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, In. this revision the mass of =~ must be considered tentative (see
- footnote (n) of Table I). Our current guess is that m(Z~) and m(Z?) 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. :



-2- UCRL-8030 Rev.
April 1963 Edition

- Table I. Masses.and . Mean Lives of Elementary Particles

This table .is.-az 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, thcre 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, standard statistical methods were used. To avoid
.. skewed distributions, we have averaged decay rates rather than mean lives.

-An effort has been made to allow for the interdependcnce of the masses,
but this has not been done in a completely systematic way.

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

Part of the table was compiled in consultation with Professor George
Snow, who has prepared 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 Conventionally, the negatively charged
leptons (e- and p~) and the positively charged mesons (vt and K*t) are de-
fined as ''particles'.- . We did not, however, want to list as ''particles" only
negative leptons and positive mesons, since we report a w - . mass.dif-
ference which comes from the_decay =t — ut + v Therefore we have
adopted the notation e and p:F for the leptons, n* and K* for the mesons.

1T; D. Lee, R. Oehme, and C. Yang, Phys. Rev. .106, 340 (1957).
2S. Okubo, Phys. Rev. 109, 984 (1958).
JA. Pais, Phys. Rev. Letters 3, 342 (1959).



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

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

Mass -
(Errors represent Mass )
o D standard deviation) - difference Mean life
g . Particle Spin T (MeV) ] {(Mev) . . (sec)
)
=] .
o Y 1 0 : y Y Stable’
2 v Co1/2 . 0 . : T {;_ Stable
g R V2 0.510976 % 0.000007 - (a) ef e e e e et Stable A
e uo 1/2 105.655  0.010 (b) u ~ ut (2.212£0,001)x10°° . (r)
--------------------------------------------------- } " 33.9320.05 - (x) o e
o 0 139.59 % 0.05 (*) o : o (2.55 % 0:03) x 1078 (w)
- : . . v } 4.59%0.01 (4 - : : 16
135.00 % 0.05 *) 0, ‘ U (2.2 +0.8) x10° (@)
a + ’ + : + -8
§ K 0 493.9 £0.2 (k) K 3.9 = 0.6 0 - Ko (1.224%0.013)x 10 (h)
g K9 ) K0 - KO . 50% K, 50% K,
. o , . -10
K, 0 497.8 * 0.6 (1) K (1.5+0.5)/7(,) (2) K, (1.000.038)x 10 . (e)
K, - K, _ K, 6.1(+1.6/-1.1)x10-8 (c)
P 1/2 " 938,213 % 0.01 (a) . p 1.2939£0.0004  (t) Stable
n 1/2 939.507 0,01 () n : ‘ n (1.013£0.029) x 103 )
0
A 1/2 1115.36 +0.14 59  (v) A A (2.51% 0:09) x 10-10 (W
2 s+ 1/2 1189.40 + 0,20 é,ﬁ" 1) z+} . ) =t 0.81{+0.06/-0.05)x 10" 10 (m)
2 z- 1/2 1197.4  +0.30)8° (n) =" 445404 o = 1.61(+0.1/-0.09)x 10-10 (o)
o] - . <
El =0 /2 1193.0 s0.5 )28 (%) =0 =0 <0.1x10-10 (s)
- ? “ = = ) -10
= ? 1318.4 1.2 {f) = = 1.28(+0.38/-0.30)x 10~ 10 (f)
=0 ? 1311 +8 (Q) =0 UL 1.5 % 10-10 (1 event)  (q)

Walter H. Barkas, Arthur H., Rosenfeld, University of California, Berkeley, Sept. 1960, T masses revised 1963,
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(*)

. M(2+) from the decay mode =t~ p+n

"r( E+) comes from combining the bubble chamber result {(0.75 * 0.1)X 10~

UCRL-8030 Rev.
April 1963 Edition

From compilations by Cohen, Crowe, and DuMond, Nuovo cimento_5, 541 (1957) and Fundamental Constants of Physics
{Interscience, New York, 1957).

L. Lederman, 1960 "Rochester Conference'. Also,.Lathrop, Lundy, Penman, Telegdi, Yanovitch and Winston, N, C.

17, 2322 (1960). ’

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

(Glasser. Seeman, and Stiller, private communication. Referredto as a preliminary figure by Ashkin and Tollestrup at
1960 Roch: Conf. '

7(K,) is a. weighted average of the decay rates corresponding to the mean lives given in Table V of the Proceedings of the
1958 " CERN Conference on High-Ener&y Physics" with a single exception: The Berkeley result from associated production
has been changed to {0.94 % 0.05) X 10-10 see., basced on 512 K, 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 2.2 W. A. Barkas and A, H, Rosenfeld, (UCRL-8030 March, 1958) compilation of 12 =~ found
: before March 1958. .
1318.1 &« 1,9 Fowler, Birge., Eberhard, Ely, Good, Powell, and Ticho, (20 =~ in Berkeley 30-inch
propanc chamber, \_mpubliehe!).

1317 =22 M. 1. Soloviev, (11 =7 in Dubna propane chamber; 1960 Roch. Conf. )

_7(3') is Laken only from the 20 =™ of Fowler et al., since the other events have considerably larger uncertainties.

T(K+) from weighted average of the decay rates corresponding to the following mean lives: 1.227 £0.015 X 10'8 seC

(Alvarez, Crawford, Good, and Stevenson (private communication) }; 1.211 £0.026 X 10-% sec (V. Fitch and R. Motley,
P.R. 101, 496 (1956); P.R. 105, 265 (1957); and private communcation.) The quoted errors are statistical only.

From the compilation by Rosenfeld, Solmitz, and Tripp, P.R. L. 2, 110 (1959).

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

M(K+) from the mass of three charged pions, quoted 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.

0 .

The data of M.S. Swami, P.R. 114, 333 (1959), R.S, White, 1957 Roch. Conf., Evans et al., N.C. 15, 873 (1960), and
Dyer et al., B. A. P.S. 5, 224 {1960}, have been combined using the mass of the n0 quoted in this tableé. Only the protonic
decay mode has been used, but the mass deduced from the pion mode is consistent with this (Dyer et al.).

10 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) X10-10 séc of Dyer, Barkas, Heckman, Mason, Nickols, and Smith. There is no longer
any anomaly in the emulsion measurements of 7(Z) .

M(Z7) - M(Z+) is d weighted average of the following mass differences (in Mev):

7.10 £0.92 Chupp, Goldhaber, Coldhaber, and Webb.
6.9 =1.0 M.S. Swami, P.R. 114, 333 (1959).

7.46 % 0.56 Evans et al., N.C. I5, 873 (1960).
6.315%0.25 Dyer et al., B. A. P[5, 5, 224 (1960).

16 get M{D') we huew combined tha TFo2" mass ifference with M(E'). This M(Z") is not vet on quite as firm a basis as
the others in this table because of an unexplained anomaly, observed in thé runge uf ihie pivus aossmpnrnying its production in
K-+p=> Z°+ n*.  All other information on M(Z-) is consistent with the mass quoted.

7{Z") obtained from combined bubble chamber mean lives; l.59(+0.l/-0.09))<10-10 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)>(10'1° sec by Dyer, Barkas,
Heckman, Mason, Nickols, and Smith. .

Berge, Rosenfeld, Ross, Solmitz, and Tripp have observed the reaction I~ +p %Zo +n and report a X7 - =0 mass
difference of ;4.45 % 0.4 Mev (private communication), We have not folded in older results with a much larger uncertainty,

‘namely, M(Z”) = 11926 £ 3.5, by Eisler et al., Nevis-60 Report R-198 (1Y57); M(Zo) = 1191.6 % 3,3, by M. Lynn Stevenson,
“P.R. 111, 1707 (1958).

Alvarez, El?erhard, Good, Graziano, Ticho, and Wojcicki, P.R. L. E, 215 (1959).
Astbury, Hattersley, Hussain, Kemp, and Muirhead, 1960 Roch, Cont., Fisher, Leuntic, Lundby, Meunier, and Stroot,

.P.R. L. 2, 349, (1959). Reiter, Ramanowski, Sutton, and Chidley, P.R. L. é. 22 (1960); V. Telegdi, 1960 Roch. Conf.
. Alvarez, Bradner, Falk-Vairant, Gow, Rosenfeld, Solmitz, and Tripp, K~ Interactionsin Hydrogen, UCRL-3775, May 1957.

Bondelid, Butler, Achillés del Callar, and Kennedy, P.R. L. 5, 182 (1960).

T(A) has not changed from the value given by L. W. Alvarez at the 1959 Kiev Conf. It is a weighted average using some of
the data given in Table I of the Proceedings of the 1958 CERN Conf., 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, 1958).

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.O. Caldwell, Y. Pal’ Phys. Rev. Letters 1, 148 (1958).

2.72 £ 0.16 Crawford, ‘Cresti, Good, Kalbfleisch, Stevenson, and Ticho (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, 7277{1959) ), and with that of A, Pevsner
et al, {private communication)., All these emulsion data in turn have been combined with the cloud chamber data of
D' Andlau et al,, N.C. 6, 1135 (1957).

Ashkin, Fazzini, Fidecaro, Goldschmidt-Clermont, Lipman, Merrison, and Paul, N.C. &: 490 (1960); also, Anderson,

*Fujii, Miller, and Tau, P.R. L. 5, 86 (1960); and Reference (a).

