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ABSTRACT

Cross-sections for nuclear breakup reactions at high energies are essential for interpreting im-
portant observations in cosmic-ray physics, astrophysics, and lunar and planetary science. Com-
pared with the many cross-sections required, the variety and number actually measured thus far
are very limited. Accordingly, we have devised new empirical formulae for high-energy cross-
sections, using measured yields of proton interactions with various target nuclei 3 < Z, < 28).
They are applicable at energies > 100 MeV to all products with 4 > 6 for targets ranging from
Li to Ni. The new relations are useful in regions where earlier empirical formulae break down
completely. Moreover, they give significantly better estimates of cross-sections than those previously
available. Thus, for 6 < Z; < 20, the relative standard deviation of a calculated cross-section
(from a measured value where the latter is available) is typically 20 to 30 percent at energies above
150 MeV. Above 2 GeV, for 21 < Z;, < 26, this deviation is roughly 40 percent; with decreasing
energy, the ratio oce10/0exp rises up to 1(+1, —0.5) at 150 MeV. The new equations give estimates
that are somewhat more accurate than Monte Carlo calculations; yet computations are much
simpler and faster by orders of magnitude.

Subject heading: nuclear reactions

I. INTRODUCTION

The cross-sections of high-energy nuclear reactions are of considerable astrophysical
interest. They are useful for:

1. Predicting the changes in composition undergone by cosmic radiation due to
collisions with the interstellar gas and deducing the primordial composition of cosmic
rays on leaving the source regions, the mean path length in interstellar matter, and the
confinement time of cosmic rays in galactic magnetic fields before leaking out from
the galaxy due to random walk of magnetic field lines and/or scattering by magnetic
irregularities (Shapiro and Silberberg 1970 and references therein). A good knowledge
of cross-sections is essential for the determination of the following quantities:

a) The confinement time of cosmic rays in the Galaxy, estimating it from the ratios
Be/B, Mn/Cr, Al/Na, and CI/K, which vary according to the survival or decay of the

long-lived radioactive spallation products °Be, >*Mn, 26Al, and 3¢Cl.

b) The abundances of Na, Al, Ar, and Ca at cosmic-ray sources (a considerable
fraction of these nuclei are produced after leaving the source regions by the nuclear
breakup of heavier cosmic rays).

¢) The determination of the distribution function of cosmic-ray path lengths from
a comparison of the ratio 3 < Z < 5)/(6 < Z < 8) and (17 < Z < 25)/(Z = 26);
this is essential for checking the various theories of cosmic-ray propagation and
leakage from the Galaxy.

2. Determining the production rates of various isotopes in meteorites or on the
lunar surface due to bombardment by cosmic rays and high-energy solar particles
(Honda and Arnold 1964; Stoenner, Lyman, and Davis 1970).
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3. Setting constraints on the processes of nucleosynthesis in stars from the calcu-
lated primordial composition of the cosmic rays at the source regions (Silberberg
1972).

4. Explaining the abundances of Li, Be, and B in the solar system ; these nuclei had
a likely origin in spallation reactions either due to bombardment of the interstellar
gas by the cosmic rays prior to the formation of the solar system or due to collisions
of the flare particles during the violent early stages of the formation of the Sun (Reeves,
Fowler, and Hoyle 1970).

5. Estimating the background radioactivity in spacecraft and at accelerator facilities
(Gabriel and Santoro 1971).

This is the first of two papers dealing with partial cross-sections for spallation,
stripping, and other nuclear reactions. It is devoted to targets with atomic numbers
ranging from 3 < Z, < 28, while the second paper deals with heavier targets. Empirical
equations are proposed for calculating nucleon-nucleus cross-sections for various sets
of targets and products at energies exceeding 100 MeV. These yield accurate results;
the calculation is also relatively simple and need not rely on high-speed digital
computers.

The previously available semiempirical estimates are inapplicable for the targets
considered in this paper when the difference A4 between target and product masses
exceeds 40 (or when A4 > 30 for E < 200 MeV). If the latter semiempirical relations
are extrapolated into inapplicable regions, they yield predictions that deviate syste-
matically by as much as two orders of magnitude at high energies and up to eight
orders of magnitude at 130 MeV. The Monte Carlo calculations, on the other hand,
become very time consuming when A4 is large and the energy is low; for energies
below 400 MeV and A4 > 30, no calculations have thus far been published. The
methods outlined in this paper thus extend the calculations of cross-sections into
regions where none existed previously.

Available measurements of cross-sections are tabulated (Silberberg and Tsao 1972)
for the convenience of those who may be interested in further developing a general
theoretical description of nuclear spallation reactions at high energies. In general, the
yields of stable isotopes have not been measured.

Our new empirical equations and tables of cross-sections. of astrophysical interest
are presented in § II. The results and the relative merits of various techniques for
calculating cross-sections are discussed in § III.

II. THE NEW SEMIEMPIRICAL ESTIMATES OF CROSS-SECTIONS

In an attempt to use analytical relations, Rudstam (1955, 1956, 1966, 1969) has
devised a semiempirical cross-section formula that is particularly useful for targets
heavier than calcium. It should not, however, be apgfi]ed to light product nuclei as
pointed out by Rudstam himself, particularly at low energies. For example, the
calculated cross-section for the production of "Be from Ni at 130 MeV is too small
by a factor of ~ 108,

Other semiempirical estimates have been deduced for lighter target nuclei. Bernas
et al. (1967) derived a relationship between the breakup cross-sections for 12C, *N,
and %0 and the quantity (AZ, Al,), where Al and A7, are, respectively, the difference
in the isospins between target and product nuclei and that of their z components.
Audouze, Epherre, and Reeves (1967) proposed a modification of Rudstam’s equation
incorporating the (A, AL) rules of Bernas et al. (1967) and introduced an extensive
set of parameters for various targets, products, and energies. Their equation is ap-
plicable in the region 9 < 4, < 34. Beck and Yiou (1968) proposed a set of cross-
sections for energies greater than about 2 GeV. These were largely based on the
calculational techniques of Audouze et al. (1967). The above methods have inherent
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limits to their usage. The following relationship was devised for a more general
application.

a) The General Equation for Proton-Nucleus Interactions

The experimental cross-sections from references listed in the Appendix, compiled
by Silberberg and Tsao (1972), were used for constructing a semiempirical equation
resembling Rudstam’s (1966)

o = oo f(A)(E)e P24 exp (—R|Z — SA + TA2|")Qné. (1)

It is applicable for calculating cross-sections of targets having mass numbers in the
range 9 < A4; < 209 and products with 6 < 4 < 200, except for very large and small
values of A4 (i.e., of 4, — A).

The correction factors f(4) and f(E) in equation (1) are applicable to products from
heavy targets with Z, > 30, when A4 is very large as in the case of fission, fragmenta-
tion, and evaporation. In these reactions the cross-sections for the production of
nuclei with a large neutron-to-proton ratio are greatly enhanced. In the present paper
f(A4) and f(E) are both set equal to unity.

