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USING OF INTERNAL TARGETS IN THE NUCLOTRON 

A.S.Artiomov 

The poten tiali ties or investiga tion or nucleus-nucleus collisions on internal 
beams or the Nuclotron (a specialized superconducting strong-rocusing 
accelerator or nuclei at the LHE) are discussed. Emphasis is made on the 
impvrtance or the change or beam parameters as a result or ion- internal targe t 
in teraction. Analytical expressions ror the evolution or beam parameters are 
obtained. The target station , which was used in a rirst experiment at the 
Nuclotron, is described. The time change or the ion nux interacting with an 
in ternal target , which was controlled by means or target radiation, agrees wi th 
theoretical estimations. 

The investigation has been perrormed at the Laboratory or High Energies, 
J INR. 

l1cnOJJb30BaHHe BHyTpeHHHX MHWeHeH B HyKJJOTpoHe 

A.C.ApTeMoB 

06cy>KJiaKJTCII 110Tell~l1aJibllble B03MOlKIIOCTI1 11CCJieJIOBall1111 11Jip0-liJ1ep­
HbiX CTOJIKIIOBeHI1H llil BttyTpe111111X llY'IKaX 8 JlyKJIOTJ>OIIe (cne~I13JII1311po­

BaHIIOI'O cuepxnpo80JIIIll\ei'O lKCCTKO<jloKyCHpyiOtllCI'O yCKOp11TeJIII liJiep B 
• 1183). lloJI•tepK11BaeTCil Ba>KIIOCTb y•teTa 113Mettettl111 napaMeTpoo ny•tKa u pe-

3YJJbTaTe B3a i1MOJieHCTBI111 1101108 C BllyTpe1111CH MutUCIIbiO. Jlony•tCHbl 3H3JII1-
TI1 '1CCKI1e Bbtpa>KCH111l 380JIKJ~Ill1 napaMeTpou ny•tKa 80 opcMCIII1 . Or111caua 
CTaH~I111 BHyTpeH1111X MI1WCHCH, KOTOpa116blJia 11Cil0Jlb30Balla B nepBOM 3KCI1e­
p11MeHTe Ha HyKJJoTpoHe. I13MCHC1111e 80 upeMelll1 noToKa 11ottou, B3aHMOJiei1 -
CTsyKJmero C BHyTpettlleA MHWCIIbiO, KOIITJ)OJ111J)OBaJ10Cb 110 113JIY'Iell l110 MH­
WCHH 11 COrJJaCyCTCII C TeOpeTH'ICCKHMH O~eHKaMH. 

Pa6on BbtnOJJIIetta B J1a6opaTOp1111 DbiCOKHX 3tteprnA OHSIH . 

.l . Introduct io n 

At present we have a clear notion of the general picture of nucleus­
nucleus collisions over a wide energy range that makes it possible to plan 
confidently the development of accelerator facilities and to form 
installations on nuclear beams. Relativistic nuclear physics deals with the 
study of processes in which the constituents of nuclear matter move wi th 
relative velocities close to the velocity of light. The asymptotic character of 
such natural phenomena has played a decisive role in a detailed construction 
plan and cost estimate of the Nuclotron, a specialized superconducting 
accelerator of relativistic nuclei at the LHE of the Joint Institute for Nuclear 
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Research in Dubna (I J, This accelerator provides new possibilities for 
internal target technique. Taking into account a small vacuum chamber of 
the strong focusing machine, one can place detectors closer to the target and 
construct a setup with a solid angle approaching to 4.n. Choosing the internal 
target thickness, one can detect various products of the fragmentation of 
colliding nuclei and obtain information on them without deterioration of 
average beam luminosity (see below). This feature is important to record 
complete information on nucleus-nucleus collision. 

2. Internal target effects 

As a result of nucleus-internal target interaction, new partiCles are 
created and beam parameters are evaluated. Using the Courant-Snyder 
formalism (21 for transverse phase ellipses and taking initially the Gaussian 
distribution of ( Yi' Y/)-coordinates over ions in a beam, the following 

correlation can be obtained 

(l) 

Here () is the mean value over all the ions in a beam, Yi = X , Z are the 

horizontal (radial) and vertical (axial) displacements from the equilibrium 

orbit, respectively; (Y/ = Y7 + (aiYi + PiY/)2
; .ne~0)('1) are the emittance 

areas before ion-internal target interaction corresponding to '1 standard 
deviations in the distributions and enclosing a~ part of all ions in the beam 
('/ = I -+ ~ = 0.384, '1 = 2-+ ~ = 0.865, '1 = 3-+ ~ = 0.989); pi' ai' Di' 

.q', yi = ( l + a;)/ pi (see below) are the parameters of the accelerator at 

the target location. When a fast ion is nondestructible after the j-traversal of 
the internal target, the change 15 Y.' .of the trajectory slope and the relative 

I,J 

momentum deviation <5
1

= l\ pi I p take place. The deviation d Yi,j behind 

the target can be usually neglected. Assuming the number of betatron 
oscillations per turn Q. = m. In . (m . and n. are the whole numbers), 

I I I I I 

pi= mQi and using Twiss's transport matrices (see, for example, (3 J), we 

obtained the deviations 
"t 111-l 

<5Yi(ni) =Pi L (sinjpi) <5Yij+ Di L (cosjpi + ai · sinjp il <5j+t + 
j=l j=O 

Il-l 
i 

+ n; pi .L (sinj pi) <51, 
j=l 
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II . 
I 

<5 Y;'(n;) = L (cos j fl;- ai · sin j fl;) ·<5 Yi:j + 
j=l 

11;-1 

+ L [D;(cosjJ-l;- a;· sinjJJ.;)- Y;fl;sinjJJ.;l<5j+I' (3) 
j=O 

after an «elementary act» of ion-internal target interaction in the absence of 
oscillation damping (effect ni of target traversals and following turns). Here 

and below we suppose that ions traverse a homogeneous target every turn 
and residual gas effects are negligible. When the mean energy loss per target 
traversal is compensated by an appropriate synchrotron acceleration in the 
rf-cavity (recirculation mode of accelerator operation), the <5 Y;(n;) and 

<5Y;'(n;) distributions with the mean values of <5Y;(n;) = <5Y;'(n;) = 0 and 

their mean square deviations are independent of the «elementary act» 
number. Thus, from the fundamental limit theorem of probability theory, 
we can assume that the resulting (Y;, Y/)-distributions after many 

«elementary acts>> of ion-internal target interaction will be also Gaussian. 
From this and using correlation (I), the following expression on the 

evolution of transverse emittances e~N)(1J) can be obtained 

e~N)(1J) = e~O) + O.SN f3; 17 2 (<5 Y')2 + 

+ O.SN 17
2 

lr;fl: + 2ai D; If + /3;(11')2 
)<5

2
, (4) 

where N is the Number of target traversals, (<5 Y ')2 and <5 2 are the mean 
square deviations in angle and relative momentum after the target traversal. 

For small synchrotr.on oscillation amplitudes with Gaussian distribution 
in longitudinal (~ '1',<5)-phase space (~'I' is the rf-phase lag with respect to 
the 'I' s -phase of the synchronous particle) and from formal analogy between 

upright longitudinal and similar transverse (a; = 0) phase ellipses, one can 

obtain the following equation for the evolution of longitudinal emittance 

e~N)(1J) = e~O) + O.SN {31 . 172 . <52. (5) 

Here e~0) is the initial longitudinal emittance, {31 = 
= hv'(l s 12n p{3c)/(ZUcoS'/'

5
), h = wr1 /w

5 
is the hadronic number of rf­

cavity; w
5 

is the frequency of the synchronous particle turn, s = 
= <5 · ( ~ w I w) is the longitudinal dispersion of the accelerator, U is the volt-
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age amplitude of rf-cavity, p, {Jc, Z and are the momentum, velocity and 
charge number of the ions, respectively. For TJ = l and a;= 0 eqs.(4,5) 

coincide with the result of ref.(4]. 
For high energy ions Coulomb scattering, elastic (diffraction) and 

inelastic nuclear scattering in the target take place (see, for example, (5]). 
Therefore the resulting <5 Y.' .and <5 . distributions have a complex form and 

I,J J . 

depend strongly on the target thickness. The total cross sections of above-

mentioned interactions can be estimated by ae == 10-20 (ZI {3)2z0
413 (cm2 ], 

a ==a. and a. ==6·l0- 26 (A 113 +A 113)(cm2 ) respectively Here A is d Ill Ill 0 ' . 

the mass number of the ions, z0 and A0 are the charge and mass numbers of 

the target. Because of the large Coulomb differential cross section for small 
angles its scattering defines evolution of transverse and longitudinal beam . --- -
emittances. For thin targets the values (<5 Y ')2 and <5 2 in eqs. (4,5) can be 
obtained taking into account only single Rutherford scattering from a 
screened potential and the results of ref.(6) 

(<5 y ')2 ::::: 5. w-8 . t . Ao- 3(ZZoiY {32) 2 (ln(fJ I v7. f) I ) - 0.25), (6) em mn 

(7) 

Here y = (l - {32
) -o.s, t is the target thickness (gl em 2 

], 0 min == 

== 2.8 -l0-6Z0
113 I ({3 y A0) is the atomic screening angle of the target, 

0 em == 2.3 ·l0-3zz01 1{32y A(A 113 + A~13) 1 is the maximum angle of the 

Rutherford scattering determined by nuclear radii of an ion and a target. 
The growth of beam emittances, inelastic nuclear scattering and large angle 
elastic scattering in a single ion passage through the target lead to the beam 
losses. If we take into account only first channel the following expression of 
the time evolution of the circulating beam intensity (in relative units) can be 
obtained 

1t(r) = TI 11; = TI lerf(TJIV'f;)lerf(tJ) 12, (8) 
j j 

where~;= E~N)(TJ)I A; 2: l, 11; (r) = l otherwise, r = NPI{Jc, A; is the ring 

acce(ltance in X or Z directions, erf(x) is the error function and P is the ring 
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circumference. This result agrees with the more complex expressions in 
refs.(3,4 ), where the Fokker- Planck method is used. Taking into account 
only angular scattering, the total cross section, which leads to the loss of the 
ion in a single passage through the target, is obtained as 

a = O.Sa (0- 2 + o-2- 2fJ- 2) + t e xa za em 

+ 0.5a;
11 

(4 - erf (0 xa I 2fJ d) - erf (0 za I 2fJ d) ). (9) 

Here o;a"" A; /1cf3; (i = x,z), ()d"" 0.15(A(y2
- 1)0·5(A113 + A~/3))- 1 , 

and Gaussian approximation of the central maximum of the plane 
diffractional nuclear scattering is used. In eq. (9) we must assume Oia = 0 em 

when Oia >()em· Depending on the collision energy and the type of colliding 

nuclei, in eq. (9) the different terms dominate. The combination of eqs. (8, 9) 

yields to the following expression of the time evolution of the circulating 
beam intensity 

I(r) = /1(r)·exp(-r/T), (10) 

where T = PA0 / (6 · 1 023t {Jc a1). For estimation of the beam lifetime (T,) the 

expression I 1(r) can be approximated by exp(-r/Te/) starting from the 

minimum time f; corresponding to~; = 1. Thus one can assume 

T :::: er 1 
{ 

T I (I + TIT .,) if min r . < T; 

b T otherwise; 
(11) 

where T / Tef = aef /a1, aef is the effective cross section of the ion loss 

depending on the beam emittances and the accelerator parameters (see 
eqs.(4-8)). The luminosity is the product of a beam current and a target 
thickness averaged over time. Taking into account eq. (II), the luminosity 
Le averaged over the cycle time Te of the accelerator (T e > T,) is equal to 

Le = No! (Te(a, + aef) ), (12) 

and independent of the target thickness. Here N0 is the number of the 

storage ions before ion-internal target interaction, aef = 0 or~ 0 according 

to the condition in eq. (II). The equivalent target thickness for an external 
beam is defined as 

Ao 
2 - • 

teq (g/cm I- 6·1023(a, + aef) 
(13) 
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3. Target station arrangement 

The linear area of the Nuclotron with an internal target stati n is the 
installation with its own independent vacuum pumps. It can operate both as 
a part of the beam transport line of the Nuclotron and independently of it 
when the accelerator is off. The independent vacuum pumping and 
dismountable design of the station allow one to change functional 
possibilities of this installation operatively and without an influence on the 
vacuum and cryogenic systems of the other Nuclotron areas. We can realize 
the mounting of the next batch of internal targets or elements for following 
irradiation on the internal beam of the Nuclotron and also the total replace­
ment of the station for another experiment. Thus, at this installation one can 
use various types of internal targets (foils, thread-like, jets, beams, etc.), 
test new methods of beam diagnostics and realize certain experiments 
analogous to those with a solid angle approaching to 4.n on an external beam. 
Taking into account the supposed beam intensities in a first stage of 
operation (see (I J), emittances and parameters of the N uclotron (see (7 )) , 

one can expect the following mean luminosities (em - 2s -I ): 

Lc(d ... I A· GeV) ::::: 4 ·1033(C, CH 2), 7 ·1032(Cu), 1032(A ); · 

Lc(d ... 6 A·GeV)::::: 4 · 1033(C, CH 2), 2·1033(Cu), 103\A ); 

L/ 2C-+ I A:GeV)::::: 4·1032(C, CH2), 1032(Cu), 2 · 1031 (Au); 

L/ 2C ... 6 A·GeV)::::: 6·103\C, CH 2), 3·1032(Cu), 2 · 1032(Au); 

Lc(
40Ar ... I A·GeV)::::: 2·1030(C, CH 2), 6·I029(Cu), 1029(Au); 

Lc(40C ... 6 A·GeV)::::: 2·I030(C, CH 2), 1030(Cu), 6·1029(Au). 

At the first run we used the target station made of two crossing cylinders 
of the beam transport line and a larger diameter cylinder with three internal 
targets. The dimensions and wall thickness (0.5 mm) of the station are 
optimized to detect second particles by external detectors with a maximum 
solid angle and minimum losses. The foil targets of CH2 (1.6 ,_,m thickness), 

Cu (0.55 flm) and Au (I. 7 flm) are hanged up by 9 I-'m diameter quartz fibres 
in the C-shaped frames mounted vertically on the table rotating by means of 
a step motor with a high precision. Extraction of all frames with the targets 
from the beam transport" line, choice of a necessary target for experiment 
and control of its spatial position relative to the transport line axis are 
realized by means of an electro-optical device constrained with the rotation 
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axis of the table and the distant control system of the step motor. It allows 
the target to be introduced into the beam on a controllable depth and time 
exposition distantly and at a determined time moment relative to the 
beginning of an ion acceleration cycle. The upper dismountable flange of the 
station is used to change the frames with the targets. It has a window for 
visual control on the targets in adjusting and two branch pipes for placing 
detectors in vacuum. 

