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Abstract : Secondary beams have been produced through interaction of a 1760 

MeV Ar beam with a 99 mg/cra2 Be target . An achromatic spectrometer is used 

to select the magnetic rigidity corresponding to a given beam, and to transport 

this bean over a distance of about 13 m. The beam purity is studied û i.ig a solid 

state AE-E telescope. Beams of S and -"Cl are produced with a purity of 

about SO %, and production rates of 1.5 10 I 0 and 5.10 I 0 respectively. 

Here I 0 denotes the primary beam intensity. Bezms of -^Ar, 39Ar and K are 

produced with about the same abundances as -"CI but with lower purities. It 

is shown that, by setting properly the experimental parameters, the beam 

production can be improved by a factor 2 to 5. This could lead to intensities 

of about 2.106 pps for 3 8 S , and of 10 7 to 10 a pps for the four other beams. 

The possibility of purifying these beams by placing a dégrader between the 

two dipoles of the spectrometer is shown experimentally. 

Experiment performed at the GAN1L national facility in Caen. 



I. INTRODUCTION 

The most common technique used in nuclear physics research for 

studying reaction mechanisms or for producing exotic nuclei consists in 

bombarding stable targets by beams of stable ions. New domains were opened 

twenty years ago by developing the. use of radioactive targets, mainly in 

the transuranium region (1). Then, the need for radioactive beams appeared, 

and ion sources of ^H and *̂*C were developed in electrostatic accelerators (2). 

Such a need was clearly demonstrated in a workshop concerning radioactive 

beam production and use which was held recently in Washington (3). 

In order to increase the variety of radioactive beams, it has 

been suggested (4) to produce them as secondary beams from high energy 

heavy ion accelerators. A previous attempt was made using l t J0 ions at 

84 MeV/u from CERN Synchrocyclotron, and led to the production of '?N 

and 1 6 C beams with, intensities equal to 5.10 - 5 I 0 and 7.I0"6 I Q, respec

tively, I 0 being the primary beam intensity (5). 

Due to their high intensities and energies, GANIL beams were pre

dicted to be very efficient for secondary beam production, and a beam line was 

specially adapted for that purpose. This beam line, called LISE, was de

signed in order to produce and transport either atomic physics beams of 

highly stripped ions, or nuclear physics beams of radioactive ions. 

The work presented here is the first attempt to produce radioactive 

secondary beams from a primary Ar beam of 44 MeV/u, using the LISE device. 

The main purpose of the experiment was to investigate whether beams o*; ̂ "Cl 

and 3**S C Ould be produced with sufficiently high intensity and purity, 

transported over a large distance and focused on a reasonably small spot. 



II. EXPERIMENTAL TECHNIQUE 

II.1 Beam transport 

The experimental set up is shown in Fig. t. The primary beam is focused 

onto the production target T using 4 quadrupoles q\ to q£. Targets (T) are 

mounted on a wheel and can be changed without entering the experimental area. 

Secondary beams are produced through nuclear reactions leading to emission 

of products at zero degree. These beams are analysed by the first section of 

the line, composed of the dipole Di and the quadrupoles Q\ to Q4. The dipole 

D-j is the dispersive element. In its focal plane, is located a slit S of 

variable aperture which is used to limit the Bo acceptance of the line. The 

second dipole D2, associated with the quadrupoles Q5~Q,i compensates the dis

persion from the first section and ensures double achromatism (in angle and 

position) of the line. The quadrupoles Q7 to Q^g are used to focus the secon

dary beam in the proper position of the experimental area. The magnetic charac

teristics of the line are given in Table 1. More details about the LISE spec

trometer can be found in Rets. (6,7), 

II.2 Beam diagnostics. Intensity measurements 

The primary beam intensity can be measured at several locations using 

Faraday cups. The low sensitivity of these devices limits their use to inten

sities higher than 1 nA. The spe-ial distribution of such relatively intense 

beams can be measured using four multiwir*. secondary emission monitors. Each 

of them gives the horizontal and vertical intensity distributions (beam profiles). 
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The low intensities of secondary beams made it necessary to develop more 

sensitive detectors. For that purpose, multiwire chambers, filled with an 

Ar-C0 2 mixture have been built. These chambers are operated either as 

ionization chambers or as proportional counters. They are therefore effi

cient in a broad range of intensities, from 10^ to 10^ particles per se

cond (pps). They deliver both horizontal and vertical intensity distribu

tions of the beam. They have been calibrated using an ct-radioactive source 

to give absolute intensities for a given gas pressure and composition, and 

for various applied voltages (8). This calibration has been extended to the 

GANIL beams, using the stopping power ratio between a-particles and heavy 

ions of the proper energy. However, as the validity of this extrapolation 

has not been experimentally verified the uncertainty associated with such 

absolute intensity measurements is presently estimated to j* 50 %. These 

gas counters are located close to the multiwire secondary emission diag

nostics. 

II.3 Solid state telescope for secondary beam purity determination 

The selection of a magnetic rigidity by setting the magnetic 

field in dipoles Di and D 2 does not ensure the transmission of an unique 

secondary beam through the LISE beam line. The classical Cnon-relativistic) 

relationship between the magnetic rigidity Bp (Tm), atomic mass A (u), 

atomic charge Z and energy E (MeV) of the transmitted beam is the following* : 

Bp= 0.1438 f j f j 2 [,] 

Therefore, several combination:; of A, Z and E may lead to the same magne

tic rigidity, and the corresponding beams will be transmitted together 

through the whole line. 

* Note that at the GANIL energies, the relativistic relationship must be 
used. However, the classical expression given here is sufficient for qua
litative understanding of the physical problem. 

_ 4 -. 