The factor exp (—PAA) describes the diminution of cross-sections as the difference
of target and product mass, A4, increases. It is closely related to the distribution of
excitation energies discussed in the first paper of Metropolis ez al. (1958). Recent
experimental data permit a quantitative estimate (Silberberg 1969; Silberberg and
Tsao 1973 [Paper II]) of the target mass dependence of P. This is given in table 1D.

The factor exp (— R|Z — SA + TA?|") describes the distribution of cross-sections
for the production of various isotopes of an element of atomic number Z, as illustrated
by the curves of figure 1. It is related to the statistical nature of the evaporation process
(Dostrovsky, Rabinowitz, and Bivins 1958). The width of the distribution of cross-
sections is represented by the parameter R. The parameter S describes the location of
the peaks of these distribution curves for small values of the product mass number A.
The parameter 7 describes the shift of the distribution curves toward greater neutron
excess as the atomic number of the product increases. These parameters are defined
in tables 1A-D.

TABLE 1A

PARAMETERS OF EQUATION (1) FOR TARGETS HAVING Z;, < 28
AND PrODUCTS (2, 6) < (Z, 4A) < (4, 12)

E
o 13f, exp [1.15(1 _ 1—2%)] E < 1250
13 E > 1250
E
P 0.16(1 _ '1756) E < 1250
0 E > 1250
Rooonoi, 10.7E-025 EZ 1250 and Z, < 20
1.8 E>12500r Z; > 20
s 0.54 — 0.32(4 — )"
................. 54 — 0. (Z - )
T 0.003
Ve e e et 2
e 1,1,1,1*

* There are not enough experimental data for determining the pairing factors for the lightest
nuclei; deviations from unity have been incorporated into the factor Q of table 2.
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TABLE 1B
PARAMETERS OF EQUATION (1) FOR TARGETs 6 < Z;, < 16 AND PrODUCTS Z > 6

28(A:23 — D[l — 0.3 In (F55A4)]PR?

1 — exp (—PA;)
P 2.6E-%5 E < 1250*
0.075* E > 1250*
Ro... ... .. ... 10.2E-0°-28 E < 1250
1.6 E = 1250
A, )1.4
............... 502 — 0.26l=5 — 2
S 0.50 ( 7,
/A 0.0005
Ve e 2
/P 1.15, 1.15, 0.9, 0.8
* When E, > 1250 MeV, replace 1250 by E, and 0.075 by 0.774;~23,
TABLE 1C
PARAMETERS OF EQUATION (1) FOR TARGETS 17 < Z;, < 20 AND PrRODUCTS Z = 6
28f75(A:2® — 1)[1 — 0.3 In (F54:)]PR*/2
L2 Y 1 — exp (—PA;)
P 20E-0-77 E< E,
0.774,~23 E=>E,
R............... 10.2E-0-2¢ E < 1250
1.6 E = 1250
A
S 0.502 — 0.08(— _ 2)
Z;
T. . i, 0.0005
Ve e 2
L T 1.25,0.9, 1, 0.85
TABLE 1D
PARAMETERS OF EQUATION (1) FOR TARGETS 21 < Z; < 28 AND ProDUCTS Z > 6
AND FOR SPALLATION OF TARGETS WITH 63 < A4; < 209
144flf2PAt0.367
Foeererereeee 1 — 0.3/PA; — (0.7 — 0.3/PAy) exp (— PA;)
P 20E-°-77C, E< E,
0.774,~23 E > E,
R............. 1.2940-15 A< 40
11.84-045 _ A= 40
S, 0.486 — 0.06(4; — A)/Z; .
T... ... 0.00038
2 1.5
M e iiennnnn 1.25, 0.9, 1, 0.85
E — 100\2
1 — 0.32exp [—(—10—0——) ] for 21 < Z, < 30*
G = Eo + 150
- -5 — =0 T ~--
1— 1.5 x 10-5(4, 100)(E+ 150) for 4, > 100
1 otherwise

* The restriction to Z; < 30 is not firmly established; it is largely based on the spallation cross-

sections of "®As, measured by Rudstam (1956) at 100 MeV.
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Fic. 1.—Cross-sections for the production of isotopes of Be, F, Na, and P from the spallation
of iron by protons at 150 MeV. These are compared with the present calculation (solid curves) and
with that based on Rudstam’s equation (dashed curves). Rudstam has pointed out that for light
products (like Be and F), his relation is not applicable.

In figure 1 the experimental cross-sections of p + Fe reactions at 150 MeV are
compared with those based on equation (1) with the parameters of tables I, as well
as with those based on Rudstam’s equation (shown by the dashed line). For iron tar-
gets, Rudstam (1966) considered his relation to be applicable only to products with
A » 22. Hence, the dashed curves for Be and F only illustrate the result of extra-
polating his relation beyond the applicable region. Figure | also shows that the cross-
sections cease to decrease with decreasing values of A. Hence, for large values of A4,
it is substituted in equation (1) by the AA,:

Ad = {31.5 + 0.052(4, — 36)(In E — 3.17) for E < E,
© 7 131.5 4+ 0.045(4, — 36)(In A, + 1.23)  for E > E,

The substitution i1s made if A4 > AA.. The energy E is expressed in units of MeV;
E, is the critical energy above which no significant change in the values of cross-
sections is expected. It is derived by combining the high- and low-energy expressions
of P of table 1D at E = E,:

(2)

Eo = 69At0'867 . (3)

For very small values of A4, peripheral types of reactions play a dominant role.
These will be discussed in § 115.
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The parameter P was derived by minimizing systematic deviations of In (o.a1c/0exp)
as a function of A4, for various values of energy, while the parameters R, S, and T
were derived by minimizing those deviations as a function of N — Z, the neutron
excess of product nuclei. They are listed along with other parameters in table 1 for
four sets of targets and products.

For products with (2, 6) < (Z, A) < (4, 12), e.g., for 8Li, °Li, "Be, and '°Be, the
high-energy cross-sections do not decrease with increasing AA4; hence, P = O fits the
data for E > 1250 MeV (see table 1A). For products having Z, > 17 and 40 < A4, <
65, the values of P are essentially those of Rudstam (1966), except in the region
E < 200 MeV, where a correction factor is applied.

The parameter R (or the width of the distribution of cross-sections for a set of
product isotopes) appears to depend on energy for Z, < 20 (see tables 1A-C), while
for heavier targets it is a function of the mass number of the product nucleus (table
1D). For Z, > 21 and A > 40, the value of R is that of Rudstam (1966), while for
A < 40, a different function was adopted so as to broaden the distribution curve for
cross-sections.

Target nuclei having neutron excess also tend to yield products with neutron excess.
The shift in the distribution curve is accomplished by adding to .S a term that depends
on A,/Z, (see tables IA-C). For Z, > 21 (see table 1D), the parameter .S is essentially
that of Rudstam (1966), with an additional term, however. In table 1D, A, denotes
the average mass number correspondmg to the ‘““center of gravity” of the stable
isotopes of a given charge; 4, = (X£4;)/n. (The stable isotopes of Ni, e.g., have 4 = 58,
60, 61, 62, and 64; therefore Ay; = 61.) With minor exceptions, the value of A; can
be approx1mated by A, = 2Z, + 0.015Z,*8. The term A, reflects the observation that
the neutron deficiency of certain elements relative to their neighbors (e.g., of Ca and
Ni) is also reflected (Dostrovsky et al. 1965; Goebel, Schultes, and Zéihringer 1964;
Chackett 1965) in their products. The calculations are to be performed separately for
the isotopes of a given element; the product yields for elements are obtained by
weighting according to target isotopic abundances.

