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Shape of the 4.438 MeVy-ray line of 'C from proton and a-particle induced reactions
on 2C and %0
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We calculated in detail the angular distributionpfays and the resulting shape of theay line produced
by the nuclear deexcitation of the 4.439 MeV staté?f following proton andx-particle interactions withC
and %0 in the energy range from threshold to 100 MeV per nucleon, making use of available experimental
data. In the proton energy range from 8.6 to 20 MeV, the extensive data set of a recent accelerator experiment
on y-ray line shapes and angular distributions was used to deduce parametrizationsyfarathemission of
the 2", 4.439 MeV state of?C following inelastic proton scattering offC and proton induced spallation of
160. At higher proton energies and farparticle induced reactions, optical model calculations were the main
source to obtain the needed reaction parameters for the calculatipmayfline shapes and angular distribu-
tions. Line shapes are predicted for various interaction scenarios of accelerated protansaaticles in solar
flares.
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[. INTRODUCTION functions, some available experimental data on differential
cross sections, few published results on measured line

The y-ray line at 4.438 MeV from the deexcitation of the shapes, and theoretical arguments. For the spallation reac-
first excited state of?C is one of the strongest nuclear lines, tion, the situation is similar with respect to available experi-
clearly visible in several energetic solar flares, which weremental data. The excitation function is experimentally deter-
observed in particular by the Gamma Ray Spectrometemined from threshold up to over 100 MeV, but few data are
aboard the SMM satellitel] and one of the best candidates available on differential cross sections and line shapes.
for an observation ay-ray energies of the interaction of low In order to put the calculations for the 4.438 MeV line on
energy cosmic rays in nearby molecular cloy@s. It is  a firmer basis, we use additionally to the already published
mainly produced by inelastic scattering of energetic protonslata the extensive data set gfray angular distributions and
and a-particles off 1°C and by the spallation ot®0 by the  y-ray line shapes for thé’C(p,p7y) and *%O(p,pay) reac-
same particle$3]. This line is also produced in reverse ki- tion, obtained in a recent accelerator experiment at Ji8hy
nematics by acceleratefC and %0 bombarding the ambi- For the spallation reaction, the reproduction of the observed
ent hydrogen and helium nuclei, with however a large Dopine shapes for proton energies between 16 and 20 MeV
pler broadening due to the high velocities of the emittthg  proved to be only sensitive to the mean excitation energy of
nucleus, which makes its detection much more difficult. Inthe a-particle emitting intermediate states &fO0. Estima-
the following we will refer toy-ray lines produced by light tions of the mean excitation energy for higher proton ener-
ion bombardment of the ambient gas as the narrow compggies and for the differential cross sections are based on pub-
nent and toy rays produced by accelerated heavy ions as théshed data in the proton energy range 40-50 MeV and
broad component. optical model(OM) calculations.

Accordingly, the intensity and shape of the narrow com- For proton inelastic scattering, we adopted a method simi-
ponent of the 4.438 MeV line depend on the properties of théar to that of Murphy, Kozlovsky, and Ramaf$] for line
accelerated light particle spectrum and th&C and %0  shape calculations. Two independent amplitudes for the mag-
abundances in the interaction site. The narrow line intensitieetic substate population of the" 2evel and a phase shift
from various isotopes can be used to derive accelerated pavere adjusted to reproduce both the experimental line shapes
ticle and ambient gas abundances, as it has been done fand the laboratoryy-ray angular distributions in the proton
example by Murphet al.[4] for the solar flare of 1981 April  energy range from 8.6 to 19.75 MeV. The extrapolations to
27. More detailed information on the energy spectrum of théligher energies are based on OM calculations using phenom-
accelerated particles and their directional distribution at theenological potential parameters, which proved to give an ex-
interaction site may, however, only be obtained by a detaileg¢ellent reproduction of measured differential cross sections
line shape analysis. for nucleon elastic and inelastic scattering &€ at projec-

Murphy, Kozlovsky, and Ramatyp] investigated the im- tile energiesE~20-100 MeV[9].
pact of different accelerated particle angular distributions on a-particle inelastic scattering off°C and spallation of
the narrow component of the 4.438 MeWray line produced 160 suffer from a complete absence of published data on line
by the p+*°C reaction. The shape of the broad componenshapes. Therefore, estimations of the mean excitation energy
has been discussed by Bykov, Bozhokin, and Bloefigdn in %0 for the spallation reaction were entirely based on OM
and by Kozlovsky, Ramaty, and Lingenfel{ét]. These stud- calculations and an experimeniatparticle spectrum akE,
ies are based on the experimentally well-known excitationr=60 MeV. For the inelastic scattering reaction, differential
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cross sectionslo/d(), and some laboratory-ray angular TABLE I. Cross sectiorr and mean excitation energies for the
distributions have been used to find the parameters for thepallation reactiort®0(p,pa)*C} 430and parametep of the inelas-
y-ray emission based on the population amplitude method 4C scattering angular Qistr@bultfisorféO(p,p’). (Ep=16-20 MeV):
a-particle energies below 20 MeV, while at higher energiesMean exmtat_lon energigg in ~°0 from _the adjustment_of_the 4.438
the needed parameters were obtained from OM calculationg/.Iev y-ray lines of the.or.say. experime{8]. Isotropic inelastic
In the last section we discuss the production of the 4 43§Cattermg angular distributions  were _usedp0). (&,
S "T%22.5-100 MeV): Mean excitation energiel in %0 and fit
MeV line in solar flares and show some calcqlate.d shapes 1:qfarameter p of the inelastic scattering angular distributions
the narrow component of the 4.438 MeV line induced byiso(p p) obtained by OM calculations. FdE,<16 MeV, the
proton anda-particle interactions in the solar atmosphere asyalues of 16 MeV were used.
it may be observed by the HESSI spacecfafi].

