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a-particle induced y-ray transitions in light elements
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The absolutey-ray yields froma-particle-induced reactions on thick targets of Be, BN, NaF, Mg, Al, and
Si for incident energies between 5.6 and 10 MeV are presented. The excitation distributions of several nuclei
have been deduced from the experimentahy yields and are compared to theoretical predictions based on a
statistical model of nuclear reaction§0556-281®7)06508-4

PACS numbg(s): 25.55—e, 23.20.Lv, 24.60.Dr, 24.10.Ht

I. INTRODUCTION Il. EXPERIMENT

The measurement and calculation techniques used in this

Statistical nuclear reaction models have produced reactiostudy are outlined below; a detailed description has been
cross sections which agree within a factor of 2 with experi-published previously1]. Measurements of the thick-target
mental measurements for medium and heavy nuclei. Reacey-ray yields were performed using Lawrence Berkeley Na-
tion cross sections known to this level of accuracy are usefufional Laboratory’s 88 in. cyclotron. Thick targets of Be, BN,
in y-ray background calculations for ultralow-backgroundNaF, Mg, and Al were exposed te-particle beams with
experiments, where backgrounds are dominated by the irenergies of 10, 8.8, 7.7, 7.0, 6.3, and 5.6 MeV, while a target
trinsic radioactivity of the laboratory and detector materials.of Si was exposed to 10 Me¥ particles only.
These backgrounds result from both the primary decay spec- The resultingy rays were detected in 100 ényperpure
trum associated with natural radioactivity and from secondgermanium detectors placed at 30.6° and 109.9° with respect
ary reactions induced by energetic decay products, mastly to thea-particle beam. Spectra between 2 and 10 MeV were
particles. They-ray background from the primary decay recorded. An annotated portion of eagfray spectrum from
Component is known to be small above 4 MeV, so that Secthe 109.9° detector for the highest-eneigéparticle beam is
ondary reactions become more significant. The magnitude®hown in Fig. 1. A pulser signal triggered by the target cur-
of these secondary reactions are largely dominated by Codient integrator was injected into the high-energy portion of
lomb barrier penetration, and therefore are sensitive to th§2ch spectrum to monitor the detector live time. The low-
presence of light elements. Few experimental measuremerf§€r9y y-ray rate was reduced by placing a 2-cm-thick lead

for light elements are available in the energy rangecof att(f_rr;]uator In ffront of each dektectbc;r.' db btracting th
particles from the uranium and thorium chains, and so back- e area of each-ray peak, obtained by subtracting the

ground predictions have to rely largely on theoretical Calcu_underlymg background determined from a quadratic fit to

lations. In this work, the applicability of statistical model surrounding regions, was _nc_)rmallzed to theparticle cqunts_,
: . o . .~ on target, the detector efficiency, and the detector live time.
calculations to light elements is investigated by compariso

t t of ; tall d thick tarsegy vield YThe corresponding absoluteray yield was extracted from
0 a set of experimentally measured thick largey yielas. g v-ray distribution by a fit of the two normalized peak

The following section describes the experiment and anag g g 19 the zeroth and second order Legendre polynomials;
lytical techniques used to obtain thick-targetay yields in  higher order contributions were minimized by positioning
Be, B, F, Na, Al, Mg, and Si. This is followed by a presen- the detectors near the zeros of the fourth and sixth order
tation and discussion of the experimental results. Theoreticgbrms in the expansion.
yields based on the statistical model are described in Sec. IV Both statistical and Systematic uncertainties were incorpo_
and compared with experimental results in Sec. V. The levefated into the calculation of the transition yields. Statistical
of agreement obtained following different simplifying ap- uncertainties included those from the counts in a peak area,
proximations is examined for several nuclear reactions. Théehe live time, and detector efficiency. Additional systematic
accuracy of these theoretical calculations is further exploredincertainties were evaluated for the extrapolation of the
through a comparison of-ray energy distributions based on background beneath the peak as well as for the detector ef-
experimental measurements and theoretical calculations. ficiency and live time. A further uncertainty was added to the

E,= 8.8 MeV measurements to account for a loss of beam
resulting from degraded beam focus at this energy. Statistical
*Present address: Clinical Physics, Princess Margaret Hospitaljncertainties were propagated in quadrature, while system-

610 University Avenue, Toronto, Canada M5G 2M9. atic uncertainties were propagated linearly. The statistical
"Present address: Chalk River Nuclear Laboratories, Chalk Riveand systematic uncertainties were assumed to be indepen-
Canada K0J 1J0. dent, and were combined in quadrature.
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FIG. 1. y-ray spectra fole, = 10 MeV. Prominent peaks are labeled. Escape peaks have been indicated only in instances where they
have been used in the yield calculation.

Several reactions for which only a few transitions were
Tables I-VI report the measured thick-target reactionPPserved are summarized in Table VII. The most significant
yields pera particle for the equivalent elementally pure tar- of theie hlslct)he egc;gatlondofh tge 4439 1IZ<§V Ievgl tC
gets containing natural isotopic abundances. The yields iffroug t_e B(a’_) C and the Be_(a,n) _reactlons.
these tables have been listed in a condensed form with the ONly yields which could be assigned uniquely to a re-

number and uncertainty followed by the power of 10 in pa_sidual nucleus are reported in Tables |-VII. Spectral peaks
rentheses. For example, an entry of 4B2(—7) indicates a containing multiple transitions contributing more than 5% to

yield of (4.3-1.2)x 10" "y rays pera. the total peak area were separated into constituent yields us-

Ill. y-RAY YIELDS
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TABLE I. Thick-targety-ray yields from boronquanta perw).
Transition a-particle energyMeV)
(keV) 10.0 8.8 7.7 7.0 6.3 5.6

1OB(CY, p)lSC

38540 (38549 2.53+0.14(—6) 1.49+0.21(—6) 8.39-0.31(-7) 7.36:0.54(—7) 6.55£0.27(—=7) 5.15-0.25(—7)
3684-0 (3684 6.90-0.29(—6) 4.12-0.57(-6) 2.71+0.13(—6) 2.26:0.16(—6) 2.01+0.09(—6) 1.39-0.07(—6)
3089-0 (3089 1.62+0.23(—6) 6.67=0.97(-7) 4.16:0.23(=7) 3.54:0.39(—7) 3.13t0.30(—7) 2.23-0.13(—7)
10B(a,d)C

4439-0 (4439 1.11+0.08(—5) 2.09-0.29(—6) 1.06-0.05(-6) 6.00+0.44(—7) 1.77£0.09(—=7) 4.97-0.49(—8)
1lB(a,n) l4N

6446—0 (6446 4.78+0.36(—7) — — — — —
6203—0 (6203 1.31+0.36(—7) — — — — —
5834—-0 (5834 1.06+0.05(—6) — — — — —
5691-0 (5691) 9.64+0.63(—7) — — — — —
5106—-0 (5106 7.77:0.29(—6) 9.43+1.26(—7) 2.00+0.09(-7) — — —
4915-0 (4915 1.43+0.12(—6) 3.06-0.52(-7) 9.54-1.00(—8) — — —
3948-0 (3948 3.98+0.98(—7) 3.08:0.52(-7) 1.16-0.13(—7) 4.62-0.91(—8) 6.95-4.03(—9) —
5691—-2313 (3378 2.24+0.12(-6) — — — — —
5106—-2313 (2793 2.22-0.64(—6)? 2.39+0.38(—7) 4.62-0.80(—8) — — —
64463948 (2498 9.22+3.55(—8) — — — — —
2313-0 (2313 2.65+0.13(—5) 9.51+1.41(—6) 5.22-0.20(-6) 2.85-0.21(—6) 1.40+0.06(—6) 7.89-0.41(—7)
1lB(a, p)l4C

6728—-0 (6728 2.64+0.17(—7) — — — — —
60940 (60949 1.07+0.06(—6) — — — — —

aYield contains additional uncertainty from adjustment or contamination.

ing published decay schemgz-4]. The population of each The interaction of neutrons from thex(n) reaction also
contributing level was determined from theray intensity of  necessitated some yield adjustments. The 2614 kehdy
alternate decay branches from the level, and then used feom neutron andx-particle scattering orf°®b in the lead
calculate the contribution to the composite yield. The contri-gttenuators produced a sharp peak, while the iron 7631/7647
bution was subtracted from the yield, enabling the determikeV neutron capture doubl¢s] produced a broader peak.
nation of all yield components. In cases where this subtraca|| neutron-induced peak areas were found to scale with the
tion resulted in unreasonable uncertainties in a weak yieldaicylated neutron yield determined from published tables
branch (<20% of total yield, the total statistical uncertainty [6]. Neutron effects were determined by isolating the in-

was calculated from the quadrature sum of level populationy .o peaks or by using the observed scaling with neutron
and branching ratio uncertainties. Such cases are mark(%yeld

next to the affected yield entry, or next to the transition iden- Contamination of the 2313 keV level from the

tification when all yields were affected. 118(q,n) N reaction by the'N(a,a') reaction was ac-