The parameter 7 is larger for lighter products; for Z, > 21 and Z > 5 (see table
1D), it is identical to that of Rudstam (1966).

The exponent » in equation (1) is also identical to that of Rudstam (1966) in the
above-mentioned case (see table 1D). Otherwise, a value of 2 appears to yield a better
fit.

The expression oy, in millibarns, is the normalization factor for the cross-sections.
For Z > 6, the values are essentially obtained by integration (see eqs. [13] and [25]
of Rudstam [1966]). However, some additional empirical adjustments have been
included. The normalization factors f; (for E < 750 MeV) and f, were adopted from
Rudstam (1966). The factor f; is not well known for the range of energies from
750 MeV to E,; a relation which represents a compromise has therefore been
adopted:

(exp (—0.25 + 0.00744,) for E < 750 MeV
o 1.05 + [exp (—0.25 + 0.00744,) — 1.05](%7—?6)2
for 750 MeV < E < E,
\1.05 for E>E,, 4
/= {exp (1.73 — 0.0071E)  for E < 240 MeV
2710 for E > 240MeV. (5)
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For targets with 17 < Z;, < 20 (see table 1C),

£ = exp (0.9 — 0.0015E) for E < 600 MeV
27 1.0 for E > 600MeV. (6)

For products (2, 6) < (Z, A) < (4, 12) (see table 1A),

E — 650)\2
£ = 2 exp [—- (W) ] for Z, > 20, and E < 1250 MeV

1.0 for Z, <20, or E > 1250 MeV . @)

The nucleon pairing factors 7 in equation (1) and tables 1 are listed in the order
of product nuclides for which (Z, N) are even-even, odd-N, odd-Z, and odd-odd,
respectively. For Z, > 17, the values are in the same proportions as those of table 12
of Rudstam (1966). For Z, < 16, values of n are modified slightly.

Values of the parameter Q of equation (1) are given in table 2. It is related to the
nuclear structure. Nuclei that have only a single particle-stable energy level, such as
®Be and 2N, have small production cross-sections. Also, 1°Ne has very few particle-
stable levels.

The parameter ¢ of equation (1) represents an enhancement factor for light evapora-
tion products. The corresponding values are given in table 3. The values for °Li and
"Li are extremely uncertain; they are based on interpolating between the experimental
measurements of Yiou, Seide, and Bernas (1969) from 12C and '®0 targets and Monte
Carlo calculations (Dostrovsky etz al. 1965) of heavy targets.

Due to the lack of adequate data for nuclei with 17 < Z, < 20, table 1C represents
a compromise between tables |B and 1D.

The production of boron nuclei is poorly known. For the present, it is perhaps best
to take the average of the results using tables 1A and 1B for 6 < Z, < 16; tables 1A
and 1C for 17 < Z, < 20; and tables 1A and 1D for 21 < Z, < 28.

Figure 2 shows a comparison of the calculated cross-sections (using the parameters
of tables 1A and 1B) with the experimental values. The data represent the spallation
of 27Al at E > 1.25 GeV. For clarity, the even and odd elements are shown separately.
The curves for Be and N appear peculiar, because °Be and **N have anomalously low
yields (see the above discussion of table 2). Our calculated curves provide a good fit
to the experimental data.

Figure 3 illustrates the dependence of the yields of 22Na on energy and on the
target-product mass difference A4. Our calculated energy dependence (shown by the
curves) is in good agreement with the experimental data, even though the experimental
values vary by a factor of 10°. (At E = 100 MeV, and for a copper target, Rudstam’s
equation would underestimate the yield of ??Na by 3 orders of magnitude; Monte
Carlo methods have not been applied for £ < 400 MeV if A4 > 30.)

TABLE 3
ENHANCEMENT FACTORS ¢ FOR LIGHT EVAPORATION PRODUCTS

Product 14 < 4, < 34 34 < A, < 54,54 < A, < 62
SHe......... 1 + 0.10(A4; — 14) 3[1 + 0.04(A: — 34)]
SLi.......... 1.0 [1 + 0.04(4, — 34)]
Lio.ooooo.... 1.0 1 + 0.03(4; — 34)
Be.......... 1.0 1.0, 1 + 0.08(4; — 55)
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Fic. 2.—Comparison of calculated and experimental cross-sections of proton interactions with
27Al at E > 1.25 GeV. For clarity, the even and odd elements are shown separately.

b) Peripheral Reactions

For reactions where A4 is very small, earlier semiempirical relations are no longer
applicable; here peripheral interactions and quasi-elastic nucleon-nucleon interactions
play an important role. Therefore, quite different empirical relations must be derived.

A knowledge of the cross-sections for peripheral reactions is important in cosmic-
ray physics. Much of the elements B, N, F, Na, Al, and Mn in cosmic rays originated
in single-nucleon stripping reactions of the next heavier elements. Also, much of °Be
(important for the determination of the galactic confinement time of cosmic rays)
originated in the stripping of 'B.

The energy dependence of (p, pn) cross-sections has been illustrated in the upper
curve of figure 12 of Shapiro and Silberberg (1970); the outstanding feature is the high
peak at lower values of energy. A detailed discussion of peripheral reactions will be
given in our second paper.

¢) *He-Nucleus Collisions

Still very little is known about these reactions, particularly at energies > 100 MeV.
Hence, no semiempirical equations are proposed here. Some features, when compared
with proton-nucleus interactions, are:

1. The energy dependence of cross-sections for reactions in which a single neutron
is lost by the target nucleus is markedly different—the reaction mechanisms that
contribute to the high peak of (p, pn) reactions at low energy do not do so (Crandall
et al. 1956; Lindner and Osborne 1953; Radin 1970) in the case of *He-nucleus
collisions.

2. The cross-sections for the production of lithium, and also for beryllium, appear
to be enhanced (Fontes et al. 1971; Jung et al. 1969) more than those of heavier
products from targets like C and N.
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Fic. 3.—Comparison of calculated and experimental yields of 22Na for E = 100 MeV and
targets in the range 11 < Z, < 29.

3. The energy dependence of the proton- and helium-induced partial cross-sections
appears similar (Crespo, Alexander, and Hyde 1964; Korteling and Hyde 1964)
(though those induced by He are larger by a factor of ~2) when considered as a
function of kinetic energy per nucleus rather than per nucleon of the helium ion.
This is to be expected, since the energy deposition from proton and helium ion bom-
bardments is similar at the same kinetic energy per nucleus.

