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GRAVITATIONAL FIELD OF THE SCALARLY CHARGED MASS 
IN THE LOBACHEVSKI SPACE 

R.A.Asanov 

A variant of the Chernikov gravity theory with two connections and one metric, in which 
the background connection describes the Lobachevski space, is treated. A localized source of 
static, space spherically symmetric gravitational and massless scalar fields is present. An exact 
external solution of the problem is given. The result is valid for the Rosen bimetric general 
relativity. The transition to the Einstein theory exists when the Lobachevski constant k tends 
to infinity. 

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

rpaBHT3J.lHOHHOe DOJie CK3JI.HpHOfO 33p.HJl3 

ua flloue npoCTpauCTsa Jlo6a'leBcKoro 

P.A.AcanoB 

8 BapHaHTe TeOpHH '-JepHHKOBa C IIBYMll CBli3HOCTliMH, B KOTOpOM <j:lOHOBall CBli3HOCTb Ja­
)laeTCll no Jlo6a'leBCKOMy, Haii)leHO TO'lHOe BHeWHee peweHHe Ja)la'lH 0 rpaBHTaUHOHHOM OOJ!e 
JIOKaJIHJOBaHHOfO HCTO'lHliKa CTaTHCTll'leCKHX ccpepH'leCKH-CHMMeTpH'lHbiX 6eJMaCCOBbiX CKa­
!IllpHOro II rpaBHTaUHOHHOfO OOJieii. np11 CTpeMJieHHH KOHCTaHTbl Jlo6a<JeBCKOfO k ~ 00 

peweHite nepexoJIHT s peweHHe Toii lKe JaJia'lH s TeopHH 3iiHwTeiiHa. PeJyJibTaT cnpaseJIJIHB 
Jlilll sapHaHTa 611MCTp11'lCCKOH o6weii TCOp1111 OTHOCHTeJibHOCTH PoJeHa. 

Pa6on BbinOJIHeHa B Jla6opaTOpHH TeopeTH'lecKoii cpHJHKH HM. H.H.6 oromo6osa 011~11 . 

Some years ago Chernikov [I] has suggested a generalization of the Einstein theory, 
the theory with two connections but one metric. The main aim of th is theory was to obtain 
a covariant generalization of the Einstein gravitational energy-momentum pseudotensor. For 
this aim it occurs necessary and sufficient to introduce the second (background) connection. 
A more early bimetric approach by Rosen [2] for the same aim proved, in this way, to be 
sufficient. Both theories have the general relativity as a limiting case, and this fact is to be 
taken into account if one appeals to an experiment. 

The following variant [I] of the Chernikov theory is considered. First, when the 

gravitation is absent (!C = 0), the field connection ~~v is put equal to the background 
I\ 

connection fA . Second, under the same condition, the static metric in the spherical space 
J.IV 

coordinates is 
2 

di = (cdt)
2

- dr
2

- (k sinh i-J d0.2, d0.2 = d82 + sin2 8d<j>2
, (I) 
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so its spatial part describes the Lobachevski space (k is the Lobachevski constant) that tends 
to Euclidean one when k--+ oo. Third, the background connection chosen is Cristoffelian and 
defined by the metric (1 ). A consequence of the latter is the symmetry of the background 

1\ 1\ 1\ 

connection Ricci tensor Rcr IJ.<1V = R
11
v = Rv

11 
and field equations became 

1\ _ 8mc ( · .!. ) _ pcr _ R
11
v-R

11
v- c4 T

11
v- 2 g11vT, T=g Tpcr' Jl-0,1,2,3, (2) 

K is the Newton gravity constant, T
11

v is the Einstein material tensor. Note that these equa­

tions coincide with equations of the Rosen bimetric general relativity with the background 
metric (1). In both theories, in analogy with general relativity (GR), the equation 

V 
11

rllV = 0 holds (V 
11 

is the covariant derivative with respect to the field connection). Now, 

the consequence of it in the GR limit will be the De Dander (coordinate) harmonicity 
condition. For the static spherically symmetric space the equations (2) have been solved by 
Chemikov [1] when a concentrated massive source of the gravitational field is present. The 
interval has the form 

di = V 2(r)(cdt)2
- F 2(r)dr2 - H2(r)dQ2

, (3) 

and the exact external (i.e., T
11
v = 0, r '# 0) solution is of the form 

1\ 

sinhr-k r ( 1\) 
2 2 -2 · r v (r) = r (r) = p • p = exp -- • 

. hr+ r k 
sm -k-

(4) 

• 1\ 

H(r) = Pk sinh r + r ! s1·nh 2~- Km 
k ' '2 k-2. c 

(5) 

here m is the mass of the system. When k--+ oo it turns into the Schwarzschild solution 
written in the spherical space coordinates that are conventionally related to the rectilinear 

harmonic coordinates x i [3] , and ~--+ r
0 

= ~. The relation is ordinary: x 
1 = r sin 0 cos$. 

c 

X 
2 = r Sil} 0 sin $, _? = r COS 0. 

Now we consider an analogous static problem when a localized source of the 
gravitational and massless scalar fields is present. For the scalar field potential U we assume 
the simplest generalization of the Schrodinger (Klein-Gordon-Fock) equation that outside 
the source gives 

VC:V crU=- F-1 U" + (In H;V r U'] = 0, 

the prime denotes d/ dr. The static solution of it is 

U'=-G__f_ 
H 2V 

(6) 

(7) 



Asanov R.A. Gravitational Field 7 

that in the limit 1C ~ 0 should give U' ~ -G / r 2, here G is the scalar constant. The 
corresponding scalar field material tensor is 

T(sc) = --1 (v UV U-! g V UV cru). 
j.LV 41t j.l V 2 j.LV (J 

(8) 

By using (7) and (8), the field equations (2) give 

-- =0 
(
H 2V')' . 

F ' 
(9) 

-- -FVcosh-=0 
(

HH'V )' 2r 
F k ' 

(10) 

(11) 

Before solving this system, let us recall that the searched solution in the limit k ~ oo 

should turn into the solution of the same problem in GR in harmonic coordinates (more 
precisely, in spherical space coordinates, related to the rectilinear ones). I know this 
solution, it is as follows [ 4]: 

y2 = JT2 = (r- ~r. H2 = (r+ ii)l +~(r- ii)I - ~. 
r+ <X 

U G I I r- ~I , · U' G 
=- 2ii n r +(X t.e. =- r 2- a2 • 

- l...J22 2 1Cm 
<X= 2 1C m + KG = -

2 
, 

c j3c 

1Cm 
~=~22 2" · 

'Cm +KG 

(12) 

Here we have explicitly introduced, into parameters, in distinction from the original, the 
mass m of the system and the scalar constant G defined by (7). The latter is not so 
indifferent how it could seem. This circumstance becomes clear, for instance, if we compare 
the solution ( 12) with the solution of the Nordstrom- Reissner pro lem for electric charge 
in harmonic coordinates [5] and when some limiting cases (1C, m, G ~ 0) are considered. 

Let us be convinced that ( 12) has been really expressed in harmonic coordinates as the 
authors do not indicate this fact. It is sufficient for this to use th consequence for space 
coordinates of the De Donder harmonicity condition ([6], Eq.(57.08)) (the rime coordinate 
is obviously harmonic) 

_I .!!.._ (H 2y) = 2r 
FV dr F 

(13) 
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that is obviously fulfi lled. Now let us throw a glance at ( 4 ), (5) and at (12) and try to 
simply guess the solution in the form 

V 2 = F -2 = p -2 [ sinh~ J· p = exp (- E ) , 
. hr+ r k 

Stn --
k 

-1+~ -1-~ 

H 2 = P 2k2 (sinh r; r) (sinh r ~ r) , (14) 

G( r-r:J-1
( r+r)-1 U' =- k2 sinh -k- sinh -k- , 

where r is the integration constant. So, we are only left to define this parameter. From 
Eq .(ll) we have 

k
2 

sinh2 ( 2r )= .?m
2 

+ Kd 
4 k c4 

(15) 

Our solution (14), (15), when G ~ 0, tends to the Chernikov solution (4), (5), but differs 
from it in the essence of singularity when r = r, in accordance with the property of GR 
solution (12) [4] . 

The question of uniqueness of (14), (15) remains still open both by virtue of the 
condition FV = 1 used and other possible reasons similar to those in general relativity [7] . 

I express my grati tude to Professors N.A.Chernikov, V.N.Pervushin and participants of 
their seminar for well-disposed aiscussions and support. 
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OPTIMIZED LAMBDA-PARAMETRIZATION 
FOR THE QCD RUNNING COUPLING CONSTANT 
IN SPACELIKE AND TIMELIKE REGIONS* 

A. V.Radyushkin 

The algorithm is described that enables one to perform an explicit s mmation of an the 

(1t2 lln2 (Q 2 I A2))N·corrections to a.(Q 2) that appear owing to the analytic continuation from 

spacelike to timelike region of the momentum transfer. 
The investigation has been performed at the Bogoliubov Laboratory of Theoretical Physics, 

JINR. 

0nTHM3JibH3JI JIJIM6)la-napaMeTpH33QHJI 3«)>«)>eKTHBHOH KOHCT3HTbl 

conn o KX)l JlJIJI npoCTpauCToeuuo- H opeMeuuno)lo6HLIX o6JiacTeii 

A.B.Paorow.Kun 

C<jJopMynHpoBaH anropHTM, noJBOJJliiOUIHH B liBHOM BIUie npOCYMMHpooaTb 

(1t2 1 In2 (Q 2 I A 2))N·nonpaoKH K a.(Q 2), o6yCJJoBJJeHHbte aHaJJHTH'leCKHM npoJlOJJJKeHHeM H3 

npOCTPaHCTBeHHOUOJl06HOii BO BpeMeHHUOJl06Hy10 o6JJaCTb nepeJla'l HMDYJJbCa. noKaJaHO, 'ITO 
80 BpeMeHHnOJl06HOii OMaCTH HaHJJyqUJHM napaMeTPOM paliiOJKeHHll liBJ!lleTCll 

4l b0 arctg (1t l ln (q2 1 A2)). 

Pa6oTa BbinOJJHeHa B Jla6opaTopHH TeopeTH'lecKoif <jJHJHKH HM. H.H.o orOJJI06ooa 0115111. 

I . Introduction 

Perturbative QCD is intensively applied now to various pr cesses involving large 

momentum transfers, both in space like cl =- Q 2 < 0) and timelike cl > 0) regions (for a 
review see [ 1-3]). However, the coupling constant g(~) (i.e., the expansion parameter) is 
defined usually with the reference to some Euclidean (spacelike) co figuration of momenta 
of scale ~· For spacelike q this produces no special complications. One simply uses the 

renormalization group to sum up the logarithmic corrections (q2(~) In (Q 2 I ~2))N that 
appear in higher orders and arrives at the expansion in the effective coupling constant 

a (Q 2) which in the lowest approximation is given by the famous asymptotic freedom 
<I 

formula [1) . 

*This letter is the copy of the unpublished preprint E2-82-159. JINR, Dubna ( 1982 year) 
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a(Q2)= 41t , (1) 
s (11-2N/3)ln(Q 2jA2) . t 

where A is the «fundamental» scale of QCD. In general, the A-parametrization of a (Q 2) is s 

a series expansion in 1 / L (where L =In (Q 2/ A2)), and the definition of A is fixed only if 

the 0(1 / L2)-term is added to eq. (1) [4]. 

For time! ike q there appear, however, i1t-factors (In (Q 2 / J,!2) ~In <l / J,!
2

) ± i1t), and it 
is not dear a priori what is the effective expansion parameter in this region . This problem 
has been discussed recently in a very suggestive paper by Pennington and Ross [5]. These 

authors analysed the ratio R(l)=cr(e+e- ~hadrons)/cr(e+e- ~Jl+Jll for which the 
analytic continuation from the scapelike to timelike region is well defined and investigated 

which of the three ansiitze a <l). I a (-l) I andRe a(- q2
) better absorbs the (1t2 

/ L2
)N-s s s 

corrections 1 in the time like region l > 0. Their conclusion was that I a ( -l) I is better s 

than a <l) and Rea (- l). Nevertheless, it is easy to demonstrate by a straightforward 
s s 

calculation that I a (-l) I cannot absorb all the (1t2 
/ L2)N-terms associated with the 

s 

analytic continuation of the ·In (Q 2 / J,!2)-factor. Our main goal in the present letter is to 
show that by using the A-parametrization for a (Q 2) in the spacelike region it is possible 

s 

to construct for R(q2) in the timelike region the expansion in which all the (1t2 / L2)N-terms 

are summed up explicitly. 

2. A-Parametrization in Spacelike Region 

The starting point for the A-parametrization is the Gell-Mann-Low equation taken as a 
series expansion in G = a / 41t: · 

s 

b b b - b2 

L=ln (Q 26A2)= blG+~lnG+~+ 2 0
3 

1 
G+O(G 2), 

o b0 b0 

(2) 

where bk are ~-function coefficients: b0 =ll-2N/3 [1], b1=102-38N/3 [6], 

b~s = 2857/2- 5033N/ 18 + 325N/ / 54 [7]. The parameter~ in eq . (2) is due to the lower 

boundary of the GML integral [8,9]. By a particular choice of~ one fixes the definition of 

A: A= A(~)2 . Eq. (2) is solved by iterations and the result is reexpanded in I I L: 

l [ 2] ) 2 41t Ll I 2 bl b2b0-bl 3 
«/Q ) = b L 1 - L + 2 Ll - 2 Ll + 4 + O( I I L ) ' 

0 L b
0 

b
0 

(3) 

where 

10dd powers of (irc / L) cancel because R is real 
20f course, A depends also on the renormalization scheme chosen . 



Radyushkin A. V. Optimized Lambda-Parametrization 11 

b! 
L

1
=2ln(b

0
L)-A. (4) 

bo 
The expansion (3) is useful, of course, only if it converges rapidly enough. In fact, the 

convergence of the I I L series depends (i) on the value of L we are interested in and (ii) 
on the choice of A. 

We emphasize that the most important for perturbative QCD is the region L > 3, since 
L = 3 corresponds to a - 0.5, and the reliability of perturbation theory for larger a is s . s 
questionable. Hence, in a realistic situation the naive expansion parameter I I L is smaller 
than (but usually close to) one third. Of course, I 13 is not very small, so one must check 
the coefficients of the I I L expansion more carefully. First, there is a A-convention-inde-

pendent term (b2b0 -bi)l(b6L2
) which reduces for N

1
=3 to roughly 0.25IL2 and gives, 

therefore, less than 3%-correction to the simplest formula (1). There are also A-convention­

dependent terms like Ltf L, L
1 
I L2 and one should choose A so as to minimize the upper 

value of the ratio L
1 
I L in the L-region of interest. 

If one takes, e.g., A= Aopt = (b/ b~) In (4b0), then L1 = (b/ b~) In (LI 4) and the ratio 

L
1 
I L is smaller than 7% in the whole region L > 3. Another choice [I 0] is to take 

t:. = t:.(Qg) = (b 1 I b~) In (b0L0), where L0 =In (Qg I A2
) and Qg lies somewhere in the middle 

of the Q 2-region analysed. In this case L 1 = (b 1 I b~) In (LI L0) , i.e., L1 I L is zero for 

Q 2 = Qg and smaller than 7% for all in the region where L > 3. A important observation 

is that both the choices minimize the corrections not only in eq. (3) but also in the GML 
equation (2) . 

Really, for small G the only dangerous term in eq. (2) is In G, hence, the best thing to 

do is to compensate it by taking t:. =- (b/ b~) In G, where G is a s(Q 2) I 41t averaged (in 

some sense) over the relevant Q 2 -region. After this has been done, one may safely solve 
eq. (2) by iterations and perform the I I L-expansion. For a proper choice oft:. eq. (3) has 
I% accuracy for L > 3, and, moreover, the total correction to the simplest formula (I) is less 

than IO%. However, accepting the most popular prescription t:.pop = (b 1 I b~ In b
0 

= 

= t:.(Q 2 = eA 2) (the only motivation for t:. being the «aesthetic» criterion that L
1 

should pop 

have the shortest form L
1 

= (b 1 / b~) In L) one minimizes L
1 
I L in the region Q 2 

- 3A 2 

nobody is really interested in. Moreover, in the important region L- 3 one has 

L~op I L- I 13 and the convergence of the I I L-series is very poor in this case. 

Thus, the A-parametrization (eq. (3)) gives a rather compact and sufficiently precise 
expression for the effective coupling constant in the spacelike region provided a proper 
choice of the A-parameter has been made. 

3 . A-Parametrization and R(e+e- ~ Hadrons; s) 

The standard procedure (see, e.g ., [II] and references therein) is to calculate the 

derivative D(Q 2) = Q 2dt I dQ 2 of the vacuum polarization t(Q 2) related to R by 



12 Radyushkin A. V. Optimized Lambda-Parametrization 

R(s) = -
2

1 
. (t(- s + iE)- t(- s- iE)). 

1tl 
(5) 

In perturbative QCD D(Q 2) is given by the a. (Q 2)-expansion: 
s 

J a.(Q2) [a.(Q2)]2 [a.(Q2)]2 
D(Q 2)=L,e~ l1+~+d2 ~ +d3 ~ 

q 

+ ) (6) 

Only d2 is known now [ 11, 12], its value depending on the renormalization scheme 

chosen. Using eq. (5) and the definition of D, one can relate R(s) (or, more precisely, its 
perturbative QCD version R QCD(s)) directly to D(Q 2) 

-s+iE 

R QCD(s) = ~ J D(cr) da. 
2m cr 

(7) 
-s-iE 

Integration in eq. (7) goes below the real axis from - s - iE to zero and then above the real 
axis to - s + iE. 

In a shorthand notation D => R = <l>[D]. In some important cases the integral (7) can be 
calculated explicitly: 

1 => 1, 

1 1. 1 l 1 1t
2 

) L => 1t arctg ( 1t I Ls) = L I - 3 L 2 + .. . , 
cr . s s 

In (L I L0) In (~I L \ - (L I 1t) arctg (1t I L ) + I cr s 0' · s s 

L2 
cr 

=> = 
L2 + 1t2 

s 

= In (Lsi L0
) !I _ ~~ + ... ) +% ~: + .... 

s s s 

~=>~=~ll-1t~+ ... )· 
L L +1t L L cr s s s 

(8) 

(9) 

(10) 

(II) 

_!_=>(-It I (_!]_)n-2_I __ _!_!I 1t2n(n+I) ) 
L~ (n-I)! dLs L;+1t2- L; - L; 6 + ... • (12) 

where L = In (s I A 2), L = In ( cr I A 2) and L0 is the constant depending on the .1-choice. s (J 

Using the A-parametrization for a. (cr) and incorporating eqs. (8)-( 12) (as W61J as their 
s 

generalizations for ln2 LIL2, lnLIL3, etc.) produces the expansion for 
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RQCD(s) = ( ~>!){ 1 + L dk ell[(<Xsl1tl]} (13) 

q k=l 

in which all the Z(1t2 IL2)N-terms are summed up explicitly. 

