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r = 1.  WCA -
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.

: , ,

WCA .

-  [ 1 ].  WCA (Weeks, Chandler,

Andersen)  [ 2—4 ] ,

. -

 (HS). , -

.

, -

.

- .

 WCA  HS -

. : -

- ?

 WCA . ,  — 

 HS. -

,  — . ,

, . -
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, . , -

 — -

 [ 9, . 114 ] . -
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(fSW)

 = –0,8 ( [ 11 ] )

fHS 1 – 2
2

3
3 – 4

4 fSW

0,05 0,213 –0,406 –0,120 –0,027 –0,009 –0,350

0,10 0,457 –0,866 –0,183 –0,038 –0,013 –0,644

0,15 0,737 –1,377 –0,205 –0,039 –0,013 –0,895

0,20 1,063 –1,932 –0,204 –0,030 –0,009 –1,111

0,25 1,446 –2,518 –0,198 –0,018 –0,005 –1,293

0,30 1,901 –3,118 –0,196 –0,007  0,002 –1,423

0,35 2,448 –3,709 –0,197 –0,002  0,000 –1,459

0,40 3,118 –4,265 –0,190  0,002  0,001 –1,334

0,45 3,951 –4,756 –0,167  0,005 –0,001 –0,969

0,50 5,010 –5,155 –0,133  0,005  0,004 –0,270

 [ 11, 12 ] -

 SW  ( ) -

.

 [ 13, 14 ], -

 [ 2, 3, 14, 15].  SW U ( -

U  0) fSW, ,

2 3 4
SW HS 1 2 3 4 ....f f (1)

fSW —  HS;  = 1/T — 

 = U ( 1–4 — ).  = –0,8 (  = 1,5

[ 10 ] )  (1) . , -

-

. ,  WCA 

.

, , ,

. -

,  (1), -

,  [ 12 ]. -

,  HS, -

. -

 [ 2, 3, 9, 14, 15], 

 [ 13, 14 ]. 

.

,  [ 10—14 ] ( . ). ,  [ 11 ]

,  (1) ,

 ( ). ,

 WCA — 

 [ 12, 14, 16 ]. , -

 SW , - .

 WCA -

-

- .

-

 [ 17—19 ]. -
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-

. ,

WCA —  — .

, -

. , -

.

 WCA  HS. 

, ,

 (1). , -

. -

,  HS 

: 1 r  1,5 [ 4—8 ], r  1. -

,

 [ 20 ]  1 r , , ,

. :

—  HS -

 — r  1 r  1,5  0  0,50,

;

— r  1.

 HS  WCA 

- ULJ(r) :

12 6
1/ 6

LJ LJ LJ min( ) 4 ; ( ) 0; min ( ) ; 2 1,12 .U r U U r r
r r

       (2)

U(r) -

.

 (  (2) 0,12 ). -

 WCA —  [ 4 ]:

min min min min

min min

( ) ( ), ; ( ), ;
( ) ( ) ( ); ( ) ( )

0, ; ( ), .

U r U r r r U r r r
U r V r W r V r W r

r r U r r r
      (3)

V(r) — W(r) — . V(r) -

.  WCA  — 

 HS,  HS — dHS.

W(r)  [ 2—4 ]. : -

 HS?

,  HS , -

. ,

HS . , -

,  HS -

. -

[2—4 ]  [ 21 ]. 

 [ 5—8 ].  HS 

g-  ( ), y- ,

FU -

U(r) (  = N/V — , N — V — ):

2

2
( ;1,2) ; ( ;1,2) exp (1,2) ; ( ;1,2) (1,2) ( ;1,2).

( ;1,2)

UF
y U U U g U y U

U
    (4)
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. -

g(U; r) y(U; r) :

11
( ; ) ( ;1,2) 1; ( ; ) ( ; ) ( ; ).g U r g U d y U r U r g U r

V
    (5)

 HS –1(UHS; r)  (5) g(UHS; r)

r  1. dHS ,

V(r) UHS(r)  [ 2—4 ]:

1 2 2
HS HS(HS; ) ; ; 1 (HS; ) ; ( ; ) 0.g r V r U r r dr y r V r U r r dr     (6)

,  (6) — , - -

V(r) – UHS(r)

(V; r) [ 15, 2, 3, 14 ]. -

V(r) ( reference system  [ 4 ] ) :

( ; ) exp ( ) (HS; ); ( ; ) (HS; ).g V r V r y r y V r y r     (7)

 (7) 

U(r).

