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I. Introduction 

The availability of heavy ions in the intermediate energy range offers a unique 

opportunity for detailed explorations of this important transition region between low 

energy "binary" nuclear collisions and high energy multifragmentation processes. In 

the transition region (20 to WO AMeV) the projectile velocities are comparable to the 

characteristic velocities in nuclear matter such as the velocity of sound and the Fermi 

velocity of nucleons inside the nuclei. Overcoming those different thresholds may 

result in manifestation of qualitatively new mechanisms. The possible influence of the 

neutron excess (N/Z)p of projectiles and of the (N/Z)1 of targets on the production 

cross section of unstable nuclei also remains unknown. 

In the last ten years experiments have shown [1-4] that the large production cross 

section of projectile-like fragments at intermediate energies can be used to produce 

exotic nuclei with a high production rate and to form intense secondary radioactive 

beams. This permitted one to study the details of the boundaries of particle stability in 

the range of the lightest elements (Z<5) and to discover a number of new phenomena 

such as the neutron halo, multinucleon correlations, the violation of the order of 

filling subshells etc. It is expected that systematic investigations of the near-threshold 

anomalies in drip-line nuclei for heavier elements (Z>5) with larger "magic numbers" 

(N=20,28 etc.) can not only provide quantitative information, but also enrich our 

knowledge by discovering new phenomena in nuclei with the higher asymmetry of 

filling single-particle levels by neutrons and protons. 

At the same time the large production cross section of exotic nuclei and their 

forward focussing promoted the development of special magnetic channels which can 

reject intense primary beams reliably and to separate fragments effectively by the 

masses [5-7]. 
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In this report the parameters and present status of the wide aperture kinematic 

separator COMBAS [8], designed for experiments with intermediate energy 

projectiles of the U-400M cyclotron (FLNR JINR, Dubna), are presented. The 

COMBAS separator is planned to be used both in the mode of a high-resolving 

spectrometer for studying reaction mechanisms and in the mode of a prompt (in­

flight) separator in experiments on the synthesis and study of the properties of short­

lived exotic nuclei near the drip-lines. 

2. Magnetic separation of the products of heavy ion reactions 

2.1. Basic ion-optics 

While discussing the first-order ion-optics of a beam in a magnetic field we use 

the following coordinate frame, with the horizontal plane being the plane of the 

fragment separation 

X(s) = (x,0,y,¢,f.,ol, 

where x and y are the radial and vertical displacements of the ions off the optical axis, 

f. is the path length difference between the ion trajectory and the central trajectory s, 0 

and ¢ are the radial and vertical inclinations of the trajectory with respect to the 

optical axis, and 8 = 6. p / p0 is the fractional momentum deviation of an ion from the 

central axis. 

The equations for the beam dynamics are ordinary difference equations of the first 

order. So the transformation of the phase space coordinates may be written in the 

matrix form 

X(s) = R(s) · X(O), 

where X(O). is the vector of the initial values for the phase-space coordinates, X(s) is 

the vector for points. 

We imply no first-order coupling between the horizontal and ve~ical motions, so 

some of the matrix elements are identical to zero: 

Ru R12 0 0 0 Rl6 

R21 R22 0 0 0 R26 
0 0 R33 R34 0 0 

R=I 
0 0 R43 R44 0 0 

Rs1 Rs2 0 0 l Rs6 
0 0 0 0 0 
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R12 and R34 are the.sine-like particular solutions for the horizontal and vertical 

motions, R16 and R26 give the linear and ·angular horizontal dispersion for the off­

momentum particles. R51 and Rs2 give the path length difference for the cosine-like 

and sine-like trajectories with respect to the central trajectory. 

2.2. Resolving Power 

The momentum resolving power of the separator at the dispersive focal plane Fd 

is given by the linear dispersion at Fd divided by the horizontal beam width: 

R = Rl6(Fd) 
p • 

/lximoge 

The focal plane position is given by the zero value of the sine-like horizontal 

trajectory, 

R12(Fd)=O 

which is the beam point-to-point image, so the equation for the resolving power can 

be written in the following form in terms of the initial beam size and the 

magnification factor: 

R =~ 
p Rll tJ.x ob Jee I 

Next, to understand how to get the maximum resolving power, we use the 

invariant of motion, which for the point-to-point image looks like 

R16/ R11 = Rs2· 

Finally we have the following equation for the resolving power, with the path 

length difference for the sine-like trajectory as the quotient. 

R = Rs2(Fd) 
p • 

/l.xobject 

The resolving power is usually calculated for the beam .width equal to 1 mm, 

which makes it possible to compare different separators. 