4. Quest for the Best Expansion Parameter 

Note that the expansion (13) is not an expansion in powers of some particular 
parameter since the application of the ell-operation normally violates nonlinear relations: 

ell[1 I L2
] :t (<1>[1 I L])2

, etc. A priori, there are no grounds to believe that a power expansion 
is better than any other (say, Fourier) . In fact, the expansion (13) co verges better than the 

generating expansion (6) for D(cr) because, as it follows from eqs. (9)-(12), ell[~] is 

N N+l l / N+l A.. N])l / N · h f& · always smaller than <Xs . Moreover, (ell[ as ] <(~[as , t.e., t e e 1ecttve 

expansion parameter decreases in higher orders. Thus, if one succeeded in obtaining a good 
r/ expansion for D(cr) (with all dN being small numbers), then th'e resulting ell[r/]-

s s 

expansion for R QCD(s) is even better, and the best thing to do is to leave it as it is. 

However, if one insists that the result for R QCD(s) should have a form of a power 
expansion, then the best expansion parameter is evidently ell[a l 1t] because the largest s 
nontrivial (i .e., O(a l 1t)) term of the expansion is reproduced in the exact form and only 

.f 

higher terms are spoiled. The analogue of the simplest A-parametrization for <X (Q 2) (eq. s 
(1)) is then 

- 2) 4 ( 1t ) 
<X/q = bo arctg In <l I A 2) . 

(14) 

Using eqs. (8)-(13) it is easy to realize that <X/l) is really a bad expansion parameter, 

because if one reexpands 'ii/l) in <X/l), then there appear terms with large coefficients 

- 2 2 I 1t 0 . <Xs q <Xs l b 2 [ ( 2) ]2 ) { 2 } 
a..

1
.(q ) = a..

1
.(q ) I - 3 ( 4 ) -1t- + .. . ~ (J.s 1 - 17 ( n ) + .. . . (15) 

If one reexpands 0. <l) in Rea .(- q') then the corresponding coefficient is even 2 
s ·" 

times larger, whereas if 0. .(l) is reexpanded in I a <-l) I, the coefficient is 2 times 
j s 

smaller. This observation is in full agreement with the result of ef. [5] quoted in the 
introduction. 

5 . Concluding Remarks 

It should be noted that the change of the expansion parameter as given by eq . (15) 
affects only the (0./ 7t)3 coefficient of the R QCD_expansion which has not been calculated 

yet. So, within the present-day accuracy, all expansions for R QCD have the same 
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coefficients. It is worth emphasizing, nevertheless, that the rt2 / L2 terms produce for 
as ~ 0.3 more than 20%-correction to as, i.e., they are more important (for an optimal 

choice of the a-parameter) than the 2-loop corrections in eq. (3)). 
To conclude, we have described the construction of an optimized (i.e., rapidly 

convergent) A-parametrization for the effective QCD coupling constant in the spacelike 
region, and then we used it to obtain the fastest convergent expansion for the timelike 
quantity R QCD(s). The technique outlined in the present paper can be applied also to other 
R QCD_like quantities. Such quantities do appear, e.g., in the QCD sum rule approach [13] 
in which the analysis of hadronic properties is based on the study of vacuum correlators of 
various currents. They appear also in an alternative approach [14] based on the finite-
energy sum rules [15]. It should be stressed that in the latter approach the R QCD_Iike 
quantites enter into the basic integral relation, and the analysis is most conveniently 
performed if one has a simple analytic expression similar to that described above. 
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HOBbiH llPEJJ;EJI HA BEPORTHOCTb KOHBEPCHH MIOOHHR 
B AHTHMIOOHHH B 3KCllEPHMEHTE llHR«<»- OHRH 

B.A.ropoeeB*, J!.B.ropoeeB*, C.A.rycmoB, E.F.J!py~eapeB*, IO.B.EAKUH*, 
A./O.KuceJleB*, E.H.KoMapoB*, T.H.MaMeooB, O.B.Muuyxo*, 
H.B.MupoxuH, A.H.MuxauJl.oB*, IO.r.HapwmKuH*, O.B.CaB'leHKO 

B cosMeCTHOM ni·UI<l> - OIUUf aKcnepuMeHTe nposen:~o aKcnepuMeHTaJibHOe ucCileno­
saHue UpOUeCCa KOHBepCHH MIOOHHJI B aHTHMIOOHHH (M -+ M). 3KCUepHMeHT ocywecTBJieH Ha 
HHTeHCHBHOM U}"!Ke «UOBepXHOCTHbiX>> MIOOHOB tPa:!OTPOHa JJ.Sin OIUJH C UOMOWbiO annapa­
rypbl, pa:!pa60TaHHOH H H3roTOBJieHHOH B 0<1>83 niUJ<J>. nOJiyqeHbl HOBbie OUeHKH BepXHHX 
3KcnepuMeHTaJibHbiX npeneJioB aa sepoliTHOCTb npouecca KOHBepcau W MM u Ha KOHCTaHry 

CJia6oro B3aHMOJieHCTBHll GMM B 3TOM npouecce: w MM s: 4,7 X w-1• GMM s: 0,14 X GF (90% 

CL). Ha OCHOBaHHH naHHbiX 3KCnepuMeHTa niUI<l> - q_IUIH c HCUOJib30BaHHeM HaH60Jiee 
peaJIHCTH'!eCKOii TeOpeTH'!eCKOii MOJleJIH nepexona M -+ M UOJI}"'eHO orpaHH'IeHHe CHH3Y Ha 

Macey JIBalKD.bl 3apllll<eHHOl'O XHITCOBCKOl'O 0030Ha Jt+, OTBCTCTBeHHOl'O Ja pouecc KOHBepCHH 

M-+ M: M++ ~ 210 raB/c2. 

The New Limit 
of the Probability of Muonium-Antimuonium Conversion 
in SPINP - JINR Experiment 

V.A.Gordeev et al. 

An experimental research for the muonium-antimuonium conversion process (M-+ M) has 
been made in SPINP - JINR joint experiment. The experimeni has been carried out on an 
intense beam of surface muons produced at the phasotron of LNP JINR. An equipment has 
been worked out and made in SPINP. New experimental estimates for the upper limits of the 
probability for the conversion pr?Cess W MM and of the weak-interaction constant GMM in t e 

process were found: W MM :5 4.7 x 10-7
• GMM :5 0.14 x GF (90% CL). On the basis of the expe­

rimental data and using the most realistic model of the M -+ M conversio • down limit of the 

double-charged Higgs boson's mass was found: M++ ~ 210 GeV jc2. 

CTaH.D.apntajf MO.D.eJlb :meKTpocna6oro BJaHMO.D.eHCTBHjf [ 1-.-3], onHChiB~ j!BJleHHjf 

BHyrpH O.ll.HOro nOKOJleHHji JlenTOHOB, HH4ero He rOBOpHT 0 803M :lKHOCTH HeCOXpaHeHHji 

nenTOHHoro 4HCJla. Bee nony4eHHbte K cero.D.Hj!WIJeMy .D.HIO 3KCnep HMeHTaJlhHbie .D.aHHhie 

COBMeCTHMbl CO CTpOrHM COXpalleHHeM JlenTOIIHbiX 4HCeJl. 0.D.HaKO 803MO:lKHOe Hecoxpa-

•nerep6yprcKIIii IIIICnnyr liLlCpHoii tPIIliiKII liM . I> .n .KoHCTaHTIIIIOBa PAH. raT'I IIIIa 
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HeHJ.te fiOCJieJ].HHX HHTeHCHBHO HJ)"laeTC.II. YcTaHOBneHHOe H3 3KCnepHMeHTOB CHJibHOe 

orpaHWJeH,He' Ha BepO.s!THOCTb pacnaJ].a 1.1. ~ 3e fi03BOJI.IIeT CJ].enaTb BbiBOJ]. 0 ManOCTH KOH­

CTaHTbl BJaHMOJ].eikTBH.II*, HapyrnaiOmero nenTOHHoe 'IHCJIO Ha eJ].HHHUy. 0J].HaKO MexaHHJM 

HJMeHeHH.II nenTOHHoro 'IHCJia Ha JJ.Be eJJ.HHHUbi, Heo6xoJJ.HMoro JJ.JI.II M ~ M KOHBepcHH, 

MO:lKeT 6h1Tb COBeprneHHO HHbiM. TaKHe MOJ].eJIH 06Cy)I(JJ.anHCb 3aJ].OJifO .11.0 fiO.IIBneHH.II MO­

J].eJIH BaiiH6epra- CanaMa (eM., HanpHMep, [4]) . 
B paMKaX KanH6pOB04HbiX MOJ].eJieH HecoxpaHeHHe nenTOHHOro 'IHCJia MO:lKeT npo­

HCXOJ].HTb B peJyJibTaTe CfiOHTaHHOro HapyrneHH.II COOTBeTCTBYIOI.l.\eH CHMMeTpHH. BJaHMO­

J].eikTBHe, He COXpaH.II IOI.l.\ee nenTOHHbie 'IHCJia, ocymeCTBJI.IIeTC.II fiYTeM 06MeHa XHITCOB­

CKHMH 60JOHaMH. J13Mep eHHbie CeH'IaC BepXHHe rpaHHUbl npOUeCCOB J].aiOT OrpaHH'IeHHe Ha 

BeJIH'IHHbl napaMeTpOB 3THX 6oJOHOB, T.e. Ha JHa'leHH.II HX MaCC H IOKaBCKHX KOHCTaHT. 

HaH60JiblllHH HHTep ec Bbl3biBaeT MOJ].eJib, OCHOBaHHa.ll Ha npeJJ.nOJIO:lKeHHH 0 HanH'IHH y 

HeHTpHHO KOHe'IHOH MaHopaHOBCKOH MaCChi. B 3TOH MOJJ.eJIH JJ.OJI:lKHbl cymecTBOBaTb 

xHrrcoBCKHe 6oJOHbi, Me H.IIIOI.l.\He nenTOHHbie '!Hen a Ha !lL = 2. CpeJJ.H HHX JJ.OJI:lKHbi 6hiTb H 

o6na.~~.aromHe J~.IIJJ.OM Q = 21 e I. 0HH MOfYT, B '!aCTHOCTH, BbiJBaTb HHTepecyiOI.l.\HH Hac 

nepexoJJ. M ~ M (pH c. 1 ), npH4eM oueHKY napaMeTpos 3TH X «XHrrcoB», soo6me rosop.11, 

a priori CJJ.enaTb HeBOJMO:lKHO. 

AMnJIHTyJJ.a npouecc a B 3TOH MOJJ.eJIH [5]: 

* 2 
GMM =feefflfl [ Mw l 
GF i M++ 

w 

(1) 

rJJ.e f , f.* - KOHCTaHTbi CB.II3H, g
2 

= 8GF Mw2 I fi - 6eJpa3MepHa.11 KOHCTaHTa cna6oro 
ee flfl w 

sJaHMOJJ.eHCTBH.II, M w - Mace a· W-6o3oHa, M ++ - Mace a JJ.Ba)I(JJ.bi Jap.s~:lKeHHOro xHrrcos-

cKoro 6oJoHa. 

ff.l 

++ 

~ 
H 

e- fee e+ 

PHc. l . nepexou M ~ M B MOJleJJH c MailopaHOB-

CKHM HeilTpHHO 

*3l!eCb H l!anee Mbl onycKaeM npw~aran:.JJhHoe << rnnoTeTH'leCKoe>>. 
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Talinuna 1. PeJyJI&T&TLI 3KcnepuMeHTaJI&Horo uccn~oaaHH& nepexoAa M ~ M 
(nyMHK8QHH 90·X fOAOB) 

3KcnepHMCHT MeTOll HCCJICllOBaHHll GMM 

TRIUMF [8] 1990 ~ + "( OT peaKUHH <0,29 GF 
ll- + 184w ~ 18"-fa ~ 184w 

LAMPF [9] 1991 - - ~ + e OT pacmma Jl H aTOMHLIH e <0,16 GF 

OIDI<l> - OIDIH [ l 0] 1992 e- oT pacmma J.1 < 0,38 GF 
44SEeS53 M3B 

OIDI<l> - OIDIH [II] 1993 e- OT pacna.na Jl - < 0,13 GF 
*) 46,5 SEeS 53 M3B 

LAMPF [12] 1993 La H Ka - X-n)"'H MeJoaToMa Bi <6,9 GF 

OIDI<l>- OIDIH [ll] 1994 e- OT pacna.na Jl - S 0,14 GF 
**) 46,5 SEeS 53 M3B 

*) - npellBapHTeJJbHble peJynbTaTbr; **) - Ha6nrolleHo I co6biTHe. 
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(M ~ M) u coJ,naua ueo6xo,nHMrut .llJISI 3KcnepnMeHTa annapaTypa [14,15]. B 1989-1990 
rr. ua MJOOHHOM Kauane cuuxpouuKJloTpoua DIUI<l> OCYJ.UeCTRIJeHa uacTpoiiKa uouoii 

annapaTypbi, npoue,neHbl uccne.nouaHHSI <}JoHOBbiH ycnoBHH B npe.nnonaraeMOH nocTaHOBKe 

3KcnepuMeHTa. 

nocTaHOBKa 3KcnepwMeHTa no noHcKy KOHBepcHH M ~ M H HJMepeuwe uepoSITHOCTH 

3TOro npouecca ocymecTRIJeHbl o6oe):{HHeHHOH rpynnoii nH~<l> - OH~H Ha nyqKe «nouepx­

HOCTHbiX» MJOouou <}JaJoTpoua JI~n OH~H [16] . 
nepBbiH UHKJl <}JH3H'JeCKHX HCCnellOBaHHH Ha <}JaJOTpoHe JI~n OH~H 6bm npoBelleH B 

Mae - HJOHe 1991 r . Cllenauo cnellyJOmee: 1) HccnellOBaHbl napaMeTpbl ny'fKa «nouepxuo­

CTHbiX» MIOOHOB; 2) HJy'feH BKna!l <}JOHOBbiH npOUeCCOB B peanbHbiX ycnOBHSIX 3KCnepHMeH­

Ta; 3) HCcnellOBaHa BepOSITHOCTb BbiXOlla MIOOHHSI HJ nopOWKa Si02 B BaKyyM; 4) npoBe,I:{eHa 

nepsaSI cepHSI <}JHJH'feCKHX HJMepeHHH npouecca Konsepcww H nonyqeua nepsrut oueuKa ua 

senH'IHHbi WMM H GMM [10]: WMM s 3,6xl0-6, GMM s 0,38xGF(90% CL). 

PeJynbTaTbi 3THX HccnellOBatmii noKaJanH, 'JTO, uecMoTpSI Ha TO, 'JTO nony'feHHbiH 

<}JHJH'JeCKHH peJynbTaT .llJill BepOSITHOCTH npouecca KOIIBepCHH cpaBHHM C peJynbTaTaMH, 

nony'feHIIbiMH paHee Ha MeJOHHbiX <}Ja6pHKaX, cyiUeCTBOBaBllJrul TOrlla HHTeHCHBHOCTb nyq-

Ka «rJOBepXHOCTilbiX» MIOOHOB (- 1,8 X 105 C-) npH TOKe npOTOHOB 2 MKA), reOMeTpH'JeC­

KHe H speMeHHble napaMeTpbi annapaTypbi 6bmH liBHO ue.nocTaTO'JHbi .llJISI nony~JeHHSI 3KC­

nepnMeHTanbHbiX llaHIIbiX, npeBblllJaJOIUHX MHpOBOH ypoBeHb. 

K KOIIUe 1991 rolla B nH~<l> H OJ.1~J.1 6bmH JaBepweHbl pa60Tbl no MOllepHHJaUHH 

cyiUeCTBYJOWeH annapaTypbl H TpaKTa nyqKa «nOBepXHOCTilblX» MIOOHOB. fibJnH ysenH'feHbl 

yron JaXBaTa cneKTpOMeTpa H 6biCTpOtleHCTBHe CHCTeMbl C'JHTbiBaHHSI HH<}JOpMaUHH C npo­

nOpUHOHMbllbiX KaMep. Do'ITH B TPH paJa ysenH'fena HHTeHCHBHOCTb ny~JKa «nosepxuocT­

HbiX>> MIOOIIOB Ja C'leT JaMeHbl KBa!lpynOnbllbiX nHIIJ Ha COneHOHllM bllbte nHHJbl, pa3pa6o­

TaHttbte H HJroToMeHHbie s JI~n OJ.1~J.1 cneuHanbHO .llJISI uacTOSIIUero 3KcnepHMeHTa. 

OcHOBHbie napaMeTpbl ny'tKa [ 17]: HMnynbc - 21,5 M3B/c, M / P = 7,7%, HHTeHCHBHOCTb 
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(npH TOKe npoTOHOB 2,0 MKA) 1
11 

=4,8x10
5 

c-
1
, npHMech noJHTpOHOB B nyqKe Ne+/N

11
+"' 

. 2 
"' 2, pa3Mep llyt~Ka (ump HHa Ha llOJIYBhiCOTe) - 7 X 8 CM , CKBa)KHOCTh llyt~Ka- 75%. 

B 1991 - 1992 r r . Ha cpaJoTpoHe JUIIT OJUII1 6biJIH npose,neHhi .nse HOBbie cepHH 

cpH3HllecKHX HJMepeHHH KOHBepcHH M ~ M. PeJyJihTaThi 3THX Hccne.nosaHHH "' HX cpas­

HeHHe C ,naHHhiMH, llOJiy lleHHhiMii paHee ,npyrHMii aBTOpaMH, npe,nCTaBJieHhl B Ta6n.1. 

CxeMa 3KcnepHMeHTaJihHOH ycTaHOBKH, 3KcnepHMeHTaJihHhie cneKTphi "' cnoco6 aHa­

JIHJa 3KCnepHMeHTaJihHhiX ,naHHhiX npHBe,neHhl B pa60TaX ( 11, 13]. 3aperHCTpiipOBaHO O):{HO 

co6hiTHe, y,noBJieTBOp5I JOIUee KpHTepH5IM oT6opa M51 cnyqa51 npouecca KOHBepcHH M ~ M. 
B HaCT05IIUee speMH nOJIHOCThJO JasepweHa o6pa6oTKa H aHaJIH3 3KcnepHMeHTaJihHhiX 

.naHHhiX. B ,naHHOH CTaThe paccMoTpeHhi KpHTepHH oToopa cpH3HlleCKHX co6hiTHH,~pHse.neH 
KOHeliHhiH peJyJihTaT Hccne,nosaHHH sepoHTHOCTH npouecca KOHBepcHH M ~ M, .naeTCH 

oueHKa napaMeTpos, x apaKTepH3YJOIUHX Hccne.nyeMhiii npouecc B paMKax cymecTBYJOIUHX 

Mo,neJihHhiX npe.ncTaBJie~mii. 