E, (MeV) o (mb) & (MeV) p (deg?)

14 3 12.75 0.0

Il. THE SPALLATION REACTION  0(p,xy)*C 15 16 1275 0.0

Total cross section data are reported by Dgeal. [11] 16 40 12.75 0.0

for E,=14-23 MeV, Leskeet al. [12] for E,=20, 30, 33, 17 64 13.25 0.0

40, and 50 MeV, Langet al. [13] at E,=40 MeV, Zobel 18 85 14.0 0.0

etal. [14] at E,=12.1, 28.2, 48.3, and 145 MeV, and by 20 140 14.75 0.0
Foley et al. [15] at E,=146 MeV. From threshold to 23 22.5 156 14.7 0.001
MeV, we used the data of RdfL1], which are in agreement 25 137 15.5 0.008
with those of Refs[12,14). There is, however, some dis- 30 95 17.1 0.009
agreement between the different data in the energy interval 40 55 18.0 0.027
E,=40-50 MeV. The cross section values &, 45 44 18.3 0.030
=40 MeV of Refs[13,17 differ by more than a factor of 2. 66 24 18.5 0.057
The same holds for the values around 50 MeV of Refs. 100 14 18.5 0.078

[12,14). As no systematic deviation of one of the data sets
can be observed, no cross section value was discarded. We
therefore fitted the excitation function curve above 23 MeV.distribution of thea-*?C* decay in the recoiling®0* sys-
Assigning the same weight to each data point, the overallem and the angular distribution of theray emission in the
shape of the excitation function curve from 23 to 146 MeV °C* system are isotropic, because of the contribution of
could be best fitted by a power law plus a constant. The fit isnany 0 levels with different spin and paritisee the dis-
very close to the curve in Fig. 3 of RdB] for this reaction.  cussion in Ref[13]).
The obtained cross sections values are given in Table I.

For proton energies below 50 MeV, that reaction should
proceed principally from a sequential process with the exci- A. E,=16-20 MeV
tation of intermediate states 6O, decaying subsequently to In this energy range, experimental line shapes are avail-
a+1%C} 430 Reactions with other particles than taepar-  able from a recent accelerator experiment at Of§at six
ticle in the outgoing channel, such 3de+n or 3H+p have  different y-ray detection angles, ranging from 45° to 145°
thresholds~20 MeV higher, aroundE,=35 MeV, and  with respect to the incoming beam direction and at four pro-
should be negligible for the production &fC} 454 in solar  ton energies. These experimental line shapes were compared
flares. The sequential character can be deduced from a stuthjth calculated ones obtained with the use of a Monte Carlo
of the 1®O(p,pa)*?C reaction at a proton energy of 46.8 type program. In this program reaction parameter inputs
MeV, where no evidence for quasielastiex scattering was were the differential cross section with respect to the proton
found [16]. Still other reaction paths, such as center-of-mass scattering angle and the mean excitation en-
180(p, a) 3N* — p+ 12C¥ .o Were also found negligible. At ergy in 160. As mentioned above, the vector of the*?C*
lower energies these reaction mechanisms should be stiflecay in the'®0* system and the-ray emission in the*C*
weaker. We adopted in the following exclusively the sequensystem were taken isotropically. Slowing down of the carbon
tial process'®O(p,p’)*0* — a+2C} 456, in the target with exponentially _de(_:aying—ray emission

Parameters entering into the line shape determination afobability corresponding to the lifetime of the 4.439 MeV
therefore the relative contribution of the different excitedstate, as well as the full detector geometry and resolution
states in'®0 and for each excited state the differential crosswere taken into account to generate theoretical detector spec-
section with respect to the recoilinfO* scattering angle, tra. Stopping powers were taken from the cagev [17].
the *2C*-1%0 angular correlation and thg-'2C angular cor- Optical-model calculations of inelastic proton scattering
relation. Given the scarcity of experimental data and theff *°O to states from 12.75 to 17 MeV, with optical potential
number of excited states involved, it is highly impracticableParameters from the compilation of Perey and Pefey]
if not impossible to undergo a full and correct calculation forWere performed to obtain the differential inelastic scattering
numerous proton energies from threshold to 100 MeV. Onéross sectionsdo/d(, . The calculated cross sections
can, however, reasonably assume that the average anguisere found to be roughly isotropic in this proton energy
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2 w0 | 3 =12.53 to 28 MeV from the cross sections@g=40° and

Kl - 81.6° - 45.0° E,=45 MeV of Buenercet al.[18]. For excitation energies
= w0 | [ above 28 MeV, virtually no contribution has been observed
z i i in the 1°O(p,p’)*O reaction atE,=45 MeV [18] and in

the *%0(p, pa) **C} 450 reaction atE,=46.8 MeV/[16].
We used as the basis of our calculations eight representa-
tive statesE; for the 10 levels, with the relative contribution

g 600 =0 e - 119.3° to the 1°C} 43 productionP; :
S - -
=~ 400 [~ - i
A i prm—t 91 e )
200 [ - ERE

= N B given by Lang etal. [13] in their Table | for E,

s [ i0s2 ~ 145.0° =45 MeV. Here[';, andI', mean the partial decay width
= to the @+ 1%C} 435 channel and the total width of the stdte

% respectively. In detail, we chose the following representative

states with excitation enerdy, .
(1) E;=12.75 MeV, 2", representing the 12.53, 13.02,
P o P o and 13.26 MeV levels of Refl13].
(2) E,=15.1 MeV, 2, representing the 13.97, 15.27,
E, (keV) E,&eV)  and 15.50 MeV levels of Ref13].
(3) E5_g=17, 19, 21, 23, 25, and 27 MeV, 2 represent-
the 4.438 MeVy-ray line (open trianglesfrom the proton induced ing the respective excitation energy rarige=E;=1 MeV

spallation of %O at E,=20 MeV and results of a Monte Carlo of Ref. [13].

