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ABSTRACT :

We describe an experimental set-vp for measuring heavy-ion reacticn
cross gections with the transmission method. The experiment is operational

in the energy range between 10 and 400 MeV/N.



DeVrics and coworkers (:11] .

1. Introduction

) Total reaction cross section measuri‘.mcnt; with light projectiles have
already been performed snme.zo years ago [1-2] for comparison with optical
n;odcl calculations. For these measurements the transmission method [3]

which yields a direct, model indepcudent valuc of the.reactior cross section,
was used.

In contrast to ﬂ\i‘.s. heavy ion reaction cross sections art; ubually
obtained from elastic scattering by optical model [4-6] or phase ;hift
analysis [7: or by use of tl;e optical ;heorem [.8-9: and are thus model

.
dependent. ’ ' '

For incident emergies E/ < 10 MeV/nucleon thesé'methods are i}lc;eed quite
convenient since here elastic scattering can be easily measured with good
accuracy. At high incident engrgies this is no more the case because the
major part of the elastic scattering is concentrated in a narrow cone
around 0°. This facilitates on the other hand~a direct measurement of the
heavy ion reaction cross section.

Our measurcments were motivated by experimental indications th'at the

‘IZc + 12

C reaction cross section does not saturate at the geometrical value
as a function of incident emergy but ratherhas an energy dependence similar

to the free nucleon-nucleon total scattering cross section [llﬂ . This was

.also» suggested by microscopic 9a1:cula:ions based on Glauber theory py

.In this article we present a heavy lon version of the transmission

. method which is operationnl in the emergy range between 10 and, 400 H'::V/N.v




1n section IT we deseribe th(; pri.ucip'lc of the method and in scction 1II
ite realization and ics'pcrfnnnnncu. Data handling and resvlts are the subject
‘of scetion IV, A summary and‘ other 'possiblc applications of the set-up are
give.n in gsection V.. ) :

II. Principle of the method.

The principlo of the trausmission method consists in cout.n:ing the number
of beam particles,N_, incident on the tarpet and the outgoing particles LR
which have been scattered elastically or which have not interacted at all.
The difference of these two numbers corresponds to the number of particles

which have undergone a reaction. The reactiom cross sectiom is thus given by :

o 'J-‘—(NB-;N )

RN

el

It is not necessary to distinguish between the beam particles and elastically
scattered particles in the vicinity of 0° since all these particles have ght;
comnon feature of not having reacted.

It should be noted that NB and Nel are statistically correlal:,ed. For
an elastic scattering eveat, the‘ same incoming beam particle gives rise to
a count in the Ny counter and also, after the scattering process, "in the

N . counter, Therefore the statistical error in 9% ig piven by

1/2

el

fop ~ (NB - Nel) . Here one assumes that the counting efficiency

is 100 Z. This can be checked by ts without target (see sect.III e}

In princirie t\?&ﬁ'z;\:}emt‘ of il-e";"?;‘tluires a 4% counter geometry. In
practice it is sufficent to weasure up to a limiting angle 91. beyond which
clastic scattering can be treated as'a small correction. This is gemerally
the case for 8 > 2-3 times the grazing angle. The fact that we are counting
the direct beam in this experiment necessitates beam imtensities

“B < 5'101' s-'. This was achiaved simply by closing appropriate paiss of



slits located close to the cyclotron beam extraction,

The reaction products resulting from slit scattering were eliminated by

sevetnl succeding dipole magnets.
1

I1I. Bealisation of the set-up and its performance.

a) General description.

A chematice view of our experiment is given in fig, 1, The beam particles
wero counted by the thin scintillator "1* and the active collimator “2".
Behind the target the particles were identified and c9unccd by a mosaic of
19 acjntillators, the counters ¥37, “4" and "S",;hidh was mpounted in cylin-
drical symmetry on a "wheel” of § = 44 cm,

The central detector “3" was centered on the beam axis and sourrounded
by an inner ring of six counters "4" and by an out;r ring of twelve counters
5, The scintillators were mounted on light guides of identical shape
(see fig. 1). The latter were centered on XP 2020 Photomultipliers. For
winimizing light losses the outer parts of the guides and scintillators

were painted with white paizt (NE 560).