:

2 3
HS HS

0

( ) exp ( ) (HS; ) ( )4 ; .
2 6

U

N
F F V r y r W r r dr d    (8)

,  (6) dHS -

 [ 21 ].

,

,  [ 5 ]. 

 (3) :

( ) ( ), ; ( ), ;
( ) ( ) ( ); ( ) ( )

0, ; ( ), ,

b b b b

b b

U r U r r r U r r r
U r V r W r V r W r

r r U r r r
     (9)

rb , -

 (8) rb(rb rmin). ,

. -

 (8), , , (8) -

,  ( . ).

. , -

-  12-  [ 6 ] 

reference system  (m = 12):

( ) 4 .

m

mV r
r

(10)

 WCA .

reference system .

 (6)  HS -

 [ 7 ]:

2
HS

HS

(HS; )
; ( ; ) 0.

y r
V r U r r dr

d
       (11)

 (11)  [ 7 ].

- -

.
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 HS  [ 8 ]. 

 (9):

( ) ( ) ( );

( ) ( ) ( )( ), ; ( ) ( )( ), ;
( ) ( )

0, ; ( ), ,

b b b b b b b b

b b

U r V r W r

U r U r U r r r r r U r U r r r r r
V r W r

r r U r r r

   (12)

rb

rb = min(aFCC, rmin); 3
FCC 2 / .a (13)

aFCC — 

. dHS  — (6).  [ 8 ] 

 (12) .

,

. , - -

 HS [ 4 ]. ,  (12), (13) -

reference system ,

 ( . [ 8 ] ), ,

. ,  (12), (13) 

[ 8 ] . , -

rb  (13) .

rb. -

, aB,

. , -

aB, U(aB). , ,

U(r) – U(aB), U(r). U(aB) — 

.

aB /6 a 3
B B = 0,637, B —  ( -

 HS).  (13) 

:

rb = min(aB, rmin); 3
B B6 / .a (14)

 (9) -

 HS  (6).

 (6)  (11)  HS 

. ,

 (8), . -

 HS . ab initio

 HS ,  [ 4 ]  WCA -

. :

I. , —

.  [ 4 ] . -

 — .

II. .  [ 4 ] -

dHS, , , .

 [ 20 ] -

 HS 

0,001.  20 , -

 WCA [ 4 ].  [ 20 ] 

,  (6)  (11).

,
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, reference system  (3), (9), (12) 

 (6)  (11) r rmin  (3) r rb  (9), (12) (rb rmin). -

- ,  (2), 

y(HS, r)  0 r  1,5dHS .

y(HS; r)  0 r  1,5

-  HS  [ 11 ]. -

, ,  60 106 ,  864

. ,

5 1010 , .

:

2 3
1 2 3( ) 1 ( ) ( ) ( ) ... .g r g r g r g r (15)

r  0, . . , , y- . -

 HS  (15) :
3

1 1

4
( ) ; 0 2, ( ) 0; 2.

12 3

r
g r r r g r r (16)

r  1 g2(r)  [ 22 ], r  1 —  [ 23 ]. -

, 0 3r -

.  [ 22 ]  [ 23 ], :

2

6 4 3 2
2

2

6 4 3 2
2

2

4 2 2

2
2

( ) 0; 3

9 9 27
( ) ; 2 3;

1260 20 6 4 5 4 70

43 47 9
( ) ( ); 3 2;

1260 20 6 4 30 36 70

3 41 3 23 36
( ) ( ) arccos

2 3 280 30 70 3 4

g r r

r r r r r
g r r

r

r r r r r
g r Q r r

r

r r r r r
g r Q r

r r

6 4 2 2
2

2

3 2 9 2
arccos arccos 1 ; 0 3.

1120 30 4 15 70 34

r r r r r
r r

rr

(17)

r = 1 , :

2

2

2

2707 438 2 4131arccos 1/ 3
( 1) 1,258701,

10080

131 214 2 3123arccos 1/ 3
( 1) 5,853266,

1680

991 174 2 1857arccos 1/ 3
( 1) 10,556655.

1680

g r

g r

g r

     (18)

g3(r) , -

 [ 23 ], . -

 [ 23 ], :

3 3 3( 1) 1,015; ( 1) 8,786; ( 1) 24,6.g r g r g r     (19)
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 1 r  1,5 

7

0

(HS, ) ( ) ( ) ; ( 1).
!

s

s s
s

r
g r a A r r

s
       (20)

as( ) As( )  (20) .

as( ) , As( ) .

