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PuvYSICAL REVIEW

Letters to the Editor

UBLICATION of brief reports of important discoveries

in physics may be secured by addressing them lo this
depariment. The closing date for this department is five weeks
prior o the date of issue. No proof will be sent to the authors.
The Bourd of Editors does not hold u‘..reif responsible for the
opinions expr d by the corresp C ions
should nol exceed 600 words in length.

The Origin of Chemical Elements

R. A. ALPHER*

Applied Physics Lubara!arp« The Johns Hopkins University,
ver Spring, Maryland

AND
H. BetiE
Cornell University, Ithaca, New Vork
AND
G. Gamow
The George Washinglon University, Washinglon, D. C.
February 18, 1948

S pointed out by one of us,' various nuclear species
must have originated not as the result of an equilib-
rium corresponding to a certain temperature and density,
but rather as a consequence of a continuous building-up
process arrested by a rapid expansion and cooling of the
primordial matter. According to this picture, we must
imagine the early stage of matter as a highly compressed
neutron gas (overheated neutral nuclear fluid) which
started decaying into protons and electrons when the gas
pressure fell down as the result of universal expansion. The
radiative capture of the still remaining neutrons by the
newly formed protons must have led first to the formation
of deuterium nuclei, and the subsequent neutron captures
resulted in the building up of heavier and heavier nuclei. [t
must be remembered that, due to the comparatively short
time allowed for this process,! the building up of heavier
nuclei must have proceeded just above the upper fringe of
the stable elements (short-lived Fermi elements), and the
present frequency distribution of various atomic species
was attained only somewhat later as the result of adjust-
ment of their electric charges by g-decay.

Thus the observed slope of the abundance curve must
not be related to the temperature of the original neutron
gas, but rather to the time period permitted by the expan-
sion process. Also, the individual abundances of various
nuclear species must depend not so much on their intrinsic
stabilities (mass defects) as on the values of their neutron
capture cross sections. The equations governing such a
building-up process apparently can be written in the form:

%E=f(‘)("i-lﬂi—l—viﬂa) i=1,2,..:238, 1)

where #; and o; are the relative numbers and capture cross
sections for the nuclei of atomic weight 7, and where f(¢) isa
factor characterizing the decrease of the density with time.

a— [ —
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We may remark at first that the building-up process was
apparently completed when the temperature of the neutron
gas was still rather high, since otherwise the observed
abundances would have been strongly affected by the
resonances in the region of the slow neutrons. According to
Hughes? the neutron capture cross sections of various
elements (for neutron energies of about 1 Mev) increase
exponentially with atomic number halfway up the periodic
system, remaining approximately constant for heavier
elements.

Using these cross sections, one finds by integrating
Eqgs. (1) as shown in Fig. 1 that the relative abundances of
various nuclear species decrease rapidly for the lighter
elements and remain approximately constant for the ele-
ments heavier than silver. In order to fit the calculated
curve with the observed abundances® it is necessary to
assume the integral of p.d! during the building-up period is
equal to 5X10% g sec./cm?.

On the other hand, according to the relativistic theory of
the expanding universe* the density dependence on time is
given by p==10%/f2. Since the integral of this expression
diverges at £ =0, it is necessary to assume that the building-
up process began at a certain time fp, satisfying the
relation:

ST aoymssxae, @

which gives us £32220 sec. and pp=2.5 X 10 g sec. /em?. This
result may have two meanings: (a) for the higher densities
existing prior to that time the temperature of the neutron
gas was so high that no aggregation was taking place, (b)
the density of the universe never exceeded the value
2.5%10° g sec./em? which can possibly be understood if we
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use the new type of cosmological solutions involving the
angular momentum of the ding universe (spinning
universe).t

