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ABSTRACT

Measurements of total fusion cross sections for Be+'"1B have been performed

over the energy range from 2 to 4.5 times the Coulomb barrier. Elastic scattering
and peripheral processes have also been investigated. No significant inhibition of the

maximum fusion cross section is observed in spite of the low binding energy of the

collision participants,

-

Nuclear reactions '°1'B(°:Be,X), 5 = 10-40 MeV; measured o(f,E), o(A,Z) for
fusion, quasi-elstic and elastic scattering, deduced critical and grazing angular momen-

tum. Statistical model calculations. Identification of binary processes.

PACS numbers: 25.70.Jf; 25.70.Gh: 25.70.Lm

1. Introduction

Fusion studies involving light heavy-ion reactions have been intensively performed
over the last few years in order to characterize the influence of the single particle struc-

L2 Interesting systematic features

ture of light s-d nuclei on the reaction dynamics
were recently observed. The observed constant value® (0%%*1.0:: 0.2 b) for the max-
imum fusion cross section for a very wide mass region, seems to show a tendency to
decrease in the case of very light and weakly bound nuclei (see figure 1a). Experi-
mental values for the fusion barrier height (Vg) and radius (Rg), when ploited as a
function of the size of the system p = (A}/3 + A§/3) display a discontinuity in the reg-
ular behaviour ohserved for the case of heavier systems {p > 5 fm)>%. This behaviour,
described in figure 1b, suggests that the specific structural characteristics of the light
s-d nuclei have a strong influence on the prevailing reaction mechanisms. Furthermore
some authors®® claim that when very weakly bound nuclei are involved as in the case
of ?Be induced reactions, a behaviour different from other heavy lon reactions is ob-
served, leading to very low fusion cross sections, when compared to the reaclion cross
seciion. In the case of the *Be4°Be system”, the fusion cross sections seem to reach
very low values supposedly due to the strong competition with direct processes. In the
case of 1P1IBIIB yeactions such a drastic effect is not observed®). For instance, the
maximum fusion cross sections are still larger than ~ 900 mb.

Large differential cross section are observed at backward angles in the elastic
scattering of these very light nuclei®='%. The significant cluster spectroscopic factors
and low separation energy seem to favour transfer processes as well as the formation
of dinuclear configurations which may act as doorways to binary exit channels leading
to strongly damped processes as observed!*? in the case of 1%1'B+1011B, 117150,

In order to investigate the role of weakly bound nuclei in the reaction dynamics,
which lead to a stronger competion between quasi-elastic and strongly damped pro-
cesses, the "Be+1%"1B reactions have been studied at bombarding energies up to E/A

~ 4 MeV. Data for elastic scattering, quasi-elastic, fusion and “non-fusion” processes

were obtained.




A brief discussion of the experimeﬁta.l method is presented in section I1. Results are

indicated in section 111, The discussions and conclusions are presented in section IV.

II. Experimental Procedure

The measurements were performed using *Be beams obtained from the University of
Sao Paulo Pelletron accelerator. Molecular BeH~ and BeO~ primary
beams were extracted from the ion source, with ~ 400 enA intensity. The bombard-
ing energies ranged from 10 MeV to 40 MeV. Self supporting '°B and VB targets,
30 pgem~? to 50 pgem~? thick, were used. A very thin gold layer was deposited on
the targets for normalization purposes. .

Charged reaction products and evaporation residues were identified using a Position
Sensitive Ionization Chamber (PSIC} followed by a large arca solid state detector. The
anode of the PSIC was composed of two complementary saw-bladed surfaces which
supplied the position of the incident particle. Details on the experimental set up are
given in reference 8.

Complete angular distributions were measured with the PSIC at E(°Be} = 16 MeV,
27 MeV and 37 MeV in the range 3° < 85, < 43° in steps of 1°, along with excitation
functions at 10 MeV < Er(*Be) < 40 MeV in steps of 1 and 2 MeV.

The same rcactions, using reverse kinematics (i.e. "B beams on *Be target), were
also exploited at the highest energy i.e. the compound nucleus is populated at the same
excitation energy in an effort to identify $he direct, strongly damped compenents and
evaporation residues. In this case, the reaction products were sitnulfaneously A and Z
identified at a fixed angle 8 = 16° using a time of flight (TOF) set up® , followed by
an ionization chamber (IC).