simulation of the experimerifull line) with a constant differential The choice of exclusively=2 excitations to 2 states
cross section in the center-of-mass proton diffusion angle and Bas two reasons. First, calculations of inelastic proton scat-

mean excitation energy d&,=14.75 MeV. Note that the experi- tering to the giant resonance regiongt=21-28 MeV in-

mental spectra at the different detector angles have been correctélicate good agreement of=2 excitation with the experi-

for the individual relative detector efficiencies. The fact that themental data[18]. Second, the dependence of the cross

simulation with isotropic angular distributions predicts correct rela-section on the proton energy proved to be not very sensitive

tive line intensitieswith a common absolute normalization fagtor to the multipolarity, and the angular dependence of the cross

indicates therefore an isotropic angular distribution of theays in  section forl=2 excitations is somehow intermediate be-

the laboratory. tweenl=1 andl=3 excitations, simulating fairly well an
averaged angular distribution for the three multipolarities.

range. Furthermore the calculated line shapes proved to b¢on-natural parity states and excitations with3 are not

not very sensitive to the details of the differential cross sechelieved to change the overall trends much.

tion, we simply used a constadtr/dﬂpcm. The mean exci- We also assumed that the total cross section for each state

tation energyt, in %0 was then the oniy parameter that hasis proportional to the differential cross section at 40°. This

been adjusted to reproduce the experimentady spectra. ~ Was supported by OM calculations fa,=45 MeV, where
Figure 1 shows the result of a line shape calculation athe ratio of the inelastic scattering cross sectignto the

E,=20 MeV for the six detection angles of the experiment.differential cross sectiodo; /d{} at 40° was found constant

Position, line shape, and relative intensities of the experito within 20% for the different excited states.

mental lines are fairly well reproduced by the calculation, The mean excitation energy f&,=45 MeV is then sim-

which gives credit to the validity of the assumption of essenply defined as

tially isotropic angular distributions. We also checked that

P

FIG. 1. Experimental spectra from the Orsay experinji8hbf

calculations with a Gaussian distribution of the excitation S pE,
. : . . . iEi
energy centered af, resulted in practically identical line i
shapes. Those calculations have been made at the four proton &=— 2
energies where experimental spectra were extracted. The ob- E P;
i

tained mean excitation energies are presented in Table I.

To obtain the mean excitation energy at other proton ener-
gies, we made extensive OM calculations with the code
In this proton energy range, some experimental informagcisos [20], using the optical potential parameters of the
tion on line shapes and on inelastic cross sections of excite€ompilation of Perey and Perg¢g9]. For each proton energy
levels in %0 are available aE,=40, 45, and 46.8 MeV we calculated the inelastic scattering cross section for the
[13,18,16. Langet al.[13] deduced relative contributions to eight representative states #0. All calculations were re-
the '°C} 35 production for *°O states ranging fromE,  stricted to direct one-step excitation of the respective state in

B. E,=20-100 MeV
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%0, which should be the main excitation mechanism for the TABLE I Cross sectiono and population amplitudes for the
Calculations were done for the following proton energies:MedV#] Rei”'t of :]h; q‘?di“Stme”t Ofdﬂ;? poﬂu'at'or‘f amptl;]tudgs
— an e ase sni 0 measured line shapes rom the Orsa
E,=22.5, 25, 30, 40, 45, 66, and 100 MeV. The mean exci- P P y

tation energy as a function of proton energy was calculate§*Peiment8] and y-ray angular distributions from the Orsay ex-
in the foIIov?/?/ng way: P ay periment and from the Washington experimght]. (E,=25-100

MeV): Result of the adjustment of the population amplitudegs

and the phase shifi® to line shapes ang-ray angular distribu-
E PiE;oi(Ep)/0i(45 MeV) tions resulting from OM calculations. Population amplitudes below
i 8.6 MeV are an average of the extracted values from 8.6—10.6

gx(Ep): . ) MeV. The amplitudes are normalized such tﬁataﬁqz 1 anda_,
> Pioi(Ep)/oi(45 MeV) —a,.
I
] ) ] ) ] E, (MeV) o (mb) ao a; a, AD (deg
The differential cross sections have been obtained in the

same way by averaging over the eight representative states. 5 51 0.64 027 0.47 30
In order to facilitate line shape calculations for a wide range 6 55 0.64 0.27 0.47 30
of proton energies, we parametrized the differential cross 7 108 0.64  0.27 0.47 30
section by a simple function 8 240 0.64 0.27 0.47 30
8.6 270 0.57 0.28 0.51 35
do o 9.0 290 0.66 0.26 0.46 30

——=Ne P9, (4)
de 9.6 275 0.71 0.35 0.35 30
10.0 265 0.70 0.28 0.42 30
where® is the proton diffusion angle in the center-of-mass  10.6 296 059 0.21 0.53 20
system. It was checked that this simple function produced 11.0 317 055 033 0.49 35
essentially the same line shapes as the differential cross sec- 11.4 298 0.56 0.34 0.45 30
tions from the OM calculations. The values &f andp are 12.0 270 055 0.22 0.55 25
presented in Table I. 12.6 277 0.42 0.08 0.63 25
13.0 282 0.40 0.12 0.64 25
IIl. THE INELASTIC SCATTERING REACTION  *2C(p,py) 13.6 281 042 013 063 25
14.0 281 0.42 0.13 0.63 25
The cross section excitation functian(E,) was taken 14.4 255 042 013 0.63 25
from the measurements of Dyet al.[11] from threshold to 15.2 217 042 013 0.63 o5

