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‚ ± ´ ² Ì É· ´¸¶μ·É¨·μ¢±¨ ¨μ´μ¢ § Î ¸ÉÊÕ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤¨ Ë· £³Ò ¨²¨ Ð¥²¨ (¤²Ö μ£· ´¨-
Î¥´¨Ö · §³¥·  ¶ÊÎ±  ¨μ´μ¢) ¨ ¤¥£·¥°¤¥·Ò (¤²Ö Ê³¥´ÓÏ¥´¨Ö ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¨μ´μ¢). �·¨
¶·μÌμ¦¤¥´¨¨ ¨μ´´μ£μ ¶ÊÎ±  Î¥·¥§ ¤ ´´Ò¥ Ô²¥³¥´ÉÒ ¥£μ ¶ · ³¥É·Ò, É ±¨¥ ± ± ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥
· §³¥·Ò, Ê£²μ¢μ° ¨ ¨³¶Ê²Ó¸´Ò° · §¡·μ¸, ³¥´ÖÕÉ¸Ö ¸± Î±μμ¡· §´μ. �Éμ ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨
· ¸Î¥É¥ ¶μ¸²¥¤ÊÕÐ¨Ì ÊÎ ¸É±μ¢ ± ´ ² . ‚ · ¡μÉ¥ ¶μ²ÊÎ¥´Ò Ëμ·³Ê²Ò ¤²Ö · ¸Î¥É  ´μ¢ÒÌ ¶ · ³¥É·μ¢
¨μ´´μ£μ ¶ÊÎ±  ¸· §Ê ¶μ¸²¥ ¥£μ ¶·μÌμ¦¤¥´¨Ö Î¥·¥§ ¢ÒÏ¥Ê± § ´´Ò¥ Ô²¥³¥´ÉÒ. �·¨¢μ¤ÖÉ¸Ö ·¥§Ê²Ó-
É ÉÒ · ¸Î¥Éμ¢ É· ´¸¶μ·É¨·μ¢±¨ · §²¨Î´ÒÌ ¢¨¤μ¢ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢ ± ´ ² Ì Í¨±²μÉ·μ´  “400-Œ
‹Ÿ� �ˆŸˆ, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö É¥¸É¨·μ¢ ´¨Ö Ô²¥±É·μ´´ÒÌ ³¨±·μ¸Ì¥³.

Diaphragms or slits (to limit the size of the ion beam) and degraders (to reduce the kinetic energy
of the ions) are often used in beam lines intended for the ion transportation. With the passage of
the ion beam through these elements the ion beam parameters, such as mean-square sizes, angular
and momentum spread, change abruptly. This fact is necessary to take into account in calculations
of further beam line sections. Formulas for the deˇnition of the new ion beam parameters after it
has passed through the above elements are obtained. The results of calculations for transportation of
different heavy ions in the beam lines of the cyclotron U400-M at FLNR designed for testing electronic
microchips are presented.

PACS: 29.20.dg; 29.27.Eg
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‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ‹Ÿ� �ˆŸˆ · §· ¡μÉ ´Ò ¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ± ´ ²Ò É· ´¸¶μ·É¨-
·μ¢±¨ ¶ÊÎ±μ¢, ¶·¥¤´ §´ Î¥´´Ò¥ ¤²Ö É¥¸É¨·μ¢ ´¨Ö Ô²¥±É·μ´´ÒÌ ³¨±·μ¸Ì¥³ ¶·¨ ¨Ì μ¡-
²ÊÎ¥´¨¨ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¸ Ô´¥·£¨Ö³¨ μÉ 3Ä6 ¤μ 40 ŒÔ‚/´Ê±²μ´ [1, 2]. ‚ ÔÉ¨Ì ± ´ -
² Ì ¨¸¶μ²Ó§ÊÕÉ¸Ö É ±¨¥ Ô²¥³¥´ÉÒ, ± ± ¤¨ Ë· £³Ò ¨²¨ Ð¥²¨ (¤²Ö μ£· ´¨Î¥´¨Ö · §³¥·μ¢
É· ´¸¶μ·É¨·Ê¥³μ£μ ¨μ´´μ£μ ¶ÊÎ± ) ¨ ¤¥£·¥°¤¥·Ò (¤²Ö Ê³¥´ÓÏ¥´¨Ö ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨
¨μ´μ¢).