HanoMHHM, liTO HCnOJihJyeMa5~ B 3KcnepHMeHTe I11151<1> - 0115111 MeTo,nHKa Hccne,no­

BaHHH npouecca KOHBep Ciili OCHOBaHa Ha perHCTpaUHH BhiCOK03HepreTHliHhiX 3JieKTpOHOB 

OT pacna,na MIOOHa aHTHMIOOHHH C llOMOU{hiO IllHpOKOyrOJihHOro MarHHTHOfO cneKTpOMeTpa, 

a ,nJI51 pa3,neJieHH51 cpH3HlleCKHX H cpOHOBhiX C06biTHH liCllOJih3yeTCH cpaBHHTeJibHhiH aHaJIH3 

BCeX ,nOCTynHhiX ,nJI51 li3MepeHH51 napaMeTpOB (npOCTpaHCTBeHHhiX, aMnJIHTYAHhiX, BpeMeH­

HhiX) «llOJie3HhiX» C06biTHH npii pemCTpaUHH cneKTpOMeTpOM ll03HTpOHOB OT pacna,na MI0-

0Hii51 H 3JieKTpOHOB OT pacna,na aHTHMIOOHHH H napaMeTpOB, llOJiyt~aeMbiX npii llOCJie,nyJO­

men o6pa6oTKe co6hiTHii (eM. Ta6n.2). 

Kor.na cneKTpoMeTp HacTpoeH Ha pemcTpaUHJO e+ OT pacna.na j.l+, no,naBJI»JOmee liHCJio 

perHCTpHpyeMbiX C06biTHH cpH3HlleCKHe, liTO ,naeT B03MO)KH0CTh onpe,neJIHTh OCHOBHbie 

napaMeTphi ynoMHHYThiX Bhiille pacnpe,neneHHH (cpe,nHHe JHalleHHH H ,nHcnepcHH). IlonylleH­

Hhie 3HalleHHH 3THX napaMeTpOB H KOpii,nOp HX H3MeHeHHH B ,naJibHeHWeM HCllOJlhJyeTCH M51 

pe)KeKUHH «HecpH3Hll.eCKHX» C06hi'fHH npii perHCTpaUHH e- OT pacna,na j.l-, KOr,na OCHOBHa51 

llaCTh perHCTpHpyeMbiX C06biTHH cpOHOBa51. 

Ha pHc.2 noKaJaHo MSI npHMepa, KaK MeHSIJOTC51 3KcnepHMeHTaJihHhie pacnpe.neneHHH 

M51 oT,neJihHhiX HJMep5~eMhiX JIH6o nonyllaeMhiX B npouecce o6pa60TKH napaMeTpos co6hi­

THH MH perHCTpHpyeMbiX CneKTpOMeTpOM :!lJleKTpOHOB npH HaJIO)KeHHH Ha HHX orpaHH­

lleHHH, nonyqeHHhiX li3 aHaJIOrliliHhiX pacnpe,nerreHHH ,nJISI ll03HTpOHOB. 

IJOJIHhiH nepelleHb n apaMeTpOB H KOpHAOpbl HX B03MO)I(HhiX 3HalleHHH npe,nCTaBJieHbl B 

Ta6n.2. TaM )Ke ,naHhi JHalleHHH napaMeTpos MH JapemcTpHposaHHoro B 3KcnepHMeHTe 

C06hiTHH, KOTOpOe MO)KHO OTHeCTii K KOHBepCHH MIOOHHH B aHTHMIOOHHH. 

B n6n.3 cyMMHPYJOTC51 pe3yJlhTaThi scex cepHii 3KcnepHMeHTa I11151<1> - 0115111. 
Ha ocHoBaHHH 3Kcn epHMeHTaJihHhiX ,naHHhiX HaCTOSilUHX Hccne.nosaHHH H Bhipa)KeHHSI 

(1), cne,ny10mero HJ Teop eTHlleCKOH MO,nenH nepexona M ~ M c Mai1opaHOBCKHM HeiiTpHHO, 

* llOJiara51, liTO KOHCTaHThl j H f. - TOrQ )Ke nopSIAKa, liTO H g , MO)KHO llOJl}"'HTh OUeHKY 
u ~ w 

Ha Macey ABa)I(Abl 3apH)KeHHOfO XHITCOBCKOfO 6030Ha J-t+, OTBeTCTBeHHOro Ja npouecc KOH­

BepCHH M ~ M: M++ ~ 2 10 f3B/c
2

. 

B I11151<1> ~ 0115111 JasepwaeTcH nonroTOBKa K HOBOH cepHH H3MepeiiHH npouecca KOH­

sepcHH M ~ M. 3Kcnep HMeHT 6y,neT nposonHThC51 B OTCYTCTBHe B o6nacTH MHilleHH BIIew­

HHX MarHHTHhiX H 3JleKTpHlleCKHX nonei1. EynYT cymeCTseHIIO yny4weHbi reoMeTpH4eCKHe 

H BpeMeHHhie napaMeTp bl ycTaHOBKH. IJJiaHHpyeTCH llOJIY4HTh 6oJiee HH3KHe orpaHH4eHHH 
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Ta6Jiuna 2. llap8MeTp1>1, HCDOJIJ.lyeMJ.Je Nlll oroopa clJH311"1eCKHX COOJ.mtA* 

THn napaMeTJ> MHH, MaKe. Co6b1THe napaMCTJ) HHH, MaKCo Co6b1THe 

XI 210 1130 516 Zl 240 850 796 

X2 40 1520 476 Z2 20 1100 884 

X3 60 1130 700 Z3 180 1320 988 

I X4 30 1340 972 Z4 40 1380 996 

an 110 500 190 aTI 140 500 220 

an 180 400 260 

AI 25 120 41 A2 25 150 69 

A3 50 550 551 A4 50 550 349 

Yro.n X- 12 -13 18 3 yron Z-12 -5 8 3 

Yro.n T-12 -16 20 3 yro.n N-12 - 13 10 -I 

II Yro.n X-34 131 177 161 yron Z-34 - 13 11 -I 

YrOJI R 80 150 104 

MHWCHb X - .85 65 5 MHWCHb Z - 35 32 31 

MHWCHb T -90 80 -7 MHWCHb N - 20 42 31 

Pa.uHyc F 0 80 36 pa.uHyc S 0 68 47 

Ka'leCTBO I 2 I :meprnll 46.5 53 48.6 

axv -34 45 II az - 60 45 9 

Hopr.tanb 85 95 90 a~, -8 9 2 

III Pac'leT X -80 66 9 paC'ICT Z - 35 32 31 

Pac'leT T - 85 79 -3 pac'leT N - 60 60 33 

Pac'leT F 0 80 36 pac'leT S 0 68 47 

UeHrp -30 22 -7 CCKTOp 114 130 125 

.llnHHa 103 154 115 OOJIIOC Z 0 125 67 

I - napar.teTpbl, HJr.teplleMble 8 npouecce 3KcnepHMeura: XI - X4, Zl - Z4 - KOOPllHHaTbl 8 8 nnocKOCTliX 
nK (KOllbl nBK), aTI - aT3 - pa3HOCTH 8peMeH npHXOlla CTJ)OO-CHrHaJJ08 CUHHTHJIJJliUHOHHOI'O C'ICT'lHKa H 
KaTOll08 rpex nK (KOllbl nBK). A I - A2 - ar.tnnltTyllbl cHrnano8 cUHHTHJIJiliUHOHHblx C'leT'IHK08 cneKTpor.tel'J)a 
(Koabl n3K). A3 - A4 - aMnnHryabl c11rnano8 c KaroaHblx npeaycHJJHTeJJeii nK (Koabl n3K). nK -
nponopUIIOHaJJbllbiC KaMepbl , nBK - npeo6paJOBaTeJJb Bper.tll - KOII, n3K - npeo6paJOBaTeJJb Japllll- KO!l. 

II- napaMerpbl , HJr.teplleMble B npouecce 3KcnepHMcHTa (pelKHM on-line) : yron X-12- yro.n Z-34 - ymosble 
xapaKrepHCTHKH co6b1TIIll (rpa.uycbl) ; Yro.n R- yrOJI orKJJoHeHHll 'laCTIIUbl B cneKTJ>OMeTpe (rpa.uycbl); MHWeHb X­
MIIWCIIb N- xapaKTepHCTIIKa TO'IKII, rae npOIIJOWeJJ pacna.u MIOOHa (Mr.t); pa.u11yc F - pa.uuyc S- pacnOJIOJKCHHe 
rpaeKTOpHH 3JICKTp011a OTIIOCHTeJJbHO UCIITpa BHCWIIIIX KOJIJIIIMaTOpoB ycraHOBKH (MM). 

Ill - napa~o~erpbl, HJr.teplleMble B npouecce nOCJJeay10weii o6pa6oTKII co6biTHii (pelKHM of-line): Ka'leCTBO -
XapaKTCpHCTHKa C06b1Tllii (I - TpaeKTOpllll l.~CKTpolta B COCKTpoMeTpe HaXOllHTCll llaJJH OT crO OOJIIOCOB. 2 -
B61111311 OOJIIOCOB). 3uepll1ll - 311CprHll 3JICKTpoua (M38); MY. az. uopManb, a~, - napaMCTpbl o6pa6oTKH (nOll­
po6uee CM. (II}); paC'ICT X- paC'ICT S - napaMeTpbl lla'laJJbiiOii TpaeKTOpiiH C06b1TIIll np11 HIIBepcHOH o6pa60TKC 
(paC'ICTIIall TpaeKTOpllll B o6paTIIOM uanpaBJJCIIIIII); UCIITp - OOJIIOC Z - xapaKTep pacnOJIOlKCIIHll TpaeKTOpHH 
3JlCKTp011a OTIIOCIITCJlbltO ~OMCTpllll COCKTpoMCTpa. 
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Taii1Iuua 3. Pe3yJit.T8n.J 3KcnepHMeHT8Jit.Horo ncCJie.l{OBauHJJ npouecca KonaepcHH M --+ M 
a 3KcnepnMenre lliUI«<l- OH.SIH 

CepHll Nil W(M') WM NMM WMM GMM 

I [10] 4,5·10 10 1,05 ·10-3 0,027 0 < 3,6· 10-6 < 0,38 GF 

II +III [13] 3,44·1011 1,51 ·10-3 0,029 1 :S; 5,1· 10- 7 :S:0,14 GF 

1+11+11 3.89·1011 I :S; 4,7-10-7 :S: 0,14 GF 

Nil - nOJJHoe 'IHCJIO MIOOHOB, npowe)lwHx qepeJ MHWeHb; W(M') - sepoliTHOCTb perncTpauHH 311eKTpo Ha c 

:meprneii B HHTepllll1le 1:!.£ cneKTPOMeTpOM (15) ; WM- HCnOJJbJyeMoe JHa'leHHe )lllll BepOliTHOCTH BbiXO)la MIOOHHll 

HJ nopowKa Si02 B BaKYYM [15]; NM'M -_'IHCJIO JaperncTpHpoBaiiHbiX co6biTHii ; WM'M - HJMepeHHoe JHa'leHHe 

sepoliTHOCTH npouecca KOHBCpcHH M--+ M; GM'M - HJMepeHHal! sepxHllll rpaHHI.Ia KOHCTaHTbi CBliJH B 3TOM 

(npwMepHo Ha nopg,noK) Ha sepo~THOCTb KOHBepcww M -t M nw6o o6Hapy:lKHTb oKono 10 
TaKHX co6hiTHH, ecnw TaKOH npouecc B npwpo.ne .neiicTBHTenhHO cymecTsyeT. 11ccne.nosaHH~ 
npOBO~TC~ B paMKax r ocy.napCTBeHHOH Ha)"'HO-TeXHH'IeCKOH nporpaMMbl PoCCHH «<l>yH.na­
MeHTanbH~ ~.nepH~ cpwJHKa» (npoeKT 1.3.5-12) npw cpwHaHcosoii no.n.nep:lKKe PoccHiicKoro 
cpoH.D;a cpyH,naMeHTanbHbiX Hccne.nosaHHH (rpaHTbi 95-02-03780-a, 95-02-07498-6). 
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HCTOqHHK BhiCOK03APR)J:HhiX HOHOB 
C JJ:BOHHOH 3JIEKTPOH-HOHHOH JIOBYIIIKOH (DEITIS) 

T.H.B.JlJlo6 

llpewiOJKeH IICTO'IHIIK HOBoro Tllna c nsoiiHoii aJieKTpoH-IIOHHOii nosywKoii - DEITIS. 
CamaCHO CJieJiaHHbiM OUeHKaM IICTO'IHIIK nOJBOJIIIT YBeJIII'IIITb BbiXOJl BbiCOK03apliJ1HbiX IIOHOB 
Ha HeCKOJibKO nOpliJIKOB BeJIII'IIIHbl no cpaBHeHIIIO C 3JieKTPOHHO-JIY'JeBbiMII IICTO'IHIIKaMII. 3-fa 
B03MOJKHOCTb peaJIIIJyeTCll nYTeM HaKOnJieHI!ll a!fJ!f>eKTIIBHOro 3JieKTpOHHOfO TOKa B 3JieKTpO­
CTaTII'!eCKOH 3JieKTPOHHOH JIOBYWKe Tllna ll'leHKII lleHHIIHfa. 'HaKOnJieHIIe MOlKeT JlOCTIIraTbCll 
8 pe3yJibTaTe HeCTaUIIOHapHOii IIHJKeKUIIII 3JieKTPOHOB BJIOJ!b OCII IICTO'IH IIKa II npOJIOJibHOfO 
TOpMOJKeHIIll nepBII'IHOro nyqKa non neiiCTBIIeM pellaKCaUHOHHbiX npoueCCOB B nJiaJMe. 
8 IICTO'IHIIKe !f>opM11pyeTCll KBaJI!MaKCBeJIJIOBCKOe pacnpeJieJieHIIe 3JieKTpoHOB no CKOpDCTliM 
C JlOCTaTO'IHO BbiCOKOH Cpenueii 3Heprneii, II MOfYT IICnOJib30BaTbCll JIBa Tllna 3JieKTPOCTaTII­
'!eCKIIX IIOHHbiX JIOBYllleK. 

Pa6oTa Bbmonueua B HncTIITYTe liJiepHbiX 11cCnenosaH11ii PAH, Tpo11uK. 

A Highly Charged Ion Source 
with Double Electron-Ion Trap (DEITIS) 

G.N.Vyalov 

A new multiply charged ion source with double electron-ion trap (DEITIS) is proposed. 
According to performed evaluations the source permits one to increase t e multiply charged 
ion yield up to a few magnitude orders comparatively with EBIS. This possibility is realized 
by the way of fast electron accumulation at an electrostatic electron trap of the Penning kind. 
The accumulation can be achieved as a result of an electron nonstationary injection along the 
source axis and longitudinal stopping of a primary beam under action of plasma relaxation 
processes. A quasi-Maxwell velocity distribution with a high average energy is formed at the 
source and two kinds of electrostatic ion traps may be used. 

The investigation has been performed at the INR RAS, Troitsk. 

J. CymeCTByeT HeCKOJlbKO THOOB HCTO'IHHKOB MHOf03apli.UHbiX Tli)KeJlbiX HOHOB: 3JleKT­

pOHH0-11Y'Ie8ble (EBIS, EBIT) [ 1,2). neHHHHro8CKHe (PIG) [3] , nyttK08o-nna3MeHHble 

(BPIS) [ 4). MHKpOBOJ1H08ble (ECR) (5) H .upyrne. 

CaMbJe 8biCOKJie 3apli.UHOCTH HOH08 nonyttaiOTCll 8 3JleKTpOHH0 -11Y'Ie8biX HCTO'IHHKaX, 

11pH'IeM BbiXO.IlllbJe 3apll.llHOCTH HOHOB OOBbJWaiOTCll C pOCTOM 3Hepn1H 3JleKTpOH08 8 nyttKe. 

*HucTHTyr HJtcpuhtx HCCilellOBaHHii PAH. TpoHUK. 
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0,nHaKO Bh!XO.l{ MHOr03ap51.l{HbiX HOHOB HJ 3JieKTpOHHO-JI)"'eBbiX HCTO'iHHKOB OKaJbiBaeTCSI 

He,nocTaTOJJHbiM .l{JISI MHomx npHMeHeHHH. B ,naHHOH pa6oTe paccMaTpHsaeTCSI BOJMO)I(­

HOCTh pa3pa60TKH HCTO'iHHKa HOBOrO THna [6), KOTOpbiH nOJBOJIHT yseJIH'iHTb Bb!XO.l{ Bb!CO­

K03ap51.l{Hh!X HOHOB Ha HeCKOJibKO nOpS!.l{KOB BeJIH'IHHbl no CpaBHeHHIO C 3JieKTpOHHO-JI)"'e­

BbiMH HCTO'iHHKaMH. 

2. B OCHOBe nOCTpOeHHSI 3JieKTpOHHO-JI)"'eBbiX HCTO'iHHKOB JaJIO)I(eHO npe,nCTaBJieHHe 0 

BOJMO)I(HOCTH COJ.l{aHHSI npOTSI)I(eHHbiX HrOJib'iaTbiX MOH03HepreTH'ieCKHX 3JieKTpOHHbiX 

n)"'KOB C Bh!COKOH nJIOTHOCTbiO TOKa, JHa'iHTeJihHbiM TOKOM H .l{OCTaTO'iHO 60JJbUIHM BpeMe­

HeM y,nep)l(aHHSI HOHOB B 3JieKTpOCTaTH'ieCKOH noTeHUHaJibHOH JIOB)'UIKe. 

O,nHaKo npouecc c o J,naHHSI H onhiT pa60Tbi c sneKTpoHHo-nyqesbiMH HCTO'iHHKaMH no­

KaJanH, 'iTO COBMemeH He .l{OCTaTO'iHO 60JibUIOH npOTSI)I(eHHOCTH nyqKa C BbiCOKOH nJIOT­

HOCThiO TOKa B HeM, nO- BH.l{HMOMy, SIBJIS!eTCSI BHyrpeHHe npOTHBOpe'iHBOH Ja.l{a'ieH. Ha npaK­

THKe 3TO npOS!BJIS!eTCSI B TOM, 'iTO B pe)I(HMe CTa6HllhHOH pa60Tbl HCTO'iHHKa BOJHHKaiOT 

OrpaHH'ieHHSI Ha .l{OCTH)I(HMYIO nJIOTHOCTh TOKa, a nOJIHbiH 3JieKTpOHHbiH TOK orpaHH'ieH 

csepxy BeJIH'iHHOH OKOJIO 200 MA. HaH6onee ycTOH'iHBbie H socnpoHJBO.l{HMbie peJyJJbTaTbi 

B .l{JIHHHbiX HCTO'iHHKaX noJiyqaiOTCSI npH TOKaX, He npeBbiUiaiOlllHX 100 MA, H nJIOTHOCTSIX 

TOKa 

j < 103 
A/cM

2
. 

e-
(1) 

lfHCJIO HOHOB B HCTO'iHHKe orpaHH'iHBaeTCSI ,nonyCTHMbiM <lJaKTOpOM KOMneHCal.lHH npOCTap­

HCTBeHHOrO 3ap51,na f, K OTOpbiH COCTaBJIS!eT BeJIH'iHHY nOpS!,nKa HeCKOJibKHX npoueHTOB. DpH 

BbiXO.l{e Ja 3TH npe)leJJ bl B HCTO'iHHKe BOJHHKaiOT nJJaJMeHHbie HeCTa6HJibHOCTH, npHBO­

JlSilllHe, B 'iaCTHOCTH, K pa30rpesy H nOTepS!M HOHOB HJ JIOBYUIKH, a TaK)I(e K YXYAUieHHIO 

ApyrHX xapaKTepHCTHK HCTO'iHHKa [ 1,2, 7 ,8). 
obiJJ nposeAeH pS!A TeopeTH'IeCKHX H ~KcnepHMeHTaJibHhiX HCCJieAOBaHHH npoS~BJieHHSI 

HeCTa6HJibHOCTeH B • p a6oTe 3JieKTpOHHO-JI)"'eBbiX HCTO'iHHKOB. 0HH nOKaJaJIH, 'iTO, no­

BHAHMOMy, HaH60Jiee OnacHa TaK HaJbJBaeMaSI AByXnOTOKOBaSI ::llleKTpOH-HOHHaSI KOHBeK­

THBHaSI pOTallHOHHaSI HeCTa6HJibHOCTb, BOJ6y)l(.l{aeMa51 nJIOTHbiM npOTSI)I(eHHbiM 3JJeKTpOH­

HbiM nyqKOM Ha XOJIOAHOM HOHHOM tPOHe. 3-fa HeCTa6HJJbHOCTb npeACTaBJIS!eT C060H ycH­

JieHHe aJHMyraJibHO HeCHMMeTpH'iHbiX nJJa3MeHHbiX KOJie6aHHH B CHCTeMe ny'iOK - HOHbl 

Ja C'ieT 3HeprHH 3JieKTp OHHOrO nyqKa. 