Special care was taken that there were no inefficient regions between

the cengral scinzillator and the suréounding ones because the loss of only
a soall fraction of elastically scattered particles could give rise t; a
huge error in the determination of Ogy as the following example wiil i1-
- Justrate, With the above definitions of N and N e1 ON¢ hag
HT % = B “el) where “T denotes the numbcr of target.ntams per
surface un;t. )

*“For a 'zc target of Smg/cm? and a rcaction cross section of 1 barn one has

-4 or.unce rcnctxon {or 4000 " incidont pnrtlcles.

thns—(ﬂ -“1 )-2510
The consequenco of losxng or urongly 1dout1£y1ug ‘one pnrtxcle out of

4000 1nn1dan ones would he an errur ot :hc ordgr of the cffoct to bo

mcasured. Fof Lhwu reasan culc way tnkun to ensurc nvnmvtrleul




.wctlap of the scintillation material of the central deteetor and the
surrounding oncs, The outer scintillators (l:nun‘tcr rings "4" and "5")
wore mechanically attached to the aluminium rfk'vlcton of the "wheel" by
accurately machined metal su'ppotts llﬂlliﬁ"l slightly overlapped the edges

of the scintillation material (see fig.2). The incfficient region produced

by these metal supports wag :hua‘knouri to high precision,

b) The counters in front of the target.

Counter "1" consisted of a thin scintillator coupled to a XP 2020
Photomultiplier.The purpose of this counter was 'tx.'afo'ld ¢+ it counted the
number of incoming ' beam particles and it served as a start detector
for the time-of-flight measurement {see below). Whenever the beam inten~
sity became higher than ~ 5- l()4 s the experiment' was blocked in
order to avoid pile up. . : 2

The active collimator "2" was a thick scintillator with a hole
centered on the beam axis., The whole system was aligned and the solid
nngies were defined such that beam particles passing through counter "i"
and through the hole of counter "3" were detected in the central. counter “3"
behind the target.

Particles scattered off axis in the first .r;'cin:illatot were él:’.mina—
ted by an anticoincidence. A beam particlewas thus defined as Ny = 1.2
where the bar denotes the anticoincidence. The system was considered to be )
well aligned when all of the six counters g measured equal count rates
and when the ratio of the counting rates of counters 2 and 1 did abf™"
exceed the factor 10 3 ' .. B . .,

In order to be counted as n vahd.mcxdcnt beam part:c!c, the ampli~
- tude of-a signal frem a particle p:ls'sing through the first scintillator

had to fall into a well defined narrow band. Thus, soupces of erroncous

counting as triggering on noise.or onresidual beam impurities and pile up we

eliminatad,



Valid incident heulm signals preceeded or followed by a signal from an
ndjacent beam burst(ac '\: % 60 ns) were also rejected.

"e) The counters lu.hmd the turgcr_.

In thc. light particle versions of “this cxpcrimenL @.ﬂ a thick stop -
detector (scintillator), which m:\.nsutcd_directly the cnergy of the particles-
could be used. In heavy ion collisions, however, a large varicty of quasi .
elastic rcaction products occurs which all have a velocity similar to
that of the elastically scattered particles. In a thick scintillator all
these particles would cause similar light output and distinction between
quasi elastic reaction products and elastic scnttetilng would be very
eritical or impossible. Finally, stopping of heavy ‘ions in the scintilla~-
tion material may result in important radiation dal;::age.

In order to avoid all these problems, we chose the thickness of the
scintillators behind the target such that, for a given energy, the .
elastically scattered particles were stopped only in the light guide I

behind the scintillators. Thus, the light signals AL issuing from these

detectors correspond Lo the differential energy loss AE (see belaw).

