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S Abstract

For over five decades one of the most important goals of
experlmental nuclear astrophysics has been to reduce the
o uncertainty in the S-factor of radiative o capture on '>C at
o stellar energies. We have developed a simple model, which
g relates the radiative capture reaction and the exclusive elec-
'S trodisintegration reaction. We then show that by measuring
'g the rate of electrodisintegration of '°0 in a high luminosity
§ experiment using a state-of-the-art jet-target and a new gener-
é ation of energy-recovery linear (ERL) electron accelerators
‘S under development, it is possible to significantly improve
Z the statistical uncertainty of the radiative a capture on '2C in
£ terms of E1 and E2 S-factors in the astrophysically interest-
<% ing region, which are the key inputs for any nucleosynthesis
& and stellar evolution models. The model needs to be vali-
'é dated experimentally, but, if successful, it can be used to
‘8 improve the precision of other astrophysically-relevant, ra-
8 diative capture reactions, thus opening a significant avenue
Z 2 of research that spans nuclear structure, astrophysics and
Z high-power accelerator technology.
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INTRODUCTION

During the stellar evolution, the helium burning stage is
& dominated by two reactions: radiative triple-a capture and
= radiative a capture on 12C, i.e. 2C(a,y)'°0. The values of
2 8 the individual rates will determine the '2C/'90 abundance at
g the end of the helium burning stage, which highly influences
< the subsequent nucleosynthesis [1]. The current uncertainty
>4 in triple-a capture at stellar energies is known with an uncer-
& tainty of ~10%, but for the '2C(a, )60 rate the situation is
% much worse [2]. In the modeling of the stellar evolution, the
= large uncertainty of the measured '>C(«, y)'°O rate trans-
2 lates into large range of rates and because of this models give
g different outcomes in terms of nuclei abundance inside a star
: of a given mass [1, 2]. Thus, for many decades, the goal of
5 = experimental nuclear physics was to improve the precision
g of measurements of the 2C(a, y)'°0 rate at stellar energies

[3] Attempts were made to constrain the '>C(«, y)'°0 rate
: using the models and the observed solar abundances [1],
2 implicating that the experimental rate needs to be measured
& with an uncertainty <10% [4]. Such a level of precision has
~ still not been achieved..

At typical helium burning temperature for massive stars
~2-10% K, the equivalent Gamow energy Eq is ~300 keV
and due to large Coulomb barrier the cross section of the
12C(a, )"0 reaction is extremely small ~10™> pb, making
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the direct measurements infeasible. The strategy is to mea-
sure the cross section, which is usually expressed in terms of
the astrophysical S-factor as a function of a-particle center-
of-mass (cm) kinetic energy E&™:

S = cESme? M (1)

where u is the Sommerfeld parameter, at several larger en-
ergies and then to extrapolate to stellar energies. The ex-
trapolation is complicated due the structure of '°O [5] and
involves dealing with the interference of subthreshold and
above threshold E1/E2 states.

In the past, many different experimental methods have
been developed and used to measure the '2C(«, y)'°0 rate,
including the direct reaction measurements [6—19], elastic
scattering '>C(a, @)'?>C [20, 21], and S—delayed o-decay
of 16N [22-24]. Below E " < 2 MeV the data points are
increasingly dominated by the statistical uncertainties, due
to rapidly falling of the cross section as it approaches the
Gamow energy. Recently, researchers have started to in-
vestigate the inverse reaction induced by real photons (the
photodisintegration of '°0), in order to improve the statis-
tics of low-energy data. One concept uses a bubble chamber
[25, 26] and the other an optical time projection chamber
[27]. More details about the specific experiments and the
astrophysical implications of the '>C(«, y)'°O rate can be
found in the most recent review [2].

Contrary to photodisintegration, where the real photon
beam is involved |G| = ¢ = E,, the electrodisintegration uses
an electron beam with an exchange of a virtual photon (w, §),
for details see [28]. In the past, the potential astrophysical
application of the electrodisintegration of 60 was discussed
in [29] and an storage ring based experiment was proposed in
[30], but was never carried out. More recent discussions [31,
32] are motivated by development of a new generation of
high intensity (= 10 mA) low-energy (= 100 MeV) energy-
recovery linear (ERL) electron accelerators [33, 34] and
which together with modern jet gas targets [35], can deliver
luminosity >10% cm™2 s~!. By measuring the final state
of the scattered electron it is possible to define and fix the
a+'2C excitation energy, but at the same time control the
three-momentum of the virtual photon § either by selecting
the electron scattering angle 6, or the beam energy E,, see
Fig 1. The real photon result can be recovered by taking the
limit g/w — 1.

In this paper, we briefly present a new method to improve
the precision of the '>C(a, y)'60 reaction at stellar energies
based on electrodisintegration of 1°0, i.e. 1°O(e, e’a)!'®C.
The full description of this method can be found in [36].
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Figure 1: The dependence of the ratio of the transferred
energy to the transferred three-momentum w/qg on the scat-
tered electron energy E for kinematics corresponding to 2
MeV above threshold for electron beam energy E, = 114
MeV, w;j, denotes the energy of the photon at the threshold.