TeopeTH'ieCKHH a HaJIHJ sToro S~BJieHHSI, nony'iHBUiero no HMeHaM asTopos Ha3BaHHe 

L VS-HecTa6HJibHOCTH, BbinOJIHeH B pa6oTe [9]. KpHTepHeM HapacTaHHSI L VS-HecTa-

6HJibHOCTH Ha .l{JIHHe n yqKa L CJIY)I(HT HepaseHCTBO 
e 

nL2 >~2 /(161t2rr) e e e e ' (2) 

rAe n - nJIOTHOCTb 3JJeKTpOHOB B nyqKe, ~ - 6e3pa3MepHa51 CKOpOCTb 3JieKTpOHOB, r -e e e 

KJiaCCH'ieCKHH pa,nH)'c :;meKTpOHa, r - 4HCJJeHHbiH <lJaKTOp 

r = (3
1 

/
2 / 2)(jQ/2) 1 13(me/ m/ 13

; 

me- Macca sneKTpoH a ; mi,Q- Macca H 3ap51AHOCTb HOHa. 
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Co~nacHo KpHTepHIO (2) nonHoe •mcno 3JJeKTpOHOB Ne Ha WIHHe nyqKa npH ycnoBHH 

CJJa6oH HeCTa6HnbHOCTH B nna3MeHHOH CHCTeMe 

N "'n L < p2 /(161t2rr L ), e ee e ee 
(3) 

a cTano 6biTb 11 tiHcno HOHOB N. = fN 1 Q, JlOmKHO yMeHbrnaTbCSI c pocTOM WIHHbi HCTO'I-
' e 

HHKa. TaKHM o6pa30M, WISI ynyqrneHHSI ycnoBHH cTa6HJJbHOCTH B 3JJeKTpOHHo-nyqeBOM 

HCTO'IHHKe 11 nOBbirneHHSI nnOTHOCTH ::meKTpOHOB cornacHo (3) HY)((HO yMeHblllaTb WIHHY 

HCTO'IHHKa. 

YtieT 3TOfO o6CTOSITeJJbCTBa npHBe.Jl K C03)laHHIO OTHOCHTeJJbHO KOpOTKHX 3JJeKTpOHHO­

JIY'leBbiX JJOByrneK (EBIT) H nonytieHHIO B HHX peKOpJlHbiX pe3yJJbTaTOB no nJJOTHOCTH TOKa 

11 BbiXOJlHOH 3apS1JlHOCTH HOHOB [2, Marrs R.E. et al.]. 0JlHaKo n p H 3TOM BbiXOJl HOHOB 

ocTaeTCSI SIBHO HeJlOCTaTO'IHbiM, HanpHMep, WISI HH)((eKUHH B ycKo pwTeJJb HYKJIOTPOH 

(10] . .LJ.nSI ycKOpeHHSI HOHOB ypaHa B HYKJJOTpOHe Tpe6ye:rCSI 3apSIJlHOCTb Q He MeHbWe 80, 

npH'IeM J(JISI nonytieHHSI Tpe6yeMOH HHTeHCHBHOCTH nyqKa H~HO yseJJH'IHTb BbiXOJl 

HOHOB npHMepHO Ha 4-5 nOpSIJlKOB BeJJH'IHHbl no cpaBHeHHIO C Bbi XOJlOM, nOJJ)"'eHHbiM B 

pa6oTax [2]. 

3. llpyrHM THnOM TpaJlHUHOHHO HCnOJJb3yeMbiX HCTO'IHHKOB MHOf03apSIJlHbiX HOHOB 

CJJy)((HT neHHHHTOBCKHH HCTO'IHHK C nOJlOrpeBHbiM KaTOJlOM (PIG) . 0CHOBOH HCTO'IHHKa 

PIG CJIY)((HT ra3opa3pS1JlHaSI Sl'!eHKa neHHHHra, COCTOSilUaSI 113 pa3pSIJlHOH KaMepbl (aHOJla) 

YWIHHeHHOH Tpy6tiaToii <flopMbi, KaTona H oTpa)((aTeml 6blcTpbiX 3JJeKTpoHoB (aHTHKaTona). 

8 neHHHHfOBCKOM HCTO'IHHKe cymecTsyeT npSIMOH OCUHJIIIHpyiOlUHH 3JJeKTpOHHbiH nyqOK B 

nponOJibHOM M3THHTHOM none C 'IHCJIOM OCUHJIJISIUHH 3JieKTpOHOB OT KaTO)la JlO OTpa)((aTeJISI 

oKono I 00 [II]. 8 OTJJH'!He OT EBIS pacnpeneneHHe 3JieKTpOHOB B OCUHniiHPYIOIUeM nytiKe 

110 CKOpOCTSIM V e HMeeT KBa3HMaKCBeJIJIOBCKyiO <flop My C MaKCHMYMOM B6JIH3H HYJJSI H nnaB-

2 
HbiM HapacTaHHeM C Ve no BTOporo OTHOCHTeJibHO CJia6oro MaKCHMyMa B6JIH3H rpaHHUbl 

3HepreTH'IecKoro cneKTpa Ee = Ee MaKe· KpoMe <flopMbi cneKTpa, HCTO'IHHK PIG c no)lorpes­

HbiM KaTonoM cymecTBeHHO OTmi'laeTcSI oT HCTO'IHHKa EBIS BeJIH'IHHOH pa3pSinHoro TOKa, 

nocTHraswero B oTnenbHbiX cny'laSix 50 A [3, I2], 6oJiblllHM 3<fl<fleKTHBHbiM 3apS1noM 6biCT-

pbiX 3IIeKTpOHOB Ha enHHHUY WIHH.bi nytiKa (no 1013 
e/cM), cpasHHM ii c E8IT nnoTHOCTbiO 

3<fl<fleKTHBHOro TOKa HOHHJaUHH H nnoTHOCTbiO 6biCTpbiX 3IIeKTpOHOB. OnHaKo 3HepmS1 

6biCTpbiX 3JieKTpouos s HCTO'IHHKe PIG cymecTBeHHO HH)((e, tieM s EBIS, 11 orpaHH'IeHa 

seJIH'IHHoii oKono 0,5 K38 . 8peMSI ynep)((aHHSI HOHOB s PIG'e Mano ( "' IO MKc). CpoK cny)((-

6bJ HCTO'IIIHKa lleBeJIHK (MellbWe 24 'JaCOB) . 

C TO'IKH 3pe1JHSI YCTOH'IHBOCTH pa60Tbl HCTO'IHHKa O'lel!b Ba)((HOH ero xapaKTe­

pHCTHKO~i SIBJJlleTCSI pacnpeJlenenue 'IUCTHU no CKopocTSIM. Cornac o o6IUHM noJIO)((eHHSIM 

KHIIeTH'IeCKOH TeOpHII YCTOH'IHBOCTH llJIU3Mbl ( I3j eniiHCTBeHHbiM p aBHOBeCHbiM pacnpene­

JleiiHeM 'IUCTHU 110 CKOpOCTllM npH Y'leTe CTOJl~IIOBeJ·IHH B OnHOpOJlHOH CHCTeMe lJaCTHU 

liBJilleTCll pacnpeLJ.eJie!IHe MaKCBeJJJla. npu OTCYTCTBHH CTOJIKHOBe~IH H yCTOH'IHBOCTbiO o6na­

J.lUIOT H30Tp0111lble MOIIOTOIIIIO y6hiBaJOllHie C pOCTOM MonyiiSI CK OpOCTH pacnpeneneHHSI 
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(TeopeMa Hb10KOM6a- r ap,I:\Hepa). Pacnpe,I:\eJieHHe 4aCTHQ no CKOpocnJM B HCT04HHKe PIG 

HMeeT KBa.JHMaKCBeJIJIOBCKHH xapaKTep H B 3TOM CMbiCJie BblfO,I:\HO OTJIH4aeTC~ OT aHH30-

TpOnHOrO H HeMOHOTOHHOro pacnpe,I:\eJieHH~ no CKOpOCT~M B 3JieKTpOHHO-JI)"'eBbiX HCT04-

HHKaX. KBa3HMaKCBeJIJIOBCKOe pacnpe,I:\eJieHHe npo~BJI~eT HeyCTOH4HBOCTb no OTHOllleHHIO 

K MeHbllleMy Ha6opy Ha4 aJibHbiX B03MyiUeHHH, H npH onpe,I:\eJieHHbiX YCJIOBH~X B03HHKaJO­

lllHe HeyCTOH4HBOCTH MO!Yf OTHOCHTeJibHO nJiaBHO peJiaKCHpOBaTb K YCTOH4HBOMY COCTO~­

HHIO. 3TO, nO-BH,L\HMOMy, nO,I:\TBep)I(J(aeTC~ cymeCTBOBaHHeM n04TH CTa6HJibHbiX, MaJIO lllY­

M~lllHX pe)JCHMOB pa6oTbi HCT04HHKOB PIG, xapaKTepH3YJOIUHXC~ 3KCTpeMaJibHbiMH napa­

MeTpaMH nJia3Mbl. 

4. ComaCHO CKa3aiiHOMy, napaMeTpbl HCT04HHKa BbiCOK03ap~.L\HbiX HOHOB ,I:\OJI)J(Hbl 

Y.L\OBJieTsop~Tb cnep.yiOIUHM Tpe6osaHH~M: 

- CnJIOlllHOH (KBa.JHMaKCifeJIJIOBCKHH) cneKTp pacnpe,I:\eJieHH~ 6biCTpbiX 3JieKTpOHOB no 

npO,I:\OJlbHbiM CKOpOCT~M B HanpaBJieHHH MarHHTHOfO nOJI~; 

- .L\OCTaT04HO BbiCOKM MaKCHMaJibHM 3Hepm~ 3JieKTpOHOB B cneKTpe Ee MaKe (BbiCO-

KM 3JieKTpOHHM TeMnep aTypa); 

- nJIOTHOCTb 3cpcpeKTHBHOrO TOKa HOHH3aQHH je 
3
¢¢ nop~.L\Ka BeJIH4HHbl, peaJIH30BaH-

HOH B HCT04HHKax ITeHHHHra c no,I:\orpeBHbiM KaTO.L\OM H KopoTKHX JIOBYlllKax EBIT; 

- MaKCHMaJibHbiH 3 cpcpeKTHBHbiH TOK 6biCTpbiX 3JieKTpOHOB, OrpaHH4eHHbiH nepseaH-

COM BCTpOeHHOH 3JieKTpOHHOH nylllKH 11 pacnpe,I:\eJieHHeM 3JieKTpOHOB no CKOpOCT~M; 

- CTeneHb KOMneHCaQHH HOHaMH npOCTpaHCTBeHHOfO 3ap~,I:\a ny4Ka - nop~,I:\Ka 1; 

- KBa3H6e33JleKTpO.L\HbiH X~paKTep HOHHOfO TOKa B 3JieKTpOCTaTH4eCKOH JIOBYlllKe. 

3TH ycnoBH~ MO)J(HO peanHJOBaTb B MO.L\HcpHuHposaHHOH ~'leiiKe ITeHHHHra, pa6oTaJO­

mei1 B BbiCOKOM BaKyyMe B pe)J(HMe BbJCOKOBOJlbTHOro pa3p~Aa npH HaKOnJieHHH 3JieKTpOH­

HOro H HOHHOro 3ap~ll0B . 

KBa3H6e33JieKTpOAHbiH xapaKTep HOHHOro TOKa B pa3p~Ae MO)J(HO ocymeCTBHTb B ABYX 

CJI)"'MX. 

B nepBOM CJI)"'ae, THnH'IHOM AJI~ pa60Tbl 3JieKTpOHHO-JIY'IeBbiX HCTO'IHHKOB, C03AaeTC~ 

npOAOJlbHM noTeHQHaJibHM ~Ma AJI~ HOHOB nYTeM Bbi6opa COOTBeTCTByJOIUero pacnpeAe­

JieHH~ nOTeHQHaJia Ha Ce KQHOHHpOBaHHbiX Tpy6KaX Apeiicpa, o6pa3yJOIUHX pa3p~AHYIO KaMe­

py HCTO'IHHKa ( «CTaTHCTH4ecKoe» yAep)J(aHHe HOHOB [ 1 ], [2, Kleinod M. et al.]). 

Bo BTOpOM CJI)"'ae B neHHHHfOBCKOM HCTO'IHHKe BMeCTO cnJIOlllHOfO KaTOAa H (aHTH­

KaTOAa-OTpa)J(aTeJI~) ycTaHaBJIHBaeTC~ «np03pa4HbiH» AJI~ HOHOB KaTOAHbiH yJeJI. KaTOAHbiH 

y3eJI BKJIJOlJaeT B ce6~ « Hp03pa4HbiH» llJl~ HOHOB KaTOA C OTBepCTHeM, 4epe3 KOTOpoe npo­

XO,I:\HT na,L\aJOIUHH Ha KaTOLl HOHHbiH ny'IOK. B AOHOJIHeHHe K KOHCTpyKUHH KaTOAHOrO y3Jla 

BBOAHTC~ OTpa)J(aTeJib HOHOB (KOTOpbiH HaXOL\HTC~, HanpHMep, nOA HOTeHUHaJIOM aHOAa) H 

AOnOJIHHTeJibHble 3JieKTp 0Abl, KOTOpbie cpopMHpyiOT OTpa)J(eHHbiH HOHHbiH ny'IOK llJl~ 803-

BpameHH~ HOHOB B pa3p~AHYJO KaMepy ( «AHHaMHlJeCKOe» yAep)J(aHHe HOHOB). CxeMa COOT­

BeTCTBYJOIUero ycTpOHCTBa npHBOAHTC~ Ha pHCYHKe . 

B «CTaTHCTH'IeCKOM» CJl)"'ae yAep)J(aHH~ HOHOB B03MO)J(H0 KaK HMnyllbCHOe, TaK H He­

npepblBHOe HJBJlelJeHHe HOHOB HYTeM noHH)J(eHH~ npoAOJlbHoro 6apbepa c OAHOH cTopOHbJ 

HOTeHQHaJibHOH ~Mbl Ha BpeM~ 3KCTpaKUHH HOHOB. Te )J(e B03MO)J(HOCTH o6ecnelJeHbl H B 

CJlylJae «LlHHaMH'IeCKOfO» yAep)J(aHH~, eCJIH Me)J(A}' BHelllHHM 3KCTpaKTepOM H OTBepCTHeM B 
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1/ 8RKK(&tnva; . 
t/011()4 

CxcMa HCTO'liiHKa DEITIS. A - aHoll; K - KaToLI; C - conenoHLI; AO - aHOLI-oTpa­

lKaTCJib ; 3n - 3!1CKTp011llbiH fi)"'OK; Hn - HOHIIbiH fi)"'OK, np!!MOH H OTpalKCHHbiH 

llY'lKH fiOKaJallbl CTpCi1Ka~!ll; 4l(x) - pacnpCllCJICIIIIC fiOTCIIUHa!la BllOJlb OCII HCTO'l­

IUIKa; - Vk - fiOTCHUHa!l KaTOlla. aHOll 3a3CMJ1CII 
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8JIJI08 r.H. Hcmo'IHUK 8blCOK03ap110HbiX UOH08 

Ta6Jiuua 1. llapaMeTphi HCTO'IHHKOB M3H 
C HOHH38QHeH BTOMOB :llleKTpoHHhiM ny'IKOM 

PIG EBIS/EBIT 

< 1000 ~ 0,2 

=0,6 > 10 

= 0,0485 ?' 0,2 

< 2000 < 6000 

> 1013 <04·10
13 

- ' 
= 10 MKC > 1 c 

DEI TIS 

= 1000 

> 10 

?' 0,2 

= 6000 

= 0,4·10
13 

> 1 c 

(;3¢¢.1 e)'ti, CM-
2 

= 10
17 < 1023 = 1023 

qe 34$.' e/cM > 5 ·1012 < 10
8 = 1012 

f =1 0,01-0,1 =I 

Q/A I/3-I/7, A5 50 ? 113, A~ 238 ?" 113, A :5 238 

qi, e/cM > 5 ·1012 < I0
6

- 10
7 = 1012 

-
M/E = 1 (CruiOlllHOH << 1 ~eJJbTa- = I (CruiOlliHOH 

cneKTp) cneKTp) cneKTp) 

Le, CM = IO = 100/2 =10 

Ii 1 MKA- 1 MA < 10
8 

4aCT./HMn. < 10
12 

4aCT./HMn. 

OTplUKaTene HCT04HHKa np HnO)I(eHa HY)I(Hru! pa3HOCTb noTeHUHM08. npH 3TOM HMnynbCHOe 

H3Bne4eHHe MO)I(eT 6b1Tb 6onee 6biCTpbiM, nOCKOnbKY paCCTOBHHe Me)l(,[l,y 3KCTpaKTOpOM H 

OTBepCTHeM OTHOCHTeJibHO He8enHKO nO cpa8HeHHIO C aHanOnt4HbiM paCCTOBHHeM 8 CnY4ae 

«CTaTHCTH4eCKOro» y.uep)l(aHHB. B JaKni04eHHe pa3.UeJJa npH80.UHTCB Ta6n . I, r.ue cyMMH­

po8aHbi THnH4Hbie napaMeTpbl paCCMOTpeHHbiX HCT04HHK08 MHOf03apB.UHbiX HOH08 (M3l1). 
5. B o6meM cnY4ae TPY.UHO oueHHTb 8enH4HHY 3cpcpeKTH8Horo TOKa 8 HCT04HHKe 

neHHHHfOBCKOfO THna, OT8eTCT8eHHOf0 3a HOHH3aUHIO (nO,ll 3cpcpeKTH8HbiM TOKOM nOHHMa­

eTCB C)'MMa TOK08 no MO.UyniO He3a8HCHMO OT Hanpa8neHHB ,llBH)I(eHHB 3neKTpOH08). Jlng 
TaKOH OUeHKH Tpe6yiOTCB nH60 3MnHpH4eCKHe ,llaHHble no HaKonneHHIO 3cpcpeKTH8HbiX TO­

K08 (3cpcpeKTH8HOH nnOTHOCTH 6biCTpbiX 3neKTpOH08), nH60 npH6nH)I(eHHbie, .UOCTaT04HO 

npoCTbie MO.!leJJH nnaJMbi. Bbillle HaMH 6binH HcnonbJOBaHbi 3MnHpH4eCKHe .uaHHbie o6 3¢­

cpeKTHBHOM TOKe H 4HCne OCUHnnBUHH 6biCTpbiX 3neKTpOHOB B HOHHOM HCT04HHKe C nO.UO­

rpe8HbiM KaTO.UOM (N = IOO, I .M. = N I, I, - pa3pB.UHbiH TOK KaTo.ua). Bonpoc o 
ocu. 3't''t' · ocu. p p 
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HaKOnJlf HHH 6bJCTpblX OCQHJIJIHPYJOIUHX :meKTPOH08 A080JlbHO CJIO:lKeH H Tpe6yeT 

CneQHaJibHOrO HCCJie,no8aHHll. 