The few transitions for which an unambiguous reaction o : . .
could not be determined are listed in Table VIIL. Targetcounted for using inelastic scattering cross sections reported
Dyer et al. [7]. The (a,a’) thick-target yield perx for

yields are reported for cases where reactions could reactior@f 5 .
could not be limited to a single target element; otherwise NS ¥ ray was 3.0x10""° at 'ég: 10 MeV, 9.12<10 * at
elemental yields are reported. Among the ambiguous read=-=28-8 MeV, and 1.0&10 * at E,=7.7 MeV, respec-
tions, particular attention should be paid to the two transitively, with associated uncertainties of 10%. At 10 MeV, the
tions jointly attributed to®®Mg and 28Mg reactions. Because («,a’) reaction accounted for 13% of the combined yield,
of the relatively fewy rays observed for thé°Mg(«,p)  and at 7.7 MeV accounted for less than 3%.
reaction, these transitions may account for as much as half The *F(e,p)?Ne 6115-1274 keV transition was con-
the total y-ray intensity from the?Al residual nucleus. taminated by thé*Na(e,n)?°Mg 48340 keV transition at

A number of adjustments were applied to the yields. In aE,= 10 and 8.8 MeV, conservatively estimated at 20% from
few cases kinematic peak broadening caused an overlap ogighboring level populations and lowerparticle energy
transitions, resulting in ambiguous identifications whichbehavior. The total yield at these energies has been attributed
could not be resolved using the known level populationsto the 6115-1274 keV transition, with an additional 20%
Cases in which the majority of the yield could be attributeduncertainty. No yield for the 48340 keV transition in the
to a single transition on the basis of average level populai0 and 8.8 MeVE,, runs has been assigned, while at lower
tions of residual nuclei are reported with an uncertainty in-energies reaction kinematics permitted both transitions to be
creased to equal the estimated contamination. These yieldesolved.
are marked in the tables as containing additional contamina- The °F(a,n)?’Na 3519-0 keV yield was separated
tions. from the ?*Na(a,n)?®Al 3508—0 keV yield using level
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TABLE II. Thick-target vy-ray yields from fluorine (quanta per a).
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Transition a-particle energy (MeV)
(keV) 10.0 8.8 7.7 7.0 6.3 5.6
BF(a,a’)
2780— 197 (2583) 2.48+0.14(—5) 6.64+0.93(—6) 3.58*0.22(—6) — — —
®F(a,n)*Na
5101-0 (5101) 1.63x0.79(—~7) — —_ — — —
5174—583  (4591)
} 7.81*1.45(~7) — — — _— —
4583—0 (4583)
4360—0? (4360) 2.54+0.68(—6) 3.69+0.95(—8) 1.10*0.40(—38) — —_ —_
5101—891% (4210) 1.36+0.80(—7) — — — —_ —_
4622—657° (3965) 6.10+3.18(—7) — —_ — — —
4319—657 (3662) 9.29+2.74(-7) — — — — —
3519—0°2 (3519) 1.10+£0.23(—6) 1.85+0.10(=7) 4.57=2.59(—8) — — —
3943—657 (3286) 2.03*+0.26(—6) 2.48+0.53(—7) — — — —
4524—1528%  (2996) 5.42*+2.10(—6) 4.75+2.12(—-7) — — —_ —
3707—891 (2816)
}4.6110.36(-—6) 3.56+0.68(—7) 1.23*x0.25(—7) — — —
4771—-1952 (2819)
4622—1952  (2670) 9.13+3.83(—7) — — — — —
458319522 (2631) 6.03+6.32(—7) — — — — —
2571—-0°? (2571) 6.43x2.01(—6) 2.72*+0.68(—6) 1.48*+0.34(—6) 6.14=1.74(—7) 3.29+0.80(—7) —
4360— 1952  (2408) 1.08+0.21(—6) 1.56+0.36(—7) 4.66x1.50(—8) — — —
4296— 1937 (2359) 1.34*0.67(—6) — — — — —
3707—1528° (2179) 6.98+5.32(—7) 1.67+0.36(—7) 5.80=1.30(—8) —_ — —
19F(a’p)22Ne
7489—0 (7489) 1.87+0.55(-7) — — — — —
70520 (7052) 9.43+7.93(~8) — — — — —
6853—0 (6853) 6.17+0.96(—7) — — — — —
6691—0 (6691) 3.94+1.27(-7) 9.31+2.01(—8) — — — —
7644—1274  (6369) 1.57x1.06(—7) — — — — —
7489—1274  (6214) 4.34+0.82(—7) —_ — — — —
6115—0 (6115) 4.61*x1.41(—=7) — — — — —
7052—1274  (5777) 479*081(—7) — — — — —
6904— 1274  (5629) 1.64+0.83(—7) — — — — —
6817—1274  (5542) 3.40*1.25(—7) 8.35*+3.34(—-8) — — — —
5365—-0 (5365) 3.87=4.19(—7) 1.25%1.09(—7) 5.17£4.61(—7) 3.08+1.55(—8) 1.20%1.21(—8)° 8.82+9.05(—10)°
5326—0 (5326) 1.61x0.44(—6) 5.02%x1.72(—7) 1.93+0.70(—7) 5.85%£3.47(—8) 234*1.26(—8) 7.63%£1.98(—-9)
6115—1274% (4840) 1.87+0.41(—6) 6.41=1.62(—7) 1.50%0.19(=7) 4.70£1.36(~8) 1.27=0.67(—8) 1.23x1.67(—8)
5910—1274  (4635) 2.59%+0.20(—6) 6.64*1.04(—7) 2.27+0.22(—-7) 5.83+0.90(—8) — —
4457—0°2 (4457) 3.82+2.68(—7) 1.38*+1.10(—7) 7.42*%1.18(—8) 5.76+2.28(—8) 1.62*0.36(—8) 5.35+x1.27(-9)
5641—1274  (4367) 3.04+£0.93(—-6) 8.80*1.43(—7) 2.27*053(—7) 1.18x0.22(-7) 1.89£0.36(—8) 2.21*x1.18(—-9)
7721—-3357°  (4364) 2.59+0.64(—6) — — — — —
5365—1274  (4090) 3.49+0.45(—6) 1.37+0.20(—6) 5.92+0.42(—7) 3.06x0.29(-7) 1.10+=0.08(-7) 7.90*+1.55(—-9)
5326—1274  (4052) 9.81=7.97(—7) 2.68+0.53(=7) 1.05£0.16(—7) 3.06=0.59(—8) 2.00£0.43(—8) 3.22*+0.80(—9)
7341—3357  (3984) 4.59+x4.97(—-7) — — — — —
7721—4457  (3264) 5.85*1.06(~7) — — — — —
4457—1274%  (3182) 1.00+0.12(—5) 4.48%0.72(-6) 2.68*0.10(—6) 1.73=0.15(—6) 8.73x0.41(—7) 2.68*0.13(—7)
6311533572  (2954) 3.67+1.23(—6) — — — — —
5910—3357° (2553) 1.85+0.94(—7) — — — — —
6817—4457° (2360) 2.17+0.83(—7) 5.33%2.22(—8) — — — —
5523—3357  (2166) 6.30+2.15(—6) 1.62+0.24(—6) 6.84*+0.45(~7) 2.65+037(—-7) 4.63+1.07(—8) —

?Yield contains additional uncertainty from adjustment or contamination.
®Yield determined from deduced level population.
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TABLE lll. Thick-target y-ray yields from sodium{quanta peiw).

