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Elementary-particle data and certain other reflerence information are
frequently needed by research workers in high-energy physics in a compact
and readily accessible form. For the use of students and staff members in
the Radiation Laboratory we have attempted to meet this need, In preparing
this summary we have tried to employ units and concepts natural to this ficld,
and to drop those that are irrelevant or obsolete.

The most important improvements are in the presentation of range-
energy data, in the addition of a scction on relativistic particle formulas,
and in reduction of the space allotted to multiple Lcatteri.y on the pocket
cards at the back of this UCRL report.

The tables and graphs are as follows:
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Table I, Masses and Mean Lives of Tlementary Particles
J

This table 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Conference on Migh-Energy Physics, Both published and unpublished infor-
mation 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 aflect a
measurcment, we have occasionally been forced to exercise judgment in
welghting 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 interdependence of the masses,
but this hzs 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 was preparing 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, ' )3 Conventionally, the negatively charged
leptons (e” and p7) and the positively charged mesons (n+ and K') are de-
fined as "particles'. We did not, Bowever, want to list as "particles' only
negative leptons and positive mesons, since we report a m ~ pmass difference
which comes from the decay 77 —s=p¥ 4v . Therelore we have adopted
the notation e¥ and pt for the leptons, 7 and K% for the mesons,

D, Lee, R, Ochme, ard C. Yang, Phys. Rev, }9_6,_ 340 (1957).
Okubo, Phys, Rev. 109, 984 (1958).
Pais, Phys. Rev. Letters 3, 342 (1959).
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Frow corapitations by Gohen, Crowe, and DuMead, Nuove cirneato §, 541 (1957) and Fundamental Conatants
(Interscience, New 'fork, 1057).

Lo doernan, 1960 "Rocheasor Gonlereace,  Alao, Lathrop, Landy, Penman; Telegdi, Yaroviteh and Winnton, N G,

L1, #322 (1960),

Barden, Landd, Lederman, and Chinowsiy, Ante Thysik 5, 5o (1958), nd Crawford, Cresti, Douglnss, Goisd, Kafbileiach,
and Stevenson, PoRG L, T 360 (1959) The weigited ave of the two reslt @8 gives in the second refevence.

Givanar, Secman, and miller, privale communication.
1960 Roch, Gonl,

’HV.

Referrod to as a prehminary figure by Ashkin and Tollestrup at

cighted avarage af the decay rates vorrdhpanding to the mean hives given th Tabie V of the Proceedings of the
)34 (, RN Cemevonca un Hlgh-Enepgy Vignive® witi a wngle exception: The Berkeley rsult from aveaciated production
)..w begn chunged to (0,94 4 0,09) 4 1070 geen, baaed on 512 Ky decays (Crawlgrd, Cresty, Cood, Kaibfleineh, Stevenson,
and Ticho (LRL), private coramunication),

s & welyited average of the (allowing resuits (in Mev)
1320,4 & 2.2 W, AL Barias and A, Rosenfeld, (UCRL-8030 Marcn, 1958) campilation of 12
belore March L83,

IFIE RN Fowler, Birge, Fberhard, By, Good, Poweli, and Tiche, (4 i Berkeley 30-inch
propane chamber, unpublished),

" Jouad

1307 a2 M., Soloviev, (11 57w Dubni propine ehiomber; 1960 Roci. Conf. )

r07) in taken only frontthe 20 E7 of Fowler et al,, since the ather eventa have considerably larger uncertainhios

T} from weighted avecage of the deeay ratos correnponding o the folloving mean liven. 1,227 2 0,015 A 107 pee
(Aivarer, Crawlord, Good, and Stevensan (private cominumic ian) ) '»u £0.086 £ 1078 sec (V. Fiteh and 1L Motley,
POR,LOL, 96 (1956); PURG 30, #05 (1957); and privaté communcation. ] The quoted errurs are statstical oniy,

Fro the compilation by Rosenfeid, Soimita, aml Tripp, Pl b 20 16 (1959).

Maddonk, Abashian, Crawe, and Crirr, PV Lo 3, 478 (19%9).