�·¨ ¶·μÌμ¦¤¥´¨¨ ¶ÊÎ±  ¨μ´μ¢ Î¥·¥§ ¤¨ Ë· £³Ê, Ð¥²Ó ¨²¨ ¤¥£·¥°¤¥· ¥£μ ¸·¥¤´¥±¢ -
¤· É¨Î´Ò¥ · §³¥·Ò, Ê£²μ¢μ° ¨ ¨³¶Ê²Ó¸´Ò° · §¡·μ¸ ¨§³¥´ÖÕÉ¸Ö ¸± Î±μμ¡· §´μ. �Éμ ´¥μ¡-
Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨ · ¸Î¥É¥ ¶μ¸²¥¤ÊÕÐ¨Ì ÊÎ ¸É±μ¢ ± ´ ² . ‚ ¤ ´´μ° · ¡μÉ¥ ¶μ²ÊÎ¥´Ò
Ëμ·³Ê²Ò ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ´μ¢ÒÌ ¶ · ³¥É·μ¢ ¶ÊÎ±  ¨μ´μ¢ ¸· §Ê ¶μ¸²¥ ¥£μ ¶·μÌμ¦¤¥´¨Ö
Î¥·¥§ ¢ÒÏ¥Ê± § ´´Ò¥ Ô²¥³¥´ÉÒ ¢ ¶ÖÉ¨³¥·´μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥. ”μ·³Ê²Ò ÊÎ¨ÉÒ-
¢ ÕÉ ±μ··¥²ÖÍ¨¨ ¶·μ¸É· ´¸É¢¥´´ÒÌ ¨ Ê£²μ¢ÒÌ ±μμ·¤¨´ É ¨ ¨³¶Ê²Ó¸´μ£μ · §¡·μ¸  (±μ£¤ 
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¢¥²¨Î¨´Ò ¤¨¸¶¥·¸¨° Dx, Dy ¨ ¨Ì ¶·μ¨§¢μ¤´ÒÌ D′
x ¨ D′

y ¢ ÉμÎ±¥ ¶¥·¥¤ ¤¨ Ë· £³μ° μÉ-
²¨Î´Ò μÉ ´Ê²Ö). ˆ§³¥´¥´¨¥ ¤¨¸¶¥·¸¨μ´´ÒÌ ËÊ´±Í¨° ¶ÊÎ±  ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ, ¥¸²¨
¶μ¸²¥ ¤¨ Ë· £³Ò ¨²¨ Ð¥²¨ ¢ ± ´ ²¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤¨¸¶¥·£¨·ÊÕÐ¨¥ Ô²¥³¥´ÉÒ, É ±¨¥ ± ±
¶μ¢μ·μÉ´Ò¥ ³ £´¨ÉÒ. � ¸Î¥É ´μ¢ÒÌ ¶ · ³¥É·μ¢ ¶ÊÎ±  ¶·μ¢μ¤¨É¸Ö ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ
¶²μÉ´μ¸ÉÓ ¶ÊÎ±  ¶¥·¥¤ ¤¨ Ë· £³μ° ¨ Ð¥²ÓÕ ¨³¥¥É £ Ê¸¸μ¢μ · ¸¶·¥¤¥²¥´¨¥.
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ˆ´¢ ·¨ ´É ŠÊ· ´É Ä‘´ °¤¥·  I ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

I =

(
x − Dx

Δp

p

)2

+
[
αx

(
x − Dx

Δp

p

)
+ βx

(
x′ − D′

x

Δp

p

)]2

εxβx
+

+

(
y − Dy

Δp

p

)2

+
[
αy

(
y − Dy

Δp

p

)
+ βy

(
y′ − D′

x

Δp

p

)]2

εyβy
. (1)

‡¤¥¸Ó αx, βx, αy, βy Å ¶ · ³¥É·Ò ’¢¨¸¸ ; εx ¨ εy Å £μ·¨§μ´É ²Ó´Ò° ¨ ¢¥·É¨± ²Ó-
´Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ Ô³¨ÉÉ ´¸Ò ¶ÊÎ± ,   Δp/p Å μÉ´μ¸¨É¥²Ó´Ò° · §¡·μ¸ ¨μ´μ¢
¶μ ¶·μ¤μ²Ó´Ò³ ¨³¶Ê²Ó¸ ³. ‚ ¤ ²Ó´¥°Ï¥³ ¢¥²¨Î¨´Ê Δp/p ¡Ê¤¥³ μ¡μ§´ Î ÉÓ ¡Ê±¢μ° δ.
εxβx = σ2

x ¨ εyβy = σ2
y Å £μ·¨§μ´É ²Ó´Ò¥ ¨ ¢¥·É¨± ²Ó´Ò¥ ¡¥É É·μ´´Ò¥ ¸·¥¤´¥±¢ -

¤· É¨Î´Ò¥ · §³¥·Ò ¶ÊÎ±  (μ¶·¥¤¥²Ö¥³Ò¥ Éμ²Ó±μ Ô³¨ÉÉ ´¸μ³). ’μ£¤  ´μ·³¨·μ¢ ´´ÊÕ ´ 
¥¤¨´¨ÍÊ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ¨μ´μ¢ ¶μ ±μμ·¤¨´ É ³, Ê£² ³ ¨ ¶·μ¤μ²Ó´Ò³ ¨³¶Ê²Ó¸ ³
¢ ¶ÖÉ¨³¥·´μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

f(x, x′, y, y′, δ) = C0 exp
(
−I − δ2

2σ2
p

)
, (2)

£¤¥ σ2
p Å ¤¨¸¶¥·¸¨Ö ´ Î ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¨μ´μ¢ ¶ÊÎ±  ¶μ ¶·μ¤μ²Ó´Ò³ ¨³¶Ê²Ó¸ ³.

