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Cross sections relevant toy-ray line emission in solar flares: 3He-induced reactions on*®0 nuclei
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y-ray production cross sections have been measureg-fay lines copiously emitted in théHe bombard-
ment of 0 nuclei: the 937-, 1042-, and 1081-keV lines 6F and the 1887-keV line ot®Ne. Four Ge
detectors with BGO shielding for Compton suppression were used to measure the angular distributions of the
v rays. The excitation functions have been obtained®fde bombarding energies from 3.7 to 36 MeV. Total
cross sections are tabulated for calculations relevang-tay astronomy. The importance of these lines as
diagnosis for the presence and properties of accelefktedn solar flares is discussed in light of the measured
Cross sections.
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. INTRODUCTION y-ray cross sections were estimated from datal%m total
o o _ production, obtained through the detection of gie decays
Solar flares have been historically divided into two of this isotope T;,=109.77 m).

classes, impulsive and gradual, based on the time duration of \we have measured the cross sections for the production of
their soft x-ray emissiorisee Ref[1]). They are, however, the 937-, 1042-, and 1081-keV lines fie+ %0 reactions,
also well characterized by the abundances of the energetigr 40 3He energies ranging from 3.7 to 36 MeV. In addition,
particles accelerated in these events and detected in the iz have considered the production of the 1887-keV line
terplanetary space. In particular, impulsive flares are genefrom deexcitation of the first excited state ¥Ne, which is
ally associated with enormous enhancements of accelerat%pmated by the reactioO(®He,n)8Ne. Indeed, we sug-
3 a- 4 ; L ! o .

He: the measuredHe/'He abundance ratios are frequently gest that the detection in solar flares of this relatively strong
three to four orders of magnitude larger than the correspondine could allow one to obtain valuable information on the
ing value in the solar corona and solar wind Whereenergy spectrum of the acceleratdde, by comparing its
SHel*He~5x10"* (see Ref[2]). These solar energetic par- ; i i isis di i
_ : gelic par- intensity to that of the 937-keV line. This is discussed in Sec.
ticle events have been the subject of many experimental ang/, together with the overall relevance of these measure-
theoretical investigations aiming at the identification of thempents fory-ray spectroscopy of solar flares. The experiment

resonant acceleration mechanism causing tHe enrich-  and the data analysis are described in Secs. Il and Ill, respec-
ments(see Ref[3] and references thergin tively.

Independent information on the accelerated particle com-
position and energy spectrum, as well as on solar ambient Il. EXPERIMENTAL PROCEDURE
abundances, density and temperature, can be obtained from
observations of the-ray line emission produced by nuclear = The experiment was performed at the Tandem accelerator
interactions of the energetic particles with the solar atmoof the IPN-Orsay. Together with the cross sectionsyeany
sphere(see Ref[4]). The recent launch of the RHESSI sat- production from®He+ %0 reactions, we studied in the same
ellite offers, in particular, the possibility of high-resolution experiment the reactiofMg(3He,p)2°Al, which is relevant
spectroscopic analyses of this emiss[@). Mandzhavidze to the production of°Al in the early solar systerfil1]. The
et al.[6] pointed out that the reactiofO(*He,p)'%* leads  ®He-induced reactions o0 and Mg were successively
to strong line emission at 937, 1042, and 1081 keV, whiclstudied at each beam energy by means of a multiple target
can be used as diagnosis for the presence and properties laflder, which was shifted in the vertical direction with a
acceleratec®He. The 937-keV line as well as a significant geared engine remote controlled from the data acquisition
line feature at~1.02 MeV have already been identified in room. For eact’He energy, the beam position and spot size
data of the moderate-resolutioptray spectrometers SMM/ were first controlled optically with an alumina foil mounted
GRS and CGRO/OSSF]. Analysis of these detections sug- on the target holder. Then, the magnesium- and oxygen-
gested that the flare-averagetHe/*He abundance ratio containing targets were successively placed in the beam. The
could be~0.1 and that in some flare§He/*He~1 [7,8]. y-ray production cross sections were measured for 40 beam