4. If AA < 3 in *He-nucleus collisions, the cross-sections at high energy (Radin
1970) are only ~ 1.6x rather than ~ 2x larger than in p-nucleus collisions.

d) Cross-Sections of Interest in Cosmic-Ray Physics

Among the “heavy” cosmic-ray nuclei incident on the Earth’s atmosphere, the
most abundant ones presumably are: 1B, 12C, *N, 160, 2°Ne, 2*Mg, 28Si, and °°Fe.
The spallation cross-sections of these nuclides have been calculated from equation (1)
and are shown in tables 4, 5, and 6 for energies of £ > 2300, and at 400 and 150 MeV
nucleon !, respectively, taking into consideration radioactive decays; minor adjust-
ments have been made where experimental data are available. The italicized values
refer to yields of which at least 50 percent has been measured. From the small number
of italicized values one can see that most of the essential cross-sections are still un-
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measured. [t has been assumed that “Be survives. It can decay only by electron capture,
but at energies under consideration the probability of capture in interstellar space is
low. The cosmic-ray confinement time in the Galaxy has been assumed sufficiently
short for the survival of °Be. The experimental cross-section for !B into °Be has
been based on using an averaged half-life estimate of 1°Be of 1.6 x 10° years (Yiou
and Raisbeck 1972; McMillan 1972).

The total inelastic cross-sections o; are given in the last row of table 4; the same
values also apply to tables 5 and 6. These have been calculated semiempirically from
a compilation of the available experimental measurements (Ashmore, Mather, and
Sen 1958; Booth et al. 1958a, b; Chen, Leavitt, and Shapiro 1955; Coor et al. 1955;
Johansson, Svanberg, and Sundberg 1961; Voss and Wilson 1956). Rather similar
values can be obtained from the theoretical expression of Coor et al. (1955; their eq.
[13]), who took into consideration nuclear transparency and assumed a Gaussian
distribution for nuclear density.

Table 7 shows the spallation cross-sections of iron into products heavier than
aluminum. It has been assumed that in the cosmic radiation the nuclides 3" Ar, **Ti,
49V, 31Cr, °**Mn, and ®°Fe decay by electron capture at £ < 400 MeV nucleon~! and
survive at higher energies. It has also been assumed that *®Mn survives (Reames 1970)
at £ > 150 MeV nucleon ! due to restripping of the captured electron before decay
occurs and that *!Ca survives at E > 400 MeV nucleon~!. The numerical values at
150 and 400 MeV nucleon~! have been adjusted slightly to make the sum of the
cross-sections equal to the total inelastic cross-section.

Table 8 shows the calculated yields of long-lived nuclides that are produced by
cosmic-ray interactions in the interstellar gas, in meteorites, and on the lunar surface.

TABLE 4

PARTIAL CROSS-SECTIONS (IN MILLIBARNS) FOR COLLISION OF VARIOUS
“HeAvY NUcLEI” wiTH HYDROGEN (E > 2.3 GeV)

TARGET
ProbucT 11B 12C 14N 180 20Ne 22Mg 28Si 56Fe
STi.......... 14 15* 11 14 13 13 13 30
3 5 P 20 13 13 14 13 13 13 20
Be.......... 7 10 12 11 10 10 10 8.5
°BE...oounnnn 5.5 6 3 3.7 3 3 3 5
10Be......... 14 3.5 1.9 1.0 1.9 1.9 1.9 4
B.......... 26 16 14 12 11 10 9 9
i - TR .. 51 25 25 18 15 12 9
2C, ... e . 26 24 18 13 10 7
BC..ovin. . . 25 20 14 10 8 5
UN......... 26 18 13 10 6
COBNL L. 50 23 17 13 6
160.......... 24 18 13 6
7000 ... 25 19 14 6
180...o... . 23 16 12 6
BFE. ... 45 19 14 7
20,21,22Ne,, ., .. 69 55 21
Na........ 51 23 9
24.25,26Mg .. ... 77 25
2TAL. ... ... 52 10
A 195+ 205 235 260 315 355 400 676

* Ttalicized values refer to cross-sections based primarily on experimental information.
t o, is the total inelastic cross-section.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System

TR WA TR A R

W

iy

[ R

e


http://adsabs.harvard.edu/abs/1973ApJS...25..315S

S 025 TTIES!

i
L=}
o
=
[=h

L

TABLE 5

PARTIAL CROSS-SECTIONS (IN MILLIBARNS) FOR COLLISION OF VARIOUS
“Heavy NucLEl” wiTH HYDROGEN (E = 400 MeV)

TARGET

ProbucT 1B 12C 14N 180 20Ne 2¢Mg 28Si 58Fe

SLi.......... 17 14* 10 12
TLic......... 25 12 10 11
Be.ooiinnn. 8 10 10 7
Be.......... 9 4.7 3 24
Be......... 14 2.2 1.3 0.6
OB, 29 21 17 12
B e 57 30 25
2Cociiit, e e 33 27
BC.oo e .. 28 23
UN.. ... e e e 26 18
BN... ... e . e 54 25
O S 28
YO, il 30
2O, 24
e ST 50

(¥ ]

R
AuvoonLLO
Q

Ik
O, OULO~WWhA
RN N
w3

Land
[

Z
o

o
S

Z
)
i
N
O OmOC000000000O~WW

h W wwLbbwwLwwahine

BN R b bk ok
NWO oo
I
NON Q= eyt
NAURRRANHOINAUNWOONNN

* Jtalicized values refer to cross-sections based primarily on experimental information.

TABLE 6

PARTIAL CROSS-SECTIONS (IN MILLIBARNS) FOR COLLISION OF VARIOUS
“Heavy NucLEI” wITH HYDROGEN (E = 150 MeV)

TARGET*

ProbucT 1B 12C 14N 180 20Ne

[+]
™S
<
o
&
14

SLi...ooovnnnnn 18 11t 9 1
2 5 PR 25 9 8

Be.....oonnnn 10 10 6

Be..o.oovvnt 10 3.2 3

YBe........... 11 1.1 0.65 .
OB, 38 25 18 10
. T 66 31 25
EZCoiviiiinitn 43 30
BC vvie 23 25 12
BN e 33 17
BN ..o 52 24
it O JER 33
i 36
BO v 31
0 R 50 22 10
Ne............ 117 53
Na............ 58 24

SNUL>™O
ANRA
ot ok
AR QO= AWK
wiv
munoo
oo g

|
LOANARNWNROOO =~

* Iron has been omitted from the list of targets here, since at ~ 150 MeV the total production
from 56Fe of all the nuclides in this table amounts to < 1 percent of the production of nuclides
heavier than aluminum.

t Italicized values refer to cross-sections based primarily on experimental information.
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TABLE 7

PARTIAL CROSS-SECTIONS (mb) FOR COLLISIONS OF
IrON WITH HYDROGEN

ENERGY (MeV)

Probucr 150 400 >2300
Si........... 0.3 2 31
P.o.......... 0.1 1 10
S... 1 5 38
Cl.......... 1 7 16
Ar.......... 2 12% 41
K........... 5 11 28
Ca.......... 16 29 43
SCovvii 10 15 17
Ti........... 116 129 85
Vooeoooooao. 87 91 49
Cr.......... 230 176 89
Mn.......... 168 158 721
Fe.......... 42 36 56

* Italicized values refer to cross-sections based
primarily on experimental information.