In order to analyse the iso'topic purity of the secondary beams, a 

telescope (TEL) niade of two solid state detectors (a 200 pro transmission 

detector AE and a. 4000 urn detector E) was placed along the beam axis close 

to the achromatic focal point F. As it will be seen later, the resolution 

of this telescope was sufficient to discriminate between the elements for 

any energy width of the beam. The isotopes of a given element could also be 

separated when the energy width was small enough. Due to the low counting 

rates which can be accepted by solid state detectors and the associated 

electronics (< 10^ pps), the primary beam intensity had to be reduced in 

order to perform these purity measurements. 

III. EXPERIMENTAL PROCEDURE 

III.1 Calculated Bp domains for various types of secondary beans 

III.1.1 Basis of the calculations 

The introduction o£ a target T into the primary beam 4UAr16+ results 

in two main effects : 

i) The primary hesm looses an energy AE, and its atomic charge after 

passing through the target is distributed among several charge states. The 

most abundant is 4 0 A r 1 8 + , but significant amounts of 4 0 A r 1 7 + and 4 0 A r 1 6 + are 

present. These different charge states correspond to three different Bo 

values, which were calculated prior to the experiment for beryllium and 

gold targets of various thicknesses. These calculations used relation [ij and 

the stopping powers from Hubert et al. (9). 

ii) By nuclear interaction of the beam with the target, several 

secondary beams are produced. Assuming a given reaction mechanism, the 

energy distributions, and the corresponding Bo distributions at the exit 



of the target can be calculated for etch isotope defined by A and Z. This 

was made under the hypothesis of a fragmentation process,, in a way similar 

ta that of Ref. (5). The main assumptions were the following : 

- The production cross section is constant in any point of the 

target, despite the change in projectile energy due to progressive slowing 

down inside the target. 

- The fragment velocity is equal to that of the projectile. Recent 

data relative to that process (10) have shown that this approximation is 

fully valid for fragments of mass very close to the projectile one. 

- The outgoing fragments are fully stripped. 

- Their energy spread is due to three main reasons, i) the difference 

of stopping powers for projectile and fragments, associated with finite 

target thickness, iî) the nuclear reaction process, iii) the slowing down 

process. Each of these effects was calculated as indicated below (see also 

Ref. (5)), and the corresponding variances in energy distribution were qua-

dratically summed. 

III.1.2 Energy spread calculation 

- Energy spread associated with finite target thickness 

This effect is illustrated in Fig. 2 ; the extreme situations cor

respond to the lines labeled (1) and (2). In case (1) the nuclear reaction 

(here ^Ar + Be -*• 38g + x) takes place in the first atomic layer of the target, 

i.e. for an energy E 0 of the projectile. The ™S fragment, produced with a 

velocity approximately equal to the projectile one is slowed down before 

leaving the target with the energy Ej. 
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In case (2), the reaction takes place in the last atomic layer 

of the target, after the projectile has been slowed down* to an energy 

E0-AE(Ar). The energy of the outgoing fragment(still produced with velo

city conservation,is now E2- Because of the differences in the target stop

ping power for projectile and fragment, the value E2 is generally dif

ferent from Ei- This effect introduces for outgoing fragments a signifi

cant energy spread characterized by the standard deviation 0^ around the 

mean energy E^. The value o^ was calculated assuming a square distribution 

between E1 and E2, with the help of range-energy tables (9). 

- Energy spread due to the nuclear reaction process 

The standard deviation a^ characterizingthe energy spread due to 

the nuclear reaction process was calculated from the variance a 2 of the 

fragment momentum distribution. This value 0 2 is given by the following 

relation : 

0a . 0 , A p ^ A f , [ 2 ] 

where Ap and Af are the projectile and fragment masses (u) respectively 

and a 0 is equal to'112 MeV/c, according to Ref. (11). 

- Energy spread due to the slowing down process 

The standard deviation ç-g corresponding to energy straggling 

was calculated from the FWHM value a given by Schmidt-Backing and 

Hornung (12) assuming a gaussian distribution Î 

n U2 S(E 2) 
3CkeV) = U* sTO" 

Z Z AE 

z'« + z
, / 3 | [ 3 ] 

p 

In equation [3j, AE is expressed in MeV, S(Ej) denotes the stopping power 

for energy E£ (i = 1, 2), Z p and Z t are projectile and target atomic 

numbers. Note that Eq. (_3J , which was established for gaseous media, and at 



much lower energies, does not lead to an accurate determination of 0g. 

However, this term is much lower than a. and o N, and has very little influ

ence in the resulting energy spread. 

III.1.3 Results 

The results of the calculation are presented in Fig. 3 and 4, In Fig. 3, 

the Bp domains corresponding to 5 different secondary beams are plotteo. versus 

the target thickness for Be (a) and for Au (b) targets. The solid lines repre

sent the Bp values corresponding to various charge states of the projectile. 

Two comments can be made relative to these graphs : 

First of all, it can be noted that the situations corresponding to Be 

and Au targets are very similar, and can be deduced from each other by a 

change of about a factor of two in the abscissa scale (this factor re

presents the ratio of stopping powers in Au and Be) . For example, for 

both targets, the Bp domain corresponding to the ^"S beam is located between 

the curves corresponding to the charge states I6 + and 17 + of the projectile,f-jr a 

thickness lower than a given value (150 mg/cm2 for Be, and 300 mg/cm2 for Au). 

Secondly, such graphs are useful to determine the target thickness to be 

selected in order to avoid interferences between a given secondary beam, 

and the charge states of the projectile. For example, Be targets thinner 

than 150 ing/cm2 must be used for ™S production, to avoid contamination by 
4 0 A r , 6 + beams. 