�μ¸ÉμÖ´´ Ö C0 μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨

C0 =
1

(2π)5/2σpεxεy
. (3)

‚¸¥ ¢¥²¨Î¨´Ò ¢ (1)Ä(3) μ¶·¥¤¥²¥´Ò ¢ ÉμÎ±¥ ¶¥·¥¤ ¤¨ Ë· £³μ°.
1.1. ‚ÒÎ¨¸²¥´¨¥ Î¨¸²  Î ¸É¨Í N , ¶·μÏ¥¤Ï¨Ì Î¥·¥§ μÉ¢¥·¸É¨¥ ¤¨ Ë· £³Ò, · ¤¨-

Ê¸  a. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¢¥²¨Î¨´Ò N ¶·μ¨´É¥£·¨·Ê¥³ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö (2) ¶μ
¶¥·¥³¥´´Ò³ (x′, y′, δ) ´  ¨´É¥·¢ ²¥ (−∞, +∞),   ¶μ ¶¥·¥³¥´´Ò³ (x, y) Å ¶μ ¶²μÐ ¤¨
±·Ê£  · ¤¨Ê¸  a. �·¨ ¨´É¥£·¨·μ¢ ´¨¨ Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ § ³¥´Ê ¶¥·¥³¥´´ÒÌ:

(
x
y

)
= M1/2

(
t1
t2

)
,

(
px

py

)
=

⎛
⎜⎝x′ − D′

xδ +
αx

βx
(x − Dxδ)

y′ − D′
yδ +

αy

βy
(y − Dyδ)

⎞
⎟⎠ ,

(4)

w = δ −
σ2

p

κ1

(
xDx

σ2
x

+
yDy

σ2
y

)
, κ1 = 1 +

D2
xσ2

p

σ2
x

+
D2

yσ
2
p

σ2
y

.
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Œ É·¨Í  M1/2 μ¶·¥¤¥²¥´  ± ±
M1/2M1/2 = M, (5 )

M =

(
σ2

x + D2
xσ2

p DxDyσ2
p

DxDyσ2
p σ2

y + D2
yσ

2
p

)
, (5¡)

M1/2 =
1

Sp M1/2
(M +

√
detM E) ≡

(
m1 m
m m2

)
, (5¢)

£¤¥ ¸¨³¢μ² ®Sp¯ μ§´ Î ¥É ¸²¥¤ ³ É·¨ÍÒ; ®det¯ Å ¥¥ μ¶·¥¤¥²¨É¥²Ó, Sp M1/2 =√
Sp M + 2

√
det M ¨ E Å ¥¤¨´¨Î´ Ö ³ É·¨Í .

‚ ´μ¢ÒÌ ¶¥·¥³¥´´ÒÌ ËÊ´±Í¨Ö f ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

f(t1, t2, px, py, w) = C0

√
detM exp

[
−1

2
(t21 + t22) −

β2
xp2

x

2σ2
x

−
β2

yp2
y

2σ2
y

− κ1w
2

2σ2
p

]
. (6)

—¨¸²μ Î ¸É¨Í N ¤ ¥É¸Ö Ëμ·³Ê²μ°

N =
1
2π

2π∫
0

[
1 − exp

(
−r2

0(ϕ)
2

)]
dϕ, (7)

£¤¥

r2
0(ϕ) =

a2

M11 cos2 ϕ + M12 sin 2ϕ + M22 sin2 ϕ
. (8)

‚ ¶·¥¤¥²¥ a → +∞, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É μÉ¸ÊÉ¸É¢¨Õ ¤¨ Ë· £³Ò, ¢¥²¨Î¨´  N → 1 ¤²Ö
²Õ¡ÒÌ §´ Î¥´¨° σx0 , σy0 , Dx0 ¨ Dy0 . ‡¤¥¸Ó ¨ ¢ ¤ ²Ó´¥°Ï¥³ ¨´¤¥±¸μ³ ®0¯ μ¡μ§´ Î ÕÉ¸Ö
´ Î ²Ó´Ò¥ ¶ · ³¥É·Ò ¶ÊÎ±  ¶¥·¥¤ ¤¨ Ë· £³μ°, Ð¥²ÓÕ ¨²¨ ¤¥£·¥°¤¥·μ³.

1.2. ‚ÒÎ¨¸²¥´¨¥ ³μ³¥´Éμ¢ x2, y2 ¨ xy. ‡´ ± Ê¸·¥¤´¥´¨Ö (Î¥·É  ¸¢¥·ÌÊ) μ§´ Î ¥É ¨´-
É¥£·¨·μ¢ ´¨¥ ¶·μ¨§¢¥¤¥´¨Ö Ê¸·¥¤´Ö¥³μ° ¢¥²¨Î¨´Ò ´  ËÊ´±Í¨Õ (2) ¶μ ¢¸¥³Ê ¶ÖÉ¨³¥·´μ³Ê
Ë §μ¢μ³Ê ¶·μ¸É· ´¸É¢Ê. ˆ¸¶μ²Ó§ÊÖ ¶·¨ Ê¸·¥¤´¥´¨¨ ¶¥·¥³¥´´Ò¥ (4) ¨ ¢¢μ¤Ö μ¡μ§´ Î¥´¨Ö

