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Summary. - -  The ~p scattering data at low energies are very well 
reproduced with the one-boson exchange potential (OBEP) and with 
the annihilation described by a boundary condition at a certain radius. 
Our only free parameter is the boundary radius. We show that the 
elastic ~p forward peak is not a diffractive peak. Its slope as well as 
the antishrinkage are explained by the OBEP alone. 

1.  - I n t r o d u c t i o n .  

I t  has been shown tha t  the onc-boson exchange potential  (OBEP) which fits 

nucleon-nucleon scattering data,  see e.g. ref. (1), predicts many  nucleon-anti- 

nucleon bound states and resonances (2) (quasi-nuclear-type states). Experi- 

mentally,  a bump is found in the ~p cross-section at ]940 MeV with a width 

(*) On leave from ITEP, Moscow. 
(1) R . A .  BRYAN and B. L. SCOTT: Phys. Rev., 177, 1435 (1968). 
(s) I .S.  SI~APIRO: Sov. Phys. Usp., 16, 173 (1973); L. N. BOGDANOVA, 0. D. DALKAROV 
and I. S. SHAPIRO: Ann. Phys., 84, 261 (1974); C. DOV]~R: Proceedings o] the I V  Inter- 
national Symposium on Nueleon-Antinueleon Interactions, edited by T. E. KALOG]~RO- 
I'OULOS and K. C. WALl, Vol. 2 (Syracuse, N. Y., 1975), p. viii, 37; J. M. RICHARD, 
M. LACOMBE and R. VINH MAIY: Phys. Zett., 64B, 121 (1976). 
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of abou t  5 MeV (3-s). This b u m p  is a candidute for one of these nucleon-anti-  
nucleon resonances. I n  the  dual quark  model,  one also expects  exotic res- 

onances according to the recent  a rgument  presented by  Cm~w (~) and by  

V ~ Z I A ~ O  if). 
We will discuss here two questions in the  f ramework  of the  potent ia l  model  

wi th  ~p  annihilat ion described b y  a boundary  condition. Firs t  we discuss the  

size of the  annihilat ion region needed to reproduce ~p scat ter ing data ,  and sec- 

ond the  influence of the annihilat ion on the  resonances predicted by  the O B E P  (*). 
The la t ter  question has been discussed earlier b y  MYHREI~ and GEI~STEI~I (s). 
They  used the  Bryan-Phi l l ips  (9) energy-dependent  3~ '~  potent ia l  which de- 
scribes annihilat ion by  an imaginary  potential .  MYm~EI~ and GERSTEN showed 

tha t ,  when the  s t rength  of the  imaginary  potent ia l  was made  large enough 
to fit the  observed elastic ~p  cross-section, the  2~J~' resonances of the real  
O B E P  disappeared.  The reason was t h a t  the  absorpt ive  potent ia l  became 
so s t rong t h a t  i t  was felt even a t  large distances ( ~  1 fm). Therefore~ the  ab- 

sorpt ive  po ten t ia l  s t rongly modified the  scat tered wave functions f rom the  

pure  O B E P  result.  
Here  we will describe the  annihilat ion b y  a boundary  condition so as to 

avoid the  long tail  of the  absorpt ive  potent ia l  of B r y a n  and Phillips. We  will 

ask the  following question: which radius r, of the boundary  is necessary to de- 

scribe the  observed elastic and  absorpt ive  cross-sections and their  energy varia-  
t ion? Our model  is t h a t ,  a t  the  boundary  of radius r,, we have  only incoming 

waves,  no reflected waves.  This model  is similar to the one used by,  e.g., SrElC- 
GEI~ (~o), for a review see ref. (~x). He  assumed only incoming plane waves  a t  
the  bounda ry  r~ with  the  effective wave  number  K at  the  bounda ry  as an ad- 
dit ional parameter .  While he needed two pa ramete r s  to describe annihilation~ 
we will need only one, the  boundary  radius r, .  l~urther, we obtain  a simple 