Absolute cross sections were determined for the present study by comparing the
elastic scattering cross sections with optical model predictions. The same procedure
has been used 1o determine the amount of light contaminants {cargon and oxygen) in

the target.

III. Experimental Results and Analysis

II1.1. 'Elastic Scattering

The experimental angular distributions, presented in figure 2, were x*fitted to op-
tical model (OM) predictions. The computer code PTOLEMY'® has been used for this
purpose. ‘The starting values for the OM parameters for the *Be+1911B, 9Be+13(} and
“Be+1%0 were obtained from the Literatures=19). Several sets of OM parameters were
searched, i.e. energy independent and dependent ones fin the latier case a quadratic
energy dependence for V and W has been searched). Details of the procedure used to
extract OM parameters from the elastic scattering data have been outlined in reference
8. The fits are also presented in figures 2a and b and the OM parareters sets are listed
in table 1.

It should be noted that only the data up to 8., ~ 60° were used in the fitting

 procedure due to the influence of processes like elastic transfer and compound elastic

responsible for the enhancement of the back angle cross section.

To estimate the magnitude of the compound elastic (CE) cross sections, statistical
model calculations were performed based on the code STATIS™). It is known that
in such calculations the magnitude of the CE cross sections is sensitive to the values
adopted for the level density parameters (LDP)!®). Therefore in order to verify whether
the GE process can be responsible for the back angle cross section, the LDP have been
varied from A/8 to A/5. The results, shown in figure 3, suggest that the back angle cross
section, at the highest energies, can be accounted for on the basis of the compound
nuclens decay. In the measured angular region, the contribution of elastic-transfer
processes is negligible. This process, as shown in reference 10, interferes significantly
in very backward angles 8., > 150°. Values for the total reaction cross section and
grazing angular momenta were obtained from the complete angular distributions at Er

= 16 MeV, 27 MeV and 37 MeV (see table 1).



II1.2. The Fusion Components

~ In the case of light heavy ion reactions the identification of evaporation résidues
(ER) becomes difficult due to the contribution of direct reaction products which may
populate the same channels. In order to partly solve this ambignity the reaction prod-
ucts energy specira produced in a given reaction can be compared to the one produced
in a reverse kinematics reaction leading to the same compound nucleus at the same
excitation energy. In the case of nearly symmetric entrance channel, the ER spectra
are similar in both cases due to the fact that the center of mass motions are similar in
both cases (if desired, the influence of the center of mass (CM) motion can be removed
by a simple change of reference frame converting energy spectra to Q-value spectra).
Due to the anisotropy of the angular distribution of direct processes, the same does not
happen with these direct components, associated to very different CM when detected
in the laboratory at a given angle and originated by stripping (pick-up) or pick-up
{stripping) processes in the direct (reverse kinematic) reaction at different CM angles.
Consequently, in the latter case due to the anisotropy of the angular distributions, the
products are formed with significantly different cross section. A further procedure to
confirm the reaction mechanism can be provided by fits of the E.R. spectra to predic-
tions of statistical model calculations. Typical spectra and unfolded contributions are
also shown in figure 4 for several reaction products. The contribution of fusion and
nan fusion components are indicated. Details on the unfolding procedure are presented
in reference 8, however it should be pointed out that, in this work, the E.R. time of
flight spectra have been measured in the direct as well as reverse kinematic reactions,
turning more consistent the data reduction procedure.

The presence of light contaminants in the B and Be targets has been determined
quantitatively by the low energy elastic scattering data. In spite of observing a small
amount of *C and '8Q contamination, their contribution in all the ER spectra has
; l)qen subtracted based on Z and E distributions estimated by means of Monte-Carlo
Ilauser-Feshbach calculations (LILITA code)'® and normalized to values for the ER
cross sections found in the literature for the 1911 B+12C%17) and 101 B4 180 reactions!'®).

Values for differential cross sections were obtained for the >*'B4-°Be reaction as

well as ®Be+'%''B reaction at several angles, leading to similar values within the ex-
perimental uncertainties. The contribution of Z = 5 fusion components perturbed by
the elastic tail in the B4+Be channel and Z = 4 in the Be+B channel were cross checked
with the data from the reverse kinematics reactions.