M) feaun tho masn of Uirss charped pions, quotad in thid table, plan the G vaue of Relerence (a)
allowance of 0.1 Mey for a uyn(rrnu:u eeror an Vhe range-enenpy relativom

MiEYY trom the decay mode 35 p oy ol

Pre dati of M, S0 Swami, PO T 343 (M‘ 9y, it S, Waike, 1957 Roch, Gonl, , Fvane ot al 3] T3 (1960), and
Dyer et al., 1B, A, P08 &, 224 (19607, have bedn comldnned weag the msse of the 1 quoted in thie table,  Only the protonic
decay roode has bean wded, Bt bhe maua doduced from e pon mede 18 conaistent with tide (Dyer et al.),

and an additioral

7{ 154) coraos {rom combining the bubble (h.n..t. rosalt (0,75 L0} % 167 10 e campiled at the 1948 CV.RN Cont
new dmuigion reonits of Evany e al, (@ b, BT (19601 5 Creden, Kovablum, and White (K, Go 16, 611 (1760 ) and an
unpblished result 082(10,1/-.08) 210" “' 880l Dyer, Borkas, Hockman, Masou, Niekols, and Smith. There 16 no longer
any avomaly in the emulsion meanuraments of ).

. owatht

MIZT) - b2 e werghted average of tho following sk diferences (in Mev)t

0 20,92 Clnpp, Geldhabers, Goldaiber, and Webb,
6.9 410 M, S, Swatng, By R, . 337 (1ak).

140 4 0,560 Evans ot ol NGO TETHTS (1900),
6.31640,25 Dyoe at al., 1, P s, dda (1460

To et M(ET) we lave combined the 57055 tnaon difference with M{Z'), This (L) 18 00 yel on quits as §iTm a baeid as
tho others in thix table beciange of an wnexplived anomaly, abserved i e tange of the prons accompatying ita production in
(SR TR TR Wt AN other information on MET) g conmistent wilh the maek quoted,

HET) ebtained from combined bubbie chamber mean beess LEY{10 /0,07 K107 0 e (W Atyarer, 1959 Kise Gant.,
o Ao UGRLA9ISA v 1960) Anil an sigablisfidd s nudaion mawn e of 1,75(+0,39/+G,30) 4 10710 we by Dyer, Barkas,
Heekion, Maaon, Nickols, and Smith,

- )Y o K]
Bevge, Rosentebl, Rass, Soltaitz, and Toipp iove obse cved the soectinn 574 p @920 0 and report a B« B0 mass
dilterence ul“1 SAb kO 4 Mov (private comaninic «(..,n,, Weineve tar folded in oider resnlts with o omeh Larger uncertainty,
warnely, M) & 11920 2 3.5, by Finler et al,, Hovis-60 Report 16108 (195T): MEES 5 11906 5 3.3, by M, Lyon Stevennon,
B, HUI (1998),
Alvarer, fuoeriard, Good, Grasiano, Tein, and Wojerels, ¥t i (H159),

Antbury, Hattersley, ilansaio, Ko, ani Moz, V900 itoc, Goad, . Fieher, Leontic, fundby, Meunier, and Straot,
PO L, 599, (195Y). Reiver, fUmanowsio, Suibod, and Ghodiey, PG L 5,0 &8 (19607, V. Telegds, 1960 Roch. Conf,

Alvacdz, Bradarr, Falk-Vairant, Gow, Rosenledd, falinitz, sai $ripp, K Interactions in ilydrogen, UCRL-3775, May 1957,

Bondelid, Butter, Acisites ded Callar, and Kennedy, PR 5, 184 (1960),
1(A) hia not chaaged o the vals - gaven by Lo W Alvares af the 1959 Fiow Gont. it 58 a weighted ave ;.x“ using some of
the data given in Tabie U of the Pracocdiige of te 1000 GERN Gonte, and acme newer onnd, In ant of 10-10 pec they ara;
Lo Berpeley W captuve (GURM, 1958,
) Cotumibia, Pran, bologna (GERM, 19598),
3 Giolurbina (GRRN, T9%AH),
* T fran (CERIRRN, 1856)0
v Michbyan (G, 198,
1
:

b Datdt, 100, Gaddwedlo Y. el 4 i Pttecs 1, 148 (T8
¢ ho Crawford, Grentl, mod, K

vietlatesn, ctevansor, amb Viche (private Corpimua.cetiing,
cw data by Magon, Barkan, Dyer, Heckmon, Mickeis, and Smiti in B, AP 80 8, 884 (1960) and wleo

