 ' I 3 ' +I +I +I 0 0 0 -I -I 

"'~t:,.tA; I v;;;, · l+ Yl =. '8"1 •lnRr. 

Vi(:' z I) = 4i l' coa 6-! : 1 ~ i+ Y2 "· 1r. aln8 coo Oc 

-"(5 3 3 ) " V T; ! coa 9 ·I cos 8 : I 1-fli ( Z )I+ y 3 ".- 4 V~ .tn9 Sco1 9-1 e 

Y'
l., 1- J"iiS I Z 9 9 ZlO 4 v~ a 0 cos c Y 3 I-l;S ln30 ll+ 

3 '"- 4 Vi; 1 e · 

5/Z 
-5/Z 

I 

I 3 
-I _, 

y -m 

• 

z _, ' _, 

.J'T7T5 Lrrz;_L ~ 
Jii7151 .JT'/6 l.,rmo 
.!67iSI..JTTz I .rmo 

.filS j.JTTf_L rora 

.f3TS I 0 1-.rm 

.filS .1:_-rrTz l JJZi1 
.n;m I .mz I JT7'ilj 

ram L,rm- 1.-rmo 
L -117.ill-.JI73 l.J315 

.rm I .rm 
~ 

I 

Note: When calculating terms which arc linear in the above coe!iiciente (e. g., interlcrencc, 

~~~;i::!i~~ia~~~~a:;:;;~oRo~~~o~::d~'";:~~t~~t~rt~~~.' ::c~Ie f:~I:;:utt~~::e in 
9-ZI-bl 
Rev. 1: 9-Z0-6Z 

(e. g., Schiff, Bethe and de Hollmann) uae different convent lone. 
Ml.iB-786 
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TABLES FROM UCRL- 80lO(rev, ), Tabla J, Mana& and mean llvet o! JM.rticlaa, 

fThC anrlp1rtirl•• • •• ~rr ..... ~! ~ t. 1 ••. • 1.1 •••• .,, .. •wu•, •u•••••· ano mean hvaa aa the panicle• lbtad) 

1/Z 

(Errou upreaent 
nandard deviation) 

(MaV) 

. 
' 

dlfierenca 
CMeVI 

' 

Stable 

Stable 

1/Z 0.510976 '* 0.000007 <•I . . Stabla .. 
' ' ' (Z.ZIZ •O.OOI) XI0-6 

~ ' 1/Z 105.655 '* 0.010 (bl ' (•I 
--------------------------------------------------- '.} ll.9h0,0S 1•1 -----------------------------------. . 139.59. 0.05 (•I .• (l,55 * 0,03) X 10·8 (w) :.J 4.59•0.01 (j) . 0 135,QO * 0, 05 I' I ·' (l.l * 0,8) X 10" 16 (d) 

K* 49).9 • o.z (k) :0} '·' • 0.6 (i) 
.. (I.U4•0.0il)X 10·8 (h) 

•'} •' SOft Kl' SOft Kz 
Kl 497.8 • 0,6 (I) 

Kl} (1 . 5•0.5)ty'T(K1) (a) Kl (I ,OO•O.Ol8tx 10'10 ,,, 
Kz Kz Kz 6. 1(-+1.6/- l.l) x J0-8 ,,, 

1/Z 9l8. Z.Il • 0,01 ,., 
:} l .l9l9•0.0004 ,,, Stable 

1/Z 939. 507 * 0,01 ,,, (1,0I3•0.0Z.9) X l03 (y) 

A 1/Z 1115, )6 
.. 

(v) A (Z.Sla 0.09) x 10-10 '"' * 0.14 ~~ ..... . ...... .. 1/Z 1189.40 • o.z.o ;.a (I) "'} (n) 
,. 0.!11(40.06/-0.05)><10" 10 fm) 

~ ·- 1/Z 1197,4 • 0.)0~!~ (o) .- } 4.'5•0.4 (p) .- l.61HO.I/-0.09) X IO" IO (o) 

i •' 1/Z 1193. 0 • o.s i! ,., •' •' < O.lXIO"IO ,,, 
- 1318.4 ai. Z (f) :;;;· .- I.Z8(+0.l8/ - 0. l0)XIO" I O (0 
:;;;0 Ill! • 8 (q) :;;;0 ;o 1. 5 X 10· 10 (I avant) (q) 