Transition a-particle energy (MeV)
(keV) 10.0 8.8 7.7 7.0 6.3 5.6
2Na(a,n)Al
392250 (3922) 8.42*1.25(—-7) — —_ —_ — —
3508—0 (3508) 9.92x1.85(—7) 1.16%0.26(—7) 3.64+2.09(—8) — — —
3403—0 (3403) 6.59%1.30(~7) 7.99%2.09(—8) — — — —
3403—417°  (2986) 1.02x0.20(—6) 1.23x0.30(—7) — — — -
2661—417 (2244) 8.37x1.25(-7) 1.80%=0.42(—7) — — — —
23Na(a,p)26Mg
6877—1809  (5069) 4.41+x1.50(—7) 8.28%2.07(—8) — — — —
6745—1809  (4936) 3.83+0.87(~7) 3.87x3.13(—8) 1.55*+0.53(—8) — — —
4834—07° (4834) — — 295+1.82(—8) 2.23*x1.30(—8) 1.10x0.83(—8) 1.19x1.76(—9)
4332—0 (4332) 5.49+731(—7) 1.05=0.30(—=7) 7.06=1.77(—8) 527x1.01(—8) 2.39+0.37(-8) 6.57+1.73(-9)
7100— 2938 (4162) 9.59+1.70(—7) — — — —_ —
6745—2938 (3807) 4.46*1.16(—7) — — — — —
6634—2938  (3696) 4.81*1.68(—7) 6.77:5.07(—8) — — — —
5474—1809  (3665) 5.51+2.84(~7) 2.83+0.59(—7) 7.69*x1.48(—8) 6.28*1.01(—8) — —
4900— 1809 % (3092) 3.87+1.94(—6) 1.3920.34(—6) 7.02£038(~7) 4.23+0.35(—7) 1.24+0.09(—7) 3.22+0.33(—8)
4834—1809° (3026) — — — 1.94%1.22(—8) 7.65%x3.57(—9) —
2938—0 (2938) 5.17+0.74(—6) 6.59+x0.97(—7) 3.80+0.38(—7) 2.88%=0.37(—~7) 1.98+0.13(—=7) 9.16*0.59(—8)
5715—2938% (2777) 2.57%£1.75(-7) 1.20%£0.43(—7) 6.95+2.75(—8) 1.84*0.85(—8) — —_
5690—2938 % (2751) 9.94:5.19(—7) 1.33+0.41(—7) 6.39*2.84(—8) 2.18+1.42(—8) — —
4350— 1809 (2541)
43321809 (2524)}1.15t0.07(—5) 4.68+0.69(—6) 2.57+0.25(—~6) 1.87x0.19(—6) 8.73+£0.47(-7) 3.51%0.18(-7)
4318—1809 (2510)
52912938  (2352) 1.44%+0.26(—6) 3.49+0.60(—7) 1.89*0.17(=7) 1.34=0.36(—7) 3.73+0.43(—8) 5.26*+1.88(—9)

@Yield contains additional uncertainty from adjustment or contamination.
bYield determined from deduced level population.

lifetime information. The 3519 keV level id°Na has a life- the 1o level of statistical uncertainty20%). This behavior
time of 0.6 ps, which is also the same order as the stoppingras attributed to some unidentified contamination of the
time (0.5 ps[8]) for an ion in the target, while the 3508 keV weak ground state transition.

level in ?°Al has a much shorter lifetime of 0.02 fs. The
sharp, fully Doppler-shifted 3508 key-ray peak on top of

the extended broad 3519 keV peak was isolated and sub-
tracted from the total area. An additional uncertainty of 20%
was assigned to both yields to reflect the observed area ratio The results presented above allow an evaluation of statis-
fluctuation between detectors. tical nuclear reaction models for these light nuclei. Statistical

This procedure was also used to separate the sharp peakmpound nuclear model reaction cross sections have been
of the long-lived °F(a,n)?®Na 2571-0 keV transition calculated and integrated with stopping powES$ to pro-
from the broad %F(a,a’) 2780-197 keV transition. vide estimates of the thick-target yield for excitations of the
Again, an area ratio fluctuation contributed an additionalresidual nucleus, which were compared to experimental val-
20% uncertainty to these yield determinations. ues.

In the forward angle detector of thg,= 10 MeV run, the The statistical model of nuclear reactions is based on the
Na(a,p)?Mg 5715-2938 keV transition was contami- assumption that all reactions proceed via the formation of a
nated by the pulser peak. The separation of pulser and trawompound nucleus which then decays through all energeti-
sition areas resulted in a large statistical uncertainty of 85%ally possible channels. The excitation of the compound
for the forward detectow-ray peak area. nucleus is assumed to be such that individual levels strongly

The level branching ratios determined from these yieldoverlap so that the decay is independent of the detailed level
are in agreement with published valy@s-4] within statisti-  structure. The reaction cross sections calculation separates
cal uncertainty, with the sole exception being the decay ofnto two steps: the calculation of the cross section for form-
the 4895 keV level from the®Mg(a,p)?°Si reaction. The ing the compound nucleus and the calculation of the branch-
published branching ratios indicate that transitions to thdng ratios for the decay of the nucleus by the various chan-
ground state and first excited state decay in a ratio of 1:3.1nels. The absorption cross section is typically obtained from
with a 16% uncertainty. The measurements reported hersolutions of the optical potential for the appropriate incident
indicate a stronger ground state transition leading to ratioparticle. The channel decay probability can be found by
between 1:1.6 to 1:0.82, and exclude the published value atombining absorption cross sections and the density of

IV. STATISTICAL NUCLEAR REACTION
CALCULATIONS
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TABLE IV. Thick-target y-ray yields from magnesiurfquanta per).
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Transition
(keV)

10.0

8.8

a-particle energy (MeV)

7.7

7.0

6.3

5.6

24Mg(a,p)27Al
5438—0
5156—0
4580—0
4410—0
3957—0
4410—1014°
3957—844
3004—0
208202
3957— 1014
3680— 844 °
2735—0
3680— 1014
4580—2211
4510—2211
2211—=0
PMg(a,a’)
2738—0
BMg( a,n)®si
99290
9796—0
9496—0

9479—0
8905—0
8328—0
8259—0
9796— 1779
7933—0
9382— 1779
7416—0
7381—0
6879—0
8589 1779
84131779
8259— 1779
7799— 1779
73811779
6888— 1779
6879— 1779
6276— 1779
8945 4618
84134618 ®
4980— 1779
4618— 1779
3591—0
3465—0
3347—0
22720
2201—312
213950
213931

(5438)
(5156)
(4580)
(4410)
(3957)
(3396)
(3113)
(3004)
(2982)
(2942)
(2837)
(2735)
(2666)
(2369)
(2299)
(2211)

(2738)

(9929)
(9796)
(9496)

(9479)
(8905)
(8328)
(8259)
(8017)
(7933)
(7603)
(7416)
(7381)
(6879)
(6810)
(6634)
(6480)
(6020)
(5602)
(5109)
(5100)
(4497)
(4327)
(3795)
(3201)
(2839)
(3591)
(3465)
(3347)
(2272)
(2171)
(2139)
(2108)

4.20+3.86(—8)
520+ 1.83(—8)
4.42+0.82(-7)
8.165.42(—8)
506+0.87(—7)
4.92+3.26(—8)
433+1.53(—8)
3.7220.69(—6)
2.20+0.60(—6)
5.68+2.72(—8)
367+ 1.51(=17)
1.03+0.47(—6)
227+0.52(—7)
1.12+0.48(—7)
8.07=1.62(—7)
8.05+1.42(—6)

1.65+0.41(—6)

9.62+3.43(—-9)
1.8320.92(—8)

} 4.45%1.00(-8)

328+ 1.21(—8)
3,36+ 1.48(—8)
2.10+0.92(—8)
1.59+0.88(~8)
1.49£0.29(—=7)
5.53+3.62(—8)
2.73+0.71(=7)
1.10+£0.99(—7)
5.39+0.93(—7)
9.06+2.15(—8)
1.51%£031(=7)
8.57+2.91(—8)
1.74+0.36(—7)
1.51+0.43(=7)
7.79% 1.40(—7)
2.10+0.61(=7)
6.11+1.07(=7)
1.16+0.24(—~7)
1.89+0.41(—8)
422+0.76(=7)
2.21+0.39(—6)
371+ 1.53(—8)
1.11+0.27(=7)
1.11+0.26(—7)
4.06+0.88(—7)
5.69+2.78(—8)
1.69+0.78(=7)

6.32+2.82(—-8)

7.31£3.96(—9)
6.09+0.86(—7)
581 1.18(—7)
5.66x2.07(—8)
3.56x0.54~-7)
3.50£1.35(—8)

2.60£0.35(—-6)

8.61+2.97(—9)
1.03+0.22(—8)

5.90+0.94(—8)
1.19+0.22(—7)
4.43+1.12(—8)
2.49+0.36(—~7)
2.18+0.72(-8)
2.28+1.06(—8)
3.17+0.71(~8)
6.56+1.08(—8)
6.26+1.08(—8)
3.92+0.55(—7)
9.72+2.30(—7)
3.88=0.54(—7)