UGRL-DEYT, bave been cambined with that of Bagdanavaen ex ale (NoG0 1,

ot al, {private communication),  All these emulsion data i L

DY Andlaw et al, . MGy .«‘:, 135 (1957),

Ashkin, Fazzini, Fidecaro, Goldschmblt:Clermont, Lipman, Mervison, and Bauli N, G, 16, 490 (1960} also, Andersan,
Fujity Miller, and Tau, PRy a5, 86 (1960) and Reforence (a). )

Barkan, Birnbauin, and Smith, POR, 108, 178 {1960,

de Mdwann,
20 7195%) ), and with that o A, Pevsner
n baye beerd corabined with the cloud chamber data of

Sosnovakl), Spivak, Prokofinv, Kutikov, and Dobrynin, reported by M. Goldhaber at the 1958 CERN Conf,

Boldt, Caldwell, and Pal, B R, L1y 150 (1956), Muller, Birge; Fowler, Good, Hirsch, Matsen, Oswaid, Powell,
and White; with Pleclonl, P, RO, 418 (1960), lhr;;n. Edy, Powelly White, Fry~ tHurita, Camerin, and Natale
(unpublished). Also #ee U, Garaerfni, 1960 Roch. Conf,

Galeulated uathy the maen difflorencos givenin the next column,




Table T, Atomic and Nuclear Fropertics of Materials

Atomic and nuclear properties of materials olven used as pariicle
ahsorbers and detectors have been collected for ready relevence. The den-
gitics given are subject to variations depending sn the form in which the
material has been prepared, This is an espetially important variable for
araphite,

The radiation lengih, as is well known, depends on the approximations
mede in its caleulation,  In Table 11, for definiteness and consistency, we
have preferred simply to take the values quoted by Bethe and Ashkin, 2 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 efiiciency
(or bremsstrahlung of electrons relative to nucled in a screencd held).
Wheeler and Lamb caleculated & on the basis of a2 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 abous 10% too
low for lead, 7 and the error varies approximately with the square of the
atomic number, so that the effect in emulsion, for example, 15 about 3%,

The effects of the other approximations are not well known, The calculated
radiation length is particularly uncertain in liquid hydrogen. A rough {ormula
useful when the atomic number, Z, exceeds b is

~ 166 Z"‘O./() g/Cn‘lZ .

|

I

“rad

21, Bethe and J Ashkin Pass
mental Nuclear Phyegics, Vol, 1,

C Radiations hirough Matter, in Experi-

Seprd, Bd. (Wiley, New York, 1953),
pp. 166357, :
3, A. Wheeler and W, E. Lamb, Phys, Rev, 5

7(-’1. Davies, H. A, Bethe, and L. C, Maximon, Phys. Rev, 93, 788 (1954).
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Particle Scattering

estimate of multiple Coulomb scatvering is often made by assuming
that the distribution is CGaussian, with a rool-mean-square space angle

0., = (21.2/Pv) VA L/

where Lo is the thicknoess traversed in the scatterer, and L. is the radi-
ation length of the scatterer, 8 The equivalent formula for thé fore uselul
project rms angle is

# (15.0/Pv) /) L/

IS g rad’

Although the formula above is convenient, it has the weakness 1l
the srue angular distribution is not strictly Cuumswn but has an appreac
"ail™ out in the region where a Gaussian distribution has lallen to a few per-
cant ol its rmaximum value, 9 This tail (duc-, to single and plural scattering)
causes g, (1) to be in ervor by ~ 20% for thicknessas ~ 1% of a radiation
length (it was derived to give correct results for large thicknesses)., This
crror is given in Table II1 and is discussed below,

Moli¢re has calculated a dit bution that fits the expervimental facts.”
Because of the large "ail' the root-mean-square angles 0 . and -
for the Moliére distribution arve not meaninglul unless an arbit ary cu wa s p
angle 1g introduced, The theory, however, does define a mean (absolute)
projected angle of scattering 0 .

