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Introduction: Short-lived radionuclides (SLRs),
e.g., 10Be, 26Al, 36Cl, 41Ca, 53Mn, were alive in the
Early Solar System (ESS) and are now extinct. Since
their half-lives, ≤ 80 Ma, are very short relative to the
age of the Solar System (SS), 4.568 Ga, they are used
as chronometers of SS formation and early evolution.
Evidence that SLRs were extant is obtained from cor-
relations between their elemental and daughter isotope
abundances in ESS materials.

Inferring the source of SLRs is a complicated issue.
Production of SLRs was proposed by both stellar nu-
cleosynthesis in supernovae (SNe) or AGB stars, and
energetic particle irradiation in the Solar Nebula or in
the ESS. With current understanding, no one source is
capable of producing all SLRs at the inferred ESS abun-
dances. This implies that SLRs were produced by mul-
tiple sources.

The presence of 36Cl in the ESS is inferred from cor-
relations between excess of its daughter, 36S, and Cl/S
in secondary alteration Cl-rich minerals (e.g., sodalite,
wadalite) in Ca- Al- rich inclusions (CAIs) in carbona-
ceous chondrites [1, 2]. The measured initial SS ratio
is (36Cl/35Cl)0 = (1.81±0.13) × 10−5 [3]. However,
since the alteration that created the Cl-rich minerals may
have occurred >2 Ma after CAI formation, as inferred
by 26Al [1, 2, 3], the initial ratio could be as high as
(36Cl/35Cl)0 =10−4 - 10−2. Although 36Cl can be pro-
duced in AGB stars and SNe, nucleosynthetic models
are unable to reproduce the measured (36Cl/35Cl)0 [4].
More likely, 36Cl was produced in the ESS during the
Sun’s T Tauri phase by solar energetic particle (SEPs)
irradiation (mainly, p, α, 3He) [2].

A number of attempts have been made to reproduce
the initial SS 36Cl abundance [5, 6, 7, 8]. Since there
are no experimentally measured cross sections for the
36Cl production reactions in the ESS SEP irradiation
energy range, a large uncertainty in the model results
stems from the use of theoretical cross sections. This
motivated us to measure the cross section of one of the
main production reactions, 33S(α,p)36Cl. Initial results
were recently published [9].

We present here more results of the cross section mea-
surement and compare them to various theoretical cross
sections. In addition, we calculated which reactions are
the most important for 36Cl production and merit mea-
surement.

Cross Section Results: The experimental results
are compared to the theoretical predictions in Fig.1. The
cross section of Goswami et al. 2001 [5] was phe-
nomenologically based on a data set of equivalent (p,α)

reactions compiled in [10]. The PACE code [11] was
used to calculated the cross section used by Gounelle et
al. 2006 [7]. The data are also compared to the statis-
tical model codes TALYS [12, 13] and NON-SMOKER
[14, 15], that calculate cross sections with the Hauser-
Feshbach model.

The curve shapes of the calculated cross sections, es-
pecially TALYS and NON-SMOKER, are in reasonable
agreement with the experimental curve. However, they
all systematically under-predicted the cross section at
energies below 2 MeV/A. At the lowest energy points
(< 1.3 MeV/A), the TALYS and NON-SMOKER cross
sections are a factor of ∼3 lower than the experimen-
tal values. The agreement improves near the peak of
the cross section curves, especially with TALYS. At en-
ergies > 3 MeV/A, the TALYS cross section diverges
from NON-SMOKER and PACE, which are in agree-
ment.

The cross section was calculated by combining the
experimental data, in the range E < 2.5 MeV/A, and
the TALYS prediction at E > 2.5 MeV/A. The new
cross section increases the reaction yield by 8-30% un-
der the conditions described in the next section. Under
these conditions and considering all 36Cl production re-
actions, overall production increases by <5%.

36Cl Production Reaction Contributions: We cal-
culated the relative contributions of the 36Cl production
reactions using the x-wind model [16, 17]. The cross
sections were calculated using the TALYS code. Tar-
gets were protoCAI spherical grains of chondritic com-
position [16, 18] and radii ranging from 0.005 - 2.5 cm
[16]. The main contributing reactions, as a function of
protoCAI radius, are shown in Fig. 2. The calculations
were carried out for two pre-main sequence solar flares

Figure 1: Comparison between experimental and theoretical
33S(α,p)36Cl cross sections.
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Figure 2: Relative contributions of individual 36Cl produc-
tion reactions vs. protoCAI radius. Curve legend: green
= 34S(3He,p), blue = 35Cl(3He,pp), black = 33S(α,p), red
= 34S(α,pn), violet = 37Cl(p,pn), brown = natCa(p,x). (a)
IMP event with 4He/p=0.1, 3He/p=0.3, E−5. (b) Same
IMP event settings as (a) but E−4. (c) IMP event with
4He/p=3He/p=0.05, E−4. (d) GRD event with 4He/p=0.1,
3He/p=0, E−2.7.

types: Impulsive (IMP) and gradual (GRD). The IMP
event is characterized by a sharp energy spectrum, p
flux∝ E−4,−5 (E = p energy), and 3He/p = 0.3, 4He/p =
0.1 [7]. The GRD event, which is similar to contempo-
rary solar flares, is characterized by p flux ∝ E−2.7 and
3He/p = 0, 4He/p = 0.1 [7].

Figures 2(a)(E−5) and (b)(E−4) show the results of
IMP events. As a result of the high 3He flux, the
34S(3He,p) reaction dominates 36Cl production, con-
tributing 30-55% of the total. In both cases, only 3He
and α reactions on Cl and S targets, which have cross
sections that peak at low energies, contribute signif-
icantly. However, the case of E−5 could cause en-
ergy constraint difficulties, where the total energy of
SEPs emitted is getting close to the total gravitational
potential energy of the Sun [19]. Figure 2(c) shows
IMP event with reduced He abundances, where 3He/p
= 4He/p=0.05 [6]. With equal 3He and 4He ratios, the α
reactions 34S(α,pn) and 33S(α,p) contribute more than
the 3He reactions. It is also shown in Fig. 2(c) that the
contributions of the 37Cl(p,pn) reaction, with an exci-
tation function that peaks at higher energies and larger
penetration depths, increases with increasing protoCAI
radius.

The results of the GRD event are shown in Fig.2(d).
With no 3He, α reactions dominate 36Cl production. In
addition, p reactions contribute a much larger fraction
than in IMP events. Note that for all reactions, the rela-
tive contribution strongly depends on protoCAI radius.

Total 36Cl production in IMP events only depends
weakly on protoCAI radius (Fig.3).Total production in-
creases by an order of magnitude with radius in the cal-

Figure 3: Total 36Cl production in IMP and GRD events vs.
protoCAI radius.

culated range in GRD events. Since the absolute reac-
tion contribution is the product of the relative contri-
bution and total event production, total event produc-
tion affects the individual reactions contributions. The
production rate of 36Cl decreases with protoCAI radius
[5, 20]. However, the small production increase with ra-
dius in this study arises from the residence time of the
protoCAI in the reconnection ring (where it was irra-
diated), The residence time is proportional to the radius
and results in an increase in SEP fluence with increasing
radius [16].
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