However, these analyses were basedyenay production energies, in small steps of 250-500 keV from 3.7 to 15 MeV
cross sections evaluated from partial laboratory datand at 18, 20, 21, 25, 30, and 36 MeV. The beam current was
(see Ref[9]): excitation functions for the production of the integrated in a Faraday cup located 1.4 m behind the target.
937-, 1042-, and 1081-keV lines from the reactionTypical beam intensities were 10—-20 nA.
1%0(®He,p)*®F* were measured for laborato”He energies Several target foils were used for tiele+ %0 measure-
ranging from 2.6 to 4 MeV only10]; at higher energies, the ments. FronE,q,,=3.7 to 7.25 MeV and at 9 and 10 MeV,
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we used a tantalum-oxide targéthemical composition sphere[N(*0)/N(**C)]o= 2.4 [13]. The first and second
Ta,0s) of 800 wug/cn? evaporated on a carbon foil backing escape peaks are almost invisible and the Compton back-
of 90 ug/cn?. Above 7.25 MeV, we essentially used two ground is strongly suppressed by the BGO anticoincidence
Ta,Os targets of 1.5 mg/chevaporated on carbon foils of system. ForEg..,=4.75 MeV (lower spectrum in Fig. J

130 uglcn?, as well as two self-supporting Mylar foils all significant lines arise from the exothermic reactions
(chemical composition GHgO,) of 3.213 mg/cri (23 um)  '°O(*He,py)'®F, °C(®He,py)*N, and *O(*He,ay)™ 0.

for Epean=12.5, 18, 21, 25, 30, and 36 MeV. The thick-  Apart from the strong 511-keV emission, the most intense
nesses of the T&s targets were chosen for thitde energy line is at 937 keV and originates from the deexcitation of the
loss in the targets to be similar to the beam energy steps dist excited level in'®F (Fig. 2. This line is relatively nar-
250 keV below 10 MeV, in order to avoid significant gaps in 'OW because the mean life of the 937-keV state;67.6

the excitation functions. The reason of using Mylar target§2-5_95[1184]*_'S greater than the slowing down time of the
instead of TaOs targets at the highest energies was to avoid €C0iling F ions in the target material, such that theay

a too intense production of neutrons amdays from reac- ‘;‘Q"SS'O” happens predominantly near rest. The reaction

: , : O(®He,py)®F also produces four lines, at 1020, 1042
tions with the Ta nuclei. Repeated measurements at the sa ’ ) — ’ ’
energies allowed us to ensure the stability of the variounsi854' and 11081 keV, which could contribute to the

targets. After the experiment, the thickness of one of th%;itlr.]OSZMMN(Ia/\éIggeaﬁgwlégcl)qr});gastgré]detected in solar flares

Ta,Og targets was checked by a Rutherford backscattering The strongest lines from the reactidfC(3He,py) N are
measurem_ent performed at the ARAMIS accelerator of _th%t 2313, 1635, and 5105 keV. It was not pos’,sible to extract
CSNSM with a*He beam of 3.085 MeV energy. From this |ejiaple cross section data f@He+ 12C reactions in this ex-
measurement and the observed consistency of cross sectigBriment, because the Ge detectors were not shielded enough
data me_asured with different targets at the same energies, them y rays produced in the graphite material of the Faraday
uncertainty on the target thicknesses was estimated t0 kg, |n solar flares, these three lines are expected to be aiso

+10%. ) _significantly excited by inelastic scattering of protons and
The y rays were detected with four large volume, high particles on ambient*N [9].
purity Ge detectors with bismuth germina@GO) shields The most significant line from the reaction

for Compton suppr_essiovﬁlz]. The fou_r detectprs Were  169(3He,av)1%0 is at 5240 keV corresponding to the deex-
placed horizontally in front of 2 mm-thick aluminum win- citation of the second excited level #0 (Fig. 2). The line

dows of the reaction chamber and at the laboratory angleg; 5182 keV from the first excited level O was observed
0lap=90°, 112.5°, 135°, and 157.5° with respect to theiy pe significantly weaker.