In a first experiment at the Nuclotron with a deuteron beam several 
liE - E scintillation telescopes are used to detect secondary protons and 
deuterons. To control the intensity and lifetime of a part of the deuteron 
beam interacting with the target, the radiation of the target material is used. 
The radiation is detected through the window by a photomultiplier tube and 
by a tandem-microchannel-plate detector in vacuum. The obtained 
oscillograms indicate the time structure of the coasting beam, and a 
decrease of intensity in time agrees with theoretical estimations for the used 
targets and deuteron energy (200 MeV). While adjusting the acceleration 
mode at the Nuclotron (the absence of targets in the beam transport line), 
radiation signals corresponding to the bombardment of the station wall by a 
part of the deuteron beam were episodically observed. 
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ON NUCLEAR REACTION STUDIES AT NUCLOTRON 

A.M.Baldin, S.V.Afanasiev, Yu.S.Anisimov, V.V.Arkhipov, A.S.Artyomov, 
V.K.Bondarev, O.V.Egorov, A.F.Elishev, V.I.Ilyushchenko, A.Yu.Isupov, 
V.A.Kashirin, A.N.Khrenov, V.I.Kolesnikov, A.D.Kovalenko, 
V.A.Kuznetsov, A.G.Litvinenko, A.I.Malakhov, P.K.Maniakov, 
E.A.Matyushevsky, G.L.Melkumov, I.I.Migulina, T.M.Mironova, 
A.S.Nikiforov, V.A.Nik.itin, P.V.Nomokonov, V.G.Perevozchikov, 
V.I.Prokhorov, S.G.Reznikov, A.Yu.Semenov, A.B.Shabunov, 
V.A.Smirnov, P.I.Zarubin, I.Atanasov•, I.Ivanov•, V.N.Penev• 

The first run at the new superconducting accelerator Nuclotron has been 
carried out in July 1993. The experiment was prepared by SPHERE and SYaO 
collaborations. The beam of deuterons was accelerated up to 2QO MeV per nuc- . 
leon. The spectra of secondary particles were measured using TOF and 6. E - E 
techniques. The results of this run indicate good perspectives to carry out expe­
riments at internal target. 

The investigation has been performed in the Laboratory of High Energies, 
JINR. 

TiepBbl.e 3KCnepHMeHTbl. 00 H3y"'eHHIO ~epHbi.X peaKU,HH 
ua HyKJJoTpoue 

A.M.B~HH H ~p. 

8 HIOJie 1993 I'O):Ia npose):leH nepBbiH ceaHC Ha HOBOM CBepxnpOBO):IliU\eM 
yCKOpHTeJJe HyKJJOTpoH. 3KCnepHMeHT IIO):II'OTOBJJeH H npoBe):leH KOJIJia6o a­
ll,HliMH C<l>EPA" c~o. ny'loK Aei1TpoHos 6biJI ycKopeH AO 200 M3B/HyKJJoH. 
C IIOMOII.\biO BpeMllllpoJJeTHOH H 6.£-£ MeTO):IHK 6biJIH H3MepeHbl cneK1pbl 

BTOpH4HbiX 'laCTHU,. Pe3yJibTaTbl CeaHCa IIOKa3aJIH HaJJH'IHe XOpoWHX nep­
cneKTHB ):IJ!ll npoBe):leHHll 3KCnepHMeHTOB Ha BHyTpeHHeH MHWeHH. 

Pa6oTa BbiiiOJJHeHa s Jla6opaTOpHH _BbiCOKHx 3Heprni1 011~11. 

In July 1993 the LHE performed the first experimental run a t the new 
superconducting accelerator Nuclotron. The programme of the experiments 
at this machine covers a wide range of problems in relativistic nuclear phy­
sics (see ref. ( 1 )) . The main goal of experimental efforts is the study of the 
quark-gluon degrees of freedom in nuclei. 

*I.nstitute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria 
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Fig. I . A schematic view of the experimental setup 

In this note we report the results of the first experiment with internal 
target at the Dubna Nuclotron. 

The experiment was prepared in the framework of SPHERE and SYaO 

collabOra tions. We ·measured products of interaction of a deuteron beam at 

the internal target. A schematic view of the setup is shown in fig . I. 
The experimental arrangement includes: 

-An internal target station. The station operates with polyethylene, copper 
and gold foils with thickness 1.51, 0.55 and I. 72 .urn respectively. Relative 
target-beam position is controlled by means of a step motor with high 
precision 12 ). 
- A beam monitoring telescope MI-M3. The telescope consists of three 
scintillation counters, with dimensions 3x3x0.5 cm3

, 4x4x0.5 cm3 and 
7x7x0.5 cm3. 

-Two lx l m2 scintillation hodoscopes. 
- 36-channellead glass Cherenkov EM calorimeter. 
- A detecting telescope. It is composed of four scintillation counters 
Sl-S4 with dimensions of 2x2x0.5 cm3, 3x3x0.5 cm3, 4x4x0.5 cm3 and 
7 .5x7 .5x65 cm3, respectively. The telescope axis is rotated with respect to 
the beam direction by 29± I·. The distance between S2 and S3 is 0.5 m, the 
angular acceptance is about w-3 sr. 
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FIJ.2. An example of a beam spill of NUCLOTRON at Internal taraet 

The power supply of detectors was provided by means of the special 
high voltage power subsystem (3 ). 

4200 triggers were recorded on polyethylene and empty targets. The 
statistics of events on copper and gold targets is very small due to a dramatic 
decrease in the primary beam lifetime for targets with large atomic weight, 
A. The measurement~ were taken on increasing the magnetic field of the 
accelerator at the maximum beam energy 100 and 200 MeV per nucleon. 
The intensity of the primary beam was (2+3) ·109 deuterons per spill. An 
example of a beam spill is shown in fig.2. The rate of beam interactions as a 
function of magn~tic field of the accelerator is presented here. 

Secondary particle identification is performed using the TOF 
information between S2-S3, de-energy loss in S2 and total energy loss in 
S4. Fig.3 presents the measured dE-E spectrum of secondary particles 
emitted in the collisions of deuteron beam with polyethylene target. Each 
event contains two kinematic characteristics for a secondary particle -
velocity and kinetic energy, therefore we can reconstruct the mass 
containment of secondaries. The mass distribution for the first run with the 
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Fig.4. Mass distribution of secondaries 

beam energy 100 MeV per nucleon is presented in fig.4. Secondary protons 

and scattered deuterons are identified in a quite reliable way. Fig.S shows 

the experimental spectra for protons and deuterons. The detection 

thresholds were approximately 25 MeV for protons and 38 MeV for 

deuterons. 
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We conclude that homogeneous interactions of an internal bea m-with a 
thin target are available now at Nuclotron. This indicates also at the 
possibility of carrying out future experiments at internal targets 
simultaneously with the active beam extraction facility. 
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FREE FERMION SOLUTION FOR DIMER PROBLEM 

R.Hayn• , V.N.Piechko 

T he new noncombinatorial approach to the dimer problem based on integra­
tion over fermionic fields is presented . The partition function of the closed­
packed dimer model on the inhomogeneous rectangular lattice is obtained in the 
form of the Gaussian integral over Grassmann variables. 

T he investigation has been performed at the Laboratory of Theoretical Phy­
sics, JINR and Max Planck Institut f!lr Festkorperforschung, Stuttgart, 
Germany. 

Pewenne 3aAa'tH AHMepos n cso6oAHble q,epMHOHbl 

P.Xaun, B.H.nneltKO 

pe,!VIO>KeH HOBblil HeKOM6HH8TOpHblil nOAXOA K 3llA8'le AHMepoB, 
OCHOBBHHblil H8 HHTerpHpo&aHHH 110 <j)epMHOHHblM llOJIIIM. }J..nll CTaTHCTH'le­
CKOA CYMMbl llJIOTHOYI18KOB8HHOil AHMepHOA MOAMH Ha lteOAHOpoAHOH npii ­
MOYI'OJibHOH peweTKe H8ilAeHO Bblpa>KeHHe B BHAe rayCCOBCKOI'O HHTerp8Jia no 
rpaCCM8HOBbiM nepeMCHHblM. 

Pa6ora BblllOJIHeHa a Jla6oparopHH reoperH'leCKOH 4>H3HKH OHSIH H a 
1111CTHTyre TBepAOI'O TMa 0611\ecrua MucaJlJiaHKa, Wryrrapr, repMaiiHII. 

I. Introduction 

The closed-packed dimer model on the homogeneous rectangular lattice 
was first solved by Kasteleyn II I and Temperley and Fisher (2 1. Besides its 
importance for the understanding of the dimer combinatorics itself, this re­
markable solution has contributed much to the theory of the 20 Ising model 
and the other lattice problems in statistical mechanics (3-5 1. The dimer 
models have also found physical applications in different branches. We 
mention here the connection of the dimer problem on the hexagonal lattice 
16 I to commensurate-incommensurate phase transitions due to a domain­
wall analogy (7 ,8 ]. This also provides us with a model for the Pokrovsky -
Talapov phase transition (9 1. The second line of interest arises from the 
RVB theory of high-T c superconductivity (I 0-12 ]. The classical dimer mo-

del is here a structural ingredient of the theory to describe the short range 
resonating valence bond state (II, 12 ]. The important feature of the dimer 
model is its fermionic nature. Kasteleyn (I ,6] used combinatorial argu-

•Max Planck Institut fUr Festkl!rperforschung, 7000 Stuttgart 80, Germany 
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ments to show that the statistical sum of dimer problems can be expressed in 
terms of 'Pfaffian forms. In retrospection, this already suggests the 
fermionic nature of the problem. The combinatorial fermionic analysis of 
the problem has been performed later on by Samuel 113 I and Abanov 114 ). 
However, the combinatorial approaches are rather complicated and differ 
significantly from the methods commonly accepted in solid stat physics 
where the dimer models have found recently important applications. 

In this note we present a new constructive solution for the 20 dimer 
problem based on the Grassmann variable (fermionic) integrals and facto­
rization principles for the density matrix. The approach is straightforward 
and very simple, combinatorial considerations are not needed. We present 
the basic ideas of fermionization by an example of the rectangular inhomo­
geneous lattice. For this lattice, we derive a representation for the partition 
function in the form of a Gaussian fermionic integral. This means that the 
dimer model is equivalent to the free fermion field theory on a lattice. The 
principal point of the solution is the mirror-ordered representation for the 
dimer density matrix. At this stage we apply the ideas first developed in the 
context of the 20 Ising model liS). 

2. The Closed-Packed Oimer Problem 

We consider the closed-packed dimcr problem on the inhomogeneous 
rectangular lattice with free boundary. The lattice sites mn are numbered by 
discrete Cartesian coordinates m = I, 2, ... , M and n = I, 2, .. . , N running 
in horizontal and vertical directions, respectively. The dimers are objects 
living on lattice bonds. The given bond may be either free or covered by a 
dimer together with the two adjacent lattice sites. A closed-packed dimer 
covering is such that each lattice site is occupied by exactly one dimer. The 
lattice must have even number of sites to be covered completely in a closed­
packed fashion since each dimer covers exactly two sites. An example of a 
closed-packed dimer configuration for a rectangular la ttice is shown in 
Fig. I a. We will associate the horizon tal bond ( mn I m + In) and the vertical 

bond (mn I mn + I) with the site mn, as it is shown in Fig. I c. Let t~~~ be the 

weight of the horizontal mn-bond covered by a dimer, analogously we define 

the weight~~~ for the vertical mn-bond, see Fig.lc. The weight of a free 

bond is I. The Boltzmann weight of a configuration is the product of the 

activities t~~ (a = I ,2) of all occupied bonds and the partition function Q is 

the sum over all possible closed-packed configurations. This partition 
function (or generating function in combinatorial interpretation) is the main 
subject of interest. 
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The formal combinatorial definition for Q can be put in a more construc­
tive form as follows (also see ( 16]). With each lattice site mn we associate 

the commuting nilpotent variable rJ 
11111 

with the property 'f/~111 = 0 and write: 

M N 

Q - s n n (I + p>... ... >(I + t<2>... ... > o> - p 11111'1 11111'1 111+ I II 11111·1 1111(1 11111+ I ' 
('I) m=l 11=! 

with the free-boundary conditions: rJ M+ 1 11 
= rJ 

111 
N+ 1 = 0. The averaging 

over separable rJ nlll variable is here defined as follows: 

Sp (IIrJ 11111 I'Y/~111 IrJ!111 IrJ!111 I ... ) = (OiliOIOIOI ... ), <2> 
('lmn) 

and the total averaging in (I) involves the 
averagings over rJ 

11111 
at all sites. By mul-

tiplication of the factors in the <<density 
matrix>> in (l) we get a polynomial in rJ­
variables in which the given rJ 

11111 
variable 

enters up to the fourth power. To fulfil the 
dosed-packing condition we have to pick 
up only the terms in which each of the va­
riables,., is presented in the first power. • • , ff lll • 

This is just realized by the selection rules 
(2) . Our goal is now to pass from the com­
muting variables rJ to the anticommuting 
Grassmann variables a with the corres­
ponding change of averaging. The point is 
that the Grassmann variables are «good>> 
variables , with many plausible proper­
ties, and we know how to extract numbers 
from the Grassmann-variable expres­
sions, which is not the case for the com­
muting nilpotent rJ-variables. 

Fig. ! . a) The closed-packed dimer covering for a rec­
tangular la ttice. b) A fragment of brick lattice, such a 
lattice is topologically equivalent to hexagonal lattice. 
c) Enumera tion of sites and bonds on a rectangular 
cell 
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3. Grassmann Variables 

We remember that the Grassmann variables are classic fermionic 
numbers purely anticommuting to zero. Given a set of Grassmann variables 

a1 , ... ,aN, we have aiai + api = 0, aJ = 0. The Berezin's rules of integration 

over one variable are ( 17 ): 

f da .·l = 0. 
J 

(3) 

In the multidimensional integral the differential symbols da1 , .. . ,daN are 

again anticommuting with each other and with the variables. The basic for­
mulas of the Grassmann-variable analysis are for the Gaussian fermionic 
integrals ( 17 ). The Gaussian integral of the first kind is related to the 
determinant: N N 

N L ,La;A;F; 

f n • i•l j•l da . da. e = det A, 
j=l J J 

(4) 

here {ai, a;} is a set of completely anticommuting Grassmann variables, the 

matrix in the exponential is arbitrary. The Gaussian integral of the second 
kind is related to the Pfaffian form of the skew-symmetric matrix: 

I N N 

2 L L a;A;.a· " (5) 
f ' 1'1 II p ff daN ... da2da1 e •= 1= = fa A, Aij = - Aii . 

The Pfaffian form is some combinatorial polynomial in element Aii known 

in mathematics for a long time ( 18 ). The Pfaffian and detenni ant of ~he 
associated skew-symmetric matrix are algebraically related : detA = 
= (Pfaff A)2. This relation can be most easily proved in terms of the fermio­
nicintegralslike (4) and (5) (13). 

