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P. ROUSSEL 

I n s t i t u t de Physique Nucléaire, BP'n°1 f 91406 Orsay, France 

This t a l k w i l l be about two heavy-ion experiments performed at the 

tandem MP in Orsay and which both used a s imi lar experimental sett ing 

based on a magnetic spectrometer. Of course they are not the only HI expe

riments performed on tho tandem, even wi th the spectrometer, even wi th the 

physic ists who were involved in to these experiments (at a time or as a 

leading part ic ipant) and who are : M. BERNAS, C. DETRAZ, F. DIAF, R.FAB3KD, 

E. KASHY, M. LANGEVIN, F. NAULIN, A.D. PANAGIDTOU, E. PLAGNOL, F.POUGHEOA', 

G. R0TBARD, P. ROUSSEL, H. RDY-STEPHAN, B. SAGHAI, J . VERNOTTE. 

I . EXPERIMENTAL SETTING. 

ThB spectrometer i s a 180° magnet, wi th a mean radius of 700 mm, a 

gap at the mean radius of 70 mm and wi th a mechanical width of ths pole 

pieces of 300 mm. I t s Index i s 1/2 and i t may be recal led that th is index 

brings the "double focusing property of the magnet : i n the symmetrical 

pos i t ion, the image and object distances are r /z/t%iv/2i/2) i* 490 iron in 

both ve r t i ca l and horizontal planes. The span of analysed momentum i s ±5'<, 

the angular admittance i s ±4.5°x±1,5® ( ve r t i ca l ) . The energy resolut ion 

i s E /A£A,2000 for an horizontal opening of ±2.5°. The Kinematical correc

t ion can be achieved by a mechanical increase of both object and image 

distances up to a correction of K *•— ~~- " 0.55/° i . e . * .30. 
Dp dO 

Equipment of the focal space. 

I t i s based on the use of goz counters [13(2) the main features of 

which are as follows ( f ig .1 ) i they are single wire proportional counters 

using the charge div is ion method. The central wire has a diameter of 13JI 

and a resistance of ^ 40fl/cn.The advantage of such a low resistance i s 

that the carbon ai ld ing on the wire (dun to the cracking s f the gar.) nay 
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a l t e r the energy response of thu counter but not the posi t ion ane. The 
counters are f i l l e d wi th pure propane at a pressure from 20 Torr to 70 
Torr, and ore used with a high voltage of ^ 85D V for the whDlc spon of 
pressures. On f i g . 2 i3 given an energy spectra fo r the use at 70 Torr. 

When events produced wi th a very low cross-section are to be iden
t i f i e d among mi l l ions Df other ones, l i k e in tho search fo r exotic nuc lo i , 
a redondant measurement of the parameters i s needed. Two ident ica l counters 
(working a t 70 Torr) ara then put together and associated to an array of 
posi t ion sensit ive detectors i n the focal space of the magnet ( f i g . 3 ) . 

Reconstitution of heavy ion t ra jec tor ies i n a magnetic spectrometer-

In many circonstances, i t i s necessary to have both a large so l id 
angle and a precise knowledge of the reaction angle. I f two posi t ion mea
surements are made tone at least bPing in the image space of the magnet) 
I t i s possible to determine the twD parameters which caractérise the t r a 
jec tory coming from a point object : the angle 0 and the magnetic r i g i d i t y 
Bp • The two gaz counters are separated apart as indicated in f i g . 4 . To 
reduce the angular spreading in the f i r s t counter from mult ip le scatter ing* 
i t s thickness has been reduced by the use of thinner windows [400 j jg/cm 2, 
-*• 100 pg/cm2) and a lower pressure of the gaz (70 Torr -*- 20 Torr ) . The 

ve r t i ca l arrangement i s shown on f i g . 5 . With th i s geometry, the ve r t i ca l 
spread of the t ra jec tor ies at the place of the two counters i s wel l con-
t ro led since they correspond to the image of the beam spot on the target 
and of the entrance s l i t s . A fur ther advantage i s that i t allows fo r a 
reasonably good time pick-of f on the f i r s t counter (low pressure, concen
t r a t i o n of the t ra jec to r ies near the w i re ) . 