In Fig. 4, the calculated Bp domains corresponding to secondary beams 

are shown, for a 100 mg/cm2 Be target. For the present discussion, only the 

lower abscissa scale should be considered. For each element, the isotopes 

represented here are thosowhich can be produced through projectile fragmen

tation.This is why the isotope distribution is limited to -^Ci, ̂ S , ^^P, for 



example. This graph can be used to predict the possible contamination of 

a given secondary beam by other components. Several remarks can be made : 

- The fullBp acceptance of the spectrometer (ABp/Bp = ̂  2.717 Z) 

makes it possible to cover almost the full distance between two adjacent 

charge states of the projectile. For example, for Bp = 1.972 To, this do

main extends from Bp = 1.918 Tm to Bp * 2.026 Tra. Taking into account the 

Bp width corresponding to these charge states, it will not be possible to 

use the full slit aperture if one wants to avoid any contamination o£ the 

secondary beam by remnants of the primary beam. On the other hand, full Bp 

acceptance zan be used for Bp ,£ 1.75 Tm. 

- For given values of BD and ABp/Bp, several secondary beams, 

corresponding to several elements, and several isotopes of each element, 

will generally be transmitted. However, from the calculated Bp width 

associated with each isotope, one can infer that at most three isotopes 

of each element will be simultaneously transmitted. Moreover, it should be 

noted that the number of transmitted elements is reduced when Bp is in

creased. For example, if Bo > 1.92 Tm, no isotope of Ar and CI produced 

through a fragmentation process will be transmitted. 

Finally, one should note that Fig. k is derived from kinematics 

considerations only, and that production cross sections have not been taken 

into account. The relative intensities of the various possible secondary 

beams may be very different from each other and such an effect may simplify 

the general picture shown here. 
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III.2 Choice of the target 

Or. the assumption that the basic nuclear reaction producing secon

dary beams would be a fragmentation process, the choice of the target was 

made on the following basis; 

The first experimental studies (10,tt) have shown that, for frag

ments close to the projectile, the production cross section for Hi targets 

is about half that for Au targets. But this effect is overcompeisated by 

the fact that, for light elements, much thicker targets can be used with 

similar energy losses of the projectile, for example, in Table 2 are given 

the calculated production rates expected from three different targets (Au, 

Ni, Be). The thickness of each of them corresponds to an energy loss of 

12 MeV/u for the incident beam (44 MeV/u Ar). The cross section for a Be 

target has been arbitrarly chosen equal to that for a Ni target. Note that 

these values are of the order of the cross sections integrated over all 

angles for fragmentation reactions such that ^°Ar + (Au,Ni) -*• 3 9C1 , ob

served in Ref. (10). In order to get a secondary beam, these fragments must 

be emitted close to 0° (within the solid angle acceptance) and this addi

tional condition should reduo the production yield. As far as this effect 

is concerned, the use of targets of light elements should also be favou

rable, due to reaction kinematics. 

Therefc e, on the basis of the numbers given in Table 2, it was 

decided to perform the experiment with Be targets. A gold target was" only 

used to check that it did lead to a lower production of secondary beams. 

The main part of the study was performed with a 99 mg/qmJ Be 

target. The influence of target thickness was briefly investigated using 

a 45 rag/cm1 Be target. 
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IV. EXPERIMENTAL RESULTS , 

The 44 MeV/u ^°Ar beam was delivered by the GANIL accelerator. 

IV.1. Charge states of the ^Ar p r aj ectile after passing through the target. 

The first step of the experiment was to determine, for a given target, 

the Bp values corresponding to different charge states of the outgoing pro

jectile, denoted Bp(18 +), Bp(17+) and Bp(16+) respectively. These Bp values are 

determined by the energy loss of the projectile through the target. This 

part of the experiment is related to a more general program of dE/dx measure

ments in progress at GANIL (13). The results obtained for Be and Au targets 

were used to renormalize the Bp domains corresponding to secondary beams, such 

as those in Fig. 4. Moreover, the production yield of the different atomic 

charge states is of interest for the present work mainly to verify the assump

tion of totally stripped ions mentioned above. 

The Bp domain renormalization was performed by modifying the 

abscissa scale (see Fig. 4) to replace the vertical line associated with 

each atomic charge at the measured value. For the 99 mg/cm2 Be target, 

these values were found to be : 

3p(18+) = 1.883 Tm 

Bp(17+) = 1.993 Tm 

Bp(16+) = 2.118 Tm 

Note that these values are significantly different from the cal

culated ones. This indicates a sizeable difference between the stopping 

powers measured in Be and the predictions from the tables (9), a difference 

which is c.-,.irmed by the experimental data of Ref. (13). The renormaliza-



tion of Fig. t* by a simple change in the abscissa scale relies on the 

assumption Chat equivalent differences exist in the stopping powers of Be 

for the Ar beam and for the neighbouring secondary beams. 

TÎ12 distributions of projectile charge states after going through 

Be and Au targets are given in Table 3, for various target thicknesses (13.). 

It can be seen that : 

i) For Be targets, the outgoing beam is fully ionized with a very high pro

bability, the intensities of Ar'?* and Ar'^ + beams being at least a thou

sand times lower. The situation will be the same for secondary beams close 

to Ar, and this supports the approximation of fully stripped ions. 

ii) For the Au target, the situation is very different, with more than 10 Z 

of Ar'' +, and about 1 % of Ar'° +. This will make the selection of secondary 

beams more difficult for this target, as will be seen in section IV,5. 



IV.2. Production and study of a -*'Cl secondary beam 

Using a 99 mg/cm3 B*i target, the ™C1 secondary beam was looked for 

by setting the magnetic rigidity of the spectrometer at the value 

Be = 1.938 Tn, and the slit aperture at +_ 25 mm, so that theBp acceptance was 

ABo/Bp = +_ 1.4 %. 

IV.2.1 Characteristics of the ™C1 secondary beam 

Beam profiles 

The beam profiles measured in several points of the line are presented 

in Figs. 5-8. 