3,neCb Mbl orpaHHlfHMCll paCCMOTpeHHeM 8eJIHlfHHbl HaKOnJieHHOrO TOKa 8 npOCTOM 

OAHOMepHOM npH6JIH:lKeHHH, npe,nnonarall CTeneHH)'IO 3a8HCHMOCTb <}lyHKLIHH pacnpe,nene­

HHll 3JieKTpOH08 no CKOpOCTliM OT HHTerpana A8H:lKeHHll SJieKTPOHa 8 noTeHQHaJibHOM none 

F[-v
2 + 2e<!>(x)lm] =A [-v2 + 2e<!>(x) + 2eT]P. 

p 

OoTeHQHaJI <!>(x) onpe,neJilleTCll OAHOMepHbiM ypa8HeHHeM nyaccona 

~<!>(x) = (d 2<1> I d~) =- 47tp (x), 
p 

r_ne nJIOTHOCTb p (X) onpe,neJilleTCll 8blpa:lKeHHeM 
p 

I 

(4) 

(5) 

p(x)=-2eA K(2elmf+ 112
; K = J (1-u2fdu, p>-1 (6) p p p • . 

0 
PewenHe ypa8HeHHll (5), y,noBJieT80pliiOmee rpaHHlfHOMY yCJio 8HIO npH x = 0 <1> = 0, 

[d<l> I dx]0
2 = I61teA K (2e I mf + 1 12T (p 12 + 3 I 4\ onpe.nenlleTCll 8bipaxenHeM p p 

x [I6rteA K .(2e I mf + 112 l(p + 3 12)] 112 = 
p p 

=[4l(l-2p)] [(<!>+1)1 / 4-p/ 2_TI / 4-p / 2] (7) 

npH ycno8HH -I < p < (1 12), a 8enwmna A K - na.nenHeM noTeHl.IHaJia V na TOJIIUHHe p p 
rpaHH'IHOrO CJIOll d 

A K = (p + 3 / 2)[(V + 1)(1- 2p) / 4 -
p p 

0pH STOM CBliJb Me)f(_ny <!> H X onpelleJilleTCll paBeHCTBOM 

(8) 

O<p<(l / 2). (7') 

0pH p > 0 pacnpelle.nemte no CKOpOCTliM (4) C pOCTOM v2 
MOHOTOHHO cna,naeT, T.e . 

YCTOH'lHBO OTIIOCHTeJibllO B036y)f(llellltll nJJaJMellHbiX KOJie6aJ·IHH . 

0JJOTIIOCTb Japlllla B uoTellUHaJibuo~i liMe onpelleJilleTcll 8blpa)f(eHHeM 

p(d) =- 2V(p + 3 1 2)(1 + T l vt+ I / 2[(1 + T I V)l / 4 - p/ 2-

-(T/ V)I / 4-p/ 2]/[7td2(l- 2p)2]. (9) 
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Ta6Jiuua 2 

p 0 114 · J/3 2/5 3n 

11 27 126 297 855 1701 

TipH p ~(I /2) nJIOTHOCTb p(d) MOJKeT CTaTb CKOnb yrO)lHO 6onblllOH. 

TinoTHOCTb TOKa B HJJ.eanhHOH nnocKOH nylllKe TIHpca onpeJJ.enjieTCj! clJopMynoii 

jn = (2e / m)l / 2y3/2 / (9rtd2) . (10) 

3TOMY TOKY COOTBeTCTBy eT llnOTHOCTb 3neKTpOHHOfO 3apj~Jla 

Pn(d) =- vI (9rtd 2). (II) 

Ko3cPcPHLIHeHT ysenw-IeHHjl nnoTHOCTH 3apj!Jla (9) OTHOCHTenbHO « nupcoscKOH» nnoTHOCTH 

(11) paseH 

Tl(p) = [p (d) / P (d)]= 18(p + 3 / 2)(1 + T / vf+ 1 12[(1 + T j V) 1 14 -p/ 2
-

p n . 

- (T I V)t / 4- p/ 2] I (I - 2p)2. (12) 

TipH T << V npu6nuJKeHHO HMeeM 

'fi(p)== 18(p+3 / 2)(1-2p)-2
. (12') 

BenwmHbi K03cPcPHLIHeHTa npH HeKOTOpbiX p )laiOTCjl B Ta6n.2 . 

.I1.m1 peanH3aum;t senw-IHHbi Jl{p) >> I HYJKHO }"'HTbiBaTb npoJJ.onbHOe TOpMOJKeHHe 

3neKTpOHOB H, nO-BH)lHMOMy, HCnOnb30BaTb MOJlHcPHLIHpOBaHHYIO 3neKTpOHHYIO OllTHKY B 

noTeHQHMbHOM cnoe 0 < <)> < V. ¢opMy 3neKTpO.UOB B nnOCKOM Cn}"'ae nOJKHO nOn}"'HTb 

llYTeM aHMHTH'-IeCKOfO n po.uonJKeHHji BbipaJKeHHji (7') B KOMnneKCHYIO nnOCKOCTb . .!J.nji }"'e­

Ta HeCTaliHOHapHbiX 3clJclJeKTOB TOpMOJKeHHji nOTpe6yeTCji cneQHMbHOe HCCne.UOBaHHe. 

6. Mbi paccMOTpen u 3.UeCb HeKOTOpbie B03MOJKHOCTH non}"'eHHll BbiCOK03apli.UHbiX 

HOHOB .llfljl HHJKeKLIHH HHTeHCHBHbiX ny'IKOB B YCKOpHTenH 3apl!JKeHHbiX lJaCTHQ. B 3KC­

nepHMeHTMbHbiX pa6oTaX HaHBbiClllHe pe3ynbTaTbl nO 3apji.UHOCTH HOHOB nOn}"'eHbl B 3neK-

TpOHHO-n}"'eBbiX HCTO'IHHKax EBIS, EBIT (Th
8

0+, u92+), no HHTeHCHBHOCTH HOHHbiX nyq­

KOB - B neHHHHfOBCKHX HCTO'IHHKaX C no.uorpeBHbiM KaTO.UOM. Yl Te H .Upyrue HCTO'IHHKH 

OTHQCjiTCji K HCTO'IHHKaM C HOHH3aQHeH aTOMOB npj~MbiM 3neKTpOHHbiM y.uapOM. 3TO 06CTOli­

TenbCTBO .uaeT OCHOBaHHe npe.unonaraTb, 'ITO, 06be.UHHllll HCKniO'IHTenbHbie CBOHCTBa yKa-

3aHHbiX HCTO'IHHKOB, MOJKHO C03,llaTb HOBbiH HCTO'IHHK, KOTOpbiH o6ecne'!Hn 6bi O.UHOBpe­

MeHHO H HaHBbiClllYIO 3apji.llHOCTb HOHOB, H .UOCTaTO'IHO BbiCOKHH HX CYMMapHbiH BbiXO.U . 

.Il.nll TaKoro o6be.UH BeHHll cywecTBYIOT cne.uyiOWHe npe.unocbinKH. KaK so BCliKOH nna3- ' 

MeHHOH CHCTeMe, orpaHH'IeHHll Ha xapaKTepHCTHKH o6cy)!(.llaeMbiX HCTO'IHHKOB HanaraiOTCll 

nna3MeBHbiMH HecTa6nn bHOCTliMH . YIMeBHO H3 ycnosHi-i HecTa6nnbHOCTH nna3Mbi ~biBO.UliTCll 

TaKHe nOHjiTHji, KaK K p HTH'IeCKaji nnOTtiOCTb nna3Mbl HnH KpHTH'IeCKHH TOK, HX C8ji3b C 

BHYTpeHHeii CTpyKTypoi-i nna3MeiiHoro o6pa3oBaHHll, B oco6eHHOCTH c TaKHMH CTPYKTyp-
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Hb!MH XfipaKTepHCTHKaMH, KaK pacnpe,neneHHe tJaCTHU no CKOpOCTSIM H npOCTPaHCTBeHHOe 
pacnpe,neJJeHHe. CnyqaiiHo HJIH HeT, HO npe,neJJbHbie B03MO.lKHOCTH HCTO'IHHKOB o6oHx 
THnos npoSIBJISIIOTCSI npHMepuo B o,nHOH H TOH .lKe o6nacTH nnoTHOCTeii nna3Mbi (ne"" 

"'1013 CM-3), nJIOTHOCTeH 3<fl<fleKTHBHOro TOKa U
3
¢tt>."" [1- 10)-103 A /cM2), XOTSI 3TH HCTO'l­

HHKH pa6oTaiOT B cyiQeCTBeHHO pa3Hb!X 06JiaCTSIX 3HeprHH 6biCTpbiX 3JieKTpOHOB (Ee"" 

= 0,5 K3B .llTISI PIG H E > 10 K3B .llTISI EBIS, EBIT), ,naBJieHHSI HeiiTpanbHbiX aTOMOB 
e- . 

(p = 10- 3 - 10-2 Topp .llTISI PIG H 10-12
- 10-8 Topp .llTISI EBIS, EBIT), BeJJH'IHHbi 3<fl<fleK­

THBHOro TOKa (/
3
¢tt>. = 103 A .llTISI PIG H /

3
!f>!f>. "" 0,1 A .llTISI EBIS, EBIT), npH cosepweHHO 

pa3JIH'IHbiX pacnpe,neJJeHHSIX 3JieKTpOHOB no CKOpOCTSIM (CnJIOWHOe, nO'ITH H30TpOnHOe 
pacnpe.neneHHe no npo,noJibHbiM CKopocTSIM .llTISI PIG H aHH30TponHoe ,neJibToo6pa3Hoe pac­
npe.neneHHe .llTISI EBIS, EBIT) . 

.siBJISIIOTCSI JIH 3TH 06JiaCTH OTHOCHTeJibHOH CTa6HJibHOCTH nJia3Mbl B HCTO'IHHKaX H30-
JIHpOBaHHblMH ,npyr OT Apyra HJIH OHH npeACTaBJISIIOT COOOH tJaCTH 6cmee o6wHpHOH, HO 
HeHJBeCTHOH noKa o6JiaCTH CTa6HJibHOCTH? MO)I(HO npe,nnOJIO.lKHTb, 'ITO BO BCSIKOM cnyqae 
He JanpeweH neHHHHrono,no6HbiH pe.lKHM pa6oTbi HCTO'IHHKa THna EBIS, B KoTopoM MO.lKHO 
peaJIHJOBaTb Tpe6oBaHHSI K aJibTepHaTHBHOMy HCTO'IHHKy, HJJIO.lKeHHbie B paJ,neJie 4. 0KOH­
'IaTeJibHbiH OTBeT MOryT AaTb TOJibKO 3KCnepHMeHTaJibHbie HCCJieAOBaHHSI. 

B JaKJIIO'leHHe C'IHTaiO npHSITHbiM .nonroM BbipaJHTb npHJHaTeJibHOCTb E.,Il.,Ilouuy Ja 
npeJlOCTaBJieHHe )lOnOJIHHTeJibHOH HH<flopMaUHH 0 peJyJibTaTaX, nOJI}"'eHHbiX Ha HCTO'IHHKe 
EBIT. 
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INTEGRAL CROSS SECTIONS 
OF THE HYPERTRITON INTERACTION 
WITH NUCLEI AT HIGH ENERGIES 

I I k 2 M. V.Evlanov, A.M.Sokolov, V.K.Tartakovs y 

The diffraction approximation is used to perform both the exact numerical and general 
theoretical. analyses of various integral cross sections of the ouclear and Coulomb interactions 
of incident hypertritons with absorbing nuclei at high energies. The sensitivity of the cross 
sections to the value of the binding energy of hypertriton with respect to its dissociation into 
a A-hyperon and a deuteron is shown. 

HuTerpaJILHLie ce'leHHJI BlaHMOJieiicTBHJI runepTpHTOHOB 

C SIJJ.p3MH npH BbiCOKHX 3HeprHJIX 

M.B.EB.naHoB, A.M. CoKo.noB, B.K. TapmaKOBCKUU 

C HcnOnh30BaHHeM llH<flpaKUHOHHOrO npHOOHJKeHHll npoBeJleHbl KaK TO'!HblH 'IHCJieHHblH, 
TaK H o6utHii TeopeTH'IeCKHii aHartH3bl palJIH'IHblX HHTerpartbHblX Ce'!eHHii liJlepHOl'O H KYJIO­
HOBCKO!'O BJaHMOJleHCTBHH flMaiOUIHX nmepTpHTOHOB C flOrJIOUlaiOUIHMH llllpaMH npH Bbl­
COKHX 3HeprHSIX . noKaJaHa 'IYBCTBHTeJibHOCTb Ce'!eHHH K BeJIH'IHHe 3HeprHH CBli3H 
rnnepTpHTOI!a OTIIOCHTeJibHO ero pa3Barta Ha A-rnnepOH H JleiiTpOH. 

An increasing interest has recently been shown in the investigation of the interaction of 
hypertritons with nuclei in connection with the opening possibility of obtaining the beams 

of ~ H hypernuclei with good characteristics (in particular, at the accelerating complex: 

Synchrophasotron-Nuclotron of JINR, Dubna [ 1-4 )). Such investigations can give more 
detailed information about the structure of hypertriton. In particular, they can specify the 
numerical value of its binding energy with respect to the dissociation into a A-hyperon and 
a deuteron (£ = 0:13 ± 0 .05 MeV [5]), which is known so far with a large error, give new 

information about the interaction of~ H with various nuclei, improve our knowledge of the 

forces between lambda-hyperon and nucleons and of the strong interactions, on the whole. 

1Scicntific Centre <<Institute for Nuclear Research». National Academy of Sciences of Ukraine. 252028 Kiev. 
Ukraine 

2Tam' Shevchenko Kiev National University . Ukraine 
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In this paper the theoretical investigation of incident hypertritons with various nuclei at 
medium and high energies is carried out using the diffraction approximation which is well 
applicable to the indicated energies. Particular attention is given to the highly actual search 
of such processes and conditions when it is possible to extract the value of E with a 
sufficient accuracy. 

The use of the mathematical apparatus of the diffraction interaction of incident 
composite two-cluster particles with nuclei at medium and high energies (one can consider 

the hypertritons (~ H ~ A + d) as such particles), makes it possible not only to reproduce 

many dependences obtained by other, more labour-consuming methods, but also to deduce 
a series of new relationships and often in an explicit form. 

Figure 1 shows the dependence on the ~ H binding energy E (calculated on the basis of 

the exact formulas of the diffraction nuclear model [6-9]) of the integral cross sections of 

the complete absorption cr of the 3
AH hypernucleus, incomplete absorption or stripping cr , a s 

when only one of the clusters initially forming a part of the incident ~H is absorbed by the 

nuclear target, elastic scattering crel' diffraction two-fragment dissociation cl} and total cross 
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Fig. I . Integral cross sections of various processes of the diffraction 

nuclear interaction of ~H hypernuclei with ~~8U nuclei depending on 

the hypertn tion binding energy E 
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section cr
1 

= 2crs + cra + crel + d;: for the black nuclear targets of uranium ~~8U. (Here and 

then the cross sections are given in barns). 

1 { r A /,....,...,2MCT'""T"A MT'7"'"cf ) 
The function ~0(r) - - ex -J:; 'I M 1s used as a wave function ~0(r) of 

r " MA + d 

relative motion of the clusters A and din the ~H hypernucleus. While the cross sections 

cr, ~d and cr decrease, the cross sections cr 1 and cr increase wit increasing e. As can be 
t s e a. 

seen from Fig.l, the integral cross sections are most sensitive to the value of e for small 
values of e. A qualitative character of the cross section dependence on e is the same for 
lighter target nuclei. All these cross section increase monotonously with increasing the mass 
number A of nuclear target, but rather slightly depend on the energy of incident particles 

E. Note that the ratios d;: I crel for incident hypertritons (withe"" 0.13 MeV) and deuterons 

differ strongly from each other for the same nuclear targets. This is also true for the ratios 
cr I cr and cr 

1
1 cr , what is naturally explained, first o( all, by a very' small binding energy 

s a e a 

of hypertriton . 

Since the most probable value of the binding energy of the ~ H hypernucleus e "" 0.13 

MeV is rather small, the radius ~H exceeds considerably the sizes of all known nuclei, i.e., 

we have R2 <1lr2 >«1, where R=r0(A~I 3 +A 1 1\ A
0

=3, r
0

=1.2 fm, and 

<I I r2 > = J dr · r-2~~(r). The following asymptotic formulas for the integral cross sections 

arise from the exact formulas of nuclear diffraction in the approximation <R2 I r2> << 1: 

(I) 

Here P1 = I - P2 = M 1 I (M 1 + M 2), where M 1 and M 2 are the masses of the first and the 

second clusters (A-hyperon and deuteron, respectively). 
From formulas (I), which are the generalization of the corresponding formulas of Ref. 

[I 0) for the Gaussian deuteron wave functions, it follows that the dependence of the integ-

ral cross sections on R deviates from the simple rule R2
. The direct numerical calculations, 
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performed according to the exact formulas of nuclear diffraction lead to the following 

approximate dependences of the integral cross sections on R: a
1
, as, a'; -R 1.

6
, and ael' 

a _ R 2.2. 
a 

In the diffraction approximation, the integral cross section of the Coulomb dissociation 

process of the ~ H hypernucleus by absorbing nuclei can be represented in the following 

form 

a~ = 8rtn2R2 J ~ F(x), x = qR, 
X . 

mm 

F(x) = [ 1 - ot>2 
[ p ~x ]]1 J 0(x)S2;,}x) - 2inJ 1 (x)s,, _ 1,0(x) 1'. 

(2) 

(3) 

z · Z · e2 
where n = 1fv , z and Z are the charges of the incident nucleus and nuclear target, 

respectively, in the units of the proton chargee, vis the relative velocity of colliding nuclei, 

<l>(q) = J dr · exp (iqr)<p~(r), q is the change in the projectile momentum during the 

scattering, and S (x) is the Lommel function ~ From physical cansiderations we have found 
~.v 

the expression for a min imum charge in the projectile momentum q . and the corres­mm 
ponding low limit of integration in (2) (at x . --t 0 the integral over x in (2) diverges mm 
logarithmically): 

eR--J I - v2 I c2 

x . =q . R= "" max(l,4n). 
mm mm riv (4) 

This differs slightly from the results of the previous papers [II] . 