1.17+0.18(=7)
1.20%0.17( - 6)
2.07+231(—8)
2.59+0.90(~8)
1.29+0.20(—7)
.66+ 1.06(—8)
3.66+1.23(—8)
4.76+1.96(—8)

2.92+0.15(=17)
2.62+0.14(—7)
1.61+1.23(~8)
1.20+0.11(=7)
9.94+8.25(—9)

1.34+0.06(—6)

5.45+1.73(=9)
2.91+0.27(—8)
6.1120.70(—8)
1.83+0.29(—8)
1.38+0.09(—7)
6.00+3.54(—9)

2.28+0.60(—8)
3.47+031(—8)
2.05+0.10(—7)
5.37+0.75(—8)
2.22+0.10(=7)

6.440.38(-8)
6.49+£0.35(—7)

1.62+0.43(~8)
6.20+0.79%(—8)
2.46+2.15(—8)
1.64+0.69(~8)
1.81+0.40(— 8)

5.07£0.62(—8)
1.98+0.26(—8)

3.61£0.27(-17)

1.82+0.91(—9)
1.16*x0.18(—8)
3.68+0.47(—8)
8.13£1.24(—9)
7.58x0.51(—8)

1.44+0.30(—8)
221+0.22(-8)
1.24x0.09(—7)
2.96£0.44(—8)
1.56=0.11(—7)

4.42+0.39(—-8)
458+031(-7)

3.10£0.46(—8)
9.63+3.99(-9)
1.2520.39(—8)

1.03+0.15(—8)
439+0.92(—9)

5.42+0.63(—8)

1.26+0.10(—8)
3.38%0.62(-9)
3.36x0.22(—8)

5.22x0.68(—9)
7.06£0.44(—8)
1.31£0.22(—8)
8.36=0.50(—8)

3.41+0.22(-8)
294+0.17(-7)

1.37+0.55(—8)
8.04+4.33(—9)
6.28+3.68(—9)

5.14+0.83(—9)
2.10x0.50(—9)

1.47+0.46(—8)

1.32+0.09(—8)
2.33+0.65(—9)
2.97+0.18(—8)

1.62+0.11(—8)
1.43+0.08(—7)
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TABLE IV. (Continued.
Transition a-particle energyMeV)
(keV) 10.0 8.8 7.7 7.0 6.3 5.6

26Mg(ar,n)?%Si

7692-0 (7692 2.73+1.50(—8) — — — — —
6715-0 (6719 1.50+0.36(—7) — — — — —
65221273 (5249 3.52+1.30(—8) — — — — —
7072-2028 (5044 6.19+2.74(—8) — — — — —
4935-0 (4935 3.16+0.92(-7) 1.47:0.27(-7) 7.21+0.75(-8) 3.34:0.48(-8) 1.02:0.13(-8) —
4895-0 (4895 1.54+0.46(—7) 7.59:1.51(—8) 4.52:0.84(-8) 2.07:0.36(-8) 1.17+0.13(-8) —
4840-0 (4840 1.39+0.34(-7) 1.21+0.19(-7) 4.99-0.45(—8) 2.94-0.27(-8) 5.81+1.26(—9) —
59491273 (4676 4.25-2.52(—8) 1.64-0.99(—8) 9.95-4.01(—9) — — —
61942028 (4166 1.91+0.46(-7) 3.97+1.07(—8) — — — —
6522-2426° (4096 2.69+1.01(—8) — — — — —
61072028 (4079 1.39+0.37(~7) 5.02-1.61(—8) — — — —
5813-2028 (3789 1.10-0.30(—7) 3.15-0.77(—8) 1.39+0.29(—8) — — —
6107-2426° (368) 6.63-1.81(—8) 2.84+1.65(—8) — — — —
48951273 (3622 2.49+0.45(-7) 1.13:0.30(~7) 5.63-0.33(—8) 2.33:0.27(—8) 9.59+0.87(-9) —
484012732 (3567 — 2.26+0.86(—8) 1.09:0.27(—8) 6.73:2.49(-9) — —
59492426 (3523 5.14+4.06(~8) 1.08:0.66(-8) 9.47+4.50(—9) — — —
5813-2426 (3387 1.19-0.45(-7) 1.86-1.56(—8) 1.22-0.39(—8) — — —
6781—-3624 (3157 6.74+1.81(—8) — — — — —
5949-3067° (2882 5.05+2.59(—8) 1.59+0.73(—8) 1.15-0.37(-8) — — —
4895-2028° (2867 8.84+1.92(—8) 5.11+1.18(-8) 2.00+0.26(8) — — —
4080—1273 (2807) 7.61+1.56(—7) 3.26-0.47(—7) 1.49-0.15(-7) 8.59+0.66(—8) 3.54-0.32(—8) 5.88-0.46(—9)
5813-3067 (2746 2.29+0.61(—7)® 7.25¢3.20(-8) 2.67+1.58(—8) — — —
474152028 (2713 9.32:1.72(~7) 2.69-0.39(~7) 1.49-0.10(~7) 6.94-0.62(~8) 2.10+0.23(-8) —
24260 (2426 1.30+:0.21(-6) 7.68:1.07(-7) 4.56:0.26(-7) 3.27:0.23(-7) 2.28:0.13(—7) 1.19-0.07(-7)
*Mg(a,p)*°Al

4403-0 (4403 2.40+0.77(=7) — — — — —
3641072 (3641 — 1.72+1.20(—8) — — — —
2866—0 2 (2866 2.16+1.43(—7) 1.11+0.54(-7) 4.52+2.13(—8)? 1.17+2.71(—8) — —

aYield contains additional uncertainty from adjustment or contamination.
bYield determined from deduced level population.

nuclear states using the principle of detailed balance to ob-

tain the inverse absorption cross section from these compo-

A. Optical potentials

A number of studies have established global optical po-

nents. Through an extension of this principle, the excitationgntia| parameters for neutrons and protons. The most recent
prqbablhty o_f a particular energy region in the residual nu-g;, dies by Becchetti and Greenlefg$] and Varneret al.

clei was estimated. _ [17] indicate a dependence of the potential depths on both
~ Two types of absorption cross section sources were Us&hticle energy and nuclear isospin for nuclei with mass
in this study. The first source was a parametrization of optit, ,mbers of 40 and greater. Below this mass range, and at
cal model total absorption cross section resii8-12 by |5,y incident energies, nonsystematic nuclear structure ef-
Chatterjee, Murphy, and Gupla3]. The second source was tects cause departures from this smooth behavior and com-
derived from distorted-wave Born approximati®@WBA)  piicate the use of a global parametrization for these nuclei.
SO|uti0nS Of the wave fUnCtion prOVided by the OXfOI’d com- Some g|oba| parametrizations app"cab|e to the low en-
puter codepsTwAV [14] using two different parametrizations ergy and medium mass range have been developed. In this
of the optical potential. One set of potentials was taken fromnvestigation, a potential presented in a study of medium
global parametrizations where the potential was treated asmass nuclei by Alexandest al. [18] was used, to which the
smooth function of atomic number, mass, and particle enspin-orbit potential of Varneet al.[17] was added. The glo-
ergy; the other set was derived from parameters obtainebdal parametrization for low-energy protons suggested by
from phenomenological fits to experimental data for indi-Perey and Perejl 5,19 and applicable down to a mass num-
vidual nuclei[15]. Both types of potential were used in sta- ber of ~30 was used. Both potentials were derived from the
tistical model calculations to provide a detailed comparisorscattering data tabulated ja5].

with experimental results for the 2Mg(«a,n)?®si, Although many investigations have attempted to param-
28Mg(a,n)?°Si, and 2’Al( a,p)3°Si reactions. etrize the optical potential fax particles, consistent system-
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TABLE V. Thick-targety-ray yields from aluminunmquanta perw).