myp

We have chosen the following way Lo displiy the results of Molicdre's
thneory,  First we have rewritten the familiar g, to give the mean pro-
jucted scattering angle.  This was still done on the assumption that the dis.
tribution is Gaussian, so that the mean deviation can be obtained {rom the
standard deviation by using the relation w(0, s Y4 = 2(0 )=, Correcung

e . DR STE- ) mp
viie 15,0 0 By, (1b) )v’\[//n, we then have

te/¥vyV L/L (2)

The Molidgre-theory results ave then expressed as correction factors
for the orude T (@), i.e., we have expressed the Moliare resull in the
form

S SR I B VAN YA W S B W

7]
mp 1 ‘xd

”b’c-c, f(u f“nmxpl( Reference 5, g, (79b).

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

06, 7. Molidre, Naturforsch, 3 (a), 78 (1948).

L]
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The values of the correction ¢ are compiled in Table [II.  The root-mean-
square forrmulas, Eqg. (1) will also be irmproved by introducing the factor
(L4 e). The estimates of ¢ in Table I1] are to be employed with values of
L., taken fvom Table il
rad
The screening clfect in the Molidre theory is derived [rom the Thomas-
Ferratl model of the atom,  The error introduced in applying these formulas

to Loe scattering by molecular hydrogen is not known (at least to us).

When the thickness of the s afterey becomes comparable to the
nuclear interaction free path in that material, the scatte g caleulated [rom
Moliére's theory will be completely wrong, because specific nuclear scat-
tering will by then have become dominant,  Also, the high radiation probability
makes the theory unusable for ¢lectrons except when the foil is thin. Only
for muons, therefore, is the forrmula at all applicable when the absorber is
thick,
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Table Mla: Multiple Coulsymb Scattering and Lorentz Transformation

Since Table LI does not appear on the wallet card and Table llla does;
the formula for multiple Coulornb scattering, discussed in connection with
Table [1I, is repeated here,

Cormments on Lorents Transformations

The mnemonic of .5, Grawford, Jv., appears in Am, Jour. Phys.
376 01958), Its application 1s stressced on the wallet card because it
pives formulas that avoid the differences of large terms and are accordingly
easily handled by slide rule, Howevewr, 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):
2 2 2
Moobmy, -y

Wy 5 ey umm—w—n . (8a)
o : ‘ o7
The ¢.m. momentum p is then given by p =/w" - m ., It rnay also
be calculated directly:

A+ m‘1 + mz) (U - my- mz) (b4 + my - mz) (= my 4 mz).
(81)
Another easily obtained velation 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,

)

where particle 2 is the target, particle 3 goes straight backwards in the
¢.rm. (Jah direction depends on m, - m)); note that the equation is in-
dependent of both the beam mass and the number and mass of reaction
preducts in addition to 3

The Uselulness of kigs. (10) and (i1) applied to § rays

A particle of known momentum P, and unknown mass m
witro an electron (0, mc‘) ancd make a § ray: with energy
2

Sdmoon . ilia)
e

) may collide

This sets a sensitive lower Limit on n:
i "
5 :
2 @ rie
N e [ Meav
4rn e}
@
INGW, since m A m]A wWe have
p :
I,
1
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Corabining (11a) and (12) we have
oy
y ¢ “IT
z 2 o

]’nl < :Pl mT..:__
[¢]

Approximation (12) assumes

Mo my, from (3) this means

4y << 20 Bev for a m, ctc.

WA

“Dalite Plots, " Properties, and a Genervalization

In order to display a three-body reaction in the center of mass, it 18
convenient to use @ coovdinate system in which the energy w, of onc body
15 plotted along x, and w, along y (w, is then simply pu - Wy \»'2).
This has the convenient property that unif area dw, dw, = dtldt. is ’
proportional to Lorentz-invariant phase space, o tife ¢.mi.

: ‘ . ‘ 2 .

