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however ascertain whether the creation process is ocmaﬁ»nwnwtww<
effective. Reeves, Fowler and Hoyle [ 5] were first to consider

this process in detail.

2.1. General Theory

In the simplest possible calculation, ignoring variations i
time of the cosomic ray flux, processing of the produced RLE matte

stars, etc. [6], the yield per unit time of an element i is giver
. £ i .
Yi Tpt zﬁ\Meuhmvav»auvnn

where evamv i3 the flux of the cosmic ray projectile p, zﬁ is the

nunber density of the interstellar target t and QWnAmv is the. cro

section for formation of nuclide i in a collision of p and t. Ti
sunmation is over all possible deuroﬁmHom and targets. One obts:
the cosmic ray flux from available measurements after a difficult
uncertain correction for the effects of modulation by owmoesosun»

fields encountered near the earth. The target density is taken f

solar system abundances [7] and one needs only the relevant spall

tion cross sections to evaluate the production of a given nuc]
The most important reactions involve those for which the pre
z«ev is large. Table I shows a typical set of .such values, norma

TABLE I. ENUMERATION ow.>mqwom=<mmn>vr< IMPORTANT
SPALLATION PROJECTILES AND TARCETS

r in

by

58

iing
and
jetic

rom

lide. (
duct

1~

Hucllde (p or t) .m?v eu::@ > 2 GaV)
P 1.0 1.0
“Ho 0.068 0.059
1% ax0t 17078
Ly " 1.x107" . 7x10"%
164 6.7x10™"  1.5x2073

(a) Ref. [7] normalized to N =1.0 for protons
(b) Eef. [6] normilized to ovnw.o for protons

——

ized to hydrogen. One mwom »aamanmmoww that the reactions p + CNO
will be important for production of all the RLE, with the at+a reac-
tions contributing to the production of m.qvw and the v*:zo reactions
to »=. w:. u:o. qsm o + CNO reactions are not entirely snnw»mwuwo (8],
adding perhaps 10-20% to the yield of the RLE from the p + CHNO reac-

tions.

2.2. Techniques for Measuring Spallation Cross Sectionms.

Because one needs the ylelds for stable as well as radioactive
nuclei, the measuremont of radiocactivity following bombardment of a
target, while simple, is sufficient or useful only in a few special cases
(e.g. production of Howm for use as a clock for cosmic ray age [8],
or qmm for use as an absolute wamnmmmn in the mass-spectrographic

measurements described in section 2.2.2). Straightforward measure-

2 A
E@Snmoma:GQOGVponwmmasnawumwnsommwaonwos WW%W.swmsw mﬁw:amaa

AE-E telescopes for particle identification are also not generally
applicablo. The bulk of the yield often lies at such low energies
that either the particle does not penetrate the AE telescope or the
AE,E information is insufficient to nmo:ewn% the particle uniquely.
We describe briefly below mm<mﬁmp techniques which have vmms applied

to this problem.

2.2.1. Nuclear Emulsions.

_A number of experiments [9] have employed nuclear emulsions as
targets. But because of difficulties identifying the target species
and because reactions yielding meutral particles may go undetected,
the results obtaincd have often been in disagreoment with better

established procedures.
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TABLE II. SPALLATION CROSS SECTION MEASUREMENTS USING
THE TIME-OF-FLIGHT TECHNIQUE

-8~

Reaction Energies (MeV) .wnmoamuom

p+i2c 22-uy : 16

45-100 1
pide 5-18 17
p+ity . 17-42 18

75,90 19
arty 21-42 13
p+i0 30-42 20

50-90 19

20

p+20%e 30-40 21

Stringent phase selection applied near the center of the’ MSU

cyclotron typically limits the burst width to less than 400 psec

Fig. 2) permitting adequate particle identification with a 25-30

flight path. For such a short flight path it is unnecessary to re-

move beam bursts to obtain an adequate dynamic sm:mo4»= energy.
count rates are strongly related to the time resolution. (At hi
energies where a greater dynamic range may be required, or when

trinsic time resolution of the accelerator is poorer, it may be

(see

cm

‘Thus

er

vantageous to obtain the zero (start signal) for the time of flight

from a carbon-foil-chevron-plate detector placed near the target [
Particles were detected in a thin overbiased silicon counter. A s

Hmn and gaseous targets for w:z. 16

target was used for 0 and wozm
Special gas cell techniques [22] were required because of the low
encrgy of the RLE products and the medmvmmzn requirement on the e
fective length of the irradiated area necessary to preserve good
resolution. The mass resolution obtained is shown for a’ C target
Fig. 3; it is clearly sufficient to separate the wrm reaction prg

ucts of interest. A typical spallation spectrum for masses 6 and

in Fig. 4. While two-body channels are important, the bulk of th

191).
olid

.