Angular distributions for individual elements are presented in figure 5 for the highest
energy showing that the predictions of the statistical model, renormalized to the data,
provide an overall satisfactory agreement. Total cross section for evaporation residues

production as well as for complete fusion have been determined using the relation

Sma.

" arsindy, { 29; (‘j’—nz) } déy (3.1)

or(E) = [

0 Z=4
in which the experimental angular distributions were fitted by an analytical
function® and extrapolated both to zero degree and beyond the largest measured
angle. Thus the uncertainty in the fotal cross section, estimated to be ~ 10% ,
takes into account counting statistics, extrapolation of the data to zero and large
angles, uncertainties in the determination of the target thickness and detector solid
angle and errors originated from subtraction of the contaminant spectra.

Excitation functions were measured af five angles §;, around the maximum value

{do/dd)maz - Total cross sections were obtained from the relation

op(E) = j (%) 40 = Ri (%f)) (3.2)

where R; values have been smoothly interpolated from values extracted from measured
angular distributions. Z-distributions were obtained at some energies and compared to
the predictions of the code LILITA® (see figure 6). A reasonable overall agreement has
been achieved, Fits of the total fusion cross section to the Glas and Mosel model were
used to determine the fusion barrier height (V) and radius (Rp) (see figure 7). The Vg
and R values are listed in table 3. Experimental excitation functions for *Be+'%1'B
confirm maximum values around 0.9barn which are comparable to the values measured
for 1041B 4 1911B systems or also, 10118 4 1213C%17) and still much larger than the

200 mb reported for the *Be-+?Be system”). In spite of dealing, in the Be+B reaction
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with very weakly bound nuclei (i.e. the neutron s.epar'ation enérgy is B, = 1.67 MeV)
the maximum fusion cross section is still comparable to the one observed for heavier
systems®, indicating that a drastic hindrance of the absolute value for fusion yield is
not observed. However as indicated in figure I the values obtained for (V, Rg), which
follow the general behaviour of neighbouring system suggest a relative inhibition of
the fusion channel when compared to the expectation based on geomstrical constraints
and on the reaction cross section. Total reaction cross sections also indicated in figure
7 were obtained by optical model calculations based on fits of the elastic scattering
data. The effect of the low binding energy of the ®Be participant is observed in the
- fraction of the reaction cross section diverted to fusion reaching maximum values of
R = fﬁ < 0.6 compared to 0.8 for the 1%1B 4 10113 and 1%UB 4 2130 gystems®!7).

The relative hindrance of the fusion probability of weakly bound nuclei is system-
atically discussed in reference 21.

The compound nucleus excitation energy dependence on the critical angular mo-
mentum, shown in figure 8 for both systems, indicate a behaviour similar to the one
observed for the '''B + %!B gystems®) i.e., channels involving '°B nuclei present an
earlier devialion from the grazing trajectory. In a similar way, we observe that the
compound nuclei "*"F are formed at high temperature (Tey ~ 2.5 MeV), superior
to the critical temperature for fusion® T ~ 1.47 MeV, leading to a consequent high
level density (I'/D > 10%).

The fact that “Be+°B fusion trajectory deviates earlier from the grazing trajectory,
as in the BB case, reflecis a higher entrance channel spin and may suggest that
in these cases, the high angular momentum partial waves are feeding other processes
than fusion such as break-up or strongly inelastic binary channels. In the first case the
lower a-separation energy 5,('"B) = 4.46 MeV compared to 5,("*B) = 8.66 MeV may
justify this behaviour which is consistent, as will be shown later, with the presence of

larger o and Li yields observed in reactions involving °B.

II1.3. The Non-Fusion Component Channels

It has been shown that besides the fusion and quasi-elastic channels, other non

1112 These components, ex-

fusion channels are present in light heavy ion reactions
tracted according to the deconvolution of the energy {velocity) spectra described earlier

and depicted in figure 4, present a binary character, as shown by the trajectory of the

.velocity vectors in the reaction plane indicated in figure 9.

The analysis of the direct and inverse kinematic spectra, confirm the presence of
non-fusion processes and allow to estimate the anisotropy of the different yields as well
as to determine their average Q-value (assuming a binary character of the channel). For
this purpose, most probable values for the mass of the reaction product are estimated,
based on the time of flight measurements.