929

Transition
(keV)

10.0

8.8

a-particle energy (MeV)

117

7.0

6.3

5.6

TAl(a,a’)
3680— 844
Al a,n)%P
5208—0
5208—709
4144—0
37340
3734—677
2938—0
2840—0
2724—0
253902
39291455
3019677
3734— 1455
2938—677
2840—709
YAl @, p)°Si
8164—0
7623—0 *
7255—0
6915—0
6744—0
6537—0
8330—2235
82902235
81642235

81552235
81032235
7911 —2235
7668— 2235
7623—2235
7508—2235
72552235
7079—2235
4809—0
8190— 3498
6915—72235
6865-+2235
79113498 ®
6641—2235
76683498 ©
7623—3498 ®
3769—0
7255— 3498
5051--2235
7079— 3498
34980
5614—2235
54872235
6915—3769 P
53722235
5280—2235

(2836)

(5208)
(4499)
(4144)
(3734)
(3057)
(2938)
(2840)
(2724)
(2539)
(2474)
(2342)
(2279)
(2261)
2131)

(3164)
(7623)
(7255)
(6915)
(6744)
(6537)
(6095)
(6055)
(5929)
(5920)}
(5868)
(5676)
(5433)
(5388)
(5273)
(5020)
(4844)
(4809)
(4692)
(4680)
(4630)
(4413)
(4406)
(4170)
(4125)
(3769)
(3757)
(3716)
(3581)
(3498)
(3379)
(3252)
(3146)
(3137)
(3045)

6.18*x231(—7)

433x1.44(—-8)
2.17£1.69(—-8)
4.01x0.92(—-7)
1.86£0.60(—6)
1.37*£0.85(—6)
2.34+0.55(-17)
4.52x098(—-7)
1.73£0.34(—6)
4.04x£0.85(—6)
251+21.02(-7)
8.73x1.88(—=7)
6.03+£221(—7)
5.51x257(-17)
1.23£0.24(—6)

2.99x0.72(—8)
223+1.00(—-8)
6.51+1.38(—-8)
1.85£035(—-7)
3.64£0.64-7)
1.35£0.25(-7)
3.72+1.35(—-8)
5.48+£2.24(—8)

425%+1.34(-8)

8.85x£2.73(—-8)
6.98+1.58(—-8)
1.50+0.30(—7)
1.16x£0.25(-7)
1.59+0.30(—7)
7.48+£1.72(—8)
2.28+0.49(—7)
1.03+0.18(—6)
5.48+8.70(—8)
2.60x£1.07(-7)
4.54x097(—7)
1.72+0.68(—-8)
6.25*+0.97(—~7)
3.45x1.17(-8)
1.89+0.57(—8)
1.17£0.20(—-6)
5.48=1.77(-7)
2.31+0.68(—6)
1.69+0.55(—17)
6.07x1.06(—6)
4.98*1.05(—-7)
2.33+0.42(-6)
521%2.20(-8)
1.08£0.44(~7)
4.94+1.00(—6)

472x1.75(—-8)
1.33£0.39(—7)
6.481.09(—7)
1.23+0.19(—6)
2.11x£0.68(—7)

3.85+122(-7)°

374+ 1.54-9)
1.15+0.24(—-8)
3.65+0.53(—-8)
1.26£0.18(-7)
5.49+0.78(—8)

1.73+0.81(—-8)
1.8320.89(—8)
1.75+0.38(—8)
1.14£0.45(—8)
5.76+1.41(—-8)
524+0.72(~7)
4.92+1.48(—8)
1.42+0.25(=7)
1.54%021(=7)
7.26+1.10(=17)
1.50+0.23(—6)
1.69+ 1.08(—8)
3.02+0.41(—6)
2.69+0.60(—7)
1.09+0.15(—6)
1.01+0.41(—8)
8.24+3.17(—8)
2.64+0.37(—6)

22320.98(—8)
7.31£1.95(—8)
2.84x0.20(—7)
6.79+0.72(—7)
9.61+2.15(—-8)

1.31£0.37(—~7)

4.55x1.17(—-9)
1.43+0.14(~-8)
520£0.31(—-8)
241x0.17(—-8)

5.13x1.30(-9)
2.67x1.19(-9)
2.05x0.61(—8)
3.03x0.16(-7)
1.82+0.28(—8)
4.43+0.59(-8)
7.65+0.48(—8)
4.00£0.33(-7)
6.72£0.40(—7)
1.67£0.09(—6)
1.36+0.17(~17)
5.69+0.44(-7)
3.83=1.48(-9)
3.41=0.85(—8)
1.40£0.10(—6)

4.04£2.98(—9)
6.61£2.10(—8)
1.82+0.31(=7)
1.26+1.41(—8)

455£1.73(—8)

2.85+0.47(-9)
9.95+£1.03(-9)
49220.61(-9)

1.87+£0.22(-7)
3.59x1.31(-9)
7.34£2.14-9)
1.32£0.15(—8)

1.71£0.37(=7)

223x0.20(—-7)
9.40£0.81(—7)
6.22+1.39(—-8)
3.34F0.54—7)
7.73£3.16(—10)
1.98+0.64(—8)
8.17+0.73(-7)

1.07£0.05(—7)

1.322 1.59(—-9)

L11x0.09(-7)

598+0.37(—8)
5.52+0.28(~7)
2.61+0.59(—8)
1.41%0.11(=7)
1.07+0.47(—8)
4.02+0.22(-7)

3.70+0.38(—8)

6.57+x1.26(—9)
243x0.11(=7)
5.64+2.86(—9)
3.81+0.65(—8)

1.26£0.08(—7)
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TABLE V. (Continued.

Transition a-particle energy (MeV)

(keV) 10.0 8.8 7.7 7.0 6.3 5.6
6537—3498°  (3039) 4.32+122(—6) 1.77x091(-7) 7.81+2.02(—8) — — —
52312235 (2996) 4.10£1.46(—6) 7.38x257(—7) 2.65+0.86(—7) 6.42+1.63(—8) 3.44+0.73(-8) 1.12*x0.87(~8)
4831—2235 (2596) 5.37%£0.96(—6) 2.28*0.32(—6) 1.46+0.12(—6) 7.17x£0.65(=7) 3.15£020(-7) 1.32+0.11(—=7)
4809—2235° (2574) 4.51*101(~7) 223%0.46(—7) 129+021(=7) 7.94+1.47(—8) 4.56+0.74—8) 1.7320.29(—8)

5951—3498 (2453)
1.84x0.74(—7) — — — — —
7255—4809 (2446)
7079— 4809 © (2270) 1.90x0.32(—7) — — — _ —_
2235—0 (2235) 4.89*086(—5) 2.02*028(—5) L11*x0.06(—5) 6.37£0.56(~6) 3.39x0.17(—-6) 1.52*+0.07(—6)
7001—4831 (2170) 3.56+0.75(—7) 7.29*1.58(—8) 2.15+0.82(—8) — — —

?Yield contains additional uncertainty from adjustment or contamination.
Yield determined from deduced level population.

atic potentials have not been fouf#l5]. The low energy present study, the average values suggested by McFadden
behavior has not been well established due to the predomand Satchler were used for all nuclei, and no energy depen-
nance of Coulomb scattering below 20 MeV. McFadden andlence has been introduced in the potential parameters.
Satchler[20] were unable to find a reasonable mass param- Phenomenological potentiald5] were linearly extrapo-
etrization of the potential in their study of 24.7 Me¥par- lated to unstable nuclei using the isospin dependence of Var-
ticles for elements ranging from oxygen to uranium. In thener et al. The energy dependence of Varredral. also was

TABLE VI. 10-MeV thick-targety-ray yields from silicon(quanta per).

Transition (keV) Yields Transition (keV) Yields
8Si(a,p)*'P
5015.4—-0 (5015)
5256—0 (5256) 6.86+1.97(—9) ] 2.29+0.26(—8)
5015.2—0 (5015) )
4783—0 (4783) 2.42+0.32(—8) 4594—0 (4594) 1.45+0.67(—8)
4261—-0 (4261) 1.46+0.09(—=7) 3506—0 (3506) 7.48+0.28(—7)
4594— 1266 (3327) 2.92+0.72(-8) 5529—2234 (3296) 1.81+0.64(—8)
3134—0 (3134) 5.45+0.22(-17) 42611266 (2995) 6.89+1.62(—8)
4634—2234 (2400) 2.44+0.66(—7) 3506— 12662 (2240) 5.20*+0.36(—-7)
2234—0 (2234) 1.04*+0.21(-5) 44312234 (2197) 1.69+0.21(—7)
3415—1266 (2148) 3.34x0.69(—6)
PSi(a,n)*’s
5798—0 (5798) 1.41+0.22(—8) 5549—0 (5549) 1.09+0.23(—8)
4695—0 (4695) 2.88+0.39(—8) 42810 (4281) 1.90+0.09(—7)
5549—2230 (3319) 1.54*+0.92(—8) '5413—2230 (3183) 6.26+0.67(—8)
5006— 2230 (2776) 1.25£0.14(=7) 4695—2230 (2465) 3.23+1.62(—8)
29Si( a,p)32P
4149—78 (4071) 7.02+£4.83(—9) 379378 (3715) 9.12+4.02(—-9)
3320—-78 (3242) 7.78%=1.73(—8) 3005—0 (3005) 3.26*+1.61(—8)
3005—78 (2927) 1.82+0.40(—7) 3793—1323 (2470) 1.24*+1.39(—8)
08i( a,n)**s
4144—0 (4144) 1.64*0.53(—8) 3832—0 (3832) 1.12+0.42(—8)
4211841 (3370) 1.74£0.62(—8) 3221-0° (3221) 1.78£0.76(—8)
2969—0 (2969) 2.04+0.32(—17) 2935—0 (2935) 1.13+0.48(—7)
28680 (2868) 9.92+1.84(—8) 3221841 (2380) 3.11+1.39(—-8)
2313—0 (2313) 7.05+2.20(—8)
3OSi( a,p)33P
4194—0 (4194) 1.49+0.41(—8)

*Yield determined from deduced level population.
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TABLE VII. Unique reaction thick-target-ray yields(quanta pew).