Let it be given two Grassmann variables a and a•. The elementary 

Gaussian exponential is laa· = 1 + Aaa• (the series terminates since 

(aa•) 2 = 0). Making use of the basic rules (3), for the complete set of the 

Gaussian averages we find: J da•dalaa·{l,a,a\aa•} = {A,O,O,l}. Note 

that the linear terms give zero result as a consequence of J da/ l = 0. We 

can then factorize the typical dimer weight in (l) as follows: . 
1 + trj1]' = J da•dae00 (l + ta17) (1 + a•r/'). (6) 
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We will apply the factorization like (6) in order to pass in (1) from the com­
muting q-va riables to the anticommuting Grassmann variables. 

4. Fe r mionization 

We firs t factorize the local weights from (1) following (6). T0 this end, 
we introduce a set of purely anticommuting Grassmann variables {amn' 

a;,,,, b
11111

, b;
111

,}, a pair per bond, are write: 

( I) I • a a· I + t = da da e mn mn X 
11111'7 11111'7 111+ I II IIIII IIIII 

X (I+ P>a n ) (I + a• n ) = Sp A A• (7a) 
IIIII 11111'1 IIIII 11111'1 111+ I II IIIII 111+ I 11' 

(amn) 

(2> I . b b. I + t = db db e mn mn X 
11111'7 11111'7 Ill 11+ I 11111 IIIII 

x (t+P)b n )(l+b. )=S B s· (7b) 
IIIII 1111(1 IIIII 11111'7 Ill II+ I p IIIII Ill II+ I ' 

(bmn) 

where we introduced the abbreviated notation for the arising Grassmann 
factors: 

A = I + P>a n 
IIIII /Pill 11111'1 IIIII' 

A• = I + a• 
111+ I II 11111'7 111+ I 11' 

B =I+ p>b 
IIIII IIIII 11111'7 /Pill' 

s• = 1 +b. 
111 11+ I 11111'7111 11+ I' 

(8) 

. 
and by Sp we denote Gaussian averagings like I da•daeaa ( ... ) and 

I db• db ebb• ( ... ) as is clear from above. Note that the indices mn of the 
Grassmann factors in (7)-(8) are chosen to be equal to the mn indices of 
the q-varia bles involved in the corresponding factors. 

There are in general the four factors A
11111

, A;
1111

, 8
11111

, 8;
1111 

with a given 

index mn, which all involve the same variable '7,
111 

associated with the mn­

site of the lattice. The idea is to group together the four factors with the same 
'7,

111
-variable and to perform the q-averaging in each group of factors inde-

pendently The obstacle is that separable factors (8) are neither commuting, 
nor anticommuting with each other. Thus we have to make a special con­
sideration of ordering in the products of noncommuting factors . 
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To solve this problem, we will use a special arrangement of the Grass­
mann factors. The two main principles are illustrated here by tutorial 
examples: 

and 

(xl XI) (x2x2) (x3x3) = (xl (x2(x3x3) x2) XI) = X I x2x3. x3x2xl. (I 0) 

In (9) we simply reread the product by joining the factors with the same 
index. In (10) we assume that the doublets x;:xi are totally commuting with 

any separable factors though the factors themselves may be noncommuting 
with each other. 

We must prepare such an expansion of the dimer density matrix into the 
product of the noncommuting factors (8) that it is possible to perform the 
1]

11111
-averaging at each site. To this end, the Grassmann factors with given 

mn are to be placed nearby in the process of averaging over IJ 
11111

• What can 

be used in the ordering arrangements is that the doubled f~ctors 

A11111A;11 + 1 11 
and 8 111118;1111 + 1 presenting the bond weights in (7 ) can be 

considered as totally commuting objects, if taken as a whole, under the sign 

of the Gaussian averaging. We thus may move symbols A 11111A:+ 1 11 and 

8 111118;1111 + 1 through any product of other Grassmann factors. Wtth these 

notes we now directly proceed to the construction of a suitable factorized 
representation for the density matrix. In the forthcoming transformations 
from (I)) to (13) we omit for brevity the symbol of the Ga ussian averaging 
on the right-hand sides. 

First, putting one weight between the two Grassmann factors of 
another, we write: 

( I + t< 1>., " ) (I + p>., ., ) -
mn"1 mn"' m+ I n mn"l m11"' m 11+ I -

= B A A• s• 
IIIII IIIII 111+111 IPIII+I" 

(II) 

Next, we fix n and multiply the factors over m applying the rules (9) and 
(10): 

M 

n (I + p>., " ) (I + p>., " ) -m1f1 nuf1 m+ I 11 11111"1 mlflmn+ I -
m=l 

M -n {B A A• IB• } -- mn m11 m+ln mn+l -
m=l 
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M ---+ M 

= n B A A• · n mn mn m+ln 
m=l m=l 

M ---+ M 

-s· = 
11111+1 

= n A• B A n s• 
IIIII IIIII IIIII 11111+1' 

m=l m=l 
02) 

where the arrows indicate the directions of increasing m in the ordered pro­

ducts. In the last line we have taken into account that A~+ 1 n= 1 due to the 

boundary condition 1JM+I n= 0, also see the definition of factors in (8). 

And, on the contrary, on the left end of the ordered product in (12) we intro­

duced, formally, the lacking factors A~ 11 in which we put a~11 = 0, so that in 

fact A~ 11 = I. 
In turn, we now multiply the products 02) with respect to index n, with 

n increasing from left to right, and applying (9): 

N!M ---+ M +--) A• B A · s• -fi n mn ffl/1 ln/1 n 11111+1 -
n=l m=l m=l 

N!M.....--M ---+) - • · A• B A -n n BIII/I n mn llln mn ' 
n= I m= I m=·l 

(13) 

where In the final expression we again annihilate factors s:, N+ I= l and 

create factors s;
111 

= l with b;
110 

= 0, analogously to the boundary transfor­

mations in (12). In fact, being forced in (12) to separate the mn and 
m n + 1 Grassmann factors in order to apply the linear arrangement (9) 
with respect tom, in (13) we are trying to restore the normal state by gathe­
ring the factors with equal values of mn into separable groups. 

For the dimer partition function (l) we thus come to the following facto­
rized representation: 

N!M.....--M ---+) - S s• · A• B A Q - p n n IIIII n mn nl/1 mn ' 
('lla,b) n=l m=l m=l 

(14) 

where we have restored the sign of the total Gaussian averaging over the 
fermionic variables. Note that the original free-boundary conditions for the 
17-variables have now been transformed into the free-boundary fermionic 
conditions in (14). The 17-averaging can be readily performed in represen­
tation (14). 
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The 7]-averaging reduces to the averaging over separable variables 1J 
11111 

at the junction of the m-products in (14) and yields, finally, the product of 
the linear forms: 

L =P)a +P)b +a* +(-l) 111 + 1b* . (15) 
IIIII IIIII IIIII IIIII IIIII m-1 II Ill 11-1 

We first fix nand perform the 7]-averaging at the junction form = I ,2, .. , M, 
and all over again for other values of n. At the first step, m = 1, we average 

the product s· A* B .A =I+,., (P)a + P)b + a• + 
IIIII IIIII IIIII IIIII .,//Ill IIIII //Ill IIIII IIIII m-1 ll 

+ b:
1111

_ 1) + ... with the result 05). Then we move the fermion ic form L
11111 

from the junction to the left through the remaining product of s:
111 

factors , 

this explains the appearance of the (-I )111+ 1 factor in (15) in the general 
case. The 7]-variables being eliminated, the partition function is the product 
of the forms L

11111 
under the Gaussian fermionic averaging coming from ( 14). 

To bring this expression into a more convenient form, we exponentiate the 
factors L

11111 
introducing auxiliary Grassmann variables e

11111 
and making use 

c L 
of the identity L = f de e mn mn This gives· 

IIIII IIIII • • 

N M ~ 

Q = f n n da • da db • db de X 
IIIII IIIII IIIII //Ill IIIII 

11=l m=l 

(16) 

with a~11 = 0, b:,o = 0. We have in (16) the fermionic Gaussian integral. 

This expression can in turn be simplified by integrating out the a- and b-
aa· +aL'+a• L" L"L' 

fields by using the identity J da* da e = e , which follows 
from the basic rules (3), here L', L'' are some linear forms in c-variables. 
The remaining integral is: 

j 
M N 

. x exp ~~~~~~~ 

N M 

Q=J n n 
11=l m=l 

"' --+ 

de
11111 

x 

[
t(l)e e +(-l) 111+1t<2)e e J) 
IIIII Ill+ I II IIIII IIIII Ill II+ I IIIII ' 
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with free-boundary conditions for the c-variables, eM+ Ill= 0, cmN+l = 0. 

This is the final exact representation for the partition function of the closed­
packed inhomogeneous dimer model disposed on a finite rectangular lattice 
with free boundary. This expression is completely equivalent to the original 
representation of eq. ( 1) . The partition function is now expressed as a simp­
le fermion ic Gaussian integral. In the field theoretical language the quad­
ratic fermionic form in the exponential is called fermionic action. Since the 
action is quadratic, we deal here with the free fermion theory for the dimer 
model. 

5 . Discussion 

The Gaussian representation ( 17) is our main result. As it follows from 
(5), the integral ( 17) defines a Pfaffian form, this fact is in accordance with 
the Kasteleyn analysis of dimer combinatorics (1 ). We stress however that 
we have simply calculated 0 7) in a formal way, without using any combi­
natorial considerations. 

It is important that the fermionic representation 0 7) is obtained in the 
most general case of an inhomogeneous distribution of the dimer weights. 
This can be used at least for three purposes: (i) one can express the dimer­
dimer correlation functions simply by differentiating ( 17) with respect to 

the local weights t~l,. (ii) one can study the disordered problem or the in­

fluence of impurities, and (iii) one can consider in a simple way problems 
with a cdmplicated structure of the elementary cell. We also note that the 
representation 0 7) contains all the information about the brick lattice, see 
Fig.l b, which is equivalent to the hexagonal lattice neglecting the boundary 
effects. The fermionic representation for Q for the brick-hexagonal lattice 

arises simply by making zero some of the vertical weights ~~~ in accordance 

with Fig.l b. It is interesting that the homogeneous hexagonal lattice 
exhibits an exotic phase transition (6-8 I as distinct from the homogeneous 
rectangular lattice with no phase transition. Eq. 0 7) thus preserves the in­
formation about partition functions and correlations in homogeneous rec­
tangular and hexagonal lattices and may be a good starting point also for 
further studies. 

For actual calculations for homogeneous lattices, the standard device is 
to pass to the momentum space (Fourier transformation for fermions). Let 
us illustrate this for the rectangular lattice. In the homogeneous case, 

f,,~~ = t1 and f,~~ = t2, the fermionic action in (I 7) can be put to block-diago­

nal form by the substitution: 
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2i m+ll M N . npm . nqn 
cltltl= v(M+ l)(N+ l) L L cpqstn M+ 1 SIO N+ 1 . (lS) 

p=lq=l 

Let both M and N be even. The partition function then appears in the form 
(momentum space representation) : 

I I 

N M ....!!.... 2M lN { np 

Q = f qgl pgl dcpq exp p~l q~l 2it1 cos M + 1 x 

X (cplM+I-pN+I-q+ cpN+I-lM+I-pq) + 2it2cosNn: l X 

X (cplpN+I-q+ CM+I-pqCM+I-pN+I-q)}. 0 9) 

The pq sum in (19) is reduced to a half-interval t M, t N when we select 

explicitly and join together all the terms including the variables cpq' 

cM+I-pq' cpN+I-q' cM+I-pN+I-q' We thus have to i~tegrate sep~rately 

over .the groups of variables cpq, "M+I-pq' cpN+I-q' cM+I-pN+ -q· Eva­

luation of the integral gives: 

2 2 np 2 2 nq tM tN [ ] 
Q = n n 4t1 cos M + 1 + 4t2 cos N + 1 • 

p=l q=l 

in accordance with the combinatorial result (l ,2 ). 

(20) 

The fermionization procedure can also be performed, as a generaliza­
tion of the treatment exposed above for the free boundary, for the toroidal 
(periodic in both directions) boundary conditions for the inhomogeneous 
rectangular lattices. We refer here to the experience with the 20 Ising model 
(19 ). Not going into the detail, the final result is: 

(21) 

where the fermionic integral G is the integral ( 17), but now we have the four 
different combinations of the aperiodic-periodic closing condition for fer­
mions: (±I±)= (cM+I 

11
= ± c 111 1cmN+I= ± c1111 ). In the homogeneous 

case~~~~= ta, the four integrals in (21) can again be evaluated explicitly, 

reproducing in a simple way the result of complicated combinatOJi al ana­
lysis (1 ). 
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Note that putting t1 = t2 = l in (20), or in the corresponding analytic 

expression given by (21) in the homogeneous case, we simply get the num­
ber of the dimer configurations on the corresponding lattices. Fisher [20 I 
has evalua ted, as illustration, the number of all possible coverings of the 
checkerboard by dominos, which appears to beN F = 12988816 (this num-

ber is given by (20) with M = N = 8 and t1 = t2 = l). We have evaluated the 

analogous number for the checkerboard swept into a torus. The torus num­
ber appears to be significantly larger, NT= 311853312. 

In conclusion, we have reformulated the closed-packed dimer problem 
on the inhomogeneous 20 lattice as a free fermion field theory. The parti­
tion function is obtained in the form of a Gaussiann Grassmann-variable 
integral. This puts the dimer problem, which is originally a combinatorial 
problem, more close to the typical models of quantum statistics and solid 
state physics with the opportunity to apply the well developed field­
theoretical methods. In the homogeneous cases fermionization yields exact 
analytic solutions for thermodynamic functions and correlations. The 
fermionization procedure can as well be applied to more complicated dimer 
like problems equivalent to non-Gaussian fermionic theories. Grassmann 
variables are the powerful tool for studying dimer-type models. 

This work was supported by the Heisenberg-Landau Program. 
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THE DYNAMICS OF SORPTION OF INTERACTING 
PARTICLES 

V.K.Fedyanin 

peciflc features or particles transport when their sorption is taken into 
account by the surface are analyzed: flows of gas or liquid In systems of difrerent 
geometry; Hor definiteness, the formulae are given for the now through a tube or 
leng h L) . An activated complex Is treated as an admixture. The quantum 
statistical Hamiltonian or adsorption Is taken as an effective Hamiltonian or an 
open system. The kinetic equation or sorption, except for the case or Henry's 
isotherm, is essentially nonlinear In coverage, which provides a high degree of 
non I nearity for differential equations and concentration of particles In the flow. 
Solutions for Henry's Isotherm and the asymptotics of solutions for the wave 
fron of Langmuir's Isotherm are analytically analyzed. It Is Important to take 
Into account an Interaction In the adsorbate, and for chemisorption It allows one 
to show that starting from some coverages desorption dominates over adsorption . 
This Is especially essential for dissociative adsorption (A ... n[A) 4). Certain 

" rela tions between the Interaction of adatoms and adatoms with the activated 
complex may lead to the formation of chemical waves of concentration In the flow 
and appearance or strange attractors. 