Walter H. Barkaa, Arthur H.. Roaan!dd, Univau lty of California, Barkalay, Sept. 1960, I: rnaana r avlaad 1963. 
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Table IV. Atomic a.nd nuclea.'l' con•tant• in unit• ol MeV, em, and •ec a. 

GENERAL ATOMIC CONSTANTS 

N = 6.0Z49 X 10Z3 moleculn/au.m-mole 

c = Z.99793 X t o 10 cm/uc 

e '"' 4.80Z86 x t o-1 0 nu • J.60Z 1 x to· 19 coulomb. 

1 MeV • 1.60Z 1 X 10-6 ua: { 1 ev • e(108/cJl 

fl a 6.5817 X to·ZZ MeV uc" 1.054 )( to·Z7 e ra uc. 

fie • l.973Z )( to·ll MeV em [• )., fo'l' p • IMeV/c] 

k" 8.6167 x 10· 11 MeV/°C[Bolum~nn con•tantJ 

o. = it- • 1/ 137. 037: ez"' 1.44 x 10· 13 MeV em 

QUANTITIES DERIVED FROM THE ELECTRON MASS, m 

Man and Ene'I'IY 

m z: 0.510976 MeV • l /1836. 1Z mp" 1/ Z7l. Z6 mfr 

Rvdbuv. R • ~. "''=z :>" G: . I ) , ,0!; u"' - " 
Lenrh {I lumt • lo-13 em; 1 A • 10"8 em) 

.,.e • ez/mcZ • Z.81785 fumi 

).Compton • mflc • reo-
1 

• 3,861ZX to· 11 em 

a. Bohr • ~ • 'l'eG-Z"' 0.5Z917 A 

Hyd'l'osen-like atom (Non. Rei.: It • reduced man). 

1 .z.• flz " ) ,.' 
En "' T ~ ; an•1 "' ~tzez ; C 'l'ml • ~ 

Cro1• Section 

aThompeon"' ~ n
1 

Z • 0.665Z x 10-Z
4
cmz,. 0,66SZ b&rn 

Masnetic Moment and Cyclot'l'on Ansula.r Frequency 

~'-Boh'l' • ~ • 0.57883x 10"
14 

MeV/aA.ua• 

}wcyclotron' rmc"' 8.7945 X 10
6 

nd •ec"
1
/aa.u•• 

&11ect'l'on "Z[ 1-+..;;- 0.3Z8 (~ )2] ,. Z{ 1.0011596} b 

&muon = Z{ 1 + /i + 0. 75 <Wiz J z: Z[ 1.001165) b 

QUANTITIES DERIVED FROM THE PROTON MASS, mp 

Rut m an • 938,Zil MeV/cZ:: 1836.1Z me"' 6.719 mtt 

1.007593 m 1 

wtte.u m 1 ., 1 amuz ~ 0 1(, • 931.141 MeV 

Maanetlc Moment and Cyclotron Anaular Frequency 

•• : .!!!...__ "' 3. 15Z4 X 10- 18 MeV/g:aun 
Zmpc 

iwcyclotron"' z~ c 
p 

.!!..) "Z.79Z75; 
~'-p p roton 

.!!..) • -1.91Z8 
~'p neutron 

Tabla IV (continued) 

QUANTITIES DERJVED FROM THE MASS OF THE MLSCELL.ANEOUS 
CHAROED P ION, m" 

~ • 139.63 MaV/cl • l7l.Z6 m 1 ~ O.l 488l mp c: 

~ 

• 1.4 l lZ fermi(- ..rrrarml) 

Natural (• ''&<i'Ometrlcal") Nuclt~on Croat Section 

• ~c) l • 6Z.7344 mb (J mb • lo-l7 cmz) 

(l/l, l/Z.)wp Ruon.ance of mau lll7 MaV (0 • 159 MeV), 

Center-of-man momentwn: P,. • llO MeV/c: 

Lab-ayatem momentum: P 11 • lOl MeV/c (T 11 " 195 MeV) 

RADIOACTIVITY 

I curia • l.7xt010 diainte1rahona/aec 

I R • 117.8 eraa/1 air • S.49X 107 MeV/& air 