beam direction. The Ge crystals were located at about 37 cm g, Epear=9 MeV, three additional reactions can be
far from the target. The detection efficiencies were measuregyanified fr?They-ray s,pectrum shown in Fig. 1: the reaction
at three different times by placing at the target position fOUfl6O(3He dy409'7F, the reaction?C(3He,ay)*'C producing

rfggioe}gige sou(jlrgsezsé cal_irbhrated in activities 'to(I) 1'52?’60* [wo broad lines at 2000 and 4318 keV, and the reaction
: S, an U. 1Nese Sources provide a dozen of16g3He ny)Ne producing two narrow lines at 1489 and

y-ray lines of relatively high intensities from 122 to 1836 1gg7 keV (Fig. 2. We see that the latter line is relatively

keV. _The uncertainties in the absolute efficiencies were deStrong, which motivated us to determine its production cross
termined from these three measurements &% for the  gaction. The relevance of this line for solar flare physics is

detectors at 112.5°, 135° and 157.5°, ahd5% for the  (iscussed in Sec. IV.
detector at 90° due to an additional absorption of theays
in the target holder. The efficiencies at 1333 ke¥Qp)
were (1.670.25)x10° 4, (2.28-0.16)x10 4, (1.90
+0.13)x10 4, and (1.970.14)x 10" 4, for the detectors at The cross sections for the production of the 937-, 1042-,
90°, 112.5°, 135°, and 157.5°, respectively. and 1081-keV lines of'®F and the 1887-keV line of®Ne
Conventional electronic and computing techniques weréave been derived from the yields of the full-energy peaks in
used to translate the detector output signals into pulse heigltthe energy calibrated spectra. We used a Monte Carlo simu-
spectra. The dead time of the system was precisely detefation of the y-ray line production in the targetsee Ref.
mined with a set of pulsers which were fed into the Ge de{15]) to better estimate the peak shapes for the four detection
tector preamplifiers and into a scaler that was triggered byngles. The background yields were determined by interpo-
the data acquisition system. We assessed an eri38b in  lation of the count rates below and above the peaks. For the
the dead-time correction, which was20% for most of the 937- and 1887-keV lines, the systematic error due to the
measurements, but as high a$0% for the highest beam peak shape determination and the background subtraction
energies. was estimated to be comparable to the statistical error. For
Sampley-ray spectra are shown in Fig. 1 for the,@y  the weaker line at 1081 keV, this systematic error was typi-
target of 800ug/cn? on the carbon backing. We see a vari- cally 5% for the detectors at 90°, 112.5°, and 135°, and
ety of lines produced byHe-induced reactions o0 and  (10—20% for the detector at 157.5°. Photopeak integrations
12C nuclei. For this target, thé®0-to-'2C number ratio is were indeed more uncertain for this latter detector, because
N(*%0)/N(*?C)=1.2+0.2, which is lower by a factor o2  of a highery-ray background induced by nuclear reactions in
than the corresponding abundance ratio in the solar atmahe Faraday cup. The case of the 1042-keV line was compli-

IIl. DATA ANALYSIS AND RESULTS

025804-2



CROSS SECTIONS RELEVANT TG-RAY LINE EMISSION . .. PHYSICAL REVIEW C68, 025804 (2003

4000IIII|IIII|IIIIIIII|IIII|IIIIIIIIIIIIIIII|I
3000 Ojap = 90°

2000
1000 F 9 MeV, x2

4.75MeV_>" .,

0 100 200 300 400 500 600 700 800 900

0

ﬂ 800 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
: * of & - ) * of
600 g 2xp g &k 2 ;
2 $ GEE & % 5 7
& 400 I I I I I I I ]
=~
2 200 .
(5 i A 1
4 5 AN oot Wt et d
B 0 _l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L]
o 1000 1250 1500 1750 2000 2250 2500 2750 3000
200: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :
e e 3 2y I B
150 ] a:UFx B N « S S tS 3 E
100 - & UNF < Box i " RO -

50

N.