23 MeV, above that from the data of Lamg al. [13] and

16.25 188 0.33 0.03 0.66 20
Leskoet al.[12] up to 85 MeV, then from the curve of Ra-
tv Kozl K dLi feltdB t0 100 MeV. C 17.25 166 0.27 0.03 0.68 20
Sechon valles are reporied in Table 1. 1825 15 027 0l 08 s
. ported in fable 1. . . 19.75 130 029 020 064 15
Production of 4.438 MeVy-ray emission by inelastic
. 1 S . . o 25 99 0.25 0.025 0.68 112.5
scattering off'?C originates mainly from direct excitation of 35 69 037 00 0.66 100
the 2", 4.439 MeV level. All higher-lying levels of’C are 195 03 043 00 064 100
particle-unbound and have small to very smglbranching 75' 1 0'51 0'0 0.61 o5
ratios to the 4.439 MeV stati21], making y-ray cascade ' : :
contributions negligible. The-ray line shape and the-ray 100 1 058 00 0.58 90

angular distribution are in this case completely determined
by the double differential inelastic cross section " o
dZJ/dede. It can be expressed as a product of the gir-tal dqta, for example by ﬂttm_g of-ray angular dlstrlputlons

ferential cross sectiodo/dQ, and the angular correlation and line shapes or be obtained from OM calculations. The

function W (see, for example, Satchlg22]): excitation function for the 4.438 Me\y-production cross
’ ’ section exhibits pronounced fluctuations from threshold up to
d2o do 1 ~15 MeV (see Ref[8] or[11]). This indicates strong con-
_h9 Y ke P n 13n*
d0,d0, aq, 47_rW(k,k K,), (5) tributions of compound nucleus resonancé€+ p— N

—p+12C} 459t0 the inelastic scattering.

. . Because OM calculations are only suited for the direct

wherek andk’ are the wave vectors of the incoming and reaction mechanism, their use in this energy range was dis-

outgoing proton, respectively, arld, is the vector of the carded. We used the measured line shapesyaray angular

emittedy ray. distributions of the Orsay experimef&] and published data
Although a wealth of differential cross sections are avail-for do/d(, for E;=8.6—-20 MeV to adjust the parameters

able for this reaction, prototy-correlation measurements ex- of the correlation function. Some availableray angular dis-

ist only for few proton energies. The angular correlationtributions of the Washington experimelitl] were also used

function must therefore be extracted either from experimenfor comparison. The parameter adjustment was achieved by
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reproducing as closely as possible the experimental data ip-ray emission, we chose a coordinate system with origin in
extensive calculations with the Monte Carlo type programthe recoiling carbon nucleus, theaxis perpendicular to the
simulating the reaction and the detection setup of the Orsagcattering plane and theaxis in the direction of the carbon
experiment. velocity vector.® defines the angle between theaay vector

At higher proton energies, Meigoost al. [9] provide a  and thez axis, while® is defined as the angle between the
phenomenological optical potential for neutron and protoraxis and the projection of the-ray vector on the scattering
scattering off*°C, which reproduces fairly well elastic and plane, counted counterclockwise from tkeaxis. Subse-
inelastic scattering angular distributions. The OM calcula-quently, they-ray vector was calculated in the laboratory
tions were used to obtain the necessary input parameters fgystem and the energy of theray was stored when it was in
the calculation of the double differential cross sectionthe solid angle of one of the detectors. Again, slowing down

d?0/dQ,dQ, . of the recoiling excited*?C in the target and decay of the
4.439 MeV state with half-lifer;,=42 fs were taken into
A. E,=8.6-20 MeV account.

Because of the presence of multiple compound nucleus

. . resonances in this energy range, calculations were done in
proton-y angular correlation and the calculation of theay narrow proton energy steps between 8.6 and 20 MeV. For
line shape. In this formalism, the angular correlation function

i . - ..~ each energy, population amplitudes were adjusted to repro-
\{V 'f expressed in the rest frame of the recoiling eXc'teoﬁuce they-ray line shapes of the six detectors and special

1.439nucleus, whose recoil angle and velocity is kinemati-c.5 o \yas ‘taken to obtain a simultaneously good reproduction
cally fixed by the incoming and outgoing proton wave VeC-gf the |aboratoryy-ray angular distribution. Fode/d(,,

torsk andk’. The correlation functiohV then reduces to the experimental cross sections of Peell@5] for E,
y-ray angular distributioW(®,®) in the carbon rest frame. =14-19.4 MeV and of Barnard, Swint, and Cld@$] for

It is proportional to the radiation pattedP/d(), which de- E,=8.6-11.6 MeV were used. F@,=11.6-14 MeV we
pends on the magnetic substate population amplitudepterpolated between the differential cross sections of Ref.
an(K,k’) of the 4.439 MeV, 2 state of '2C (see, e.g., Jack- [26] at 11.6 MeV and Ref.25] at 14 MeV. The results of the
son[23]): adjustments are presented in Table Il and an example of cal-
culated line shapes and laboratgryray angular distribution

dpP c S ian(RRDK is shown in Fig. 2 together with data of the Org#®} and

dQ "8 K2 |2 iam(k,k)Xom(®, @), (6)  \Washington[11] experiments.