The Investigation has been performed at the Laboratory of Theoretical 
Physics, JINR . 

1I.HH3MHK3 cop6~HH B33HMOAeHCTBYJ01UHX 43CTH~ 

B.K.<DeARHHH 

Hccne.zzyeTCA BJlloiAHHe aKTHBHOA IIOBCpXHOCTH Ha IIOTOK r838 HJIH lKHAKO­
CTH '<Cpe3 CpeJIY pa3JIH'IHOA reOMeTpHH ($>pMynbi npHBCAeHbl AnA IIOTOKa 'le­
pe3 Tpy6y AnHHbl L p8AHyca R0) . AKTHBHble KOMMCKCbl IIOBCpXHOCTH pac-

CM8TpHB810TCA KaK npHMeCH. npH aH&nH3C HCIIOnb3yeTCA 3CJ*Kl"HBHbiH 
·KBaHTOBOCTaTHCTH'IeCKHH r&MHJibTOHHaH OTKpbiTOA CHCTeMbl aACOp6aT- aA­
COp6eHT . .l{nA BCeX H30TCpM 8ACOp6aU.HH, KpoMe H30TepMbl feHp11, KHHeTH'Ie­
CKHe ypaBHeHHII COp6U.HH Cyll.leCTBCHHO HenHHeAHbl, 'ITO OOyCJJaBnHBaeT Bbi ­
COKYJO HenHHeAHOCTb KOHU.eHTpaU.HH B IIOTOKe. AH&nHTH'IeCKH llpo8118nH3H­
poB8Ha 8ACOp6U.HA feHpH H, B 11pH6nHlKeHI111 <j>poHTa BOnHbl, JleHI'MIOpa. 
Y'lel B38HMOAeHCTBHA B aAcop6aTe no3BOnAeT CAenaTb BbiBOA, 'ITO, HII.'IHHaA c 
onpeAeneHHblX IIOKpbiTHA AeCop6U.HA npe&anHpyer HaA 8ACOp6U.HeH. 3TO 
aeCbMa Cyll.leCTBeHHO AnA AHCCOU.HaTHBHOH xeMHCOp6U.HII (A -+ n (A) )4. npH 

" OllpeAeneHHbiX COOTHOWeHH!IX I B38HMO,AeHCTBHH MelKJI)' · a,AaTOMaMH H 
aAII.TOMaMH C aKTHBHblMH U.eHTp8MH B03MOlKHO B03HHY.HOBCHHe aBTOBOnH KOH­
U.eHTpaU.HH H CTpaHHbiX anpaKTOpoB. 

Pa6oTa BbmonHeHa B Jla6oparopHH reopeTH'IeCKOA <j>H3HKH OHSIH. 
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The quantum statistical Hamiltonian of absorption is taken as an 
effective Hamiltonian of an open system 

H = - v L Nf- E L N !' . 
I (fg) g 

(1) 

Here E is an effective parameter of the interaction (E - 0.05 V for the 

physical adsorption, often E > 0, IE I - 0,1 + 0,2 for the chemical 

adsorption, that is, E < 0; vis an effective chemical potential oft e system 

adsorbat-ad.sorbent, defined by the chemical potential of the ada tom of the 

open system .u(A
11

): .u(A
11

) = n .u (A I, and by the characteristics of the 

adsorbent-adsorbat system (I 1. For dissociative adsorption we take the gas 
A

11
-+ n(AI 

[ 

exp{3(Eo + d.ue) ·J;']I/11 1/11 
v = k6 T p0 k

6
TJo<f3) = k6 T(ap0) , (2) 

. . 
a is the coefficient of the adsorption, p0 is the equilibrium of the pressure for 

the coverage 8 = 8(p0 , T/£ .. ) = ( N1 ), E0 is the binding energy of the ada­

tom, J a' J 0 are the partition functions of the ada tom and of the par ticle for a 

gas, d11 eis the change of the chemical potential of the electronic s bsystem 

(21, Tis the temperature, k6 is the Boltzmann constant. In the eq ation (I) 

N1 = 0.1 <N1 = 0 is the case of the open sites; N1 = 1, of the packing sites, 

and the summation is carried out over all adsorption sites on the s rface (j) 
and out over all (g = 1,2, ... ,z) sites (j,g). The Hamiltonian (1 ) may be 
deduced from the first principles in the framework of an Anderson-Ising 
composite model (31. Within the composite Hamiltonian method the 
coverage dependence of the chemisorption characteristic for a single 
hydrogen-like ada tom on the transition metal surface like the chemisorption 
energy, E0 changes of the Fermi level d .Ue• the electric charge 

el 1 - n11 - nn I and .Uel I - n11 - nn I magnetic moment at adsorbed 

~toms are investigated (21; nfu = ( Nfu nfu )M·8-l, nfu = a;uatu· The 

unusual form of the average n1 u arises from the fact that the configuration of 

adatoms is not fixed and the electronic correlation function nfu ·hould be 

interpreted as the probability of finding an electron with the spin 
a = ± I /2 at the adsorption center<</>> when the latter is already occupied. 
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This fact is discussed in detajl in [2,3). We should remark that e0 , I e I 

weakly depend on ()and T. 
If for the calculation of the equilibrium characteristics of the adsorption 

important are ( N1 ), ( N1 Ng ), for the calculation of the adsorption and 

desorption rates we must have the correlation functions 
k 

Fk(O) = ( N1 n Ng ), k = 1 , ... ,z for the one-site adsorption (4] and 
I 

J1h> = ( N10 NgO Nk ), k = 1, ... ,z, j are the numbers for the next­

neighbour sites (5] for dissociative two-site adsorption. 
The kinetic equation of sorption (for simplicity we take the case of the 

one-site adsorption) has the form ( 4 I 

at() = v ads - vdes 

Vads = r AF(O), Vdes = r DF(O) 

z k 
F(O) = L kx 1 Fk(O), x = exp({3(e 1 - e)]- 1 

k=O . 

J*Pexp(-{3(ek- ~)I J*exp(-{3ek) 
r = r = 
A J 0h aap0 ' D J i {3 a 

(3) 

J*, ek is the partition function and the energy of an activated complex, Pis 

the pressure in the system, e 1 is the interacting energy of the ada tom with an 

activated complex;~ = e0 + ~ J.l e· The F(O) is some function of the coverage 

0. The expressions V ads and Vdes for dissociative adsorption are taken from 

(5 ]. The difference between r A and rD lies in that the activated complex of 

the adsorption is in equilibrium with the gas molecules; and of the 
description activated complex, with the ada toms. 

There is the equation of the transfer. For th,e gas sorption we have the 
equation (with the diffusion) 

iJt() + iJtv = -VOiJxv + DiJxxv, 

V0 is the velocity, Dis the coefficient of the diffusion. 

There are initial and boundary conditions: 

v(x,O); v(x,O); v(O,t) = v0(t), v(O,t) = v0(t) . 
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n(x,t)RAT) 
For the ideal gas, P = . V , n(x,t) is the number of the mol. on the 

place «X» and on the time «!», 
V0 n(x,t)NA 

v(x,t) = u(x,t) fl' u(x,t) = V , (4') 

V0 is the volume of the gas molecule; ~. a geometrical factor; 

2 1 - d/ R0) 
~ - 3 (1 _ d/ D) is the same effective parameter of the adsorption region, 

d, D = 2R0, R0 is the radius of the tube. The parameter p -I has the 

dimension of the time 

(6) 

and can be «a chemical ·time». 
In the self-consistent approximation [4,6 I we haye for the equation (6) 

-
1
- = 

1 ~ 8) exp(/3 z e 8), F(8) = 8(1 + x8/ 
apo 

iJt8=r~ 1 ((1-8)·v exp(/3ze8)-~·8)(1 +x8)z 

z is the number of the sites (z = 3.4.6). The r 0 can be called «an adsorption 

time». From the physical point of view ~ « I. When e = e 1 and for the case 

of Henry's isotherm (v « 1, 8 « 1) we have 

iJt8 = r~ 1 (v- ~ 8), 

iJt 8 + iJtv = - V0 iJxv + DiJxxv, v(O,t) = v0(t). (8) 

The case of Langmuir's isotherm (e = e 1 = 0, 0 ::5 8 ::5 l) we have 

iJt8 = r~ 1 [1- 8)·v- ~·8), 

(9) 
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The kinetic equation (7) is essentially nonlinear in coverage, which provides 
a high degree of nonlinearity for differential equations and concentration of 
particles in the flow. 

Solutions for Henry's isotherm and the asymptotics of solutions for the 
wave front of Langmuir's isotherm [7 I 

X X 
T =t-V' a= V 

0 0 
(10) 

with the help of the Laplace transformation are analytically analyzed. In the 
last case we can introduce the «potential function» 1/J(x,t) and by the 

v = a 1/J, o = -a "' T 0 
(11) 

and Koui-Hopf like operation 
1/J = r 0 In x(x,t). (12) 

we obtaine for the Langmuir's case the equation 

-1 0 
X + 'o X + l.lX = · TO T 0 

(13) 

For the case of the (x,t)-variables 

~ d 
I +d lx,,+ VoXrxl+x,+ VOl +d Xx=O. (14) 

For the hyperbolic equation of second order (14) we have the succession of 
times 

•o •o 
•t<•o<•z· 't = 1 +d' •z=d(l +d)" (15) 

The «wave of the second orde~ transfer of the initial profile with the 
velocity v0 

X 
xz(x,t) = x0(r) exp (- -V ). 

'z o 
(16) 

For t » T 1 there is a «wave of the first orde~ which has the velocity 

c'\ 
VI= Yo~« Yo 

X 
Xl(t,x) = Xo(t- y)· 

I 
(17) 

Both eq. (1 6) and eq. (17) can be derived asymptotically by the Laplace­
transfo.rma tion (s -+ oo for eq. (16) and t » T 1 for eq. (17)). 
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It is important to take into account an interaction in the adsorbate, and 
for the chemisorption (e < 0) it follows one to show that starting from some 
coverages desorption dominates over adsorption. This is especially essential 
for dissociative adsorption <An .... n [A), 0 2; for 0 2, H 2, N 2 «n» equals two) . 

For the chemisorption of the interacting ada toms in eq. (7) exp(/3 z e 0) = 
= exp(-{:3 zleiO) and {:3 zlel 5! 15 + 25 for typical systems adsorbat­
adsorbent [ 1 ). 

Certain relations between the interaction of ada toms and adatoms with 
the activated complex may lead to the formation of chemical waves of the 
concentration in the flow and appearance of strange attractors for 
(r0)+ .... 0 (maybe it is a case of physical adsorption). From this point of view 

we must analyse the equation 
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CROSS-SECTIONS OF BISMUTH NUCLEI FISSION 
ON THE SECONDARY BEAM OF 6He 

N .K.Skobelev, S.M.Lukyanov, O.B. Tarasov, 
A.S.Fomichev, V.M.Shilov, Yu.E.Penionzhkevich, 
I. David, V .P .Perelygin, S.I.Mulgin, R. Wolski 

T he cross-sections for fission of 2098i induced by secondary beams of 6He 
and 4He are measured in analogous conditions. There is a good agreement with 
formerljof.ublished data on fission cross sections. In the case of the reaction 
4H e + 8i, the cross-section of the fission of 2098i induced by 6He are signi­

ficantly higher than the corresponding a-particle-induced fission cross-section. 

A large energy shift is observed of the threshold for the fission reaction 
6H e + 2098i in comparison with the reaction 4He + 20981. The analysis of diffe­

rent factors which might be responsible for the observed effect in the fission reac­
tion 6He + 2098i is also presented. 

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

113y'leHHe Ce'leHHH AeJieHHSI SJ:Aep BHCMyTa 
Ha BTOpH'IHOM ny'IKe HOHOB 6He 

·H.K.CKo6e.nes u AP· 

J.i3MepeHbl B aH8./IOI'H'lHbiX yCJIOBHSIX Ce'leHHSI ACJleHHSI 2098i Ha BTOpH'l­
HbiX ny'IKaX 

6
He H 

4
He. 00JJy'leHO COI'JiaCHe 3KCnepHMeHT8./lbHbiX ARHHbiX no 

Ce'leHHIO ACJleHHSI 4He + 20981. J.i3MepeHHble Ce'leHHSI ACJleHHSI 2098i HOHaMH 
6
H e 3Ha'IHTCJlbHO npeBbiWaiOT ce'leHHII ACJJeHHII a-'laCTHI.IaMH. OOJJy'leHo 

CMeW.eHHe nopora ACJleHHSI AJISI peaKI.IHH no 6He + 209
8i no cpaBHeHHIO C pe­

aKL~HeH 4He + 20981. AHa.nH3HPYIOTCSJ pa3JIH'IHble acneKTbl AJIII o61.SJcHeHHII 

Ha6JJto,l\aeMbiX OCOOeHHOCTeH npH ACJJeHHH 20981 HOHaMH 6He. 
Pa6oTa BblnOJIHeHa B JlaoopaTOpHH 11,!\epHbiX peaKI.IHH HM. r .H.<I>neposa 

OIDIH. 

1. In troduction 

The first experiments on the BEY ALAC measuring the interaction 
cross-section at an energy of 800 MeV I A showed ( 1) that the structure of 
nuclei far from stability can be studied by using secondary beams of 
radioactive nuclei. Later on, at the GANIL, RIKEN, JINR and MSU 
(Michigan) there was carried out a series of experiments studying the 
interaction cross-sections, the elastic scattering differential cross-sections, 
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the fragmentation and electromagnetic dissociation on radioactive beams 
with energies from 10 MeV I A up to 100 MeV I A [2-6 ]. Basing on these 
data there were extracted values of radioactive nuclei radii and was 

confirmed the hypothesis of neutron halo existence in nuclei of 11Li. At the 
same time, it is evident that further efforts are necessary to investigate the 

interactions of 6He, 8He, 11 Be and 17B for which the existence of a neutron 
halo of one or several neutrons is possible. In particular, the hypothesis of 

the neutron halo existence in the nuclei of 6He is finding its theoretical and 
experimental grounds [4,7,8 ]. This fact can lead to a decrease of the 

Coulomb barrier for the reaction of fusion with 6He nuclei, which in its turn 
will lead to a growing probability of compound nucleus fission. The large 

angular momentum, introduced into the compound nucleus of 6He, as 

compared with 4He, al~o leads to the decrease of the fission barrier of the 
product nucleus. On the other hand, the extended distribution of neutron 

density in a 6He nucleus may cause its disintegration in the heavy nucleus 
field of the target which will lead to the decrease in the cross section of 
complete fusion of interacting nuclei and, thus, to a smaller fission prob­
ability. From this viewpoint, it is of interest to study the fissio or fusion 

cross section with such an exotic nucleus as 6He. 
The present research is an attempt to obtain data on the fi ssion cross 

sections of astatine-213 and astatine-215 nuclei at the irradiation of 

bismuth-209 nuclei with a secondary beam of 6He and 4He i ns under 
comparable conditions. 