This value can be calculated using the following equation as an integral along the 

central trajectory of the ratio of the sine-like trajectory and the bending radius of the 

dipole magnets: 
,.., 

R52 (Fd) = f R12 (s)/ p(s)ds. 
0 
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It is ?bvi?:~s, from th,e e9uation !hat the. ~ine-li_ke trajectory insid,~ .the bending 

magnet~ should .be i_ncreased in order to increase the resolving power. That is the main 
·,, . ,.... - . ,, ' 

co~cl~sion whh resp(:~t,to the resolving power .. .·.,, ', 

The sine-like trajectory can be .increased in various ways. The most commou one 
• •,' ·• • ·: I • •. • • ·,, c , ' • 

is to have quadrupole lenses installed ahead of the bending magnets. 

2.3. Momentum Acceptance 

The moment offse_t of a, fragment leaqs to the radial displacement of the trajectory 
I: J · • . . , •, .. l, ,., .. ,·. , . . 

off the optical axis by the following value 

dX(s)= R16 (s)c5. 

So,_an increase in the momentum spread of the accepted beam results in the radial 

aperture of the magnets being increased, which substantially increases their weight. 

There is another problem. The large value of the momentum spread gives rise to 

the nonlinear beam distortions, S?;called phromatk aberrations. ; . 

, How to C<?pe_ with ~~se ptoblen:is, w!uc,h limit. the momentum 1tcceptance o( the 

separator? The only cure is the use of low-dispersive optics for the device. This can 

preserve the rather moderate value of the dispersion function and maximize the 

resolving powt;r by minimizing the magnification factor. 

2. 4. Solid Angle Acceptf1nce .. 

The beam sizes within the separator can approximately be calculated in terms 

of the sine-like trajectories using the following equations 

x(s) =2R12 (s)0 

y(s) = R34 (s)¢ 

It should be pointed out that the horizontal sine-like trajectory should be rather 

large to produce the large value of the.momentum i;esolving power. So; increasing the 

solid angle acceptance of the machine;we increase the beam sizes. This results in the 

larger weight of the magnets, which.grows like fl, and the larger power consumption 

of the magnets, which grows like #. · 
Those two factors are technical limitations. There is a third ·one. ·Large· 

displacements off the channel .axis give rise to the so-called geometrical optical 

aberrations of the beam, which drastically distort the beam. Sometimes these 
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distortions can not be corrected by imposing the sextupole and octupole magnetic 

field component. It strongly depends on the first-order ion-optics design. 

2. 5. Energy of the ions 

The magnetic rigidity of ions is the only parameter, which determines their motion 

in a magnetic field. The magnetic rigidity B -p is linked to the particle energy through 

the relativistic equation 

A [E( El A)]
112 

B·p=K· Zu A l+ 2Mu 

in which B (Tesla) is the spectrometer magnetic field 

p(m) - the radius of curvature of the mean trajectory in the magnet 

Zu - the detected ionic charge of the particle 

E- the energy of the particle in MeV 

A - the atomic n~ber of the particle 

!i - the energy of the particle per mass unit A. 

Mu = 931.5 Me V the atomic mass unit 

K= (2Mu/c) 112 = 0.1438 

There are technical limitations (saturation of iron is one of the most important) 

which restrict the maximum magnetic field level for room-temperature magnets by 

the value of about 1.9 T. Only up to this level one can get the desired field 

configuration by means of the pole shaping. 

Fixing the field level and increasing the momentum of the ions, one gets larger 

and huger bending radii inside the magnets. This gives a rise in the channel length and 

the aperture of the magnets, which may result in some economical problems because 

the weight of a magnet is scaled like magnetic rigidity to the third power [(B ·pJ3] and 

electric power consumption is scaled like magnetic rigidity to the power of 2 to 2.5 

[(B·p/1o2.s]. 

2.6. Requirements for the Ion-Optics of the Separator 

Rs2(Fd) = 4000 (Resolving power) 

R12(Fd) = 0 (Point-to-point image) 

Ru(Fd) = ±0.4 (Low dispersive optics) 
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R26(Fd) = 0 (Achromaticity) 

Vertical beam waist at Fd 

3. COMBAS separator design 

LISE [5] had been the only achromatic fragment separator in operation at the time 

the COMBAS design was started [8,9). The ion-optics design of LISE was based on 

the traditional scheme using two bending magnets with uniform field distribution and 

quadrupole lenses for producing the desired resolving power and analyzing the beam. 

The A1200 fra~ent separator [6] and the RIPS fragment-separator [7] in general are 

similar to LISE. The enlargement of the parameters of the latest fragment separators 

[6,7) makes it necessary to use sextupole lenses to correct the nonlinear distortions of 

the beam. 

Our studies have shown that the further substantial enlargement of solid angle and 

momentum acceptances is not possible with the use of the traditional ion-optics 

design, because it leads to the great enlargement of the magnet apertures and gradients 

in quadrupole lenses, unachievable in room-temperature magnets, and nonlinear beam 

distortions become the main problem of the ion-optics. 

The design goals of COMBAS made it necessary to reconsider the ion-optic 

schemes used for fragment separators. The only solution seemed to be realistic was 

the us_e of low-dispersive optical schemes implementing magnets with combined 

functions of the bending and strong focussing of the beam. 