A moure peneral pair of variables are the squares My of the effective
masses of any two of the three possible diparticles. These' have a general
meaning, independent of the ¢, m, energy, but still have the property that
unit arca is proportional to loventz-invariant phase space, or:

Sut conservation of energy and momenturn gives

WL o} WJ u “ - Wk'

woe 2 () - Wk) dwk - 1:.pkclp]‘:

R (T WI\:) dwk B Awkdwk Ea Z.pdwk

1Appondix C, of "Hyperons and Heavy Mesons", M. Gell-Mann and A, H,

Rozenfeld, Ann. Rev, Nuclear Sci. 7, 407 (1957).
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is 14 .1 3 o H PR . 2 0% . 3 1 w L. ]
18 linear in ch‘ , 8o that unit area du., G, o dw dw, o Vi
I ij ik k™

space., Q. K D,

Lorents invarient phasc space is appropriate for strong interacticns,
interaction (¢, g., P-decay) the rate is proporticnal to the density
$ in momentum spacc i. e, without the factor {w w, w.,}" . Thus
e -body B-decay with an "encrgy~wmndependent matrix element! corresponds
to a Dalitz plot population o WW W
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Table IV, Atomic and Nuclear Con:

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.
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Table Va, b,  Particle Recay and Reaction Dynamics

Euncergy and momentum conscrvation have been applied to the possible
decay reactions of the unstable particles lis.ed in Table 1, and center-of
mass quantities of interest dervived {rom the mass values listed are given in
Table Va. Reactions of negative particles with protons and deuterons have
also been analyzed and the results ave given in Table Vb,

Coulomb binding energics have been neglected,
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Table VI, Possible Resonances of Strongly Interacting Particles

Table VI lists possible resonances of strongly interacting particles,
as of August 1961, Many of the data are very preliminary,

The cited references are made to recent papers, which in turn may
contain carlier and skotchier references,
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Tab!

le Vi Fossible resonances of strongly interacting particles {as of Aagust 1961)

Decay properties
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width Spinand .
Mass /2 Spin parity  |Ovbital Branching Q' k
Mev) (Mev) 1 J wave Products  fraction (Mev! (Mev/c!

750 b 100% 480 350

3 100% 51
K 100Y%

N7 100%
N+tmn ?

+ others

1680 b - f47 Nt

+ others
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Schwartz, Phys, Rev. Letters 6, 305 (1961); D. Stonchill, C. Pajtay,

H, Courant, W. Fickinger, E T Fowler, 1. Kraybill, J. Sandweiss,

J. Sanford, and F. Taft, Phys., Rev. Letters 6, 624 (1961); A R, Erwin,
R, March, W.D, Walker, and . West, Phyd. Rev. Letters 6, 628 (1961).

{w) B. C. Maglid, L. W. Alvarewr, A, 1. Rosenfeld, and M. L. Stevenson,
Phys, Rev., Letters (to be published).
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. .
(’(K ) M. Alston, 1., W. Alvarez, P, Eberhard, M, L. CGood, W. Crasziano,

M. K. Ticho, and 5, G. Wojddd, Phys. Rev. Letters 6, 300 (1961),
4 Y ‘ . U / q
YN B.J. Moyer, Revs. Modern Phys, 33, 367 (1961). The entry at 1680

Mev is probably not a simple resonance.

“<Nq. mo= 1G00) M. L Alston and M. Ferro-lazzi, in Proce Js Bl

1960 Anvual International Confercnce on High-Enerpy FPhysics at Kochester

(Interscience Publishers, Inc., New York, 1960},

f’(“Yl‘, m o= 1380) M. FL. Alston and M. Ferro-Luzzi, Revs. Modern Phys, 33,

416 (1961); and Pion-Hyperon Resonances, Lawrence Radiation Labo¥atory
Report UCRI-9587, March 7, 1961.
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g(Y‘, mos 1405) M. H. Alston, L. W. Alvarcs, 2. Lberhard, 2. L. Good,
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Rev. Letters 6, 702 (1961).

Tom o 1525y M, Ferve-Luszi, R.D, Tripp, and M. Watson, Phys., Rev,
Letters (Lo be publishaed).
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and L. T, Kerth, Revs, Modern Phys, 3, 389 (1961). This bump may
turn out to be not a4 resonance,

JThe @ values and raomenta caleulated are for neutral decays. The others
vary slightly from this,
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