Reaction a-particle energyMeV)
(keV) 10.0 8.8 7.7 7.0 6.3 5.6

%Be(a,n) 4439-0 1.18+0.23(—4) 1.03-0.14(—4) 7.06-0.31(-5) 6.38-0.25(—5) 5.66+0.25(—5) 4.06+0.16(—5)
UN(a,p) 38410 4.71+0.22(-6) 1.35-0.36(—7) — — — —
UN(a,p) 3055-871 2.09-0.38(—6) 5.22+1.03(—7) — — — —

added to both neutron and proton potentials. No isospin ex- J+Jo 23+ 1
trapolation or energy dependence was used in determining o3= ;: moc(l). (D)
the phenomenologicat-particle potentials. =730l (20 1)( )

The channel decay probability is related to the probability
of the reverse reaction through the principle of detailed bal-

It has been established that the constant temperature a@gce. For a compound nucleGswith excitation energyg,
Bethe equationg21-24 provide a good description of and spinJ that can decay into the residual nucleBisvith
nuclear level densities. This study used the level density paexcitation energy and spi and J; and particleb with

rameters of Gilbert and Camer@ﬁl,ZZ which were found kinetic energy and total angu]ar momentumand j' the
to agree with the observed level structure, except in the casghannel decay probabilitwy, ;. is
of 28Al, where the level density of von Egidgt al. [23] o
provided a substantially better agreement with the estab-
lished structure. The effect of discrete levels was investi-
gated by adding steps and discontinuities to the level density
in order to more closely reproduce the observed level struc-
ture. Calculations using these discontinuous level densityvhere for clarity the angular momentum labels for the cross
functions are referred to by the term “modified level den-Section have been condensed into the particle laBeld,
sity.” andB. In this case the term; is the density of states for the
compound nucleus ang, is the product of the density of
C. Reaction cross section calculations states for the particlé and residual nucleuB, integrated

] ] o under the restriction of energy conservation. The density of
In calculating the reaction cross section in the compoundates forb is that of a free particle with velocity,,, while

nucleus formalism, both the compound nucleus formationq, g it is the level density discussed previously. The transi-
probability and the channel decay probability are requiredyjgp, probability is

The level density parametrization used in this study makes
no distinction between positive and negative parity states, (25,+1) m (E)
and so the cross sectian, for forming a compound nucleus 30 = b b P8

of spinJ from a target nucleus with spidy, is given by P 2j+1 7243 pe(Eo)

B. Level density

W, . 23b+l & o
b9i9 = i3 1 VbIC—bB v

EUC<—Bbd E, (3)

TABLE VIII. Multiple reaction thick-targety-ray yields(quanta pew).

Reaction a-particle energyMeV)
(keV) 10.0 8.8 7.7 7.0 6.3 5.6

1B(a,a’)  2154-0

1.89+0.12(—5) 8.97+1.24(—6) 3.08+0.16(—6) 1.69+0.13(—6) 5.66+0.28(—7) 7.41+0.99(—8)
"B(a,a')  2125-0
¥F(a,p) 5147-1274

9.31+1.70(-7) 4.75-0.74(—7) 2.81+0.14(-7) 1.81+0.15(—7) 5.49-0.29(—8) 4.17+0.76(—9)
ZNa(a,n) 5690-1809
*Na(a,p) 39411809

2.45+0.27(—6) 1.02+0.17(—6) 4.86-0.23(—7) 4.120.45(—7) 1.64+0.09(—7) 6.61+0.65(—8)
BNa(a,n) 2545-417
Mg(a,p) 39360

4.70+0.83(—7) 1.340.20(~7) 4.36+0.54(—8) — — —
2Mg(a,p)  3935-0
Mg(a,p) 3296-31

3.15+0.53(—7) 1.140.16(—7) 5.82+0.40(—8) 2.20+0.25(-8) — —
Mg(a,n) 5285-2038
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which together with Eq(1) provides the reaction cross section through a compound nuclear spin clannel

Er
| deras,+ 1121+ DImeoe._ame(E)

4

OBb—Aa= 03 I )
2 fo Rd E[(ZSbr + 1)/(2] '+ 1)]mb’EUCeB’b’PB’(E)

wheree is the kinetic energy of the emitted partideandm,,  the difference resulting from the restriction of the compound
is its mass. In this equation the total decay probability haswclear spin. These results are similar to those from the
been normalized to unity to remove the dependence on thidauser-Feshbach calculations of Wooséal. [27], which
compound nucleus density of states. The integration occurdiffers primarily in its treatment of discrete levels. Both cal-
over the entire range of valid residual excitation energiesulations reproduce the total neutron yield to within the same
between 0 andy, with e=Er— E, while the normalization accuracy and agree with the experimental yield to within
sums over all compound nucleus decay channels withkpin 50% over most of the energy range.

The cross section into a residual nucleus excitation energy

range betweert; and E, was found by substituting these V. THEORETICAL COMPARISONS

values for the integration limits O ariek in the numerator of

Eq. (4), and summing over all spin contributionk, (J, j, ; ; . ) , -
andJ,) to this energy range. states is met at the highestparticle energy investigated, it

In the parametrized and spin-independent calculationdS l€ss clear whether the overlap is sufficient at lower ener-
only total absorption cross sections and level densities wer@€S {0 justify a simple statistical treatment of the reaction

used, and the total reaction cross section reduced to the saffEPcess. These calculations apply to the average behavior of
form of Eq. (4) without the dependence onandj’. The the residual nucleus; as such, the experimental results to

upper limit of each integration was taken as the kinemati?Vhich these calculations are compared should sample many
limit for each reaction product. Unrealistically large neutron!€Ve!S t0 reflect a configuration-averaged behavior. At low

cross sections at energies close to zero were avoided Citation engrgies this average behavior is ger)erally diffi-
adopting a low energy behavior described by ult to establish because of the low level density near the

ground state.
€cut) M2 The thick-target high-energy nuclear excitation from 10
Un(€)=ffn(€cut)<—) (5)  MeV « particles, characterized by the level population dis-
€ tribution for residual nuclei of®si, 2°Si, and®°Si, is used to

Although the condition of overlapping compound nuclear

below a suitable cutoff energy.. The sensitivity of the
calculation toe.,; was estimated by varying., in the cal- -4
culation between 0.1 and 1 MeV, which produced changes ir F
the calculated cross section on the order of 5%.

A large fraction of thex-particle absorption cross section
occurs for high spin levels in the compound nucleus which
are not experimentally observé#8]. Such high spin levels
primarily contribute to the elastic scattering of theparticle.

This component of the cross section was removed by trun- &
cating the sum ove} at the highest observed level spin near ¢,
8 MeV excitation in the compound nucleus, which is equiva-
lent to restricting the sum ov@rto the first five or six lowest
spins of the compound system.

The effects of the different data sources and approxima- _
tions are illustrated in Fig. 2, which compares the published 10
experimental total thick-target neutron yid25,26], for the
27Al( a,n) reaction to calculated values. In the first level of

Yield pe

— published yield
-- Woosley et al

approximation, the angular momentum coupling of the cross -- parameterized
sections was ignored. Within this approximation, three dif- i o glﬁ’:nal' o lnin%p.
ferent sets of cross sections were used: the parametrization ¢ o ... global, fc < 11/2
Chatterjeeet al. [13], the results from optical calculations 10 L
using the phenomenological potentials, and the optical cal- ) 6 7 8 9 10
culation using the global potentials. Each of these cross sec o—Particle Energy (MeV)

tion sets overestimates the total thick-target neutron yield by

as much as a factor of 5. Introducing proper spin coupling FIG. 2. TheoreticaP’Al thick-target neutron yields. The curve
improved the overall agreement by almost 50% for both setgarked “published yield” indicates a composite of measured total
of optical potential cross sections, with approximately halfneutron yield§25,26.



