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Abstract

We have devised a new technique for determining thermoauoéaction rates of astro-
physical importance. By measuring,¢) cross sections we will determine,§) reaction
rates of processes such'@sl(«,y)°F and'?C(a,y)'%0 with a considerable improvement in
sensitivity from previous experiments. Adopting ideasrrdark matter search experiments
with bubble detectors, we have found that a superheated ligjgsensitive tax-particle and
heavy ion recoils produced fromaray beam impinging on the nuclei in the liquid. The
main advantage of the new target-detector system is a gdastor of 4-6 orders of mag-
nitude higher than conventional gas targets. Also, thecttates virtually insensitive to
the y-ray beam itself, thus allowing us to detect only the proslwftthe nuclear reaction
of interest. This proposal requests 100 hours of beam timmé&asuring thé®N(«e,y)'°F
reaction. With this new method data can be recorded dirgctiye Gamow window. Only
one other case of this is known. Depending on the success ekfferiment, we will submit
a separate proposal for the measurement of the key astioghgesaction'2C(a,y)*0.
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1 Introduction

1.1 The nucleosynthesis of fluorine

To date three dierent scenarios for the nucleosynthesis of fluorine hava pegposed.
The first includes the neutrino dissociatiorféfle in core collapse supernovae [1]. Goriely
et al.[2] examined several possiblities including hydrostati@Ad He-burning, and explo-
sive He-burning. They concluded tH&F could be produced both during the thermal pulse
phase of Asymptotic Giant Branch (AGB) stars and by hydtasbarning in the He-shell

of more massive stars. To date, none of the possiblities &éas verified to dominate over
the others. It is likely that all three contribute to the f@tion of fluorine in the universe.

1.2 Fluorine production in AGB stars

H-burning
shell

Envelope

Intershell
He-burning
shell

Fig. 1. Schematic of the structure of a star in the AGB phase. dore of the star is carbon and
oxygen in an electron degenerate state. It is surroundedsbynaonvective He-rich intershell. The
outer envelope of the star is convective and hydrogen ritlerd are two thin regions where ther-
monuclear burning takes place simultaneously: an innebiitaing shell and a H-burning region
below the convective envelope. The figure is not drawn tcescal

Fluorine nucleosynthesis in AGB stars takes place in thershiell region (see figure 1)
when!*N leftovers from the CNO cycle capture*dle from the He-rich environment. The
unstable'®F nucleus is formed and it decays with a half life of 109.8 nesuo*®0. Both
a proton or &He can be captured bYO. In the former case am-particle and &°N are



produced, while in the lattéfNe is made instead and “poisons” fluorine production. When
BN captures anmv-particle fluorine is produced. The environment in the istetl is not
hydrogen rich so protons need to be produced in some way: tis¢ @ficient mechanism

is the ¥¥N(n,p)**C reaction. The neutrons required for this reaction to talkeegcome
from the'3C(a,n)*®0 reaction. Some other protons may be mixed in when the ctineec
envelope penetrates the intershell region at the end ohtredredge up (TDU) [3].

Mowlavi et al[4] explained only the lowest fluorine overabundances oteskat the sur-
face of AGB stars. They proposed that an additional sourdé®fvould account for the
largest fluorine contents. Besides, they found that maggBi stars will not produce large
fluorine abundances and that low metallicity stars haveflaesgne dredged-up to the sur-
face than solar metallicity stars. However, the models tisg&d did not reproduce the TDU
consistently and they had to introduce it artificially [5].

One of the most important and interesting problems in AGBaststructure and evolution
is the formation of theé*C-rich region that eventually would be the source of newgron
necessary not only for the synthesis of fluorine but for thewmmamponent of the s-process
[6]. It is thought that ingestion of protons into the He isteell during the TDU leads to
the formation of*3C through the chait?C(p;y)**N(8*v)*3C, where'?C is a product of
He burning and therefore is relatively abundant in the sitell region [7]. However, the
proton difusion mechanism into the intershell is not well understoed $ome possible
explanations of the process include stellar rotation [Bhvective overshooting [9], and
gravitational waves [10].

With neutrons available in the environment an alternateti@a chain starting with the
¥N(n,p)Y“C reaction is plausible as well. This reaction not only makesprotons required
by 8O(p)**N but also produce¥'C that may capture #He and produce more of thé€O
required to synthesize fluorine.

Fluorine is very fragile. There are three main reactionsitiey lead to fluorine destruction.
First, due to the high abundance?fe in the region, thé°F(a,p)*?Ne would play an im-
portant role. Second, other less abundant nuclei could fteiead by fluorine as well. One
case is protons Vi&F(p«)'%0 and the other is neutrons witPF(n,y)?°F, where neutrons
are produced by th&Ne(e,n**Mg reaction.