2. Experimental Method 

Figure I presents a scheme of our experimental facility for the 

production of secondary beams of 6He and 4He and for the investigation of 
213At and 215 At nuclei fission by these nuclei. 

The primary beam of 11 B ions accelerated on the U400 wa focussed 
onto a specially manufactured cooled rotating tantalum target designed to 

absorb completely 11 B ions of an energy of 200 MeV. Separation of the 

Ta + 11 B reaction products and their formation into secondary beams were 
performed by means of an optical-ion system described elsewhere [9 ). To 

improve the purification of the 6He secondary beam of other particles, an AI 
degrader, with a thickness of up to 100 p.m, was installed between the dipole 
magnets MTI and MT2. This brought about a change of particles magnetic 
rigidity. In this connection, the magnetic rigidity in the second dipole MT2 
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Fig. l . The experimental set-up scheme for the production of secondary beams 

was chosen to provide a better 6He or 4He beam purification from other 
particles. The shaping of the secondary beam, the control of its quality as 
well as particle monitoring were performed by means of a system of 
telesco~s of 11£ x ~-detectors including surface-barrier detectors of the 
D-E-type with thicknesses ranging from 50 to 70 14m and of the £-type with 
thicknesses reaching 2.5 mm. 

Figure 2 shows a typical spectrum of a shaped secondary beam of 6He 

used in experiments on 215 At nuclei fission. The intensity of 6He with an 

energy of 50 MeV and a resolution of S!! 3% reached 200 pps at a 6He purity 

of !i!! 95% . For the case of a 4He beam used as a secondary beam, the 

intensity of 4He was limited to several thousands pps, the beam purity at a 
4He energy of 54 MeV reached 98%, (the energy resolution !i!! 3%). 
Because of a low intensity of secondary beam particles, a high-efficiency 
method of registering compound nuclei fission had to be used. For the 
purpose, special «Sandwich-type» arrays (fig.l.) with consecutively 

alternating targets of 209Bi, polymer plates for registration of fission 
fragments and additional absorbers made of aluminium were manufactured. 

• Such arrays were installed perpendicularly to the incident beam of 
secondary particles. The targets were manufactured from bismuth-209 by 
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Fig.2. Spectra of shaped secondary beam of 6He used In experiments on fission of 113 At and 
215At 

the method of vacuum sputtering of metallic bismuth onto a 7 .urn-thick 
aluminium backing. Aluminium foils and bismuth targets were tested for 
uranium contamination by using the neutron-activation method. The 
analysis showed that the content of uranium in bismuth targets and 

aluminium backings did not exceed a value of 10-7 at/at. 
For registration of fission fragments polyterephthalate films !!! 55 .urn-

thick were chosen. In this case the effective layer of bismuth Reff (mg/cm2
) 

was determined with the account of the absorption of a part of fragments it 
brought along ( 10 ). After a 30-48 hours irradiation of an array with a 
beam of secondary particles the bismuth and aluminium layers were 
removed and the polyterephthalate was subjected to chemical treatment in 
NaOH solutions for visual identification of fission fragments. The diameter 
of fission fragments was increased to 8-lO.urn and the search and counting 
of tracks was performed using a microscope of 100-200 magnification. 

We performed also background experiments on fission of Bi targets by a 

scattered neutron flux. The observed effect of 213 At and 215 At nuclei fission 
by nuclei of 6He and 4He could not be explained by fission of uranium 
admixtures in Bi or by fission of 209Bi nuclei by scattered neutrons. 

3. Experimental Results and Discussion 

In Figure 3 one can see the observed by us dependencies of fi sion cross 
section changes from the energy of bombarding particles (in the center of 
mass system) 6He and 4He. One can also find there open squares denoting 
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Fig.3. The dependencies of the fission cross sections on the energies of bombarding 
particles of 6He and 4He (in ,the c.m.s) 

the experimental cross section values of 213 At fission by a-particles cited 
from refs. [11,12). 

From· the comparison of these data it is well seen that in the case of 213 At 
fission by a-particles (stars) there is a good agreement with the earlier 
measured values, which is an indication to the correctness of cross section 
measurements via such a method. 

In this connection it is of interest to consider the growth of 209Bi cross 
section of fission by nuclei 6He as compared with the fission by 4He nuclei. 
It is evident from the figure that the deviation of the curve for cross sections 
of nuclei fission by a-particles is substantially greater than the statistical 
errors. 

Of substantial interest is a large energy shift 5!! 15 MeV between the 

thresholds of the reactions 4He + 209Bi and 6He + 209Bi. One can point out 
at least three reason causing the energy shift in these reactions: 

• difference in the Coulomb fusion barriers; 
• difference in the fission properties of the produced compound nuclei of 

213Atand 21 5At; 
• difference in the angular momenta introduced into the compound 

nucleus at the same incident ion energy in the c.m.s. 
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3.1. Difference in the Coulomb Barriers of Fusion 

As it follows from ref. I 13 ), in the sub-barrier region and near the 
fusion barrier a considerable growth of fusion cross section is expected for 
the case of an interaction with neutron-rich nuclei. Here the repulsion 
potential covers greater distances than in stable nuclei and, as a 
consequence, the Coulomb barrier between the nuclei with a halo can be 
lower than between stable partners. The excitation of a soft gia t mode at 
this interaction also assists fusion I 4 ). Calculations of such effects are very 
labour-consuming and for the time being we are not able to give quantitative 
estimation. 

There were considered several standard parameterizations for the 
nuclear part of the ion-ion potential which were suggested in different 
papers. All of them give close values for the nuclei considered and for our 
numerical calculations we have used the potential suggested in ref. [22 ). For 
the Coulomb barrier in-these reactions there was obtained Vb = 20.6 MeV 

for the reaction 4He + 209Bi and Vb = 20 MeV for th reaction 
6He + 209Bi. It can be seen that the difference in the Coulomb barriers is too 
small to explain the energy shift. 

Experimental data on the cross sections of fission were obtained at the 
energies substantially greater than the Coulomb barrier that is why in this 
energy region one can disregard the coupled-channel effects. 

3.2. Account of Compound Nuclei Properties 

The full fusion cross section of two spinless nuclei in terms of partial 
waves can be written down as follows: 

00 00 

a/us(E) = }_: a1 (E) = .n2 }_: (21 + 1)T1 (E). 
l=O k l=O 

(1) 

In reactions of two nuclei complete fusion, partial penetrations a1 
determine the spin population of a compound nucleus and the c mpetition 
between particle evaporation channels and fission channels. 

For nuclei with the initial spins S 1 and S2 formula ( 1) will be rewritten 

in the following way: 
00 

a1us(E) = }_: a1 (E) = 2 .n }_: (2J + 1 )T1 (E) (2) 
J k (2S1 + 1)(2S2 + 1) L,J 

and the summing up over J is performed in the interval IS -II SJ s IS+ II 
and s = s 1 + s2. 
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The analysis of the data was performed in the frame of the statistical 
approach to the description of the compound nucleus decay. In this 
approximation the total fission cross sections (14) within this approach are 
described by the expression: 

l 
_.!£._ cr rp) 

a/iss - k2 1~0 (2/ + I) r J.l) + L f//), (3) 

v 

where lcr is the maximum angular momentum above which the probability of 

the compound nucleus formation is negligibly small; r f' fission width 

defined, in the main, by the fission barrier B1and the value of the parameter 

of level density in the fission channel af' rv are evaporation widths depend­

ent on the binding energy of the v particle and on the corresponding 
parameter of level density av. In this approach the main parameters for the 

description of aj.E) are the value lcr, the height of the fission barrier B
1

and 

the ratio of density levels a1 I av. 

For the calculation of the values r1and rv there was used the approach 

of ref. (15) suggesting and grounding a semiphenomenological method of 
accounting the influence of shell, super fluid and collective effects on the 
energy dependencies of level densities. At setting the parameters a1 and av 

there were used the results of ref. (16) where through the analysis of the 
fission probability of nuclei with Z = 81-83 by light particles there had 
been obtained a value a1 I av = 1.03±0.01. The B1 of these nuclei were 

measured experimentally. There are no experimental data on the value of 

lcr for the interaction of 6He with heavy nuclei that is ·why there have been 

used the lcr values calculated by the model (17). The model has been 

selected on the assumption that for 4He ions it gives values of a/us and lcr 

which are in satisfactory agreement with the values obtained in ref. (16). In 
the calculations of the integral cross sections the contribution of the post­
emission fission is taken into account by means of the method presented in 
ref. [16 ). 

The results of our analysis are demonstrated in fig.3 where a solid line 

shows the dependence aj.E) calculated for 215 At with B1 = 15.3 MeV. The 

barrier value we have obtained is in good agreement with the value 
B1 = 15.5 MeV obtained in the model of Myers and Swiatecki [18]. Other 
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approaches to the description of B1 ( 19,20 I in the region of nuclei with 

Z e: 84 produce results which are in agreement with ( 18 I, that is why it 
seems impossible to choose the most adequate model in this case. 

It should be noted, that for the reaction studied 6He + 209Bi the results 
of calculating aj.E) depend strongly on the choice of parameters B1 and 

a1 I av. That is why, even with the possible ambiguities in setting these data 

taken into account, the results of this analysis cannot serve as good enough 
grounds for the application of model (17 I to the description of the input 

channel in reactions with 6He. 

3.3. Influence of Introduced Angular Momenta 

In this subsection we are using, for a more spectacular representation of 
data, a different approach suggested in ref. (23 I for separation of 
evaporation channels and compound nucleus fission. The cross section for 
evaporation of particles is written as follows: 

aevap(E) = L a;(E) W(E'", /), 
J 

(4) 

where W(E'", /)is the survival probability for a nucleus in the evaporation 
cascade with passing by the fission channel. 

For nuclei in the region 30 < z2 I A < 35 it has been found (23 I that 
there exists for this value a sharp cut by the angular momentum 

W( £'", /) = evap ll J < J 

O J > 1evap 
(5) 

with the J evap values independent of the input channel and the excitation 

energy of the compound nucleus. They are just linear functions of the 

parameter Z 2 I A. 
In this approximation the evaporation and fission cross sections can be 

written down in the following way: 

:rc 2 
a (E)=- (J + 1) evap k2 evap (6) 

2 :rc 2 
afiss<E) = :rcRb(1 - V/ E)- k2(Jevap + 1) . (7) 
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In the given expression for the sake of simplicity there has been used a 
classical expression for the fusion cross section in the near-barrier region, 
but in calculations we use a quasi-classical variant [24] of the single channel 
model of the critical distance [21]. At high energies of incident particle, 
where the contribution into the fusion cross section is made by many partial 
waves, the Coulomb barrier parameters in expression (7) are to be 
substituted by the parameters determining the potential at a distance 

R = A 113 + A 113 [21] cr I 2 · 
Thus, a strong dependence on the incident ion orbital angular 

momentum is contained both in the input and output channels. By 
parameterization of the potential from ref. [22] we have obtained for both 
the reactions the value of the potential at a critical distance 5!! -7 MeV. The 
negative sign of the potential shows that at high energies of incident ions the 
fusion's full cross sections diminish with energy increase. 

Having rewritten the fission cross section as: 

a/iss( E) = nR;(l - Veff I E) (8) 

one can see that the fission cross section is well described by a known 
classical expression for the reaction cross section possessing though an 
<<effective potential>>: 

(J + 1)2h2 
evap 

Veff= Vb + 2J,lR~ . (9) 

Based on this one can find the expression for the energy shift between 
the fusion cross section and the cross section of compound nucleus fission: 

l!!E = (J evap + l )
2
h

2 

2jiR2 
b 

(10) 

This formula points at a strong dependence of the energy shift on the 
reduced mass of the system, which in our case is 1.5 times greater for the 

reaction with 6He than for the reaction with 4He. 
In the sharp cut approximation (5) one obtains a very steep slope in the 

fission cross sections at low energies that is why we have introduced an 
additional parameter Minto the function W: 

J - 1evap 
W(E,J)= [1 +exp( M ) 
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Fig.4. The result of calculating the dependence of fission and evaporation cross s ctions on the 
energy of bombarding particles (in the c.m.s.) 6He (solid lines) and 4He (dashed lines) 

Parameters J evap and 1:!. J can be determined from the statistical theory of 

compound nucleus decay. In the given work we have calculated them as free 
parameters which were selected for better description of the data 

The results of calculating the evaporation and fission cross sections are 
presented in fig.4. The obtained parameters: J evap = 26.2 and I:!.J = 1. 9 for 

the reaction with 6He and Jevap = 26.2 and I:!.J = 0.9 for the reaction with 

4He agree with the systematics [23) which gives for two reactions the Jevap 

values of 32h and 29h, correspondingly. 
We see that the threshold values of angular momenta at which there 

opens a fission channel are practically identical for both the reactions. Thus, 
the energy shift between the fission cross sections can be explained by 
different reduced masses in the input channels of these two reactions. To 
illustrate this statement we have presented in fig.S the calculated partial 
cross sections of evaporation and fission in two reactions at an energy of 40 
MeV in the center of mass system. One can see . that in the reaction 
6He + 209Bi a large angular momentum is introduced into the compound 
nucleus and the fission channel turns out to be open. 
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Fig.S. The calculated partial cross sections of fusion for the reaction 4He + 2098i 
(short dashed lines) and 6He + 2098i (solid lines) at an energy of 40 MeV (in the 
c.rn .s.) . The arrow points out the value of J tvap ' Long dashed line denotes the 

calculation for 4He disregarding the spin of 2098i nucleus 

In the same figure one can find a calculation disregarding the spin of 
209Bi nucleus. It is evident that a large spin 9/2 ~leads to the erosion of the 
upper limit of partial penetrations for fusion. In this case the dependence of 
the calculation results on parameters J and l!J appears to be very weak. 
Thus, the reaction of fusion with even-even nuclei are preferable for 
studying the competition of evaporation and fission. 