Non-fusion components were clearly identified in the boron, carbon and nitrogen
exit channels. The experimental Q-values for these channels are listed in table 3 to-
gether with their angle integrated cross sections. The anisotropy of the angular dis-
tributions, shown in figures 10a, b, seems to increase with the atomic number of the
element and with bombarding energy suggesting that the mass transfer occurs via a
direct process.

Discrete states are observed in the several mass spectra allowing the identification
of the main process among all the energetically possible ones.

Assuming that these non-fusion components are originated by a binary process as
suggested by the figure 9, their angular distributions can supply orbiting angles of

analized within the framework of the Regge-pole model*?)
do ¢ Ien\ | o (20 = Oem
d0 T sinfa, rp wTr P wT

This expression describes the decay of a rotating dinucleus with an angular velocity

w= #—"éz where st represents the reduced mass of the system, £ its angular momentum
(which can be set equal to the grazing (£,) or critical (£) angular momentum), and

R represents the distance between the two centers of the dinucleus. Small values of



the “life angle” @ = wr lead to forward peaked angular distributions associated with
fast processes, whereas ldrge o values, associated with large T values when compared
{0 the dinucleus rotation period T, are consequently associated with longer lived con-

figurations and lead to more isotropic angular distributions. In this case the angular

1
stn@°

distributien tends to f;% e

The comparison between direct and reverse kinematics reactions has been performed
al Lhe highest energy at Op4s = 16°. The energy spectra for fluorine an oxygen reac-
tion products, converted to the C.M. reference frame become similar for both reactions
9IBe+ 19 as well as 190VB+9Be, indicating that these elements correspond to evap-
oralion residues. For these cases, the statistical model predictions fit satisfactorily the
data.

In the case of nitrogen reaction products, the Z = 7 spectra from the reaction
9B3e4 1900 B are dominated by evaporation residues and are reproduced properly by
the statistical model calculations. On the other hand, the 1®('DB+%Be reactions seem
to present an important non-fusion component. The fact that the HISN elements
are the most abundant indicates that the Z = 7 nonfusion products are essentially
associated to direct o pick-up process leading to very anisotropic angular distributions.
This is confirmed by the shape of the °Be ('°B, N) spectrum. The °Be (¥'B, '*N
reaction presents an overall cross section for this process three times larger than in
the "B case. In both cases, the average excitation emergy of the residual pucleus is
L~ 10 MeV.

Very small non-fusion contribution is observed in the production of carbon from the
9Be+ 100118 which are dominated by evaporation residues. Reactions on both isotopes
present similar behaviour. A more significant yield is observed in the 0B Be
channels, indicating an important anisotropy of the B¢ (120" B, C) channels. Although
the 11C {2C) encrgy spectra present a clear sequence of peaks originated by proton
pick-up processes, the production of 1*C (13C) seems to be clearly dominant presenting
important structures at low excitation energies. The fact that the simultanecus yield
of the "Li and 5Li partners is very low, supports the assumption that the mechanism

is direct and strongly anisotropic.

The analysis of the boron spectra from the *Be (1°!UB, B} reaction deserve a spe-cia.l

treatment due to the presence of beam-like particles in the same way as the beryllium

elements produced in the °UB (°Be, Be) reactions.
In the case of Z = 5 elements, a small contribution of evaporation residues is
observed, of equal magnitude in both reactions, induced either by **UB or ?Be pro-

jectiles. Important direct components are also observed in all cases. The one neutron

- pick-up channels °Be (**(1)B, 111088 Be corresponding to the backward cross section

for production of unstable ®*Be particles is clearly observed through transition to dis-
crete boron states. This channel appears to be at most comparable in magnitude to
the inelastic channel. Although clear transitions to discrete states are observed in the
one neutron stripping chanrel i.e. ¥Be (%18, ®193) its intensity is not significant.