In Fig. 5, are shown the horizontal and vertical profile measured 

on the beam diagnostic located in position II between dipoles Ct and D2. 

The horizontal one, which reflects the energy distribution, is very flat. 

The vertical profile appears as relatively broad, due to the fact that the 

BD2 point is only a waist in the vertical plane, and Co the effect of angu

lar straggling in the target. 

The horizontal beam profile observed in position IV, Î.30 m upstream 

of the focal point F, exhibited a full width at half maximum (HsHM) of the 

order of 60 aim. The associated verticaL profile was less broad (FWHM = 24 mm) 

and indicated that the beam was vertically decentered by about 5 mm. This 

defect, which was not obvious at first sight , was not corrected for, and 

reduced the efficiency of secondary beam counting in Che telescope (see 

next section). 
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The horizontal beam extension could not be observed directly at the 

telescope position, but was investigated by measuring the secondary beam 

intensity Is versus the field in dipole D2. This variation is shown 

in Fig. 6, in which I s is plotted versus the intensity I C2 in a correction 

coil of this dipole, for an incident beam of 1.40 10 s oarcicle/s. Using 

the calculated beam transport matrix of the LISE line, it was possible to 

determine the horizontal shift of the beam associated to a given variation 

of lr-> • The coefficient which was found (0.75 cm/A) was experimentally 

verified using a beam diagnostic in a subsequent test of the beam line. It 

was used to transform the abscissa scale into a distance scale, which is 

given in top of Fig. 6. The horizontal beam extension in point TEL can thus 

be derived from Fig. 6 and corresponds to a FWHM of 17 ram. Note that the 

finite extension of the telescope (1 cm in diameter) leads to a very small 

correction (< 4 Z) in the width of the distribution shown in Fig. 6. This 

correction was neglected. 

During the beam line test , a beam diagnostic was placed in 

position F to measure beam profiles in the experimental conditions 

(target, Bp, slit aperture, focusing conditions) cf the present experiment 

(see above). The result is shown in Fig. 7a. It can be seen that the beam 

spot obtained is close to an horizontal line about 5 mm thick and 20 mm long. 

Note also that the FWHM relative to the horizontal profile (13.5 on) is in 

fair agreement with that derived from the telescope measurements. 



Finally, by adjusting the intensity in quadrupoles Q7 to QIO 

the beam spot in point A could be improved. The best profile found, still 

for Bp = 1.938 Tm and ABp = + 1,4 %, is shown in Fig. fcj. The dimension of 

the beam spot is now fairly small, most of the intensity being confined 

in a circle of 10 ran in diacieter. 

Intensity and purity. 

The primary beam intensity was measured using the Faraday cup in lor i-

tion I. The secondary beam intensity was measured with the beam diagnostic in 

II, and also with the telescope, placed at zero degree. Both measurements 

could not be performed simultaneously, since the primary beam had to be of 

the order of 10 1 0 pps when using BD2, and reduced.to 1-3 10 8 pps for teles

cope measurements. The results are expressed at the ratio R = Is/Io , 

I s being the secondary beam intensity and I Q the priuiary beam one. 

In the experimental conditions defined above, this ratio, measured using 

the beam diagnostic, was found to be (2+_1) 10~^ 'for + 25 mm slit aperture). 

The telescope measurements, summarized in Fig. 6, have also been 

used to determine the ratio R. The corresponding scale is reported on the 

right side of Fig. 6. The maximum obtained is equal to 0.5„10~4. However, 

due to the limited diameter of the telescope (10 mm), symbolized by the two 

vertical dotted lines in Fig. 6, and to-the. fact that the beam was vertically 

decentered by about 5 ntm, the telescope counting efficiency in the present 

experiment can be estimated to about 1/3. This leads to a ratio R equal to. 

1.5*10~*, in good agreement with the previous measurement. 
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The beam purity was studied by measuring the bidimensional distri

butions iE-E with the telescope. The detectors had been calibrated using an 

^Ar'6 + beamythe energy of which was determined by the Bp value, and a linear 

pulse height generator. For the experimental conditions defined here, the 

bidimensional plot is shown in Fig. 9a. This figure shows that the various 

elements which compose the secondary beam are unambiguously identified ; but 

the isotopes of a given element cannot be separated from each other. From 

this graph, it is also seen that CI isotopes are the main components of this 

secondary beam (74 7.). From Hig. 4, it can be expected that the predominant 

isotopes are 38ci and 39^1. 

IV.2.2 Influence of 3p acceptance on secondary beam characteristics 

It can be foreseen from Fig. 4 that a reduction of the Bo acceptance 

(i.e. of the slit aperture) will help to purify the secondary beam. 

Moreover a reduction in the energy width of the transmitted beam will help 

;D separate the isotopes in the AE-E plot, since two isotopes simulta

neously transmitted through the spectrometer will have slightly different 

energies (see eq. 1). A progressive reduction of Bo acceptance from the 

value ̂ 1.4 " to about _+ 0.3 % was performed and had the following effects : 

First of allj the beam profiles observed in the vicinity of the achromatic 

focal point F showed no variation even when the total slit aperture was varied 

from 70 mm to 2 mm (i.e. from ABp/Bp =12 % to ABp/Bo=l0.06 % ) . In Fig. 7, 

the profiles obtained for apertures of 50 and 2 mm are compared. The iden

tity of these profiles is an evidence for the good achromatism of the LISE 

spectrometer. 