More detailed studies of Eqgs. (1) leading to the observed
abundance curve and discussion of further consequences
will be published by one of us (R. A. Alpher) in due

course,

* A portion of the work described in this paper has been supported
by the Bnrreu of Ordnance U. S. Navy, under Contract NOrd-7386.
ow, Phys. Rey. 70, 572 (1946).
’13 J Hulhes Phys. Rev. 70, 106(A) (1946),
IV schmidt, Geachemische Verteilungsgesets der Elemente und
der AlomArlu 1X.. (Gslo, Norway, 1938).
for example: R. C. Tolman, Relativity, Thermodynamics and
Cumozagy {Clarendon Press, Oxford, England, 1934).
+G. Gzmow, Nature, October 19 (1946).
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10 Proton-Neutron Concentration Ratio in the Expanding Universe at the
’ E j: z >> 1 O [< Stages preceding the Formation of the Elements.
Chushiro Havashi.

li% k |§7ﬂ_j % i E l/ ) L— / N Department of Physics, Naniwa University.
7 v A(H O L DR

§1. Introduction.

[ ] n / J‘/‘t ‘j: ~Y 1 In the theory of the origin of the elements by Gamow, Alpher, and colabo-
rators”, primordial matter (ylem) of the universe, which afterwards has been
cooled down owing to the expansion of the universe and has formed the elements

—‘ Iﬁh’i Y 1 *’J\ through nuclear reactions such as radiative capture and beta-decays, is assumed

to consist solely of neutrons. At early stages, however, of high temperatures
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(£T=mc", 1 being the electron mass) in the expanding universe before the

~U 1 O ].0 [ Ig ] formation of the elements, induced beta-processes caused by energetic electrons,

.
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positrons, neutrinos and antineutrinos, in addition to the natural decay of neutrons,
such as

]_ b —
~ = CE 5 et 25 prav, (1a)
6 71’& ndv T p4e, (1b)
n T ptet+av, (1c)

E ";Iill;“L\N 1 OO @ must have proceeded, their rates being faster at higher temperatures, and had a

effect on the proton-neutron concentration ratio. At still higher temperatures
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A Measurement of Excess Antenna
Temperature at 4080 Mc/s.

No. 1, 1063 LETTERS TO THE EDITOR 419

high pressure, such as the zero-mass scalar, capable of speeding the universe through the
peried of helium formation. To have a clesed space, an encrgy density of 2 X 10-%
gm/em® is needed, Without & zero-mass scalar, or some other “hard” interaction, the
encrgy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

{One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the ncutrino abundance were so great that these neutrinos are
degenerate, the degeneracy would have forced a negligible equilibrium neutron abun-
dance in the early, highly contracted universe, thus removing the possibility of nuclear
reactions leading to helium formation, However, the required ratio of lepton to baryon
number must be > 10%,

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateiul for
several helpful suggestions of Professor J. A, Wheeler,

R. H. Dicke
P. J. E. PEEBLES
P. G. RoLi
D, T. Wixmvson
May 7, 1965
Paruzn PRYSICAL LARORATORY
Princeron, NEW JErsey
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A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Me/s
Measurements of the effective zenith noise temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961} at the Crawford Hill Laboratory, Holmdel,

New Jersey, at 4080 Me/'s have vielded a value about 3.5° K higher than expected. This
excess temperature is, within the limits of our ebservations, isotropic, unpolarized, and

& American Astronomical Society = Provided by the NASA Astrophysics Data System
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free from seascnal variations (July, 1964-April, 1965). A possible explanation for the
obscrved excess noise temperature is the one given by Dicke, Pecbles, Roll, and Wilkinson
(1965} in a companion letter in this issue,

The total antenna temperature measured at the zenith is £.7° K of which 2.3° K is
due to atmospheric absorption. The calculated contribution due to ohmic losses in the
antenna and back-lobe response is 0.9° K

‘The radiometer used in this investigation has been described elsewhere (Penzias and
Wilson 1965). It employs a traveling-wave maser, a low-loss (0.027-db) comparison
switch, and a liquid helium—cooled reference termination {Penzias 1965). Measurements
were made by switching manually between the antenna input and the reference termina-
tion. The antenna, reference termination, and radiometer were well matched so that a
round-trip return loss of more than 35 db existed throughout the measurement; thus
errors in the measurement of the effective temperature due to impedance mismatch can
b neglected. The estimated error in the measured value of the total antenna temperature
is 0,3° K and comes largely from uncertainty in the absolute calibration of the reference
termination,