(8) A.S. CARROLL, I. H. CtIIANG, T. F. KYCIA, K. K. LI, P. 0. MAZVR, D. N. MICHAEL, 
P. MOCKETT, D. C. RARM and R. RUBINSTEIN: Phys. Rev. Lett., 32, 247 (1974); 
T. E. KALOGEROPOVLOS and G. S. TZANAXOS: Phys. t~ev. Lelt., 34, 1047 (1975). 
(4) V. CHALOUPKA, H. DREVERMA~, F. ~ARZANO, L. MONTANET, P. SCHMID, J. R. FRY, 
H. ROHRINGER, S. SIMOPOULOU, J.  HANTON, F. GRARD, V. P. HENRI, H. JOHNSTAD, 
J. M. LESCECX, J. S. SKURA, A. BELLINI, M. CRESTI, L. PERUZZO, P. ROSSI, R. BIZ- 
ZARI, M. IORI, E. CASTELLI, C. 0M]~RO and P. POROPAT: Phys. Lett., 61 B, 487 (1976). 
(5) W. BRUCKNER, B. GRANZ, D. INGIIAM, K. KILIAN, U. IJYNEN, J.  NIEWlSCH, 
B. PIETRZYK, B. POVH, H. G. RITTEIr and H. SCHR6DER: CERN preprint (1976). 
(s) G. F. CHEW: preprint LBL-5391 (1976); talk at the I I I  Eu~'opea~ Symposium 
on Nucleon-A ntinucIeon Interactions, Stockholm (July 1976). 
(~) G. RossI and G. VENEZtANO: private communications; G. VnNXZlANO talk at Ao~ 
workshop, CERN (December 6-8, 1976). 
(*) We will not discuss the pp bound states from OBEP in this work. 
(s) F. MYHRI~R and A. GERSTEN: NUOVO Cimento, 37 A, 21 (1977). 
(~) R . A .  BRYAN and R. J. N. PHILLIPS: Nucl. Phys., 5 B, 201 (1968). 
(~o) M. S. SPEaG~L: Nuovo Cimento, 47A, 538 (1967). 
(11) R. J. 5[. PglLLIPS: Rev. Mod. Phys., 39, 681 (1967). 
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physical  explanat ion the of other  Spergel parameter .  Since our J~2~ potent ia l  

is much  be t te r  t han  the one used by  SPERGEL, we get a good description of 

the exper imenta l  ~p data .  

2. - The boundary model  for annihilation.  

We describe the  J ~  scat ter ing b y  a potent ia l  model. The potent ia l  is 

the O B E P  t aken  f rom B r y a n  and Scot t  (1), bu t  with the coupling constants  and 
the cut-off p a r a m e t e r  as those used b y  BRYAN and PHILLIPS (9). This pa r t  of 

our 3 ~  model  has no free parameters .  The pa ramete r s  in the O B E P  are 
all de te rmined  f rom fits to the  ~ phase  shifts. 

The 2 ~  annihilat ion is described b y  the  bounda ry  condit ion of Feshbach  
und Weisskopf  (~2). Their  idea is s imply tha t ,  a t  the  boundary  re, the  scat tered 
wave satisfies a certain condition to be specified. As a consequence, i t  is not  
possible to obta in  any  informat ion abou t  the interior (r < r~). The model  of 
Feshbach  and  Weisskopf  assumes only incoming waves at  r ~ r~, i.e. we have  
no reflections f rom the boundary .  

Using the W K B  approximat ion ,  we can write the  wave  funct ion at  a 
bounda ry  r ---- r~ in te rms  of incoming and outgoing radial  waves as 

(1) ut(r) ~ r(h(z2)(Kr) ~- bh(~l)(Kr)) , 

where K is the  wave number  to be defined later. Here  h(L1)(Kr) and hCy(Kr) 

~re Kanke l  functions describing outgoing and  incoming waves,  respectively.  
F~SH~ACR and W~mS~OPF s~y t h a t  b ---- 0 in eq. (1). Fur ther ,  t hey  assume tha t ,  
at  the  boundary ,  eq. (1) with b = 0 can be described reasonably  well b y  

(2) u,(r) ~ exp [--  iKr]  . 

This boundary  condition was used by  SPERGEL to describe ~ annihilation. 

He  used rc and K as two free pa ramete r s  to fit the data .  The effective wave  number  
K was determined such t h a t  he had  m a x i m u m  absorpt ion in each par t ia l  wave.  

is his react ion cross-section for ~p His condit ion reads 8 a ~ / S K  : -  O, where a n 
par t ia l -wave  num ber  1. 