time

in

N

7is

yield is contained in a multiparticle continuum extending to the
lowest observed energies. At still lower energies the spectrum must
turn over and approach zero as E+0 ﬂpouw Figs. 5 and 6 show the "ex-
perimental results for the most nvoaocmwww studied case to date,
Hno + p. The MSU and Maryland TOF results (Fig. 5) are in very good

agreement with each other and with isolated mass spectroscopic re-

sults (not mrozav. There are strong threshold effects but the cross

sections appear to approach constant values at the higher energies.
For most of the isotopes, it is in fact a reasonable approximation
to assume that the cross sections are constant beyond woc MeV. The
accuracy of this assumption is indicated in Fig. 6 where available
Hnn+w cross sections are shown mo&.m:o%mwmm between 100 and 10,000
MeV. Data at 300 GeV [8] strengthen this conclusion. The a+a reac-
tions also contribute significantly to the production of masses 6 and

7. Cross sections measured recently at MSU [23,24], Maryland [24]

.m:vaGmmw [25] are shown in Fig. 7. Experimental spallation cross

sections are now available for nearly all important reactions and the
theoretical calculations of RLE production are on a much firmer basis
than before.

Only a few measurements of cross sections are available for

1

production of RLE when the important astrophysical targets no. H:z-

Hmo are bombarded by a particles.

Such measurements could be car-
ried out at the B.A.R.C. Cyclotron and would be particularly impor-
tant in evaluating the effects of alternate mechanisms for production

of the RLE mentioned in section 2.4.

2.4, Calculations of RLE Production in the Galactic Cosmic Rays -~
Comparison with Experimental Abundances

In this section, we will discuss mainly the results of Meneguzzi
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although somewhat ad hoc assumptions were required to obtain the
presently accepted B abundance. - However, it is not clear that a squrce
of such encrgetic particles exists in nature in combination with tho
required low temperature and/or density. It has been suggested that
a suitable site is shock waves in supernovae. Howevor it now uppears
that it is difficult to obtain projectiles of sufficient energy and
that even if one could, conditions ylelding sufficient 24 wourd ugual-
ly overproduce the other light elements. Epatein, Arnett and mozwwas
[32] discuss this mechanism in detail. Another possibility is spal-
lation in a low-energy cpmponent of the cosmic rays so far unobserved
because of shielding w& the solar wind in the neighborhood of -the
earth. There is at present no direct evidence for such particles and
constraints on their abundance and spectra from the observed ioniza-
tion [6] of interstellar hydrogen may make this hypothesis untenable.
Stellar flares analogous to those on the sun are another possibility.
Solar flares are observed to contain particles with encrgies up to
about 50 MeV per nucleon. Again the major difficulty is that.one can
obtain a sufficient particle flux only by somehow converting an un-
likely fraction of all available energy into flare-particle energy.
armww and several other possibilities and their attendant difficul-
ties are discussed in Reeves [15],
We consider next the most promising possibility: production of

the RLE in a primordial big bang.
3. CREATION OF THE RARE LIGHT ELEMENTS IN A BIG BANG.

3.1. Basic Cosmology.

A number of excellent reviews [29,33] of the big bang model and

of nucleosynthesis in a big bang have been published recently. We

-12-

review here only those aspecta which are particularly pertinent to the
creation of the rare light opcanmwm. The basic picture is that the
Universe was once small and at a temperature sufficlently high to.im-
pose statistical equilibrium among all particles present aampowp °K).
Lxpanalon from thio p=we»=~ atate ia continuing today, as is qualita-
tively evidenced by the observed dooomanos_om all distant galaxies.
The most convincing evidence for the Big Bang is tho record of the
.:;ﬁ.: hot denso state found In the baekground miorowava radlation,
which is nearly isotropic and has a black body wpeotrum charscterixed
by T=2.90+0.08°K. '

One must determine the nature of this universe from experiments.
If it is assumed that the cosmological constant A nw 0, then the
=wac6m of the possible solutions depends omp< on the wean baryon
density bv.om the Universe. It is useful to define a critical
density P, _

. aH 2 .

Pe = T = 5.7 x 2070

32)? gren®

where Ho» the Hubble omswnmsn (in units of km sec zvouwu relates the
observed recessional velocity v of a distant galaxy to its distance r
according to v = Hor. Then the mowcmwoum can be classified by the
value of the .ratio vv\_w as is shown in Fig. 9. In the low density
case AUADOV the Universe is open, has the escape velocity and will
continue to expand forever, while in the high density case Avvbnu the
Universe is closed and will eventually collapse again to a hot dense

singularity. Since H  Z 55 km sec™! :vovw. p=5.7 x Po|uom5\nsw.

3.2. Results of Standard Big-Bang Calculations.

If one imposes, in addition to those mentioned earlier, the
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4.2. A Constraint on pp from the Abundance of qrw..

The major difficulty in cuhsm.qr» to obtain an estimate of the
universal density is that there are many possible sources of qrm
‘amam of which have been discussed rﬂuemw< in an earlicr section).