The time-of-flight and the AL signals of particles arriving in th? detector
behind the target wer.e registerod respectively in time-to-digital .convérters
and ADCs. The linear dynode ):.lhotomull:iplier outputs were directly connected te
the entries of the charge integrating ADCs. Events corrcsponding to the
direct beam we.re"no: written on magnetic rape but rather counted by a scaller..
The rejection of these events was nchieved by means of a fast anticoincidence
unit [12] which enabled us ta dcfmc a. very nnrrow time wmdow (< 2 ns) .

centercd nround the L:.mc-of-fh;,h: of n bcam particle nrnvxng :m thc central

.

' ‘dctncLor.

The ch:lrgc resolutmn is dcmons:rntc.d in f:.gs. 3 and 4 In E:.g. 3 the

IZ 12 i

4_M., t plot o£ che outynmr Erapuu.-nts rusuluug l:rom c collm:.ons at’




.
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12

h similar plot on the AL nxis is shown for zolléf C collisions at 30 MeV/N.

Herc all the projected particles lhiave essentially the same velocity B/A.
Since AB ~ %Z’ w71 one expects also that the separation AL of adjacent
charges increases with cl:ement number. .'l"lm moasured relation betwecn AL
and element number is .dispin.ycd in Eig; S and compared w.il;h semiempirical
expreasi;)ns Erom vef, 13, '
' As one can infer from figs.3and 4, the charge identification oé our
counters is sufficiently good for separating the bean charge (12(‘. or zoﬂe)
from adjacent ones. Isotope aleparntion is, however, mlat possible and
corrections to tl data for neutron tr;:nafer have to be taken into account.
As stated above the cone spanned by the detector behind the target
has to be sufficiently large so that fle elastic scattering ocurring at angles
larger than the cone openi:ng can be treated as a small correction. This is
generally the case for cone openings twice or th:;ee times as big as the
grazing angle. On the other hand, taking into account our time resolution
of t.ypically 500 ps, the time of flight measurement necessitates a minimum,
distance beé!;een the target and the last detector. All this results in the

counter dimensions and distances l_iste.d in table 1.

d) Targets.

JIn this experiment the ‘accur.ate determination of the target thickness
AT is of crucial importance since the error in this quantity contributes
fully to the absolute error i:; our measured reaction croguisastdainme s, ~ -
Therefore two independent methods of meaaufing AT, namely weighing and
u—en.ergy lqss mea.suremnntS were employed and found to give comsistent
regults, AR .: o Co e S . . B

It was also checked that the angnlnr"strdggiin& due to the relatively
thick targets (see table 1) did not execed the angular cone defincd by the

eentral deteétor,



e) Rt-..linbility tests,
*  We tested the rclia'bilir.y of our exporimental sct-up by target in-target
out measvrements. In the fdeal cage no reactions at all should be obsecrved
for the target out case; i.c. “B = “.cl' i’n rcaliéy .thcre are alrcady
reactions .in the first scintillator and also in the detector behind the
target. The ratio between the number of reactions with and without target -

12{: target of 30 mp/cu?.

vas typically R(*OTECt i"lc;u-g,el: out) £ 30 for a
This result also guarantees that the detection efficiency of cach of
the detectors is sufficiontly close to 100 Z. As is easily shown we are
loosing less than one particle out of 2-104 incident L;nes due to detection
inefficiencies (cf. the example given ir; sect,IIIa).
Since in this experiment we are counting the direct beam, the beam

1. With this intensit.y the comple-

intensity was limited to some 4- ‘lO4 s
tition of a given measurement tould be achieved within 2 few hours.
It should also be noted that, in order to avoid errors dug to pile up, the

entire electrenics was set-up on the nanosecond level.

1V. Data handling and results..

12c . ’ZC

collisions at 9.3, 30 and 83 MeV/N [M] and also for a variety of heavier

So far we have measured the reaction cross section for

target-projectile combinations at 30 and 83 MeV/N [1_';_] « The Expetil“lCnts
at 9.3 and 30 Mev/N were pe:formed at the Grenoble cyclotton facility SARA,
the 83 HcV/N C beam was deliveralby the CERN synchrocydotron.