In the study of the nonlinear distortions and correction of the beam a method 

based on aberration theory [10,11} is used. In this method the canonical 

transformation of the particle phase space variables is expressed as a six-fold Tylor 

expansion using their initial boundary values: 

X; (1) = f k,+f'"• (x, I xf' ... x!• ~f' (0) .. .x!• (0). 
q-=l k1 .. .k6 .!::0 

The 6-dimensional vector X = (x1 ••• x6Y = (x,p,,y,py,£,<5f is the vector 

describing the location of a particle in phase space. 

In the linear approximation: 
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x:radial l 
y = vertical • displacements 

£=longitudinal 

p Y = ¢ canonical momenta. 
P, :0 l 

<5:!J.plp 

3.1. COMBAS design goals 

Resolving power 

Momentum acceptance 

RP :4000 

tJ.p =±10% 
p 

Solid angle acceptance of about 6.4 msr 

Maximum magnetic rigidity of ions 

0=±40 mrad 

¢=±40 mrad 

(Bp)max = 4.5 Tm 

3.2. Magneto-optical structure of the COMBAS separator 

The magnetic structure of the COMBAS in-flight separator with triple focussing in 

the final position (Fa) is formed by a cascade of eight magnets with nonuniform 

magnetic fields. Functionally, the M1M2M3M4FdMsM6M1MsFa magneto-optical 

configuration (Fig.la) is composed of two analogous sections (with four magnets M1-

M4 and Ms-Ms in each sections) placed symmetrically with respect to middle plane Fd 

(dispersive focal plane). The first section M1-M4, playing the role of a magnetic 

rigidity filter, provides the collection of the radioactive nuclei and the spatial 

separation of the nuclei from the incident beam (rejection). The second section Ms­

Ms compensates the dispersion due to the first section and analyzes nuclei at the 

achromatic focus Fa (Fig.lb). 

For the first time the ion-optics of the separator has been designed using the strong 

focussing principle, which was realized on the base of four 25° multipole analyzing 
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a) Magneto-optical sketch of the fragment-separator COMBAS; 

b) The horizontal X and vertical Y beam envelopes of the magnetic 

channel. The solid thick line is the contour of the o= ±10% momentum 

acceptance; the thin line corresponds to o = 0%. 
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magnets (M1M2 and M1Ms) with nonuniform magnetic fields arid of four 7.5° dipole 

correcting magnets (M3~ steering pair and MsM6 steering pair) [12,13]. 

3.3. Transfer.Matrices 

-0.36 0 0 0 0 153 

..:.0.014. -2.78 0 0 0 0 

R(Fd)=I 
0 0 .!.6.05 39 0 0 

0 ' 0 -0.014 -0.08 0 0 

-2.3 -436 0 0 1 -56 

0 0 0 0 0 

1 0 0 0 0 0 

0.01 1 0 0 0 0 

0 · 0 -0.06 -6.1 0 0 
R(F.)=I 0 

0 0.164 -0.06 0 0 

0 0 0 0 1 -119 

0 0 0 0 0 1 
' 

x,y, and R. in [cm] 

0 and ¢ in [rad] 

3.4. Correction of the aberration effects 

The ion-optics analysis shows that nonlinear effects substantially reduce the 

resolving power of separators using wide-aperture magnets. The main contribution to 

the beam distortions is made by the (x/xpx), (x/p2 x), (xf Pxo) second-order aberrations 

and the (xlp/), (x/p2 xo) and (xfpxo2
) third-order aberrations. In order to improve 

focussing properties of the bending magnets and to achieve the optimal minimization 

of the aberration effects, we divided the analyzing magnets in each section into two 

magnets M1M2 (the first section) and M1M8 (the second section). 

The compensation of the second-order and third order aberrations was fulfilled by 

three iterations. The required values for the correcting sextupole and octupole 

components of the magnetic field are provided by the special profiling of the pole 

pieces of the M1M2(M7Ms) magnets (the main first iteration). The correcting 

sectupole and octupole components of the magnetic field for the M3~(MsM6) 

magnets are introduced by two methods by the special profiling of the pole pieces and 

by providing the necessary curvature for the entrance and exit pole boundaries, which 
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effects the beam of particles as a thin sextupole and octupole lens. The final formation 

of the required magnetic field distribution is achieved by the fine tuning of the 

magnetic field with additional small correcting coils installed on the pole faces of the 

MtMs magnets (the third iteration). The latter iteration also allows one to minimize 

the effects of the degrader, the non-accuracy of the manufacturing of the pole profiles 

and the non-accuracy of the assembling of the magnetic channel. 