Based on the factors considered above and on the experimental data 
available it 1s difficult to give preferences to either of them. The picture can 
be clarified through the comparison of the fission cross sections and of 
fission fragments angular distributions for two or three different input 
channels, leading to the same compound nucleus (for example in the 

reactions 6He + 206Pb and 4He + 208Pb or 6He + 187 Os, 4He + 1890s and 
187Re + 6Li). In this case a/iss(E) and W(9) will mainly depend on the 

difference in the lcr of the compared reactions or by the structure of the 

nucleus 6He. 
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It is evident, also, that investigations on secondary beams open new 
possibilities for studying the fission of such compound nuclei, which are 
impossible to obtain in reactions with heavy ions at acceleratio of stable 
isotopes. 

In conclusion, the authors are pleased to express their gratitude for 
useful discussions to Yu.A.Muzychka, M.G.Itkis and for assistance in 
performing experiments on secondary beams - to the staff of the U400 
accelerator, for invaluable assistance at constructing the rotating producing 
target- to G.N.Ivanov and V.B.Galinsky, for the transition into English­
to V.I.Merzlyakov. 
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A LARGE AREA Csi(TI) DETECTOR 
FOR THE SCINTILLATOR SHELL OF FOBOS* 

W.Wagner1
, A.S.Fomichev, H.-G.Ortlepf1

, 

C.-M.Herbach 1
, A.Matthies1

, G.Pausch , 
O.V.Strekalowskij, M.A.Milovidov3, V.A.Vitenko3 

A large area Csl(Tl) detector for the 4Jt-array FOBOS has been 
investigated. The response nonuniformity was reduced to 5% by use of a hollow 
light guide. The energy resolution amounts to 6-7% for 5 MeV alpha par ticles. 

The investigation has been performed at the Flerov Laboratory of 1\uclear 
Reactions, JINR. 

. 
BoJibliiOH Csl (Tl) ~eTeKTop ~JI51 CU.HHTHJIJI51U.Houuou llaCTH 
ycTaHOBKH <l>OBOC 

B.Bamep H ~p. 

HcCJJeAOBaJJCII Csi(Tl) AeTeKTop 6onhwoii nnoll\aAH AJIII 4Jt-ycT HOBKH 
<1>060C. HepaBHOMepHOCTb OTKJIHKa 6h1Jla yMeHbWeHa AO 5% C HCnOJib30BB­
HHeM nyCTOTeJibHOI'O CBeTOBOJia. nony'leHHoe :mepreTH'leCKoe pa3peWeHHe 
JIJI!l anb<fla-'laCTHU. 3HeprHH . 5 M3B COCTaBJIIIeT 6-7 %. 

Pa6oTa BbmonHeHa a Jia6opaTOpHH AAepHbiX peaKU.Hii HM.r.H.<I>J1epoaa 
OH.HH. 

The 4.n-multidetector-array FOBOS [I ) coming into operation this year 
in the Flerov Laboratory of Nuclear Reactions at JINR Dubna consists of an 
inner gas detector array and an outer scintillator shell to register 
intermediate and heavy fragments produced in heavy ion induced nuclear 
reactions as well as more penetrating light charged particles (LCP). 

The large area Csl (Tl) detector presented here (fig. I) is one element of 
the scintillator shell of altogether 210 hexagonal crystals (enveloping circles 
with 0 = 200 mm and 0 = 150 mm) arranged in mosaiclike modules of at 

*This work is part of the FOBOS project financially supported by the BMFT, Bonn, 
Germany under Contract No.06 DR I 00 

1at present JINR Dubna; on leave from Research Center Rossendorf Inc., Dresden, 
Germany 

2Freie Universitiit Berlin, Germany 
3V .G .Khlopin Radium Institute, St.Petersburg, Russia 
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Fig. I. Schematic view or the large area 
Csl (TI) detector 

that time 7 hexagons which are situated 
behind the 30 Bragg ionization 
chambers covering them with 73.4% 
geometrical efficiency. Crystal 
thicknesses of 10 mm and 15 mm were 
chosen for angles of i) = 53°-164 o and 
i) = 16°- 52° to stop LCP with energies 
of up to 50 and 65 AMeV, respectively. 
Applying pulse-shape discrimination 
<PSD> 121 LCP can be well separated in 
relation to mass and charge for Z ~ 4 
13,4). 

This is demonstarted in fig.2, 
where we used the reaction 

20Ne (9.1 A MeV) + 58 Ni and the large Csl (Tl) detector was situated at 
i) = 45° rela tive to the beam axis at a distance of 70 em from the target 15). 
The main problem of using large scintilla tors is the reduction of the position 
dependent detector responce induced by 

(i) the nonuniform light output of the crystal, 
(ii) the nonuniform photocathode sensitivity and photoelectron 

collection efficiency of the photomultiplier <PM), 

20-Ne (9 AMeV) + 5S-Ni 

~a r-~--------~--~----~ 

QT • .,/~.u . 

1888 

·' .'. · 

588 

8 ·• 
8 588 1888 SS1111 " . 

Q,,_j:s..u. 

Fig.2. Pulse-shape discrimination of LCP with 
the large area Csi(TI) detector Integrating the 
current pulses of the PM within lime gates of 
~ t1 = 0-400 ns (Qslow) and~ t1 = 1600-

-3600 ns (Qtail) 

50 

(iii) the position dependent 
light collection effiiciency. 

The crystals delivered by 
MONOCRYSTALREACTIV, 
Kharkov, Ukrain, were grown un­
der vacuum applying Kyropoulos' 
method. The content of Tl activa­
tor amounts to 0.07-0.08% which 
is an empirical optimum for high 
light output as well as good PSD 
properties for LCP. The samples 
were cut from the central part of 
the 0 = 500 mm ingots and po­
lished using organic solvents to 
avoid a dead layer at the surface. 

Scanning the crystals with the 
help of an alpha source and a small 
diameter phototube, the radial no­
n uniformity of light output !1 L 

induced by an inhomogeneous 



Fig.3. The radial photocathode res­
ponce of PM FEU 173 measured with a 
small <0 = I 0 mm) Csl (TI) crystal di­
rectly coupled to the PM and a 137Cs 
source 

dopant concentration was che­
cked to be less than 2%. 

The scintillation light has 
to be matched to the PM in 
such a manner that the nonu­
niform photocathode response 
(see fig.3) is averaged, a ma­
ximum light collection and a 
minimum dependence on the 
position of the light source 
within the crystal volume is 
achieved. We coupled the 

Pholoc a lhutle res ponse 
1 20~--------- ·-- --------, 
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crystal to a spectroscopic PM of type FEU 173 <EKRAN, Novosibirsk , 
Russia) which has a large (0 = ISO mm) trialcali ph9tocathode with high 