The discovery of fluorine in extremely hot post-AGB starshMtUSE (Far Ultraviolet
Spectroscopic Explorer) has been reported by Werner et Hl. Due to the high fective
temperature of these stars material is usually highly eshiznd absorption lines appear in
the far ultraviolet region of the spectrum. The authors tbuery high overabundances of
fluorine with respect to the solar abundance in hydrogercigeti stars and confirmed the



general trend of increasing F abundance with increasingu@ddnce. Today, independent
observations of overabundances of fluorine confirm thas stahe AGB phase are produc-
ers of this rare element. While fluorine overabundances unedsare in good agreement
with models of post AGB stars [12], the abundances obtainedadels of AGB stars are
very low compared to observations. A possible explanatmuiccbe a severe underesti-
mation of the reaction rate of tHéN(a,y)'°F process. Another possibility, the destruction
mechanism®F(a,p)?Ne has been directly measured recently by [13]. Ti@(p)°N
process and the poison reactiSh(n,y)'®N have also been studied indirectly with the tro-
jan horse method by [14] at TAMU and by [15] at ORNL, respeairvNone of these have
been able to explain the present puzzle.

Fig. 2. Planetary nebula NGC 246. Fluorine has been idemiifiehis PG1159 type object, now in
the post AGB phase (as a white dwarf). Credit: Gemini SouthGEV2006.

1.3 Fluorine production in Wolf-Rayet stars

The first quantitative work on nucleosynthesis of fluorindydrostatic He-burning sites
was presented by [16]. They showed that it is not the He-bgrshell that can produce flu-
orine but instead during the early He-burning core phaseevtie synthesis takes place.
Nevertheless, they were concerned with the fact that*ff,p)*’Ne reaction would have
destroyed all fluorine by the end of that phase. The only wayobthe problem was to



propose that the star would ejé€F before the completion of the He-burning phase. The
process of mass ejection while the core is burning He occuv¥dlf-Rayet stars'°F en-
richment of the interstellar medium with fluorine can becamportant at higher metallic-
ities.

Later on, [17] extended their own work by including a widenge of initial masses and
metallicities in their analysis. They also included impgdwmass loss rates and a moderate
core overshooting [18]. They concluded that the highestifh@oyields come from stars
with solar metallicities and masses ranging between 40 &nd8 Wolf-Rayet stars with
lower metallicities have weaker winds and uncover the Heting core only for the most
massive stars but aftétF has already been burned. For higher metallicities and feses
above 85M,, the H-burning core decreases so rapidly during the mainesexg because
of the strong stellar winds that the He-burning core becam@small for being uncovered
by the stellar winds later on.

Fluorine would be synthesized in Wolf-Rayet stars throdghrhain reaction chain
“N(a, 7)'*F (8")**0(p, @)**N(e, 7)*F (1)

where neutrons come frodiC(a,n)!*0 and protons fron¥*N(n,p)}**C. The main source
of fluorine destruction is thought to B&F(a,p)??Ne. According to [17] Wolf-Rayet stars
could account for most of the content of fluorine in the sojatem. Nevertheless, fluorine
has never been observed in a Wolf-Rayet star.

1.4 The current reaction rate 8fN(a, y)'°F

The thermonuclear reaction rate can be computed from adietation of the reaction cross
section (see the appendix for a detailed description of thidad). The cross section of this
reaction is dominated by the contribution of three low egpgsgonances. The resonance
strengths are based on the analysis of De Oliveira[19].dukhbe noted though that there
were several recent experimental studies which point tadsvarsignificantly higher reac-
tion rate. De Oliveira et al.[20] themselves already sutggekigher resonance strengths
than given in their earlier paper. Diregtcapture measurements of the two higher energy
states by Wilmes et al.[21] also indicate higher strengilrecent indirectr-particle trans-
fer analysis to the three resonance levels by [22] does stiggen higher values for the
resonance strengths. Altogether the reaction ratéMir, y)°F might be underestimated
by a factor of five. Therefore, it is urgent to obtain a betitiedmination of the rate for this
reaction. The experiment proposed here intends to putm@dsuhis problem.



2 Method

The new method is based on two principles: the reciproceptém for nuclear reactions,
which relates the cross sections of forward and time-irveuslear processes, and the abil-
ity of a superheated liquid to induce nucleation when exgéseadiation [23]. Reciprocity
allows one to deduce the cross secigyfor particle capture (%§;) processes to the ground
state by measuring the cross sectignfor photodisintegrationy,X) reactions, i.e.

w oaXy) _ w os(y, X)
A /TCZY B /Té 5

(2)

where X is the captured particlg, and.i; are the channel wavelengths for capture and
photodisintegration, and, andwg are their respective spin factors. In the energy regimes
discussed here, the transformation factor can providereaojawver two orders of magnitude

in cross section.

Capture reactions, such agy), (p,y), and (ny), are responsible for many nucleosynthetic
processes occuring in stellar environments. This is the,das example, of the s process
and thex process. Cases for which the reaction product is long lieedoe studied exper-
imentally by photodisintegration of the residual if a shleatarget can be produced. When
nuclei are photodisintegrated, the residual particlesiae@n energy that adds up to the Q
value of the reaction. If the energy of thgay is small compared to the mass of the target
(this is the case for energies of relevance in astrophy#iesjecoil energy is very small
and for practical purposes it can be disregarded.