The use of (4) leads to the results which agree better with the experimental data on the 
Coulomb dissociation of nuclei in comparison with the calculations performed in Refs. 
[ 11,12]. In the ultrarelativistic case (when xmin --t 0), the following asymptotic formula, 

arising from (2) after integration in parts, will be a good approximation for the cross section 
c. 

ad . 

'-1 2 2 c 8rt 2 2 2 tic I - v I c 
ad =3~ 1 n(r)In 21 1 2 , 4n> I, 

4nep
1
(r) 

(5) 

where <r2> = f dr · r2 <p~(r). Cross section (5), which is approximately proportional to z2 

and inversely proportional to f., differs insignificantly from the corresponding formula of 

Ref.[l3] . A more realis tic dependence a~ on Z can be obtained from (5), namely, for 
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example, at 27 GeV and e = 0.13 MeV we have <J~ -z LB. The use of exact formulas (2) 

and (3) leads to the dependence o~ -z 1.
9

. The deviation from the simple dependence 

cr~- Z 2, considered in a series of earlier papers [13-15), is explained by the fact that we 

use more correct expression (4) for qmin and take into account the finite size of the absor­

bing target nucleus. 

Figure 2 presents the dependences of the ~ H Coulomb dissociation cross section cr~ on 

the binding energy of the hypertriton e calculated by exact form ulas (2), (3) for various 

nuclear targets atE= 17 GeV. The calculations of the dependence of cr~ one by formula 

(5) at the same high energy give nearly the same results. It is se n that the cross section 

cr~ is highly sensitive to the value of e in the range of small values of e where for heavy 

nuclear targets the cross section cr~ considerably exceeds in value the integral cross sections 

of diffraction nuclear processes. Thus, if the binding energy of the ~H hypernucleus e 
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Fig.3. The dependences of the integral cross sections CJ~ of the ~H 
Coulomb dissociation on the incident particle energy E calculated by the 

exact formulas (2) and (3) for the ~8U target nucleus at E = 0.13 Me Y. 

Curves I and 2 illustrate the dependences of CJ~- I I E and 

CJ~- In (£ I Me/>. respectively 

appears to be smaller than the value of £ = 0.13 MeV, it could be determined experi­

mentally with a sufficient accuracy . 

The Coulomb dissociation cross section of the hypertriton cr~ increases much faster 

with increasing the mass number A of target nucleus than the cross section of the diffraction 

nuclei dissociation cr:f. As a result of this, at £ = 0 . 13 MeV and at high energies £, the cross 

section cr~ is noticeably larger than the cross section cr:f for heavy nuclear targets, while we 

have opposite situation, namely, cr:f > cr~ for medium and light nuclear targets . 

While the integral cross sections of nuclear diffraction depend slightly on the incident 

particle energy £, the cross section cr~ depends on E rather greatly . At E of the order of 

hundreds of MeV, cr~ fa lls down rapidly with increasing E approximately under the rule 
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1 IE and has a broad minimum in the range E:::: 6 GeV (where cr; :::: 3.5 barns), after which 

it increases slowly with increasing E under the rule - In (E I M0c2) (see Fig.3). The indi­

cated explicit dependences of the cross sections cr~ on E in the nonrelativistic and ultrarela­

tivistic ranges arise from the exact and asymptotic formulas for cr; listed above. 

The direct numerical calculations, we performed by the exact formulas of the 
diffraction model taking into account the Coulomb interaction between colliding nuclei, 

show that not only at <r~ << R 2, as it was found earlier [16-19], but also at 

<r2> » R 2, as in the case of incident hypertritons, the diffraction and Coulomb 
mechanisms of the incident nucleus break-up are practically independent of each other, 

since in all the cases the interference term proves to be considerably smaller than the cross 

sections a': and cr;. 
We would like to thank sincerely S.A.Khorosov, who is the initiator of this work. We 

are also indebted to V.L.Lyuboshitz for useful discussions. It is a pleasure to acknowledge 
the warm hospitality of the Laboratory of High Energies, JIN where this work was 
completed . 
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ll03HTPOHHbiU 3MHCCHOHHbiU TOMOrPA«D 
HA OCHOBE KOMll03H~HOHHbiX C~HHTHJI.JUITOPOB 

B. l/J.Eope(llco, B.M.Fpe6eHIOIC, B.Il.3opuu, 
r.B.Muq.blll, O.B.Ca611.eHICO 

npeJICTa8JleH nOJHTpOHHbiH 3MHCCHOHHbiH TOMOrpacp Ha OCHOBe KOMOOJHUHOHHbiX CUHH­
TilJIJiliTOpOB, li8Jlli10111HXCll na60poM TOHKHX '1epeJiyi0111HXCll CJIOeB ruJaCTH'IeCKOI"O CUHHTilJIJili­
TOpa H CBHHUOBOH cp011brn. 

HJMepeHbl OCHOBHble xapaKTepHCTHKH COJJiaHHOH yCTaH.OBKH: npOCTpaHCTBeHHoe pa3pe­
meHHe, 1.JYBCTBHTeJlbHOCTb, KOJIH'IeCTBO CliY1.JaHHbiX COBOaJieHHH H COBnaJieHHH OT pacCeliHHbiX 
'Y-KBaHTOB. n011Y1.JeHa TOMOrpaMMa cpaHTOMa JJ:epeHJO. 

Pa6oTa BhlnOJinena B Jla6opaTopuu llllepHbiX npo6.neM OHSIH. 

Positron Emission Tomograph 
on the Basis of Composite Scintiilators 

V.F.Borejko et al. 

A positron emission tomograph based on a new kind of scintillator is presented. The 
scintillator is a combination of thin alternating plastic scintillator and lead foil strips . 

The main characteristics of the installation such as spatial resolution, sensitivity, random 
and scatter fraction are measured. The tomographic image of the Derenzo phantom is also 
measured and reconstructed. 

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

Bse.ueHHe 

B HaCTOSill{ee speMSI no3HTpOHHaSI 3MHCCHOHHaSI TOMorpacpHSI (n3T) Haxo.uHT see 6onb­

wee npHMeHeHHe B pa,llHOHYKJIH.UHOH .UHarHOCTHKe OHKOJIOrH'·IeCKH X H HeKOTOpblX .Upymx 

3a60JieBaHHH ( J). 0.UHaKO BbiCOKaSI CTOHMOCTb TaKHX TOMOrpacpOB ( HeCKOJlbKO MHJIJIHOHOB 

.uonnapos CWA) npenSITCToyeT HX wHpOKOMY BHe.upeHHJO B Me.UHUH HCKYJO npaKTHKy. 

B Te'leHHe nocne.UHHX HecKOJlbKHX neT B nnaHe C03.UaHHSI HOBOH .UHarnocTH'IeCKOH Tex­

HHKH .llJISI KJlHHHKO-cpH3H'IeCKOrO KOMnJleKCa, .UeHCTBYJOll{ero Ha 6a3e cpa30TpOHa 660 M38, 

B Jla6opaTopHH SI.UepHbtX npo6neM OH51J.1 se.UYTCSI pa6oTbt no C03.UaHHJO no3HTpOHHoro 

3MHCCHOHHOro TOMOrpacpa Ha OCHOBC KOMn03HUHOIIHbiX CUHHTHJ!JlSITOpOB, HMCIOll{CrO cyme­

CTBeiiiiO MellbWYIO CTOHMOCTb no cpaBHeiiHIO C Tpa.llHUHOHHbiMH KOHCTpyKUHSIMH n3T. 
Htnepec K 3TOH pa3pa6oTKe CBSI3aH, B nepsy10 O'lepe.Ub, c npe.llJIO)KeH HSIMH no npOH3BO.UCTBY 
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Ha ¢a30TpOHe JI5J:n ynbTp aKOpOTKO:l!OiBYI.I..lHX nOJHTpOH-HJn)"'aiOI.I..lHX H30TOnOB, TaKHX, KaK 

Jlc, 13N, 150, 18F [2,3 ] , Heo6xo,nHMhiX ,nnR npose.neHHSI ,nHarnocTHqecKHX npoue.nyp c 

HCnOJrb30BaHHeM n3T. KpoMe TOro, TaKaS! ycTaHOBKa MO)f(eT OKaJaTbCSI none3HOH ,nnSI KOH­

TpOnSI Ja npaBHJrbHOCTbiO o6n)"'eHHSI TSI)KeJlbiMH 3apS!)f(eHHbiMH qaCTHUaMH rny6oKO JrOKa­

JrH30BaHHbiX onyxoneii ( sepH¢HKaUHR o6nyqeHHR) . 3To BOJMO)f(HO 6naro.napR ToMy, qTo 

npH npOXO)f(,neHHH qepe3 MSIIXHe TKaHH nyqKa TSI)KeJrbiX 3apS!)f(eHHbiX qacTHU, B qacTHOCTH 

npOTOHOB, :meprHS! KOTOpbiX npeBbilllaeT KYJrOHOBCKHH 6apbep, B.llOJrb ero TpaeKTOpHH 

o6paJyeTCSI cne.n H3 noJHTpOH-HJn)"'a~mHx HJOTonos (
150, 13N, 11 C). EcnH cpaJy nocne 

ceaHCa Jr)"'eBOH TepanHH noMeCTHTb nauHeHTa .B ,neTeKTOpHOe KOJrbUO n3T, TO MO)f(HO Ha­

,neS!TbCSI BOCCTaHOBHTb CYMMapHOe pacnpe,nerteHHe .ll03bl, non)"'eHHOH nauHeHTOM BO BpeMSI 

o6n)"'eHHSI. 3TOH Ja,naqe y,nenS!eTCSI 6onblllOe BHHMaHHe BO MHOrHX UeHTpax MHpa ( 4,5], r,ne 

npHMeHS!eTCSI TepanHSI TSI)f(eJrbiMH qaCTHUaMH. 

B HaCTORmeii pa6oTe .naeTCSI onHcaHHe coJ.naHHOH ycTaHOBKH ,nnM noJHTpOHHOH 3MHC­

CHOHHOH TOMOrpa¢HH H n pHBO.llSITCSI peJynbTaTbl nepBbiX ee HCnbiTaHHH. 

OnHcaHHe ycTaHO BKH 

no,np06HbiH aHanH3 p a60Tbl KOMn03HUHOHHOro CUHHTHJrJrSITOpa H ero xapaKTepHCTHKH 

MO)f(HQ HaHTH B pa6oTe (6]. KoMn03HUHOHHbiH CUHHTHJrJrSITOp npe,ncTaBnMeT co6oif Ha6op 

H3 TOHKHX qepe,nyJOI.I..lHXCSI CJrOeB opraHHqecKOrO CUHHTHJrJrSITOpa H CBHHUOBOH ¢onhrn, 

opHeHTHposaHHbiX nepneH.UHKynHpHo HanpasneHHJO .UBH)f(eHHSI HaneTaJOmero y-KBaHTa. Ta­

KaS! KOHCTPYKUHM CUHHTHnnRTopa noJsonHna ysertHqHTb 3¢¢eKTHBHOCTb pemcTpaUHH 

aHHHrHJrSIUHOHHbiX y-KBaHTOB C 3Heprneif 511 K3B no cpaBHeHHIO C 3¢¢eKTHBHOCTbiO qHC­

TOro opranHqecKoro CUHHTHnnHTopa B 1,8 pa3, qTo .nnR .nsyx .neTeKTopos, pa6oTaJOUlHX B 

pe)f(HMe COBna,neHHH, ,naeT BbiHrpbllll B 3,25 pa3a. 

BpeMeHHOe pa3peUieHHe KOMn03HUHOHHOro CUHHTHJrJrSITOpa B nape C ¢oTOYMHO)f(HTe­

neM <1>3Y-85 H ¢opMHpOBaTeneM CO CJre.US!UlHM nopOroM COCTaBnS!eT 1,7 HC. 

<J>n 

~- I fl>n•l 

PHc. l . CxeMaTH<JCCKOC HJ06palKCIIHC Monynll n3T 
(BHll co cropoHbi Hanera10wero y-KsaHra) 

Ha OCHOBe KOMn03HUHOIIHbiX CUHH­

THnJrSITOpOB 6bJJr pa3pa6oTaH MO.llYJrb 

o.nnoKonbuesoro nonHoMaCUITa6uoro 

n3T (6], cxeMantqeCKH H306pa)Kei!HbiH 

na pHc.1 . On npe.ucTasnMeT co6oii Kacce­

TY C TOHKHMH CTanbllbiMH neperopOLlKa­

MH Ha 32 SI<JeHKH, B KOTOpbie C06HpaiOTCSI 

KOMn03HUHOHHble CUHIITHnJISITOpbl, CO,nep­

)KaUlHe no 160 <Jepe.nyiOUlHXCS~ cnoes 

nnaCTH<JeCKOro CUHHTHnJISITOpa H f BHII­

UOBOH ¢onbrH TOJJUlHIIOH 150 MKM H 

33 MKM COOTBeTCTBCHIIO. Me)f(LleTeKTOp­

HOe paCCTOHIIHe COCTaBJIHeT 5,2 MM, 

aKCHaJibllbiH pa3Mep M'JeHKH - 2.0 MM, 
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PHc.2. BHeWHHii BH.Il TOMorpa¢a co CHliToii nepe.zlHeii K bJWKOii 

pa.uwanbHbJH paJMep, wnw .!I..JH!Ha no HanpaBJJeHHIO .!I.BH)I(eHHSI HaneTaiOmero y-KBaHTa -

30 MM . nnoTHOCTb ynaKOBKH .neTeKTOpOB - OKono 90%. B Mo.nyne HCnOnbJYIOTCSI cpoTO­

YMHO:lKHTenw <1>3Y-85 .!I.HaMeTpOM 30 MM. 

Cne.nyeT TaJOKe OTMeTHTb, 'ITO B pa3pa6oTaHHOM Mo.nyne ocymecTsneHa cseTOBaR Ko.nw­

posKa HOMepa cpa6oTaBlllero CUHHTHnnSITOpa, 'ITO nOJBOnHnO B.!I.BOe YMeHblllHTb KOnH'IeCT-

80 He06XO.!I.HMblX cpoTOYMHO:lKHTeneH. 3TO CTaJJO BOJMO)I(HO 6naro.napS! TOMy, 'ITO KIDK.!I.biH 

<1>3Y C nOMOI.I..lbiO CBeTOBO.!I.a npocMaTpHBaeT TpH COCe.!I.HHX CUHHTHnnSITOpa. 

WecTua,uuaTb TaKwx Mo.nyneii paJMemeBbi no BBYTpeuneMy .nwaMeTpy Hecymeii .niOpa­

niOMHBHeaoii KOBCTPYKUHH, o6pa3yR uenpepbiBHoe KOnbUO H3 51 2 .neTeKTopoa c BHYTpeH­

HHM .!I.HaMeTpOM 850 MM . .il,nSI yMeHbWeHHSI .!I.OnH perwCTpHpyeMbl X pacCeSIHBbiX y-KBaHTOB 
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A 

M 

A 

K 

npHMeHeH CSHHL(OSbiH KOnJlHMaTOp C SHelll­

HHM H SHyrpeHHHM ,LIHaMeTpaMH 800 H 

600 MM COOTSeTCTSeHHO H lllHpHHOH I.lleJIH 

20 MM. BHelllHHH SH.LI TOMOrpacpa CO CHSITOH 

nepe.uHeH KpbiWKOH noKaJbisaeT pHc.2. 

,llnSI YCHJieHHSI, cpOpMHpOSaHHSI H ,LieKO,LIH­

posaHHSI CHrHaJIOS C cpOTOYMHO)[(HTeJieH, a 

TaK)[(e nepe.ua'IH .uaHHbiX s 3BM s JUIO 

0115111 6biJIH pa3pa6oTaHbl H HJrOTOSJieHbl see 

Heo6xo.uHMbie :meKTPOHHbie 6noKH [7] . B co­

eTas CHCTeMbl c6opa ,LiaHHbiX (pHc.3) SXO,LISIT 

CJie.UyiOI.liHe ycTpOHCTsa: 

1) 16-SXO.LIOSbiH cpopMHposaTeJlb C pe­

rHCTpOM JanOMHHaHHSI Cpa60TaSWHX KaHaJIOS 

H cxeMOH nepeKO.UHposKH - KJ1357; 

2) 6JIOK OT6opa noJie3HbiX C06biTHH, 

npe.UCTaBJISIIOI.liHH C060H 16-SXO.LIOSYfO Ma)[(O­

pHTapHyiO CXeMy COSna,LieHHH C KpaTHOCTbiO 2 

C perHCTpOM XpaHeHHSI HOMepos cpa60TaS­

lllHX SXO.LIOS H JIOrHKOH Onpoca H Sbi,Lia'IH ,LiaH­

HbiX Ha sHeWHIOIO MarHcTpaJib - KJ1358; 

3) 6ycpepHbiH HaKOnHTeJlb eMKOCTbiO 

2*2 K 16-pa3pSI.L1HbiX enos, pa6oTaiOI.liHH s 

KOHBeHepHOM pe)[(HMe CO BpeMeHeM C'IHTbiBa-

PHc.3 . EnoK-cxeMa cHCTeMbi c6opa HHcf>opMamm HHSI 500 HC - OJ1003. 

OepBbie ,LISa THna 6JIOKOB SbinOJIHeHbl B 

CTaH.uapTe KAMAK, a TpeTHH- s cTaH.uapTe 

IBM PC. BcSI cHcTeMa p aJMemaeTcSI s O.LIHOM KpeiiTe KAMAK H cocTOHT HJ 16 6noKos 

KJ1357, o.uHoro- KJ13 5 8 H 03BM THna IBM PC/486 c nnaToii OJ1003 . 

,llnSI 06MeHa HHcpOpMaUHeH Me)[(.Liy 6JIOKaMH CHCTeMbl CSSI3b OCyl.lleCTBJISieTCSI no Ma­

rHCTpaJIH Kpei1Ta, npH 3TOM HCnOJibJYIOTCSI pe3epBHbJe WHHbJ, a TaK)[(e WHllbJ W 17 - W24 

H R17- R24 . C'IHTbJBatiHe .uaHHbiX B n3BM ocywecTBJISieTCSI Henocpe.UCTBellliO H3 6JIOKa 

KJ1358, 'ITO o6ecnetiHsaeT Heo6xo.uHMYIO cKopocTb nepe.ua'IH .uaHllbJX - I MKC 11a co6biTHe . 