Careful numerical two (2D)- and three (3D)-diinensionaL simulations were 

carried out to provide the required magnetic field distributions and to analyze the 

fringe field in the end regions of the magnets [14]. The latter is especially important 

for the M3Mt(MsM6) magnets because of. their small length. The ferromagnetic 

saturation effects· were taken into account. When studying nonlinear beam distortions, 

we assumed that the particles were uniformly distributed in the volume, which was 

defined by the following inequalities 

x
2 

+ y 2 
:5 r

2
, r = 0.25cm} 

2 2 2 Uniform. p,+py:5p ,p=0.04rad 

The distribution by 6 was also assumed to be uniform within the limits 

c> E [-0.06,+0.06] 

By the three-coordinate manufacturing of the pole pieces, the high order aberrations 

were minimized in the M1-Mt(Ms-Ms) wide-aperture magnets. The complicated 

multipole structure of the M1M2(M1M8) magnets operating with the sign alternating 

magnitude of gradients demanded carrying out highly precise · three-component 

magnetic measurements (the future publication) to reproduce the real magnetic field 

distribution needed for the trajectory analysis of particles. The final processing of the 

entrance and exit boundaries for the M1M2(M1Ms) magnets is to be carried out 

according · to the results of the magnetic measurements. The results of the 

compensation in Fd plane of the most valuable second-order and third-order 

aberrations are shown in Table 1. 
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Table 1. 
Most valuable second-order aberrations 

Before After 

correction correction 

(xlxpJ -30.6 4.0 

(xi p;) -3236.0 -6.0 

(xi p,o) 377.0 1.24 

Most valuable third-order aberrations 

Before After 

Correction correction 

(xi P~) -11701.0 2557.0 

(xlp;o) -19107.0 -4649.0 

(x1p,0 2
) -6811.0 -1988.0 

4. Present status of the COMBAS separator 

4.1. Jon-optical parameters of the COMBAS separator and the parameters of the 

realized magnets 

In Fig.2 the real magnetic configuration of the COMBAS fragment-separator is 

shown, which is installed on one of the extracted channel beams of the U-400M 

cyclotron of FLNR JINR. 

The main ion-optics parameters of the COMBAS separator are listed in Table 2 

and the parameters of the magnets are given in Table 3; the coefficients characterizing 

the magnetic fields are shown in Table 4; the power consumption of the magnets is 

given in Table 5. 

11 
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Fig.2. View of the fragment-separator COMBAS at the experimental area of the 

cyclotron U-400M (beam direction from the left to the right). 



Table2 
The main ion-optics parameters of the COMBAS · 

fr agment-separator 

BPmax 
'•• 

... [T•m] 4.5 

Solid angle (maximum) [msr] 6.4 

Momentum acceptance (maximum). [%] 20 

Horizontal magnification in F d -0.36 

Vertical magnification in Fd -6.0 

Momentum dispersion [cm/1%]•> 1.53 
(in the linear aooroximatfon) ,., 

Momentum resulition [FWHMtl 4360 
, I 

Horizontal magnification in Fa 
" 

1 

Vertical magnification in,F~. 1 

Full length of the channel [from Fa to Fa] 14.5 

•> If the second-order and the third-order aberrations are taken in consideration then 
dispersive function for 20% momentum acceptance is described by the following 
square equation: X = I.53•o-0.03•ti2, where 8 =Ap/ Po 

b) Main object slit width = 1 mm. Second-order and third-order aberrations are taken 
into account. 

Table 3 
Parameters of the COMBAS magnets 

Parameter M1;Ms M2;M1 M3;M6 Mi;Ms 

Induction on the central trajectory, 1.125 1.125 1.5 1.5 

BPmax [T] 

Induction on the central trajectory, 0.875 0.875 1.167 1.167 

BPnomin [T] 

Radius of the central trajectory, 4 4 3 3 

p [m] 

Height of the gap along the central 12 10 6 6 

trajectory, h [cm] 

Width of the effective working area 40 80 60 50 

[cm] 

Deflection of the central trajectory 25° 25° 7.5° 7.5° 
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Table4 
Magneti~ field characteristics of the CO)\1BAS rI).agnets 

Coefficients of magnetic fields 

Magnet type n1 n2[cm-.i] n3 [cm4
] 

M1(Ms) 11.0024 0 l.67x10"8 

M2(M1) -6.752 -2.77x10"7 -4.02x10"10 

MJ(M6) . 0 6.69x10"7 -2.38x10"8 

Mt(Ms) 0 -2.62x10-{) -1.46x10"8 

N.B. The magnetic field in the median plane of the magnets is determined as follows: 

B = B0(1 - n1X/R + n2RX2 + n3RX3 + ... ), where X - the radial deviation from the 

centre of the magnet; R - the radius of the curvature of the central trajectory; B0 - the 

magnetic fields on the central trajectory; n1, n2 and n3 are the field indices 

corresponding to the quadrupole, sextupole and octupole field components. 

Table 5 
Power requirement for magnets M1_-Ms 

Nominal (kWatt) Maximum (kWatt) 

Magnet (BPN = 3.5 T · m) (Bpm = 4.5 T · m) 

M1(Ms) 32.0 63.0 

M2(M1) 30.0 60.0 

MJ(M6) 11.0 22.0 

Mt(Ms) 7.0 15.0 

Total M1-Ms 160.0 320.0 

The M1-M8 magnets are supplied by highly stabilized power supplies (better 

4-10"5). The vacuum pumping of the volume of the COMBAS separator is provided 

by eight turbopumps and is better 3.10·6 torr. 