Barkas, Birnbaum, and Smith, P.R. 101, 77.8 (1960).
Sosnovskij, Spivak, Prokofiev, Kutikov, and Doi:ryhin, reported by M. Goldhaber at the 1958 CERN Conf.

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 {1960}. Birge, Ely, Powell, White, Fry, Huzita, Camerini, and Natale
{unpublished). Also see U. Camerini, 1960 Roch. Conf.

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-'stenc'y,5 we
have preferred simply to take the values quoted by Bethe and Ashkin. These
have not been corrected 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 ¢ 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 10% too
- low for lead, ' and the error varies approximately 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 :

-0.76 2
Lrad =~ 166 Z g/cm .

SH., 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, :

J. A. Wheeler and W. E. Lamb, Phys. Rev. 55, 858 (1939).
H. Davies, H. A. Bethe, and L. C. Maximon, Phys. Rev. 93, 788 (1954).

7



Table-II. Atomic and nuclea'r:properties (dE/dx, collision mean free pah,
radiation lergth, etc.) of matzsrials used as absorbers and detectors

[b _ . _
Cross -3E ] .| ceuisionl®] Radiationl €] Density
tion * omn length L léngth L ‘
sec Mev g coll g rad P
o [a] -z 2 2 3
Material| Z A {barns) g/cm g/cm cm g/cm cm {g/cm”)
. boiling at.
H, 1 1.01 | 0.063 | 4.14 26.5 374 58 819.0 0.0708 {f;t;;‘gs
Li 3 6.94 0.23 1.72 50.4 ©4,3 77.5 145 ‘ 0.534
Be 4 9.01 0.28 1.71 55,0 29.9 62.2 . 338 1.84
C 6 12.00 0.33 1.€6 60.4 39.0 42.5‘ 27.4 1.55 {variable)
Al 13 26.97 0.57 1.€6 79.2 29.3 23.9 8.86 2.70
Cu 29 63.57 1.00 1.45 105.4 11.8 12.8 - 1.44 8.9
Sn 50 118,70 1.55 1.27 129.7 i7.8 8.54 1.17 7.30
Pb 82 207.21 2.20 1.12 156.2 13.8 5.8 0.51 11.34
U 92 238.07 2.42 i 1,095 163.6 8.75 5.5 0.29 . 18.7
Hydrogen (bubble chamber, -27.6°K)! 0.243 Mev/cm | 26.5 452 58 990 0.0586
Propane (C3H8, bubble chamber) 0.935 Mev/cm 48.9 119.3 44,7 109.0 0.41
Freon CF3 Br 2.3 -87.1 58.0 17.25 11,5 1.5
Polystyrene (CH scintillator) ;2,14 Mev/cm 54.9 52.3 43.4 41.3 ~ 1.05
Ilford emulsion ! 5.49 Mev/cm 102 27.0 1.2 2.91 3.81¢
i
2 i/3
[a] _ h 2/3 _ 2/3,. - A - A _ 1/3 2
Onatural = ™ |{m ¢ XA =63mb XA L hision™ NG - e 264 A g/cm”.
s 0" natural N,m ——)
0 m_c

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

(<] From Experimental Nuclear Physics, E. Segr?®, 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 1L, _Particle Scatterihg'-

An estimate of multiple' Coulomb scattering is ofteri made by assuming
that the distribution is Gaussian, with a root-mean-square space angle

) ms‘z(ZI,Z/P_v) «/L/Lrad,' (1a)

where L 1is the thickness traversed in the scatterer, and L__4 is the radia-
tion length of the scatterer. 8 The equivalent formula for the more useful
projected rms angle is : o '

rms -p ~. (15. O/Pv) \]L?L (1b)

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 reglon 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. (l)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.

Moli2re has calculated a distribution that fits the experimental facts. 10
Because of the large "tail'' the root-mean-square.angles 6., . and 8
for the Molidre distribution are not meaningful unless an arbitrary cuto?f
angle is introduced. The theory, however, does define a mean (absolute)
pro_]ected angle of scattering 6 mp"

We have chosen the following way to display the results of Molidre's
theory. First 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 using the relation w(0 )2 = 2(6 Correcting
the 15.0 in Eq. (lb) by N2/w, we then have

~ (12/Pv) NL/L__, - (2)

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

)2
rms-p mp/ °

= (12/Pv) ~/L/"Lrac'1 (1 +¢). (3)

8See, for example, Reference 5, Eq. (79b).

9See, for example, the experimental work of A. D. Hansen, L. H. Lanzl,
E. M. Lyman, and M. B. Scott, Phys. Rev. 84, 634 (1951).

loG. Z. Moliere, Naturforsch. é(a), 78 (1948).
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The values of the correction € are compiled in Table IIl. The root-mean-
square formulas, Eq. (l), will also be improved by introducing the factor
(1 +¢). The estimates of ¢ in Table lIl are to be employed with values of
Lyad taken from Table II.

The screening effect in the Moli2re 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 least to us).

When the thickness of the scatterer becomes comparable to the
nuclear interaction free path in that material, the scattering calculated from
Moli2re'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 Molitre theory.

Gmp is the mean'prc;jected angle in radians between tangents to the particle trajectories:
' A 12 (MeV) J S
= =z - (1 +
161 average Gmp Z pv(MeV) Lrad ( €) 4

L is the thickness, and L., 4 the radiation length (from Table II) for the absorber (atom1c number Z).
For particles of charge ze and velocity Bc, the followirg table for ¢ amnplies:

e L/Lrad
e | _ |
z T 102 . 1072 1071 1 10
- o1
1 - -0.20 -0.14 -0.08 -0.03 +0.02
6 -0.14 -0.06 " -0.00 +0.06 +0.12 B/z = 0.1
29 -0.18 -0.10 -0.01 +0.06 +0.13 (4.7-MeV proton)
82 -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 B/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 B/z = 0.7
29 -0.25 -0.15 -0.06 +0.02 - +0.09 (380-M¢eV. 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 B/z = 1.0

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.

MUB-1854
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Table IIla: Multiple Coulomb Scattering and Lorentz Transformation

Since Table III does not appear on the wallet card and Table Illa 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.. Howcver, 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.

2 2 2 2 2 2
‘Botmy-m, o -i'mz-ml
N . _ 4.2 2
The c. m. momentum p is then given by p =Nw -m . It may also

be calculated directly:

p = 2“ \/(p+m1+m2)(p, ml-mz)(p.+ml-m£)(p m1+m2) . (8bh)

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
- (m3 - mz)/Zmz,

Plab

where particle 2 is the target, particle 3 goes straight backwards in the

c. m. (lab direction depends on mj - m,); note that the equation is independent
of both the beam mass and the number and mass of reaction products in
addition to m ;.

The Usefulness of Eqs. (10) and (11) on Table IIla, as Applied.to & Rays

A particle of known momentum P; and unknown mass m; may collide
with an electron. (O me) and make a § ray with energy

2
Te< Zmen . - . (1la)

This sets a sensitive lower limit on n:

N e =T MeV
TI Zme e :
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-Now, .since’ me << m;, we have

P,
n= 7= .» (12)
1
‘Combining (11a) and (12) we have |
2m
2 2 e
m] <P} -% (13)

e
Approximation - (12) assumes
b m, from (3) thié means m_ << m,,

and

m? -
T, << 5s—~ ", i.e., <<10 BeV for a p, << 20 BeV for a =, etc.
1 Zm2 .

"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, of one body is
plotted along x, and w, along y (w, is then simply p-w; -w5).  This hao the
_convenient property that unit area dwl dw, = dt;dt; is proport10na1 to Iorentz-
invariant phase space, 11 in the c.m.

A more general pair of variables are the squares- HZ of the effective
masses of any two of the three possible diparticles. 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.

S Proof:

2

Hij

But conservation of energy and momentu(.m gives
\

2 2
= (w. +w. - .+ p.
( i J) (’If)‘l 'P'J)

wi+wj= B W lgi'*'g-jli: !Bk"
so
o2 = (u - w )2_ 2
-d2=—2(—w)dw 2p, d
Mij ST W) TV T APRPxe
= - 2(n- Wk)d_wk - Zwkd_wk = - Zpdwk

11M. Gell-Mann. and A. H. Rosenfeld, Hyperons and Heavy Mesons

(Appendix C), Ann. Rev.. Nuel. Sci. 7, 407 (1957).
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i.e. 2 is linear in dwk so that unit area d“izj d“jzk o« dwkdwi < L.I.
phase spéce Q. E.D.

Lorentz invariant phase space is appropriate for strong interactions.
For weak interaction (e. g [3 decay) the rate is proportional t? the density
of states in momentum space i. e. ,without the factor (wlw Thus
three-body B-decay with an '"energy-independent matrix e% ment" corre-
sponds to a Dalitz plot population « wyw,ws.



Table Illa. Multiple Coulomb scattering and Lorentz transformation

The rms projected angle 6 due to multiple Coulomb [Em(products)]2 = (ml + mz)2 + ZTlmZ. (,{)
scattering (only) of a particle of charge z,
momentum P, velocity V is Other invariants are: W W, - PP, cOS 912 (5)
15(MeV) L . and '
¢} .=z —— (1+¢) radians;
proj PV{MeY) L(rad) ( ) 1 dZO .
7 dodw (©

L = Length in scatterer; L(radiatioﬁ) from Table II.
For L 2 1/10 L{rad) € is generally < 1/10. The
distribution of 6 is not truly Gaussian. The rms
projected displacement is

Yrms L'eproj/ 3.
Lorentz transformations. Notation: Lower-case
type for c. m. 4-momentum (p,w) and capitals for
lab (P, W). (c=1l.) To transform from c.m. to
lab write

YyO0O0n pcosb yp cos 8 + nw /P cos @i
0100‘\psin9\_ p sin @ [ Psing
o010 o /'— 0 0
no0o0y. w np cos 8 + yw w

If two particles (! and 2) collide, the invariant '"mass"
p of the system is given by

The max. lab angle that a particle of c. m. momentum
p; can have 1s given by
P

)'
. 1 1
= — = — < ; 7
sin ei (r’i - must be ‘l’]), ( )

If nj >, then of course @; an be

Crawford's mnemonic for extending nonrelativistic

formulas to relativistic case: '"To the rest energy

of each moving particle add Q/2'" where

Q =the total kinetic energy {c.m.) = p - Zm, .

