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Current stellar models as well as stellar spectroscopy
strongly support the “C(a, n)'°O reaction as the dominant

neutron source for the main component of the s process in
thermally pulsing, low-mass, asymptotic giant branch (TP-
AGB) stars [1]. The energy generation in such stars occurs in
the H and He burning shells surrounding the inert C/O core.
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22Ne(a.n)*Mg: The Key Neutron Source in Massive Stars
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The reaction ?Ne(«, n)® Mg is the dominant source of
scale) in massive stars with M = 8My (M3 — solar mass)
destined to become supernovae [1]. Calculations suggest
that this range of stellar masses 1s responsible for pro-
ducing most of the nuclides attributed to slow neutron
capture for atomic masses A ~ 60—90 as well as many
lighter than A — 60 [2]. The remainder of the s pro-
cess (A ~ 90-209) is thought to be produced in asymp-
totic eiant branch (AGB) stars by a combination of the
BC(a, n)"®0 and **Ne(a, n)*Mg reactions durine the he-
lium shell flashes that characterize these st:
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The temperature during the s process in the *C pocket
of 90 x 10° K (corresponding to a thermal energy of kT =

8 keV) corresponds to a Gamow window around 190 keV
(140-230 ke V) for the (e, n) reaction on *C. Since this energy

is far below the Coulomb barrier, the reaction cross section is
extremely small and not accessible to direct measurements.
For this reason, its value has to be determined by extrap-
olation of the cross sections measured at higher energies.
Tlu extr: lpt‘il ition 1s complicated by the unknown influence
subthreshold state with J™ = 1/27 at E, =
E.:L'b = —3 keV), and by two subthreshold
resonances with J™ = 1/27 at E, =5.939 MeV (E =
—547 keV) and J™ =3/27 at E; = 5.869 MeV E};b =
—641 keV).

Karlsruhe 3.7 MV Van De Graaff
o beam ~ 50 pA-

n-Detector: 4n Karlsruhe BaF,
calorimeter (20 cm inner &;
thickness 15 cm) with n/y converter

_ (par'affm loaded wn‘rh Cd at 3°/o)

Total 41 cr'ys‘rals

In the Gamow peak .
region (140 -230 keV)
‘'~ 1 count/month

S AcTivshieling techniques;
Pulse shape analysis;
neutron background 0.014 n/s

_— Converer

Alpha beamn
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13C(oc n) Q value 2215 6 MeV _ L |
13Cd(ny)14Cd, y-Flash energy: 9.04 Mey ————— MUTPLciy suftdble
BaF, c__afflcyen-_cy ~ 95 %, o

Fit of the simulated efficiency
GEANT Simulation
*ly (p. m Cr

Simulation considering also the ! V(p.y) reaction
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TABLE III. Experimental § factors.

~ 3 times the bck. level

Eian E.pn Yield S factor Uncertainties (%)
(keV) (keV) (mC-YH (10° MeV b) Stat. Sys.

416 318 0.97 1.17 02 11

437 334 24 .07 45 30

439 336 2.0 (.80 42 40

449 343 3.4 1.14 23 23

493 377 21.4 1.11 4.3 7

536 403 46.1 1.05 34 31

568 435 119 (.92 1.8 11

_ . 2 s I 642 491 1034 1.11 1.8 6.4
Systematic: dominated by 6% 531 3525 1.19 0.9 9.3
* target deterioration 147 o7 12169 .48 0.5 2.0
‘i - ‘- 800 612 32567 1.55 0.8 4.7
| : . : . =44 H44 T62440 0 ). 2 5.0

sof |®® Do tan ] 899 687 175813 2.00 0.1 5.0
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| A’r lowest energles uncertainty dqmlna’red by
;.,,,....-/‘ *-.:h. _ -~ . counting statistics:
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Extrapolation still needed: are we close _'_enc")ugh to the Gamow region ?
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Finally, the influence of the /™ = 1/2" close to the reaction
threshold needs to be considered. A variation of the resonance
parameter I, by factors between .17 and 2.5 causes only
small changes in the x* value but has significant consequences
for the § Lu:mr Hence. the unccmmn m this par:uﬂctc'

TABLE XII. Comparison of stellar rates (in units of
107" em*/mole s) for the “*C(w, n) reaction at T = 0.1 x
10° K.

m.T.l:.lps:uLz.tm Lnfurlunalclx the indirect studies d]xcuxxed
before have not succeeded in reducing this uncertainty by
obtaining the reduced o width or ANC for this level. Since the
resulis of these experiments differ substantially, these values

Authors Reaction rate

Caughlan and Fowler (1988) 2.58

A ' ' - Denker and Hammer (1995) 4,32 [12]
may depend significantly on the choice of reaction or reaction NACRE (1999) 724413 [13]
model parameters. This work 4,(~d: 1.0
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Any further improvement of the stellar rate requires an
extension of the experimental data toward lower energies.