The careful minimization of the main high-order aberrations permitted one to 

correct the orientation of the Fd dispersive focal line in such way that it is 

perpendicular to the ion-optics axis (to the central trajectory). This is important for 

positioning coordinate detectors in the Fd focal plane which measure the energy and 

angular distributions of fragments. In the COMBAS separator the Fd focal line is 

- expanded up to 40 cm length to achieve 25% total momentum acceptance. 

14 

Presented in Fig.3 is the calculated collection efficiency of fragments for the 

indicated magnitude of the angular and momentum acceptances versus the projectile-. 

like fragment mass produced in a fragmentation process at intermediate energy. Also 

shown in the same Fig.3 is the collection efficiency of nuclei for the main existing 

fragment-separators. The collection efficiency for different separators was calculated 

using experimental data on the energy ~d angular distributions produced in the 

interaction of 44 Me V /u 40 Ar projectiles with a 27 Al target [15]. 

The commissioning of all the apparatus complex [16] and the final testing of the 

parameters of the COMBAS separator using 14N and 12C projectiles with 40-50 

AMe V energies were completed at the end of 1997. The experiments showed a good 

agreement of the experimental results with the project calculations as well as that the 

collection efficiency of the COMBAS separator for short-lived nuclei near the drip 

lines which are produced with wide momentum and large angular distributions is 5 

and 10 times higher than those of RIPS (RIKEN, Japan) and LISE (GANIL, France) 

accordingly (Fig.3). The· main parameters of existing and COMBAS separator are 

listed in Table 6 for comparison. 

Table 6 
Comparison of Fragment Separators 

Device ~n [msr] ~p/p [%] Max. [T-m] Res. Power 

LISE 1.0 5.0 3.2 800 

FRS 0.7-2.5 2.0 9-18 240-1500 

A 1200 0.8-4.3 3.0 5.4 700-1500 

RIPS 5.0 6.0 5.76 1500 · 

COMBAS 6.4 20 4.5 4360 

4. 2. Diagnostic of incident beams and radioactive nuclear beams 

Detector systems for diagnostic of incident and radioactive beams are 

distinguished in accordance with the difference of the beam dimensions and 

especially the beam intensities. Different types of profilometric detectors are used for 

operation modes, namely, profilometers of high intensity (up to 1014 pps) for incident 

beams and of low intensity for radioactive beams. It is desirable that, for both of the 

modes, diagnostic detectors should be fully transparent for fragments (non-destructive 

beam) and permit one to measure the time-of-flight of fragments with the aim of 
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Fig.3. 
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Calculated efficiency of the collection of the fragments produced in 

fragmentation processes at intermediate energies versus the projectile-like 

fragment mass (AF/Ap). The efficiencies of the operating separators LISE 

(number I) and RIPS (number 2) and the designed COMBAS separator 

(number 3). 
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isotopic identification (by A and 2) and also to measure the coordinates of fragments 
, '. ,• -

with th~ aim of?Ieas~ement of the energy distribution of isotopes (d2cr/dEdn). 

In the high intensity mode (tunning regime of the separator) we use three types of 

profilometers; namel)'., special luminophoros with videocamers, which are positioned· 

behind each magnet including the Fd and Fa focal planes; Faraday caps and residual 

gas ionization <;ietectors [17]. The first two types of profilometers operate in 

destructive beam mode. ,Those can be taken away sequencely out of the path of the 

incident beam. The third profilometer (non-destructive beam) is positioned ahead of 

and behind the target position. We also use primary beam stoppers behind the M
1 

and 

M2 magnets, and in the Fd place, which operate simultaneously as Faraday caps. The 

target is also used to measure the beam current. 

In the mode of low intensity ~adioactive beam gas-filled counters (non-destructive 

beam) are used, namely, large aperture two coordinate (X, Y) avalanche counters. The 

(X,Y) coordinate detectors are positioned by pairs in Fd and ahead of the Fa focal 

planes. The pair of (X,Y) coordinate detectors operate as a track detector. In Fd two 

(X, Y) detectors are installed at a 170 mm distance after one another and ahead of the 

Fa focal plane two (X,Y) detectors are installed at 350 mm distance. 

At present the positional resolution of the profilometers is equal to 2 mm (step 

grid) in the Fd plane and 1 mm in the Fa plane. 