Thus in the rest frame of a two-body decay

the kinetic energy Q is shared between the two

particles according to
m, + Q/2

t=Q ————— t,=Q

m, +Q/f2
n

Th= 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

(8)

2 2 - - 2 p%rticle (then Q=t). The non-rel. relation
B o= (Wl + WZ) - (P1 + PZ) , (1) p~ = 2tm becomes
2 2
- - p_ = 2t(m + t/2) = 2tm + t°. (9
_W1+W2' ) P, +P, _ 2
v= m ons m = Y- Enzrgy Transfer inelastic.collisions of beam
(P], Wl) with resting target (O,mz), is
Write T for lab kinetic energy, t for c. m.; thus p.2
P=m1+m2+tl+tz=m1+m2+Q’ If the target Tz= Zmz 1 sinz (ec o /2). (10)
is at rest (O,mz) 1 simplifies: u T
te that £ max T,, 6 =,
HZ - (ml : mZ)Z + ZTlmz' (3) Note that or 22 9% @ =™ so
2, 2 2
To get a threshold T, set p = sum of masses of T = 2m, P,%/p“ = 2m,n° (11)
reaction products, thlen Zmax. z "1 2
MUB-1849
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- Table IV.: Atomic and Nuclear Constants

Atomic and nuclear constants in the directly applicable units. of MeV,
cm, and sec are .tabulated. A few useful formulas and numerical constants
are also included.



Table IV, Atomic and nuclear constants in units of MeV, ¢m, and sec a

GENERAL ATOMIC CONSTANTS
N = 6.0249 x 1023 molecules/gram -mole
2.99793 % 1010 cm/sec

e =
e = 4.80286 x 10-10 esu = 1.6021x107'? coulomb.
1MeV = 1,6021- X 10 6 erg [1 ev=e(108/c)]
= 6.5817 X 10722 MeV sec = 1.054%10°27 erg sec.
fic = 1,9732° x 1071} MeV cm [= x for p = 1 MeV/c]
"k = 8.6167 X ro-11 MeV/C®C[ Boltzmann constant]
a= %2_ =1/137.037; %= 1.44 x 10°!3 MeV em

Cross Section

2 -24

= 0.6652 %107 %*cm®= 0.6652 barn

o Thompson™ 3 " e

Magnetic Moment and Cyclotron Angular Frequency

. eh -14
EBohr . = Zme - 0-57883X10°7" MeV/gauss
! = 2 _ = 8.7945 X 106 rad sec-l/gauss

Z%yclotron~ Zmc

- a a2, _
Belectron = 2l 1% 75 - 0.328 (1)7) = 2[1.0011596]

grnuon

b

~ 2
=2[1+2 4075 (2)7] = 2[1.001165]

"QUANTITIES DERIVED FROM THE ELECTRON MASS; m
Mass and Energy

= 0. 510976 MeV = 1/1836. 12 m ='1/273.26 m_
4 .
me 2
. Rydberg,_'_ = =mc r>< - = 13,605 eV
0 Zf\z N . Z

Length (1 fermi = 10~ 13cm 1a=10"8
Length

re‘ = ez/mc2 = 2.81785 fermi

L 'f'l - -1 _ -11
kCo pton ~mc - ro = 3.8612)(10 cm
_ we ;a2
=— =71,

me

3, Bohr = 0.52917 A

Hydrogen-like atom (Non. Rel.; p = reduced mass).
2

1 pz'e | a _ “hZ .vy _ ze
2 ' “n=1" 2’ ¢
(nh) pze rms nhe

QUANTITIES DERIVED FROM THE PROTON MASS, m
Fest mass = 938 211 MeV/c? = 1836.12 m, = 6.719m_
o "1.007593 m

1
. N 1 16
where my = 1 amu= - O

-g‘[_;

= 931,141 MeV

Magnefic Moment and Cyclotron Angular Frequency

eh 18

b= = 3,1524 X 107 °° MeV/gauss

P 2m_c '

. P

1 . e - X 3. -1
2""’cyclotron_ 2— ="4.7896 X 10" rad sec /gauss

. -2m_c

'p¢

£ 2 2.79275; B = -1.9128
P’p‘ proton ' : P'p neutron

MUB-1847
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Table IV (continued)

QUANTITIES DERIVED FROM THE MASS OF THE
CHARGED PION, m_

. 5> . c
Rest mass = 139.63 MeV/c” = 273.26 m_ = 0.14882 my

Length

11
m _C
s

1.4132 fermi (~ NZ fermi)

Natural (~ '"geometrical'') Nucleon Cross Section

2 T
- (f‘—> = 62.7344 mb (L mb = 10727 cm?)
m_c ‘

(3/2, 3/2)wp Resonance of mass 1237 MeV (Q = 159 MeV).

Center-of-mass momentum: P = 230 MeV/c

Lab-system momentum: P_ = 303 MevV/c (T_ = 195 MeV)

RADIOACTIVITY
1 curie =3.7x10
1'R =87.8 ergs/g air = 5.49x 197 MeV/g air

Fluxes (per cmz) to liberate 1 R in carbon:.

10

disintegrations/sec

3 %107 minimum iomizing singly cha-ged particles

0.9x 109 photons of | MeV energy.

(These fluxes are actually correct to within a
factor of two for all materials. )

100 mR/vezr

“"Tolerance' 100 millirem/week { Note, 1 R may procuce
up to 10 "Rem" (Requivalent for man), cepending on
type of radiation. }

Natural background:

MISCELLANEOUS .
Physical Constants ) )
1 year = 3.1536 X107 sec (= w10 sec)

Density of air = 1,205 mg/cm3 at 20°C
Acceleration by gravity = 980.67 <:rn/secZ
1 calorie = 4.184 joules

1 atmosphere = 1033.2 g/cm2

Numerical Constants

] radian = 57.29578 deg; e = 2.71828
In2 = 0.69315; log,,e = 0.43429;
In 10 = 2.30259; logjq 2 = 0.30103.

Stirling's approximation

NZm (Z)" <n i<V Zm ()7 (14 171571:’

Gaussianlike Distributions

For n > -1 but not necessarily integral:

2

o :
fO: x'2n+1 exp [- X 2] dx = Z.n_n'. 0’2n+2: (—;-,) 1= 1r72

20
Relation between standard deviation 0 and mean
deviation a: : )
20% = mal; ¢ = 1,4826 probable error.

Odds against exceeding one standard deviation = 2.15:1;
two, 21:1; three, 370:1; four, 16,000:1;

" five, .1,700,000:1

®Based mainly on Cohen, Crowe, and Dumond, The Fundamental Constants of Physics (Interscience, New York, 1957),

not on the later carrections of Cohen and Dumond, Phys. Rev. Lett, 1, 291 (1958).
bC. Sommerfield, Phys. Rev. 107, 323 (1957) and A. Petermans, Helv. Phys. Acta. 30, 407 (1957).

®Note that this table was prepared using a pion mass at 139.63 MéeV, instead of the current value of

139.59+0.05 MeV.

MUB-1848
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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 particles listed in Table 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 results are given in Table Vb.

- Coulomb binding energies. have. been neglected.
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. For three-body decays ‘(e. g.
values attainable.

Dynamics of particle decays

=.1875,49 Mev, 2

p - e+ v+ y)the.quantities tabulated for each particle are the maximum
Deuteron mass, (H¢)