We adopted the formalism used in Ref8,7] for the

2 2

. ) ) B. E,=20-100 MeV
where theX,,, are the vector spherical harmonics for quad-

rupole radiation, an®, ® the polar and azimuthal angles of ~ EXperimental data in this energy domain are relatively
the y-ray emission in the rest frame of the excited carbonSCcarce, and no systematic measurements of differential cross
The aim was to find a set of population amplituderﬁlz IZ’) secuonsda/d()p an_d do/d(), or line shapes are a\_/allable.
for each proton energy of the Orsay experiment, which giveSHowever, Meigooniet al. [9] performed a systematic study

simultaneously a good reproduction of the experimental IineOf nucleon elastic and inelastic scattering &€ and found

T an energy dependent optical potential parameter set, which
shapes and the laboratogyray angular distribution. . . : ! ; .
; ; provides good fits to measured differential cross sections in a
Kozlovsky, Ramaty, and Lingenfeltér] obtained reason- . :
! ’ . ; wide angular range and for energies above the pronounced
able fits of the six experimental line shapes B&f,

—23 MeV from Ref.[24] by adjusting only two indepen- compound nucleus contributions-(L5 MeV) up to approxi-

. . . ?wately 100 MeV. We therefore based our calculations en-
dent real amplitudes, which furthermore were independent of . . :
tirely on OM calculations with their parameter set.

the proton d|ffu3|.on angle: We started our search with th_e These calculations were done with the programso4
same simple basis and adjusted the two independent relative ) i ) L
amplitudesa,/a, and a, /a, (with a,, real, a_,=a,, and [20] to obtain the scattering amplltud@u\,M;,MA,Ma(k,k )
>a2=1), independent of the carbon recoil angle. Howevernecessary for the construction of the correlation funciién
these two parameters were not sufficient and it proved to bEEq. (5)]. Ma (M) andM, (M}) are thez components of
necessary for a simultaneous reproduction of the line shapéke 1“C and the proton spin in the incomirigutgoing chan-
and they-ray angular distribution to introduce a third inde- nel, respectively. Choosing the axis along the incoming
pendent parameter. We found that a phase @it for the  proton directionk, the amplitudes, correlation function, and
azimuthal angle improved considerably the fits and gave @onsequently the proton ang-emission angle are directly
satisfactory reproduction of the Orsay data at most protojiven in a space-fixed system with respect to the beam di-
energies. rection of the experiment. The correlation functigv for

Pract|cally,_ for the search of the pqpulanon_amplltudes,emission of they ray in the directiorﬁy is given by
we used as in the case of the spallation reaction a Monte-

Carlo type program simulating the nuclear reaction and the e o L.

detection system of the Orsay experiment. For each proton W(KK' Ky =2 teg(KKRE, (7)
center-of-mass diffusion angle, théC} ,54 recoil direction a

and energy were calculated in the laboratory system. For theheret,, denotes the polarization tensor. It is constructed
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FIG. 2. Upper part: Line shapes for the 4.438 MeVay at six FIG. 3. Same as Fig. 2, except full lines: line shapes gimey

different detection angles from proton inelastic scattering't@fat  angular distribution resulting from OM calculations.

E,=19.75 MeV. Triangles: count spectra of the Orsay experiment

[8]; full line: calculated line shapes with the population amplitudethe tendency that the differential cross sections are better
method. Lower part: Laboratory-ray angular distribution from  reproduced with increasing proton energge Ref[9]), the

that reaction. Full squares: data from the Orsay experiment; fulbyiculated line shapes andray angular distributions should
triangles: experimental data of the Washington experinm&h} at be fairly realistic above 20 MeV.

E,=20 MeV, normalized to the Orsay data; full line: calculated

L . : ) Those calculations are, however, quite complex, involving
distribution with the population amplitude method.

for each proton energy the input of five complex scattering
. . . . ) amplitudes depending furthermore on the proton center-of-
from the scattering amplituddsand contains all information  ,asq scattering angle. In order to facilitate line shape calcu-
on_the state of polarization of the excited carbon afte_r SCalrations for proton spectra covering a wide energy range as in
tering (see Satchlef22], Sec. 10.3.8 Ryq are the radiation  gqar flares or cosmic rays, the line shapes afdy angular

tensors distributions from the OM calculations foE,>20 MeV
y were adjusted with the population amplitude method de-
p . ; , .
_ / q scribed in Sec. lll A. The population amplitudes and phase
Riq=Ri(v) 2k+ 1Yk(®7’q)7)’ ® shifts from these adjustments are reported in Table II.

whereR,(y) are the gamma-radiation parameters ¥fidhe
spherical harmonics.

Introducing this correlation function in a program similar ~ As in the case of proton induced reactions, the main
to the Monte Carlo type program described above, we calcusource of 4.438 MeVy rays by accelerated particles is
lated theoretical line shapes aneray angular distributions inelastic scattering off“C and spallation of:°0. The cross
in the laboratory, using the differential cross sectionssection excitation functions being quite similar for both pro-
do/d(), obtained from OM calculations. Comparison with jectiles, reactions witlw particles should generally not con-
the Orsay data foE,=16-20 MeV gave fairly good repro- tribute significantly to they-ray line due to their low abun-
ductions of the line shapes andray angular distributions. dance, e.g., an observedp ratio of 0.035 and 0.0076 in the
An example is shown in Fig. 3 fdE,=19.75 MeV. Given energetic particle spectrum of two solar flaf@g].

IV. a-PARTICLE INDUCED REACTIONS
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However, a/p ratios in excess of 0.1 for the accelerated TABLE Ill. Estimated cross sectionr of the spallation reaction,
particle spectrum were shown to be necessary for an acceit parameterg andC,/C; of the inelastic scattering angular dis-
able fit of they-ray spectrum of the 1981 April 27 flafd]. tributions *O(a, ') and mean excitation energg of °O de-
a-particle reactions are furthermore favored in the case of dié’ced fr(l’m OM calculations for the spallation reaction
very soft particle spectrum, because the thresholds for inelas-O(«.2a) *Ci as0-
tic scattering off'°C and spallation of-°O are lower fora
particles &2 and 5 MeV per nucleon, respectivetan for

E.(MeV) o (mb p(deg?) C,/IC; & (MeV)

protons &6 and 14 MeV, respectively In such cases, an 18 0.22 0.020 0.12 12.8
important fraction of they-ray production may be due to 20 19 0.017 0.01 12.8
reactions with « particles. Therefore, a treatment of 22 44 0.012 20.08 13.0
a-particle reactions similar to the above described studieson 54 102 0.009 0.06 13.8
proton reactions seems worthwhile. 26 125 0.008 0.27 14.2