The light output and time of flight :‘.nformanon from each of the

-detectors "3", "4" and “S" were stored on.magnetic tape. For the central

"dcte‘cr:or (i.e, detector whinfh sees t'h'e direi:t beam), 2 n:lrraw timc'

e

. vmdow :lnclur]mg the beam and elnstu:nl'ly scattered pﬂttlnlcs was excl\xdcd

- from' the rccorded mtomn:wn in ordcr to. hmt the countmg rate at the

omputer.




. Even without using the recéxdud information one can define o raw or
uncorrected reaction cross section uu(rnw) sinply by counting cvents of -
the type '!B'E‘ That means Lhat, {6r the momest’ all the events of the eentral

counter "3* arc considercd to be elastic. We define :

% (raw) =

1 3 o) N3
W [uu.s_(tnrucl- in) Ny.3(target out)]

The necessity of the target in - target out measurements has already

been pointed out, In addition, they permit to monitor the stability of the
result against small, ever present variations in the bcom intensity. We

found that uk(raw) vas stable to within 2 . .

The final value of % is related to the raw value by the equation

= O'R(raw) -

% (8>0,) .

%elast

where a'R(raw) is obtained from GR(:av) §ubtracting a correction due to
reaction products falling into counter “3". The m.ajor part of °e1ast<e>e3)
is measured by the counter rings "4" and "5, Our time aﬁd AL resolution ’
was, however, not sufficiently good for unambiguous separation of elastic
from inelastic scattering and from neutron transfer reactions. Thus, these
measurer-l quantities are sulbjecl; to some corrections which are described in
detail in ref.t4. It should be emphasized, however, that the sum of these

corrections does not exceed 10 % of the reaction cross scetion.

An example of our expcrimcn.tal results is shown in fig.6. The errors

coutain a contribution of about 1% due to counting statistics and ‘some 2%°

due to the crror in target thickness measur The remaining error comes
‘. ’ S e - . . v . P
from the uncertaintics in estimating the corréctions (see ref.14).

Recently we have also performed ruaction eross section measurements with

zom-. projcctiies. Reavier projecliles have not yet-been investigated, A test

run vith Ar projectiles is planncd in order to seé whother the 8L resolution

will still be sufficient to separalc adjacent charges in this region. Here th




fact that at energics > 30 MeV/N the outgoing dqnuiclnstic reaction products
all bave essentially beam velocity may be helpful (see fig. 4).

v. Shmmary and othcr'nppliea:ions of the set-up,

We have described ‘an experimeatal gct-qp for measuring heavy ion reaction
cross secction with the transmission method.

The originality of our experiment lics in the fact that we are idontifyinp
the elagtically scattercd hunyx ions by a ALight—timeToE;flight measurement
(see sect.IIl c). Even though our method is direct and model independent some
corrections have to be applied :; the mcasurement of Ne1 because the time-of-

- flight vesolution is not sufficient for unambigious separation of the exci-
tation of low lying inelastic levels from pure elastic scaktering.
Furthermore, altgough the AL mcasdrnment allows the separation of the pro-

20

jectile charge from adjacent ones, at least up to “ Ne projectiles, neutron

transfer has to be corrected for {see sect, IV),

The sum of these corrections never excecded 10 % of the rcaction crass
gection.
With this set-up heavy ion reaction cross sections have been measured

with a precision of'the oxder of 5 %.

The vse of a high resolu;ion counter like an ionisacion chamber [16]
_ instead of our scintillators could yield a better identification of elastic
scattering. On the other hané such a counter would be at least ten times
slover than the present one which is stillloperntional at beam intensities

-1

of 4 |04 s . Furthermore, thc numbc: of reactxons 1n our sc1nL111atorc .