Fortunately, however, the mass fraction xq of qrw produced increases

with Increasing density in the relevant density region. Conscquently,

qvw can be used {36] to place an upper limit on pys even if other

7

production mechanisms are important by assuming that all the 'Li is

-30

made in the wmm Bang. This upper limit is Py $1.1x10 g/em| .

Again PP, implying that the Universe is open.

7

The major uncertainty in the case of 'Li contrasts nicely with

that for n:. For 7

Li, discovery of other sources of qrw leads to a
stronger upper limit., But if a substantial fraction of interstellar
material is astrated, and the lithium thereby destroyed, the Big Bang
could have made a larger amount of qrw. weakening the upper w»sww.
Further complicating the picture is the possibility that infall of
vd»abuame material from the galactic halo way be significant [15] -
and could tend to compensate the efforts of astration for those
nuclei produced in the Big Bang.

1f it is a good approximation to ignore both astration and

2 7

sources of “H and 'Li other than the big bang, then their observed

sbundances sach soparately determine the donsity. When the possible

7

contributions to 'Li by other sources is better understood, the re-

quirement that the big bang contributions to the abundances Xp and xq
yield the same value of Py, may yield strong constraint on allowable
astration, and hence, on models of galaxy formation. Fig. 12 shows

2 7

the valucs of vc daotermined from “B and "Li (neplecting both astra-

tion and other sources) and the abundancés on which they were based.

~16-

These ov are in excellent agreement. . Substantial astration of ﬁ: and
"Li :ocwm.»oan to worsen the agreement while discovery of other
sources of qrm could improve it slightly. Also shown on Fig. 12 is
an estimate of the density of material in mmwmxmmu 35,33] evaluated

-1

at =Onmm sec xslw Mpe . Combining this lower limit on Py with the

upper limit based on the abundances constrains the density to lie in

a rather narrow band: 3 x 10™°% -39

< Py $1x10 w\osu.

While the presentation of Fig. 12 is most direct, it is mwwo
w:mdsccﬁm<o.no plot the constraints on a graph with v\on as the
abscissa and :o as the ordinate. This presentation allows one to
conveniently apply the weaker constraints from astronomical data
(e.g. the age of the Universe and the so-called deceleration para-

meter). One can show nrmn.:c is constrained to :wmzommm km mmonw

:vonw with density constraints consistent with those of Fig. 12.

5. SUMMARY AND CONCLUSIONS.

5.1. Abundances of the RLE.

The simplest picture consistent with the available data is that

mvw. 9 10,11 2

Ba, H, m:n-

7

B are made in the galactic cosmic rays, while

4 Li are made in the vmwsouamww big bang. While the uncertain-

He and
tles in the abundances und in tha thoory cloarly pormit other inter-

pretations, they are certainly not required at this stage.

5.2, Implications for Cosmology.

If the Universe is a Friedman Universe, with cosmological con-
stant A=0, it is open and the present expansion will continue forever.
This conclusion does however rest on the assumption that A=0. While
this value is consistent with the available data, a non-zero value

cannot be excluded, except on aesthetic grounds, and its effects must

maN
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RELATIVE ABUNDANCE

Fig. 1. Relative
abundance of the ele-
ments (Z<28) in the
solar system and in
the cosmic rays.
Abundances are nor-
malized to that of
carbon (C=100).
Adapted from Ref.[3].

Fig. 2. Time structure of the
beam from the MSU cyclotron.

The phase selection leading to
this burst width is accomplished
by slits placed at the 18th and
28th turns of the internal -
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P |

'Fig. 5. Spallation

cross sections for the
12C+p reaction. Results

=
E for EL<U5 MeV are from
b Ref. [16] and those for
E 245 MeV from Ref.[14].
Fig. from Ref. [14].
L3 ) LB 1
8o 12¢ (p,HI)
60 T ]
) 1 A=li
g [
S 40
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20 Jé-—, ———————— ;—_—j-——-é ———————————————————————
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—5——% - = 7
rf—:' 1 At a2 s L i 1 '] 1 A r4 A - A A A A A A A
1CO 1000 10,000
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Fig. 6. Spallation cross sections for the l2C+p reaction at high
energles as summarized in Ref. [14].
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FRIEDMAN MODELS WITH A=0

OPEN CRITICAL CLOSED
R(t)
FUTURE EXPAND FOREVER | EXPAND FOREVER COLLAPSE
CURVATURE HYPERBOLIC FLAT SPHERICAL
E = >
'DENSITY P<pP, P =P P Pe

Fig. ©. Various Friedman models of the Universe as classified by the
relationship between p and p_. R(t) is a scale factor of the Universe
as a function of time t.

Adapted from Ref. [33].
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Fig. 10. Reaction network for A<12. From Ref. [3u].
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Fig. 12. Constraints on Py, from the abundances of 2H and
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The yield predictions are from Fig. 11 [3u4]. Also

shown are contributions to p, of matter contained in
galaxies (pb/pc=0.06 [33]1) and the critical density pg,
both evaluted for H,=55 km sec‘lMpc"l.
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