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1. - INTRODUCTION 

The aim of this work is to report on the experimental results obtained in the st!!. 

dy of fragmentation reactions induced by 37 and 40 MeV protons on Carbon. The inve­

stigation at 37 MeV incident energy was first undertaken with the aim of obtaining cross 

sections for the production of masses from A = 6 to A = 11 which are relevant to the 

astrophysical problem of Li-Be-B densities in the universe(l, 2). 

In the analysis of these data it was clearly seen that a big fraction of the produ.£ 

tion cross section for masses A = 6 and A = 7 was accounted for by monokinetic peaks 

at the high energy edge of the spectra. The energies of these peaks were consistent 

with the identification of the direct reaction 12C (p, 6Li ) 7Be• 

To resolve the 0.431 MeV first excited level of 7Be. a second measurement was 

carried out with improved energy resolution and increased number of angles at 40.3 

MeV proton incident energy, in which the attention was focused onto the direct transfer 

reaction 12C (p, 6Li)7Beg• s. and 12C (p, 6Li)7Beo.431 MeV' The cross section obtained 

in these measurements are reported in the following with graphs and tables . Some 

detail of the experimental method is given in section 2, together with comments on d~ 

ta reduction. No attempt is made here to analyze the results in the framework of nu­

clear models and reaction mechanisms or to compare our data with the literature. 

being these studies in progress up to now. 
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2. - EXPERIMENTAL METHOD AND DATA REDUCTION 

The energy analyzed proton beam of the Milan AVF cyclotron was focused onto 

30 to 100 f1-g/cm2 self supporting carbon targets. 

In the 37 MeV measurements the target was put in a "small ll scatter ing cham­

ber with 70 em diameter, while in the 40.3 MeV measurement the scatter ing chamber 

used was 120 em diameter, thus allowing longer flight bases and best resolutions in 

the time of flight (TOF) measurements. The detectors were aimed to detect energy 

and TOF of the fragments . The energy was measured by means of a 300 I'm thick suE. 

face barrier totally depleted silicon detector. For the TOF two trasmission time de­

tectors were provided in which the electrons stripped by the fragments passing through 

thin carbon foils are accelerated and bent onto Micro-Channel Plate (MCP) electron 

multipliers. More details concerning these time detectors (Fig. 1) and their detection 
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efficiencies to light ions can be found 

elsewhere(3). The choice of both start 

and stop MCP detectors was made on 

account of the better timing resoluti on 

obtained, typically less than 200 psec 

during four hours continuous data taking. 

In the 37 MeV measurements the ma-

ximum allowed flight base was 17 cm 

which allowed a mass resolution better 

than 3.9%, while in the 40.3 MeV run 

the flight base used was 25 cm long, gi!C 

ing a I1m /m of about 3%. In the latter 

mea~urement the maximum care was 

taken to minimize the energy spreads 

due to beam transport and fragm ent 

straggling in the target and strippers, 

acldeving a reasonable compromise 

FIG. 1 - Trasmission time detector view. 
S = carbon foil electron stripper; g = ha£ 
pes to apply accelerating and bending po­
tentials for the stripped electrons; MCP= 
= Micro - Channel plates in Chevron confi­
guration; e = a thin electrode between the 
two MCPs; a = anode. with counting rate and statistics at 220 

keV FWHM energy resolution. In Fig. 2 

sketches can be seen of the experirn ental apparatus and electronics set-up us ed. 

Energy and TOF spectra were fed event by event into the on-line PDP 11/34 co~ 

puter and the following analysis identified clearly the different mass ejectiles. Fig. 3 

shows a cut in the EXTOF matrix at E=4. 9,j-0.l MeV with an indication of the ejectile 

masses clearly identified. Fig. 4 shows energy spectra for masses A = 6 and A = 7 
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FIG. 2 - a) Experimental lay-out. MCPl and MCP2 are the two trasmission time de 
tectors. SSBD is a surface barrier totally depleted silicon detector. h) A block dia-=­
gram of the electronics. FA = fast amplifier; CFTD = constant fraction timing discrJ. 
minator; TAC = time to amplitude converter; DG = delay generator; PREA = pre­
amplifier; AMP = amplifier; SCA = single channel analyzer; SC = slow coincidence; 
DAMP = delay amplifier; ADC 1 / 2 = analog to digital converter. 
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FIG. 3 - Time of flight of different mass 
ejecliles at 4,92" 0.1 MeV (zero time to 
the right). The energy bin has been en­
larged for sake of statistics. 
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FIG. 4 - Typical energy spectra for the 
masses A = 6 and A = 7 at 40,3 MeV, a) 
and b), and at 37 MeV, c) and d). 
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at the indicated incident energy: the better energy resolution at 40.3 MeV is evident. 