For a magnet with an index, the t ra jec tor ies corresponding to the 
same incidence 6 but with d i f fe rent Bp aro focussed on a v i r t u a l point 

Ttfith three posi t ion measurements tone of them being in the object sp.acc 
of tliB magnet) i t would be possible, i n p r inc ip le , to determine 'these 
two parameters even with a f i n i t e beam omittance by the use of appro
pr ia te conditions for the focussing of the beam. 
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image I as shown on f i g .G . TaKing advantage of the constant angular magni
f i ca t i on (1-1, the two positions X^ and X, measured on the two counters 

fo l low the re la t ion : 

X 2 - X 1 » d/D X1 + 0d (see f ig .6 ) 

from which 0 can be extracted 

e a ^ - o X 1 with a= 1+d/D 

It can be shown that the abscissa af the intercept of a trajectory with a 
focal plane (usually a displaced focal plane due to the kinematical fac-

X2+a tor) not parallel to the counters (see fig.4) is given by "Bp"<=T:—•ç—rz *c 

where a, b, are the constants which define the position of the focal 
plane. 

Some results obtained with this device are shown on fig.7 to 10. On 
fig.10, it is interesting to note that the peaks (e.g. at channel ^ 130 
or 160) which are narrow on part b) with a small angular aperture, and 
broad on part a),with the full angle range^correspond to reactions with a 

To summarize the performances which have been found with the present 
device let us say that two AE measurements are madeythe first one with an 
accuracy of 10 to 125.the second one with 5 to 6*. A time signal is deli
vered with At<20 ns. The angle measurement is made at 0.3° (FWHM) for a 
full aperture of 5.2° (this could be easily increased) and a solid angle 
*v 5 msr. 

To indicate the possible extension of the use of this device to 
heavier ions, we haw shown on table I the angular straggling 60° for dif
ferent ions on the present (thin) counter (300 iig) and for a counter 
three times thinner (foils and gaz pressure). These figures, obtained from 
different methods are only indicative. AE is the energy loss in both the 
gaz end the foils, i.e. three times the energy loss in the gaz which is 
actually used for the signal. 



II. PARTICLE CORRELATION STUDIES (sen (3) and M] and references therein). 

The aim of he following experiments was to reach a deeper knowledge 
of the reaction mechanism in tho case of a heavy ion induced o transfer 
reaction* Correlations experiments have been performed in order to measure 
thB polarisation of the residual nucleus in the reaction Dt 0. ̂ ) Ne -*• 
a + 0 . Two types of polarisation could be expected ; 

[ij from a naive classical view of thB reaction with all the fragments and 
the transfcred a in the reaction plane, one would Bxpect a polarisation 
perpendicular to the reaction plane as the result of the orbiting a. Tra
jectories with positive and negative deflection angles would then corres
pond to positive or negative polarization (m= +j or m'-j). 

(ii) it can be shown that a plane wave calculation leads to the population 
of a magnetic substate m= 0 on an axis of quantization along the recoil 
axis (i.e. _in_ the reaction plane]. DWBA calculations as well as experimen-

It must be noted that predictions (i) and (ii) are not compatible 
because (i) correspond to one vector among the many of those which are 
necessary to represent the case (ii) 

*3 
(rtt J o" *n ««is X 

l*e coi l t**t*$ 
In t h i s par t icu lar case whBre a l l the fragments involved have a 

20 fc spinlf zero, with the only exception of the "residual" Ne in the f i r s t 
step of t h i s sequential reaction, the corre lat ion function u(0,cf) measured 

*>(0.<p) » \Z p j M ) m e " l m < f d ^ t e ) | 2 t1) 

where all the information on the mechanism is included in the components 
p of the polarisation tensor which ore normalized : E|p.| 2 e 1 . 

This formula is valid for any quantization axis but is simplified if 
this axis is taken perpendicular to the reaction plane since the selection 



ru in (Oohr theorem] j - m = c v o n (natural par i t y states) applies and reduces 

the number of p . ' s . 

I t i s worth noting that i f titers- 1B only one p. / 0 ; ] p |»1 u i s Indé

pendant of <{>: « [ 0 ) . l f ) p m | z + | p " m | 2 - 1 « can be factor ized w(Q,a?) = wlQ)xu'(if) 

Tn par t i cu la r i f | p * | 2 + | p ? * | 2 = 1, en*, finds î * *"^« r « « t N * n p l « A « * 

«(B,g) « sin 2 j(6) [1 + 2 IPj11PjJI c o s<2-3 <*-%)1 I 2 ' 

It appears from (2) that the correlation pattern is very sensitive to a 
small admixtures of p.^ if p^ is the dominant term. For example : 
|p*J|2"0.97 IPI | "0.03 gives already a modulation of 305. 