Secondly» the intensity measured in the telescope was directly 

proportionnai to the Bp acceptance. This is a conseruence of the flat 

momentum distribution observed in II (see Fig. 5) and of the achromatic 

transmission mentioned in the previous section. 
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Thirdly, as expected, the reduction in secondary beam er.srgy width, 

obtained by reducing the Bp acceptance, had the effect df improving isotope 

separation in bidimensional plots, as can be seen in Fig. 9b. The relative 

intensity of secondary beams can directly be obtained by projection of these 

bidimensionnal plots along the AE axis, as in Fig. 9c. For 

the Bp conditions used here, the maximum intensity is observed for the 

isotopes -*9ci a n cj 36g^ ^ n g0o^ agreement with the predictions of Fig. 4. 

IV.2.3. Beam purification by adjusting the Bp value 

The Bp acceptance was set it the value +_ 0.5 7, (slit aperture 

+ 9 nan), and the magnetic rigidity of the line was varied around the initial 

value Bp = 1.938 Tin. The isotopic composition of the bean was recorded 

for each Bp value. The result of this Bp excursion is shown in Fig. 10. 

A drastic evolution of the beam isotopic composition is obtained by 

relatively small modifications of the magnetic rigidity. The So 

variation was limited towards low values, and high values, by the apnearance 

of significant contributions of Ar'^ + (Fig. 10a) and Ar'^* (Fig. 10e) respecti

vely. For each Bp value, the ratio R of global secondary beam intensity 

to primary intensity was measured. 

The best purity is obtained for-39C1 at Be = 1.972 +_ 0.010 Tm 

(Fig. 10d). The characteristics of this secondary beam, as measured in the 

experiment, are given in Table A. The bidimensional plot associated with 

this measurement is shown in Fig. 11. 

IV.3 Production of ™Ar, 39^ r a n (j 41 K secondary beams. 

The exploration of the region corresponding to Bp < 3p(1S+) revealed 

the presence of significant amounts of the secondarv beans 38^ r 39^ r a n cj 41ĵ _ 
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Two of these beams correspond to stable isotopes and theii: production has 

no interest in itself. However, the more gênerai question of producing 

secondary beams by stripping of one or two neutrons, or pick-up of one 

proton by a given projectile is interesting. Indeed, such pro

cesses could be used to produce beams of Ca, •* Ca or Sc from a ^Ca 

primary beam, for example. 

The isotopic composition of the secondary beams obtained for seve

ral Bp values, and a Bo acceptance of +_ 0.28 7, is shown in Eig. 12. It should 

be noted that relatively high intensities can be obtained in this Bp region, 

especially for the -^Ar beam. However, the beam purity is lower than in the 

39çi region. An improvement of this purity can be expected by using an inter

mediate dégrader located between magnets DÎ and D2. This point will be dis

cussed in section IV.4. The characteristics of secondary beams corresponding 

to this Bp region are given in Table U, 

The production ratios I/I0 of the most abundant isotopes of S, Cl, 

Ar and K are plotted in Fig. 13 versus the magnetic rigidity. Theyare nor

malized to a Bp-acceptance £Bc/3p of _+ 0.28 %. These distributions will b<2 

used in section V for predicting the best experimental conditions for secon

dary beam production. 

IV.*. Production of a 3 a S secondary beam and its purification by an inter

mediate dégrader 

The magnetic rigidity of the line was set at the value 2.055 Tm, 

and the Bp acceptance at _+ 0.56 %t then the isotopic composi

tion of the J°S secondary beam was recorded by the telescope. The correspon

ding spectrum (Fig. Ha) exhibits a strong predominance of 3 8 S , 

with a relatively small beam contamination by numerous isotopes of various 

elements. The production yield was measured for this Bo value and for a slit 

aperture of +_ 25 mm. It was found equal to R=I S/T 0 = 2_+1xIÛ-
6, 
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An attempt for beam purification was made by introducing an Al 

dégrader between magnets D1 and D2. Due to the variation of stooping powers 

with the incident ion Z and mass, such a dégrader may help to purify the 

secondary beam, after adjusting the magnetic field in the second dipole. 

Moreover, the dégrader used here was of variable thickness in order to 

compensate the energy spread of the beam. The principle of such compensation 

is the following : 

In the focal plane of the first dipole, the beam is dispersed, 

the larger p values corresponding to larger beam energies, with the disper

sion coefficient given in Table 1. The degradar has the shape of a wedge, 

and its thicker part is placed at the point corresponding to larger incident 

energies. The shape of the wedge is calculated to that the energy of the 

secondary beam outgoing the dégrader at each radius o is the same. In the 

present experiment, the dégrader was in fact composed of 5 strips of 

increasing thicknesses from 7.61 to 38.1 mg/cm1 of Al. The width of each 

strip was of 2 cm. This device was designed in order to reduce the beam ener

gy width to + 0.56 %. However, its use had tjte disadvantage of breaking the 

achromatism of the spectrometer, with a correlated increase of omittance, 

and the outgoing beam could not be focused on a small spot. 

The secondary beam isotopic composition after passing through this 

dégrader is shown in Fig. 14b and 14c, for two different values of the magne 

tic field in dipole D2, the Bo acceptance being now set at its maximum value 

(+ 2.8 Z). In Fig, 14b, th= D2 field was adjusted to obtain the maximal inten

sity of S. In Fig. 14c, it was adjusted to favour the more neutron rich 

beams such as 3 6 p , 3 9 S and 4 0 C 1 . 

The efficient rejection of beams different from S isotopes can be appre

ciated by coraparing Fig. 14a and 14b, and also by comparing the very different 

compositions of the beams corresponding to Fig. 14b and 14c, which coexisted 

in the initial secondary beam, before rejection. 
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The 3 B S purity was again improved by reducing the Bp acceptance, 

as can be seen in Fig. lid. The charac.eristics of this ^ S beam are given 

in Table 5-. The corresponding bidimensional plot is shown in Fig. 15, and 

the associated energy spectrum is shown in Fig. 16. In these conditions, 

the production yield of ^St I s/I 0, was found to be 0.5.10""°. 