,llnSI HaKOnJieHHSI, o 6 pa60TKH, a TaK)[(e BH3YaJJH3aUHH HllcpOpMaUHH peaJIH30Ball JJaKeT 

nporpaMM .LIJISI 03BM THna IBM PC. nporpaMMbl nepBH'IHOH o6pa60TKH n03BOJJSIIOT 

Bbi'IHTaTb H3 HCXO.LIHbiX ,LiaHHbiX cpOHOBble COBna,LieJIHSI (cJiy'laHHbJe H OT pacceSIIJllbiX y-KBali­

TOB). B OCHOBe nporpaMMbl peKOHCTpyKUHH H306pa)[(eiJHSI nO npoeKUHSIM Jie)[(HT aJJropHTM 

csepTO'IHOro THna. BpeMSI BOCCTaHOBJieiiHSI O.LiliOro H306pa)[(eiJHSI Ha n3BM THna IBM 

PC/486 COCTaBJISieT 12 c eKyH.U. nporpaMMbl BH3YaJIH3aUiffi no3BOJISIIOT BbJBO.UHTb MaTpHUy 

noJiy'leHHOrO H306pa)[(eHHSI Ha 3KpaH JlHCilJieSI B USeTe HJIH fJOJiyrOHaX, a TaKie B BH.Ue 

HJOypOBHeH KOHUeHTpaUHH H30TOila B HCCJie.uyeMOM 06beKTe. 
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11epBbie peJyJibTaTbi 

K HaCTOSIIUeMy BpeMeHH HJMepeHbl OCHOBHbie xapaKTepHCTHK COJ,!I;aHHOI'O TOMOrpa<fla 

H nOJI)"'eHbl peKOHCTpywpoBaHHbie HJ06piDKeHH5l HeKOTOpbiX <flaHTOMOB C nOJHTpOHHbiMH 

HJJI)"'aTeJISIMH. 

O,!J;HOH HJ maBHbiX xapaKTepwcTHK n3T SIMSieTcSI ero npocTpaHCTBeHHOe pa3pemeHwe, 

onpe,!l;eJISieMOe KaK nOJIHaSI UIHpHHa Ha nOJIOBHHe BbiCOTbl (nlllnB) pacnpe,!l;eJieHHSI peKOH­

CTpywpoBaHHOI'O HJ06pa:lKeHHSI TOHKOrO HHTeBH,!J;HOrO HCTO'IHHK a. B Ka'leCTBe TaKOro 

HCTO'IHHKa 6biJI HCnOJibJOBaH nOJHTpOH-HJJI)"'aiOIUHH HJOTOn 
22

Na ,!I;HaMeTpOM 1,7 MM. 

Ha pwc.4 npHBO,!J;SITCSI JaBHCHMOCTH pMHaJibHoro H TaHreHUHaJibHoro pa3pemeHHSI B 

nJIOCKOCTH TOMOrpa<fla B JaBHCHMOCTH OT paCCTOSIHHSI ,!1;0 ero OCH . KaK MO)I(HO BH,!I;eTb, B 

UeHTpe ycTaHOBKH pa3pemeHHe COCTaMSieT OKOJIO 4 MM, 'ITO y:lKe 6JIH3KO K <fJHJH'IeCKOMY 

npe,!l;eJiy, o6ycJIOBJieHHOMY paCCTOSIHHeM 1-2 MM, npOX9,!1;HMbiM n OJHTPOHOM OT MeCTa CBO­

ero pO)KJleHHSI ,!1;0 TO'IKH aHHHrHJISIUHH C :meKTpOHOM, H He60JibUIOH HeKOJIJIHHeapHOCTbiO 

paJJieTaiOIUHXCSI y-KBaHTOB. Yxy,!l;meHwe paJpemeHHSI no Mepe y,!l;aneHHSI HCTO'IHHKa OT ocw 

TOMOrpa<fla CBSIJaHO C OUIH6KOH, BOJHHKaiOmeH HJ-Ja YBeJIH'IeHHSI OTKJIOHeHHSI HanpaBJieHHSI 

HaJieTaiOmero y-KBaHTa OT HOpMaJIH K nosepXHOCTH CUHHTHJIJISIUHOHHbiX ,!l;eTeKTOpOB ycTa­

HOBKH, H CBOHCTBeHHO BCeM n3T. 

16 

4 

50 

• FWTM pa,n;wanbHoe 
0 FWTM TaHreHIJ;HanbHo e 
o FWHM pa,n;:wanbHoe 
t;,. FWHM TaHreHIJ;Hani>Ho e 

100 
paCCTOHHHe OT ~eHTpa, MM 

150 

PHc.4. 3aBHCHMOCTb nonepe'IHoro npoCTpaHCTBeHHoro pa3peweHHSI oT paccTOSIHHSI no 
OCH TOMOrpa<fla 
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PHc.S. ToMorpaMMa cpaHTOMa llepe113o, s no11yrouax H s BHlle HJO­

yposueii KOHUeHTpaUHH HJOTona. PaJMepbl no OCliM llaiiLI B MM 

Ocesoe (aKCHa.JlbHoe) p a3peweHHe, onpe.!leJUIJO!llee TOJJlllHHy HCcJJe.!lyeMoro CJIOSI, H3Me­

pS1JJOCb npH nepeMell.leHHH TOfO )l(e HCTO'IIIHKa B.!lOJib OCH TOMOrpacpa H OKaJaJIOCb paBIIbiM 

10,5 MM . 
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~YBCTBHTeJibHOCTb ycTaHOBKH 6biJia H3MepeHa CTaH,D.apTHbiM CnOC060M, C nOMOIUbiO 

cpaHTOMa, npe.UCTaB.JUIIOIUero C060H UHJJHH.llp .UHaMeTpOM 20 CM H J]JIHHOH 15 CM, JanOJJHeH-

HOrD paCTBOpOM H30TOna 
11

C. JJ,.nSI speMeHHOfO OKHa 11,5 HC H p actJeTHOfO nOJISI .llHaMeT­

poM 45 CM 6b!JIH nonyqeHbl CJie.UYJOIUHe pe3yJibTaTbl, npHBe,lleHHbie K aKTHBHOCTH paCTBOpa 

B I MKKHIMJI : 

• nonHoe 'IHCJIO cosna.ueHHH- 12300 c-
1

; 

• HCTHHHbie + pacceSIHHbie- 7700 C-l; 

• CIIYlJaHHhie cosna.ueHHSI- 4600 c-
1
; 

• cyMMapHaSI JarpYJKa no sceM KaHanaM- 1520000 c-
1
• 

llonSI cosna.ueHHH oT pacceSIHHbiX y-KBaHTOB onpe.uenSinacb TaK)I(e cTaH,D.apTHbiM cnoco-

6oM . Do OCH TOro )l(e cpaHTOMa, JanOJIHeHHOfO BO.UOH, 6biJI BbiCTaBJieH HHTeBH.llHbiH HCTO'I-

HHK ISp .UHaMeTpOM 3 MM. Docne Bbi'IHTaHHSI H3 npoeKUHOHHbiX .UaHHbiX CIIYtJaHHbiX COBna­

LJ.eHHH CYMMHposanHcb «KpbiJibSI» pacnpe.ueneHHSI H nonyqeHHaSI seJIH'IHHa .UeJIHJiacb Ha 

cyMMapHOe KOJJH'IeCTBO OTC'IeTOB B npoeKUHM. J1cnOJI&3ySI 3TOT MeT0.ll, Mbl nOIIYtJHIIH 3Ha­

'leHHe .llJISI LJ.OJJH cosna.ueHHH OT pacceSIHHbiX y-KBaHTOB Ha yp BHe 24%, 'ITO SIBJISieTCSI 

THnH'IHbiM J]JI.!I 60JJblliHHCTBa D3T. 

Ha pMc.5 npe.ucTaBJieHa TOMorpaMMa cpaHTOMa llepeHJO, 11pe.ucTaBJISIIOIUero co6oii 

UHJIHH.Up M3 OprcTeKJia .UMaMeTpOM 20 CM, ycJJOBHO pa36MTOfO Ha 6 CeKTOpOB, B K~OM H3 

KOTOpblX MMeiOTCSI OTBepCTHSI onpe.ueneHHbiX ,llHaMeTpOB: 2,5; 3; 3, ; 4; 5 H 6,2 MM. PaCCTOSI­

HHSI Me)l(.lly UeHTpaMH OTBepCTHH- 10, 12, 14, 16, 20 H 25 MM COOTBeTCTBeHHO. 0TBepCTHji 

3ai10JIHeHbl n03HTpOHHbiM M3JIY'IaTeJJeM 
22

Na O.llHHaKOBOH aKTHBHOCTH. J1Jo6pa)l(eHHe npe.u­

CTaBJJeHO B nOJJYTOHaX H B BM.Ue M30ypOBHeH KOHUeHTpaUHH H30T011a; BCe OTBepCTH.!I 

XOpOIIIO pa3IIM'IHMbl. 

TaKHM o6pa30M, npe.llJIO)I(eH M COJ.UaH nepBbiH OTe'leCTBeHHblli O.llHOKOJibUeBOH nOJIHO­

MaCIIITa6HbiH n03MTpOHHbiH 3MMCCHOHHbiH TOMOrpacp Ha OCHOBe KOMn03MUMOHHbiX CUMH­

THJIJISITOpOB, npH pa3pa6oTKe KOTOporo npMMeHeH pSI.ll HOBbiX H.UeH M pellleHHH, 110380-

JJHBIIIHX B HeCKOJlbKO ,lleCSITKOB pa3 COKpaTHTb ero CTOHMOCTb no c paBHeHMIO C Tpa.uHUHOH­

HblMH KOHCTpyKUHSIMH . 

AsTopbi Bbipa)l(aJOT 6naro.uapHOCTb B .n.n)l(enenosy Ja nocTO.!IHHbiH HHTepec K pa6oTe, 

B.A.XanKHHY H B.B .UynKo-CMTHHKOBY Ja noMOIUb npM npose.ueHHH pa.uHOXHMH'IeCKHX HJ­

MepeHHH, a TaK)I(e sceM COTPY.UHHKaM, npHHHMaBIIIMM y'laCTHe o MJrOTOBJJeHHH H c6opKe 

.ueTeKTOpHbiX MOLJ.yJieH . 

I. Yamashita T.- Clinical PET in Oncology. Senday, Japan, 16- 18 May 1993. 

2 . XanKHH B.A. - B c6.: III CosemaHHe 110 wcnomJoBaHHJO HOBbiX SI.UepHO-QJHJH'IeCKMX 

MeTO.llOB J]JISI pellleHHSI Hay'IHO-TeXHM'IeCKHX H HapO.UHOX03SI - CTBeHHbiX 3a,lla'l . QJ15B1, 

Pl8-12147, lly6Ha, 1979, c.299 . 

3. XanKHH B.A.- B c6. : III CosemaHwe no wcnonhJOBaHHJO HOBbiX SI.UepHO-QJMJM'IeCKHX 

MeTOLJ.OB J]JISI pellleHHSI Hay'IHO-TeXHH'IeCKHX H HapO.UHOX03SI - CTBeHHblX 3a,lla'l. 0115111, 
Pl8-82-117, lly6Ha, 1982, c . ll6. 
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High invariant mass muon pair production in Pb-Pb collisions with CMS detector at LHC 
has been considered. Various sources of dimuons have been included mto the analysis. It is 
shown that for an appropriate set of cuts on the transverse momenta of 1.1. on the invariant mass 
of the muon pairs and on the hadronic/electromagnetic energy deposited into the calorimeters, 
one can separate the contribution of the semileptonic decays of open b~uty particles. The 
latter process can be used as a reference for measuring the suppression of bb quarkonium states 
in nucleus-nucleus collisions . 
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I. Introduction 

The main motivation of heavy ion experiments at LHC is the observation and study of 
the phase transition from hadronic matter to the plasma of deconfined quarks and gluons 
(quark-gluon plasma, QGP). For heavy nuclei A - 200, at the centre of mass energies of 
about 5.5 TeV/nucleon the energy density in central nucleus-nucleus collisions should be 
well above the expected phase transition value, thus allowing one to probe QGP in the 
asymptotically free ideal gas form [1,2]. Several measurable effects have been suggested in 
order to establish the existence of QGP and investigate its properties [2-5] . Some recent 
investigations imply that direct probes of QGP should be hard enough in order to resolve 
subhadronic scales and distingui'Sh confined and deconfined media [6]. So, the two topics 
most widely discussed in the context of QGP manifestations are heavy quarkonium pro­
duction and high transverse momentum jets. 

According to the expectations [1,7] , the formation of the states with hidden charm and 
beauty J /'If, 'If', Y, Y', .. . in QGP should be suppressed if compared to the hadron-hadron 
collisions. Moreover, because of the different sizes and formation times for various quarko­
nium states, the degree of suppression is expected to vary from one quarkonium state to 
another. However, very similar effects can be caused by other reasons, like significant 
production of X states and/or absorption of quarkonium in the dense hadronic matter. Y 
family production at LHC looks rather promising [8] , especially if these measurements are 
complemented by the studies of other related characteristics, like the relative suppression 
between various vector states and open beauty production, and the dependence of the above 
ratios on the energy density in the collisions. 

We argue that the process of open beauty production is a convenient reference process 
for studying Y family suppression. Though some fine characteristics of this process should 
be affected by QGP and final state interactions, one expects that the overall inclusive cross 
section of open beauty production remains ·unchanged, apart from a relatively small increase 
caused by quarkonium dissociation: The production mechanisms for the two processes are 
quite similar (both quarkonium and open beauty are mainly produced in gluon-gluon col­
lision subprocesses), and so are the detection techniques (both rely heavily on muon detec­
tion and measurement) . Thus one hopes that both theoretical and experimental systematic 
errors could be reduced in the ratio. As shown below, high invariant mass lepton pairs from 
semileptonic decays of b-hadrons have a good experimental signature with a potentially 
well controllable background . 

Another choice of the reference process could be Z boson production [9], which is 
completely free of final state interaction effects. However, in this case there are some 
drawbacks: the production mechanism is mainly dominated by initial quarks and antiquarks, 
and the Z mass is significantly higher than that of quarkonium . 

The other process of particular interest for heavy ion physics is the production of high 
transverse momentum jets. One expects that the initial partons - originators of the high 
P T jets in a two-jet event - should acquire a significant additional transverse momenta as a 

result of multiple rescattering off the QGP constituents. This leads to certain measurable 
effects like P T disbalance [ 10, II], acoplanarity [ 12,13] and transverse energy-energy cor-

relations [14] . The average additional transverse momentum is of order of few G~Y . almost 
independent of the jet energy . One expects that similar effects should hold for b-quark 



Bedjidian M. et al. Study of High Mass Dimuon Production 51 

initiated jets as well. It should be mentioned, however, that in central heavy ion collisions 
these measurements are complicated by the ambiguities of the jet definition and the large 
transverse energy flow due to the huge number of non-jet particles. If semileptonic decays 
are used to detect and measure events with bb pairs, the two leptons from b-hadron decays 
should also inherit the additional transverse motion originating from multiple rescattering 
of the parent b-quarks off the constituents of QGP and/or the hadronic matter. This method 
is free of above-mentioned complications inherent to jet measurements. However, the lepton 
obtains an additional transverse momentum in the b-hadron weak ·decay process. The 
resulting smearing of the dense matter effects can be dangerous and requires further 
investigation. 

On the experimental side, one has to study the ability of the LHC detectors to identify 
and measure relevant processes. The CMS detector [15] with it good muon system and 
calorimetry looks very promising for investigating these problem . 

In the following, we present the results of our study of the processes which can lead to 
the production of high mass dimuons in F'b-Pb interac.tions at LHC: The aim of the work 
was to show that the contribution of the open beauty decays can be separated out in a wide 
range of the dimuon invariant masses and muon transverse momenta. The expected statis­
tics should be enough to use the above cross section as a reference process for Y family 
suppression measurements, as well as to study some fine details of the b-jet transverse 
distributions. 

2 . General Considerations 

The main sources of high mass dimuons in heavy ion collisions are shown below: 
1. production of heavy quark bound states; 
2. Drell-Yan and Z production; 
3. decays of heavy flavours (cc, bb, tt); 
4. WW, WZ and ZZ production ; 
5. decays of 1t and K mesons. 

The possibilities of detecting Y family Jl+ll- decays with the CMS detector have been 
studied in [16]. The Z-boson production in heavy ion collisions with the implication to QGP 
manifestations has been considered in [9] . We have performed the Monte Carlo simulation 
of the processes 2-5 for lead-lead collisions at LHC, with the CMS detector [ 17]. 

At LHC heavy ions will be accelerated up to the energies E = E x(2Z I A) per nucleon 
p 

pair, where E = 7 TeV is the proton beam energy for LHC. In the case of Pb nuclei the 
p 

energy per nucleon pair will be 5.5 TeV and the design luminosity for a single experiment 

is about L"'" 1.0 x I 027 em - 2s -I . For the lighter ion beams the luminosity can be much 
higher, e.g., the ratio of luminosities Leal LPb = 2500. The expected total cross section for 

Pb- Pb interaction is about 7.5 b, which leads to the event rate of 7.5 kHz. 
The Drell-Yan, Z, heavy flavour, WW, WZ and ZZ pair production cross sections in 

nucleus-nucleus collisions were obtained from those in pp interactions at the same energy 

(iS= 5.5 TeV) using the parametrization crAA = A2a x crpp' with a = 0.95. The cross sections 

in pp collisions were evaluated with the PYTHIA Monte-Carlo imulation program [18] . 
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Only leading order processes were simulated and the default structure functions CTEQ2L 
were used, with the k-factor equal to 1. For these reasons the obtained cross sections are 
somewhat smaller than corresp~nding results of next-to-leading order calculations (by a 
factor of 5 for cc, and 2.5 for bb production [19]). However, we have checked that for the 
high P T region the difference is only of the order of two for both processes. It should be 

mentioned that the measurements of open beauty production in pp collisions at the Tevatron 
[20,21] are consistent with each other, being highe! than NLO QCD predictions, close to 
the upper edge of the theoretical uncertainty. For tt and Z production, the difference bet­
ween the PYTHIA prediction and the.experimental data from FNAL pp collider is less than 
1.5. We did not make any correction of the obtained cross sections, but one has to have this 
difference in mind. 

In order to c~ver the total phase space with approximately equal statistics, the simu­
lation of cc and bb production was performed in ten intervals of the transverse momentum 
of final heavy quarks. 

The cross sections for W and Z pair production are very low, so that their contributions 
to dimuon mass distribution are negligible at all invariant masses. 

Neither the effects of the deflection for the parton structure functions in a nucleus 
relative to a free nucleon, nor the energy losses of heavy quarks in dense matter have been 
taken into account. No background from cosmic ray muons has been considered. We be­
lieve that the latter can be suppressed using the timing information from muon chambers 
and beam crossing. 

3. Simulation Details 

The charged particle density in mid-ra'pidity range for the central Pb-Pb collisions at 
LHC are expected to be between 3000-8000. In our analysis we have used the extreme 
number 8000 of charged particles emitted per unit of rapidity. This corresponds to 
(dNch I dY)y = 0 = 2500 charged particles per minimum bias Pb-Pb collision. 