56

assess the level of agreement obtained when a large overl:

a-PARTICLE INDUCED y-RAY TRANSITIONS IN ...

933

2.0 —_,——————T————7—————
of compound nuclear states exists. The theoretical and 3 & (a) [ —'Si experimental results
perimental population distribution dependencedparticle o - glal:baanll,esgfrllz?ngiependent
energy was then examined for features which may signal th _~ sl g menalogical
breakdown of statistical behavior and indicate a limitationto .. - global, modified density
these calculations. Finally, theoretical and experimental di < [
rect productiony-ray distributions from particles are com-  «© ;
pared in order to assess the reliability with which theoretica < 107
calculations can be used ip-ray background determina- : 3
tions. =

§ 0.5 i
A. Excitation of the residual nucleus %'. N

The direct population distribution fof®2°3%j was ob- & 00l S N
tained using the measured yields in Table IV and the knowt 5 6 Exoit t? E 8 (MeV) 9 10
decay schemes to deduce the population of as many levels xeftation Bnergy e
the residual nucleus as possible. The result&fpr 10 MeV 4 . . .
are shown in Fig. 3 summed into 1 MeV bins. The inclusion = (b) — ®si experimental results
of allowed but unobserved levels would not significantly & | e e dependent
change the deduced distributions except where noted belov = l - g{j}%‘;‘;mem“g‘”l

The E,=10 MeV population distribution for?Si is IS 3r - global, modified density
shown in Fig. 3a). The ?Mg(a,n) reaction populating this 2
nucleus has one of the largegdt values(2654 keVj of the ®
reactions studied here, and correspondingly produced th ©
highest-energy excitation observed in a residual nucleus ~—
This nucleus has only three excited states below 5 MeV. Thi =
absence of a nuclear level between 5 and 6 MeV gives rise t %
an empty bin in this energy range. The populations of the ~
other bins were fixed using three to six levels each. The g’.
largest number of unobserved levels occurred in the 9-1 o
MeV bin, and could increase this population by as much as .
factor of 2.

The measured population distribution f61Si is shown in
Fig. 3(b). This nucleus contains five excited states below 4 — 1.5 — ' ' ' ' —
MeV, two of which (between 3 and 4 MeMdecay through a . [ (C):
y-ray cascade below the energy cutoff of this study. As ¢ &. -

result, no determination of the population distribution below -

4 MeV could be made, and we have restricted our characte % 1.0 .

ization to energies above this. The population distribution = -

was determined from a sample of five levels in each of the '?o

4-5 MeV and 6-7 MeV ranges, and two levels in each of =

the remaining bins. The majority of undetermined level 2> .| " |

populations falls between 6 and 8 MeV, and could accoun g | —%5i experimental results

for a factor of 2 increase in the 6-7 MeV population and a 2 L gﬁ)’;;fe;;i’;zfgdependent

factor of 3—4 in the 7—8 MeV bin, assuming average popu: g P plrtx)ebr;c;menological

lations for these levels. L élobm, modified density -
The population distribution fof%Si is shown in Fig. &). 0~04 — é — é T é —

This nucleus has six levels below 5 MeV, five of which
decay primarily through the emission gfrays with energies

Excitation Energy (MeV)

of 2 MeV or greater. This nucleus contained the smallest FIG. 3. TheE,=10 MeV excitation population distribution of

number of undetermined level populations of those studieda 22Si from the 2Mg(a,n) reaction,(b) 2°Si from the 2Mg(a,n)

and provided the most complete determination of the popureaction, andc) 3°Si from the >’Al( «,p) reaction. The deduced

lation distribution. Above an excitation of 5 MeV, the popu- population distribution is shown by the histogram, with the error

lation in each bin was determined by at least five levels. Thdars reflecting experimental uncertainties. The dashed lines show

population of the 4—5 MeV bin was determined by only two the predicted populations from the statistical model, using the spin-

levels. Levels with an undetermined population would in-independent and spin-coupled calculations.

crease no bin by more than 20% for an average estimated

population. except for those using a modified level density, follows a
In addition to the experimentally deduced population dis-smooth curve with excitation energy. Most calculations are

tribution, a set of statistical model calculations of the popu-well within a factor of 2 of the experimental measurements

lation distribution is shown in each figure. Each calculation,for these high-energy excitations. Generally, the param-
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etrized calculation predicts the largest populations. A some

80 Tog ¢ T T T T T T T T T T
what better agreement with experiment was obtained in th jE:i experimental results
spin-independent calculations by using global potentia [ -- global, modified density -
DWBA cross sections. A further improvement of about 15% 751 .

occurred when spin coupling was properly accounted for
The modified level density calculation, employing the same
cross sections, reproduced some of the measured structt
and generally achieved the best agreement with experiment
results.

The results using the “phenomenological” potential
DWBA calculations did not improve agreement with experi-
ment. A larger variation of optical potential parameters with
mass[16,17] was anticipated for these light nuclei; this
variation was expected to be followed more closely by ex-
perimental parametrizations of individual nuclei than by glo-
bal potentials. However, the phenomenological potential cal
culations provided no improvement over the global potentia
ones, and in some cases were in considerably poorer agre
ment. In part this disagreement may have arisen from th

Mean Excitation (MeV)

HEATON, LEE, ROBERTSON, NORMAN, LESKO, AND SUR

5 6 7 8 9

a—Particle Energy (MeV)

10

T T T
L o s experimental results
— global
[ -- global, modified density

5.5
extrapolation of the required optical potential parameters tc I
unstable nuclei and different particle energies using the ger
eral trends established by the global potential, as well fron
inconsistencies between potential parametrizations of variot
research groups.

The calculations overestimate the population distributions
within 2 MeV of the maximum excitation energy. This is
likely due to the compound-elastic component of the neutrot
and proton absorption cross sections. The compound-elast (b)
component of the cross section can be ignored at incider e
energies where a large number of decay channels are ava 6 ~ 8 9 10
able[28], but at low energies where only a few exit channels
exist, this channel can account for a large fraction of the

Mean Excitation (MeV)

a—Particle Energy (MeV)

reaction cross section. In calculating the inverse reactior 6-6.0 By oxmeri ' ' ' '
L. . .. i experimental results
these low incident energies correspond to the emission ¢ [ — global
6.4 |- global, modified density o

low-energy particles and consequently high-energy excita
tions of the residual nucleus.

At low excitation energies, not shown in these figures, the
statistical model calculations fall below the measured popu
lation by a factor of 2—4. In part this underestimate was
corrected by the use of the modified level density in the
calculation, which moved some strength to these lower
energy regions. In most cases these low-excitation-energ
populations were dominated by one or two levels, and a
such were sensitive to nonstatistical effects. As a result, thes
levels are considered to be inaccurately described by the:
calculations, and are not considered further.

Mean Excitation (MeV)

R (c) -
5 6 7 8 9 10
a—Particle Energy (MeV)

B. Mean excitation

FIG. 4. Mean excitation ofa) ®Si from the ®Mg(«,n) reac-
tion, (b) 2°Si from the 2®Mg(a,n) reaction, andc) 3°Si from the
27Al( a,p) reaction.

The above discussion of the excitation distribution indi-
cates an agreement between theory and measuremgnt at
=10 MeV, with differences reflecting difficulties in the sta-
tistical characterization of experimental results rather than galculations exhibited a similar energy dependence largely
breakdown in the theoretical model. In this section the beindependent of data source, and so only those using the glo-
havior at lowera-particle energies is explored through the bal optical potential cross section are shown in Fig. 3.
mean excitation energy of the residual nucleus. Additional adjustments were required in the calculation of

The experimentally determined mean excitation curveshe experimental data mean. In order to avoid distortions, the
for 28si, 2%Si, and 3°Si in Fig. 4 were calculated from a populations of levels missing due to spectrum interference
population-weighted sum of the level energies. The theoretwere excluded from the calculation. Low-energy bins con-
ical mean was similarly obtained by treating the populationtaining only one or two levels have been excluded through a
of each bin as a single level at the bin center. Theoreticalow-energy cutoff to avoid nonstatistical effects. Because of
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these adjustments, the calculations do not provide a trur _ 7T T
mean, but rather a sampling of the excitation which never-7 L
theless should reflect the behavior of the true mean. There S 10*
fore, the comparison between theory and experiment focuse &

more on the slope rather than the absolute magnitude of th g
calculated mean. The adjusted uncertainty in the mean is du - 102
solely to statistical uncertainties.