Fluxea (per c:m2) to hberate I R In carbon: 

l X 107 minimum ionlr.in& ainaly charged particle a 
0.9x 109 photon• of I MeV eneray. 

(Theae flW<ea are actually correct to wilhtn a 
facto r oitwo for all materiala.) 

Natural backarol.lfld: 100 mR/year 

"Toleranca" 100 mill\ rem/week ( Note, I H. may produce 
up t o 10 "Ram" (R'equ\valent for man), dependlna on 
type of radiation.] 

Denalty of a ir • J. Z.OS ma/cm3 at Z.0°C 

Acceleration by aravlty • 980. 67 crn/aacl 

I calories 4.184 joule& 

I atmoaphere • IO)).Z rJcml 

Numerical Contt;~ntl 

lradlan •!I7.Z9578delle•l.718l8 
In l • 0.69315; !olio a • 0.43429; 
In 10 • l,lOZS9; lo110 Z" 0.3010), 

St l rllna' a a pproximation 

.J"'rm Iii" <n :<.J"'r.T, Iii" (I+ rJn=1 I 
Oauattanllke Dlatributlona 

For n >-I but not necetaar Uy inte1ral: 

!o• xln4l exp [- ~] dx • Zn n: ulnil; (~I 1..;-;;r;. 

Relation between atandard deviation 0 and mean 
d eviation o: 

zol • wo.l; a • I,48Z6 probable error. 

Odd a aaainlt exceed in& one atandard deviation • l.l 5; I; 
two, Zl:l; three, )70:1; four, 16,000: 1; 
five, 1,700,000:1 

:::·:~ ~~:\~~~:~:r~~~~io~:~7~o~~: ~:;g;!o~J'.e ::;:.ag::~"tft~~·~~jt$1 o{i~;/)~ica (lnteraclance, New York, 1957), 
~ -

C. Sommerfield. Phyt. Rev. 107, ll8 (1957) and A. Petarmana, Helv, Phya. Acta. 30, 407 (19!17). 

c::Not e t hat thil table waa prapa;:; ualna a pion matt at 139.63 MeV. lnatead of the c:u~nt value of 
139.59•0.05 MeV. 

MUB-1848 
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Table ll. Atomic and nuclear properties (dE/dx, collision meoa.n free path, 
radiation length, etc.) ol materiab used as abaorbers and detectors 

Cro11 dE 1•1 Collision("l Radiation( c] 
~(J'i""" min 

secuon 
M•v length Lcoll length Lrad 

o [a} 

Density 

• 
~I _3,_ ~ (barns) s / cm ~1. em B!.E!!_l. em ~ 

H~ 1.01 0.063 4.14 lb.S ,,. •• 819.0 
{boiling at 

0. 0708 I atmos 
L• 6 . 94 O. ll 1.7l. 50.4 94.3 77.5 '" 0. 534 .. 9. 01 0.1.8 1.71 55.0 29.9 61..2 33.8 1.84 

c 6 11.,00 0 . 33 1.86 60.4 39.0 42,5 1.7,4 I. 55 (variable) 
AI lJ 26 .97 0.57 1.66 19. 1. 1.9. 3 l3.9 8 . 86 2.70 
Cu l9 63.57 1.00 1.45 105.4 11.8 12:,8 1.44 8.9 

Sn so 118.70 1.55 1.27 129.7 17.8 8.54 1.17 7.30 
Pb Bl 1.07 . 21 z.zo l.IZ 156.2 13.8 ... 0.51 ll.l4 
u 9l 2:38. 07 2.42 1.095 163.6 8,75 ... 0.29 18,7 