In  our model  we use the  fact  t ha t  K is the effective wave  number  a t  a dis- 

tance r. We determine K f rom the value of the  O B E P  at  this point :  

(3) K ~- % / M ( E - -  V(r)) ,  

where M is the nucleon mass,  E is the  scat ter ing centre-of-mass energy and 

(12) I-I. FESHBACIt and V. F. WEISSKOPF: .Phys. Rev. ,  76, 1550 (1949). 
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V(r) is the one-boson exchange potent ia l  at distance r. Since V(r) differs for 
each par t ia l  wave~ K will also depend upon the ~p angular -momentum channel 
(in eq. (3) we only include the diagonal parts  of V(r) for coupled channels). 
Generally speaking, V(r) ~ 0 for rc ~ 1 fm. In  some angular -momentum chan- 
nels for too small re, our energy-dependent  V(r) becomes positive. These small 
values of r~ will not  be needed in our numerical  calculations (with our choice 
of OBEP).  However,  we will discuss this point  iI1 the conclusions. 

We have our free parameter  in our calculation, r~, which we determine 
by  requiring tha t  our model describes the data.  We will discuss two boundary  
conditions: model I with u,(r) given by  eq. (2) and model I I  with u~(r) given 
by  eq. (1) and b : 0. The only relevant  input  of this wave function is the 

logarithmic derivat ive of u z at  r = r~. F rom eq. (2) we have 

ui(r)! = - - i K .  
(4) u~(r) ]~=~o 

F r om eq. (1) we find eq. (4), bu t  with a constant  depending on l mult iplying 
the  r ight-hand side of eq. (4). Because Kre is fairly large (about 2--4) ,  this 
does not  change the r ight-hand side of eq. (4) very  much for 1•3. Moreover, 
since K does not  change very  rapidly with re, i.e. the O B E P  does not  va ry  
drastically for our values of r~, we can assume tha t  the W K B  approximat ion 
of u,, eqs. (1) or (2), is good. Wi th  the real nucleon-antinucleon O B E P  from 
ref. (8.9) and with K determined by  eq. (3) we solve the coupled-channel SehrS- 
dinger equat ion to obtain the cross-sections. 

3 .  - R e s u l t s .  

We will first discuss the results obtained with model I. We fi t ted atot, ~ 
and ae~(ex ---- ~p -+ ~n) vs. energy ra ther  well. The best value of rc is dependent  
on the par t icular  a or energy range, bu t  it is not  a strong function of them. 
This model did not  fit a vs. energy as well as, e.g., the Bryan-Phil l ips potent ial  
model. When  we looked at  ~p elastic and charge exchange differential cross-sec- 
tions, a value of rc equal to 0.5 fm gave the best results at  backward angles. 
On the  other hand,  this model did not have a pronounced dip and a second 
max imum in da/d/2(~p -+ ~n) as does Bryan  and Phillips' (9). 

In  model I I  we do not  find very  great  differences from model I. In  this 
ease, however, all the  cross-sections, vs. energy, are well described by  a single 
boundary  radius r~ ~-0 .5  fm (see fig. 1 and 2)(*). In  addition, a more pro- 

(*) The pro~on-neutron mass difference is neglected in these calculations. 
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nounced dip bump develops in dq/dQ for ~p --> ~n at forwurd ~tng]es. How- 
ever~ w e  c ~ i m o t  r e p r o d u c e  t h e  d ~ t ~  of  B o g d ~ n s k i  et al. (~)~ w h o  f ind  t h e  ex -  
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Fig.  l . -  To ta l  (a)) and elast ic (b)) ~p cross-sections as funct ions  of l abora to ry  
m o m e n t u m  are p lo t ted .  The  theore t ica l  curves  are all f rom our  mode l  I I ,  the  ful ly 
drawn ones ca lcu la ted  wi th  b o u n d a r y  radius  r c = 0.5 fm and O B E P  cut-off A = 980 McV~ 
the  dashcd curve  is for r c = 0.5 fm and A = ] 100 MeV and the  dash-dot ted  one for 
rc = 0.6 fm and A = 980 MeV. The  expe r imen ta l  po in t s  are t aken  f rom ref. (s,4). The  
h ighes t -energy  poin ts  are t aken  f rom ref. (14). 