3000 3500 4000 4500 5000 5500 6000 6500 7000

Ev (keV)

FIG. 1. (Color online@ Observedy-ray spectra with the Ge detector @}, =90° for *He-particle bombardments B q,,~=4.75 and 9
MeV of the tantalum-oxide target of 8Q@g/cn? evaporated on a carbon foil of 90g/cn?. Most of the lines arise fronfHe-induced
reactions on*®0 and '%C target nucleisee text The most intense of these lines are labeled with their nominal energies and the excited
nuclei from which they rays are emitted. Almost all of the unlabeled weak lines between 2500 and 4000 keV are due to cascade transitions
following the %0(®He,p)*8F* and 2C(®He,p)*N* reactions. The strong 511-keV line mainly arises from ghedecay of the''C, 1°0,
YF, 18, and'®Ne ground states. The background line at 1461 keV arises from the decay of affsit;,,=1.3x 10° yr). The width
of this line, 3.5-keV full width at half maximum, reflects the energy resolution of the detector. The line at 1779 keV is due to deexcitation
of the first excited state of°Si and is believed to arise from secondary-particle interactions in the aluminum walls of the reaction chamber.

cated by the proximity of the 1054-keV lirieee Fig. L For  isotropics because thg rays depopulate 0 and 0 levels,
Epear>5 MeV, these two lines were not fully resolved from respectively. The 937- and 1887-keV lines &2 transitions
each other and we estimated their relative intensities fronil4] and complete angular distributions were obtained by
fits by two Gaussian shaped lines. The associated systemafitting the measured differential cross sections by the
error was(5—-19% for 5<E,.,n<12 MeV and(15-35%  Legendre-polynomial expansion:
above 12 MeV, as the two lines were almost impossible to g
distinguish for the highest beam energies. The total error in do
the y-ray line yields were obtained from the linear sum of m(a'ab):a°+a2Q2P2(Cos‘9'ab)+a4Q4P4(COS‘9'ab)’
this systematic error with the usual statistical error. (1)
Examples of measured angular distributionsyafays are
shown in Fig. 3. The 1042- and 1081-keV line emissions aravhereP,(coséd,y) is the Legendre polynomial of ordeand
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Q, and Q, are the attenuation coefficients, which can bes(937 keV), (13-23% in o(1042 keV), (14-16% in
calculated analytically from the geometry of the detectiong(1081 keV) and13-17% in o(1887 keV).

setup(see Ref[16]). We have estimated the corrections aris- We see that the excitation functions vary with energy in a
ing from the laboratory-to-center-of-mass transformation andelatively smooth fashion. Only the cross section for the
from the finite beam spot size to be negligible in this experi-(*He,n) channel(Fig. 7) shows resonances corresponding to

ment. The total cross section is simply given by compound nuclear effectsee below. The lack of fine struc-
tures in the excitation functions is partly due to the use of
o=41may. (2) relatively thick targets(160—330 keV thickness foEpeam
=3.7-12 MeV).