DIFFERENTIAL CROSS SECTION FOR
THE ELECTRODISINTEGRATION

The differential cross section for the reaction
160(e, e’a)'2C reaction in the c¢m frame can be ex-
pressed as [36]:

do _ MHMIZC PiymO'Mott
dwdQ,.dQg" 83w (he)?
(e,e’ @)
X(T;LRL +VTRT +T;TLRTL +T;TTRTT . (2)

where o, is the Mott cross section. In case of the un-

polarized exclusive electron scattering we have four nuclear
response functions Rk : the longitudinal R;, and transverse
Rt components (L and T with respect to the direction of the
virtual photon §), and two interference responses, transverse-
longitudinal Rr, and transverse-transverse Rrr. The func-
tions vk are electron kinematic factors [28].

A big advantage of measuring the electrodisintegration
reaction over the photodisintegration reaction is, that one can
be in the astrophysical interesting region in terms of w, and
at same time transfer enough three-momentum ¢ to the final
state a-particles, which can then exit the jet target and be
detected. By measuring the angular distribution of produced
a-particles, for both reactions, it is possible to separate con-
tributions from various multipoles. In real photon processes
close to threshold and involving exclusively ground states of
0* nuclei only E1 (electric dipole) and E2 (electric quadru-
ple) multipole are assumed [6]. By measuring the final state
of the scattered electron in coincidence with the final state of
the produced a-particle it is possible to determine the final
state of the unobserved '>C and separate any excited state.
In case of electrodisintegration, both electric and Coulomb
multipoles contribute, therefore we are considering CO, Cl1,
C2, E1 and E2 multipoles.
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At low values of the momentum transfer ¢, compared with
a typical nuclear momentum ¢ (order of 200-250 MeV/c),
each multipole is dominated by its low-g behavior which
enters as a specific power of ¢ [36]. Again, by fixing w and
increasing g one may vary the contribution of a particular
multipole and thus eventually explore the potential C3/E3
contributions.

In case of real photons only the transverse Ry response
function contributes to the cross section and eventually Rrr
if there are linearly polarized real photons involved (see Sect.
IIT of [36] for more details). Ry and Ry response func-
tions only contain EJ multipoles, longitudinal R, response
function only CJ multipoles, and interference transverse-
longitudinal Ry contains combinations of both EJ and CJ
multipoles. Their form as functions of @-particle angles 6"
(angle between a-particle and momentum g) and ¢, are
described in detail in [36].

DEFINITION OF THE MODEL AND
MONTE-CARLO SIMULATION

At this point we have developed the general differential
cross section formula and from now we are continuing with
development of a model for the electrodisintegration reaction.
First, we determine the leading-order contribution to the E1
and E2 multipoles by fitting the second order polynomial to
all Sg; and Sk, data from the direct reaction experiments
having E&"* < 1.7 MeV. By using current conservation in
the low-q limit it is possible to relate the leading-order of the
EJ an CJ multipoles (J > 0). For the next-to-leading (NLO)
order g-dependence in the C1/El and C2/E2 multipoles
cannot be related using current conservation, therefore we
made assumptions for the g-dependence and similarly in
the CO multipole (see [36] for details). The goal here is to
develop a reasonable model in order to study the feasibility
of performing the electrodisintegration measurements in the
astrophysical interested region. In a real experiment higher-
order g-dependences will also be measured and then one
will determine the region where the used parameterization
can be applied.

Using the described model and assuming the experimental
parameters given in Table 1 we have used Monte-Carlo simu-
lation to calculate the rate of the electrodisintegration of '60.
We have assumed a 2 mm wide oxygen cluster-jet target [35]
capable of achieving a thickness of 5x10'® atoms/cm?.

We also need an high current (40 mA) electron accelerator
which can deliver a beam energy of around 100 MeV. For
example MESA, which should be able to deliver a beam
current of 10 mA [33] and CBETA which should reach 40
mA [37] for beam energies of 42, 78, 114 and 150 MeV (all
energies in between are also possible). Assuming a beam
current of 40 mA and a jet target as described above the
luminosity amounts to 1.25x10%¢ cm™2s!.

For the identification of events originating from electro-
disintegration of '%0 the scattered electron needs to be de-
tected in coincidence with the produced a-particle. Fig. 2
shows a schematic layout of a possible experiment. The
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E Table 1: Summary of the experimental parameters for the

& rate calculations used in [36].

Acceptance Electron a-particle
In-plane +2.08° 60°
Out-of-plane +4.16° 360°
Solid angle 10.5 msr 3.14 sr
Thickness 5%10'® atoms/cm?
Oxygen Target
Density 6.65x107* g/cm?
Current 40 mA

Electron Beam
Energies (E.)