(la) M. BOGDANSKI, T. EMURA, S. X. GANGULI, A. GUI~TU, S. HAMADA, 1~. HAMATSU, 
E.  JEAN:NET, I. KITA, S. KITAMURA, J .  KISHINO, H. KOHNO, M. KOMATSU, 1 ). K.  
MALHOTRA, S. MATSUMOTO, U. MEHTANI, L. MONTANET, :n. •AGItAVAN, A. SUBRAMA- 
NIAN, H. TAKAHASHI and T. YAMAGATA: Phys. Left., 62 B, 117 (1976). 
(x~) PARTICLV, DATA GROUP: ,J~,)'~ compilation, LBL-58  (May 1972). 
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perimental  tin/dO at the dip too high compared to the Bryan-Phillips potential. 
Since the ~p -+ 5n cross-section in this experiment is higher than  tha t  in other 
experiments (see BOGDA~S~ et a l ,  fig. :1), we suspect tha t  a reduction in their 
value of this cross-section will improve the agreement with theory considerably, 
Our da/dS2 does not differ much from the results of the Bryan-Phillips model. 
as shown in BOGDA~SKI et al. (~a) fig. 2 (see our fig. 3). 
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Fig. 2 . -  The cross-section for pp-->~n as a function of laboratory momentum is 
plotted. See fig. 1 for details. The experimental points are taken from ref. (15). 

Another interesting fact concerns the forward slope of the ~p elastic da/dt. 
At low energies, model I I  gives da/dt varying as exp[--bit  ]] for angles up to 60 ~ 
and the value of b can be explained by the OBEP alone. This means tha t  the 
forward peak in da/dt is not a diffractive peak, but  rather the result of a de- 
licate interference between different ~p partial  waves. At  these energies, the 

(zs) M. ALSTON-GAR~JOST, R. KENNEY, D. POLLARD, R. ROSS, R. TRIPP and 
H. :NICHOLSON: Phys. Rev. Lett., 35, 1685 (1975). 
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S, P ,  D a n d  some F waves are the  ones t h a t  con t r ibu te .  One does no t  need  

higher  pa r t i a l  waves  to ep la in  the  exp [--  bit]. To be precise, we f ind t ha t ,  for 

r~ b e t w e e n  0.3 a n d  0.8 fm, the  va lue  of b = 24 (GeV/c) -2 equa ls  the  one f rom the  

b 

0 
COS e 

Fig. 3. - The differential cross-section da/dQ for ~ p ~ n  with ]5 laboratory energy 
of 250 MeV is plotted. The curve is calculated with model II  and r~ = 0.5 fro. 

O B E P  a lone  to  w i t h i n  5 %  at  P,ab ---- 536 MoV/c. PI~ILLn)S (11) finds t h a t  a 

pu re  abso rp t ive  p o t e n t i a l  can  describe the  fo rward  elast ic peak.  W i t h  our  

resul ts  i t  is clear t h a t  one c a n n o t  re la te  the  slope b to the  range  of the  ann i -  

h i l a t ion  forces a t  these  energies.  

TABL]~ I. -- The slope b o] the elastic pp ]orward peak (da/dt)ac exp [--bit[] as a 
]unctio~ o] laboratory momentum is given. The slope b is calculated with our model II,  
r~ = 0.5 fm and 0BEP cut-off A 980 MeV. To find b, we only used values of da /d~  
between 1.0 ~< cos 0* < 0.5. 

b (GeV/c) -2 42.7 32.6 23 19 

Pl.b (GeV/c) 0.218 0.310 0.536 0.73 
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I n  the  t ab l e  we show the  energy  beh~v iour  of b ca lcu la ted  f rom mode l  I I  

w i th  re----0.5 fm inc lud ing  only  po in t s  up  to  60 ~ cm. F r o m  these  resul ts  i t  

is clear t h a t  we have  a n  a n t i s h r i n k a g e  of the  elast ic  ~p fo rward  peak  (18). 
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Fig. 4. - The elastic differential cross-section da /d~  with model I I  and r c = 0.5 fm 
is calculated. The fully drawn line is for Plab = 0.73 GeV/c and the dashed line for 
pl~b=0.66GeV/e.  The experimental data points are from ref. (17) and their 

Plab = 0.69 GeV/c. 