When a particle moves in a liquid, it deposits energy alosgreick until it is stopped.
If enough energy is deposited in a short distance (lineasitlenf energy deposition, or
stopping power dElx), the liquid will be vaporized and a bubble will be formddhis is
the “temperature spike” model of bubble formation [24]. Nditbubbles formed by this
mechanism will eventually grow to become visible. In ordefdrm a macroscopic bubble
(a bubble visible to the unaided eye) enough endtgynust be made available by the
particle to form a bubble of critical radius

Re = 28/(PV - P)’ (3)

where R and P are the pressures of vapor and the liquid, respectaredlys is the surface
tension of the liquid. The total energy and stopping poweeshold conditions can be
expressed as



dE _ dE, E
o= (@)= ar @
and
4 0s
E>E.= :—))ﬂRg(pvh + P) + 47R¥(s - Ta—_l_), (5)

wherep, is the density of vapomh is the enthalpy of vaporization, and T is the tempera-
ture of the liquid. The first term to the right is a volume tetmattaccounts for the energy
necessary to vaporize the liquid inside a bubble of radiyari®l the energy necessary to
expand the bubble against the liquid pressure. The secandiscribes the energy neces-
sary to form the bubble surface. Once the bubble has reathedtical size, as the liquid

is superheated, the pressure of the gas inside the bublbleeNdrger than the pressure of
the liquid around it and the bubble will continue growing topgped. Vaporization of the
whole volume of the liquid will occur unless the superheatimoved from the system. In
practice this is done by a prompt pressurization of the dqui

The process of preparation of this metastable state indgjgishown in figure 3 for water.
First, the liquid is pressurized at ambient temperatureo(2)t then the pressure is kept
constant while the temperature is increased to above thiadppioint (2 to 3), and finally,
the pressure is slowly released while keeping the temperaionstant (3 to 4). At this
point (4), water is still liquid but now superheated. It takenly a small disturbance to
induce vaporization at this state. When this happens thelbeudrowth process needs to
be controlled by increasing the liquid pressure (4 back tdt3)sually takes about one
second for the liquid to return to a stable state (this dependstly on the volume of the
liquid being superheated and the maximum size reached Rdyuthiele). Superheat is then
returned into the system by releasing the pressure agam4g and the cycle is repeated
for each bubble event in the detector.

The two threshold conditions from equations 4 and 5 are fanstof the operating pressure
and temperature of the liquid. Therefore, it is possibleiteetthe sensitivity of the detector
to reject some minimum ionizing particles, while makingensitive to heavy ions. Also,
the detector is insensitive to theray beam at least at a level of one part 1D’ [25].
However, there is one free paramedan the theory. It relates the critical size bubble with
the lengthL over which the particle transfers energy to the liquid ByaR. [26]. This free
parameter is a property of the liquid that needs to be detextnby experimental means.

Figure 4 shows an example of stopping power curves for someiimthe liquid GFyo,
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Fig. 3. Phase diagram for water. The path exemplifies the addthr superheating a liquid and the
operation (pressure and temperature cycle) of the bublalenloar.

as calculated with SRIM [27]. The energy loss for electrarejtrons, ang-rays is very
small and does not appear in the plot. However, these pestiohy transfer their momen-
tum to other ions by scattering interactions. For examplepits from Compton scattering
below 10 MeV do not have siicient energy to trigger the bubble chamber. On the other
hand, while insensitive to neutrons, bubble chambers cdndegered by them when they
elastically scatter from the nuclei in the superheateddigwhile useful in the calibration

of the detection thresholds, neutrons are also importatkdraund sources that need to
be well understood in this kind of experiments. Thegdiethreshold condition for £,

is very sharp, with a transition slope from no nucleationulb iucleation of only a few
keV/cm, reaching a full nucleatiorfficiency of 100% [28].

We determined the free parameter in the theory by exposegubble chamber to a strong
PuyBe neutron source. By keeping the temperature of the liquadfixed value, the oper-

ating pressure was lowered from the saturation curve to t@sspre at which the bubble
chamber started triggering nucleation. This determined(B)T) conditions at threshold.

10
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Fig. 4. (Color online). Thresholds for the liquidiEig at P= 193 kPa and E 300 K. The curves
represent the stopping power of some ions relevaniEagas calculated with SRIM. The horizontal
solid black line is the stopping power threshold. The enghggshold is represented by the solid
vertical line at 9 keV. Particles above the horizontal thodd (dE/dx); and to the right of the vertical
E. threshold will induce nucleation. The thresholds can besidfl by changing the pressure and
temperature conditions of the liquid, so some ion specie®ealiscriminated while others detected.
Moreover, they-ray beam passes through the detector without triggeribgleuormation at all.

Meanwhile, given the energy spectrum of the neutrons itdsmed that the highest energy
neutrons available will transfer the largest momentum &idims in the liquid. This would
happen for collisions in which neutrons are scattered af.IBfe heaviest ion species in
the liquid will acquire the highest energy from the elastiatsering process. The energy
Eion is determined by kinematical considerations [29]

A-1,2
1) ) (6)
where E, is the neutron energy,is the scattering angle, A is the atomic mass of the ion in
the liquid that scattersfbthe neutron.

Eion = %En(l — cog)(1 - (

Given the energy of the heaviest ion in the liquid, the cqroesling value otlE/dxas pre-
dicted by SRIM will be the threshold value that enters eaquredi. In the case of the liquid

11



C4F10, we determined the parameter to be2adl+1.0. This measurement is necessary to
select the operating conditions of the liquid that would mdlsensitive to some reactions,
while rejecting some other sources of background.