The inelastic transitions appear clearly also in the recoiling particle spectra i.e.
Be (1°011)B, 9Be)!*'1B. Most of the transitions to discrete states can be associated to
inelastic excitation of the '°"B projectile. The ratio between the production of (1B
inelastically scattered particles and ®Be recoiling nuclei indicates a very anisotropic
distribution with o < 40¢°,

The production of lithium,- in the ®Be ("B, Li) reaction is concentrated in 7Li
isotopes whereas in the case of ®Be (1B, Li) both ®Li and "Li have similar abundance
among them and much higher than in the !B case. The important anisotropy of the
Be (1B, Li) reaction points toward the occurrence of a break-up process. On the other

hand the *Be(!!B, Li} angular distribution appéar fo be quasi-isotropic (see figure 12).
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IV. Conclusions

The “Be+'%"'B reactions have been investigated up to the energy E/A ~ § MeV.
Although it has been verified that the fusion process is dominant, important non sta-
tistical channels were identified. The elementar distributions of evaporation residues
as well as their angular distributions are satisfactorily deseribed by statistical model
calculations. The 1001 B(9 Be, 1112 BY¥Be reaction does not appear to be dominant in
spite of the low neutron binding energy in *Be. Furthermore no significant inhibition
of the maximum fusion cross section is observed in comparison to the ®11 5 41011 p
reaction, but a systematic decrease of the importance of the fusion cross section in the
total reaction cross section (og) is verified when compared to the B-+B systems (l.e. a
decrease of opfop is observed).

The non-fusion channels present different "life angles” or orbiting angles leading
to angular distribution with very different anisotropies. A weak correlation between
amount of mass transfered and isotropy of the angular distribution is observed.

This worl has been partly supported by the Conselho Nacional de Desenvolvimento
Cient{fico e Tecnoldgico (CNPq) and Fundagio de Amparo & Pesquisa do Estado de
Sido Paulo {FAPESP), Brasil.
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Fig. 1b:

Fig. 2a:

Tig. 2h:

Fig. 3

Fig. 4

Fig. 5:

FIGURE CAPTIONS

Experimental values (o%2%) for the maximum fusion cross section of the indi-
cated systems. The lines represent the of™* values predicted by the critical

temperature model®.

Elxperimental values for fusion barrier height (Vs/Z1Z¢} and radius (Ra).
The dashed lines present fits to the data for Ai"s + A;‘IS > 5 fm.

9 Be+ B elastic scattering angular distributions. The golid curves represent
optical model fts to the forward angles data with the optical model parameter

displayed in table 1.

9Be+ 1B elastic scattering angular distributions. The solid curves represent
optical model fits to the forward angles data with the optical model parameter

displayed in table 1.

93e+1°B and *Bet'B elastic scattering angular distributions at Er = 37
MeV. The dotted curves represent the maximum possible compound elastic
cross-section, wich, added to the forward angles fits (solid curves) generate the

dashed curves.

Experimental velocity spectrum deduéed from the energy spectrum for the
boron elements detected from the ®Be+''B reaction at fias = 8°. The solid
line represents a smoothed velocity spectrum predicted by statistical model
caleulations (code LILITA)'® for boron evaporation residues, The dashed line
represents a fit to the spectrum resultant from the subtraction of the theoretical

boron spectrum from the experimental velocity spectrum.

Comparison between the experimental angular distributions for the several
evaporation residues (closed circles) and the Monte Carlo Hauser-Feschbach
caleulations described in the text (histograms), for a) ®Be+'°B reaction and

b) ?Be+"'B reaction. Full lines represent fits to the data - for details see the

Lext.
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Fig. 6:

Fig. T

Fig. 8:

Fig, 9

Fig. 10:

Experimental angle integrated evaporation residues cross-section {closed cir-
cles) for the * Be+1°B and ® Be-+!!B reaction compared to the statistical model

(LILITA)'® calculations (solid histogram).

Experimental fusion cross-sections are plotted versus 1/F,, for a) *Be+'"B
and b) ®Be+''B systems. Dashed curves represent fits to the Glas and Mosel
model and the dotted lines predictions based on the surface friction model®™,
The solid straight line represents the reaction cross-section predicted by the

Optical Model using the parameter sets indicated in table 1.

Excitation energy of the compound nucleus as a function of its critical angular
momentum squared for "F (left) and *°F (right). The full line represents the
grazing £,(£, + 1) trajectory obtained from fits to the elastic scattering data.

Experimental average velocities for Z = 5, 6 and 7 for the non-fusion com-
ponents {(i.e. dashed component of figure 4). The semi-circles represent the
expected trajectories for binary processes with indicated (3-values and for the

expected average velocity of evaporation residues (dotted semi-circle).