It is important to note from formula (1) or (2) that the exchange of 
all the p, by p leavos the correlation unchanged and hence it is not 
possible to measure the sign of the polarization (as could be expected 
since the o has no spin). 

The results of a first experiment have already been published fr) 

ture are preferentially excited (fig.11). DWBA calculations (fig.12) re
produce reasonably well the angular distribution of the studied levels 
(those with a large cross section and which decay by an a emission) but 
cannot account for the observed strong polarization along an axis perpen
dicular to the reaction plane (fig-13, table II). 

A new experiment has been performed in order to see how would evo-
12 luate the observed polarization with the C angle. The procedure of re-

constitution.,of trajectories has been used and the angular distribution 
2D of the polarization of Ho has bBen measured for &i2c between 5 and 21 

Two bidimensional spectra (E,P) from the position sensitive detector 
2D (PSD) gated with signals selecting a given Ne level and a window on the 

calculated 0 are shown on fig.15 and 16. On fig.17 appears the Kincmatical 
plot (corresponding to fig.16] which is necessary to build the correlation 
function as shown on fig.18. 



Thu analysis of the data i s i n progress and a preliminary resul t i s 
given on f ig .19 for the level at 8.70 MGV 6*. I t appears that the popula
t i o n of the m-j magnetic subntate stays very high on a wide span of C 
angles. The horizontal l inB correspond to the plane wove predict ion which, 
on t h i s ax is of quantization [perpendicular to the reaction plane), should 
not be very d i f ferent from a OWDA predict ion, ftll predictions must converge 
at e=Dft on thB indicated point (geometry I I of Uther lond and Ferguson). 

This preliminary resul t seems to confirm the already published one 
and d i f fe ren t interpretat ions w i l l be attempted. 

I l l - EXOTIC NUCLEI. 

This paragraph w i l l deal wi th experiments done on the PP tandem in 
Orsay, i n order to measure the mass excess of some l i gh t exotic nuclei and 
possibly the exci tat ion energy of t he i r f i r s t excited state by re la t i ve Q-
value measurements. By exotic nuclei i t i s meant nuclei for from the s ta
b i l i t y l i n o . 

These measurements are to be compared wi th the predictions of mass 
formulas which may d i f f e r , one from the other or as compared to the exper i 
mental value, when one goes fur ther away from the s t a b i l i t y l i n e , flass-
formulas can then bB improved wi th such measurement. 

The experiments have a l l used a beam of 0 B+ at 91 MeV with an 
in tens i ty between BOD nA (Faraday cup) and 30D nA. The l a t t e r to increase 
the l i f e t ime of the targets. Targets of Z A1 3 0 enrichBd at 90S of 1 B 0 and 

14 ? 
of C enriched at flOS have been used wi th thicKnesses from 7fl t o 120 (jg/cm 
resul t ing in an energy resolut ion from 60 to 180 keV. 

The two experimental d i f f i c u l t i e s are i ) to iden t i f y a few nuclei 
produced with very small cross-sections among mi l l ions of neighbouring ones 
(e last ic scatter ing fo r instance) and th is requires redondant measurements 
of the d i f fe rent parameters which ident i fy the nuclei i i i ) to measure tho 
Q value of the few wel l i den t i f i ed evBnts, when the energy ca l ib ra t ion i s 
obtained from d i f fe rent known reactions, usually with d i f fe rent kinematical 
factors* 
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I t has to be pointed out that thora lo always some doubt that on 

observed peak is not tha ground stoto but may correspond to an excited 

state which could be favoured by kineinaticol matching conditions. Only 

several convergent arguments may lead to eliminate this possibility* 

The experimental method is detailed in r e f * ( ? ) and is based on the 

use of the set of counters shown on f ig 3 • Two oE measurements are used 

and two or three position measurements are necessary to eliminate events 

with "wrong" trajectories. "Wrong" meaning for instance thay they have 

suffered a scattering on the residual gaz in the magnet chamber or (more 

l ikely) during their path through the f i rs t parts of the set Df counters. 