The calculation of the mean excitation féSi, shown in S
Fig. 4(b), utilized the measured excitations of levels above 5 - 2
MeV. The same level energy cut was used for the evaluatior o 10
of the theoretical mean excitations. However, the selection o 7
this energy cut has probably accentuated the effect of the
discrete level structure by including an experimental bin in
which no excitations are possible. The experimental points
show a monotonically increasing mean excitation energy
with a-particle energy. Levels with unknown populations
can only significantly affect th& ,=10 and 8.8 MeV mean
excitations, increasing the mean excitation energy by nc
more than 150 keV and 50 keV, respectively, for average
populations of each level. Such an effect would not signifi-
cantly change Fig. @).

The behavior of the mean excitation energy is fairly well
reproduced by the calculations. The calculation using the
modified density shows a significantly higher mean energ
.du.e tq th_e. absence of an excitation |_n the 5_5 MeV bin, an urements of they ray. The dotted and dot-dashed lines show the
is in significantly better agreement with experiment than Cal'results of theoretical calculations using global potentials. The

culations using a purely statistical level density. This illus-gashed-line histogram shows the calculations of Pomansky.
trates the importance of using realistic level densities in such

calculations. The slight deviation of the mean betwEen-

—
o

— present results RN

-- Pomansky (theoretical) ),

--- global

----- global, mod. density
) R

4 6 8 10
y—Ray Energy (MeV)

Rate (y—Ray MeV

|
—-

—
o

o

FIG. 5. The directa-induced y-ray spectrum in granite. The
olid curve labeled “present results” was constructed from mea-

d » h behavi b lation of the 5231 keV level which is known only below
7-and 7.7 MeV from a smooth behavior appears to be morg. _ 7 7 vev was excluded from the calculation of the mean

likely caused by_an uneven distribution of levels W'th".] t.heexcitation, to allow an appropriate comparison of run results.
lowest-energy bin than by a breakdown of the statistical A total of eight undetermined level populations were ex-

nuclear model. Only three levels were populated between gy, 4oy from the mean excitation energy determination at 10
and 6 MeV, with wo strongly populatgd levels near .6'9 MeV. At 7.7 and 8.8 MeV there were only six undetermined
MeV, and one near 6.3 MeV. At low-particle energies, this o615 and below this energy only three levels had unknown

bin accounts for most of the observed excitation and the,, qiations. In all cases the measured excitations comprised
distribution of levels could account for the observed behavy,, majority of all known levels, and so provided a reason-

ior.

The behavior of the mean excitation energy #8i is
shown in Fig. 4c). Here, an energy cutoff of 4 MeV was by less than 40 keV at alb-particle eneraies
used. The mean & ,=5.6 MeV is not shown because only y parti gies.

le lovel iated. For all ofh ints at loast f The theoretical calculations for®°Si predicted an
a singie level was popuiated. or all other points at leas IVea—particle energy dependence which was consistent with ex-
levels were used to determine the mean.

) e - eriment. Each calculation resulted in roughly the same
The experimental mean excitation exhibits a weaker dep ghty

: : ““Slope and behavior, with somewhat shallower slopes being

pendence oI, than that predicted by the calculations. This - ;
could indicate unobserved levels. FBf=10 MeV, there are produced by the properly spin-coupled calculations.
14 levels between 6 and 8 MeV with unknown populations.
Assigning an average excitation for these levels would in-
crease the mean excitation energy at 10 MeV by 300 keV. The statistical model has been used to genenatay
Similarly, an unobserved population of levels close to thespectra resulting fronw-particle irradiation within a com-
highest determined excitation in the 8.8 MeV run would sig-posite material of light elements containing trace contamina-
nificantly increase this mean excitation energy. These cortions of uranium and thoriumi30,31. The present calcula-
siderations indicate that the difference between the theorettions have also been used for this purpose, and provide a
cal and experimental energy dependence cannot be attributsgparate assessment of the accuracy of the statistical com-
with certainty to a breakdown of the statistical model, andpound nuclear model for light elements. Such a comparison
suggest that a more complete excitation measurement for thimn be particularly useful in the understanding the nature of
nucleus may indeed be consistent with the statistical combackgrounds in low-background experiments.
pound nuclear model. Figure 5 shows the calculatedray spectrum for granite,

The mean excitation 0f’Si, shown in Fig. 4), used an a common host rock for several low-background laborato-
energy cutoff of 5 MeV to avoid distortions from two ries, for a trace thorium mass fraction which is 5 times that
strongly populated levels at 4809 and 4831 keV. The popuef the uranium mass fraction. The theoretical spectrum of

able sample of the excitation of th&Si nucleus. Population
of these missing levels would increase the measured results

C. a-induced y-ray yields from materials
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Pomansky[29] for the direct production ofy rays through VI. CONCLUSIONS
the (@,ny) and («,p7y) reactions in granite is also shown,
along with theoretical calculations using global potentials We conclude that a simple calculation using the param-
with full spin coupling. Both experimental and theoretical etrized cross sections of Chatterjeéal. can predict the
yields fall considerably below those reported by Pomanskyyross excitation population distribution of the residual
using the calculations of Gloto\29-31]. nucleus to within a factor of 2 in th&=20—30 mass region.
The theoretical spectra from the present calculation als@ 5094 improvement in the calculation can be obtained by
contained only &,py) and («,ny) reaction yields. The ex- sing DWBA cross sections. Only a slight improvement is
_(:ltatlon distribution for each reS|d_uaI nucleus_ was converteqd)piained by the proper treatment of spin coupling, and no
into a y-ray spectrum by convolving these with the averageinnrovement in agreement with measured populations is ob-
y-ray cascade from the known decay schemes of all the leve,ine by using phenomenological potentials. We also find

Elrs1 Wclt:rlpe ea(;:: d# Mteokaxgl'tat'gﬂob'pk::encgfg;at'ogﬁe];g;that it is important to use a level density which accurately
ins sponding Vels withod W y s Teflects the low-energy level structure of the residual

were assumed to produce a singteray by decay to the nucleus. Such a treatment is most similar to Hauser-

ground state. The spectrum for an individual element Wa?—eshbach calculations which have been used by a number of

constructed by adding together the individyatay spectra, hers to determi . tes in heavi lei th
weighted by the target nucleus isotopic abundance. To obtaiffS€arcners lo determine reaction rates in heavier nucier than
hose considered here. Such calculations by Woostegl.

the full spectrum, the elemental contributions were therf

summed, weighted by their respective stopping powers a$€€ Fig- 2 typically achieve agreement with measured
described ir1]. yields within a factor of 2, an accuracy similar to that of our

The theoreticaly-ray spectra calculations using global po- ©Wn calculations. A Hauser-Feshbach calculation for the re-
tentials, shown in Fig. 5, reproduce the gross shape of thactions conside_red here could _a_nticipate improvement due to
spectrum constructed from the transition measurements & Proper handling of level parities, and would be expected
this study[1], and share similar overall features, excepthave a larger effect on the low-energy populations, which
within 2 MeV of the maximum energy. The gross structure istend to exhibit a parity bias, than at high energies. More
largely determined by the excitation distribution of the re-Significant improvements may be possible through a careful
sidual nuclei, while departures from general trends ardreatment of the compound-elastic component of the cross
largely determined by details of the deexcitatipray cas- sectlon_. Such a calculation Wou_ld_be expected to S|gn|_f|-
cade. The spin-independefrtot shown in Fig. Hand fully cantly improve the agreement within 2 MeV of the maxi-
spin coupled calculations produced similar spectra, with dif UM excitation energy. o
ferences being less than 15%. The best agreement with mea- NO evidence for significant deviation in measured behav-
surement was obtained for the “global, modified density” ior from statistical model predictions has been found. All
calculation which used full spin coupling, agreeing to within s_tatlstlcal model calculations produced s_lmllar mean excita-
a factor of 2 over most of the-ray energy range. They also tion energy curves _for each nucleus which was largely fol-
provide an order of magnitude improvement in agreementowed by the experimental measurements.
with measurement compared with the results of Pomansky
and Glotov. This difference appears to arise from their use of
experimental >Mg(a,n) vyields [1,30] to determine the ACKNOWLEDGMENTS
2TAl( ,p) and 2Na(a,p) reaction rates. The calculation of
these ¢,p) reactions from &,n) measurements require cor-  The authors would like to thank Dr. lan Towner for pro-
rections for Coulomb barrier effects which are sensitive toviding the computer codesTwAv used in this study. This
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