Unfortunately, experimental line shapes are practically ab- 28 124 0.005 0.51 145

sent for a-particle inelastic scattering off?’C and do not

exist for a-particle induced spallation ot®0. Concerning gg 153 g'ggi (1).21 i;'?
spallation of*%0, this may not be very problematic because 40 117 0'010 0'94 16'3
of the excitation of many intermediate levels?O resulting 50 11 0'019 0'99 16.6
in essentially isotropicy-ray angular distributions as for 60 139 0'015 0'42 17'1
1%0(p,pay). Optical model calculations should then pro- ' ' '
vide as for proton induced spallation a reasonable estimation 100 223 0.074 0.0 18.4
of the mean excitation energy itfO and approximate dif- 150 172 0.125 0.0 18.8
ferential inelastic cross sections. On the contrary, inelastic 250 100 0.31 0.0 19.0
400 53 0.51 0.0 19.0

a-particle scattering offt?C is certainly dominated at ener-
gies belowE_~30 MeV by compound nucleus resonances
due to the pronounced-particle structure of*“C and °0,
making OM calculations very hazardous in this energ
range.

good fits of elastic differential cross sections from about 20
Yto 146 MeV, were used in the entire energy range. From the
same calculations, averaged differential cross sections were
constructed and their angular distributions fitted by a param-
etrization as in Sec. IIB, but with the addition of a term
We made the same assumptions as for the case of protaos'(0) to take account of the backward enhancement of the
induced spallation of'®0. Only the sequential process of differential cross sections
excitation of intermediate levels itfO with subsequent de-

A. The spallation reaction **0(a,xy)*?C

cay in a and 120_2_439 was considered. The angular distribu- d—U=Cle‘p®+Czco§(®). )
tions of the excited carbon in the system of the excited oxy- dQ

gen and of they ray in the system of the excited carbon were ) ) _ _

both considered isotropic. For this reaction, they-ray production cross section has

Because of the absence of experimental line shapes, tily been measured at fiveparticle energies by Dyest al.
estimation of the mean excitation energyfi© was entirely  [29] from 22 to 26 MeV and by Zobeét al. [14] at E,,
based on OM calculations and thepartide energy spec- =52 MeV. An estimated cross section curve is given in Ref.
trum of Langet al. [13], obtained aE,=60 MeV and at a [3], however, based on the then only available cross section
scattering angle of 12.5°. Contrary to proton scattering, thélata of Ref[14] and limited toa-particle energies below 20
ratio of the total inelastic scattering cross section to the difMeV per nucleon. We therefore made a new estimation ex-
ferential cross section at 12.5° shows a systematic depefending the energy range from threshold to 100 MeV per
dance on the excitation energy in the considered rdage nucleon. Our best guess, based on the energy dependence of
=12.53-28 MeV. Therefore, the relative contributionsthe (a,4pxn) spallation data of Langet al.[30] and the OM
do, /dQ(12.5°) extracted from the spectrum of REL3], qalculatlons, is a linear interpolation between the cross sec-
were multiplied by this ratio to obtain the relative inelastic tions at 26 and 52 MeV. Below 22 and above 52 MeV, we
scattering cross sectiowms atE,=60 MeV. Finally, for the take the energy dep_endence of the OM cqlcu_latmns. The re-
partial y-production probabilityP; at 60 MeV, the inelastic sults of the calculations for the mean excitation energy, the

scattering cross sections were multiplied with the branchindgn€lastic scattering angular distributions and theay pro-
ratiosT",, /T, proposed by Ref.13] duction cross sections are presented in Table Ill.
ay ot o "

Extensive OM calculations were done farparticle en-
ergiesE,=18-400 MeV and the same eight representative
excited %0 states as in Sec. IIB to estimate their relative As already mentioned, practically no line shapes are
contributionP; at other projectile energies. As in the proton available for this reaction and OM calculations at low
case, we restricted the calculations to direct one-ttep a-particle energies are not believed to be very realistic. To
excitations. The energy-dependent phenomenological opticglet an idea of the magnetic substate population amplitudes
potential of Michelet al. [28], which gives good to very anyway, we employed two different methods at energies be-

B. The inelastic scattering reaction®?C(a, ay)
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- 103 TABLE IV. Cross sectioro and results of the adjustment of the
\'G 17 MeV population amplitudes,, and the phase shifi® to measured and
-E = calculated line shapes andray angular distributions for inelastic
= 10 . a-particle scattering to the 4.439 MeV, Ztate of'?C. The ampli-
% 4 21 Mev (x 107%) tudes are normalized such that,a%=1 anda_,=an; a.,=0.
10 N ey,
= 25 Mev (x 10 E, (MeV) o (mb) ag a; a, A® (deg
10° g\ 8 48 0.0 00 071 -5
9 72 0.0 0.0 0.71 -5
0 ey 107 10 231 00 00 071 -5
; . \J R/ W/ v' 11 347 0.0 0.0 0.71 -5
10 Fls - 41 MeV (x107) 12 393 0.0 00 071 -5
= o 13 361 00 00 071 -10
9 ., 90 Mev (x 107 14 431 0.14 0.0 0.70 —22.5
10 - 15 381 00 00 071 -—125
E . 16 371 0.17 0.0 0.70 —22.5
10 . = 17 306 0.27 0.0 0.68 -325
‘ 139 Mev 21 276 0.68 0.0 0.52 -102.5
10 -13ta (x 10™%) 25 292 0.65 0.0 0.54 -90
166 Me 32.5 141 0.61 0.0 0.56 -90
ASE (x 107 41 94 0.37 0.0 0.66 —55
10 . AT 90 45 0.37 0.0 0.66 -70
0 20 40 60 80 100 120 140 160 180 139 27 0.45 0.0 0.63 —-70
G)c.m. (deg) 166 26 0.40 0.0 0.65 —-75
250 18 0.37 0.0 0.66 —80
FIG. 4. Experimental differential inelastic cross sections 400 6 0.58 0.0 0.58 -80
12C(a,a")**C (filled squares, Ref§31—-37) and results of OM fits

(full lines).