Momentum
Mass . P w=T+Mc? . 2 Branching
Q {MeV) (MeV/c) {(MeV)  n=p Mc  y=w/Mc B=pc/w ratio
+ + S
~e 4 v + d
(M = 1051655 Mev) 105.144 et 0,511 52.826 52,829  103.3831 103.3879  1,0000 } 100%
+ + . +
o - phew 33.935 {,; 105.655 29.810  109.780 0.2821  1,0390 0.2715 } ~100%
(M_+ = 139.59 MeV) ot +v {et o1 69.794 69.796  136.5897 136.5934 1,000 } 1.2x10-4 ®
+ . 0 «t 139.59 205.258  248.226 1.4704  1.7783  0.8269 |
Fontw 219.310{ 19% ©
w° 135,0 205.258 245,674 1.5204  1.8198  0.8355
wht 388.245 ut 105.655 235,649 258,251 2.2304  2.4443  0.9125 647, ©
ottt e 75.130 o* 139.59 125.590 187,772 0.8997 1.3452  0.6688 6% ©
R nt135.0 132.371 189.069 0.9805  1,4005  0.7001
k'~ w4 w0440 84.310{ o 2% ©
(Myer = 493.9 MeV) =" 139,590 133,100 192.g76 0.95353  1.3817  0.6901
«0 1350 215.271  254.099 1.5946  1.8822  0.8472
24+ uwte v 253.245{ " 105.655 215.271 239.801 2.0375  2.2697  0.8977 59 ©
] v 0 188.320 188.320 -0 -0 1.000
0 =0 135,0 288.500  265.400 1,6926  1,9659  0.8610
wO+et +y 358,389 R i } 59 ©
et o511 ' 228.500 228,300  447.1826 447.1838  1,0000
( w0+x0 227.800 =0 135.0 209.108  248.900 1.5489  1.8437  0.8401 319 of xld
wten” 218.620 «t 139,59 206,072 248,900 1.4763 17831  0.8279 69% of K, 9
wW+x0+20 92,800 9 135.0 139.300 - 193.983 1.0319  1,4369  0.7181 19% of K, ©
139,59 132.901 192,739 0.9521  1.3807  0.6895 .
wt+n +a® 83 6zo< 11% of K,
K0~ 0135.0 132.158 188.920 0.9789  1.3994  0.6995
_ + 134,59 216,095  257.259 1.5481  1.8430  0.8400
Mo = 497.8 MeV) o+ utey 252,555 } 31% of K, °
- 105.655 216,095 240,541 2.0453  2,2767 -0.8984
. + 139,59 229.328  268.471 1.6429  1.9233  0.8542 .
wtte +y 357,699 39% of K,
{ 0.511 229,328  229.329  448.8043 448.8054  1.0000
_ p 938.213 100.174 943,546 0.1068  1,0057  0.1062 K
ptw 37.557 64%
- 139.59 100.174 171.814 0.7176 _ 1,2308 _ 0.5830
R 938.213 163,079  952.281 0.1738  1.0150 0.1713 c
pte tv 176, 636{ } 0.08%
A~ e”  0.511 163.079 163.079  319,1512 319.1528  1.0000
(M, = 1115.36 MeV) p 938,213 130.725  947.276 0.1393  1.0097  0.1380
p+p+v 7L 492{ 0.03% &
p~ 105.655 130,725  168.084 1.2373  1,5909  0.7777
R n 939,507 103.583  945.200 0.1103  1.0061  0.1096 K .
n+n 40. 853{ } 36%
01150 103.583 170.160 0.7673  1.2604  0.6087

MUB-1850
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Table Va (continued).

Momentum - . 2
Mass p w=T+Mc 2 Branching
Q (MeV) (MeV/c) (MeV) n=p Mc  y=w/Mc”  B=pc/w ratio
0 p 938.213 189.076 . 957.075 0.2015 1,0201 0.1976 Kk
p+w 116,187 { 51%
1\'0 135.0 189.076 232,325 1,4006 1,7209 0.8138
n  939.507 185.098 957.567 0.1970 1,0192 0.1933 K
nt+at 110.303 { . ' : 49%
! n 139,59 185.098 231,833 1.3260 1.6608 0.7984
. ‘.- n 939,507 202.419 961.066 0.2155 1,0229 0.2106 Partly
z - n+p+tv  144.238 ' forbidden?
. N + N ?
(Mz+ = 1189.4 MeV) 2 105.655 202.419 228.334 1,9159 2.1611 0.8865 <0.19
. n 939,507 . 223.641 965.758 0.2380 1.0279 0.2316
+, 2 (see refs.
nte’ +v 249.382 dh
: et 0.511 223.641 223,642 437.6747 437.6758  1.0000) ( 872" )
A 1115.36 71.734 1117.67 '0.0643 1.0021 0 0642 3 h
Atet+y 73.529 9
e+, 0.511 71.734 71.736 140,379 140.383 1.0000
Aty - (See A 1115.36 73.707- 1117.793 0.0661 1,0022 0.0659 d
Intro- 76.140
(MZO = 1191,5 MeV ?)) duction, Y 0 73.707 73.707 0 0 1.0000
.- p- l.) 1
_ n  939.507 191.658 958.857 0.2040 1.0206 0.1999 ] . x
((ntw 116.863{ = 100%
w- 139.59 191.658 237.103 1.3730 1.6986 0.8083
. _ n  939.507 208.368 962.336 0.2218 1,0243 0.2165 h
ntptt v 150.798{ 0.19% &
= . |p~ 105.655 208.368_ .233.624 1.9722 2.2122 0.8919
_ (n 939.507 . 228.957 967.003 0.2437 1.0293 0.2368
Mg_ = 1195.96 MeV) Q4 0- sy 255.942{ : } 0.2% &P
(See Introduction, e~ Q.511 228,957 228.957 448.0709 448,0781 1.00V0
p- 1) _ .rA 1115.36 77.882 1118,076 0.0698 1.0024 0.0697 3 h
Ate +y 80.089; _ 10°° %
}é 0.511 77.882 77.884 152.4190 152.4223 1,0000
=0 ; o { 1115.36 130.830 1123007  0.1173  1,0069 0.1165 l a
_ T, O A+w 60.640 3 = 100%
(Mg = 1311 Mev) Sl 135.0 130.830 187.993 0.9691  1.3925  0.6959 )
. 1115.36 135,867 1123,605 0.1218 1.0074 0.1209 d
At+n” 63.450< = 100%
_ 139.59 135.867 194,795 0.9733 1.3955 0.6975 !
=T ) A 1115.36 187.405 1130.99 0.1680  1,0140  0.1657 )
(M__ = 1318.4 MeV) { A+e +v 202.529{ } =0,6%
- . 511 187.405 187, 406 366.741 366.743. 1,0000
_ 939.507 301.050 986 562 0.3204 1,0501 0.3052 F
n+w 239.303 ? << 1%
n- 139,59 301.050° 331.838 2.1567 2.3772 0.9072
a. American Instltute of Physics, Handbook (McGraw-Hill, New York, 1957).
b. Ashkm et al., Nuovo cimento 13, 1240 (1959).
c. Roe et al., Phys. Rev. Letters 7, 346 (1961).
d. G. A. Snow and M. M. Shapiro, Rev. Mod. Phys. _?ﬁ, 231 (1961). .
e. Alexander et al., Phys. Rev. Letters 9 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 6, 487 (1961),
h. Adair et al., Bull. Am. Phys. Soc. 8, 349 (1963); and Phys. Rev. Letters (to be published, 1963).
i. D. D. Carmony and G. M. Pjerrou, Phys. Rev. 'Letters 1_0, 381 '(1963). .
Je Férro-Luzzi et al., Phys. Rev. {to be published, 1963); and UCRL-~10547.
k. Rev. 127,'1305 (1962).

W. D. Humphrey and R. R. Ross, Phys.

MUB-1851
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Table Vb

Dynamics of particle absorption by H and D
The hyperfragments (An), -(Z.n), etc., are assumed to have zero binding encrgy.

Note that the 20 mass was assumed to be 1190.0 Mev for this table. See Ref. (p) of Table I.

Momentum 2
Mass p w=T+Mc Branching
Q (Mev) (Mcv/c) (Mev) n=p/Mec y-w/ Mc p=pe/w  fiacliun
R n 939.507 28.025 939,925 0.0298 1.0004  0.0298
_ . n+mn 3.296 0
T +p- : #° 135.0 28.025 137.878 0.2076 1.0213  0.2033
= 1077.
M- "&ev;o 802 o ['n 939.507 " 129.423  948.380  0.1378 1.0094  0.1365
n+y 138.296 i 34% ©
Y 0 129.423 129.423 0 0 1.0000
0 - A 1115.36 254.497  1144.027 0.2282 1.0257  0.2225 b
A+ 181.753 . 6%
% 135.0 254.497 288.086 1.8852 2.1340  0.8834
. tt189.4 181.472  1203.164 0.1526 1.0116  0.1508
T+ nT 103123 ) 219,°
n~ 139.59 181.472 228.949 1.3000 1.6402  0.7926
} 6 o =%191.5 182.199  1205.350 0.1529 1.0116  0.1512
K +p= To+n 105.513 0 28%
(My_, = 1432.113 ¢ 2% 135.0 182.199 226.763 1.3496 1.6797  0.8035
P (Mev)
R S £71195.96 . 174.529  1208.628 0.1459 1.0106  0.1444
A 956.563 ¢ ‘ 459,
1 =7 139.590 174.529 223,485 1.2503 1.6010  0.7809
o o [ A1115.36 146.481  1124.938 6.1313 1.0086  0.1302
- m 4+ 1w 46.75 0 <« 1%
\ n 135,0 113.826 176.583 0.8432 1.3080  0.6446
) A 1115.36 132.286  1123.177 0.1186 1.0070  0.1178
A+ T o+ w 37,573 + <<1%
¥ 139.59 102.207 173.008 0.7322 1.2394  0.5908
( A 1115.36 287.211  1151.746 0.2575 1.0326  0.2494
A+n 79,306 349, ©
S ip- n 939.507 281.211 y82.427 0.3057 1.0157  0,2923
(M., = 2134.173 5 0y
TT4p Y9191.5 57.696  1192.896 0.0434 1.0012  0.0484
. (Mev) w04 3.166 . } 66% ©
See footnote d n 939.507 57.696 941.277 0.0614 1.0019  0.0613
T d - n+n 136.066 n 939.507 363.955  1007.540 0.3874 1.0724  0.3612 100%
= 2015.
(40~ 20355080
A 1115.36 588.189  1260.950 0.5274 1.1305  0.4665 a
A+n 314.523 . <0.3
n 939.507 588.189  1108.440 0.6261 1.1798  0.5306
K™+ de 0 R CTCTR 514.947  1298.015 0.4322 1.0894  0.3967 | A
(M - 2369.390 % 4n 238.383t } 0.3
Kod = 50 n 939.507 514.947 1071.375 0.5481 1.1404  0.4806
{continued) 3 £71195.96 511.561  1300.775  0.4277 1.0876  0.3933 a
T +p  235.217 0.6
. p 938.213 511.561  1068.615 0.5453 1.1390  0.4787
A 1115.36 448.286  1202.077 0.4019 1.0777  0.3729
A+p+m 176.227¢(p 938.213 444.319 1038.105 0.4736 1.1065 0.4280 222
[ 139.59 264.281 298.881 1.8933 2.1411  0.8842
A 1115.36 452.285 1203.574 0.4055 1.0791  0.3758
A+n+n® 179.523n 939.507 .  448.443  1041.045 0.4773 1.1081  0.4308 n?
‘ =0 135.0 265.099  297.493 1.9637 2.2037  0.8911