Angular distributions for non-fusion components a) for *Be+!"B and b} for
9Be+1'B. Solid curves represent fits to expression 3.3. The value of a represents

the “orbiting angle” of the system before decay.
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TABLE CAPTIONS

‘Table 1: Optical model parameters used to fit the elastic scattering differential cross-

sections, as well as total reactions cross-sections.

Table 2: Fusion barrier parameters obtained from fits of the evaporation residues cross-

sections to te Glas and Mosel model.

Table 3: Experimental (-values determined for the non-fusion components according

to the assumed atomic mass for the residue.

17

°Be + B
- Epp(MeV) 6 » .
PARAM.
V, (MeV) €1.78 6178 6178
W,(MeV) 55418 5518 55.18
I, (fm) 1.05 405 1.05
ti{fm) 105 1.05 105
a,(fm} 0.68 068 068
a;(fm) 0.68 - 0.68 068
O realmb) 1196 1418 1477
%e + "B - ]
Cualiel 6 27 37
PARAM.
Vo {MeV} 94.90 9490 9490
W, (Mev} .42 T2 71.42
Fe (Fm) 108 4.08 108
£ {fm) 108 108 108
a,{fm} 059 0.59 0.59
Q, (fm) 0.59 0.59 059
U pa{mb} g7 1448 4478
Table 1




gBe + 108

10 (°Be, *B) (19—A)Be;

Z=5

Rg (fm) Vg (MeV)
Be+™B || 6.53 +0.13 | 4.65 t 0.12
Q 41
Be+ B || 6.35*0.13 | 4.69 t 0.12
Table 2

(A) ELAB= 16 MeV ELAB=27 Mev ELAB=37 MeV
9.0 -2.7*0.4 ~4.6+0.7 -6,210.9
10,0 -2.8*0.4 -45%0.7 -6.6* 1.0
10.5 -2.8 +0.4 ~4.9+0.7 -6.6 1.0
M.0 -2.8 0.4 -4.5+0.7 =661 1.0
12.0 -2.8x0.4 -4.5*0.7 -6.4 1.0
13.0 -2.5%20.4 -4,210.6 -5.6%t08
°8 (Be, AC) ™AL Z=6
() (Q-VALVES),, (MeV)
ELap=16 MeV{E; ag=27 MeV|E, 5g=37 MeV
1 -2.820.4 | 4.6:0.7 | -6.7+1.0
12 -2.6 0.4 4. 6*0.7 -6.8 = 1.0
13 -2.4 *0.4 -4.5%20.7 -6,3 +0.9
14 -2.0+0.3 -3.8 0.6 -5.7 *0.9

Table 3



it

*Be + "B

(20- A,
"B ( B "B) Z=5
A (Q - VALVES)EXP (MeV)
ELAB: 16 MeV ELAB=27 MeV ELAB=37 MeV
2.0 -2.5 t 0.4 ~6.3 * 0.9 ~-Z6 * 1.1
10.0 2.5 1 0.4 -6.6 * 10 ~29 % 42
11.0 -2.4 ¥ 0.4 -6.6 * 1.0 -8.1 * 1,2
12.0 -2.5 £ 0.4 -6.7 t 1.0 -8.1 & 4,2
13.0 -2.3 * 0.3 -6.6 ¥ 1.0 79t 12
11 9 A {20-A}y
B{'Be, B) L.i; =6
() (Q - VALVES),, (MeV)
ELAB=16 MeV ELAB= 27 Mev ELAB= 37 MaV
M.0 -2.5 % 0.4 -8.1 % 08 -Z4 * 11
12.0 -2.4 1 0.4 -4.3 * 0.8 -76 * 1.4
13.0 -2.3 0.3 -5.4 1 0.8 -73 ¥ 11
14,0 -2.0* 0.3 5.0 % 0.8 -6.9 * 1.0
il 9 20-A
B ("Be,*N)*™*'H Z=7
(A) (Q- VALVES )y (MeV)
ELnp=16 MeV [E, ig= 27 MeV]E, 1= 37 MoV
13.0 — -4.5 & 07 -6.1% 0.9
4.0 —_ 4.0 t 0.6 -5.4 1t 0.8
4.5 — -3.7 + 0.6 -5.0 1+ 08
15.0 — -3.4 X 05 -4.6 + 0.7
16,0 — -1.9 * 0.3 -2.5 t 0.4
Table 3
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