4.3. Degrader system 

It is known that a lot of nuclei produced in fragmentation reactions have the same 

magnetic rigidity. Using only a magnetic field, it is impossible to separate a 

monoisotope. The achromatic magnetic channel (fragment-separator) can easily be 

reorganized so as to be operated in the regime of an isotopic separator if the energy 

loss degrader located in the Fd intermediate focal plane will be used [18,19]. We have 

used the conception of "momentum-loss achromat" in designing the COMBAS 

separator. The crucial point for such a type of separation is the thin profile of the 

degrader foil. It's thickness should be chosen so as to provide a separation of isotopes 

of different sort, and simultaneously the profile should be optimized to preserve the 

achromaticity of the magnetic channel minimizing the energy and angular straggling 

of ions. The achromaticity of the degrader means that the dispersion matching before 

and after the degrader is not disturbed. It should be pointed out that the power of 
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rejection of an admixture depend strongly the relations of the intensities for separated 

isotopes. In these cases the needed rejection can be obtained by the special adjusting 

of the profile and the thickness of the degrader. For the wide-aperture COMBAS 

separator it presents additional technical problems of manufacturing a degrader of a 

very large size (X=400 mm, Y=70 mm) and of fine profiling in the case of relatively 

thin degrader foil. 

We have developed a computer code to provide degrader optimization and to 

study beam dissipative optics with a degrader. The beam optics before and after the 

degrader is treated using a matrix formalism including non-linear effects up to the 

third order. The passing of a beam through the degrader is simulated by the Monte 

Carlo algorithm -including stopping power data table. The material of the degrader 

was chosen to be aluminium to minimize the effects of secondary reactions and to 

provide the required accuracy of the degrader profile in manufacturing. The initial 

spatial distribution of ions was supposed to be uniform within the acceptance of the 

separator: x2 + y2:,:; r1- (r = 0.25 cm) and P! + P! :,:; p 2 (p=0.04 rad). 

The required separation of heavy isotopes 40Ar, 41K,. 39Ar, 37CI, 38Ar and 36CI 

produced in the reaction 40Ar (44 AMeV) + 9Be (99 mg/cm2) was realized for the 

following parameters of an Al wedge: the degrader thickness for the central trajectory 

is equal to 0.35 mm and the wedge angle is 0.8 rnrad [18]. Experiments on the 

optimization of the degrader profile are now being continued in the different ranges of 

fragment mass using different projectiles. 

4. 4 Detecting system 

The detecting system for the COMBAS facility consists of two types of counters 

fulfilling different functional purposes. 

The track (x, y) coordinate avalanche counters measure the (1'.x, 1'.y) position of a 

fragment in the F d plane ( or ahead of Fa), 1'.E/ 1'.x ionization stopping power for 

identification of the atomic number (Z) of fragment and a 1'.t short timing signal used 

for start - stop the TDC converter, which measures the (1'.T) time-of-flight of each 

fragment on the distance between Fd and Fa focal planes. The pair of the (x, y) 

counters determine the (1'.x1, 1'.y1, 1'.E/1'.x1, 1'.x2, 1'.y2, 1'.E/1'.x2, 1'.0x, 1'.<py) parameters of 

.the detected fragment. The 1'.x position together with the Bp magnetic rigidity 

determines the energy spectrum of a fragment (d2cr/dEdQ) and 1'.0x (in Fd) determines 
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The registrated two-dimensional isotopic distribution (1'.E3 (3.5 mm), E4 

(7.5 mm)) accumulated for 2% momentum acceptance (number I) and 

20% momentum acceptance (number 2). The magnetic rigidity was tuned 

to the optimal yield of the 11
•
12Be nuclei produced in the reaction 180 

(35-A•MeV) + 9Be (1 mg/cm2). 
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the angular distribution of the fragment ( da/dQ). The latter is based on the use of the 

angular magnification in the Fd plane (MFd:::: 2.8·60fo). It is important because at the 

zero-angle COMBAS installing it permits one to measure the precise angular 

distributions of fragments in condition of the total rejection of the intensive primary 

beam. In inverse kinematic reactions (projectile heavier target) the angular acceptance 

of the COMBAS separator scopes the full angular distribution of fragments in the 

CM. The 6E/6x parameter provides hard identification of the Z atomic number of the 

fragment. The accuracy of the 6E/ 6x measurement by the avalanche counter is better 

than 20%. The pair of the (x, y) detectors ahead of the Fa focal plane measure the 

orientation of the trajectory of exotic nuclei, which is important to study the elastic 

and inelastic scattering of unstable nuclei or to measure the angular correlation of the 

charged ejectiles of decaying exotic nucleus. 

The telescope of four (6E1, 6E2, 6E3, E4) silicon detectors positioned in the Fa 

focus is used in order to obtain correct isotopic identification of fragments by A and 

Z. (6T) time-of-flight measurement for the large momentum acceptance COMBAS 

separator is very important because the energy spectrum of.neighboring isotopes for 

the total energy acceptance (40%) can get mixed. The Fig.4 illustrates the real view of 

the distribution of events obtained as the sum of two dimensional (6E3, E4) plots for 

the same magnetic rigidity which were accumulated both for 2% momentum 

acceptance (number I) and 20% momentum acceptance (number 2). 

5. Outlook for the experimental programme 

The research programme consists of two parts: 

I. Study of the reaction mechanism in the interval of intermediate energies, 

especially, the Fermi energy domain. 