IV.5. Use of Au targets 

An attempt was made for producing a secondary beam from a gold target 

of 96 mg/cm2 . An example of bidimensional plot obtained, and the correspon

ding isotope distribution are given in Fig. 17. The situation is much mere 

complicated than for a Be target , because at least three charge states are 

present for each isotope, and because the distribution of the elements which 

compose the secondary beam extends to much lighter nuclei. Moreover, the 

total production ratio of the secondary beam, Is/I , is now of the order 

of 6.10~8f j_.e. 3 orders of magnitude lower than in equivalent measurements 

with Be Targets. This effect is due to several reasons : first it has been 

seen in section III.2 that Au targets are expected to be less efficient for 

isotope production through fragmentation process. Secondly, the angular dis

tribution associated with this process is probably less forward peaked for 

Au than for Be targets. Thirdly, the reaction Ar + Be may lead to an addi

tional production of secondary beams through nucléon transfer, the grazing 

angle being very close to 0° for this system. The presence of components 

such as ^Cly ~*'K and ^Ar in the secondary beams is evidence for the 

contribution of rhis process. 

The results presented in Fig. 17 show unambiguously that Be targets 

have to be chosen for producing secondary beams of isotopes close to 

stabilitv. 



V. SUMMARY AND DISCUSSION 

V.I. Results obtained with a 99 mg/cm2 3e target 

The characteristics of the main secondary beams produced in the 

present experiment with a Be target of 99 mg/cm2 are summarized in Table k. 

For each of them , the experimental conditions (Bp, AEp/Bp) are given 

in the first columns. The measured ratio Rm refers-to the production of 

the specified isotope in the secondary beam, i.e. is obtained by multiplying 

the ratio 1&/1Q by the relative abundance Ab of the considered isotope. 

— • The corrected ratio Re is obtained by dividing Rm by 

the telescope efficiency (1/3) which was estimated in sect. IV.2.1. The un

certainty in this Re value is estimated to ̂  50 % due to the uncertainty 

involved in the telescope efficiency estimation. 

The energy and energy width quoted in l'"jie 4 result from the Bp 

and ABp/ap values. The beam contaminants and their relative abundance are 

also given in Table 4. 



r 

V.2. Characteristics of secondary brims that can be obtained by Bp 

window adjustment 

From the isotopic distributions versus Bo given in Fig. 13 , the 

optimal conditions (Bp and ABp) for producing a given secondary beam can 

be determined. Obviously, the conditions corresponding to the best inten

sity will not be the same as those corresponding to the best purity (or 

r.o the best energy resolution). In Table 5 is presented a selection of 

experimental conditions leading to a good compromise between maximum pro

duction and purity of Che secondary beams. The Bp window has been sec at the 

indicated value, and the secondary beam characteristics (production ratio» 

abundance) have been calculated from Che curves given in Fig. 13 . it can 

be seen that the Bp window is much more widely open than in Table 4, a n d 

this results in a significant increase in beam intensity and energy width. 

However, the beam purity has been kept at a good level relative to Chat 

given in Table 4. 

It is interesting to note that, with the assumption of a primary beam 

intensity of 3.10 1 1 pps, intensities of 10 7 to 10 8 pps can be predicted for 

K , Ar and Cl isotopes. The intensity that could be obtained for -^S i s more 

difficult to estimate from the present data, but should exceed 10° pps. 

V.3. Effect of target thickness 

An increase of these numbers should be obtained by increasing the 

target thickness. In the present experiment, it was found that, going from 

a 45 rag/cm1 to a 99 mg/cm2 Be target led to an increase of the secondary 

beam production of about a factor of two. This means that the beam transmis* 

sion is not significantly affected by the increase of av.gular and energy 



stragglings due to the increase of target thickness between 43 and 

100 mg/cm2. Therefore one may hope that the use of a 150 mg/cm: target 

could increase the secondary beam intensities of about 50 % relative to 

the values of Table 5. It can be seen in Fig, 3 that the use of a target 

Lhicker than 150 mg/cm2 would lead to a mixing of the Bp domains corres

ponding to different beams, and this effect should limit the target 

thickness to approximately this value (150 mg/cm 2), if a relatively good 

beam purity is desired. 

V.4. Beam purification by using an intermediate dégrader 

Finally, the use of an intermediate dégrader between the magnets Dl 

and D2 has been investigated. In the present experiment, an Al dégrader of 

variable thickness was used. It was designed to reduce the energy spread, but 

lead to a loss of achromatism. It was very efficient for spurious beam rejec

tion. 

In order to preserve achromatism, a proper dégrader should not be 

uniform, but its thickness should be varied such as to keep the dispersion 

relationship Ax/(ABp/Bo)= 18 mm/% after .;he beam has gone through it. The 

efficiency of such a dégrader fc. spurious beam rejection depends on its 

mean thickness. From range energy tables (9), it can be estimated that, far 

a secondary beam of Z = 18, A = 40, and E/A = 34 MeV/u, an almost total rejec

tion of spurious beams of other elements would be obtained by Al degraders 

of about 100 mg/cm2 (for ABp/Bc = +_ 1.7 % ) . A simultaneous rejection of other 

isotopes of element Z would also be obtained. Thisrejection would be of about 

50 % for masses A+1 and A-1, and nearly total for all others masses. 

To be usable, such a dégrader should also preserve a 

sufficiently small bean emittance, so that the secondary bean could still be 

focused an a reasonable spot. This was verified in Ref. (7) for a 40 ng/cm2 
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Al degraders and a similar check has to be performed wi(th thicker degraders. 

If this teit is positive, it will be possible to achieve a vet y good beam 

purification by this technique. 