In Figs. 4—7, we show the excitation functions obtained The highest cross section is found for the reaction
from the fits of the measured differential cross sections. En*°0(®He,pyq37)*®F, which reaches a maximum of 216
ergies at which cross sections and Legendre-polynomial ca= 28 mb at 7.3 MeV(Fig. 4). The angular distributions of
efficients are quoted are laboratodHe energies at the the 937-keVy rays were found to be slightly anisotrogigee
middle of the targets, the horizontal error bars correspondinglso Fig. 3 and to have little dependence on thide bom-
to the target thicknesses. Stopping powers were calculatdaarding energy: tha,/a, coefficient ratio is nearly constant
with the computer coderim [17]. The vertical error bars and slightly positive(its mean value is 0.140.12) whereas
correspond to the d errors in the coefficients of the all values of a,/a, are compatible with zero. Because
Legendre-polynomial fits, except for the 1042-keV line forthe 937-keV level of*F has a relatively long mean life,
which we took into account an additional error due to ther=67.6-2.5 ps, and high magnetic dipole moment,
contribution of the reactiont®0(®He,n)®Ne(8")¥F* (see w=+1.68+0.15[14], it is possible that its nuclear align-
below). In the determination of absolute cross sections, erment was partly lost by hyperfine interactions in the target
rors in the target thickness¢$0%), the beam current inte- prior to they emission.
gration(5%), and the dead-time correcti¢8%) must also be In solar flares, production of the 1042-keV line includes a
included. The resulting overall uncertainties é68—14% in  contribution from the reactiof®O(*He,n)*®Ne(B*)8F* for
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FIG. 3. Examples of angular distributions ¢frays obtained at

an 3He-beam energf,..=9 MeV. The solid lines are Legendre-
polynomial fits to the datpsee Eq(1)]. The error bars only contain
the angular-dependent uncertainties and are obtained from a qua- FIG. 4. Total cross sectiofpanel(a)] and coefficients of the
dratic sum of the error in the number of detectgdays and the ~Legendre-polynomial fits to the angular distributiofmanels (b)

error in the detection efficiencisee text and (c)] for the reaction*®0(°*He,pys37) '°F, as functions of the
laboratory®He energies at the middle of the targets. The horizontal

3He energies above the reaction threshoﬁ;hres error bars correspond to the target thicknesses. The vertical error

He . _ . N .
~3.80 MeV. For eachp* decay of 18\e, 0.0783 pars are the errors in the Legendre pqunomlal fits. The dotted line
+0.002% £ 1042 keV itteid 4], The half-lif in panel (a) shows the polynomial fit to the data abowg,,
18 v 1ays o eV are emi - 'he hallif® — _ 15 MeV used to calculate the average values of the cross section
of ®Ne, T,,=1672+8 ms, is too short for the’He,n) and

3 S . . . at high energiegsee text
(°He,p) channels to be distinguished in solar flares. In this

experiment, however, a small correction of the 1042-keMower energies were less important. The excitation function
data had to be made to take into account the nondetection é6r the production of the 1042-keV line is shown in Fig. 5.
some €He,n) events due to the escape from the targets of The lowest cross section measured in this experiment is
some recoiling*®Ne ions prior to decay. To evaluate this that of the reaction*®O(*He,py;0g)*°F, which reaches a
correction, we first estimated the total cross section for thenaximum of only 3%-4 mb at 5.4 MeV(Fig. 6). The 8*
reaction*®O(*He,n)*®Ne from the differential cross sections decay of®Ne also populates the 1081-keV state'8F, but
(do/dQ¢y) measured by Adelberger and McDondlB] at  with a negligible branching ratio of (2.670.28)x10 °
Eiap=9, 9.5, 10.5, 11.5, and 12.5 MeV, and by Neroal. [14].

[19] atE ,,=13.8, 16.1, and 17.8 MeV, as well as from the  Results for the’®O(®He,ny,g47) *®Ne reaction are shown
180(®He,ny1547) 1®Ne excitation function measured in this in Fig. 7. A broad resonancelike structure dominates the ex-
experiment(Fig. 7). From this estimate, we found that the citation function a,,~9.5 MeV, which corresponds to an
contribution of ®Ne production to the total 1042-keV line excitation energy of~16.4 MeV in the compound nucleus.
emission is lower than 25%. We then used the measuretdhis broad resonance has already been reported in the yields
differential cross sectionsdg/d(Q,) [18,19 to calculate of neutron productio{18]. A narrower resonance is also
the energy distributions of the recoilinfNe ions and per- observed aE,,,~6.5 MeV, which could correspond to the
formedTRIM simulations for each target to evaluate the frac-13.8-MeV level of 1%Ne [14]. The Legendre-polynomial co-
tion of escaping ions. The most important correction wasefficients show a characteristic structure Bt,~7 MeV,
found for the TaOs target of 1.5 mg/crh bombarded at with a significant deep fom,/a,. Above ~8.5 MeV, the
Epeam= 15 MeV. For this data point, we estimated thata,/a, anda,/a, coefficient ratios do not significantly vary
~60% of produced'®Ne have escaped from the target andwith energy and their mean values are G+4D17 and