1 Assuming that both °*Mn and **Mn survive; the

survival of 5¢Mn was recently suggested by Cassé
(1971).

The present calculation contains additional refinements not included in a short
earlier version (Shapiro and Silberberg 1970). These are: equations (2), (6), and (7);
the treatment of boron (end of § Ila, and Paper II); the parameters P in tables 1B-D
and R in table 1A; the factors H(E) and Y (see Paper II); the parameter Q of "Li,
°Be, and ''B in table 2 and corresponding changes in the yields of “Li, °Be, 1°B, !B,
and '2C in tables 4-6. The latest change, based on the interactions of high-energy
nitrogen ions (Heckman et al. 1972), results in an increase of the parameter Q for
10B and corresponding changes in tables 4-6; also, Q and ¢ for °Li and “Li has been
changed (Raisbeck, Lestringuez, and Yiou 1972).

TABLE 8
CALCULATED YIELDS (IN MILLIBARNS) OF LONG-LIVED RADIOACTIVE ISOTOPES

ENERGY (MeV)

TARGET Probpuct 150 400 >2300

i © T 14C 1.7 2.0 2.3
Mg, 22Na 38 26 17
2880, . 22Na 17 16 13
S 26A1 30 21 13
YCa,ooinnn, 36Cl1 31 24 10
%Fe........... 38Cl1 0.7 2.4 12

zi’Ar 1.2 %8 gg
Ca 0.7 3 .

*4Tq 0.4 0.6 0.9
P®y 48 36 26
53Mn 42 30 17
5¢Mn 42 30 17
55Fe 74 56 50
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The production cross-sections for 2H, ®H, and ®He in proton-*He collisions also are
of great interest for cosmic-ray physics. A good review on this subject, including a
compilation of the cross-sections, has recently been presented by Ramaty and Lingen-
felter (1969). An additional measurement of *H production has recently been made
by Lebowitz and Miller (1969).

III. DISCUSSION
a) Comparison with Experimental Data and Other Calculations

Cross-sections were calculated using equation (1), together with the parameters of
tables 1-3 and equations (2)—(7), and compared with the experimental cross-sections
from the Appendix table. (The individual cross-sections are given in an NRL report by
Silberberg and Tsao [1972].)

The standard deviations of the calculated cross-sections (relative to measured values)
are given in table 9A, subdivided according to the different sets of parameters of tables
1. For Z; < 20, the standard deviation is about 30 percent or less. The deviations are
somewhat larger for heavier targets, ranging from oge/0exp = 1(+0.4, —0.3) for
E > 2GeV to 1(+1, —0.5) at E ~ 200 MeV. Figure 4 shows the distribution of the
ratio 0.q10/Cexp fOr 6 < Z, < 16 and Z > 6.

Table 9B shows that our calculated cross-sections for 6 < Z, < 16 agree better
with the measured values than do those based on other methods. The Monte Carlo
calculations of table 9B have been carried out by Epherre and Gradsztajn (1967),
Korteling and Caretto (1970a), and Dostrovsky, Gauvin, and Lefort (1968). The
latter two works were based on the VEGAS prompt cascade of Chen et al. (1968) and
the nuclear evaporation calculation of Dostrovsky, Fraenkel, and Friedlander (1959).
The semiempirical methods of Rudstam (1966) and Audouze et al. (1967) were briefly
discussed in § II.

The measured cross-sections of Korteling and Caretto (1970a), Raisbeck and Yiou
(1971), and Brodzinski et al. (1971) became available after the parameters of this

(6<21<16)— 100-250 MeV
I5(-(6<2Z <I13)
10+
5_
| | | n | n |
5 400-600 MeV
o
W ol
=
> 5
2
L I L n | Al 1
20— 1000-2000 MeV
15
|10+
5.—
| n |

| } 1
1710 174 172 | 2 4 10
o (CALC.)/ o (EXPT.)

FiG. 4.—Comparison of the calculated and experimental production cross-sections of nuclei
with 6 < Z < 13 from targets with 6 < Z; < 16, in three energy intervals.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1973ApJS...25..315S

S 025 TTIES!

i
L=}
o
=
[=h

L

HIGH-ENERGY NUCLEAR REACTIONS 329

TABLE 9
A. STANDARD DEVIATIONS OF CALCULATED CROSS-SECTIONS

Target Product Energy [GeV] Ocale/Texp
3<Z,<28........... Z<5 >0.15 1(+0.§, —0.%53
0.15-0.6 1(+0.3, —0.25

652‘516 ........... 226 {Zl lio.z
17<2Z, <20........... Z=>6 >0.15 1(+0.3, —0.25)
0.15-0.25 1(+1, -=0.5)
21<Z, <28, Z=>6 0.4-0.6 1(+0.7, —0.4)
>2 1(+0.4, —0.3)

3<Z, <16........... Peripheral >0.15 1+0.2
17< 2, <28........... Peripheral =>0.15 1(+0.4, —0.3)

B. CoMPARISON OF OUR CALCULATION WITH OTHER CALCULATIONS FOR 6 < Z; < 16

Ratio of the Other Standard

Other Methods Deviation to Ours
Monte Carlo. .............. 2to 3
Rudstam (1966)............. 3
Audouze et al. (1967)........ 2

paper had been determined. These data thus provide an experimental test of the
equations and parameters of this paper. The standard deviation of the calculated
cross-sections from these measured values is consistent with that given in table 9A.

b) Essential Data for Future Improvements

The cross-sections for the production of boron isotopes from targets heavier than
oxygen have not been measured. Also, the factors € for boron isotopes in table 2 are
rather uncertain.

The cross-section for the production of 1°Be from !B is large, but still unmeasured
at £ > 1 GeV, and uncertain at lower energies due to statistical errors in the cross-
sections. It is important, since much of cosmic-ray °Be could be due to this reaction,
and the long-lived radioactive isotope '°Be can be used to estimate the age of cosmic
rays.

The cross-sections for the production of ¢Li, “Li, and °Be from targets heavier than
oxygen are practically unknown. Hence, the factors of table 2 and the enhancement
factors ¢ of table 3 are highly uncertain for these nuclides.

There are very few experimental data on the spallation cross-sections of targets
17 < Z, < 20. Hence, table 1C was improvised by selecting parameters from tables
1B and 1D until further measurements are made. The factor exp (—PAA) was taken

from table 2D and exp (—R|Z — SA4 + TA?|?) essentially from table 1B.