I1 =
1

4πN

2π∫
0

exp
(
−r2

0(ϕ)
2

)
r2
0(ϕ) dϕ,

I2 = − 1
2πN

2π∫
0

exp
(
−r2

0(ϕ)
2

) (
1 +

r2
0(ϕ)
2

)
cos 2ϕdϕ, (9)

I3 =
1

2πN

2π∫
0

exp
(
−r2

0(ϕ)
2

) (
1 +

r2
0(ϕ)
2

)
sin 2ϕdϕ, I23 =

(
I2 −I3

−I3 −I2

)
,

¶μ²ÊÎ ¥³

M =

(
x2 xy

xy y2

)
= M0(1 − I1) + M

1/2
0 I23M

1/2
0 (10)
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¨ ¸²¥¤ÊÕÐ¨¥ Ëμ·³Ê²Ò ¤²Ö ´μ¢ÒÌ ³μ³¥´Éμ¢:

x2 = x2
0(1 − I1) + (m2

1 − m2) I2 − 2m1mI3,

y2 = y2
0(1 − I1) + (m2 − m2

2) I2 − 2m m2I3, (11)

xy = xy0(1 − I1) + m(m1 − m2) I2 − (m2 + m1m2) I3.

�·¨ a → +∞ ¢¥²¨Î¨´Ò I1, I2 ¨ I3 → 0,   x2, y2 ¨ xy ¸É·¥³ÖÉ¸Ö ± ¨¸Ìμ¤´Ò³ §´ Î¥´¨Ö³
ÔÉ¨Ì ¢¥²¨Î¨´ x2

0, y2
0 ¨ xy0.

1.3. ‚ÒÎ¨¸²¥´¨¥ ´μ¢μ£μ §´ Î¥´¨Ö δ2. ‚ ·¥§Ê²ÓÉ É¥ ¨´É¥£·¨·μ¢ ´¨Ö ËÊ´±Í¨¨ (2),
Ê³´μ¦¥´´μ° ´  δ2, ¶μ ¶ÖÉ¨³¥·´μ³Ê Ë §μ¢μ³Ê ¶·μ¸É· ´¸É¢Ê ¸ ÊÎ¥Éμ³ Ëμ·³Ê² (4) ¨ (9)
¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¢¥²¨Î¨´Ò δ2:

(δ)2 = σ2
p

(
1 +

1 − κ1

κ1
I1

)
+

(
σ2

p

κ1

)2

⎛
⎜⎜⎜⎝

Dx0

σ2
x0

Dy0

σ2
y0

⎞
⎟⎟⎟⎠

T

M
1/2
0 I23 M

1/2
0

⎛
⎜⎜⎜⎝

Dx0

σ2
x0

Dy0

σ2
y0

⎞
⎟⎟⎟⎠ . (12)

Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ Ëμ·³Ê² (9) ¨ (12), ¶·¨ Dx0 ¨ Dy0 → 0 ¢¥²¨Î¨´  (δ)2 → σ2
p . �·¨

a → +∞ ¢¥²¨Î¨´  (δ)2 É ±¦¥ ¸É·¥³¨É¸Ö ± ¨¸Ìμ¤´μ³Ê §´ Î¥´¨Õ σ2
p .

1.4. ‚ÒÎ¨¸²¥´¨¥ ´μ¢ÒÌ §´ Î¥´¨° ¢¥²¨Î¨´ xδ ¨ yδ. ‚¥²¨Î¨´Ò xδ ¨ yδ ´ Ìμ¤ÖÉ¸Ö
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:(

xδ

yδ

)
= σ2

p

[
(1 − I1)

(
Dx0

Dy0

)
+

M
1/2
0

Sp M
1/2
0

I23

(
(σx0 + σy0/κ1)Dx0

(σy0 + σx0/κ1)Dy0

)]
. (13)

Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ Ëμ·³Ê²Ò (13), ¶·¨ Dx0 ¨ Dy0 → 0 ¢¥²¨Î¨´Ò xδ → 0 ¨ yδ → 0. �·¨
a → 0 ¢¥²¨Î¨´Ò xδ → 0 ¨ yδ → 0. �·¨ a → +∞ ¢¥²¨Î¨´  xδ ¸É·¥³¨É¸Ö ± ¨¸Ìμ¤´μ³Ê
§´ Î¥´¨Õ xδ0 = Dx0σ

2
p,   ¢¥²¨Î¨´  yδ Å ± ¨¸Ìμ¤´μ³Ê §´ Î¥´¨Õ yδ0 = Dy0σ

2
p .