2. Investigation of the particle stability limits and a study of the properties of 

unstable nuclei near and beyond the drip-lines as well as mass measurements of 

exotic nuclei near the drip-lines. 

In the investigation of the reaction mechanism of the production of exotic nuclei 

we want to obtain the answers to the following questions: 

I. How rapidly does transition occur from the binary low energy regime to the 

multifragmentation high energy regime? 
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2. What, new phenomena may occur near the soundyelocity threshold and the ,Fermi 

·. velocity threshold? 

3. How do the neutron excess (N/Z)p ofprojec9les and the (N/Z)1 ofpirgets,influer1ce 

the production cross section o,f exot,ic nuclei? : 

4. , Why are weakly-bound nucJei produced with maximum cross, ,s!!ctions, at ~e 

energy of projectiles in the F.ermi ene~gy dorµain? What. inf14ence. have ,such 

collective nucleon effects as nuclear sound waves and the Fermi 11ucleon.rµotfrm? 

5. How are produced extremely weakly-bounded nuclei (nearly cold) in nucleus­

nucleus collisions with rather high intermediate energy? 

Using 180, 22Ne, 34·36S, 36·40Ar and 40·48Ca projectiles at intermediate energies 

(20+80 AMeV) and a 9Be light target and a 181Ta heavy target, W\: plan tq carry out: ,. 

L Near zero-angle measurements 9f energy, an.gular, isotopic and ,element 

distributions for both a projectile-like and target-like fragments; 
' . . . . . - ;. . 

2_. Study of the crosMection evolution depending on the projectile energies; 
. . ,. . . . : 

3. Study of the influence of the neutron, excess of projectiles and targets, 

Tpe a~ailabie experimental im,ormation is enough to study the details o,f the 
' • •, • > ,. i , 

evolution of the reaction me~hanism from the low energy "binary" regime to the high 
, , '.' ' ' · ' · • !; • i , t l 

energy multifragmentation regime. The experim,ental _infor.mafon to be obtained is 

important for choosing the optimal projectile-target combination r1eeded for the 

synthesis of unknown the drip-line nuclei P!e~icted by theopes. 

Then the research programme is to be concentrated on the direct synthesis of 
• ' • • . i ' 

unknownunstable nuclei along the drip-lines in the region of lightelements with 
. ' ; ' .. ' . . ·, ; .· 

Z<20 as well as on the. study of the properties of exotic nuclei near the closed shells 
• ' > '·,,. : • • •• • • ' • • 

N=20,, 2,8 for el~ments ~f the q-cl group. 

Experimentalists have observed the effect of large prolate deformation in the 31Na 

- 32Mg region, where one would normally expect to find a spherical shape for the 
. '. . .• . ' . ' 

ground state due to the completion of the N=20 closed shell. The fact that N=20 is no 
, ·• . . 7 J .• 

longer "magic" for such neutron-rich nuclei came as a complete surprise because this 
~ .-. .• '"· ' ' , . . . .. . . 

deformation could not have been pre.dieted from what had been known abo4t the other 
. . ,, . - .· . . . ,.· 

nearby. nuclei lying closer to the beta-stability line. If it is an overall trend for very 
. . '. . .. ; • . ,- i . f •• i. •. t:· ' . 

weakly-bounded nuclei, then we can expect maximum discrepancy between the . ' ·; . . :., ' -, " ,·. •. ;:· ,; 

theory and experiment for extremely unstable nuclei on the drip-line with the 

"co~on ~agi~,; shell of.N=20 and' ~8. The. effect of the enhan~~~~nt' of biriding 
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beyond magic shells is very important because the theoretical prediction of the 

position of the neutron drip-line may be mistaken, and then we can expect that the 

next heavier isotopes (beyond shells) are stable. 

We plan to synthesize the heaviest isotopes of the 0, F and Ne elements lying 

beyond the neutron drip-lines predicted by modern mass models. In these 

experiments, it is necessary to use· the fragmentation of the 48Ca projectile. Then 

comparison of the experimental data with the theoretical predictions for testing 

current mass models is to be fulfilled. 

6. Future developments 

The high intensity primary beams with 30-80 AMeV energy range, wide spectrum 

of accelerated ions ( especially rare stable isotopes 180, 22Ne, 26Mg, 34
•
36S and 48Ca) of 

the U400M cyclotron in conjunction with the COMBAS high effective in-flight 

separator offer unique possibilities for producing and forming high intensity 

radioactive nuclear beams. -This permits one to study th~ boundary of the particle 

stability in the light element range (with Z~30) and to start th<; systematic study of the 

structure of exotic nuclei and nuclear states with extreme N/Z value. 