It is shown in Paper II (dealing with targets Z, > 29) that the VEGAS program of
Chen et al. (1968), coupled with the evaporation calculations of Dostrovsky et al.
(1959), reproduces the experimental results equally well as those proposed here with
the parameters of tables 1D and with those of Paper II for peripheral reactions. (For
Z; < 20, the present calculation appears superior.) Therefore, it would be highly valu-
able for cosmic-ray physics to have available the peripheral and spallation cross-
sections of °¢Fe, calculated with the above Monte Carlo procedure at about 200 and
400 MeV. (Iron is one of the more abundant nuclides among the heavy primary cosmic
rays.) The cross-sections of °6Fe calculated at 2 GeV by Porile and Tanaka (1964)
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with the cascade of Metropolis et al. (1958) also are so close to the experimental values
that a similar calculation for a more extensive set of product nuclei would be valuable.

The authors wish to thank Dr. M. M. Shapiro for helpful discussions, criticisms,
and encouragement.

APPENDIX TABLE

REFERENCES TO EXPERIMENTAL DATA ON CROSS-SECTIONS

Nownhwhe

Cumming (1963)
Clegg et al. (1961)
Valentin et al. (1963)
Valentin (1965)
Parikh (1960a)
Benioff (1960)
Valentin et al. (1964)

7a. Raisbeck and Yiou (1971)

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

Albuoy et al. (1962b)
Cumming (1964)

Kavanagh et al. (1964)
Measday (1966)

Hintz and Ramsey (1952q)
Cassels ez al. (1952)

Cassels (1956)

Crandall ef al. (1956)
Rosenfeld et al. (1956)
Soroko (1957)

Prokoshkin and Tiapkin (1957)
Goebel ef al. (1961)
Poskanzer et al. (1963)
Cumming et al. (1958)
Horwitz and Murray (1960)
Cumming et al. (1962b)
Symonds et al. (1957)
Gooding and Pugh (1960)
Davids et al. (1970)

Clegg et al. (1961)

Yiou (1968)

Honda and Lal (1964)
Fontes et al. (1971)

Stehney and Steinberg (1968)
Williams and Fulmer (1967a)
Brun et al. (1962)

Honda and Lal (1960)
Cumming et al. (1962¢)
Dostrovsky et al. (1965)
Dostrovsky et al. (1968)
Klapisch (1966)

Wright (1950)

Katcoff (1959)

Gradsztajn (1965)

Rowland and Wolfgang (1958)
Markowitz et al. (1958)

Sah (1960)

Valentin (1964)

Benioff (1956)

Gauvin (1966)

Georges (1962)

Yiou ef al. (1968)

Yiou et al. (1969)

Foley (1962)

Albuoy et al. (1962a)
Maxson (1961)

Tamers and Delibrias (1961)

55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
8s.
86.
87.
88.
89.
90.
91.

92,

Bernas ef al. (1965)

Rayudu (1964, 1968)
Gusakow (1962)

Levenberg et al. (1963)
Marquez (1952)

Meadows and Holt (1951)
Korteling and Caretto (1970a)
Korteling and Caretto (197056)
Reeder (1969)

Kiely (1967)

Bimbot (1968)

Bieri and Rutsch (1962)
Goebel et al. (1964)

Williams and Fulmer (19675)
Hicks et al. (1956)

Yule and Turkevich (1960)
Marquez and Perlman (1951)
Parikh (1960b)

Levenberg et al. (1964)
Cumming et al. (1962a)
Nguyen-Long-Den and Borot (1963)
Furukawa et al. (1965)
Nguyen Long Den (1961)
Hintz and Ramsey (1952b)
Chackett ez al. (1955)
Friedlander et al. (1955)
Gauvin (1968)

Chackett et al. (1956)

Neuzil and Lindsay (1963)
Ligonniére et al. (1964)
Baker er al. (1958)
Lavrukhina et al. (1962)
Klapisch et al. (1967)

Sheffey et al. (1968)
Morrison and Caretto (1962)
Jones (1956)

Remsberg and Miller (1963)
Porile and Tanaka (1964)

92a. Brodzinski et al. (1971)

93.
94.
9s.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.

Heininger and Wiig (1956)
Rudstam (1956)

Chackett (1965)

Karo] and Miller (1968)
Lavrukhina et al. (1963)
Rudstam et al. (1952)
Vinogradov (1961)

Fireman and Zihringer (1957)
Schaeffer and Zihringer (1959)
Goebel and Zihringer (1961)
Estrup (1963)

Wagner and Wiig (1954)
Belmont and Miller (1954)
Simonoff and Vidal (1966)
Yiou and Raisbeck (1972)
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APPENDIX

REFERENCES TO MEASURED CROSS-SECTIONS

The experimental partial cross-sections for high-energy proton-nucleus interactions
have been reported in the past by many investigators, listed in the Appendix table.
We have compiled extensive tables of cross-sections from these references in an NRL
report (Silberberg and Tsao 1972). The cross-sections from these references were used
to formulate the parameters of tables 1-3 and to determine the standard deviations
of the calculated cross-sections listed in table 9.

REFERENCES

Albuoy, M. G., Cohen, J. P., Gusakow, M., Poffé, N., Sergolle, H., and Valentin, L. 1962a, Phys.
Letters, 2, 306.

Albuoy, G., Gusakow, M., Poffé, N., Sergolle, H., and Valentin, L. 1962b, J. Phys. Radium
(France), 23, 1000.

Ashmore, A., Mather, D. S., and Sen, S. K. 1958, Proc. Phys. Soc., 71, 552.

Audouze, J., Epherre, M., and Reeves, H. 1967, Nucl. Phys., A97, 144.

Badhwar, G. D., Daniel, R. R., and Vijayalakshmi, B. 1962, Progr. Theoret. Phys., 28, 607.

Baker, E., Friedlander, G., and Hudis, J. 1958, Phys. Rev., 112, 1319.

Beck, F., and Yiou, F. 1968, Ap. Letters, 1, 75.

Belmont, E., and Miller, J. M. 1954, Phys. Rev., 95, 1554.

Benioff, P. A. 1956, Phys. Rev., 104, 1122,

. 1960, ibid., 119, 316.

Bernas, R., Epherre, M., Gradsztajn, E., Klapisch, R., and Yiou, F. 1965, Phys. Letters, 15, 147.

Bernas, R., Gradsztajn, E., Reeves, H., and Schatzman, E. 1967, Ann. Phys., 44, 425.

Bieri, R. H., and Rutsch, W. 1962, Helvetica Phys. Acta, 35, 553.

Bimbot, R. 1968, quoted by Dostrovsky et al. (1968).

Booth, N. E., Hutchinson, G. W., and Ledley, B. 1958a, Proc. Phys. Soc., 71, 293.

Booth, N. E., Ledley, B., Walker, D., and White, D. 19584, Proc. Phys. Soc., 70, 209.

Brodzinski, R. L., Rancitelli, L. A., Cooper, J. A., and Wogman, N. A. 1971, Phys. Rev., C4, 1250,
1257.

Brun, C., Lefort, M., and Tarrago, X. 1962, J. Phys. Radium, 23, 371 ; numerical values taken from
Gauvin, H., Lefort, M., and Tarrago, X. 1962, Nucl. Phys., 39, 447.

Cassé, M. 1971 (private communication).

Cassels, J. M. 1956, Proc. Phys. Soc., A69, 495.

Cassels, J. M., Pickavance, T. G., and Stafford, G. H. 1952, Proc. Roy. Soc. London, A, 214, 262.