the corresponding correction was applied by multiplying the—0.15+ 0.23, respectively.

measured cross section by a factor *0111. Corrections Heggieet al.[10] have measured the excitation functions
for the Mylar targets and for the J@s targets bombarded at for the production of the 937-, 1042-, and 1081-keV lines in
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exponential fit used to calculate the averaged values of the cross )
section above 15 MeV. FIG. 7. Same as F|g 4 but for thé60(3He,n)/1887)18Ne

reaction.

the reaction®O(®*He,p)'®* up to 4 MeV. Comparison of
their results with the cross sections we obtained at the Ioweéi{
energies shows an overall agreement-dt0%. The results

of our y-ray production measurement can also be compare

ith the cross section for®F total production from3He
180 reactions, which has been extensively studied by an
ctivation method(see Ref.[20]). The reported excitation
unction has a very similar overall shape to the one of the
sum of the four excitation functions measured in our experi-
163 18 ment and is~20% higher. The difference is due to the direct
' O(Hepy) F production of 18 and '®Ne in their ground states, as well as
Q#II}{{ E,~1081 keV to their production in excited levels above 1081 ke\F)
iy
%}

o (mb)

and 1887 keV {®Ne) decaying directly to their ground
states.
} In order to provide data in a convenient form fesray
10 I astronomy, we have averaged the measured cross sections
- over 1-MeV-energy intervals up to 15 MeV and over 5-MeV-
}iﬂ energy intervals at higher laboratory energies. The results are
{‘{ given in Table I. Below 15 MeV, average values were gen-
- erally obtained from linear interpolations between adjacent
+ data points. At higher energies, we performed fits to the cross
section data by polynomial or exponential curysse Figs.
4-7). We estimated the uncertainty induced by this proce-
dure to be generally negligible as compared with the overall
errors in the measured cross sections, except for
cen b b b b b b b beasa bee (1887 keV) atE,,=6 and 7 MeV. For these two values,
0 25 5 75 1012515 175 20 225 25 we quadratically added errors of 25% and 10%, respectively,
Elab (|\/| eV) due to the resonance at6.5 MeV (Fig. 7).

FIG. 6. Total cross section for the reactiiO(*He,py1g) *F. IV. DISCUSSION
The error bars are as explained in Fig. 4. The dotted line shows the
exponential fit used to calculate the average values of the cross To discuss the expected emission of thide-produced
section above 13 MeV. lines in solar flares, we show in Fig. 8 two calculatgday
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1 80(®He,p)'®F* reactions. In practice, we added two values
for (937 keV), 3.4 mb at 60 MeV and 1.6 mb at 90 MeV,
two values fora (1042 keV), 3.6 mb at 30 MeV and 0.9 mb
at 60 MeV, one value forr (1081 keV), 1 mb at 30 MeV,
and two values fowr (1887 keV), 2 mb at 60 MeV and 0.9
mb at 90 MeV. In Fig. 8, these extrapolations account for
<3% of the ®He line strengths.