As a new focal plane detector [20), we continue designing a multilayer drift 

chamber (in the regime of time-projection chamber TPC). As a multitrack detector, 

the three-coordinate drift chamber is to allow one to perform not only a three­

dimensional reconstruction of multiparticle processes with high space resolution but 

also to simultaneously realize multifold identification of the atomic number of all the 

fragments by dE/dx in each layer ofthe·sensitive volume. Moreover, the considerable 

sizes of the gas-filled volume, where the visualization of all the tr~cks of multi particle 

decays takes place, allow one to realize 4n-geometry registration both of an unstable 

nucleus and the products of its decay and, simultaneously, of the recoil protons (for 

example) which can appear in the case of the elastic and inelastic scattering of an 

unstable nucleus [21] on the hydrogen component of a target (when the chamber is 

filled with methane or propane). The TPC detector can operate in a magnetic field of 

up to 1.5 T with B II E. This property is very important because it permits one to 

-precisely measure the momentums of all the charged particles of multi track events. 
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We also plan to combine the COMBAS high effective in-flight separator (as a 

source of exotic nuclei) "on-line" with a high precision mass-spectrometer (Penning 

trap tandem) to measure the masses of exotic nuclei, which is of fundamental 

significance. At present a great quantity of unstable nuclei near the drip-lines have 

been identified but their ground state masses are unknown. Modern Penning traps [22) 

can determine the mass of a single ion with a high accuracy [M/.iM(FWHM)~l07], 

which permits one to separate the mass of the isomeric and ground states of exotic 

nuclei. 
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Apnox A.r. H np. 
illnpoKoaneJ)TypHLIH KHHeMamtJeCKHH cenaparnp KOMEAC, 
peaJJH30BaHHLIH Ha npHHUHne JKeCTKOH qJOKycHpOBKH 

E7-98-294 

B JUIP 0115111 cOJnaH BMcoKopa3pernaJOIUHH KHHeMamtJecKHH cenaparop KOMEAC 
c 60JJLlllHM yrnoBLIM n HMnyJJLCHI,JM aKcenraHCaMH JlJUI aqiqieKTHBHOro c6opa KOpOTKO­
JKHBYJUHX l!Jlep, KOTop1,1e noJJyqaJOTCll C lllHpoKHMH yrnoBMMH H 3HeprerntJeCKHMH pacnpe­
neJJeHHHMH B peaKUHllX C THJKeJJLIMH HOHaMH npoMeJKyrO'lHLIX 3Heprnii. BnepBLie B MHpe · 
Marnnroomn'leCKaJI KoHqinrypauull MarnnrHoro KaHana cenaparopa KOMEAC peanHJoBaHa 
Ha npHHUHne JKeCTKOH qJOKycupOBKH. CenapaUHH H rpaeKTOpHLIH aHaJJH3 tJaCTHU MarHHTHLIM 

I - B KaHaJJOM npOBOiIHTCll no rpeM napaMerpaM: MarHHTHOH JKeCTKOCTH p, HOHH3aUHOHHLJM 
norepl!M (A£/ M) B nerpanepe H apeMeHn npoJJera !ff auaJJH3ttpyeMLIX tJacmu. Cenaparop 
KOMEAC MOJKeT 6LJTI, aqiqieKTHBHO HCnOJJL30BaH KaK B peJKHMe BLJCOKopa3peIUaJOIUero 
cneKTpoMerpa )lllll H3YtJeHHll MeXaHH3MOB o6pa30BaHHll llnep, TaK Ii B peJKHMe 6Mcrporo 
BpeMllnpoJJeruoro cenaparopa B 3KCnepHMeurax no CHHTe3y H H3YtJeHHJO CBOHCTB Kopor­
KOJKHBYJUHX 3K30TH'leCKHX llnep B6JJH3H rpaunu llnepHOH cra6HJILHOCTH. 

Pa6ora BLIIIOJJHeHa B Jia6oparnpHH lliiepHLIX peaKUHH HM. r.H.<llJJepoBa 0115111. 

ITpenpmiT Om,en1111e1111oro IIHCTl!ryTa ll.[(epHLIX IICCJ!e.[(OllaJIIIU. Jly611a, 1998 

Artukh A.G. et al. 
Wide Aperture Kinematic Separator COMBAS Realized 
on the Strong Focusing Principle 

E7-98-294 

The COMBAS large solid angle and high momentum acceptance and high-resolving 
kinematic separator has been created at the Aerov Laboratory of Nuclear Reactions, JINR, 
to efficiently collect extremely short-lived nuclei near the zero angle which are produced 
in intermediate energy fragmentation reactions with wide momentum and wide angular 
distributions. For the first time the M
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tion of the COMBAS separator has .been realized on the strong focusing principle. 
The separation and trajectory analysis of particles by the separator are carried out by three 
parameters: the magnetic rigidity (Bp ), the energy loss difference in the degrader (A£/ at) 
and the time-of-flight (~7) of the analyzed particles. The COMBAS separator can be used 
efficiently both in the mode of a high-resolving spectrometer to study reaction mechanisms 
and in the mode of an in-flight separator in experiments on the synthesis and study 
of the properties of short-lived exotic nuclei near the drip-lines. 

The investigation has been performed at the Aerov Laboratory of Nuclear Reactions, 
JINR. 
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