Fig. 2-* snows o E-aE map, cleaned in this way, obtained in the study of the 

tions (among *> 10) which have been used to calibrate this spectrum.£ fe9 £ J 

The measured mass : 15.81 t 0.09 MeV is situated la the 

vicini ty of three predicted values at 16.27 MeV, 15.32 MeV and 

16.35 MeV and the experimental error i s much smaller than the 

difference between these predictions. 

lft 1 ft 1 R ?T — 

The two other studied reactions are 0( O, 0) 0 [see 

réf.(7)1 and 1 4c( 1 8o/ 7C) l 50 [see ref. (8)7 . 

15 

The 0 Bg spectrum from the first one is shown on fig. (22) 
together with the O spectrum obtained with an ordinary Al 0 

18 2 , 3 
target with no 0. It is seen that it is the presence of 

O in the target which do no permit a clear observation of excit-

21 

ed states of 0. 

The measured G.S. mass 8.153 - 0.070 MeV is in good agreement 

with the only one previously published at 8.122 £ 0.075 MeV. 

../. 



For the last studied reaction, fig.(22) shows the B p 
17 spectrum of the 14 events (50 nb/pr) identified as C. 

The arrows A and B correspond to two predictions £{A) Jelley-
Cerny : modified shell model ; (B) Garvey-Kelson)J and the 

17 arrow (C) corresponds to the threshold for the decay C £• 
C + n. Since this rather inconclusive spectrum was obtained, 

17 the mass of C has been measured by Nolen (Heidelberg-Michigan 
48 S.U.) using the same reaction on Ca which gives ten times 

larger a cross-section. The G.S. mass was given at 21.023 and 
an excited state was formed at 0.292 MeV. It appears then that 
the strongest peak at 21.300 - .070 in our spectrum could be 
the excited level observed by Nolen et al. and predicted at 
21.315. 

To conclude, it can be said that the use of the method 
of reconstitution of trajectoires could bring an improvement 
by the possible use of a larger solid angle and a better 
occuracy in the calibration for measuring the mass of exotic 
nuclei. 
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TABLE I 

Angular stragling in a gaz counter 
of different h^avy ions 

t 

ion énergie 
incidente 
E HeV 

perte 
d'énergie 
US HeV 

iE/E 7. 
riispersion 
.•îjulaire 

SB' 

Compteur de 30 3 MS 

i 6 o 70 1.5 2.2 0.3 
180 0.75 0.4 0.12 

A/Ca 500 3.0 0.6 (0.012) 
Kr 300 12.5 4 . 0.1 

1000 9.0 0.9 (0.03) 

Compteur de 100 ug 

A/Ca too 2.5 2.5 C0.03/,) 
300 1.5 0.5 (0.01) 
500 1.0 0.2 (0.007) 

Kr 100 5.5 5.5 0.17 
300 4.5 1.5 (0.06) 

1000 3.0 0.3 (0.017) 
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. "I " '-6 -4 -2 a 2 4 6 

0 l 2 c-17.S BO 3 1 1 2 0 5 

»20.5 SO 3 1 1 1 0 1 

E„ » 8.45 MeV j =5 

W 
H 

-5 -3 -1 1 3 S 

17.5° SB 11 11 3 1 17 

20.5° 90 2 0 0 2 B 

TableH. Populations | p . | z 

of the d i f ferent magnetic 

substûtes on a quantization 

axis perpendicular tD the 

reaction plane. 
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Figure captions 

Fig.'t. Scheme of the counter tref. (1) ) . 

16 16 12 2D K Fig.2. Energy loss spectrum obtained in the study of the 0( 0, C) Ne 
reaction at BO MeV and at G ] 2 C

= 2 1 < > Z 5 ' T n i s spectrum was gated by 
the signal from a PSD [10x5(1, nm2) behind the counter. 

Fig.3. Scheme of the focal space of the magnet when used for the search 
for exotic nuclei. 

Fig.4, Scheme of the geometry used for the constitution of the spectra in 
the displaced focal plane. From the measured positions on tho two 
counters 0J1 «X- and CUVX-,, t n c position in the displaced plana 

1 1 1 2 ? ^ *z- n 2 A 2 
is given by : DM = 07^ • A ^ J^-X, • D ^ - 0 / j j ' 

Fig.5. General arrangement in the vertical plane. Four trajectories [1 to 
4) grazing the beam spot edges on the target and the edge of the 
s l i ts have been visualized to i l lustrate the advantages of this 
arrangement. Al l distances are given in mm. 