Fig. 5. Photograph sequence of an event registered by a 10@lela camera. The whole set spans
0.1 s, at equally spaced time intervals. The bubble was edlbg°N from the°F(y,a)*N reac-
tion. Bubble detection is triggered by comparing the first pictures in the sequence. Later on, at
about 60 ms, the system responds by quenching the bubblétwisappears, about another 100
ms later.

3 Detector

The selection of the liquid to be used in the bubble chambpewni@s on several factors.
Foremost, the molecular content of target ions whose plgitdgdgration cross section
needs to be determined has to be maximized. Other ions priestére molecule of the
liquid may be sources of background. Ideally, pure targegsdasirable. However, either
trace contaminants always exist, or the operating (P, Tglitions of the pure target in liquid
form may be too extreme to work in a practical device. This lgywisually the liquid of
choice consists of more than one ion species. In principléigaids should nucleate in
bubble chambers [30]. It is a matter of convenience to seteterials that are liquid at
normal pressure and temperature conditions.

12



Fig. 6. Target vessel of the bubble chamber irradiated witaraow bandy ray beam from H}S.
Black dots show the sites of bubble formation foy-say beam at energies between 8.7 and 10.0
MeV integrated over a period of 12 hours. The beam intensig %10° /s and the liquid was
the refrigerant R134a. Events outside of the beam regiomrspond to background from neutrons
produced by cosmic rays ardr the walls of the experimental hall. The beam region costai
photodisintegration events mainly frotfiF(y,a)°N and an estimated 2% of cosmic ray induced
background. The camera was placed &trfative to the beam direction.

Transparent liquids are also a convenient choice as optnaajing techniques can be ap-
plied to detect the bubble events and trigger the pressstersythat stops bubble growth
and vaporization of the whole liquid volume. This also regsithe transparency of the ves-
sel containing the superheated liquid, strongly congingithe material of choice seen by
the beam before and after it reaches the sensitive liquidthar promising technique for
detecting bubble formation that does not have the transpgrequirement is the detection
of the sound produced by the fast and violent growth of théolaiim its early microscopic
state. The disadvantage of this technique is that spasialugon is well behind that of the
optical method.

As opposed to conventional active gas targets frequenglg usdisintegration experiments,
the liquids used in bubble chambers typically have derssiiéactor of 16to 1& higher.

This implies that the experimental yield obtained using bdbe chamber factors accord-
ingly, considerably reducing the time the target needs expesed to the beam and making

13



the bubble chamber a device worth considering when meapueiry small cross sections.

A nucleus photodisintegrated at several MgYay beam energies (of the kind of relevance
to the type of experiments proposed here) will produce tg@coducts of some hundreds of
keV to afew MeV in energy. This is very small compared to tlgghlenergy of particles that
have been studied classically with bubble chambers. Iretbases, particles leave behind
bubble tracks that can be used to identify the nature of tleatsv However, the kind of
experiments of interest here produce single bubble evieatséflect the microscopic short
range of the sources of nucleation (see figure 5).

The GFyo liquid is contained in a cylindrical glass vessel with a lgmgf 10.2 cm and an
outer diameter of 3.8 cm. Pictures of the superheated ligtedaken at 10 ms intervals
by two CCD cameras mounted at°9@lative to each other. The images are then analyzed
in real time by a computer and when a bubble is detected, #wspre in the glass vessel
is increased within 40 ms of bubble formation from 54 kPa t8 KPa. This leads to a
guenching of the growing bubble thus preventing a boilingamay of the liquid. The size

of the bubbles is typically 1 to 2 mm in diameter after 40 mseiftocation is determined

to a precision better than 1 mm. The spatial resolution id&nmental in the discrimination

of some backgrounds, as discussed below.

4 Previous experiments

The concept for measuring cross sections for photon indpececesses has been tested
by exposing the bubble chamberyerays produced with the HE facility at Duke Uni-
versity [31]. The narrow bandwidth photon beam was gendrhyeintracavity Compton
backscattering of free-electron-laser light from higlesgy electron beam bunches. This
photon beam was collimated with a series of three, 10 cm lomygper cylinders that had a
1 cm circular hole and were aligned &tfeom the electron beam axis. The first collimator
was located 52.8 m downstream from the collision point. Weraged the storage ring in
asymmetric two-bunch mode in order to reduce the beam esprgad.

The proof of principle of the technique was provided by cormgathe count rate obtained
in the detector while the-ray beam hit the superheated liquid against the count egfie-r
tered while no beam was produced by the accelerator. Thekgistribution of the events
obtained from the cameras correlated very well with the 1 mmdter size and position of
they-ray beam (see figure 6).

14
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Fig. 7. Excitation function measured with a4k, bubble chamber at [E£5.0-6.0 MeV
(Ecm.=1.0-1.9 MeV). The curve represents a model of tPé(e,y)'°F reaction convoluted with
the y-ray beam profile added to a bremsstrahlung induced backdr(also shown by the dashed
line). The inset shows the profile of an example of8l-ray beam (centroid at,E= 5.454 MeV)
impinging on the bubble chamber.

Table 1
Nuclear parameters for the cross section model.