Position dependent response of the 
large area Csl -detector 

0 

0 

• - -- • ~ 

0 

0 

~~~~~~~~~~~~~~~~~~~~~~~~ 
0 2 J 4 5 6 7 8 9 10 

Radius (em) 
Fig.4. The light output measured for a 0 = 200 mm, I 5 mm thick Csl (TI) crystal 
coupled by a plexiglas light guide to PM FEU 173 (open squares) and coupled by 
a hollow diffuse renecting light guide to PM FEU 173 (full squares) in dependence 
on the radial position of the alpha source. The line represents a simulation of the 
light collection for a hollow light guide (K = 0.9) normalized to the data at the 
cc.ntre of the crystal 
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photochatode sensitivity of typical (1.5- -2.5) ·10-4 A/1m and due to its 
spectral sensitivity range of ). = 300-850 nm is ideally adapted to the 
emission spectrum of Csl (Tl) ().max == 550 nm). 

Monte-Carlo-simulations of light transport from the crystal to the PM 
were carried out for several types of light guides considering light absorption 
and reflection from different surfaces. As it is shown in fig.4 the coupling by 
e.g. a conventional plexiglas light quide leads to a very large radial variation 
of light collection up to a factor of two. 

In our conditions a conical shaped hollow light guide with a diffuse 
reflecting inner surface (h = 110 rum, 0 = ISO rum at the PM) was found to 
be the bes t solution. It is made from zinc plated sheet metal painted with 
white Ti02 enamel and parallelly serves as crystal support allowing a trivial 
design of the Csl (Tl) mosaics of the scintillator shell. 

In the case of a hollow light guide it was found that the read-out of 
scintillation light from the crystal is enhanced if its back side is optically 
rough to avoid total inner reflection at the read-out surface and sub­
sequently absorption losses of light. The light output was measured to be 
nearly 30% higher compared with polished crystals. 

Results of simulations as well as experimental data obtained with an 
alpha source are given in the table and fig.4. The remaining radial variation 
of the light output amounts to 5%. The measurement well agrees with the 
simulation for an assumed reflectivity of the light guide surface of K == 0.9 
what seems to us to be a realistic value for the enamel used. Indeed the value 
of the reflectivity K is the critical parameter determining the remaining /1 L 
(see tab.). 

Due to · the rough read-out surface of the crystal and the diffuse 
reflecting surface of the hollow ligh quide the radial nonuniformity of the 
photoca thode response of the PM FEU 173 (fig.3) will be well averaged due 
to the nearly homogeneous illumination and , therefore, its influence on 
energy resolution is minimized. 

Table 

K R (em) ~L <%> 
0.00 2.47 4.95 7.42 9.90 

0 .99 52.7 52.7 52.7 52.5 52.4 0.6 

0.90 42.5 42.1 42.0 41.0 40.5 4.8 

0.80 34.1 33.6 33.0 32.2 31.7 7.3 

060 24.2 23.5 23.0 22.1 21.0 14.1 
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·In summary we obtained an energy resolution of 6-7% fo r collimated 

alpha particles and typically 9% if the 238Pu alpha source was positioned at 
a distance of 50 em from the front side simultaneously illuminating the 
whole crystal. 
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HOT FUSION REACTION CROSS-SECTIONS 

Yu.A.Muzychka, B.I.Pustylnik 

In the Frame or the statistical theory or decay or compound nuclei we 
suggested a simple parametrization which allows For satisFactory reproduction or 
the complete set or experimental data on the cross-sections or <HI, xn) reactions 
For the bombarding ions lighter than A < 40 and For compound nuclei with 
Z > 100. We came to an observation that the value or the xn-reactlon cross­
section depends, besides the r. I r

1 
ratios ror each step or the evaporation 

cascade, also oh the value or the «Survival rone,. that is determined completely by 
the Fission barrier. The cross-sections or 4n- and Sn-reactions are calculated For 
a number or projectile-target combinations leading to the Formation or 
evaporation residues in the region or heavy transrermium nuclides. 

The Investigation has been perFormed at the Flerov Laboratory or Nuclear 
Reactions, JINR. 

Cet{eHHe peaKU,HH ropKt{efO CJIHSIHHSI 

IO.A.MyJblt{Ka, B.H.OycrbiJibHHK 

B paMKaX CTaTHCTH'IeCKOH TeOpHH pacna)la COCTa8ttbiX ll)lep npeNIOlKCHa 
npocTall napaMeTpWJal\H!I, no3BOJIH8Wa!l nony>tHTb xopowee onHcattHC aceii 
C080Ky nHOCTH HMCIOU\HXCII 3KCOCpHMCHT8JibHbiX )laHHbiX 0 CC'teHHIIX 
(H/,X/1)-peaKL(HH, 8bl3biB8eMbiX HOHaMH Jlel"'e aprotta, JVI!I COCTa8HbiX ll)lep C 

z > 100. noKaJatto, 'ITo BCJIH'IHtta ce>tettHII JVIII x11-peaKI.lHH 8 :JToii o6nacTH 
ll)lep Onpe)ICJIIIeTCII He TOJibKO OTHOWeHHIIMH HCnapHTeJibHOH H )leJIHTeJibHOH 
WHpHtt r. I r,JVIII KalK)IOH cryneHH HCnapHTCJibHOI'O KaCKa)la, HO H BCJIH'IH-

HOH «.10Hbl (!bllKHB8eMOCTHl> 8 KOHI.\e HCnapHTeJibHOI'O KaCKa)la, HanpiiMYIO 
C811JaHHOH c BCJIH'IHHOH 6apbCpa ACJieHHII. CAenattbl pac'leTbl ce>teHHH 4n- H 
511-peUKI.\HH JVIII pll)la KOM6HHaL(HH HOH-MHWeHb, npHBOJI!IIl\HX K o6pa3088-
HHJO H30T0008 TlllKCJiblX Tp8HC4>epMHe8biX 3JieMeHT08. 
. PaOOT8 8bln0JIIIetta 8 ila6op8TOpHH !l)lepHbiX peaKI.\HH HM.r.H .<t>nepoaa 
mum. 

During recent years, the interest to «hot» fusion reactions, using 
actinide targets, in which compound nuclei with excitation energy of 40-
50 MeV are produced, has increased ( 1). At present there is a great amount 
of experimental data on cross-sections of such reactions with evaporation of 
4-6 neutrons leading to different isotopes of the transfermium elements up 
to the element 106, that allows one to carry out a systematic analysis of 
these data. 
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Figure 1 shows the values of cross-section logarithms in the maxima of 
excitation functions of 4n-reactions versus X- the fissility parameter of the 

original compound nucleus. Triangles are the values of a4~ax for reactions 

induced by Band C ions, circles- N, 0, F, squares- Ne, Mg, AI. The 

«quiet», without any peculiarities behaviour of a4~ax is not worthy . All 

points are sufficiently uniformly grouped around one straight line which 

implies an exponential dependence of a4~ax on X. A similar picture is 

observed for Sn-reaction cross-sections (Fig.2). It is seen that for the nuclei 
under consideration no substantial changes occur in the xn-reaction process 
and all experimental data can be described using a unifie algorithm. 
Usually one uses relations of the statistical theory of nuclear reactions for 
this purpose, but there exist some doubts in their validity for the fission 
width calculations when the fission barrier and nucleus temperature are 
approximately equal. At the same time, the data on the precission neutrons 
number obtained during the recent years indicate that fissi n is a slow 
process. This circumstance and also the exponential dependence of xn­
reaction cross-sections leading to transfermium nuclei on the fissility 
parameter X indicate that one can trv to use formalism of the statistical 
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theory of nuclear reactions. In our calculations a statistical code based on 
the program ALICE was employed [2). The cross-section of the compound 
nucleus ~ormation wa~ calculated using the formula: 

l 
n cr 21 + 1 

0 c = k2 1~0 1 + exp(2n (Vil)- Ecm) I h w 1) ' (I) 

where V 8 (1) is the height of the interaction barrier and w 1 is the curvature of 

this barrier. The choice of parameters of the interaction potential was 
discussed earlier [2). The aim of our calculations was the optimum 
description of the maximum values of cross-sections. More than 90% of 
cross-section values in their maxima are achieved at L << Lcr· For this reason, 

the results of calculations were not much sensitive to the value of Lcr and 

calculations were ended when contribution of the last partial wave to the 
cross-section was less than 1% of its value. 

Calculations were carried out in two variants. In the first one, shell 
effects in evaporation and fission channels were taken into account: 

a(E) = a{l+(l- exp(-0.0054E)]L\W/E} B
1

(l) = BJPS(l)+L\B, (2) 
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where a = AI 10, 11 Wand 11B are the shell corrections to the masses of the 
residual nucleus after neutron evaporation and of the fissioning nucleus, 

BJPS(l) is the fission barrier in the model of rotating charged drop. The ratio 

a1 I a11 
was taken equal to l. 

In the second case the relations (2) were used also, but the values 11 W 
and 11B were considered to be formal parameters. For their determination 

the reaction 248 U + 180 was used, for which excitation functions of the 
reactions from 4n to 8n were measured with a good accuracy. The best fit 
was obtained with 11 W = 0 and 11B = 1.1. These values of parameters were 
fixed and calculations for all reactions, for which experimental data exist, 
were performed with them. In both variants of calculation a good fit was 
obtained. We consider· the second variant which is more simple and more 
convenient for extrapolation. The results are presented in Fig.3, where 
there is shown a logarithm of the ratios of calculated and experimental 
values of cross-sections in maxima of excitation functions for reactions 4n, 
Sn and 6n versus fissility parameter X. Dashed lines limit interval 
-0.6 < log(aca/aexp) < 0.6, i.e., for the points lying between these lines 

l/4 < aca/aexp < 4. From Fig.3 one can see that overwhelming niajority of 

the points are within this interval. 

1 .0 log creal/ O'exp 

0 .8 
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0.6 ----~-- - ----- ------ -.... 
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• • • 
• 

o. o t--:--o----"~_.__----,p _ _,___.._~r--~-~ ........... ,_.J X 
0. 0\ ~.8f 0 .90 

-0.2 

- 0.4 

-0.6 

-0 .8 

- 1.0 

..... • . ... 
... .... ... • • ... . . ... 
... ....... . . • • • 

-- - ·- - - - -- - ., .. -- -·--- -- - - -
... 

• ... 

Fig.3 

57 



r 
10.5 

104 ~ • 4n, exp. 
T 5n, exp. 

103 e 6n, exp. 
,-..... o 4n, calc. 
.0 102 

\l 5n, calc. t:: v '-' o 6n, calc. t:> 101 ~ v 
100 ~ • v 8 

~ 

T 8 
1 o-1 r 0 i B 

c 0 0 
10-2 

100 104 108 z 112 

Fig. 4 

One must note that the fission barriers of transfermium nuclei B1 are 

substantially smaller than their neutron binding energies and therefore 
after neutron cascade a nucleus can be found with high probability with an 
excitation energy within interval Bn- B1 and it undergoes fission. Only 

those nuclei reliably survive that after neutron cascade have the excitation 
energy smaller than Br Calculations show that this factor reduces yield of 

heavy nuclei by several orders of magnitude and that the value of 
( r n I r1 ) ra tio is smoothly varying in the transfermium region and ranges 

near 0.1. T his result qualitatively differs from the generally accepted 
opinion that the ratio ax/ac is completely determined by ( r,

1 
I r1 ) value 

which for heavy nuclei is of the order of 0.0 I. 
A good agreement of calculation results and experimental data for 

reactions induced by Mg and AI, in which isotopes of the elements 102 and 
105 were produced, is exemplified by Fig.4. This agreement indicates that 
there are no sensible limitations in fusion for this ions. Some estimates of 
production cross-sections . of several isotopes of the elements 107-110 in 
maxima of excitation functions for 4n-and 5ru:hannels are listed in the table. 
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Table 

4n 

Reaction E1 (MeV) F (MeV) a (pb) 

l43Am+l6Mg 138 42.9 110 
l49Cf+llNe 118 41.2 120 
l48Cm+l6Mg 138 42.4 110 
l48Cm+l7 AI ISO 46.9 10 
z•zPu+36s 187 41.2 90 

l4lPu+34S 185 :44.5 14 0 

l49Cf+l6Mg 144 42.3 37 

Sn 

Reaction E1 (MeV) F (MeV) a (pb) 

l43Am+l6Mg 146 SO. I 89 
l49Cf+llNe 128 50.4 58 

l48Cm+l6Mg 146 49.6 150 
l48Cm+l7 AI 154 50.5 33 
2oPu+J6s 196 49.0 25 
l42Pu+J•s 193 51.5 10 
l49Cf+l6Mg 154 51.3 10 
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CHEMICAL IDENTIFICATION OF ELEMENT 106 
BY THERMOCHROMATOGRAPHIC METHOD 

S.N.Timokhin, A.B.Yakushev, Xu Honggui, 
V.P.Perelygin, I.Zvara 

For the first time the chemical identification of element I 06 has been accomp­
lished. lm comparative gas thermochromatographlc studies of (oxo)chlorides of 
element 106 and of tungsten, reproducible groups of tracks of fission fragments 
from s.f. of 263 106 were observed in a temperature region of 150-250 'C. This 
provides evidence that the element 106 oxochloride is similar to the tungsten 
compound. Elements 104, 105 and .actinoids do not yield volatile compounds 
under the particular experimental conditions. 

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

XHMH'IecKajl ~menTH(j>HKaU.H.!il 3JJeMeHTa 106 
TepMOXpoMaTOrpa(j>H'IecKHM MeTOAOM 

C.H.THMOXHH HAP· 

Bnep8ble 6b111a 8blnOJJHeHa XHIIIHqecKall HAeHTHcliHKa~Hll 3JieMeHTa I 06. 8 
Cpa'8HHTeJibHbiX Tep'1110Xpo1118TOrpacl~HqecKHX 3KCnepH111eHT8X C (OKCH)XJJOpH­
A8111H 3./leMeHT& I 06 H BOJJb41pa111a H&MJOA8JJH aocnpoH3BOAHMble 30Hbt TpeK08 
OCKOJIK08 COOHT8HHOro AeJieHHII 3JieMeHT8 106 8 HHTepB8Jie Telllneparyp 
150-250 'C. 3TO CJiylKHT AOKa38TeJibCTBOIII TOIIIy, qyo OKCHXJIOPHA 3JiellleHT8 
106 DOAOOeH 8H8JIOJ'HqHOIIIY CoeAHHeHHIO BOJJb41pa1118. 3JiellleHTbl 104, 105' H 
8KTHHOHAbl He naJOT JieyYqHX CoeAHHeHHH npH A8HHbiX 3KCnepH111eHT8JibHbiX 
YCJI08HIIX. 

Pa6oT& 8btnOJJHeHa 8 Jla6opaTopHH 11nepHbiX peaK~Hit HM.r.H.<I>nepoaa 
mum. 

As an expected transition metal of group VI of the Periodic System, ele­
ment 106 must form volatile chloride(s) and oxochloride(s). In experiments 
with isotopes of tungsten [ 1 ) we found a chemical system for selective 
separation of an oxochloride of W from Ln, Hf and Ta, which would serve 
the title goal. 

Element 106 was produced at the U-400 cyclotron through the reaction 

180(94 MeV) + 249Cf = 263106 = 4n. 
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For 263 106 a cross section of 0.4 at 94 MeV for the s.f. branc and T 112 of 

0.9 s were reported (2.). The target contained 1.0 mg/cm2 of radiochemi­

cally very pure 249Cf. The 180 beam intensity was about 3 ·I 012 pps. Asche­
matic of our gas chromatographic equipment is shown in Fig. I . 

The thermalized reciols were injected into a quartz thermochromato­
graphic column with l l/min argon gas. As chemiq~l reagent ~e used air 
(0.2 1/min) saturated with SOC12 (20 mmHg) vapors. The nuclide 263 106 

was registered through its s.f. events - the surface of the column itself ser­
ved as the track detector of fission fragments. 

In two experiments we put a quartz wool filter in the start zone (Fig. I, 
oven). No fission fragment tracks were found in the column. In subsequent 
two experiments such a filter was absent. This time, reproducible zones of 
tracks of fission fragments were observed in a temperature region of 
150-250 ·c (Fig.2), close to the deposition temperature of the 16-s 
166w- 1 (I ). Then s.f. events during a 20-h bombardment and nineteen 
events in a 32-h one were registered in this region; in 3 and 6 cases, respec­
tively, both fission fragments from an event were detected (see <<black» 
events in Fig.2). 

Essentially no tracks were found in the start zone and out ide the indi­
cated region of the thermat gradient. At the same time, various a -active acti-

noid isotopes es2
-

254Fm, 253
•
254Es, 248Cf) produced in t e «transfer>> 

reactions were seen mostly in the start zone (e: 99%), i.e. the 106/ An sepa­
ration was as required. 

The yields of 252Fm, 256Fm and 256Md and recoiling from the particu­

lar target versus energy were measured for 91 to 104 MeV 180 ions using 
catcher foils and direct counting of relatively long a-active and s.f. nuclides. 

The results are summarized in the Table. Our yields for the 252
•
256Fm drop 
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· Table. ProduCtion cross sections for :Ul.:U6Fm and :u6Md (inpb) 

Lee (LBL) : 

Sagaidak 
(FLNR): 

This work 
(FLNR): 

l.S 

l.S 

l.S 

l.S 

l.S 

l.S 

l.S 

2Fm 
6Fm 
6Md 
6Fm 
6Md 
6Fm + :u6Md 
2Fm 

91 MeV 

610 

0 .11 

0.07 

10-4 

2 · 10-4 

94MeV 

-
-
-

0 .002 

0.02 

10-4 

0 .7 ± 0.3 

97 MeV 104 MeV 

1910 2400 

1.2 1.5 

0.69 0 .19 

0.02 0.02 

0 .2 0 .2 

0.02 0 .02 

43 ± 4 36 ± 4 

sharply with t e energy decreasing from 97 to 91 MeV. In the Table, the 
from D.Lee et al. (3] and R.Sagaidak et al. (4] are also given. 

various authors in the Table cannot be directly compared 
cross sections 
The results ol 
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because the transfer reaction products have broad angular and projected 
range distributions, hence the recoil yield depends on the thickness of the 
target, which was not the same in the cited studies. The data need a separate 
evaluation. 

We also made two 3-h bombardments at 94 MeV, in which the reaction 
products were carried by inert gas and deposited in a cold column. No fis­
sion events were detected in the column: i.e., the total yield of <<background>> 
s.f. activities with Z < 106 and half-lives longer than some 0.1 s does not ex­
ceed the yield of element 106. 

Our data seem to confirm the formation of an element 106 oxochloride 
similar in properties to the tungsten compound. One should bear in mind 