Fig.6. General arrangement in the horizontal planB. The two counters O.X. 
and D-X, as well as the focal plane {along O.X.), have been assumed 
to be perpendicular to the medium trajectory. The existence of the 
virtual point image I v [see text) and the use of the value 1 for the 
angular magnificat ion leads to the relat ion: ^ " X - ^ n X. + 6.d from 
which 6*X_ - a X. can be calculated. 

Fig.7. Position spectra on the f i r s t and second counters for a narrow ope
ning tD.17 #) of the entrance Blits of the magnet. 

Fig.a. Spectrum of the calculated angle 0 «Xj- I^X.+C obtained for a 
given position of the peak from elastic scattering on gold. Five 
spectra arc shown corresponding to five positions spread along the 
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used focal plane* An angular opening of 0*17° i& defined with the 
entrance sl i ts of the magnet. 

12 
Fig.9. Spectrum of the calculated angle 0 obtained with the C ions de

tected in the study of the 1 6 D ( 1 B 0 . 1 Z C ) 2 0 N e reaction at 6B PteV. 
The sl i ts of the magnet define an angular opening of 5.2 e the 
center of which corresponds to a reaction angle of 6*. 

angular range (5.2 ) and b) for the events selected by a narrow win
dow on & . The excitation energies of the strongly populated states 

at 69 MeV incident energy. 

Fig.12. Comparison of experimental angular distributions and EFR DWBA cal
culations. Optical model parameters used are : VR*17 MeV, W_=7.2 
IteV, A «0.49 fm, A^O.15 fm, RpM.35 fro, R t>1.27 fm, for the inci 
dent channel and VR=17 MeV, Hj-5.6 MeV, A -0.49 fm, A^D.15 fm, 
R„=1.35 fm, R_=1.27 fm for the exit channel. The form factors have K I 
been c&lculated as those of slightly bound states [B=0.4 MeV) for 
the f u l l l ine curves. Predictions with more strongly bound states 
[BM.5 MeV) are also shown (dashed line) to indicate the influence 
of the form factor. A radius r -1.35 fm and a dlffuseness a-0,65 fm 

- -~ o 
have been used for the Woods Saxon wells. 

Fig.13. Comparison between a DwBA prediction [solid line) and experimental 
results for the C- 0 angular correlations measured in the sequen
t i a l reaction 1 e 0( 1 B 0, 1 2 C) 2 0 Ne*-»- a * 1 6 0 at SB MeV Incident energy for 

the least squares search IbasBd on equation (1) from which the values 
of the populations j p . j 2 given in table l ia re extracted). 

Fig.14. Scheme of the experiment. 
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Fig.15. An example of tha correlat ion experimental data which indicates 

how easy i t would bo to measure the spin of the level ( i f i t wore 

nut known). 

Fig.16. An example of the correlat ion experimental dntas. 

FiE.1?. Kinematical p lo t corresponding to f i g .16 . 

Fig.18 - Histogram of a correlation obtained after 
the steps of the analysis indicated on fig.16 and 17. 

Fig.13* Preliminary resul ts fo r the angular d is t r ibu t ions of the polar isa

t i on of NB (the- quantization axis i s perpendicular to the reac

t ion plane). 

Pig.20 - The upper figure shows part of the^E-E 
display in the region where 1 9 N ions are expected, 
for one of the four 5cm long position-sensitive Si 
detectors. The ions observed are identified in the 
sketch drawn below. For channels where more than 
10 counts are recorded, symbols are used. Their 
Meaning i s indicated at the top of the figure. 

Fig.21 - Position spectra of the part icles identified 
as X 9N *7N, and * 7 0 (see fig.20). The 1 7 N and 1?0 are 
used to calibrate the f i r s t proportional counter. 
The peaks are labeled by the residual nucleus and i t s 
excitation energy. The counter was set in the kinema-
t i ea l ly corrected focal plane of the ^ O t ^ O , 1 ^ ) l 7 F 
reaction. Abcordingly, the peaks corresponding to 
other reactions are broadened. One clearly sees the 
gaps between the Si detectors which are in coincidence 
with the proportional counters. The cluster of events 
in the upper spectrun i s assigned to the 1 8 0 ( 1 8 0 , l e N ) l 7 F 
ground s ta te t ransi t ion. (Note that par t ic le energy 
increases from right to l e f t ) . 

Fig.22 - Position spectrum of the C ions observed - - — -- ï | in the l 4 c ( 1 8 6 #

1 7 C ) l 5 0 reaction at 91 MeV. 
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