The rapidity distributions of 1t and K mesons have been obtained according the HIJING 
[22] event generator with the shadowing and jet quenching effects. The rapidity spectra of 
these particles can be described by the sum of two Gaussian functions. It should be men­
tioned that invariant mass distribution of dimuons from pion and kaon decays is very 
sensitive to the shape of the transverse momentum spectra of these particles. For the P T 

distribution of pions the following parametrization was used [23,24 ]: 

dNrt/dP~ = exp(-...JM;+P~I1) for RT<Pfim, (I) 

I I (I + p / p O)n for p > p lim 
T T T T 

(2) 

The transverse momentum spectra of K mesons have been obtained from the pion 
distribution: 

dN K/ dPi = ((...jMrt
2 
+Pi+ 2)/(-vM i +Pi+ 2))'" x dNrt/dP}. (3) 
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The values of the parameters 
0 are: T=Pr=0.16 GeV/c, 

P iim = 1.1 GeV/c, n = 5.1 and 

m = 12.3, obtained from the fit 
of pion and kaon transverse 
momentum distributions from 
HIJING for Pb-Pb minimum 
bias collisions. 

Another approach was 
used to study the high P T tails 

of transverse momentum dis­

tribution of muons from 1t and 
K decays. The high P T distri-

butions of these particles were 
estimated using QCD jet pro­

duction from PYTHIA Monte­
Carlo program for pp Interac­
tions. The cross section for the 
dijet production in Pb-Pb 

collisions was obtained in the 
same way as for other hard 

processes. However, due to the 

jet quenching, pion and kaon 

spectra will be softer in nuc-
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Fig. I . Transverse momentum distri utions for muons of various 
processes in Pb-Pb collisions 

lear collisions than in pp interactions. So, our estimates should be considered as an upper 
limit for this type of background, as we have ignored jet quenching effects in our 

calculations. 

The CMS muon detector has the geometric acceptance up to I 11 I = 2.4 and full co­
verage in <)l, with minimal losses due to cracks. The muon reconstruction efficiency in 
heavy ion collisions using muon chambers and inner tracker strongly depends on the multi­
plicity of produced particles. For minimum bias Pb-Pb events, reconstruction efficiency of 
0.9 was used for muons with P T > 5 GeV /c . The ~ trigger efficiency of 0 .95 was assumed. 

In the CMS detector for heavy ion collisions the muon momentum resolution can be appro­
ximated by the function !:J.P = 0 .5% x P GeV/c . 

In order to estimate the contribution from uncorrelated muo pairs coming from 1t and 
K decays, the acceptance tables generated by the GEANT Monte-Carlo simulation program 
have been used. Only hadronic interactions and decay processes of secondary particles in 
the detector were taken into account. 

Figure I presents the simulated transverse momentum distributions of muons coming 
from Drell-Yan, Z and heavy flavour production processes in Pb-Pb collisions. In the range 
5 GeY/c < PT< 30 GeY/c the main source of muons is open beauty production. For lower 
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Fig.2. Rapidity distributions of 
muons in Pb-Pb collisions 

P T values, the contribution 

from open charm fragmenta­
tion is dominant. It should be 
noted that W production and its 
subsequent decay W ~ J.I.V can 
also give a high transverse 
momentum muon, but this 
contribution becomes signifi­
cant only for P T > 20 Ge V /c . 

The rapidity distributions 
of muons from the same pro­
cesses are presented in Fig.2 . 
These distributions are nearly 
flat within the range of CMS 
muon detector acceptance 
l11l ~ 2.4 and significant part 
of produced J.1. will be detected. 

Invariant mass spectra of dimuons coming from Drell-Yan, Z and heavy flavour 
production processes were studied for the different cuts on the transverse momentum of J.l. . 
We have assumed 15 days of running time for Pb-Pb collision with the above-mentioned 

design luminosity . Figure 3 presents J.I.+J.I.- pair invariant mass distribution for muons with 

PT>5 GeV/c. A clear signal from Z~J.I.+J.I.- decays is seen. The expected number of 

detected Z decays in ± 10 GeV mass window is 6400 with very low background. In the 
mass range 20 GeV <M

11
+

11
-< 50 GeV dominant contribution comes from b]j fragmentatio~ 

(about 75%). The obtained number of dimuons in this mass interval, coming from bb 
decays, will be 15600. The Drell-Yan and cc processes are giving nearly equal number of 

J.I.+J.I.- pairs in this range - 15% and 10%, respectively . The contribution from it fragmen­
tation is negligible at all dimuon masses. 

For the transverse momentum cut on muons 10 GE.V/c (Fig.4), contribution from the 
Drell-Yan process increases to about 34%, however bb fragmentation is still dominant -

57%, which corresponds to about 3000 detected J.I.+J.I.- pairs . Taking into account the 
contributions from next-to-leading order processes discussed above, the expected number of 
detected dimuons from these processes might be higher by a factor of two . 
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Fig.3. Invariant mass spectra of J.L\C 
pairs for muons with Pr > 5 GeV/c 

Fig.4. Invariant mass spectra of Jl+Jl­
pairs for muons with Pr> IOGeV/c 
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figures 5 and 6 present the 
dimuon invariant mass spectra 
for muons with transverse mo­
menta greater th~n 5 Ge V /c and 
10 GeV/c for bb production, 1t 

and K decays, for the case when 
one ~ comes from b quark frag­
mentation and the other is the 
pion or kaon decay product and 
for QCD jet events. Backgrounds 
from pion and kaon decays and 
when one muon coming from b 
and another from 1t / K decays is 
small. The background from 
QCD jets is important and gives 
almost the same number of muon 
pairs in the mass interval 
20 GeV < M

11
+

11
- < 50 GeV for 

the muon transverse momentum 
P T > 5 Ge V /c. However, the con-

tribution from these backgrounds 
decreases quickly with increasing 
transverse momentum of muons, 
so that for P T > 1 0 Ge V /c 

10 4 ~-----------------------------------. 
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Fig.7. Transverse energy deposition in calorimeter cells for bb, 
Drell-Yan processes and minimum bias Pb-Pb events 

dimuons from above _!llentioned background processes amount to less than 15% of muon 
pairs coming from bb fragmentation. Note once again, that contribution from QCD jet 
events in real heavy ion collisions should be smaller than our estimates, because of the 
energy losses of hard partons in rescattering on the constituents off the dense matter. More­
over, it should be possible to keep these sources of background under control by estimating 
the rate of same-sign dimuons, as far as the muons from pion!kaon decays are uncorrelated. 

Therefore, for the muon transverse momentum greater than 10 G._eV/c the main con­
tributions to dimuon mass spectra in the range 20 +50 GeV re bb fragmentation and 
Drell-Yan production. It is possible to distinguish these two processes because muons from 
b fragmentation are accompanied by hadrons within a narrow cone, while Drell-Yan ~ pairs 
are isolated. For this purpose one can use the information from the calorimeters of the CMS 
detector. 

The granularity for the hadronic (HCAL) and the electromag etic (ECAL) calorimeters 
is expected to be quite different. We have assumed granularities to be ~Tl x ~q, = 
= 0.087 x 0.087 for HCAL and 0.0145 x 0.0145 for ECAL. The energy resolution for the 
calorimeter response was parameterized by the following expres ion: 

(4) 
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The values of parameters a and b are the following: 2.0%, 0.5% for the ECAL and 
68.0%, 5.0% for the HCAL, respectively. 

Figure 7 presents the transverse energy deposition in calorimeters within the narrow 

cone of the radius R = ...J (Llll)2 + (Lltj>)2 < 0.176, around a muon coming from bb and Drell­

Yan production, as well as for minimum bias Pb-Pb events. This radius of the cone cor­
responds to the size of 2 HCAL cells, and was found to be optimal for our purposes. 
Accompanied transverse energy is much larger for b quark fragmentation, and this can be 
used to distinguish different processes of dimuon production. It is interesting to note that 
using the information from the hadronic calorimeter only gives better results: the strong 
magnetic field 4 Tallows only charged particles with PT>0.8 GeV/c to reach the calori-

meter, thus getting rid of the background of soft pions and kaons. 

5. Results and Co nclusion 

We have performed the Monte-Carlo simulation of the processes contributing to the 
sample of high invariant mass dimuons in lead-lead collisions at LHC, with the CMS 
detector. For two weeks of running time at the design luminocity, CMS detector will be 

able to detect about 6400 events of Z ~ 11+1-c decays with the background less than 5%. 

The relative contribution of other processes into the overall sample of the ll+ll- pairs are 
found to depend strongly on the applied cuts on the lepton transverse momenta and the 
invariant mass of the pair For example, for P T > 5 GeV/c and 20 GeV < M~+~- < 50 GeV 

the contribution from open beauty decays is quite large, yielding about 15600 events . How­
ever, for this transverse momentum cut the. contribution from QCD jet events is very high. 
This background can be reduced by using a higher cut PT> 10 GeV. For this cutoff, the 

Drell-Yan contribution becomes ~om parable in the above mass range. Using the 
information from the hadronic and electromagnetic calorimeters, it should be possible to 
distinguish the dimuons coming from open beauty decays from those of Drell- Yan type 
processes. It should be noted that next-to-leading order QCD processes have not been 

included in our simulation, so the real number of detected ll+ll- pairs should be greater by 
a factor of 2. 

Thus, after the above cuts, one expects about 6 thousands of measured dimuon events 

originating from b-hadron decays, with a relatively small background. This should be 
enough for using this process as a reference for studying Y family suppression in Pb-Pb 

collisions. This is a reasonable choice, because both Y and open beauty are produced mainly 

in gluon-gluon collisions, with similar values of the subprocess energies, so that any initial 
state corrections (e.g. structure function variation, etc .) are expected to cancel in the ratio. 
Moreover, both Y and open beauty are detected as lepton pairs, thus reducing the systematic 
uncertainties of the measurement. 

However, as our knowledge of the properties of the final state in the collision~ of heavy 
nuclei is at present very limited, one should also use other reference processes as well. 
Another good choice is the Z boson production, which is completely free of final state 
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interaction effects. However, in this case the production mechanis is mainly dominated by 
initia1 quarks and antiquarks, and the Z mass is somewhat too high. This latter process can 
be used as a reference for the dileptons originating from open beauty decays - in this case 
one could check the influence of the final state interactions on b-quark fragmentation. 

In order to make definitive conclusions about the formation f quark-gluon plasma and 
study its properties, it is necessary to investigate the dependence of vario·us measured 
parameters upon the energy density in the collision of two nuclei . This can be achieved by 
using nuclei with various atomic numbers, from bare protons to A - 200. Obviously, all the 
manifestations of QGP critically depend on its temperature and ize, ·which are higher for 
heavier nuclei, but similar studies for lighter nuclei can successfully complement them 
because of higher luminosities and lower backgrounds. Indeed, the energy density achieved 
in central Nb-Nb collisions should not be much smaller than i Pb-Pb interactions [25], 
still above the expected phase transition value, and because of much higher luminosity 
LNb / LNb = 90, would result in a significantly greater statistics. 

We would like to thank D.Denegri, D.Kharzeev, and O.Kodolova for their interest and 
helpful discussions. 
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ANTIMATTER PRODUCTION 
IN RELATIVISTIC NUCLEAR COLLISIONS 

A.A.Baldin 

The universal approach to the description of subthreshold, cumulative and twice-cumulative 
processes based on the self-similarity hypothesis is presented and applied to various reactions. 
Large experimental material including mesons, antiprotons, and antinuclei production in 
nucleus-nucleus and proton-nucleus interactions is analysed. 

The investigation has been performed at the Laboratory of High E ergies, JINR. 

06pa30B3HHe 3HTHM3TepHH 

B pe.1IJITHBHCTCKHX Jl)lepHbiX CTOJIKHOBeHHJIX 

A.A.Ea.noun 

npe.llcTaBJJeH YHHBepcanbHhiii aBTOMO.IleJJhHhiii nO.IlXO.Il .Mll onHcaHHll no.11noporoBhiX, KYMY­
JiliTHBHhiX H .llBa)I(J:Ihl-ICYMYJIJITHBHbiX npouecCOB. npoaHaJ1H3HpOBaH o6wHpHbiH aiCcnepHMeH­
TaJibHbiH MaTepHan no o6pa30BaHHIO MeJOHOB, aHTHnpOTOHOB H aHTHll.llep B npOTOH-ll.llepHbiX H 

' ll.llpO-ll.llepHbiX BJaHMO.IleiiCTBHJIX. 
Pa6on BblnonHeHa B Jla6opaTopHH BLICOICHX aHeprnii OIUIH. 

In the last years there has been a great growth of interest in the problems and the 
methods of the description of strongly excited nuclear matter as well as in search for new 
effects going beyond the framework of the proton-neutron nuclear model. One of the 
possible ways of investigating such states is the study of antimatter production in 
relativistic nuclear collisions. In the present paper, the term antimatter denotes particles and 
nuclei mainly consisting of antiquarks. At present, there are many experimental data on 
antimatter production in proton- and nucleus-nucleus collisions [ 6-14] . 

However, there is as yet no adequate theoretical explanation to the most striking effects 
which are due to strongly enhanced A-dependences of antimatter production in subthreshold 
and cumulative reactions, as well as in the reactions with large transverse moment. There 

is a definite uncertainty from the point of view of the theoretical description in the 
transition energy region from units to hundreds of GeV/nucleo where the QCD methods 
are not valid yet, but the nucleon nuclear model is not longer applicable. It was already in 
the first studies on relativistic nuclear physics [I] that one stressed the importance of 
studying scale invariance (self-similarity) of nuclear collisions that was interpreted as a 
locality of hadron interactions. 
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The methods of self-similarity theory, which were found to be very effective in 
mechanics of continuous media, in the theory of diffusion, and a number of problems 
described by the nonlinear equations of a few variables, have successfully been applied in 
elementary particle physics [2,3,5]. 

Self-similarity is a special symmetry of solutions which consists In that the change in 
the scales of independent variables can be compensated by the self-similarity transformation 
of other dynamical variables. This results in a reduction of the number of the variables 
which any physical law depends upon. 

This is just the way in which the self-similarity laws, caused by dimensional 

considerations in the region P 2 >> M 2, where P are the three-momenta of the particles, and 
M are their masses, are extensively applied [2]. In so going, self-similarity arises as a 
requirement for the secondary particle distribution (cross sections) to be invariant at the 
P ~ A. · P transformation, which leads to the fact that the cross sections depend only on the 
momentum variable ratio. 

The experimentally established self-similarity of the inclusive hadron production 
spectra as a function of the transverse momenta (transverse mass) [15] is widely used as a 

particular case of the self-similarity solution. However the condition P 2 >> M 2, or the 
consideration of the dependences on only the transverse mass strongly narrows the range of 
application of the self-similarity ideas. Thus the self-similarity solution suggested in Ref. 
[16] has made it possible to describe the subthreshold and cumulative reactions in unified 
manner. 

The analysis of new experimental data on heavy-ion collisions [13,14] shows that the 
A-dependences used in Ref. [16] need to be defined more exactly . However, this approach 
is applicable not only to the subthreshold reactions, but also it can give some essential 
quantitative predictions for further experim~nts in the area of relativistic nuclear physics. 

The general solution for the description of the inclusive hadron production is defined 
in a relativistic invariant form, in just the same way as in [16] 

d 3 a a( X ) a( X ) 
E-3-=c,A, 'A2 2 f(O). 

d p 
(1 ) 

C1 is the constant defining the dimensionality of the invariant cross section, A
1
, A

2 
are 

atomic numbers of collidmg nuclei; <X andf, the functions determined from experiment. For 
the inclusive hadron production A 1 + A2 ~ h + ... the dimensionless parameter n is defined 

as 

_.!. 2 2 I / 2 n-
2 

(X1 +X
2 

+ 2x
1
x

2 
y

12
) , 

where y .. =u.u .=P. P ./ M .M. is the Lorentz factor of the relative motion of co!1iding 
I} I j I j I } 

particles, X1 and X2 are the four-momentum fractions necessary for the hadron to be 

produced. The relationship between X1 and X
2 

is described by the laws of conservation 

written in the form 
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(X1M 1u1 +X2M2u2 -M3u/=(MnX1u; :MnX2u~ + L Mku/. (2) 
k=4 

Here Mn is the nucleon mass; and M3, the mass of an emitted particle. Essentially, we are 

using an experimentally proved correlation depletion principle in the relative four-velocity 
space [4] which enables us to neglect the relative motion of not detected particles, namely 

the quantity 2 L (yk1- 1) Mk M1 in the right-hand part of Eq. (2). 
k> I 

Employing this approximation, the link between X1 and X2 can conventiently be written 

in the form 

(3) 

In the case of production of antiparticle with mass M
3
, the mass M4 is equal to M

3 
as 

a consequence of conservation of quantum numbers. In studying the production of protons 
and nuclear fragments M4 =- M

3 
as far as minimal value of n corresponds to the fact that 

any other additional particles are not produced. The X
1 

and X
2 

obtained from the minimum 

n are used to construct a universal description of the A-dependences . 
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Fig.2. The experimental invariant cross section from Ref. [7,8,9, I 0) as a 
function of parameter n (taking into account the A-dependences proposed) 

The analysis of the experiment~) data shows that the A-dependence of the inclusive 
production cross section can be parametrized by a universal function a= I / 3 +X / 3, where 
X is equal to X

1 
and X2, respectively . 

Thus the dependence on the three parameters, namely the incident proton energy, the 
momentum and the angle of produced pions, is reduced to the dependence on a single 
self-similarity parameter n (the invariant in which just consists of discovered symmetry of 
solution). 

In Figs.2 and 3, the experimental data on antimatter (K -. /i) production in deep sub­
threshold reaction are presented. It should be noted that for such particles to be produced 
simultaneous participation of more than one nucleon from both the incident nucleus and the 
target-nucleus is neede, that is X

1 
> I and X

2 
> I (twice-subthreshold reactions) . The 

quantity 2 · n has the phy sical meaning of the mass of such a system. 

The analysis of the experimental data on the production of antimatter and nuclear 
fragments at an energy of 200-240 GeV [ 12] shows the possibility of a unified description 
of the reactions studied by the present time for the values of parameter larger than unity 
(Fig.4 ). 
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Making use of the exponential dependence of the invariant cross section on the 
parameter n in the form 

d 3CJ I / 3+X I /3 +X 
E - =CA 113 A 21 3 exp(-ll / C) d 3p I I 2 2 • 

(4) 

the constant C2 is found to be equal to C2 = 0.125 ± 0.002 for all experimentally studied 

reactions. For nuclei with A> 20 the constant Cl = 19000 [mb Gev-2 c3 sr-1] . 
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Figure 5 shows the experimental data on antiproton production at an incident silicon 
nuclei energy of 13 .7 GeV/n and the result of calculation by Eq. (4>..:_ 

Figures 6 and 7 give the predicted cross section for the p and d production in Pb Ph 
collisions at 160 AGeV, the angular and momentum dependences of these cross sections. It 
is possible to test this prediction in CERN experiments, in particular in the W A-98 
experiment. 

Conclusion 

The self-similarity solution in the form of Eq. ( 4) gives the quantitative description of 
the cross section for production of antimatter (and also nuclear fragments) with the use of 
only two universal constants cl and c2 equal to c2 = 0.125 ± 0.002, cl = 19000 for nuclei 

with A> 20 and C1 = 2700 for proton and light nuclei w}th A< 10. Th~ constant C1 for light 

nuclei with A = 5-20 needs to be improved. 
The approach has been tested in a wide range of collision energies from 1 to 240 

Ge V /n for n > I and the transverse momentum of detected particles less than 2.5 Ge V. 
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