V.5. Conclusion , 

This wori' has shown that secondary beams can be produced from the 

interaction of 44 MeV/u ^°Ar projectiles with a Be target, transported over 

a distance of 18 m, and focused on a one cm diameter spot. The intensity 

obtained for beams which differ from the projectile by one or two mass units, ! 

is of the order of 10*5 - 10~6 that of the primary beam, with purities 

reaching SO Z. The study showed that this rate can be increased by one order 

of magnitude by setting properly the magnetic rigidity value and acceptance, ; 

leading to secondary beams of 10^ to 10° pps. These results confirm and extend _ J 

thofd obtained previously (5) with an incident beam of 84 MeV/u ^ 0 beam. " j 

They make it realistic to consider the possibility of using secondary beams 

for nuclear studies or for isotope production in the near future. 

We thank the GANIL crew for their cooperation, F. Geoffroy and 

Y. Georget for technical assistance, H. Gauvin who helped in the experiment, 

and G. Peaslee for careful reading of the manuscript. 
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TABLE CAPTIONS 

Table 1 : Characteristics of the LISE beam line. 

Table 2 : Comparison of production yields in various targets. 

Table 3 ; Charge state distribution of ^Ar projectiles after passing through 

Be and Au targets (from ref, (13)). The probability P£ is defined 

as the ratio of the number of particles of atomic charge i relative 

to the number of incident ions. These numbers are relative to 44 MeV/u 

incident Ar. 

Table 4 : Characteristics of the secondary beams produced in the present 

experiment. The symbols t^ and Re are defined in text (see sect.V.D; 

the relative abundance is denoted by Ab. 

Table 5 : Optimum secondary beam characteristics, calculated from the present 

data, for 44 MeV/u 4°Ar and a 100 mg/cm1 Be tgrget. (see text for 

svmbol definitions). 



Solid angle 

Maximum rigidity 

Dipole deflection angle 

Central trajectory radius 

Dispersion in focal plane 

Maxicuta slit aperture 

Corresponding maxinuni 

B« acceptance 

Total distance from target 

achromatic focal point 

TABLE 1 

If 

Target 

e 1 enien t 

Target thickness Reaction 

cross section 

(mb) 

Production yield 
Target 

e 1 enien t 
(mg/cm 2) (atom /cm 2 ) 

Reaction 

cross section 

(mb) 
for 10'' inci

dent ions/s 
(p.p.s.) 

Au 515 6.8 10 2 0 100 6.8 10 6 

Ni 140 1.4 10 2' 50 7 10 6 

Be 100 6.7 10 2' 50 3 10 7 

n = 1 msr 

Bo max = 3.2 Tm 

9 = 45° 

p = 2m 

D - <W100(ùBc/Bc> = IS nra 

S = - 50 Qua 
max 

* 2.717 Z 

TABLE 2 



TABLE 3 

T a r g e t 

EleraenC 
t 

(mg/cro*) 
P , 8 P 1 7 P 1 6 P , 5 \ 

18.1 0 . 9 9 9 7 H 0 . 0 0 0 2 (3 +1 .5 )10"* (2 + D I 0 - 6 ( 7 + 4 ) 1 0 - 9 

Be 4 4 . 5 0 .9996+0.0002 ( 3 . 5 +2 ) 1 0 " 4 (3 +1 .5)10-6 -
99 0.999 +0.0006 ( 1 . 2 + 0 . 6 ) 1 0 - 3 (2 .5+1 )10 -5 

• 

Au 39 .9 0 .85 +0.03 0 .14+0 .03 •v 1 0 " 2 

96 0 .89 +0.03 0 .11+0 .03 -



Secondary 

beam 

Magnetic r i g i d i t y Energy P r o d u c t i o n r a t i o V u r i t y 

Bp j^ABP/Bp E/A Ali/E Rm Re Ab Main contaminants 

(Tin) (MeV/u) 

4 ' K 1.782 •<• 0.28 Z 33 ^ 0 . 5 6 7. 0 .4 10"5 1.2 1 0 ~ 5 13 7. 3 a A r , 3 ' A r , 3 6 c l > 3 7 c l 

(22%) (35%) (3%) (62) 

3 8 A r 1.746 + 0 .28 7. 33 + 0 .56 7. 0 . 6 10~ 5 2 . 1 0 ~ 5 37 % *°K , 4 I K , 3 , A r , 3 6 c l _ 3 7 c l 

(7%) (9%) (18%) (5%) (5%) 

3 9 A r 1/816 + 0 .28 % 34 ^ 0 . 5 6 7. 2 . 1 0 - 5 6 . 1 0 - 5 54 % 4 0 A r , 3 6 C 1 , 3 7 C 1 , 3 8 C 1 , 34 s _ 3 5 s 

(18Z) (1.4%)(7%) (3%) (2%) (2%) 

3 'C1 1.972 + 0.5 % 35.8 + 1 % 1.5 1 0 - 5 5 . 1 0 - 5 84 Z 4 0 C 1 , 3 6 s _ 37 s 

(4%) (4.5%)(3%) 

3 a S " 2.004 + 0.4 % 34.4 -t- 0.8 % 0.5 10" 6 1.5 10~ 6 77 % 1 J 3 7 s > 39 S j 35 p > 36 p 

(9%) (3%) (6%) (2Z) 

1) For this secondary beam, an additional purification was got using a dégrader between Dl and D2, 



1 

Secondary 

beam 

Magnetic p u r i t y Energy P r o d u c t i o n r a t e P u r i t y 

Bp +_ ADp/Bp E/A AE/E R I s (pps) Ab. Main contaminants 

(Tm) (MeV/u) 

4 , K 1.77 +_ 1.7 Z 32 .5 J+ 3.4 Z 5 .1CT 5 1.5 1 0 7 14 Z 3 8 A r , 3 9 A r , *°Ar, 3 6 C 1 , 3 7 C l 
(28%) (40Z) (6%) (5Z) (77.) 