Chackett, K. F. 1965, J. Inorganic Nucl. Chem., 27, 2493.

Chackett, K. F., and Chackett, G. A. 1967, Nucl. Phys., A100, 633.

Chackett, G. A., Chackett, K. F., Reasbeck, P., Symonds, J. L., and Warren, J. 1955, Proc. Phys.
Soc., 68A, 1001.

. 1956, ibid., 69A, 43.

Chen, K., Fraenkel, Z., Friedlander, G., Grover, J. R., Miller, J. M., and Shimamoto, Y. 1968,
Phys. Rev., 166, 949.

Chen, F. F., Leavitt, C. P., and Shapiro, A. M. 1955, Phys. Rev., 99, 857.

Clegg, A. B., Foley, K. J., Salmon, G. L., and Segel, R. E. 1961, Proc. Phys. Soc., 78, 681.

Coor, T., Hill, D. A., Hornyak, W. F., Smith, L. W., and Snow, G. 1955, Phys. Rev., 98, 1369.

Crandall, W. E., Millburn, G. P., Pyle, R. V., and Birnbaum, W. 1956, Phys. Rev., 101, 329.

Crespo, V. P., Alexander, J. M., and Hyde, E. K. 1964, Phys. Rev., 131, 1765.

.Cumming, J. B. 1963, Ann. Rev. Nucl. Sci., 13, 261.

———. 1964, Nucl. Phys., 49, 417.

Cumming, J. B., Friedlander, G., Hudis, J., and Poskanzer, A. M. 1962a, Phys. Rev., 127, 950.
Cumming, J. B., Friedlander, G., and Katcoff, S. 1962b, Phys. Rev., 125, 2078.

Cumming, J. B., Friedlander, G., and Swartz, C. E. 1958, Phys. Rev., 111, 1386.

Cumming, J. B., Hudis, J., Poskanzer, A. M., and Kaufman, S. 1962¢, Phys. Rev., 128, 2392.
Davids, C. N., Laumer, H., and Austin, S. M. 1970, Phys. Rev., C1, 270.

Dostrovsky, 1., Davis, R., Jr., Poskanzer, A. M., and Reeder, P. L. 1965, Phys. Rev., 139, B1513.
Dostrovsky, I., Fraenkel, Z., and Friedlander, G. 1959, Phys. Rev., 116, 683.

Dostrovsky, I., Gauvin, H., and Lefort, M. 1968, Phys. Rev., 169, 839.

Dostrovsky, 1., Rabinowitz, P., and Bivins, R. 1958, Phys. Rev., 111, 1659,

Durgaprasad, N. 1967, J. Geophys. Res., 72, 965.

Epherre, M., and Gradsztajn, E. 1967, J. Phys. (France), 28, 745.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1973ApJS...25..315S

S 025 TTIES!

i
L=}
o
=
[=h

L

332 R. SILBERBERG AND C. H. TSAO

Estrup, P. J. 1963, Geochim. et Cosmochim. Acta, 27, 891.

Fireman, E. L., and Zahringer, J. 1957, Phys. Rev., 107, 1695,

Foley, K. J. 1962, Nucl. Phys., 31, 43.

Fontes, P., Perron, C., Lestringuez, J., Yiou, F., and Bernas, R. 1971, Nucl. Phys., A165, 405.

Friedlander, G., Hudis, J., and Wolfgang, R. L. 1955, Phys. Rev., 99, 263.

Furukawa, M., Kume, S., and Ogawa, M. 1965, Nucl. Phys., 69, 362.

Gabriel, T. A., and Santoro, R. T. 1971, Nucl. Instr. and Methods, 95, 275.

Gauvin, H. 1966, C.R., 263, 752.

. 1968, quoted by Dostrovsky et al. (1968).

Georges, R. 1962, thesis, Orsay.

Goebel, K., Harting, D., Kluyver, J. C., Kusumegi, A., and Schultes, H. 1961, Nucl. Phys., 24, 28.

Goebel, K., Schultes, H., and Zihringer, J. 1964, CERN 64-12.

Goebel, K., and Zahringer, J. 1961, Zs. f. Naturforschung, 16a, 231.

Gooding, T. J., and Pugh, H. J. 1960, Nucl. Phys., 18, 46.

Gradsztajn, E. 1965, Ann. Phys., 10, 791.

Gusakow, M. 1962, Ann. Phys. (France), 1, 67.

Heckman, H. H., Greiner, D. E., Lindstrom, P. J., and Bieser, F. S. 1972, Phys. Rev. Letters, 28,
926.

Heininger, C. G., and Wiig, E. O. 1956, Phys. Rev., 101, 1074.

Hicks, H. G., Stevenson, P. C., and Nervik, W. E. 1956, Phys. Rev., 102, 1390.

Hintz, N. M., and Ramsey, N. F. 19524, Phys. Rev., 88, 19.

. 1952b, ibid., 88, 19; revised by Cumming, C. B. 1963, Ann. Rev. Nucl. Sci., 13, 261.

Honda, M., and Arnold, J. R. 1964, Science, 143, 203.

Honda, M., and Lal, D. 1960, Phys. Rev., 118, 1618.

. 1964, Nucl. Phys., 51, 363.

Horwitz, N., and Murray, J. J. 1960, Phys. Rev., 117, 1361.

Johansson, A., Svanberg, U., and Sundberg, O. 1961, Ark. f. Fys., 19, 527.

Jones, J. W. 1956, N.Y.O., 6627; quoted by Bruninx, E. 1961, CERN 61-1.

Jung, M., Jacquot, C., Baixeras-Aiguabella, C., Schmitt, R., Braun, H., and Girardin, L. 1969,
Phys. Rev., 188, 1517.

Karol, P. J., and Miller, J. M. 1968, Phys. Rev., 166, 1089.

Katcoff, S. 1959, Phys. Rev., 114, 905.

Kavanagh, T. M., Lee, J. K. P., and Link, W. T. 1964, Canadian J. Phys., 42, 1429.

Kiely, F. M. 1967, Ph.D. thesis, Carnegie Institute of Technology.

Klapisch, R. 1966, thesis, Orsay.

Klapisch, R., Chaumont, J., Philippe, C., Amarel, 1., Fergeau, R., Salome, M., and Bernas, R.
1967, Nucl. Instr. and Methods, 53, 216.

Korteling, R. G., and Caretto, A. A., Jr. 1970a, Phys. Rev., C1, 193,

Korteling, R. G., and Caretto, A. A., Jr. 19705, ibid., C1, 1960.

Korteling, R. G., and Hyde, E. K. 1964, Phys. Rev., 136, B425.

Lavrukhina, A. K., Moskaleva, L. P., Malyshev, V. V., and Satarova, L. M. 1962, J. Exper. and
Theoret. Phys., 43, 3; English transl., Soviet Phys.—JETP, 16 (1963), 1.

Lavrukhina, A. K., Revina, L. D., Malyshev, V. V., and Satarova, L. M. 1963, J. Exper. and
Theoret. Phys., 44, 1429 ; English transl., Soviet Phys.—JETP, 17 (1963), 960.