~ued to use the optical potential shape of Mickedl. for the
low 30 MeV. FromE ,=8-17 MeV, we used the systematic ne|astic scattering calculations, extrapolating up to 400 MeV
measurements of differential cross sectiahs/d(), and {phe optical potential found at 166 MeV by following the

laboratory y-ray angular distributionslo/d(, of Mitchell, energy dependence of the potential parameters given by
Carter, and Davi$31] and Ophelet al. [32]. We then used Michel et al. for a-particle scattering offe0.

the Monte Carlo type program described in Sec. Ill A to find
a set of population amplitudes, (with a,,=a_,, and here
throughouta.. ;=0 for 0* —2* excitations induced by in-
elastic a-particle scattering on spin-0 targets such'a8)
and phase shiftda® which reproduces the measurgeray T SN . .
angular distributions. emission in proton and-particle inelastic scattering off"C

Morgan and Hobbié33] measured in small energy steps in the_energy range of interes_t for sol_ar f_lares and_ Iow-energy
betweenE,=19-30 MeV inelastic differential cross sec- cosmic rays. The cross section excitation function is taken
tions. However, noy-ray angular distributions or line shape from Dyeret al.[29] for E,=8-26 MeV, from the data of
measurements are available in that energy range. Thereforgefs.[34—38 at 32.5, 41, 90, 139, and 166 MeV, respec-
we used OM calculations despite the fact that compoundively, and from our OM calculations at 250 and 400 MeV.
nucleus resonances are probably important be|5w Results for the population amplitudes, phase shifts and total
=30 MeV. In order to reduce the effect of individual com- Cross sections are presented in Table IV.
pound nucleus resonances, we averaged several differential
cross sections of Ref33] centered around the-particle V. PREDICTED LINE SHAPES IN SOLAR FLARES AND

Again, as for proton inelastic scattering dffC, the line
shapes and-ray angular distributions predicted by the OM
calculations were used to deduce population amplitudes and
phase shifts for a consistent parametrization of {heay

energies of 21 and 25 MeV. Between 30 and 200 MeV, we DISCUSSION
used the inelastic scattering data of Burdzik and Heymann at _ _
32.5 MeV [34], of Baron, Leonard, and Stewd5] at 41 With the above deduced reaction parameters, the line

MeV, of D’Agostino et al. at 90 MeV[36], of Smithet al. at shape of the 4.438 MeV ray emitted from the first excited
139 MeV/[37], and of Tatischeff and Brissaud at 166 MeV State of *“C for proton anda-particle interactions withC
[38]. With these differential cross sections OM fits were thenand *°0 can be calculated for energies from threshold up to
done, again with the optical potential of Michet al. [28]. 100 MeV per nucleon. To illustrate the line shapes that can
Results of the OM fits in the energy rang&, Dbe expected from solar flares, we use a simple model of
=17-166 MeV are shown in Fig. 4. Above 200 MeV, no y-ray production by energetic particle interactions in a thick
inelastic differential cross sections are published. We contintarget. For the accelerated particle energy distribuNgg),
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o 250 FIG. 6. Emitted line profiles of the 4.438 MeY ray for flares
’E 200 ;— with isotropic energetic particle distribution. Curves 1 and 2 are the
£ 150 profiles resulting from energetic proton anadparticle interactions
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FIG. 5. Upper part: Line shapes for the 4.438 MeVfay from Emax o'ij(E)dE max
proton inelastic scattering of?C summed forE,=8.6-20 MeV. N,=[A;InX f dE/dx(E) X f N;(E")dE’,
The summation has been done with a weight factor for each proton 0 ! E
energy following the thick-target interaction probability of a inci-
dent proton spectrum as given in E40). Parameters of the spec-

trum Weres=3.35 E,=30. The summed experimeptal spectrg from where [A;] is the abundance of isotogewith respect to
the Orsay experimeri8] are presented by open triangles while the hydrogen anch the density of hydrogen atoms at the inter-
summed spectra constructed with the population amplitudes methog)étion site;or; (E) is the y-ray production cross section and

are shown by the full line. Lower part: Summed laboratgryay : . - .
angular distributions. The summed experimental distributions arg.E/dX'(E) is the stopping power of particle We made the

constructed from Legendre-polynom fits of the Orsay data and arglmpllfylng assumption that the energy loss is only due to the

shown by the full line, while the dashed line shows the angulareleCtron'C stopping power in a neutral gas, consisting of hy-

distribution resulting from the population amplitudes method. drogen and helium witfiHe]/[H]=0.1. The Bethe formula
was used for the energy loss calculation.

. . _ We adopted two sets afandEy: s=3.3; E;=30 MeV
\évrzt?gr?fazs%a spectrum as it results from diffuse shock accegnd s=2.4; E;=300 MeV corresponding to the fit of inter-
planetary proton observations of two distinct solar flares
[27]. We set[O]=0.068%,[C]=0.042% as in Ref[27],
1 _ .
N(E)x —p~Sexp( — E/Ey), (100  Emax=2XE,, and ana/p ratio of 0.1.
v In both cases, proton interactions dominate; they account
for 82 and 84 % of they-ray production with the softer and
wherev andp are the particle velocity and the momentum harder spectrum, respectively. With the softer spectrum, the
per nucleon, respectivelg,andE, are the spectral index and +y-ray production is dominated by proton inelastic scattering
cutoff energy, specific to a given acceleration site. The eneroff 2C (57%), of which in particular 85% of they rays are
gies labeledE, Eq, Ena E’ in Egs.(10),(11) and in the produced by interactions at proton energies below 20 MeV.
following are expressed in energy per nucleon. The totaln order to get an overall impression of the quality of repro-
number of 4.438 MeVy raysN,, produced by interactions of duction of they-ray lines from the important low energy
projectiles of type (p or «) with target nuclei of typg is proton inelastic scattering reactions, energy integrated data
then given by from the Orsay experiment were produced and compared