M A r 1.77 +_ 1.7 % 34. +_ 3.4 Z I 0 " 4 3 . I 0 7 28 Z 3 9 A r , *°Ar, 4 , K , 3 6 C 1 , 3 7 C 1 
(40%) (6Z) (14Z) (5Z) (7Z) 

3 9 A r 1.81 + .1 .7% 33.7 * 3.4 2 3 . 1 0 " 4 | 0 8 57 Z 
(8Z) (22%) (8%) (4%) 

3 yCl 1.945 +_ 1.3 Z 34.8 *1.6 % 10 _ Z | 3.107 72 Z 4 0Ar, 3 8C1, 4 0 C 1 , 3 6 S , 3 7 S 
(1.5Z) (7Z) (2.57.H14%) (25%) 

3 8 S 2.05 + 1.5 Z 36. + 3 % "M1.6 10"5 1-2.106 ^75 7. 



FIGURE CAPTIONS 

Figure 1 : Experimental set up : the LISE beam line. 

The symbols qi to q^, and Q 1 to QJQ refer to quadrupoles, Di, DT 

to dipoles. The target is denoted by T, the slits by S, the achro

matic focal point by F, and the telescope by TEL. Faraday cups are 

placed at points I» II, IV, V, and beam diagnostics (secondary 

emission and ionization chambers) at points I, II. Ill, IV and V. 

Figure 2 : Energy spread associated with finite target thickness 

Figure 3 : Calculated Bp domains, corresponding to various secondary beams 

a - for Be targets b - for Au targets 
The symbol t denotes the target thickness. 
For a given beam, the indicated region corresponds to the width 

associated with one standard deviation of the Bp distribution. 

Figure 4 : Magnetic rigidity domains associated with secondary beams 

produced through interaction of a 44 MeV/u Ar beam with a 

100 ag/cmJ Be target. The Bo domains correspond to one standard 

deviation. Vertical lines indicate the Bo values for various projec

tile charge states. The lower abscissa scale is relative to 

calculated Bp values. The upper scale corresponds to an experimental 

renormalization which takes into account the differences between 

tabulated stopping powers (Ref.(9)) and the experimental values 

determined in the present exDeriment (see text). 



Figure 5 : Beam profiles observed in II for a -"CI beam. The intensity 

i measured on each wire is plotted versys the wire position d. 

The symbols H and V denote the horizontal and vertical profiles, 

respectively. The slit, aperture is +_ 25 mm. 

Figure 6 : Variation of the secondary beam intensity measured with the 

telescope versus the intensity in dipole D2. The number of particles 

hitting the telescope per second I s is plotted versus the intensic-

in the correction coil C2 of the dipole. The upper abscissa scale 

is obtained by converting the quantity Ip^CA) into the beam shift d a 

the telescope position. The right ordinate scale is obtained by 

dividing the quantity Is by the primary beam intensity 

I a = 1.45 10 8 pps. 

Figure 7 : Influence of slit aperture on the beam profiles observed at the focal 

point F. The intensity i measured on each wire is plotted 

versus the wire position d.Note that the distance between two conse

cutive threads is equal to 1.5 mm for the horizontal profiles (H) , 

and to 1 mm for the vertical ones (V). Fig. 7a corresponds to 

a slit aperture of _+ 25 ram (ABp/Bp = +_ 1.4 %) and Fig. 7b to a slit 

aperture of _+ 1 mm (ABp/Bp =^0.056 %). 

Figure 8 : Best beam profile obtained in point F by adjusting the focusing 

conditions. The slit aperture is ̂  25 mm. 

Figure 9 : Beam purity measurements obtained for a 99 rig/cm2 Be target, 

and Bp = 1 .938 Tm 

9a. Bi-dimensional plot F.-AE for a slit aperture of +_ 25 mm 

(ABp/Rp = +_ 1.4 Z) 

9b. Same astFig. 9a for a slit aperture of ; 5 nun (̂ 3c/3o = 0.28 %) . 

9c. Isotopic distributions obtained by projection of the bi-

dimensional plot 9b. along the AE axis. 



beam compositions» obtained as in Fig. 9c (AE spectra) 

are shown for 5 different Bp values (in Tm). The ordinate scales co 

respond to arbitrary units* The most abundant isotopes which 

compose the secondary beams are indicated close to the. corres

ponding peaks. 

Figure 11 : Bidimensional plot AE-E corresponding to the best purity of a 
3 9C1 beam. 

Figure 12 : Same as Fig. 10 for secondary beams of ™Ar, 3"Ar and ^ K . 

Figure 13 : Production ratios for the most abundant secondary beams observed 

in the present experiment. For each of them, the corrected pro

duction ratio R c , defined as in sect.V.i,and corresponding to a 

Bp acceptance of +_ 0.28 % is plotted versus the magnetic rigidity 

value. 

secondary beam. The AE spectrum is plotted for B ^ = 2.055 Tm and 

for the following experimental conditions : 

a- No dégrader, ABjp/Bjp = +_0.56 %, B ?p = Bjp. 

b- Al dégrader, AB.jp/Bjp = +_ 2.8 %, B 2o = 2.005 Tm 

c- Al dégrader, AB.p/Btp = +_ 2.8 ", B 0p = 2.051 Tm. 

d- Al dégrader, ABjp/R^ = +_ 0.4 %, B 2P = 2.005 Tm. 

r'igure 15 : Bidimensional plot AE-E corresponding to the best purity of 

http://AB.jp/Bjp


Figure 16 : Energy spectrum of the -*°S beam. 

Figure 17 : Secondary beams produced with a 96 mg/cm2 Au target 

a- Biditnensional AE-E plot 

b- AE projection. 
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