Ex(keV) J T (MeV) T,(MeV) T,(MeV) [,(MeV) T,z (MeV) BRy wy(MeV)
4550 52+ 1.01E-07 3.18E-11 1.01E-07 4.040E-09 9.696E-08 4  9.58DE-1
4556 32- 3.87E-08 3.2E-12 3.87E-08 1.394E-08 2.478E-08 36 6.40DE
5337 ¥2+ 1.3E-03 1.3E-03 1.690E-06 6.574E-07 1.033E-06 38.9 1.4%E
5535 92+  4E-03 4E-03 1.147E-07 7.683E-09 1.070E-07 6.7 3.440E-07
5938 ¥2+ 8E-02 8E-02 4.16E-07 2.205E-08 3.940E-07 5.3 4.160E-07
6088 32- 4.7E-03 4.7E-03 2.5E-06 6.250E-07 1.875E-06 25 5.000E-O

The beam intensity was measured with a high-purity gernmardetector placed down-
stream of the target. A thick aluminum absorber was placéaden the bubble chamber
and they-ray detector in order to limit the high photon flux incidemt the detector crys-

15
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Fig. 8. Pressure profile of a bubble chamber cycle. The presauthe glass vessel is increased
within 40 ms of bubble formation from 54 kPa to 793 kPa. As filgeitl becomes insensitive to

charged particles when the superheat is removed by prommpression, it is then left pressurized
until the bubble is quenched. The system becomes thermpudyally stable and the release of the
high pressure superheats the liquid again. The operatmpeeature averaged 3T.

tal. They-ray spectrum was then corrected with a Monte Carlo sinafati the response
function of the detector and the attenuation in the absoilier resulting spectrum then
represents the-ray beam incident on the bubble chamber (see inset in figuiehé beam
intensity ranged from 210° y/s to 3<10° y/s, with a systematic error in its determination
better than 5% [32]. The beam energy spread was kept below 2%.

The thickness of the liquid target was determined to be@.0 cm. The uncertainty was
mainly determined by the position of threray beam with respect to the center of the target.
This efect contributed a 3% systematic error in the determinaticih@ measured cross
sections.

The cross section obtained from tHE(y,«)'°N reaction converted to tHéN(«,y)'°F scale
using equation 2 is given by the points in figure 7. The thickdsline is the result of
a calculation using the resonance parameters of¥fRestates in the E=5-6 MeV range
obtained from the direc®N(«,y)*°F measurement of Ref. [21] (see table 1) and folding

16



Breit-Wigner resonances with the energy profile of fhey spectrum (inset in figure 7).
There is an excellent agreement between the results ofribet ¢,y) measurement and the
time-inverse ¢,a) experiments. The cross section measured covers moretrendrders
of magnitude, ranging from about 3 nb to aboutit) with the point at the lowest energy
corresponding to 242 counts accumulated in 35 minutes., Atgoexcellent agreement be-
tween this experiment and previous work confirms the expieatéhat the bubble chamber
is 100% dficient

The systematic error in the determination of the crossseetas largely dominated by the
dead time uncertainty of the bubble chamber. A dead time ofs®conds was determined
by sampling the pressure in the bubble chamber at a rate oklakier each event trigger.
This pressure drop showed a gradual decline before the toppessure and superheat
were reached (see tail after decompression in figure 8).déukne was the main source of
uncertainty in the dead time, found to be 0.9 seconds anddating a systematic error in
the range from:2% up to+15% for measurements at the highest count rate achieved. The
count rate at the lowest cross section measured was typi@dll countg at an incident
flux of 3x10° y/s, demonstrating the high luminosity that has been achieitbdhe bubble
chamber. The count rate tolerated by the bubble chambeesangfween 0.5 events per
second down to 1 count per minute, or longer. In practice, limit reflects the level of
background obtained in the experiment.

5 Backgrounds

For the type of experiments discussed here, it is useful tmeléwo diferent kinds of
background sources that can contribute to the bubble catatim the detector. The first
contribution produces events that are spread evenly oeexlinle volume of the sensitive
liquid. The second produces events that appear in the saatmlsgegion as the-ray
beam inside the superheated liquid. The first type can berdeted in a straightforward
manner by two independent methods: first, the count rate eftsvappearing outside of
the beam region is compared to that of events in the path obdlaen, while they-ray
beam is irradiating the target. This is one of the reasonwlfich a good spatial resolution
of the bubble chamber is required. In the experiment, thekdpaund contribution was
determined to be about 8% of the count rate registered @utdithe beam region. This
value is in good agreement with the background observed @tangl method, where the
bubble chamber was moved to the side of the beam so that thid ligas not in the path
of they rays. Sources of this background are fast neutrons produwcedsmic rays and
by the photodisintegration of beamline and acceleratoernas that are scattered into the
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Fig. 9. The GF1o bubble chamber detector enclosure for bremsstrahlung fe@he system is
compact, so could fit easily in the tight space consideredisngroposal

bubble chamber. This background contribution can be retibgepassively shielding the
bubble chamber detector with a neutron absorbing material.
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Fig. 10. Proposed location of the bubble chamber at the 5 M#¢tsometer beamline. Shown
are a beam position monitor (BPM), a wire scanner (HARP) feasuring the beam size, and a
viewer. Another BPM will be added on this beamline. There1d&V beam dump at the end of the
beamline. The beamline will be shortened in advance of ther@xent. The photograph on the left
shows the beamline.