�μ¢Ò¥ §´ Î¥´¨Ö ¤¨¸¶¥·¸¨μ´´ÒÌ ËÊ´±Í¨° ´ Ìμ¤ÖÉ¸Ö ¸μ£² ¸´μ ¨Ì μ¶·¥¤¥²¥´¨Õ ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ Ëμ·³Ê² (12), (13):

Dx =
xδ

δ2
, Dy =

yδ

δ2
. (14)

�μ¢Ò¥ ¶·μ¨§¢μ¤´Ò¥ ¤¨¸¶¥·¸¨μ´´ÒÌ ËÊ´±Í¨° ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ Ëμ·³Ê² ³

D′
x = D′

x0 −
αx0

βx0
(Dx − Dx0), D′

y = D′
y0 −

αy0

βy0
(Dy − Dy0). (15)

1.5. ‚ÒÎ¨¸²¥´¨¥ ´μ¢ÒÌ §´ Î¥´¨° xx′ ¨ yy′. �´ ²μ£¨Î´μ ´ Ìμ¦¤¥´¨Õ §´ Î¥´¨° Dx,
Dy ¤²Ö ¢¥²¨Î¨´ xx′ ¨ yy′ ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨Ö

xx′ = −DxD′
xδ2 − αx0

βx0

(
x2 − D2

xδ2
)

,

yy′ = −DyD
′
yδ2 − αy0

βy0

(
y2 − D2

yδ2
)

.
(16)

Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ Ëμ·³Ê²Ò (16), ¶·¨ Dx0 , D′
x0 ¨ Dy0, D′

y0 → 0 ¢¥²¨Î¨´Ò xx′ ¨ yy′

¸É·¥³ÖÉ¸Ö ± ¶¥·¢μ´ Î ²Ó´Ò³ §´ Î¥´¨Ö³ ÔÉ¨Ì ¢¥²¨Î¨´.
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1.6. ‚ÒÎ¨¸²¥´¨¥ ´μ¢ÒÌ §´ Î¥´¨° x′2 ¨ y′2. ‚¥²¨Î¨´Ò ´ Ìμ¤ÖÉ¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

x′2 = D′2
x δ2 +

σ2
x0

β2
x0

+
α2

x0

β2
x0

(
x2 − D2

xδ2
)

,

y′2 = D′2
y δ2 +

σ2
y0

β2
y0

+
α2

y0

β2
y0

(
y2 − D2

yδ2
)

.

(17)

Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ Ëμ·³Ê²Ò (17), ¶·¨ Dx0, D′
x0 ¨ Dy0, D′

y0 → 0 ¢¥²¨Î¨´Ò x′2 ¨ y′2

¸É·¥³ÖÉ¸Ö ± ¶¥·¢μ´ Î ²Ó´Ò³ §´ Î¥´¨Ö³ ÔÉ¨Ì ¢¥²¨Î¨´.
1.7. ‚ÒÎ¨¸²¥´¨¥ ´μ¢ÒÌ §´ Î¥´¨° Ô³¨ÉÉ ´¸μ¢ ¨ ¶ · ³¥É·μ¢ ³ É·¨ÍÒ ’¢¨¸¸ . ‘

¶μ³μÐÓÕ ¶μ²ÊÎ¥´´ÒÌ ´μ¢ÒÌ ³μ³¥´Éμ¢ (11), (16), (17) ´μ¢Ò¥ ¢¥²¨Î¨´Ò Ô³¨ÉÉ ´¸μ¢ ¶ÊÎ± 
¢ÒÎ¨¸²ÖÕÉ¸Ö É ±:

ε2
x =

x2 − D2
xδ2

σ2
x0

, ε2
y =

y2 − D2
yδ

2

σ2
y0

. (18)

�μ¢Ò¥ ¶ · ³¥É·Ò ³ É·¨ÍÒ ’¢¨¸¸  μ¶·¥¤¥²ÖÕÉ¸Ö ¶μ Ëμ·³Ê² ³

αx =
εx

εx0
αx0, αy =

εy

εy0
αy0, (19)

βx =
εx

εx0
βx0, βy =

εy

εy0
βy0. (20)

2. ��‘—…’ ��’ˆ—…‘Šˆ• ”“�Š–ˆ‰ �“—Š� ˆ���‚
��‘‹… …ƒ� ���•�†„…�ˆŸ —…�…‡ ™…‹œ

� ¸¸³μÉ·¨³ ¡¥¸±μ´¥Î´ÊÕ ¢¥·É¨± ²Ó´ÊÕ Ð¥²Ó Ï¨·¨´μ° 2h0. ˆ¸Ìμ¤´ Ö ËÊ´±Í¨Ö · ¸-
¶·¥¤¥²¥´¨Ö Î ¸É¨Í (2) ¶μ¸²¥ ¶·¥μ¡· §μ¢ ´¨Ö ±μμ·¤¨´ É

px = x′ − D′
xδ +

αx

βx
(x − Dxδ),

py = y′ − D′
yδ +

αy

βy
(y − Dyδ), (21)

z = y − Dyδ, w = δ − 1
κ2

xDxσ2
p

σ2
x

, κ2 = 1 +
D2

xσ2
p

σ2
x

¶·¨¢μ¤¨É¸Ö ± ¢¨¤Ê, Ê¤μ¡´μ³Ê ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³μ³¥´Éμ¢:

f(x, z, px, py, w) = C0 exp

[
− x2

2(σ2
x + D2

xσ2
p)