MUB-i852
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Table Vb (continued)

.. . .Momentum 'z
Mass p w=T+Mec 2 Branching
Q (Mev) (Mev/c) (Mev) n=p/Mc y=w/Mc"” B=pc/w fraction
"£71195.96 330.552  1240.800 0.2764 1.0375  0.2664
T +n+nt 943330 n 939.507 326.299 994.557 0.3473 1.0586  0.3281 222
nt 139.59 178.357 226.488 1.2777 1.6225  0.7875
£71195.96 340.446  1243.473 0.2847 1.0397  0.2738
£ +p+n 100,217 p 938.213 336.188 996.627 0.3583 1.0623  0.3373 32
=0 135.0 182.976 227,388 1.3554 1.6844  0.8047 |
£1191.5 345.707  1240.639 0.2901 1.0412  0.2787
K™ +d = 240+’ 103.383{:\ 939.507 341.481 999.641  0.3635 1.0640  0.3416 } 19%
(Myg-4q = 23&1'3)90 ' 70 135.0 186.505 230.237  1.3815 1.7055  0.8101
l 91191.5 340.295  1239.142 0.2856 1.0400  0.2746
2%+ p+ 7 100.087{ p 938.213 335,972 996.554 0.3581 1.0622  0.3371 ; 32
™" 139.59 184.889 231.667 1.3245 1.6596  0.7981
rr*1189.4 341.656  1237.498 0.2873 1.0404  0.2761 )
zf 4+ n+ 1 100.893(n 939,507 337.375 498,246 0.3591 1.0625  0.3380 j 19%
[ 139,59 185.796 232.391 1.3310 1.6648  0.7995
A 1115.36 228.403  1138.506 0.2048 1.0208  0.2006 Y
a+n+nl4n®  24.523(n 939.507 224.500 965.957 0.2390 1.0282 0.2324 L < 0.1%*
w0 135.0 113:803 176.568 0.8430 1.3079  0.6445 }
A 1115.360 203.665  1133.802 0.1826 1.0165  0.1796 }
pentntinT 35343\ n 939.507 200.064 960.572 0.2129  1.0224 0.2083f < 0.1%%
=* 139,59 101.494 172.587 0.7271 1.2364  0.5881
A 1115.36 219.851  1136.821 0.1971 1.0192  0.1934
- 0 [p 938.213 216.001 962.757 0.2302 1.0262  0.2244 ] .
A+P+T 4T 41.227 y < 0.1%
n” 139.59 110.495 178.029 0.7916 1.275¢  0.6207
' 70 135.0 109.014 173.519 0.8075 12353 0.6283 )
] A 1115.36 331,145  1163.480 0.2969 1.0431  0.2846
| A+n+n 77.076{ } 962
) ) J n 939,507 318.542 992.040 0.3391 1.0559  0.3211
(Mz+d=;o(711.4so ] 0 {2+1191.5 36.949 1192.073 0.0310 1.0005 0.0310 } a
Mev) . L 4n+n 0.936 4
j n 939.507 34,941 940.157 0.0372 1.0007  0.0372

®private communication from O. 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. 127, 1305 (1962).
®Cocconi et al., Nuovo Cimento 22, 494 (1961).

dAs mentioned in the Introduction, p. 1, the mass of £~ and £0 should each probably be raised by
1.5 MéV to 1197.4 and 1193 MeV respectively.

°R. R. Ross, Am. Phys. Soc. 3, 335 (1958).
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Table VI.
TENTATIVE DATA ON STRONGLY INTERACTING STATES ((April 1963, A. H. Rosenfeld)
Estab- Possible
lighed assignment Dominant decays
quan- Quan- :[l]
tum No. |tum No. Regge 2] 2 4 p or
. PG PG trajec- |. Mass I'( Mass . . o[ ] Pm.
Particle Iy I tory {MeV) (MeV) (BeV) Mode % AMeV) . . (Me%’?c)
Even number of pions <0 <0
++ ++ w
KlKl O(Jeven Yoo ") +a . ,-'me . ? KR(K).}_?!',KZKZ'
not K K,)
2n large 980 690
f= , 4 . <30 710 550
. ++ ++ w KR(K, K, K,K
v 2 . . . )
acuum ? oz2*™) o2*™) +“a 1250 75 | 1.56 ;“°‘1K:K2 2 ’ 256 380
N wnd 23 134 174
n . . oo™ +“p 548 <10 .30 0n0x003) 39 143 182
. . Ty, 7 269 235
: YY 31 548 274
N wheno[3,5] 84 368 326
w o(1™7) -“y 782 <15 .62 oy 1244 647 379
' o 4 503 364
EXN K < o KR(K, K,, not 24 111
& 0 4) 0(1"") \ 1020 5 |1,04 x‘le. KKy
Qdd number of pions
o ° o f6]
" . n w135 o |[o0.018 nryy 100 135 67
v {n* Ho - f o* 140 0 .02 M 58 32 30
-+ w " [3)
[ 117" +Ty 750 100 .56 wat?) (p-wave) 100 471 348
+_-[6]

KO 1, K° 498 0 K{=a'n 2/”(1 219 206
K{K* #0) "8 K* 494 o | ¥ Ki~pv 58 388 236
KT/Z (888) % (17) %y 888 50 [ .78 Kn(p-wave) 100 251(K°n") 283
K:‘/Z(vzs-) R —;(?) ? ? 725 <15 .53 Kn ? 101{K ™ =°) 161
nlB L1, N n 940 0 88 e'Fp[6] 100 .78 L2

P 2'Z a p 938 . - - - -

* _ ' 1,5 i 5 Nu(f-wave) |0 610 573
N (RBRI= 1900 MY wpt |y (54 ml 1680 100 |2.04 AK(fowave) <2 2% 335
Nr/2(1512)="600MeV wp' 2‘-(%-) N 1512 100 |2.28 Nm(d-wave) 80 434(n"p) 450
N;/Z(1238)= "Isobar' %(%n & 1238 100 [1.53 Nr(p-wave) 100 160(="p) 233

= 3.7 3,7 11 - Nr 30 842(n"p) 722
N3/2(1920) E(i’ z(-z-+) & 1920 200 ‘3.69 =K <4 233 425

Lol ' G
A 0z +) Ay 1115 o |24 p 67 38 100
Y;(1815) o(ng) 0(§+) A 1815 120 {3.29 RN 60 383 541
. a o2 . <33 490 504
S .. -_+

® 1. [5] Zn . 6= 1) 144
¥ (1405) 0(?) oz =) A 1405 50t 1,97 . {AZv {100} IO(A“;!"-) P

. 3 T (d-wave) 55 194(2°°) 267
Y, (1520) 03 -) A 1520 16 |2.31 KN(d-wave) 30 8B(K"p) 244

Y Azn 15 125(AnT77) 253
+ ) 1189 o [1.42 antl6] 50 110 185
=({x? Tz z 1193 0 |1.42 Ay 100 76 74

z - @ 1197.4 o |r4z . nat 100 117 192

& 3 An 98 135(An° 210
Y, (1385) 1z+) zy 1385 50 (192 {:« A 49(2-‘,1) 119

E3 3 :

Y (1660) 13 Uz -) z 1660 40 [2.76 RN ~10 225 406
1 S z Y Tu 25 335 386
. An 30 410 441
Znw 20 200 328
Anw 15 275 394

= [=° 1., ) Lt = ? : anclé] -
={5' 7 Y | = ‘1321 o jLm2 An” - 66 138

& 1.3, 1,3 - = Y =m0
=%(1530) zlzt) 2G9 | = 1530 <7 {234 =n 100 74(= 1) 148

) L _ T "MUB-1358
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FOOTNOTES (Table VI.)

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

[1] The reader can use the data on p. 1 without reference to this shorthand notation. The
first (and perhaps the only useful) contraction comes in choosing a single symbol to
denotc baryon number B, strangeness S, and I-spin I. Thus for the S = 0 meson with
I=0 (11ke w) we chose w. For the S = 0 meson with1 =1 (like w, p) we chose m. For
K and K1 we chose a Greek «. Suggestive names (N, A, Z, E) existed for the baryons
with I = {/22 0, and 1. ForI=3/2[e.g., the N* (3/2 1238) and N3 5 (1922) isobars],
we invernt symbol 4; if ;§ 2 shows up, we sugges{ O (om1cron). One s ock is that
A (I = 0) now stands for something that can break up into Zw, but is forbidden by con-
servation of I to break up into A and a single .