78, 114, 150 MeV
1.25x10%¢ cm 257!
1.08x107 pb™!
15°,25°, 35°

0.7<ES™<1.7 MeV

Luminosity

Integrated Lumi. (100 days)

Central electron scatt. angles 6,

E¢"-range of interest

——
let e Spectrometer

icence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publish

2 Figure 2: Schematic layout of simulated 160 (e, e’a)'12C
2 experiment: '°Q is disintegrated by the electron beam into an
> a-particle and '2C nuclei. The scattered electron is detected
S in an electron spectrometer and the produced a-particle in
C large acceptance ion detectors [36].

scattered electron is detected by a high precision magnetic
spectrometer. We assumed that the spectrometer has an in-
plane acceptance of +2.08° and out-of-plane acceptance of
+4.16°. This corresponds to a solid angle of 10.5 msr.

The large acceptance ion detectors should be based on
g time-of-flight (ToF) detection in order to be able to dis-
z tinguish the background a-particles originating from the
E electrodisintegration of 70 and '#0, as well as the proton
5 background from the electrodisintegration of '#N, as shown
.« in Fig. 3. Furthermore, ion detectors should be centered
= around the direction of the virtual photon ¢ in order to be
£ detect particles having the largest kinetic energy (or lowest
= ToF like on Fig. 3) and subsequently having the smallest
‘q"é angular spread. For these detectors we assumed that the
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Figure 3: Energy-loss corrected time-of-flight ToF as func-
tions of laboratory ion production angle GiL"‘ilb assuming that
the ions were produced by electrons involved in the elec-
trodisintegration of 160, at E, =114 MeV and 0, = 15°
withacuton 1.0 < EZ" < 1.1 MeV. The energy-loss of
the a-particles and the protons inside the '°O gas jet was
simulated by using the SRIM-2013 software [38, 39].

solid angle is large enough to accept all @-particles having
the in-plane scattering angle ¢ in range from 0° to 60°
and to have the full acceptance for the out-of-plane angle
¢ o from 0° to 360°.

RESULTS AND DISCUSSION

Monte Carlo simulation was used to calculate the number
of events after 100 days of running, which were subsequently
used to calculate statistical uncertainties, which were then
propagated all the way back to S-factors and the correspond-
ing projected statistical uncertainties. The result of one
simulation from [36] for the beam energy E, = 114 MeV
and the electron scattering angle 6, = 15° is shown in figure
4. One can clearly see a significant improvement in terms of
the statistical uncertainties when comparing the electrodis-
integration projected data with the previous experiments.

The full set of Monte-Carlo simulations for beam ener-
gies E, =74, 114 and 150 MeV, electron scattering angles
0. = 15°,25° and 35°, and two values of modeling of CO
multipole can be found in [36]. The overall conclusion is
that when comparing the results from [36] with the most
accurate measurements from [14] and [17], the uncertain-
ties in the determination of Sk and Sg, at a given energy
above threshold are improved by at least X5.6 and x23.9,
respectively. The significant uncertainty improvement for
the Sg» comes from two contributions. The dominant one
is the fact that C2/E2 matrix elements, compared to C1/E1,
enter in response functions Ry r 71,77 are enhanced by
factor ¢/w, which for given E, = 114 MeV and 6, = 15°
amounts to ~3.6 (in real photon experiments ¢/w = 1). The
other contribution comes from the angular distribution of
the multipoles for the selected range of 85" from 0° to 60°,
the angular distributions of C2/E2 are larger in magnitude
compared to the C1/El angular distributions. In the case of
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Figure 4: Projected Sgi- and Sg»-factors with statistical
error bars (represented by solid squares) for simulation with
E. =114 MeV and 6, = 15° from [36], and previous ex-
periments [6—14, 16, 17, 19]. The solid line represents the
AZURE2 [40] R-Matrix fit of the world data set.

real photon experiments, the angular distributions of E1 and
E2 behave the same, for example see figure 5. in [2].

OUTLOOK AND CONCLUSION

We have developed a simple model, which allowed us
to relate the electrodisintegration of '°0 and the a-particle
capture on '>C reactions. By considering the optimal kine-
matics for the electrodisintegration of '°O in terms of the
electron beam energy, oxygen jet-target density, the elec-
tron spectrometer, and the low-energy a-particle detectors
for suppressing the chemical and isotopic background. We
showed that the new ERLs are essential to achieve high
luminosity, in order to have a high statistics electrodisinte-
gration measurement, which can be used to determine the
12C(a, y)'%0 reaction rate with unprecedented precision.

The running of a-detectors in close proximity of the
Megawatt electron beam will be very challenging, but it
was already demonstrated that such high power ERL beams
can be achieved with a minimal halo [41].

We propose an initial run of '°O(e, e’a)'>C using an ERL
with a beam energy of ~100 MeV. This experiment would
be focused on higher energies ES™, in the region where the
reaction rates are relatively high and the running time would
be few weeks long. The first milestone would be to experi-
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mentally validate the extrapolation to real photon limit and to
determine the rate contributions of the different multipoles.
If successful, it would pave the way for a longer experiment
with the highest beam current available to determine the
12C(a, ¥)'0 reaction rate with unprecedented precision at
the stellar enegries.
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