Hydrogen (bubble chamber, -Z7.6°K) O,l43 Mev/ em 
0.93S Mev/cm 

l.6.5 "' 58 990 0.0586 
~~:!"C~~3 ~,, bubble chamber) I 48.9 119.3 44,7 'YU 0.41 

l.J 87.1 58.0 l7 . ZS 1.5 
Polyatyrene (CH acintUlator) Z.l4 Mev/cm 54 . 9 5Z.3 43.4 41.3 - 1.05 
ll!ord emuhion 5.49 Mev/ em IOJ l1.0 ll.Z l.9 l 3. 8 1" 

!.lUB- l Rll 

illi l lllll llllllitl,lll! l lllllllll1,1111111 rmT 11 
T .. Vt.. IU .. , U ·.t.l•lrl• f"nulnmh ~r"ttf'Iics and l..orenn tran•o:'':;.:'m:::•:::".:;:'":...,,..------,-

The rmt proJected an1le fl due to multiple Coulomb l 'tm(producttl] 2 " (m 1 ' m 2) t lT 1m 2• 1•1 
lloiH"'li"a (., .. loy) 1f ~ r~"i"l" nf r harrc :c, 
momentum P, velocny V it I.Aheo ~· -p•· '"l..,l • P11!1z. co• 81;: (5) 

flproj • & pssru·:&, ~ (l•dr•dlanl; and 

L • Lenath In ac•tnnr; L(radi.atlon) !rom Table tl. 
For L) l / 10 L(rad) t: il aenerally < 1/ 10. The 
dittrlbution of fl il not truly Cauttian. The rml 
projected duplacement il 

Yrm• 1 LBpro/..['f'· 

:;:·j~: ~~~~~4~:~~~~~:U:ii!.1:,n~nd~~;~~~~:·f:r 
lab (P, W), fc•l. I To tn.nlform from c. m . to 
labwnu 

y oo , JP coo •) yp '" 6 • ow) P '"e) 
( 0 I 0 0 \/! p 1:1n fl ,. ( p 1m fl z \ p 1:1n!) 

0 0 I 0 0 I 0 0 

'1 0 0 ~· 1 W 'IP col fl-+ ~w W 

lf two particle• 0 and l) collide, the Invariant "maat" 
I' of the lyltem h ah·an by 

l'l•(WI• Wzlz. (PI• i·\ll, 

Y"w,:w:. , .. j;~:tl_,;'rl\. 

Ill 

IZI 

Write T for lab kinetic eneray, t for c.m., th1.11 
I' • m 1 • m 2 + t 1 - t 2 • m 1 • mz • Q. llthe taraet 

111t reat (O,m 2) l'limplifiea: 

I'Z • Iml• mz)l•ZTlml. ill 

To aet a threahold T 1, act I' • ewn of maaaca of 
reaction~ then 

The max. l•b ~ that a particle of c . m. momentum 
Pi cantii"vi'"Ti aoven by 

1in e1 • ~ (rti. • ~ mutt be < 'l); 

U 'ij >'I, then of c:ourse 6i can be •· 
Cr•wford' 1 mnemomc for e:o:tendinJ nonrelatovinic 
formula• to relat!VIahc: cau•: "To the reat ener1y 
of eac:h movlnJ parucle add a/ l." where 

T~:;h:nt~i:e~~~!~e~f~ ~c.;:\!dy ~~c:;\. 
iJie'lUnetic eneray a II lhlrl!d between the twO 
pa.rtidea accordina to 

ml. • Q/l m 1 ~ a/l 
t 1 • a--,-, tl'"a --,-

The •bove of courea appliet in the c:. m. for the 
~ of a two-body foul atate, To expreaa 
~of p, •pply the mnemonic to a tina!• 
~rt1c:le (then a • t). Tha non·nl. relation 
p • ltm become• 

pz"' Zt(m ~ t/l)'" ltm ~ tz. 