Lebowitz, E., and Miller, J. M. 1969, Phys. Rev., 127, 1548.

Levenberg, 1., Pokrovsky, V., De-Hou, R., Tarasova, L., and Yutlandov, 1. 1964, Nucl. Phys., 51,
673.

Levenberg, 1., Pokrovsky, V., and Yutlandov, 1. 1963, Nucl. Phys., 41, 504.

Ligonniére, M., Vassent, B., and Bernas, R. 1964, C.R., 259, 1406.

Lindner, M., and Osborne, R. N. 1953, Phys. Rev., 91, 1501.

McMillan, E. M. 1972 (private communication).

Markowitz, S. S., Rowland, F. S., and Friedlander, G. 1958, Phys. Rev., 112, 1295,

Marquez, L. 1952, Phys. Rev., 86, 405.

Marquez, L., and Perlman, I. 1951, Phys. Rev., 81, 953.

Maxson, D. R. 1961, Phys. Rev., 123, 1304.

Meadows, J. W., and Holt, R. D. 1951, Phys. Rev., 83, 47, 1257.

Measday, D. F. 1966, Nucl. Phys., 78, 476.

Metropolis, N., Bivins, R., Storm, M., Miller, J. M., Friedlander, G., and Turkevich, A. 1958,
Phys. Rev., 110, 185, 204.

Morrison, D. L., and Caretto, A. A., Jr. 1962, Phys. Rev., 127, 1731.

Neuzil, E. F., and Lindsay, R. H. 1963, Phys. Rev., 131, 1697.

Nguyen Long Den, 1961, C.R., 253, 2919,

Nguyen Long Den, and Borot, M. 1963, Phys. Letters, S, 92.

Parikh, V. 1960a, Nucl. Phys., 18, 628, 646.

. 19605, ibid., 18, 638.

Porile, N. T., and Tanaka, S. 1964, Phys. Rev., 135, B122.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1973ApJS...25..315S

S 025 TTIES!

i
L=}
o
=
[=h

L

HIGH-ENERGY NUCLEAR REACTIONS 333

Poskanzer, A. M., Remsberg, L., Katcoff, S., and Cumming, J. B. (unpublished), quoted in Cum-
ming (1963).

Prokoshkin, Iu. D., and Tiapkin, A. A. 1957, J. Exper. and Theoret. Phys., 32, 177; English transl.,
Soviet Phys.—JETP, 5 (1957), 148,

Radin, J. 1970, Phys. Rev., C2, 793, and private communication.

Raisbeck, G. M., Lestringuez, J., and Yiou, F. 1972 (preprint).

Raisbeck, G. M., and Yiou, F. 1971, Phys. Rev. Letters, 27, 875, and private communication.

Ramaty, R., and Lingenfelter, R. E. 1969, Ap. J., 155, 587.

Rayudu, G. F. 1964, Canadian J. Chem., 42, 1149.

———. 1968, J. Inorganic Nucl. Chem., 30, 2311.

Reames, D. V. 1970, 4p. J., 162, 837.

Reeder, P. L. 1969, Phys. Rev., 178, 1795.

Reeves, H., Fowler, W. A., and Hoyle, F. 1970, Nature, 226, 727.

Remsberg, L. P., and Miller, J. M. 1963, Phys. Rev., 130, 2069.

Rosenfeld, A. H., Swanson, R. A., and Warshaw, S. D. 1956, Phys. Rev., 103, 413.

Rowland, F. S., and Wolfgang, R. L. 1958, Phys. Rev., 110, 175.

Rudstam, G. 1955, Phil. Mag., 46, 344.

. 1956, thesis, Uppsala.

. 1966, Zs. f. Naturforschung, 21A, 1027,

. 1969, Nucl. Phys., A126, 401.

Rudstam, G., Stevenson, P. C., and Folger, R. L. 1952, Phys. Rev., 87, 358.

Sah, L. C. 1960, UCRL, 9394,

Schaeffer, O. A., and Zahringer, J. 1959, Phys. Rev., 113, 674.

Shapiro, M. M., and Silberberg, R. 1970, 4Ann. Rev. Nucl. Sci., 20, 323.

Sheffey, D. W., Williams, I. R., and Fulmer, C. B. 1968, Phys. Rev., 172, 1094.

Silberberg, R. 1969, Vth European Conference on the Interactions of High-Energy Particles and
Complex Nuclei, Ribérac.

. 1972, Bull. Am. Phys. Soc. II, 17, 96.

Silberberg, R., and Tsao, C. H. 1972, to be published as an NRL report.

. 1973, Ap. J. Suppl., 25, 335 (Paper II).

Simonoff, G. N., and Vidal, C. 1966, Phys. Letters, 20, 30.

Soroko, L. M. 1957, quoted by Prokoshkin, Iu. D., and Tiapkin, A. A., J. Exper. and Theoret.
Phys., 32, 177; English transl., Soviet Phys.—JETP, 5, (1957), 148.

Stehney, A. F., and Steinberg, E. P. 1968, Nucl. Phys., 135, 188.

Stoenner, R. W., Lyman, W. J., and Davis, R. 1970, Science, 167, 533.

Symonds, J. L., Warren, J., and Young, J. D. 1957, Proc. Phys. Soc., T0A, 824.

Tamers, M. A., and Delibrias, G. 1961, C.R., 253, 1202.

Valentin, L. 1964, thesis, Orsay.

. 1965, Nucl. Phys., 62, 81.

Valentin, L., Albuoy, G., Cohen, J. P., and Gusakow, M. 1963, Phys. Letters, 7, 163.

. 1964, J. Phys. (France), 25, 704.

Vinogradov, A. P. 1961, Geokimiya, 11, 955.

Voss, R. G. P., and Wilson, R. 1956, Proc. Roy. Soc. London, A, 236, 41.

Waddington, C. J. 1969, Ap. and Space Sci., 5, 3.

Wagner, G. D., and Wiig, E. O. 1954, Phys. Rev., 96, 1100,

Williams, I. R., and Fulmer, C. B. 1967a, Phys. Rev., 154, 1005.

. 1967b, ibid., 162, 1055.

Wright, S. C. 1950, Phys. Rev., 79, 838.

Yiou, F. 1968, Ann. Phys. (France), 3, 169.

Yiou, F., Baril, M., Dufaure de Citres, J., Fontes, P., Gradsztajn, E., and Bernas, R. 1968, Phys.
Rev., 166, 968.

Yiou, F., and Raisbeck, G. M. 1972, Phys. Rev. Letters, 29, 372.

Yiou, F., Seide, C., and Bernas, R. 1969, J. Geophys. Res., 74, 2447.

"Yule, H. P., and Turkevich, A. 1960, Phys. Rev., 118, 1591.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System

ERR

R T T


http://adsabs.harvard.edu/abs/1973ApJS...25..315S

S 025 TTIES!

i
L=}
o
=
[=h

L

(This Page Intentionally Left Blank)

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1973ApJS...25..315S