The symbols above are useful independent of the idea of a Regge trajectory., In addition,

the Regge conjecture suggests that particles (e.g., ws N, A, etc.) having the same parity,
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 subscripts to denote parity and
a string of J's differing by 2:

Subscript For mesons For baryons'b
a ot, 2t. .- {e.g., vacuum or ABC) 7+, 7+, «+e (thus p = Na)
B 07, 27++¢ (e.g., ™ meson) .;_-, %-,--.
Y - 17, 37-.. {y for "vector') %-, %-, cee [e.ges D3/2Kp
resonance Yg (1520)]
& l+, 3t... (none known) %+, %+ «++ (e.g., the 3/2,

3/2 isobar Ag )

G parity is written as a prescript (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 1nd1t,ate+a. rotational recurrence, Thus the

" a-baryons are written N<1 for the proton (J %— ), and NI (1688) for the 900-MeV 7N
resonance. which is known to have J=5/2 and which we guess has positive parity and
is the ""second occurrence'' of N o

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

This notztion was evolved in conversations with G, F., Chew and M, Gell-Mann.
[2] T = 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] See notes below on this particle.

[6] . 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

CERN means: Proceedings of the 1962 International Conference on High-Energy Physics (Interscience Publishers,
Inc., New York, 1962). (For a complete bibliography to 11-7-61, see M, Lynn Stevenson, Bibliography on Pion-
Pion Interaction, Lawrence Radiation Laboratory Report UCRL-9999, November 7, 1961 (unpublished)).

KIK (1020) Erwin et al,, -CERN, p. 333; Bigi et al., CERN, p. 247; Alexander et al., CERN, p. 336; and Phys.
Rev. Letters 9, 460 (1962).

f(1250) Selove et al, » Phys. Rev, Letters 9, 272 (1962); Veillet et al., Phys, Rev. Letters 10, 29 (1963).
ABC? See Abashian, Booth, and Crowe, Phys, Rev, Letters 7, 35 (1961).

n - Pevsner et al., Phys. Rev, Letters 7, 421, (1961); Bastien et al,, Phys. Rev, Letters 8, 114 (1962);
Carmony, Rosenfeld, and Van de Walle, Phys. Rev, Letters 8, 117, (1962); Rosenfeld, Carmony, and
Van der Walle, Phys, Rev, Letters 8, 293 (1962); Pickup, Robinson, and Salant, Phys, Rev, Letters 8, 329
(1962); Chretien et al,, Phys. Rev, _Letter= 9, 127 (1962); Fowler et al,, Phys. Rev, Letters 19, (1963)
discuss the w" n”~y decay mode.

@ Maglié, Alvarez, Rosenfeld, and Stevenson, Phys, Rev, Letters 7, 178 (1961); Pevsner et al,, Phys. Rev.
Letters 7, 421 (1961); Stevenson, Alvarez, Maglié, and Rosenﬂald Phys. Rev. 125 Jr687(1962) Xuong and
Lynch, f"hys. Rev. Letters 7, 327 (1961); Ncutral mode [rom CERN, p.713. "The # m decay mode is a

private communication from Murray et al,

<§ Bertanza et al., (CERN, p. 297, and Phys, Rev, Letters 9, 180, 1962 have reported a low-energy K K
interaction at about 1020 MeV, Possible explanation for this effect is a second o_w ) and should nzt be
confused with the KIKI enhancement listed above,

%*

K (880) Alston et-al,, Phys. Rev. Letters 6, 300 (1961); CERN, p. 291; Chinowski et al., Phys. Rev. Letters

9, 330 (1962),

K (730) Ale.xa.nder, Kalbfleisch, Miller, and Smith, Phys, Rev. Letters 8, 447 (1962), and CERN, p. 320.
The width (I"<8) is from Wojcicki Kalbfleisch, and Alston (Bull, Am. Phys, Soc. 8 341 (1962) and
private communications. )

p See sufnmary by Stevenson, UCRL-9999, and CERN (1962),

N* For reviews see Falk-Vairant and Valladas, Rev, Mod. Phys, 33, 362 (1961); B, J. Moyer, Rev, Mod.
Phys, 33, 367 (1961), For recgnt data, see J. Helland, Phys. Rev, Letters, 10, 27 (1963), and CERN,
p.4. The wp phase shift for N_,’/2 (1238) goes through 90 deg at 1238 MeV, but because of a w x“ factor,
the wp cross section reaches its/maximum at 1225 MeV; see de Hoffman et al,, Phys. Rev., 95, 1586
(1954); and Klepikov, Mescheryakov, and Sokolev, JINR-D-584, (1960), The established quarfumnumbers
of the 600- and 900 MeV wp states N (1512) and (1688) are not given for lack of space; they are
3/27? and 5/29 At 1640 MeV invar1ar/ mass in I= 3}'4 there is another shoulder, probably not a pure
resonance,

0(1815) Chamberlain, Crowe, Keefe, Kerth, Lemonick, Maung, and Zipf, Phys. Rev, 125, 1696 (1962);
also D, Keefe, CERN, p. 368.

0(1405) Alston et al,, Phys. Rev., Letters 6, 698 (1961); Bastien et al., Phys, Rev, Letters 6, 702 (1961} ;
Alexander et al,, Phys. Rev. Letters 8— 460 (1962),

(1520) Ferro-Luzzi, Tripp, and Watson, Phys. Rev, Letters 8, 28 (1962); Tripp, Watson, and Ferro-Luzzi,
Phys, Rev, Letters 8, 175 (1960); Watson, Ferro-Luzzi and Tripp, UCRL-10542 (Phys. Rev. -tobe published)

Y (1385) Alston and Ferro-Luzzi, Rev. Mod, Phys, 3, 416 (1961). The following papers establish that J>1/2:
Ely et al., Phys. Rev, Letters 7, 461 (1961); Bertanza et al. (BNL-Syracuse), Phys, Rev, Letters (to be
published); Shafer, Huwe, and Murray (Berkeley) Phys, Rev, Letters (to be published). In addition, the
following papers show that if J=3/2, then d is ruled out: Colley et al,, -Phys, Rev, 128, 1930 (1962);
Shafer, Huwe, and Murray (Berkeley) Phys, %{ev. Letters (to bz published), -

Y';(1660)' Alvarez et al., Phys. Rev. Letters 5, 184 (1963); Bastien and Berge, Phys., Rev. Letters 5, 188 (1963);
Alexander et al,, CERN, p. 320,

=7(1321) Mass from Bertanza et al,, Phys, Rev, Letters 9, 229 (1962). Spin from Donald Stork, talk at New
York APS meeting, Jan. 1963,

=9(1316) Mass from F, T, Solmitz, talk at Stanford APS meeting, Dec, 1962,

—
.

»-1/2(1530) Pjerrou et al,, Phys, Rev, Letters 9, 114 (1962); and CERN, p. 289; Bertanza et al. Phys. Rev.
Letters 9, 180 (1962); and CERN, p, 279, (The J assignment is a preliminary private communication fram

the UCLA . S ficall = - 2
e group pecifically, J = 1/2 ruled out, J=23/2" (d3/2) has a x ~ probability of < 2%, but J = 3/2

fits satisfactorily.)
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Figure 1. Range, energy-loss rate and momentum-loss rate.

‘The curves are plotted from Aron's calculations for copper, 12 as-
suming a nominal mean excitation potential of 310 eV. Provided that thick-
nesses are measured in g/cmz,- the range curves also apply for all other
materials (except H,), with an error usually not exceeding 30%. Ranges
are plotted up to 100 g/cmz, which is about one nuclear mean free path.

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

(a) Ward Whaling, 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.
Barkas, Nuovo cimento 8, 201 (1958), and H.  H.. Heckman et al.,
Phys. Rev. 117, 544 (1960).

A simple analytical expression for the range in .g/c:m2 for a particle
of charge ze, mass number A, and kinetic energy T in a stopping material
of atomic number Z (excluding hydrogen) is

ZO°26T1°7

R= 2T o g/em®
500z~ A

this is correct to within about 10% for T/A from 1 MeV to 400 MeV. For
protons it is simply