Practically no problem of background subtraction is present at 40. 3 MeV where the 

peaks in interest were unfolded with the help of minimum X2 procedures. The l ow 

energy threshold was always less than 1 MeV and, for the 37 MeV measurement, a 

linear extrapolation of the measured energy spectra to zero yield at zero energy al­

lowed the extraction of energy integrated cross section for the production of the va­

rious masses. This last procedure is supported by simple considerations on the va­

lue of the ratio PLAB/PCM in the Jacobian transforming CM to LAB cross sec­

tion. Tables I and II collect the numerical values of the measured cross section 
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FIG. 5 - Differential cross sections of 
the direct reactions 12C(p.6Ll)7Be 
proceeding to g . s. and 1° excited sta­
tes in 7Be. at Ep = 40.3 MeV. 

while Fig. 5 presents a graph of the 

40.3 MeV results showing a diffraction 

pattern interesting for the elucidation of 

the r eaction mechanism . 

The error shown in these Tables and 

graphs is an overall uncertainty taking 

into account statistics plus peak fitting 

procedures for the 40. 3 MeV data and st~ 

tis tics plus extrapolation and angle inte-

gration procedures for the 37 MeV data. 

Some backward angle data at 40.3 MeV 

were obtained detecting recoiling 7Be n~ 

clei (in either the ground or first excited 

states) at forward angles. Angle aperture 

of the detectors has been always less than 

:! 1 degree and some measurements through 

the associated recoil have been averaged 

with the direct 6Li measurements if the 

involved eM angles were within 2 degrees. 

In thes e cas es an average angle has been 

indicated. 

Further studies are in progress concerning the analysis of these reactions. 

The technical support of Mr. P. Tempesta is gratefully acknowledged. 



- 5 -

TABLE 1 - Measured values of the differential cross sections, 
at Ep " 40.3 MeV, r·)r the reactions: 

12 6. 7 
a) C(p, Ll) Beg. s. 

12 6 7 
b) C(p, LO BeO, 431 MeV 

I d. 
0 

do 
0 

dQ dQ C.m. c.m. 
( 0) ("bisr) ( 0) ("bisr) 

21,36 105. 0 ! 15. 2 21. 46 33.2±7.7 
28. 41 a8.4 ! I D. 2 23.54 25.815.5 
35, -f J :12.0 1"14.1 35.58 21.8±1).7 

42.36 68.3 ! 7, 1 ·12, 55 27. 2 : 4, 4 

49. 21 50.0 ! ~. 5 49.43 22.6!4. 3 
55.97 45.2 t 6. 3 56. 21 20.7:.t4 . 2 
61. 33 26.3"1" 3.3 59.55 20. 9 "t 3. 9 
65. 16 24.0 ! 3. 1 63,65 22.6'!3.0 
70.56 34.2 ! 4.6 70.07 19.0!3.6 
75.84 30.6 ± 3. 3 75. 76 16. 1 ! 2. 3 
61.69 27,41" 3.6 61. 63 20. 1 ~ 3. 2 
67.62 17.4 ± 4,3 66.16 16. 6 ! 4, ] 
94.04 15. 2 ! 2.6 94.02 13.6±2.3 

100. 14 23.3 ! 2.7 100. 14 1l.8!1.9 
104. 92 24.5 ! 4.6 105.32 20.7!4.3 
110. 23 36.0 ! 3,9 11 0.63 28.6:!" 3.4 
1 14. 83 41. 5 ! 3,9 114. 87 22.3!2.7 

I 
121.29 44.9 ± 4. 7 120,99 35.4 ! 4. 2 
128.36 38,0 ! 4.3 128. 11 19.31"3.0 

135.54 25.5 ± 3, 3 135.32 19.1:!2.8 
148. 82 28.2 ! 5.6 142, 63 17.11"4.5 

I 
150. 17 58.2 ± 6. 1 150,03 30.4!4.4 
157.56 57,0 t 6.4 157.46 40.7±7.0 

I 

TABLE II ~ a) Differential cross section (mb/sr) at the shown angles and b) total 
cross section (rob) for the production of the indicated masses under 37 MeV proton 
bombardment of 12C. 

~ 
a) b) 

mas 50° 70° 90° 110
0 

number 

6 1. 68 ! O. 24 0.69 ! 1. 0 0.82!O.12 0.30 ! O. 05 11.3!1.5 
7 J.80!0.13 O. 54 :t O. 05 O. 28 :t O. 03 O. 076 :t O. 01 12. 1 ± 4.4 
6 0.43 t O. 1 I O. 22 ! O. 07 O. 05 ! O. 01 O. 042 :t O. 01 2.4!0.5 
9 O. 34 ~ D. 15 O. 2 1 ± O. 07 O. 62 ! O. 01 O. 044 ± O. 01 2.0~0.4 

10 O. 74 ! O. 26 O. 18 ! o. as 0.10±0.02 O. 056 :t O. 01 6.2! 3.-l 
It 12. 6 ! O. J 3 O. 13iO.Ol 0.58 ± IxlO~4 0.41 ± 3. 6xlO~4 54.8±14 
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