176W that has a half-life of 2.5 h, and due to this it is deposited at much 
lower temperature than a 0.9 s tungsten activity would be. Unfortunately 

there is no way to produce 166w or even shorter tungsten isotopes simul­
taneously with element 106. 

In the first two •unsuccessful• experiments, obviosly, the retention time 

on the filter exceeded T 112 of 263 106. Longer retention on filters was obser­

ved earlier also for elements of groups IV and V. 
Thus, for the first time the chemical identification of element 106 was 

accomplished. Both the experiments with Hf and Ta and our earlier studies 
of elements 104 and 105 in very similar chemical Systems exclude the 
possibility that the latter two transactinoid elements might be responsible 
for the observed fission events. 
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DIFFRACTIONLIKE EFFECTS IN ANGULAR DISTRIBUTION OF 
CHERENKOV RADIATION FROM HEAVY IONS 

E.S.Kuzm n, A.V.Tarasov · 

Formulae have been obtained for calculating the angular density of 
Cherenkov radiation from heavy ions with allowance for slowing-down of 
particle In the radiator. The diffraction structure of the angular spectrum of 
Cherenkov radiation (Fresnel diffraction) with the diffraction parameter de­
pendent on the energy loss rates of particles Is predicted. 

T he investigation has been performed at the Laboratory of Nuclear 
Problems, JINR. 

Jlu~paK~HOHHOOO,AOOHhle 3$l>eKThl B yrJJOBOM pacnpe,AeJJe­
HHH ll:epeHKOBCKOro H3Jiy'l:eHHR TR)I(eJibiX HOHOB 

E.C Ky3hMHH, A.B.Tapacos 

noJJy'leHbl <f>opMyJJbl AJI!I paC4eTa yrJJ080H I1JIOTHOCTH 'lepeHKOBCKOro H3-
JJy'leHHII TlllKeJibiX HOH08 C y'leTOM TOpMOlKeHHII 4aCTH~ 8 paAHaTOpe. npeA­
CKa3aH *i>eKT AH(j>paK~HOHHOii CTPYKTYPbi yrJJ08oro pacnpeAMeHHII 4epeH­
KOBCKoro H3Jiy'leHHII (AH(j>paK~HII <J>peHMII) C napaMeTpoM AH(j>p3K~HH, 3a-
8HCIILU.HM OT yAeJJbHbiX llOTepb :meprnH. 

· Pa6on 8blllOJJ~eHa 8 Jia6opaTOpHH IIAepHbiX npo6JJeM OJUIH. 

Tamm - Frank's theory [ 1 I describes Cherenkov radiation of a 
particle that moves steadily and rectilinearly in a medium with the refractive 
index n > cl v ( v is the particle velocity, c is the speed of light in vacuum). 
So, this theory ignores interaction between the particle and the radiator 
material, while this interaction results in particle trajectory bending 
(multiple scattering) and in systematically decreasing velocity (ionization 
losses). 

Dedrick (2 I was the first to take into account the influence of the 
particle-radiator interaction on the angular density of the particle's 
Cherenkov radiation. He examined the influence of multiple scattering, 
while ignoring the slowing-down effect. 

Below we consider another limiting case where the multiple scattering 
effect is insignificant, and it is the slowing-down effect that plays a leading 
part in forming the angular distribution of Cherenkov radiation. It occurs 
when nuclei of heavy elements (Z, A » I) transverse thin radiators. 
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Ignoring fluctuations of energy losses, we shall assume that at each mo­
ment of time the particle has a very definite energy and thus a very definite 
velocity. Since we ignore the trajectory bending effect as well , our task is 
reduced to examining the angular distribution of the Cherenkov radiation 
emitted by a particle moving rectilinearly at a varying velocity. The answer 
can be found from the formulae of classical electrodynamics 

2 

dW (ze sin 8)
2 ~L . l 

dwd(cos8)= 2nc2 kw !exp[t<l>(x))dx , (l) 

x dx' 
<l>(x) = kx cos 8 - wt(x); t(x) = I -( '). 

O V X 

Here dW/ d wd(cos 8) is the spectral angular distribution oft e radiation; 
k, w are the wave number (k = w n/ c) and the frequency of the Cherenkov 
photon; Lis the thickness of the radiator; n is its refractive index, 8 is emit­
ting angle; ze is the ion charge. 

Taking for thin layers of the radiator 

_1 __ _!_ __ 1_ v'x· v' = dv(x) 
v(x) - v

0 
vi 0 ' 0 dx 

< 0, 
x=O 

dv = dE dv = ..!_ ( 1 _ v
2

) dE ·, 
dx dx dE P c2 dx 

P= Ev, 

where v0 = v(O) is the particle velocity on entering the radiator; P, E are the 

momentum and the energy of the particle, we finally get 

dW L (ze sin 8) 2 

8 dwd(cosO) =w c ·I( ,w), 

/(0, w) = 2~ 0 ~in Oo {[C(ul)- C(uo) )2 + [S(ul)- S(uo) 12}, (2) 

.\___ 

where 

p;u 2 f2u. 2 
C(u) = v ~ I cos t dt, S(u) = v ~ Ism t dt -

Jto Jto 
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are Fresnel integrals, and 

n cos (J - w/v
0 1 

UO I= ' ; , a 
j . 

2wvc 
a= --2-, 

vo 

c I I I I v01L 
(J = arccos --· - = - - - v 'L' !!. (J = (J - (J ::::: --cot (J 

0, I ' 2 I ' 0 I · v 0' nv0 •1 v1 v0 v0 o 

I 

f f((J, w)d cos (J = 1, 
-I 

Here v1 is the particle velocity on leaving the radiator. The radiator thick­

ness being small, Cherenkov radiation is concentrated in a narrow angular 
interval e1 s (J s e0, ((}0 - (} 1 « 1). Within this interval and in the close 

proximity to it variables u0,1 can be expressed as 

tan e0)e - e0). 

uO,I = (J d ' 

where .A. is the radiation wave length. 

(}2- lv01.A. 
d - --lt c • 

As an example, we give a distribution for the angular density of 
Cherenkov radiation as it follows from the Tamm - Frank theory ( 1 ) 

Stn X lt C . 1 (. )
2 

( ) !T-F((J,w) = ~(J -x- ; x = d(J cos(}- von . (3) 

The Tamm - Frank distribution width is defined as ~ (J = .A./ nL, where 
.A. = 2.n c/w - is the radiation wave length. 

In our opinion, distributions (2) and (3) essentially differ in the 
following features (see figs.1a, 1b) . 

As compared with distribution (3), the centre of gravity in distribution 
(2) is shifted toward smaller angles by!!. (J/2. The width of (2) is much lar­
ger than that of the Tamm- Frank distribution, and it increases proportio­
nally with the radiator thickness. The opposite situation is typical of distri­
bution (3) , whose width decreases in inverse proportion to the ratiator 
thickness. 

Speaking in terms of optics, we may compare the angular density of 
Cherenkov radiation from a steadily decelerating particle to the Fresnel slot 
diffraction, while radiation from a steadily moving particle is distributed in • 
accordance with the Fraunhofer diffraction pattern. Moreover, if in the 
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Tamm- Frank theory the distance between maxima (the diffrac tion para­
meter) is determined by the wave length and the radiator thickness, 
~ () = )./ nL in distribution (2), the expression for the diffraction arameter 
involves energy loss rates in the radiator material 

2 1v01;. 1 2 1dEI;. v0 
()d = 1tC = :rc Po (1 -Po> dx Eo' Po= c' 
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FiJ.l . Distributions (2) and (3) calculated for aold nuclei of energy 
1000 MeV per nucleon incident on a quartz radiator 0.5 em thick. a) this 
paper; b) Tamm - Frank distribution 
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6 

4 

The most distinct Fresnel-like diffraction pattern shows up in Cherenkov 
radiation of very heavy ions (uranium, gold), though its manifestations are 
observed with lighter nuclei as well. 

In figs.2,3 there are angular distributions of Cherenkov photons with a 
wave length of A = 546.1 nm emitted by iron and neon ions of energy 
1000 MeV / nucleon. The photons are generated in a quartz plate of 
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thickness L = 5 mm. Here a decrease in specific energy losses results in 
narrower angular distributions of radiation, but spectra kee their dif­
fraction structure up to Z = 10. 

The multiple scattering effects that we neglect may cause a partially or 
completely smoothed diffraction pattern predicted by formula (2). Howe­
ver, a more detailed analysis within the approach developed in ref. [3] 
shows that this negligence is justified to some extent when Cherenkov 
radiation from heavy ions of not very high energy (a few times hundred MeV 
per nucleon) is considered. The results of more complete investigations in­
volving influence of both elastic and inelastic processes in the radiator will 
be published soon. 

The authors are very grateful to Dr.V.P.Zrelov and Professors · 
M.I.Podgoretsky and M.P.Rekalo for their interest in this work and for 
fruitful discussions. · 
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THE GAUGED NONLINEAR SCHRODINGER EQUATION 
ON THE PLANE: A REGULARIZED MODEL 
WITH VORTEX SOLUTIONS 

I.V.Barashenkov1, A.O.Harin2 

We consider a complex scalar field Interacting with the Chern - Simons 
gauge field in 2+1 dimensions. In the relativistic case this model is known to sup­
port vortexlike solutions. However, its nonrelativistic counterpart was found not 
to possess even the condensate (I.e. spatially uniform) solution. Here we propose 
a new self-consistent nonrelativistic Chern - Simons gauge theory which does 
have both the condensate solution and a variety of vortex- and bubblelike soli ­
tons. When the scalar self-interaction Is t;4, the solutions satisfy self-duality 
equations. 

The Investigation has been carried out at the Laboratory of Computing Tech­
niques and Automation, JINR, University of Cape Town and University of Natal 
(Durban). 

He.nuueiiuoe ypaaueuue lllpe,Auurepa 
C Ka/IH6poBO'IHbiM DOJleM Ha DJIOCKOCTH: 
peryJistpH30BaHHaSI MO,AeJlb C BHXpeBbiMH peweHHSIMH 

H.B.BapaweuKOB, A.O.Xapuu 

PaCCMaTpHB8eTCII KOMIIJieKCHoe CK8JI11pHoe none, B38HMOAeHCTBytOIJ.(ee 
c K8JIH6poB0'1HbiM nOJJeM lJepHa- CaAMoHca a (2+1 )-MepHOM npocTpaHCTBC. 
li3BCCTHO, 'ITO, XOTII B pe.IIIITHBHCTCKOM CJiy'lae 3Ta MOACJlb AOOYCKaeT BHXpe­
Bble pellleHHII, ee Hepe.IIIITHBHCTCKHH B8pHaHT He OnHCbl&aeT AalKC KOHAeHCaT, 
T.e. npocTpaHCTBCHHO-OAHOpoAHoe COCTOIIHHe. 8 HaCTOIIIJ.(eH 38MCTKC npeAJia­
raeTCII HO&all CaMOCOrnaCOB3HHaA Hepe.IIATHBHCTCKaA MOACJ1b C '!neHOM lfep­
Ha - CaHMOHCa, OOnaAaiOIJ.(aA KaK KOHAeHCaTHbiM pellleHHeM, TaK H HaOOpoM 
TOOOJIOrM'IeCKHX H HeTOOOJIOrM'IeCKHX COJIHTOHOB. 8 CJiy'lae B38HMOAeHCTBHII 
t;4, peweHHII YAO&neTBOplltOT ypaaHeHHIIM caMOJ\YMbHOCTH. 

PaOOTa BbiOOJJHeHa B JlaOOpaTOpHH Bbi'IHCJIHTCJlbHOH TeXHHKH H aBTOMa­
TH38U.HH OH11H, KeAnTayHCKOM H HaTaJJbCKOM yHHBCpcHTeTax. 
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Introduction. Recently there has been much interest in (2+1)­
dimensional gauge theories with the Chern-Simons term. T he Chern­
Simons theories were proposed in the context of conden ed matter 
physics to describe low-energy phenomena in quasiplanar systems of 
anyons, particles with fractional statistics. These phenomena include 
e. g. the high-Tc superconductivity and the fractional quantum Hall 
effect. 

The role of the anyonlike objects is played by vortices, topolog­
ically nontrivial two-dimensional localized structures. Accordingly 
vortex solutions have been in the focus of mathematical st dies of the 
Chern-Simons theories. Most progress, so far , has been made in the 
relativistic case, when the matter field satisfies the nonlinear Klein­
Gordon equation . As far as the nonrelativistic limit is concerned 
(which is of course more attractive for applications), only non topo­
logical, "belltlike" solitons were found [1] . Furthermore, it can readily 
be shown [2] that even the condensate (i. e. nonzero constant solu­
tion) is not admitted by the nonrelativistic model introduced in [1]. 

In the present note we demonstrate that this-drawback originates 
in the fact that the gauged nonlinear Schrodinger equation in its 
standard form [1] is not suitable for describing dark solitons, i.e. soli­
tons with the nonvanishing background , such as vortices and bubbles. 
Accordingly, we propose a new version of the model which is com­
pletely compatible with the nonvanishing ("condensate" ) boundary 
conditions. As its predecessor, the new model is self-con is tent: the 
conserved matter current serves as a source of the gauge field. 

Inadequacy of the standard model. The failure of the stan­
dard nonrelativistic model [1] to possess even the condensate solution 
can be traced back to its Lagrangian formulation. This rawback is 
inherited from the nongauged version of the model. 

Indeed, consider the one-dimensional nonlinear Schrodinger equa­
tion with a general nonlinearity, 

i<f>t + <f>xx + F(p )</> = 0. (1) 

Here p = 1<1>1
2

, and F(p) = -dU j dp. The standard Lagrangian for 
eq. (1), 

(2) 
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does not automatically produce correct integrals of motion for solu­
tions with non vanishing boundary conditions. First of all, the number 
of particles integral, 

N = J (!~ i¢- :~i¢*) dx, (3) 

corresponding to the global U(l) invariance of the system, takes the 
form N = J p dx. This integral, of course, diverges for solutions with 
1¢1 2 approaching p0 at infinity. The regularized number of particles, 

N = j (p - Po) dx, (4) 

is obtained by the ad hoc subtraction of the background contribution. 
The standard definition of momentum, 

J ( 8£ * 8£) 
p = ¢x 8¢t + ¢x 8¢; dx, (5) 

does not yield the correct expression either. For the Lagrangian (2) 
one obtains P = ~ J ( ¢¢;- ¢*¢x) dx. It appears that this definition 
is not compatible with the Hamiltonian structure of the model [4]. 
Indeed, varying P gives 

8P = i·j (¢;c¢- ¢x8¢*)dx + po8Arg¢j~:. 

The appearance of the boundary term here makes it impossible to 
find the functional derivatives 8P/8¢ and 8P/8¢*. Consequently, the 
Poisson bracket of P with some other functional, e. g. Hamiltonian, 
cannot be evaluated. The only definition compatible with the Hamil­
tonian structure of the model is* 

P = ~ J (¢¢;- ¢*¢x)dx- poArg¢1~: 

= J(¢;¢-¢x¢*)(1-~)dx. (6) 

•It is appropriate to note that it was this modified definition of momentum that 
permitted th~ formulation of a stability criterion for moving dark solitons [3], [4]. 
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Proceeding to two dimensions, the standard definition 

P = ~ J (<t>V<t>*- <t>*V<t>) d2
r 

is even less suitable, since in general the integral (7) diverges. 
Now the gauged nonlinear Schrodinger equation read 

i</>t - eAo</> + D 2 </> + F(p )<I> = 0, 

where D~-' = o~-' + ieA~-' and the Abelian gauge field A~-' satisfies 

KO,e F.6a + !!_€a,6-y F,a-y = eJ0
• 

2 
Here J~-< = (J0 ,J) designates the conserved matter curre t: 

Jo = P = 1<1>1
2

, 

J = ~{</>*(D</>)- </>(D¢)*}, 
z 

(7) 

(8) 

(9) 

(10) 

(11) 

F~-< 11 = o~-<A 11 - 011 A~-<, Greek and Latin indices run over 0,1,2 and 
1,2, respectively. The parameter e is a gauge coupling, and ,;, and J.t 
control the relative contributions of the Maxwell and Cherh-Simons 
terms in the corresponding Lagrangian: 

£ = ~(<I>*(Do<l>)- </>(Do</>)*) - (Dk<I>)*(Dk<l>)-

~F~-'11 F~-'11 + ~€~-<a.6 A~-<Fa,e- U( p). (12) 

This system inherits the drawback of its nongauged counterpart . 
The momentum, defined by 

J [ o<t> o£ o<t>* o£ oAa o£ ] 2 
pi = oxi o<t>t + oxi o<t>; + oxi oAr d r, (13) 

equals 

Pi = J [ ~( <I>Di<l>* - <I>* Di<l>) - Kfij Ei B] d2
r = 

j p(oiArg</>- eAi) d2r- "'j fijEi B d2r. (14) 

Here E = - V A0 is electric and B = -F12 magnetic fields. The 
momentum in this case is finite, provided Ai ---+ !oiArg ¢ at in::lnity. 
However, the functional derivatives 6Pi/64> and 6Pi/64>* still cannot 
be calculated. 
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The new model. Thus, a natural question is: Is it possible 
to find a Lagrangian producing the same Euler-Lagrange equations 
as (2) but at the same time yielding the correct integrals of motion? 
We claim that the Lagrangian 

L = ~(</>t</>*- </>;</>) (1-;) -l</>xl 2
- U(p), (15) 

satisfies both these requirements. It produces the same NLS (1), while 
formulas (3) and (5) yield the correct integrals N and P, as given 
exactly by {4) and (6). 

We propose to adopt the Lagrangian (15) as the basis for the 
nonrelativistic gauge theory. In two dimensions, and after the in­
troduction of the Chern-Simons - Maxwell gauge field, it takes the 
following form: 

£=~(</>*(Do</>)- </>(Do</>)*) (1-;)-
(Dk</>)*(Dk</>)- '!:.F,wF~'11 + !!:_£JJaf3 AJJFafJ- U(p). (16) 

·4 4 

As expected, this Lagrangian produces the correct number of par­
ticles, 

N = l(p- Po) d2 r, (17) 

and momentum compatible with the Hamiltonian structure of the 
model: 

Pi= I [~(</>Di</>*- 4>* Di</>) ( 1 -;) - K£ijEi B] d2r = 

I (p- Po) [8iArg</>-:- eAi] d2 r + K I £ijEi B d2 r. (18) 

The field equations resulting from ( 16) however differ from those of 
the standard model ( 12). The difference lies in the definition of the 
density of the number of particles [the charge component of the vector 
J~' = (Jo, J )]: 

Jo = P- Po· (19) 

Other than that, the field equations are the same, eqs. (8), (9), with 
the spatial part of the current being given by the standard expres­
sion ( 11). T he Hamiltonian of the modified system has the standard 
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form: 

H = j [ID</>1 2 + U(p) + i (E2 + B 2
)] d2

r . (20) 

The difference in the definition of J0 , however, drastically changes the 
properties of the model. It turns out that t he modified model not 
only possesses the condensate solution but also exhibits a self-dual 
limit and a rich variety of vortex and bubble-like solito s. 
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