0.26_.1.7
R = z T g/cmz.
500

lZW., 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 NO.2

(Tables from UCRL-8030-Rev., April 1963)
Invariant mass, i (MeV)
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. . TABLE Vi
CLEBSCH-GORDAN COEFFICIENTS AND SPHERICAL HARMONICS
BRI 1172 ] 3/2%1/2
3] 1 1 0 1 3\ 3/2 3z 12 32 1/2  3/2 J 2 1 2 _l _2
‘ N +1 6.0 [ Eu/z +1/2 91f2 | -1/2 172 |-3/2 N g .o 3 A H
+1/2 +1/2 | 1 41 +1/2 1 +3/2 +1/2
w2 2} IR OR 41 -1/ NT/3 | V25 +3/2 -1/2 V175
BY IV JiE|-n7i ° n{/a N 23| N3 a1f2 +1f3 N34
YRRV’ ) ‘T 0 -1/2 NeyciWava /2 -1/ | : Rayiy
S1-41/2 ) Ji/3|-J273 -1f2 412 172
Y 1 -1/ -1f2 J37E| Vi7e
2x1/2 RY SV NIL374
- 3| s/zy /2 3/2. s/z 3/2 sfe 3f2}.5/2 3/2)| s/ -
N»s/z 3/2 +3/2 § sy a2 | -2 -1fz | -3f/2 -3/2 (-5/2 c 32 1f2 H
+2  1/z| 1
42 -1/2 N175 | Va5
+1 +1/2 Na/5|-T175
+H-1/2 NZ75| N375
0 +1/2 3B |-NZ5 ° 3
PRV Nl ey Yy ’VI:
-1 e AL LTED Y1° =\/§ coe g
-1 o-1f2 NI Ji/5
2 /2 NT78)-V375 1,° =-\/.‘?;G=o.ls.;); yz‘u.\/{_i:nns:mo:“
2 -1/2 1
™ v7e %\/gmzhm
; oi 41 \\: g l]! g -1 -: -2
mlﬂmjl - 1,0 =L (,f.co.’e-zlcn- a); ¥, \/g.ma (s :o.za-\) ¢
1 a1 I |JT7Z | 15 .
0 0 Jii| o |15 (Y‘m) . (_l)m v,
o1 4 VI8 W72 | NT73
0 -1 SIE LB .
10 NI |-4T7Z
-1 -1 i
3/2x1
A A AR AR
+3/2 +1 1
32 0 VIE |N35
1z 4l 375|775
32 -1 (1710 WZ75 | NT7Z
+1/z 0 375 (NT715 | NT73
-2+l 718 | JBTS) NT7E
/2 -1 J37T8| JB7TE] N176
-1/z o V375 N7 - T7F
232 41 NT710[N275 | NT7Z
Y, 2 SIS IS
32 0 NZ/8 | 378
2372 -1 1 .
2x)
K E) 3 2 3 2 1 3 z 1 3 1 3
~ 43 |2 +2 PSS +1 0 o ] a1 a0 A -2
m) mp
12+l 1
2 0 NI L2
4141 A |-
2 -1 NI/ N3 £
o0 NB7T5| T8 |-J3710
041 NEITE-17Z | 1776
-l 175 | 172 | 3710
o o 375 o NZ/3
4 s i L7 | 3
[ SOl 177 m
o SEB LT |- J3/TD
-2+t N1/15|.N173 | V375
[ R N3
29 NI73
=2z -1

Note: When calculating terms which are linear in the above coctficients fe.g. , interforence, 9-21-61
polarization), the sign convention becomes important. This table follows the one in Rev. 1: 9-20.62
Blatt and WeisskofT, Edmands, Rose, Condon and Shortley, ctc. Other authors e
{e. g, Schiff, Bethe and de Hoffmann) use different conventions. MUB-786
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TABLES FROM UCRL-8030(rev. Table I. Mas

{The antiparticlan sue 2« 44 Laie b

and mean lives of particl
ana mean Livi the

(Erro; resent Ma
standard deviation) difference Mean life
§ Particle Spin (MeV) (Mev) (sec)
g, === ZER
& X 1 ] Y ¥ Stable
- v 1/2 o v v Stable
i e /2 0510976 + 0,000007 () e e Stable
3 .“ /2 105,655 = 0,010 (b) ,f p; (L.uzso.ool)xlo"’ (r)
S s R S e e } 33.93£0.05 (x) 7
+ * = -8
'o 0 139,59 # 0,05 *) » } 4.5920.01 o v (2,55 % 0.03) ¥ 10’ @ (w)
0 135,00 0,05 () 0 w0 (2.2 £0.8) x107 @)
H K* 0 4939 20.2 (k) K K (1.22420.013)x 10-8 )
o > “ 3.9 %06 (] > 4
§ x° &0 &9 50% K, 50% K,
. -1
K, 0 497.8 +0.6 () K ssosn/ray @ K (1.0040.038)x 10710 ()
X, X, K, 6.1(+1.6/-1.1)x10"8 (e)
3 1/2 938,213 0,01 (a) P 1.293940.0006 @) P Stable .
n 1/2 939.507 £ 0.01 (©) a n {1,013 0,029)x 10 )
A 1/2 111536 +0.14 38 (v) A A (2.51% 0,09) x 1010 (w)
] z* 1/2 1189.40 4 0.20 § m :’} @ = 0.81(+0.06/-0,05)x 1070 (m)
E o 1/2 11974 %0.30) 8% (a) z- CAERO ® 2 1,61(+0.1/-0.09)x10-10 (o)
3 =0 1/2 1193.0 205 188 (%) z } 20 <0.1x10-10 (s)
= ? 13184 & L2 (0 2" vane = 1.28(+0.38/~0,30) x 1019 (1)
=0 ? 1311 8 (@) =0 s =9 1.5 % 10-10 (1 event) @
| Walter H, Barkas, Arthur H. of Berkeley, Sept. 1960, T masses revised 1963,
MUB-1846
Table IV. Atomic and nuclear constants in units of MeV, cm, and sec
Slomi AL DU URT it b AR
GENERAL ATOMIC CONSTANTS Cross Section

-24

N = 6.0249 x 1023 molecules/gram-mole em?=0.6652 barn

- 10
€ =2,99793 X 1010 em/aec 5 Magnetic Moment and Cyclotron Angular Frequency
& = 4.80286 x 10710 esu = 1,6021x107'? coulomb. o o
1MeV=1,6021 x 106 erg [1 ev=e(108/c)] FBohr = Zme - 0:57883X107 " MeV/gauss
# = 6.5817 x 10~22 MeV sec = 1.054x10-27 erg sec. = 8.7945 x 10° rad sec”!/gauss

8 2
vTthplon’! P 0.6652x10

1 Sie
Z%yclotron” Zmc

e = 19732 x 10711 MeV em [ = k for p = 1 MeV/c] =2[14 2 - 0,328 (2)?] = 2[1.0011596]
Kk =8.6167 x10-!! MeV/°C[ Boltzmann constant] Belectron iy 'z i b
Buon = 2[1 492+ 0.75 @)%] = 2(1,001165]

2
a= £ =1/137.037 e?= La4 x 10713 MeVem

QUANTITIES DERIVED FROM THE ELECTRON MASS, m QUANTITIES DERIVED FROM THE PROTON MASS, m

Mass and Energy Rest mass = 938.211 MeV/c? = 1836.12m, = 6,719 m _
m = 0.510976 MeV = 1/1836,12 m = 1/213.26 m = 1,007593 m,
4 3 ul 3 alb
Rvdberg. R = 250 = ma® x - 12,605 oV wheye m, = | amu= [} = 931,141 MeV
w —rn 2 1 5

Length (1 fermi = 10°13 em; 1 A = 107% cm) Magnetic Moment and Cyclotron Angular Frequency
o e?/mc? = 2,81785 fermi

h -18
A e < | -11 po == - 31524 x 107'8 Mev/gauss
\Compton L3 R 3.8612x10 cm P szc
w2 -2
a, = =r.a " =0.52917 A
w Bohr 2 e 1 e & 3 -1
me' Vs yeinrcn” 2:: 4.7896 % 10” rad sec”/gauss
P
£ = 2.79275; B = -1.9128
¥p [ proton ¥p /) neutron
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Table 1V (continued)
QUANTITIES DERIVED FROM THE MASS OF THE MISCELLANEOUS
CHARGED PION, m_ A ShosteAlCiatsds
Rest mass = 139,63 MeV/c = 273,26 m, = 0.14882 m 1 year = 3.1536x 10" sec (= wx10" sec)
Length Density of air = 1,205 mg/cm> at 20°C
Aol z
ot v 14133 Teen (o VT ferml) Acceleration by gravity = 980,67 cm/sec
- 1 calorie = 4.184 joules
Natural (= "geometrical") Nucleon Cross Section 1 atmosphere = 1033,2 g/em?
2
" (_:—-:) = 62,7344 mb (1 mb = 10727 em?) Numerical Constants
ik Vsadian » 57.29578 dagi o = 2.71820
(3/2,3/2)%p Resonance of mass 1237 MeV (Q = 159 MeV). = 0.69315; log, e = 0.43429;
Genter-of-mass momentum: p_ = 230 MeV/c mio - 2 L RS s Ly
Lab-system momentum: P, = 303 MeV/c (T = 195 MeV) Stirling's approximation
an an 1
RADIOACTIVIT Y i VIR (R <0 LT (20" (04 gy )
1 curie =3.7x10"" disintegrations/sec Gaussianlike Distributions
IR = B7.8 ergs/g air = 5.49x107 Mev/g air For n > -1 but not necessarily integral:
2
Fluxes (per em?) to liberate 1 R in carbon: I S e
3 %107 minimum ionizing singly charged particles o Slasz2 ' L 72
0.9% 109 photons of 1 MeV energy. o
(These fluxes are actually correct to within a Relation between standard deviation 0 and mean
factor of two for all materials, ) deviation
Natural background: 100 mR/year 202 = wa% o = 1.4826 probable error.
"Tolerance” 100 millirem/week [Note, | R may produce  Odds against exceeding one standard deviation = 2,15:1;
up to 10 "Rem'" (Requivalent for man), depending on two, 21:1; three, 370:1; four, 16,000:1;
type of radiation. ] five, 1,700,000:1

ants of Physics (Interscience, New York, 1957),

*Based mainly on Cohen, Crowe, and Dumohd The Fundlmantal Cn
not on the later corrections of Cohen and 17