The other background source cannot be easily corrected/fosing the information from
the fiducial volume. These background events are product#teisame spatial region as
those from the photodisintegration reaction of interebe main contributors to the count
rate in this case are other reactions induced by neutrordupea upstream in the beam
line and collimated in the same region as $hmy beam. This set of background sources
can be suppressed by a) choosing the threshold conditiotieibubble chamber such
that their interactions do not trigger bubble formation,by)a subtraction of yields in
which contaminant reactions are carefully accounted fjdbyqplacing a neutron absorber
upstream in the beam line, and d) by identifying the neutfoore the sound they produce
when inducing nucleation in the superheated liquid [33}. &wmample, this background
source was studied in the #B experiment by varying the flux of incideptrays over two
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Table 2

Integrated beam current requirements per data point asastl with a Penfold-Leiss formalism.
The statistical errors have been corrected to account fosmic ray background of 1 countin
and a background suppression factor of 10 from the bubblgigosnformation, as described in
section 5.

Energy (MeV) Q f(/Ah) events statistical error (%)

4.55 400 348 8.3
4.65 100 633 4.3
4.75 30 709 4.0
4.85 10 824 3.6
4.95 3 813 3.6
5.05 1 864 3.5
5.15 3 857 3.5
5.25 A 1159 3.0
5.35 .01 1359 2.7

orders of magnitude at an energy of 5 MeV. At an incident fluxaf(® y/s the background
allowed us to measure the cross section down to 3 nb. Moy like source of background
was bremsstrahlung photons from the electron beam stotbkd accelerator. Extrapolating
to the highest flux that can be obtained at the$ifacility (1x1C® y/s), one expects to
measure cross sections down to 200 pb. This is a considdraplevement over the 30
nb that have been measured from direct experiments whdmy lig v =1.18 MeV, only
upper limits have been obtained [21].

6 Proposed experiment

They-ray beam at the HIS facility used for these experiments in the past is prodiged
a 0.5 GeV electron beam circulating in a storage ring. Wiigetypical vacuum in the ring
has values aroundx2.07%° torr, this is enough to produce a bremsstrahlyngy compo-
nent spanning from the electron beam energy down to the Gomijatckscattering energy
and below. As the cross section for tH&(y, «)'°N reaction strongly depends on energy
and within the bremsstrahlung high energies it is sevedgrsrof magnitude higher than
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Fig. 11. Bremsstrahlung radiator and collimator assenifihe electron beam is incident on the
device, first hitting a 2 mm thick Cu radiator (thin green lindower figure). Further downstream,
an Al (yellow) piece stops the remaining electron beam. Ppieése is supported by a cylindrical
Cu collimator. The bubble chamber (upper figure) is therdiated by the Bremsstrahlung photon
beam produced by the radiator system.

the energy of interest, this becomes an important sourcad{dround that obscures the
signal of interest. Therefore, by using the low energy etecbeam produced by the injec-
tor at JLab incident on a bremsstrahlung radiator, this ¢paknd will not be produced. The
beam quality and infrastructure at JLab would be a perfe¢timf@r the bubble chamber
experiments.

The bubble chamber enclosure has been redesigned to fit tigttiespace of the 5 MeV
spectrometer beam line. The system is light and compact dhdllew for mounting an
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Fig. 12. Bremsstrahlung photon beam profiles for a 10 mm diamoellimator and 2 mm thick Cu
radiator exposed to a 5 MeV electron beam as computed withraeM@arlo simulation.

aluminum beam dump behind the bubble chamber. The encl¢seedigure 9) will allow
for safe operation of the device and has surpassed all stetgards required by Argonne
National Laboratory. The location of the bubble chambehmihjector tunnel is shown in
figure 10.

We propose to test this scheme in a first experiment meastim&idF(y, )*°N reaction at
energies between 4.6 and 5.4 MeV. Hheay beam will be produced by irradiating a Cu
radiator (see figure 11) with the electron beam. A calcutatibthe expected ray beam
profiles has been obtained with a Monte Carlo simulation efalectron beam impinging
on the collimator-radiator system. The expectady beam profiles are shown in figure 12.

While the injector is able to provide higher beam intensijteeconservative limit of 20A

of beam current due to the Cu radiator has been establishégiseexperiment. This will
be enough to study the cross section down to value of abol®2° cn? (see figure 14).
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@—@ Bubble count rate = 0.5 per second
@—@ Bubble count rate = 1 per minute
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Fig. 13. Beam parameter space available to the proposedmgua (region in gray). The horizontal
solid lines delimit the beam current operation regime ofitijector. The blue curve corresponds to
the photodisintegration yield as computed by assuming aimuax bubble count rate of 0.5 Hz. The
red curve assumed a minimum rate of one count per minute aptindetermined by background
events.