− z2

2σ2
y

− β2
xp2

x

2σ2
x

−
β2

yp2
y

2σ2
y

− κ2w
2

2σ2
p

]
. (22)

Šμ²¨Î¥¸É¢μ ¶·μÏ¥¤Ï¨Ì Î¥·¥§ Ð¥²Ó Î ¸É¨Í N ´ Ìμ¤¨É¸Ö ± ±

N = erf (h). (23)

‡¤¥¸Ó erf (h) Å ¨´É¥£· ² μÏ¨¡μ±, h =
h0√

2(σ2
x0 + D2

x0σ
2
p)

.
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�μ¢Ò¥ ³μ³¥´ÉÒ x2 ¨ y2 ´ Ìμ¤ÖÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

x2 = x2
0(1 − I1), y2 = y2

0 , I1 =
2h√
πN

exp (−h2). (24)

‚ ·¥§Ê²ÓÉ É¥ ¨´É¥£·¨·μ¢ ´¨Ö ËÊ´±Í¨¨ (22), Ê³´μ¦¥´´μ° ´  δ2, ¶μ ¶ÖÉ¨³¥·´μ³Ê Ë §μ¢μ³Ê
¶·μ¸É· ´¸É¢Ê ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ¢¥²¨Î¨´Ò δ2:

δ2 = σ2
p

(
1 − κ2 − 1

κ2
I1

)
. (25)

„²Ö ´ Ìμ¦¤¥´¨Ö ¢¥²¨Î¨´Ò ³μ³¥´Éμ¢ xδ ¨ yδ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò Ëμ·³Ê²Ò

xδ = Dx0σ
2
p(1 − I1),

yδ = Dy0σ
2
p

(
1 − κ2 − 1

κ2
I1

)
.

(26)

‚¥²¨Î¨´Ò ³μ³¥´Éμ¢ x′δ ¨ y′δ ´ Ìμ¤ÖÉ¸Ö ± ±

x′δ = x′δ0

(
1 − κ2 − 1

κ2
I1

)
+

αx0

βx0
xδ0

I1

κ2
,

y′δ = y′δ0

(
1 − κ2 − 1

κ2
I1

)
.

(27)

’μ£¤  ´μ¢Ò¥ ¤¨¸¶¥·¸¨μ´´Ò¥ ËÊ´±Í¨¨ ¨ ¨Ì ¶·μ¨§¢μ¤´Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

Dx = Dx0

(
1 − I1

κ2 + (1 − κ2) I1

)
, D′

x = D′
x0 −

αx0

βx0
(Dx − Dx0),

(28)
Dy = Dy0, D′

y = D′
y0.

‚¥²¨Î¨´Ò ´μ¢ÒÌ Ô³¨ÉÉ ´¸μ¢ ¶ÊÎ±  ´ Ìμ¤ÖÉ¸Ö ¶μ Ëμ·³Ê² ³

εx = εx0

√√√√ 1 − I1

1 − κ2 − 1
κ2

I1

, εy = εy0. (29)

�μ¢Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ’¢¨¸¸  £μ·¨§μ´É ²Ó´μ£μ ¤¢¨¦¥´¨Ö αx, βx μ¶·¥¤¥²ÖÕÉ¸Ö ¶μ
Ëμ·³Ê² ³ (19), (20). � · ³¥É·Ò ’¢¨¸¸  ¢¥·É¨± ²Ó´μ£μ ¤¢¨¦¥´¨Ö ´¥ ¨§³¥´ÖÕÉ¸Ö ¶·¨
¶·μÌμ¦¤¥´¨¨ Ð¥²¨.

3. ��‘—…’ ��’ˆ—…‘Šˆ• ”“�Š–ˆ‰ �“—Š� ˆ���‚
��‘‹… …ƒ� ���•�†„…�ˆŸ —…�…‡ „…ƒ�…‰„…�

‚ ·Ö¤¥ Ô±¸¶¥·¨³¥´Éμ¢ ¢μ§´¨± ¥É § ¤ Î  ¨§³¥´¥´¨Ö Ô´¥·£¨¨ ¶ÊÎ±  μÉ ¢¥²¨Î¨´Ò W0

¤μ ¢¥²¨Î¨´Ò W ¸ ¶μ³μÐÓÕ Éμ´±μ° (´ ¶·¨³¥·, É ´É ²μ¢μ°) Ëμ²Ó£¨, · ¸¶μ²μ¦¥´´μ° ¢
´¥±μÉμ·μ° ÉμÎ±¥ ± ´ ² . ‚ ÔÉμ³ · §¤¥²¥ ¶μ²ÊÎ¥´Ò Ëμ·³Ê²Ò ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ´μ¢ÒÌ ¶ -
· ³¥É·μ¢ ¶ÊÎ± , ¶·μÏ¥¤Ï¥£μ Î¥·¥§ ¤¥£·¥°¤¥·. �´¨ ¸¶· ¢¥¤²¨¢Ò ¤²Ö ²Õ¡μ° ´ Î ²Ó´μ°
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ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö. „²Ö ¨μ´´ÒÌ ¶ÊÎ±μ¢, ¢Ò¢¥¤¥´´ÒÌ ¨§ Í¨±²μÉ·μ´ , Dy0 � Dx0 ¨
D′