F igu re  4 shows the  ca lcu la ted  elast ic  different ial  cross-sect ion a t  two energies 

f rom mode l  I I  compared  wi th  the  e x p e r i m e n t a l  d a t a  f rom EISEI~HANDLER 

et al. (17). 

(lS) V. BARGER and D. CLINE: Nucl. Phys., 23 B, 227 (1970). 
(17) E. EISENHANDLER, W. R. GIBSON, C. HOJVAT, t ). I. P. KALMUS, L. C. Y. LEE, 
T. W. PRITCHARD, ]~. C. USHER, D. T. WILLIAMS, H. HARRISON, W. H. RANGE, 
M. A. R. KEMP, A. D. RUSH, J. N. WOULDS, G. T. J. ARNISON, A. ASTBURY, D. P. 
JONSS and A. S. L. PARSONS: Nuel. Phys., l l 3 B ,  1 (1976). 
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Final ly  in fig. 5 we have  p lo t ted  the  elastic differential cross-section at  

180 ~ as a funct ion of incoming m o m e n t u m .  A clear peak  around P]ab " ~  

0.5 GeV/c is seen. 
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Fig. 5. - The elastic differential cross-section at backward angle da/dD(180 ~ is plotted 
as a function of laboratory momentum for model I I  with re= 0.5 fro. 

4 .  - D i s c u s s i o n  a n d  c o n c l u s i o n s .  

We have  reproduced the  pp  exper imenta l  da ta  a t  low energies with a real 

one-boson exchange potent ia l  plus a boundary  (model I I )  a t  rc ~ 0.5 fm to 
describe annihilation. The radius r,. is the only free p a r a m e t e r  in our calculation. 

Our real nucleon-antinucleon O B E P  (without annihilation) predicts  m a n y  

Dp resonances. Wi th  an r~----0.1 f m  we still have  O B E P  resonances, bu t  
they  disappear  very  quickly for increasing re. Wi th  our large value for  

rc none survives the annihilat ion process. The reason is t ha t  our boundary  

condition acts in all par t ia l  waves a t  the  same re. While this assumpt ion  has 
the advan tage  of simplicity and  economy with parameters ,  it is certainly not  

a necessary one. In  our boundary  condition model  we can easily see tha t ,  

e.g., if the O B E P  for some angular  m o m e n t a  becomes repulsive for r >  re, then  

the  scat tered wave might  not  reach the annihilat ion bounda ry  and O B E P  
resonance(s) will remain.  (The O B E P  plus the centrifugal  barr ier  is repulsive 

for several  Dp D-waves  below r ~ 0 . 4  fro). At  this point,  we should caution 
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t ha t  the  O B E P  from nucleon-nucleon scattering is not  known at 0.5 fro. 
We should stress tha t  our rc is the overall annihilation radius necessary to 
fit the  data  which is a ra ther  crude picture of the annihilation. In  this 
work, we have made no speculations about  a possible re channel dependence 
and a possible fit to the  ~p 1940 MeV resonance. 

F r om our calculations we unders tand Spergel's boundary  condition (1o). 
His effective momentum can be explained by  eq. (3) and our K is not  too dif- 
ferent  f rom his parameter .  On the other  hand,  we do not  find tha t  K increases 
with increasing spin J as his parameter  does. We ascribe this difference as 
well as our much bet te r  fit to the ~p data  to our be t te r  J ~  potential.  Spergel's 
J~0V potent ia l  did not  have any explicit co exchange which produces a strongly 
a t t rac t ive  ~p potential .  In  fact,  our fit to the ~p data  is easily comparable 
in quah ty  to  tha t  f rom the Bryan-Phil l ips potent ia l  (9). Unlike, the Bryan-  

Phillips optical potential ,  our final numbers  only depend weakly on the value 
of the O B E P  cut-off parameter  A (s). A var ia t ion of 10 % in this parameter  
influences our final cross-section very  little (see fig. 1 and 2). 