“is limited since we stop the par:lclcs ou!y in thc light 3n1dcs bchxnd..‘.
BRI Thus, backLround ot .zero cffecls are lxmx:cd toa tcdsonublc _amount’ .

(= 35 aee sect. IIIIQ).




[ - b . —

Sincd our counter arrangement consists of 19 independent gounters onc
P

may also use it as a multiplicity counter in heavy-ion-light particle

K . . .

coincidence cxperiments. The large dynawic ranpe (sec £ips.3, 4) of each

of the counters permits also- the simyltaneous measurement of correlations
LmLES

.

between heavicr fragments. Such experiments are preseatly being performed.
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TABLE CAPTION

TABLE 1 ; Distances between the various counters amd the resulting
opening angles of the detectors behind the target. The
three Qalues given correﬁppnd to the three energiés of

) 3.3, 30 and 83 MeV/R respectively. The graziné angle;
12, 12, ' :

C collisions are also indicated,

.for




— - I — . A——._.‘
T T ) D — - o -
|
i
Table t . (
Distances E:m] - . Scintillators Diameter of active collimator N
< ‘ - ttn
. . s Angles [Dea
) o wan [Fhickness
o 2 Target 3" | Counter tm Type . [m-a
B 13 ‘36 .| 154 |- 0.03 NE 102 —_— 2.14 5.
g ‘'s2 }v7s f293 [ Mt 0.125 ref 17 0, * 1.19 . ) ~ 3
. . 3
'52. 75 | 493 : 0.2 ref 17 - 0.604 - . 3
< 23" 114 0.4 NE 102 5.79
" ] 23 |.241 ngh 1.0 NE 102 o, 3,19
o) a3 | e 1.0 - NE 102 ) 1.64 4,23
Grazing angle {lab) 1.2
118 0.2 ref 17 10.55 : [peg] - 0.44
Targee| . -} .- | 218 v et 1o ref 17 o5 ¢ - 5.79 ' v
: 413 . 5.0 NE 110 3.01 . : i
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FIGURE CAPTIONS

“Experimental set-up

The nunber of beam patti'clus Ny incident on the target is defined '
by NB = 1.7 where the bar denotes an onticoincidence. The number of
particles LY which have mot given rise to a rcaction is determined
by the counters®3"/%“and"5"(19 Photomultipliers in total). The
reaction cross section is given by op v 'N—i'-(NB = N,,). The distances
between the counters and the values of th: relevant angles are

listed in table 1. L K

Schematic view of the counter arrangemen;: behind the target, The
dashed areas represent the supports of the countevs "4" and "S". .
These supports were designed such that the radial symmetry of the.
counters around the beam axis was conserved. Thus the correction

to be applied to the number of particles detected in the' active

_port of the counter was a simple multiplicative factor which varied

from 1.3 to 1.2.

Example of charge separation in the 4L - ¢t plane for 12(: + 120

collisions at Elab = 30 MeV/N. .

204, . zC coll)s:.ons at El b " 30 MoV/

v'
- AlL the ]ITDJl!ctcd events have ubout the some (beam) velocu:y. Thcre-

Pro;ocLed chm:ge apoctrum of

. fore r.he scpnrnnou of adJncan c.h:\rges mcrcases mth elemcnt nmnbc




F16. 5

F16. 6 ¢

Measured photommltiplier pulse ﬂuight an ; function of element aumber.
All the heavy ions have approximately the shm; velocity %. The

light outfutis well duscribcd by tle semiempirical relations (full
curve) from ref, 13, For comparison we also show AL v 2¢ (broken

curve). . . [

Total reaction cross section for '2C + ’zclcollisions as a function of
incident energy. The ;hree vlecs measured with our direct method are
indicated by the full trfanglcs, The agreement with other data is
appatent. fhg full points were obtained by a parnmgtrlzed phase shift
anal;sis [7} of the_dnta from fef. 18, the other data points (only

typical error bars are given) labeled o, X, *+ and A are taken from

refs, 7, 6, 4 and 10 respectively.
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