y0 � D′
x0, ¶μÔÉμ³Ê ¢ ¶μ²ÊÎ¥´´ÒÌ Ëμ·³Ê² Ì ¸Î¨É ¥É¸Ö, ÎÉμ Dy0 = 0 ¨ D′

y0 = 0.
„²Ö § ¤ ´´μ° Éμ²Ð¨´Ò Ëμ²Ó£¨ ¸ ¶μ³μÐÓÕ, ´ ¶·¨³¥·, ¶·μ£· ³³Ò LISE ++ [3] μ¶·¥-

¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò ¶ÊÎ±  ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö Ëμ²Ó£¨:
1) ±μ´¥Î´ Ö Ô´¥·£¨Ö ¨μ´´μ£μ ¶ÊÎ±  W ;
2) ¤μ¶μ²´¨É¥²Ó´Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · §¡·μ¸ (¸É· ££²¨´£) ¨μ´μ¢ ¶μ Ô´¥·£¨¨ ΔW ,

μ¶·¥¤¥²ÖÕÐ¨° ¢¥²¨Î¨´Ê ¤μ¶μ²´¨É¥²Ó´μ£μ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ · §¡·μ¸  ¨μ´μ¢ ¶μ ¨³-
¶Ê²Ó¸ ³

δS =
1
2

ΔW

W
; (30)

3) ¤μ¶μ²´¨É¥²Ó´Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · §¡·μ¸ ¨μ´μ¢ ¶μ Ê£² ³ δθ.
�μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¶μ§¢μ²ÖÕÉ · ¸¸Î¨É ÉÓ ´μ¢Ò¥ ¶ · ³¥É·Ò ¨μ´´μ£μ ¶ÊÎ± , ¶·μÏ¥¤-

Ï¥£μ Î¥·¥§ Ëμ²Ó£Ê, ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ μÉ¸ÊÉ¸É¢ÊÕÉ ±μ··¥²ÖÍ¨¨ ³¥¦¤Ê ´ Î ²Ó´Ò³¨
±μμ·¤¨´ É ³¨ ¨ Ê£² ³¨ Î ¸É¨Í ¨ ¨Ì ¨§³¥´¥´¨Ö³¨ ¢ ³¨Ï¥´¨. �μ¶¥·¥Î´Ò¥ · §³¥·Ò ¶ÊÎ± 
¶·¨ ¶·μÌμ¦¤¥´¨¨ Ëμ²Ó£¨ ´¥ ³¥´ÖÕÉ¸Ö, É. ¥. ¢Ò¶μ²´ÖÕÉ¸Ö Ê¸²μ¢¨Ö

x2 = x2
0, y2 = y2

0 . (31)

�¸É ²Ó´Ò¥ ³μ³¥´ÉÒ ¢Éμ·μ£μ ¶μ·Ö¤±  · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ± ±

(x′)2 =
W0

W
x′2

0 +
(δθ)2

2
, (y′)2 =

W0

W
(y′)20 +

(δθ)2

2
, (32)

  É ±¦¥

xx′ =

√
W0

W
xx′

0, yy′ =

√
W0

W
yy′

0. (33)

Šμ´¥Î´Ò° · §¡·μ¸ ¶ÊÎ±  ¶μ ¶·μ¤μ²Ó´Ò³ ¨³¶Ê²Ó¸ ³ ¸ ÊÎ¥Éμ³ ¢²¨Ö´¨Ö Ëμ²Ó£¨ ´ Ìμ-
¤¨É¸Ö ± ±

δ2 = δ2 + δ2
S , £¤¥ δ2 =

W0

W
δ2
0 . (34)

‚¥²¨Î¨´Ò ¤¨¸¶¥·¸¨μ´´μ° ËÊ´±Í¨¨ ¨ ¥¥ ¶·μ¨§¢μ¤´μ° ´ Ìμ¤ÖÉ¸Ö ¶μ Ëμ·³Ê² ³

Dx =
√

W

W0

Dx0

1 + δ2
S/δ2

, D′
x =

D′
x0

1 + δ2
S/δ2

. (35)

ƒμ·¨§μ´É ²Ó´Ò° Ô³¨ÉÉ ´¸ ¶ÊÎ±  ¶μ¸²¥ ¤¥£·¥°¤¥·  εx μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

ε2
x = ε2

x0

W0

W
+

δ2
θ

2

(
x2

0 +
W

W0
D2

x0

δ2
S

1 + δ2
S/δ2

)
+

+ (x′2
0 D2

x0 − 2xx′
0 Dx0D

′
x0 + x2

0 D′2
x0)

δ2
S

1 + δ2
S/δ2

. (36)

� ¢¥²¨Î¨´  ¢¥·É¨± ²Ó´μ£μ Ô³¨ÉÉ ´¸  εy ´ Ìμ¤¨É¸Ö ± ±

ε2
y = ε2

y0

W0

W
+

δ2
θ

2
y2
0 . (37)
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’μ£¤  ´μ¢Ò¥ ¢¥²¨Î¨´Ò Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ ’¢¨¸¸  ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

βx = βx0
εx0

εx
, αx =

√
W0

W

εx0

εx

(
αx0 −

W0

W

Dx0D
′
x0

εx0

δ2
S

1 + δ2
S/δ2

)
,

(38)

βy = βy0
εy0

εy
, αy =

√
W0

W

εy0

εy
αy0.