Since the present technical possibilities appear to be exhausted,
a reduction of the remaining uncertainty can probably only be

achieved in an underground laboratory, where the cosmic-ray-
induced y background can be avoided.
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Expected sensitivity @ LUNA -

Reaction Q) Broduct“d Por Boem i AEgen
3¢ (a:n) 20 2215 n 80+ 4l 7.3 39.8

100 199.9  47.9

200. 3175 85.4

3000 4159 119.7

22Ne(a,n)?°Mg _ -478 n 200 4615 103.0
144.4

604.8

.
lemperature (107 k)
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A7r neutron detector

lored to this specific reaction. The reaction neutrons were |

thermalized in a cylindrical polyethylene moderator and

subsequently captured by a setup of 12 proportional §

counters. The counters were arranged in two rings at
radii optimized for the neutron energy of interest for this

specific reaction. With this design, an absolute detection @
efficiency up to 50%. a low sensitivity for background §

neutrons, as well as some neutron energy information
could be obtained simultaneously. The neutron detec-
tor assembly was surrounded by a plastic scintillator
detector which served as a veto counter to suppress
cosmic-ray-induced background. Several layers of passive

shielding material (paraffin wax, polyethylene, boron, and §

cadmium) were arranged around the 47 neutron detector.

| Plastikszintillator = Veto-Detektor ‘

Minikammer fiir
Teilchenzihler
und Druckmessung

*He-Z3hlrohre

Moderator (Polyethylen) .
Photomultiplier

12 *He-Zahlrohre

h, % | Bupulyethylen [

b

rF! nrparaffin

' I:Cadmium
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Possible development: high effucuency (moder'a’re) energy

r'esolu‘non bck. r'educ’rlon

10%

A large solid angle multiparameter neutron detector

M.

Tauti

Ricco, Durante,

and M

Anghinolfi, P. Corvisicro, E. S. Maggiolo, P. Prati, A. Rottura

G. Riceo et al. /A solid angle multiparameier neurran detector

TOP View

Muclear Instruments and Methods in Physics Research A307 (1991) 374-379
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The 99. 9% enriched 22Ne TargeT gas was: con‘rmuously re- cur'cula‘red to allow long
term experiments . }: CNC >
| . The ' ne was sustained by three
'purlflca’rlon elements: a cryogenic ’rmp aT liquid nitrogen temperature, a zeolite
trap, and a’‘getter purifier. The pressure was reduced by the dlfferen’rlal pumpmg _
_stages of the RHINOCEROS faall‘ry to several times 10-® mbar. .
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Moreover, 22Ne(a,n)2>Mg competes with - Evenwith S_LJCh low-energy
?Ne(a,y)*®*Mg and therefore the o of ‘ neutrons, a coupled n-y detector
both the reactions is needed - ; could be a step forward
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[] Nacre: Angulo et al., Nucl. Phys. A 656, 3-183 (1999)
I Kappeler et al., Ap. 1. 437, 396 (1994)

[ ] Present work

Ratio R

Band of uncertainty
normalized to NACRE
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~ LUNA estimate
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But the pattern of low-energy resonances is very confused
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: . ExpeCTed r‘a‘re @ LU NA - _ Alpha beam intensity = 200 pA,
' o A : il i Target: “'Ne. 1 10" at/em”.
o - : 2 - Eream = 1 MeV (lab);

*Ne(a.,n)"Mg

Rate
- Rate with 552 keV Resonance

I The rate for the resonance at 552 keV is

deduced assuming the upper-limit of 60
I= neV for the resonance strength [Jaeger
~ et al., PRL, 2001]... now it seems over!

Windowless gas target +

"Stuttgart” 4n thermal neutron detector

20 counts/day
1 counts/day

l | |
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Center Mass Effective Beam Energy (keV)
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5 Neufron' bac:’kg__r.ou_n”dj @ Gran _Sassb'

- P.Belli et al., Nuovo Cirhé.nfo 101An. 6 (1989) '

| Neutron Energy Flux (cm2st) _ i
- 0025eV 1.98 + 0.05) 106 Lo TR et
e ] -‘-«2.85103 -Zdl
005-10%eV |(1.08:002)10°¢ | FEWT (I
1keV - 2.5 MeV (0.54+0.07) 106 | (To be compar'ed with ~ 5 5 106 m-2 d 1 cosmic
525 MeV 3'(0 53 0-07') 106 | A neu‘rr'ons at sea Ievel)

Unless the fast component is resolved (with a neutron spectrometer), a

background rate of a few hundreds count/day is expected with a real
detector installed at Gran Sasso

- Passive shieldihg is_r"eqUi'r"ed"ro_ac‘hieve-ld background rate of ~-1'c6un‘_r’/ddy :



~ Passive shielding is very effécti-vej.:.t.mder'gr'qun'd: e.g. the LUNA s’e’r-dh'for. 3He(a.,y)Be

‘._.

- T T L S QITUINISAN USRI B . ( 7 ounts/(day keV) _
0.4 m3 Pb and_ Cu shl_gld_...?-bck”rl'educ.’rlon.,1Q.;_ 50 SRR T=2168d
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e 500 1000 * 1500 ° 2000 ' E(keV)




Not only shiélding.f

—— neutron background 128 h
?*Cf neutron source

Spectrum collected at Boulby mine
~ with the 4n Stuttgart detector
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Summar'y and open |ssues

Slgmflca‘rlve room for improve the study of ““C(c n)and *°) )i in the
-first case very llkely an underground expemmen’r could definitively solve ’rhe

problem. O - 1I'Me for‘ bo‘rh the experiments.

Maybe a combma’rlon of pr'evuous designs“(e.g. an
ac‘rlve moder'a‘ror' + Cd f0||s + hlgh r'esolu’ruon Y de‘rec‘ror's )

Pr'oper' sasive shis and lcen dtecting matenicld must be. developed
‘to fully exploit ‘rhe advan‘rages offered by The under'gr'ound envuronmen’r

*'_'Technic'_c'(l solution fo_r'_'u_sing the _ ‘etector for both the experimerifrs. =
. 13¢ Uction to enhance purity, stability, etc.
+ New Gos farc wu‘rh technical SOIUTIOI‘I 'ro prevent ‘beam mduced n "

5 background and con’ramma’rlons i
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