There is, however,  one problem tha t  has to be faced in a potent ia l  approach 
to  the  ~p scattering. The value of the O B E P  for r < 0 . 5  fm is typical ly  -- 1 GeV 
or deeper, l~or such a depth,  relativistic effects must  be considered. Fur ther ,  
we know from the work of, e.g., Gross (is) tha t  relativistic effects, terms of 
order v~/c 2, can introduce short-range repulsion in the 2~5V interact ion (and, 
therefore,  also in the 5 'A  ~ interaction).  Bu t  to  what  ex ten t  is i t  still an open 
question (1~,2o). 

We show tha t  the forward ~p elastic peak is not  a diffractive peak  and we 
explain the antishrinkage of this peak by  moans of the  O B E P  alone. Because 
several par t ia l  waves (S, P,  D) contr ibute  to the  scattering even at ve ry  low 
energies, one does not  expect  a 1/v  behaviour  for, e.g., ~r,,,,,,l~,i,.t~o, ,. 

This model has been developed in order to reproduce ~p scattering data  
a t  low energies. A characteristic feature of this specific model is tha t  our 
annihilat ion boundary  is at  rel~tively large distances compared to the Compton 
wave-length of the nucleon. Our crude annihilation model with only one 
free parameter  is able to give a surprisingly good reproduct ion of the  bulk 

of the low-energy proton-ant ipro ton  data.  

We would hke to  t hank  Prof.  T. E. O. ERICSO~ for many  st imulating dis- 

cussions and a critical reading of the manuscript .  One of us (O.D.) would hke 
to  t hank  the  Theoret ical  Physics Division for the kind hospital i ty ex tended 

to him. 

(18) W. BUCK and  F. GROSS: Phys .  Left.,  6 3 B ,  286 (1976). 
(19) A. GERSTEN, R.  H.  THOMPSON and A. E.  S. GREEN: Phys.  Rev. D, 3, 2076 (1971). 
(so) j .  FLEISCHER and J .  A. TJON: s Phys . ,  8 4 B ,  375 (1975). 

11 - II Nuovo Cltmento A. 
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�9 R I A S S U N T O  (*) 

I da t i  dello s c a t t e r i n g  ~ p  a basse  energie  sono mo l to  b e n  r i p r o d o t t i  con il  po tenz ia le  di 
s camb io  a u n  bosone  ( O B E P )  e con l ' a n n i c h i l a z i o n e  d e s c r i t t a  d a  u n a  cond iz ione  l imi te  
ad  u n  ccr to  raggio.  L ' u n i c o  nos t ro  p a r a m e t r o  l ibero  ~ il  raggio  di  confine.  Si m o s t r a  
che il p icco e las t ico  in  a v a n t i  di  ~p  n o n  ~ u n  picco d i f r a t t i vo .  L a  sua  p e n d e n z a  cosi 
come  il  suo a n t i a c c o r c i a m e n t o  sono sp iega t i  da l  solo O B E P .  

(~ Traduzione a cura della Redazione. 

IIpocTan Modem, ~ym Hp0TOH-aHTHHpOTOHHOFO paccenHH~ npn HH3KHX 3HepFH$1X. 

PealoMe (*). - -  ~aHHble no  IIpOTOIt-aHTHIIpOTOHHOMy pacceaHnlO IipH HH3KHX 3Heprnax 
o~IeHb x o p o m o  BOClIpOIt3BO~flTCfl C IIOMOHIbIO IiOTeHiinaJIa c O~HO603OHHblM 06MeHOM 
14 C IIOMOIIIbIO aHHHFHfDII~HH, OIIHCblBaeMo~[ IIocpe~CTBOM rpaHHtIHOFO yCYIOBH~I IIpH 
oIIpe~eJIeHHOM pa~nyce .  E~I4HCTBeHHI, II~ CBO~O~HbI~ IlapaMeTp Ilpe~iCTaBJI~leT rpaHH- 
qn~L~ pa~nyc,  i ~ t  IIOra3blBaeM, ~ITO ynpyrn~i IIHK pp  pacce~nI4~t Bnepe~ He aBYI~IeTC~ 
~H~bpaKI~I4OHHbIM IIHKOM. Ero  HaKJ1OH, a TaK)Ke aHTH-CoKpalueHHe O~%~ICH~IIOTC~I C 
IIOMOIUbtO IioTeHiiHaJia c O~HO603OHHbIM 06MeHOM. 

(*) 17epeaec)eRo pec)amlue~. 