Improved heat dissipation in the radiator would allow usnioréase the beam intensity in
the future. The estimates of the integrated beam currentnegtito perform the experiment
(see table 2) were performed by deconvoluting the beam effodiin the experimental yield
by means of the Penfold-Leiss method [34] [35]. The courds&blerated by the bubble
chamber were assumed to be between 0.5 Hz and 0.016 Hz. Aggamaximum electron
beam current of 20A and 10 nA a lower limit for measuring its intensity with theadable
beam current monitors at JLab, the beam parameter space iese experiments could
operate is shown in figure 13. The bubble chamber operatindittons will be the same
as in the Hy'S experiment, shown in figure 8.

The main source of background is expected to be cosmic raycadineutrons. This rate
is expected to be close to one per minute, consistent witmikasured at HIS and ANL,
where there is a similar overburden of shielding. Since va@ pb operate this experiment
during nights and weekends to avoid any conflict with the amg@2 GeV upgrade activi-
ties, we will measure this cosmic background during the dagmthe beam isfh
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If the beam induced background is indeed small, we will psgpi study in a second set
of experiments thé®F(y,a)*N and*®O(y, @)'?C reactions at lower energies. In particular,
there is an astrophysically important resonancéHity,a)'°N at E,=4.38 MeV. It could be
possible that the main mechanism of fluorine nucleosyrgheghe universe proceeds via
this resonance.

7 Beam timerequest and summary

10730 .

1 0—31 |
10-32 |
L 19F(’Y,OC)15N

]0—33 -

10—34 L

Cross Section (cm?)

1035 @ projected data —

10736 | \ \ ! | \
4.3 4.5 4.7 4.9 5.1 53

Photon Energy (MeV)

Fig. 14. Expected cross section measurements from thisiengd.

We have provided a proof of principle of the operation of thblide chamber as a low rate
counter for photodisintegration events, including theedetnation of the>N(«,y)°F re-
action with a narrow bang-ray beam impinging on €F target. The use of bremsstrahlung
for this type of measurements will be explored at JLab. Thmmlzallenge in the whole ex-
perimental program is the careful and systematic chaiaatern of the various sources of
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Table 3
Electron beam time needed for the experiment.

Energy (MeV) Beam curreni) countrate (1s) beam time (h)

4.55 2.06-01 1.6E-02 20.0
4.65 1.301 2.4E-02 7.5
4.75 5.0E-00 3.3E-02 6.0
4.85 1.7&00 3.9E-02 5.8
Experiment 4.95 6.5E-01 4.9E-02 4.6
5.05 2.4E-01 5.8E-02 4.2
5.15 8.4E-02 6.7E-02 3.6
5.25 3.0E-02 9.7E-02 3.3
5.35 1.0E-02 3.8E-01 1.0
Beam energy change 16.0
Checkout 8.0
Commissioning 20.0
Total 100.0

background. For this we have redesigned the bubble chamdera will use superheated
perfluorobutane (§-10) as a sensitive liquid. Upon success of the proposed expatim
we will submit another proposal for measuring t8€(a,y)'0 reaction rate with a water
bubble chamber.

A total of 100 hours of beam time are requested. The time huclg®prises 56 hours
of beam time (100%f&ciency of experiment and accelerator beam-on-target tioréhe
measurements (see table 3), plus two hours per energy cfariggam tuning. Eight hours
of check out beam time will be needed. These will include ipiga neutron absorber be-
fore the beam hits the detector. As the bubble chamber wédkpesed to a bremsstrahlung
beam for the first time, an additional 20 hours of beam timélveirequired to commission
the device. Here we will study the detector response to asimgthe beam parameters and
verify that background rates are similar to the expectedeslin total, this amounts to 100
hours of beam time.
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8 Appendix A

8.1 Nuclear reaction mechanisms and their rates in stelfaiirenments

The relevant quantity entering the computation of the atelffructure and nucleosynthesis
that quantifies the probability of a thermonuclear reactsothe reaction rate per pair of
particles(ov). For a gas of particles a with a densitly and particles b with a density,
the reaction rate per unit volumes the product otrN, with the flux of particles arN..
Hereo is the reaction cross section of particles a and baisdheir relative velocity, i.e.

r = NyNyvo-. (7)

The relative velocity of particles in a gas is described bys#rihution so the rate needs to
be averaged over v. In general the reaction cross sectiorergye dependent, so we write

r = NaNy(vor(v)), (8)
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such that N
Vo)) = fo (v ©)

For the special case of a threshold for the reaction at pestiergies the lower limit of the
integral is replaced by the velocity at threshold. The wileg in stellar AGB and Wolf-
Rayet environments are described by a non degenerate daswitaxwell-Boltzmann
distribution, and withE = m\?/2, we write the expression for the rate as

Vo(V)) = (3)1/2(10)-3/2 fo " H(B)E exp(—%)d E, (10)

U
such thak is Boltzmann’s constant andis the reduced mass.

The cross section measurement (or theoretical predidtiotihe worst case scenario) in-
volves a good part of workf#orts in nuclear astrophysics. Approximations to the reacti

rate are very useful, though. For example, relative to theggndependence of the cross
section the reaction rate can be of threfedlent types [36], i.e.

(Vo (V)) = (Vo (V))nr + (Vo (V))r + (Vo (V) e, (11)

such that “nr” labels the non-resonant part of the rate; mhates at the lowest energies,
where it is not likely to find resonances in the cross secfldre term(vo-(Vv)), is the res-
onant part of the rate and in this region the cross sectiowsheell isolated resonances.
Finally, (vo-(v)). stands for the continuumn term, where the density of restegper en-
ergy intervalD is high © > 10MeV! [37]).