(11)
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FIG. 7. Emitted line profiles of the 4.438 MeY ray for down- FIG. 8. Emitted line profiles of the 4.438 Mey ray for two
ward flares at the solar limb, i.e., for a detection angle of 90° withfan-beam flares and an isotropic flare with energetic particle spec-
respect to the energetic particle direction. The upper two curves argum parameters=3.3; E,=30 MeV. The full line is for a fan-
for an energetic particle spectrum with=2.4; E,=300 MeV, the  beam flare occuring at the solar disk, with an an@lg,. between
lower two curves are fos=3.3; E,=30 MeV. Full lines are the the line-of-sight and the flare symmetry axis of 135° and an angular
profiles calculated with population amplitudes from this work; for distribution proportional to sﬁqe)p), 0, being the angle between
comparison, the dashed lines are calculated with population amplihe particle direction and the flare symmetry axis. The dashed line
tudes from the parametrization proposed by Murphy, Kozlovsky.shows the profile for the same flare occuring at the solar limb
and Ramaty5]. (O4ae=90°), and the dashed-dotted line the profile for an isotropic

interaction probability.

with the calculations. Line shapes aneray angular distri-
butions for energy integrated experimental and calculatedurves are arbitrarily normalized to a total kinetic energy in
data between 8 and 20 MeV for proton inelastic scatteringproton anda particles withE>1 MeV of 13 erg.
off 2C, are represented in Fig. 5. The narrow component is clearly dominated by the
For the relatively hard spectrum with=2.4 and setting +1°C reaction for the soft particle spectrum. Comparing
Eo = 300 MeV, proton induced spallation of°O is the curves 1 and 2 of Fig. 6, which shows the predicted line
strongest channel, accounting for 46% of the 4.438 MeV shapes for isotropic incident particle spectra, it seems pos-
rays. Here, proton interactions at energies below 20 MeV argible to estimate the spectral hardness by the width of the
responsible for 24% of the totay-ray production,a and line and the characteristic drop around 4.438 MeV only vis-
proton interactions at energies below 100 MeV account foible for the hard spectrum. This drop, also seen in curve 5 of
83% of the produced rays. These values, however, have toFig. 6 is not predicted by other parametrizations, as for ex-
be regarded as lower limits only, because secondary protorsmple in Ref[5].
of low and intermediate energy produced by high energy Figure 7 shows the line profiles resulting from a down-
proton and« particles and escape of accelerated particlesvard directed energetic particle distribution at the solar limb.
into interplanetary space are not taken into account. The parametrization of Reff5] for the population amplitudes
For the prediction ofy-ray line profiles from solar flares reproduces qualitatively the characteristic line shape with
we calculate the interaction probability as in E4l). No  two intensity maxima above and below the minimum at
absorption or Compton scattering of the produced 4.438.438 MeV, but it underestimates slightly the maximum-to-
MeV v ray in the solar atmosphere is taken into accountminimum ratio and overestimates the intengiby ~ 10%)
Three different energetic particle angular distributions havesmitted at 90°. Line shapes produced by fan-beam distribu-
been investigated, similar to the distributions investigated byions and an isotropic distribution as in Fig. 8 will be difficult
Murphy, Kozlovsky, and Ramatj5]: an isotropic angular to distinguish, showing only small differences in the overall
distribution, a fan-beam flare, and a downward flare. Thdine profile.
narrow component of the 4.438 Mey/ray is shown in Figs. In summary, with the extracted nuclear reaction param-
6, 7, and 8 for the different energetic particle angular distri-eters in this work, line shape calculations for proton and
butions and energy spectra, all with anp ratio of 0.1. All  a-particle induced reactions offC and *%0 can be done for
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all possible energetic particle angular distributions and fothe parametrization. Faz-particle induced spallation offO
particle energies from threshold to about 100 MeV perghove E,=26 MeV, y-ray production cross sections are
nucleon, which is the important energy domain for solarneeded.
flares and low-energy cosmic rays. These parameters can This study confirms qualitatively older parametrizations
also be straightforwardly used for the inverse reactions, erfor proton induced reactions constructed with much less ex-
ergetic 2C and °0 bombarding proton ana particles. perimental data inpuf3,5], but some of its predictions of

It is the first parametrization for line shape calculations,line-profile details are slightly different. It shows that ex-
which is largely based on experimental data and opticatreme particle angular distributions, such as isotropic or uni-
model calculations. Especially, the calculationjefay line  directional ones, can be nicely characterized, with even some
shapes from proton induced reactions is certainly very clos@ope to get an idea of the spectral hardness of the accelerated
to reality, as illustrated by the good reproductions of experiparticle spectrum. High resolution detectors, such as the Ge
mental line shapes in Figs. 1 and 5; at higher energies, theéetectors on the HESSI spacecrdftO] and on the
optical potential of Ref[9] is believed to provide line shape INTEGRAL observatory{39], could be able to resolve the
reproductions of the same quality. Only line shapes fronfine structures in the line profiles which carry this informa-
a-particle induced inelastic scattering belend0 MeV per tion. Together with othey-ray lines, one may then be able to
nucleon have to be regarded with some caution because ektract most flare parameters, such as the spectrum, compo-
the only moderately successfull OM fits of differential in- sition, and the angular distribution of the accelerated par-
elastic cross sections. Here, new experimental dated@y  ticles, as well as the isotopic composition of the ambient
line shapes and angular distributions could greatly improvenedium.
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