, :

1
224 (HS, ) ; 0, 1, 2,..., 29; 1 / 60.

i

i

R

i

R

g r r dr i R i (21)

 (21)  106  = 0,005j, j = 1, 2,…106,  30 -

Ri  (21).  (21) 

( ,  (21) ).

a0( ), a1( ), a2( )  (

as( ) = 0, s = 3, 4,…7):
2 3 4 5

0

2 3
1

2 3
2

( ) 0,25 4 10 18,3648 28,28 39,53 56,52 ,

( ) 4,5 21,350 61,206 ,

( ) 3 38,506 171,4 .

a

a

a

        (22)

 (22) -

 (15)  (16)—(18)  (20) . a0( ) -

 HS  [ 23—25 ]. -

 (20) . As( ); s = 0,1,…,7

 ( 4 ):

                                

6 7 8 9
0

10 11 12

( ) 0,317108 1,22433 1,93266 1,615487

0,751037 0,183969 0,0185129 ;

A

                               4 7 8 12
1( ) 0,725 0,27614 0,05407 0,001994 ;A

                              4 7 11
2 ( ) 6,19 1,7003 0,131284 ;A

                              1 2 4 5 6 10
3( ) 11,035 25,52 18,07 101,25 66,16 7,509 ;A

                              1 3 4 7 8 9
4 ( ) 133 1212 1598,7 179,54 731,248 518,21 ;A

                              1 2 3 4 8 9 10
5( ) 462 1572,9 9589 10498 10244 6750 322,63 ;A

                              8 9
6 ( ) 49565 31695 ;A

                              6 10
7 ( ) 118913 17769 .A

 (23) 

 0,0002  (21)  1 r  1,5,  0,50  0,0016  (20) 

 [ 20 ] (1 r  1,5,  0,50). ,  0,0016 — -

g(HS, r)  [ 20 ] .

,  (20). -

. , -

 60 106  110 106 .

 (20) :

HS 0 01 4 (HS, 1) 1 4 ( ) ( ) .
P

Z g r a A
T

(24)

 (23)
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,  (22)—(24), 

fHS HS:

HS
HS 0 0 HS HS HS

0 0

1
4 ( ) ( ) ; µ 1.

Z
f d a A d f Z   (25)

y(HS, r) :

HS HS

3
ln (HS, 0) µ ; ln (HS, 0) 6 (HS, 1) 1 .

2
y r y r y r Z

r
       (26)

 [ 26 ],  —  [ 27 ].  0 r  1 

y(HS, r)  [ 28 ] :
4

0

ln (HS, ) ; 1 0.n
n

n

y r d r r  (27)

dn  (27) y(HS, r) -

r = 1  (16), (18), (19) 

r = 0  (26). -

dn ( ):

0 0 0

1 0 1 1

2
1 2 0 2 2

0 1 2 3 4 0 0 0 0

0

1 2 3 4 0 0

exp( ) ( ) ( );

exp( ) ( ) ( );

2 exp( ) ( ) ( );

4 ( ) ( ) 4 ( ) ( ) ;

2 3 4 6 ( ) ( ) .

d a A

d d a A

d d d a A

d d d d d a A d a A

d d d d a A

  (28)

 [ 28 ] ,  (27), . -

, : - -

,  (20), (22), (23).

,  WCA

( ) . ,

[ 2, 3, 5, 6, 29 ]  (8). ,  [ 4, 8 ]

:

HS

2
HS( ) (HS; ) ( )4 .

2
U

d

N
F F y r W r r dr      (29)

,  (6)  HS 

 [ 4, 8 ],  [ 8 ] ,  (8)  (29) 

. ,  (29) ,  (8) 

… …  [ 8 ].

 (8)  WCA -

. , -

: (3), (9), (12)  (14) V(r),

, : (I) dHS -

 [ (V, r) – (HS, r)] 

 [ 4 ].  (6). (II) dHS

 (7), -

 (8).
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-

[ (V, r) – (HS, r)]  I  (8)  II. -

 (29), ,

,  (8) [ 8 ].

 (6)—(8) 

. , , , -

, . , -

 (29) -

. ,

, , -

.

dHS [ 4—8 ].

 — -

 (6)—(8).  WCA (6) -

- , y(HS, r) .

y(HS, r)

.  (6) -

. dHS

. , -

.

 WCA .
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