Note that for max 1" l' flc. m. • w, 10 

,., 

181 

'" 
110) 

(II) 

M 8· 849 

Range (g /cm2 ) in Cu 



Table VI 
TENTATIVE DATA ON STRONGLY INTERACTING STATES (Apr il 1963, A. H. Ronn!eld) 

Poulb.la 

u ... ~ I aa1l nmeiU Dom!nant deeaz• 
quan- I~"No. Reuel 11 l um No. ,[1] cl•l ' "' 

llJJ-Iljl 
l . .. J .... ~~~V," , Particle t(Jt'\..o) tory (MeV) {MeV) (BeV) ~ (MeV ) 

KI KI O(Jeve:•) 0(0++) .-. "'mK 
E•·en numberol p1o11 

K~~~~;K2~lKl' 

I ... 
illrxe '" ' .. ., 

"' '" Vacuum? O(HH) 0(2++) .-. 1250 K~~~l~I'KK,lKl' 

O(CI-+) :;:~::(3] " IH ,,. .-. ... ,10 " IU '" .. , 7 "' "' n l1 5<8 "' 
.•.-.•3,5 .. "' "' 0(1 ) .", ·" :!~- Jh4 "' "' . SOl "' 

O(Jo"d"d) on ·-, .", 1020 1,04 KK(~~~~: ~~~Kzl 
Odd number or Ion• 

(·' l(o · ·, -·· ·! 135 0.018 •:-yJ6l 100 1l5 67 .. · • 140 .oz . -"'" 58 H 30 

lil - t) .·, 750 ~0 .56 .J3l(p-wave) H8 

(•' j<o·) K 1 498 ·" 
Kt- •• .. · [6] 2/3K 1 "' "' K K' .. K'" 494 K*-~o~v 58 388 "' 

K;/Z (888) jo·l 
' 

50 ,78 Ke(p-wave) 251(K'•"I "' 
K;/ 2 ( 725·) -} (?) ·" !Ol( K" .~) '" 
N(; j<jn N n 9 40} ... e"vp 61 100 . 78 . p938 

N7/ 2(J688)~''900MI!V ep" {1in N~l 1688 100 2. 84 
N1(f-weve) 80 '" 57l 
.'\}{(!-wave) ., 

" "' 
N7/z(1512)•"600MaV•p" {-!~-) N 

' 
2. 1:8 N•{d-wave) 434.(• - p) "' 

N;/1:(1ll8)•" 1•obar" ' il-l•) .. N•(p-wave) 160( .. -p) m 

N;/2 (1920) ~til ¥i•l <>!' 1920 1. 69 
No 10 842(• "p) m 
"K <' m "' 

0({:+1 A, 0 1,24 .-p(6J 100 

Y~(l815) O(J~fl o(.f•l ·' 1815 3,29 RN " '" "' <ll ... '" 
Y~(l 405) 0(?) oc{- -I ·'. 1405 50C5J 1. 9? (•· l"'i t~:~:<!) '" AZ• .. 
v;oszo) 0(~-) 

{Dr(d -wave) 55 194(:t"•'l "' ', 1520 " 2.31 KN(d-wave) 30 ~~:~~)~-) "' :\Z• " m 

r c{-•1 
1 189 1. 42 ... 16 50 110 185 ... " 1193 1.42 ~.;r. 100 " 

,. ,. 1 197.<1 1. 4 2 100 117 '" 
v7cB8 5l l(J~l 1(~•1 "• 1385 " {"' " l!~l~!:l, "' "' ... "' 
v, (1660) I(~) llz·l " ' 

1660 l.?6 RN - )0 m "' "' " "' "' ·'' )0 "' " ' 
·~ lO zoo "' 15 Z75 '" 

[•' ~{-?l ~{tl , 7 I'·" 
Mo{6J 

'!! g- . 1321 1\1: .. 
::·(1530) i ci•l {-!~+ ) .. 1530 Z. H 100 74("=-- .. • , "' 
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TABLE V II 
C LEBSCH·GORDAN COEFFICIENTS AND SPHERICAL HARMONICS 
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(Tables from UCRL -8030 - Rev ., Apr i l 1963) 
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