The calculations were performed in a thick target interac-

p—
=

FY (photons MeV'l)
=

&
T

—
=

_ZE:; ng's 2‘/““1“(‘;5: c"g"f*;' tion model, in which the accelerated particles produce the
Joeomere=t o GIpEie s S =S nuclear reactions while they slow down in the solar atmo-
0.8 1 1.2 1.4 1.6 1.8 2 sphere.y-ray line spectroscopic analyses of solar flare emis-

E, (MeV) sions have shown that the composition of theay produc-

tion regions is generally close to cororiake Ref[22]): the

FIG. 8. Calculated prompy-ray line spectra in the 0.7-2 MeV abundances of the low FIHirst ionization potentiagl ele-
region produced by accelerated partiolesinly protons,*He, and  ments Mg, Si, and Fe relative to the high FIP elements C and
@ particles interacting with the solar atmosphefgee text Solid O are enhanced by a factor of 4£53] in comparison with
line, acceleratedHe/a=0.5; dotted line *He/a=0. The fast par-  photospheric abundances. We took the coronal abundances
ticle source spectrum IQ(E)=E"° with S=4, normalized to one  fom Ref. [23], except for He/H for which we adopted the
proton of energyE>30 MeV. The four lines produced ifHe helioseismological value HeAH0.084[24]. For the acceler-
+ %0 reactions as well as the four strongest lines produced by, particles, we used an impulsive-flare average composi-
accel_erated protons and-particles are labeled with the excited tion obtained' from solar energetic particle measurements
nuclei from which they rays are emitted. [25], except fora/p for which we used an abundance ratio of

. . . ... 0.5. Such a relatively high concentration of accelerated
line spectra, assuming an accelerated particle composition

. : 3 “particles has been proposed to explain the intemste
with or without l_—|e. We use_d the code developed by Ra fusion lines observed in several flarege Refs[7,8]). The
matyet al.[9,21], in which we incorporated the cross sectlon,[W0 rav spectra shown in Fia. 8 were calculated for
values of Table I. At highePHe energies, we extrapolated vray sp 9.

) . 3He/a=0 (dotted line@ and *He/a=0.5 (solid line). The
the four cross sections assuming the same energy depen-

: latter value is typical of the’He enrichment of the solar
dence as estimated by Kozlovskgtal. [9] for the energetic particles accelerated in impulsive flafg=e Ref.

[23]). For the source energy spectrum of the fast ions, we
jook for all species a power law in kinetic energy per
nucleon,Q(E)=<E S, with S=4 (see Ref[26]).

We see in Fig. 8 that the 937-keV line is relatively strong
in comparison with other lines produced by accelerated
protons anda particles. However, we also see from the

En  0(937 keV) (1042 keV) (1081 keV) (1887 kev)  y-ray spectrum calculated without acceleratéde that

TABLE |. Cross sections for the production efray lines in
3He+ %0 reactions. The cross sections are averaged over 1-Me
wide bins centered at the indicatéHe energies up to 15 MeV and
over 5-MeV-wide bins foE,,,= 18, 23, 28, and 33 MeV. Errors are
discussed in the text.

(MeV) (mb) (mb) (mb) (mb) analysis of this line can be complicated by the proximity of
another line at 931 keV, which is produced in the reaction

3 2F 9.4 9.3 0 SSFe(p,pn)®SFe* [8,9]. In Fig. Ya), we show the fluence
4 60+8 41+5 17=3 0 ratio of the 931-keV line to the 937-keV line, as a function
5 118+ 15 60+ 8 26+ 4 0 of the power-law spectral index of the accelerated particle
6 172+22 7511 24+3 7.022.0 energy spectrum. We used far(931 ke\) the values
7 212+ 27 70+11 21+3 31+5 supplied in Table A3 of Ref[9]. The relative contribution
8 187+ 24 56+9 17+2 35+5 of the 931-keV line rapidly diminishes for increasirs)
9 157+ 20 447 11+2 49+7 because this line is produced for proton energies above the
10 127+ 16 35+6 96+1.4 51+ 7 reaction thresholdE,=11.4 MeV, whereaso(937 keV)
11 102+ 13 32+5 7.9+1.2 38+5 peaks at significantly lower®He energy per nucleon,
12 94+ 12 24+5 6.2-1.0 385 Esn=2.4 MeV/nucleon(see Table | and Fig.)4 Given the
13 71+ 9 20+ 4 5.4+0.9 33+5 assumed coronal abundance ratic®Fe/f%0=0.16
14 66+ 9 17+3 4.8-0.8 32+ 4 and the adopted accelerated particle composition with
15 56+ 7 15+3 4.4+0.7 30-4 ®He/p=0.25, the 931-keV line fluence is5% of that of
18 41+5 10+2 21+ 3 the 937-keV line forS>4.
23 233 13+ 2 As shown in Fig. 8, the'He line at 1042 keV can also be