C. Sommerfield, Phys. Rev. 107, 328 (1957) and A. Petermans, Helv. Phys. Acta. 30, 407 (1957).

“Note that this table was prepared using a pion mass at 139,63 MeV, instead of the current value of
139.5940,05 MeV.
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9 413N
Table I Atomic and nuclear properties (dE/dx, collision mean free path,
Eﬁillinn length, etc.) of materials used as absorbers and detectors
[b] e
Cross -;}mil Coltistont ®) Radiation! ©] Density
section | .7 length L., length L., o
Material g[cmz g/em’ cm g/cm cm (g/cm”)
iling at
H, | 414 6.5 374 58 819.0 o.ows{l “mg_‘
Lf 1.72 504 94,3 7.5 145 0.5
Be 171 55.0  29.9 62.2 33.8 184
c 1.86 60.4  39.0 42.5 27.4 1.55 (variable)
Al 1066 79.2 293 2319 8.86 2.70
Cu | Las 1054 1.8 12,8 144 8.9
sn  [s0 |us70 | nss | n27 1297 17.8 8.54 147 7.30
b [82 [z20m21 [ 220 | 112 1562 138 5.8 0.51 1134
U 92 |238.07 | zia2 | 1l09s 163.6 8.75 5.5 29 8.7
i
Hydrogen (bubble chamber, -27.6°K) | 0.243 Mev/cm | 26.5 452 990 0.05
Propane (C,Hg, bubble chamber) | 0,935 Mev/cm | 48.9  119.3 447 109.0 0.41
Freon CFy'Bf 23 871 580 1725 ils L8
Polystyrene (CH scintillator) 2.14 Mev/em | 549 523 43.4 413 ~ Lo
Iiford emulsion | 5.49 Mev/cm | 103 21.0 1.2 2,91 .81

814

(3/A3W) WNIUIWOW I[INIRY e
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O A TR A i

Tubly Ille, Multipla Conlomh acatiering and Lorents transformation

The rms projected angle 0 due to multiple Coulomb

Statteslug (vnby) af » particle af charee %,

Tm (products)]

ool S
=y bl

+ 2T m,

1

momentum P, velocity V is Culies furaxiante sver ww, - pyn; G0 )y L
15{MeV) L and
6 .=t JrE— (14 ) radians;
i PVIMe (rad) W 1 d%e
5 Tt (6)
L = Length in scatterer; L(radiation) from Table II.
For L > 1/10 Lrad) ¢ is generally < 1/10. The The max. lab angle that a particle of c.m. momentum
distribution of # is not truly Gaussian. The rms p; can have Ts given by
projected displacement is mo B
o3 o win @ = —(n = = must be <v); ()
Y, o .
rms orof 1f 1y >, then of onkiy ©; can be .
Lorentz transformations. Notation: Lower-case Crawford' s mnemonic for extending nonrelativistic
fype for c.m mentum (p, w) and capitals for formulas to relativistic case: "To the rest energy
lab (B, W). (c=1.) To transform from c.m. to of each moving particle add Q/2"" where
lab write Q=the fofal kinetic energy (c.m. ) = - Sm, .
Thus in the rest frame of a two-body decay
/Y00 n pcosd Ypcosb4 mw, Pcos@y The Kinetic energy Q is shared between the two
| [ / particles according to
0100Ypsin6|_[ psing | Psing R S
3 X = z i, = 3 (8)
0 / 0 0 t,=Q - "1y - 5
w \np cos 8+ yw/ w
The above of course applies in the c.m. for the
1f two particles (1 and 2) collide, the invariant "mass" roduction of a two-body final state. To express
4 of the system is given by T8 tareah of > &paly the mpamonis to'h single
5 p,r(u:le (then Q=t). The non-rel. relation
= (W 4 Wy m = 2tm becomes
N = 2t(m + £/2) = 2tm 4 ¢%, it
1 2
R retiy @ Frargy Transfer inelastic collisions of beam
P—Hi—,. . Testing target (U, m,), 18
Write T for lab kinetic energy, t for c.m. thu 2
WEmy4m, 4+t 4t 5m +my+Q I the target T, = 2m, w6, /2. o
1s at rest (0,m,) y simplifies: :
max T,, @ =
B = my 4 mpP s 2T m, ) Moge fhat Gox 2 % m.
2.2 2z
To get a threshold T, set u = sum of masses of T =2m, P,°/p" e 2m,n" (1)
reaction PYOGUCTs, then 2max, 21 2
MUB-1849

Range (g/cm?) in Cu
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Table V1
TENTATIVE DATA ON STRONGLY INTERACTING STATES (April 1963, A. H. Rosenfeld)

Estab- ible
lished nment Dominant_decays
quai an a
tum No. |tum No. Regge''l| 0 P ur
i e s mjuns Mass ) tasn, 4] s
Particle =) ) tory (MeV) (MeV) (BeV)™ (MeV) (Mev7c)
+ w <0 <0
| KK, O en V| 010" |+ 2y ?
| 980 €90
s 710 550
S e “ 5
Vacuum ? oz [o2*) | +“a 1250 75 | 156 5 ot i
| 23 134 174
n +“p 548 <10 | .30 19 143 182
| 7 269 235
31 548 274
. e wtl3:5] 84 368 326
w 0(1™7) Ay 782 <15 | 62 =y 1224 647 379
v 4 503 364
% -y 1020 < 5 | 104 24 111
0dd number of pions
-- =2 135 o |00 welél 100 135 67
055) R v o | .02 Ty 58 34 30
» 1t +y 750 0o | .56 el (p-wave) 100 471 348
K2 Lo~ K? 498 0 % Ki—wty~[6] 2/3K, 219 206
52 A s K* 494 T Kiouy 58 388 236
. T = 5
K}/, (888) 07 e 888 s0 | .78 Kuip-wave) 100 25U Y) 283
K}/, (725) 3 ? ? 725 <15 | .5 K » 101(K %) 161
[a 1,1 n 940 aspiol
P 100 .78 1.2
Nz FHz 4 N, S o | .88 ' i A =
* % s 28 11 2 Nr(f-wave) 80 610 572
N} /5(1688)="900 MeV wp ! 7Y N 1688 100 |2.84 AK(f-wave) g 76 235
- | 1,3 & = -
N7 /,(1512)=600 MeV wp' i 767 | W, 1512 100 |z.28 N(d-wave) 80 434(x7p) 450
N} ,(1238)= "aobar!! ! 3349 | 4 1238 100 |1.53 Nr(p-wave) 100 160(v7p) 233
» S 3,7 1 s N 30 842(v"p) 722
N,’/Z(IQZO) 6 3zt) & 1920 200 |3.69 =K <4 233 425
g A ok+) 1115 0 [nas ¥ pl® 67 38 100
* 5. 5 5 2 N
¥, (1815) o3y o(3+) 1815 120 (3,29 EN 60 183 541
=x <3 490 504
Y5 (1408) o2 of - 1405 sol%1 1,97 (zs f100 soz"y') ek
] ' z 3 {Azr )i 10(Av %) 69
. s i (d-wave) 55 194(x%n°) 267
g (1520) 03 <) 1520 16 |231 d-wave) 30 88(K"p) 244
15 125(Av " n7) 253
[:;' \ 1189 0 [z 18] 50 110 185
iz (7#] 1193 o 1.42 AV 100 76 m
(2% 11974 o |14z ot 100 17 192
- 3 3, An 98 135(Ax® 210
Y] (1385) 13 134 | T 1385 50 |19z {zv 20 Fo 4 f15
¥ (1660) Vel Uz -) 1660 40 |76 RN ~10 225 406
z Zn 25 335 386
Ax 30 10 441
e 20 200 328
Arw 15 275 394
6] -
11 11 ? Al
2z 2zt 1321 0 [z Az - 66 138
. 1.3 13 o
(1530) 7139 764 | B 1530 <7 |234 =n 100 74(="5") 148
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TABLE VI
CLEBSCH-GORDAN COEFFICIENTS AND SPHERICAL HARMONICS 7
Note: A 47 is to be understood over every coefficient; e.g., for -8/15 read -\V8/15, Notation: § i
sy S Ty Ty
- \1 = \/W cos @ g 2 1 2
/3 iy 5/2 3/2
v - g simoe | EvE N Ve
1/2 -1/4-1 1/5 4/5|
| VEEYEN /5 1/5p
Y, = [4= | 3 cos®o- 5 1 =1/2
A 0+1/2
3/2 1/
1/2:1/2]
T o172 1/3 2/9) 3/2 % ]/2
0+1/2| 2/3-1/3] r
0-1/2
-1 +1/2]
2 <13
b 2
2 42
1/3 2/3
2/3 -1/3 /
2 -1[1/15 V] -3/2 -1/2 |
<1 of8/ 3/5 /15 -1/30 572 32 1/2 !
0+16/15 - 3/10 -8/15 1/6f-1/2 -1/2 -1/2]
-1{3/10 8/15 1/6
20 S e : sf 3 0|3/5 -1/15 -1/30'5/2 3/2
0 o 0 /2 3/10f -1 -1 -1 s1l1/10 -2/ /2f-3/¢ -3/2
1/6 1/2 1/3) o -1[6/15 1/2 1/10} /5] 5/¢
2/3 0 -1/f e -1 of8/15-1/6 -3/108 3 2 -5/2
1/6-1/2 1/-1 -1 2 +)1/15-1/3 3/5 -2 -2 T
2 = EE E
z 2 of1/3-2/3-3
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WALLET CARD NO.2
(Tables from UCRL-8030-Rev., April 1963)

Invariont mass, p (MeV)

dp~ TR dp

A, -1
4  “beam lab

> 13 (o] ™ " :
N q,c-’ q,'.b Q’ qf-’ q,?’ h,c-’ »,‘-" e 4,‘9 ,.,? > ‘,f-‘" > ‘f.’ v‘.b ,09 0 = Experimental
particle or resonance

» o » ®
USRNSSR

Beam momentum (GeV/c)
| Fig. 2 MUB-I1166