The contribution to the antenna temperature due to atmospheric absorption was ob-
tained by recording the variation in antenna Lempcmture with elevation angle and ¢m-
ploying the secant law. The result, 2.3° + 0.3° K, is in good agreement with published
values (Hogg 1959; DeGrasse, Hugg, Ohm, and Scovil 1059: Chm 1961},

The contribution to the antenna temperature from ohmic losses is computed to he
0.8% + 0.4° K. In this calculation we have divided the antenna into three parts: (1) two
non-uniform {epers approximately 1 m in total length which transform belween the
2{-inch round putput waveguide and the 6-inch-square antenna throat opening; 2)a
double-choke rotary joint located between these two tapers; (3) the antenna itself, Care
was taken to clean and align joints between these parts so that they would not sig-
nificantly increase the loss in the structure. Appropriate tests were made for leakage and
loss in the rotary joint with negative results,

The possibility of losses in the antenna horn due to imperfections in its seams was
eliminated by means of a taping test. Taping all the seams in the section near the throat
and most of the others with aluminum tape caused no observable change in antenna
temperature.

The backlote response to ground radiation is taken to be less than 0.1° K for two
reasons: (1) Measurements of the response of the antenna to a small transmitter located
on the ground in its vicinity indicate that the average back-lobe level is more than 30 db
below isotropic response. The horn-reflector antenna was pointed to the zenith for these
measurements, and complete rotations in azimuth were made with the transmitter in
euch of ten locations using horizontal and vertical transmitted polarization from each
pnsmun (2) Measurenmms on smaller horn-reflector antennas at these laboratories,
using pulsed measunng sets on flat antenna ranges, have consistently shown a back-lobe
level of 30 db helow isotropic response. Qur larger antenna would be expected to have an
even lower back-lobe I ever

From a combination of the above, we compute the rcma.mmg unaccounted-for antenna
temperature to be 3.5° + 1.0° K at 4080 Mc/s. Tn connection with this result it should
be noted that DeGrasse ¢f al. (1959) and Ohm (1961) give total system temperatures at
5650 Mc,/s and 2390 Mc/s, respectively, From these it is possible to infer upper limits to
the background &emperatures a2t these frequencies. These limits are, in both cases, of the
same general magnitude as our value.

We are grateful to R. H. Dicke and his associates for fruithul discussions of their re-
sults prior to publication. We alzo wish to acknowledge with thanks the useful comments

and advice of A, B, Crawford, D, C. Hogg, and E. A, Ohr in connection with the
problems assodated with this measurement,
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Note added in proof—The highest frequency at which the background temperature of
the sky had been measured previously was 404 Mc/s (Pauling-Toth and Shakeshaft
1962), where a minimum temperature of 16° K was observed, Combining this value
with our result, we find that the average %pectrum of the background radiation over this
frequency range can be no steeper than A’ 7. This clearly eliminates the possibility th
the radiation we observe is due to radio sources of types known Lo exist, since in this
event, the spectrum would have to be very much steeper.

A A Penzias
R W, Wiison
May 13, 1965
Berr Trierons Lasogarosies, Tne
Crawrorn Hiy, Howwoer, New Jersey
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ERRATUM

In the paper “Stellar Evolution. 1. The Approach to the Main Sequem:u (p. 1.,
141, 993), the fuituwmg corrections-are Lo be made: page 993, line 1, rtpt«u ‘popuation
by * popuhuon ; page 997, line 18, delete the last word “energy’’; page 999, line 2,
replace “expanding” by "conuacung page 1007, section hea,dlng Vifreplate g hy
“9” page 1007, line 1, replace * Flgure 12" by “Figure 17"; page 1017, line 5, replace

“equation (19]" by “equation (B9)”; page 1018, line 6, repl.u.e CW.Z. Fowler” by
YW, A, Fowler.”
Icko Inex, Jr.
June 7, 1965
MASSACHUSETTS INSTITUTE
0F TECHNOLOGY
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