blended with another significant line, which is produced
from the reactior®®Fe(a, pny;049 °2Co [8,9]. Figure 9b) il-
lustrates that the 1049-keV line should generally be consid-
%From Ref.[10], Fig. 2. The error is~15%, including an uncer- ered, especially if the accelerated particle spectrum is hard
tainty of 12% in the target thickness. (i.e., low values ofS). In addition, the analysis of the 1042-

28 152 9.4+1.6
33 12+2
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B 10F o 1o creases by one order of magnitude, from 0.43er2 to 0.04

EH 101.15 fﬁé,::_oozéa for S=6. Since both lines are produced frothle-induced

2L 10 f ' reactions on the sam¥0 target, this ratio is independent of
L the ambient medium and accelerated particle compositions.
1fo S It depends only on the acceleratétie energy spectrum,

g e/ 150 = 0,16 which is important in understanding the acceleration mecha-

Lok He/a=05 nism in impulsive solar flaretsee Ref[3]).

LL% 0l ) It is noteworthy that a significant synthesis 8F nuclei

in solar flares could also be identified through the character-
0 E e istic, long living, 511-keV emission expected from tjgg
decay of this isotop€T(;,,=109.77 m). The detection of this
i delayed emission, maybe with the RHESSI satellite, would
0" furthermore provide a new insight into mixing and transport
? 0 processes in the solar atmosphere.
N In summary, the four cross sections measured in this ex-
1 2 Po3wer L;W Spef:tral Iﬁdex 57 periment could allow one to determine with a good accuracy
’ the abundance ofHe accelerated in solar flares and inter-

acting in the solar atmosphere. The strongest of thay

FIG. 9. Calculated line fluence ratios in a thick-target interaction’ 3. ) :
model as a function of the power-law spectral index of the accelerlmes from “He-induced reactions is the one at 937 keV from

ated particles. The lines at 931 ke®) and 1049 keVb) are pro-  the reaCtlpn160(3He,p) *%F*, which however, can overlap
duced by proton ane-particle reactions ofiFe, respectively. The With a line at 931 keV, produced in f[he reaction
937- and 1887-keV lines are both produced Bye reactions on  ~°Fe(p,pn)>*Fe*. If observed, the 1887-keV line from the
160, reaction °0O(°He,n)®Ne* would furthermore provide

) ) S ) unigue information on the energy spectrum of the accelerated
keV line can be complicated—as in this experiment—by thesye

proximity of the 1054-keV line also produced in the reaction
160(*He,p) *¥F* (see Fig. 1 and Sec. )lI

The 1081- and 1887-keV lines are expected to be sepa-
rated from other important lingig. 8). They are, however,
weaker than the 937- and 1042-keV lines. The 1887-keV line  We would like to thank the operator crew of the Orsay
is broader than the three othéHe lines because it is pro- Tandem accelerator for their engagement in the preparation
duced at highePHe energies. Figure() shows the fluence of the experiment, as well as Feico Garrido, Claire
ratio of the 1887-keV line to the 937-keV line, as a function Boukari, Jacques Chaumont, and Catherine Clerc for their
of the spectral indeXs. We see that the calculated ratio de- assistance in the Rutherford backscattering measurements.

F1887 / F937
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