For the case of a reaction between two charged particlespotine reasons the determi-
nation of the cross section at stellar temperatures is anesting problem is the fact that
Coulomb repulsion is extremely strong. Nuclear reactiamaat happen frequently, so the
values of the cross section that are involved are in geneoadinall to be measured in the
laboratory.

The energy dependence of the cross section was examindwfoase ofv-particle decay
[38], who found that the probabilitl that a pair of charged particles would overcome the
Coulomb barrier can be written as

P ~ exp(-2mn) ~ exp(Es/E)"?), (12)
with &
yAY4
- 1h\2/ : (13)
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Eg = 2u(mnv)?, (14)
Z, andZ, the atomic numbers of the particlésthe reduced Planck constanthe relative
velocity of the particles, ané the proton charge. On the other hand, the cross section

should be proportional to thefective geometrical areal? seen by the particle pair during
the collision, such that

2
o~ A%~ (F_];) ~ (%) (15)
wherep s the linear momentum antithe de Broglie wavelength. In this way we may write
S(E
o(®) = & exp(-2m) (16)

with S(E) known as the astrophysical S-factor. By substituting &#qual6 into equation
10 we finally get

I E b
(O'V)—(E) (KT) fo S(E)exp(—ﬁ—m)dE. (17)

Writing the cross section as in equation 16 is just a matt@oofenience as the S-factor
has no physical meaning [39]; nevertheless it is very useftémoving the strong energy
dependence of the cross section —usually spanning sevdeakof magnitude in a small
energy region— thus enhancing the visualization of themasbnature of the reaction.

8.2 The non-resonant reaction rate

In generalS(E) can be written as a Taylor series around an en&gyn the special case

of a non-resonant reactid®(E) is a constant given b$, = S(Ey). Taking S, out of the
integral in equation 17 the reaction rate per particle paircept can be put in a more
practical context for stellar astrophysics. The first fadtothe integrand of equation 17
represents the probability densitiy that two particles Marollide with each other at an
energyE, and is given by a Maxwell-Boltzmann distribution. On theethand the second
factor in the integrand gives the probability that once a phparticles have encountered
each other at an enerdy they would penetrate the Coulomb barrier and be thrown into
a reaction channel. The product of the integrands definegiarref energy where given

a gas with temperaturié = kT the reactions between particles a and b are likely to take
place. The region is known as the "Gamow window”.

The concept of the Gamow window can be extended to reactgpmes diferent from the
non-resonant mechanisms by assunfd{g§) = So. In this way the relevance of a cross
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section in an astrophysical environment can be asseserklsflving and evolving the set
of equations for stellar structure and evolution.

8.3 The resonant reaction rate
For the case of an isolated sharp resonance, the crossrseatide written as

— /1_2 2J+1 I‘inrout
4 (21, + D)2, + 1) (E - ER)2 - (I'/2)2°

o(E) (18)

whereA is the de Broglie wavelengtlky is the energy of the resonanges the spin of the
compound statd; andl, are the spins of the colliding nucldi;, andI'y are the partial
widths for the entrance and exit channel, respectively,lamlthe total width. The total
width T is defined as the sum of the partial widths

r:}]m (19)

and
I't=n, (20)

wherer is the lifetime of the state &g. On the other hand the partial widthisare a product
of the penetration factd? and the squared matrix elemenof the transition between the
channel and the compound state, i.e.

I = 2Py2. (21)

Substituting in equation 10

— 8\"? -3/2 © 2 LinLout E
ww_&a)aa) L Ewﬁ_ay_wﬂyEwdjﬁﬁa (22)

where the spin factap is defined as

2J+1

YT LD, 1) (23)

AssumingE exp(~E/KT) changes very little in the resonance region we can write

(24)

<”V>:(a 4r kT)Jo (E-Er?>—(T/2)

I BTy
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such that the integral evaluates to/E. Let us definey = I'j,I'ou/T", SO

2 3/2 ) ER
(oV) = wy(m) h eX[{-E). (25)
The case of several resonances can be approximated by sgraweinvarious terms of the
form (25), i.e.
27 \¥2 , Er
(V)R = (m) h Z(wy). exp(—ﬁ)i. (26)

The rate described in this proposal is calculated usingtpeession fokov)r given above.
8.4 The rate in the continuum

At energies where the density of states is highX I') the sum over resonances can be
approximated by an integral oveg [36]. The rate is then obtained by retaining the most
energy-dependent terms. The rate in the continuum carbstiliritten as a sum of two
terms:

(OV)e = (0V)ue + (0 V)se. (27)

The first term corresponds to the “unsaturated continuute”aad here the entrance chan-
nel partial widthl, is small compared to the total widih The second term is the “satu-
rated continuum” term, where the penetration factor (dqudt?2) is large enough to allow
the incoming partial width approximatg the total width. In general the functional depen-
dence of the continuum rates with energy is as follows:

(Ve = FTo 2P explrc Ty ™° = (To/ T (28)

and
(oVysc = H exp[-11.605E./Ty], (29)

such thafly is the temperature in GK, artl,, F, H, ., andT, are constants.
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