4. �…‡“‹œ’�’› ��‘—…’�‚ Š���‹�‚ ’���‘���’ˆ��‚Šˆ
ˆ���›• �“—Š�‚

�  ·¨¸. 1 ¶μ± § ´μ · ¸¸Î¨É ´´μ¥ ¨§³¥´¥´¨¥ ¶μ²Ê· §³¥·μ¢ ¶ÊÎ±  ¨μ´μ¢ 20Ne10+ ¢ ± -
´ ²¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° Í¨±²μÉ·μ´  “400-Œ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶ÊÎ±  Î¥·¥§ ¤¨ Ë· £³Ê (¢Ìμ¤
¢ ±¢ ¤·Ê¶μ²Ó Q4). �  ¢Ìμ¤¥ ¢ ±¢ ¤·Ê¶μ²Ó Q4 · §³¥·Ò ¶ÊÎ±  ¸ÊÐ¥¸É¢¥´´μ ¶·¥¢ÒÏ ÕÉ
 ¶¥·ÉÊ·Ê ±¢ ¤·Ê¶μ²Ö. ‘¶²μÏ´ Ö ±·¨¢ Ö Å £μ·¨§μ´É ²Ó´Ò° ¶μ²Ê· §³¥·, ÏÉ·¨Ìμ¢ Ö Å
¢¥·É¨± ²Ó´Ò°. ‚Œ1, ‚Œ2 Å £μ·¨§μ´É ²Ó´Ò¥ ¶μ¢μ·μÉ´Ò¥ ³ £´¨ÉÒ.

�¨¸. 1. � ¸¸Î¨É ´´μ¥ ¨§³¥´¥´¨¥ ¶μ²Ê· §³¥·μ¢ ¶ÊÎ±  ¢¤μ²Ó ± ´ ²  ¢Ò¸μ±¨Ì Ô´¥·£¨°

�  ·¨¸. 2 ¶μ± § ´μ · ¸¸Î¨É ´´μ¥ ¨§³¥´¥´¨¥ ¶μ²Ê· §³¥·μ¢ ¶ÊÎ±  ¨μ´μ¢ 22Ne10+ ¢
± ´ ²¥ ‚5 Í¨±²μÉ·μ´  “400-Œ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶ÊÎ±  Î¥·¥§ ¤¨ Ë· £³Ê D ¨ Ëμ²Ó£Ê
¤¥£·¥°¤¥·  F.

‡�Š‹�—…�ˆ…

‚ ·¥§Ê²ÓÉ É¥ ¶·μ¢¥¤¥´´ÒÌ · ¸Î¥Éμ¢ ¢Ò¢¥¤¥´Ò Ëμ·³Ê²Ò, ¶μ§¢μ²ÖÕÐ¨¥ ¢ÒÎ¨¸²ÖÉÓ ¶ -
· ³¥É·Ò ¶ÊÎ±  ¨μ´μ¢ ¶μ¸²¥ ¥£μ ¶·μÌμ¦¤¥´¨Ö ±·Ê£²μ° ¤¨ Ë· £³Ò · ¤¨Ê¸  a, ¢¥·É¨± ²Ó´μ°
Ð¥²¨ Ï¨·¨´Ò 2h0 ¨ Ëμ²Ó£¨ ¤¥£·¥°¤¥·  ¸ ÊÎ¥Éμ³ ¢¥·É¨± ²Ó´μ° ¨ £μ·¨§μ´É ²Ó´μ° ¤¨¸¶¥-
·¸¨μ´´ÒÌ ËÊ´±Í¨° ¶ÊÎ±  ¨ ¨Ì ¶·μ¨§¢μ¤´ÒÌ.
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�¨¸. 2. � ¸¸Î¨É ´´μ¥ ¨§³¥´¥´¨¥ ¶μ²Ê· §³¥·μ¢ ¶ÊÎ±  ¢¤μ²Ó ± ´ ²  ‚5. ‡¤¥¸Ó D Å ¤¨ Ë· £³ ;

HS ¨ VS Å £μ·¨§μ´É ²Ó´Ò° ¨ ¢¥·É¨± ²Ó´Ò° ¸± ´¥·Ò; F Å Ëμ²Ó£  ¤¥£·¥°¤¥· . Š·¨¢Ò¥ 1, 2 ¨ 3
¸μμÉ¢¥É¸É¢ÊÕÉ Ô´¥·£¨Ö³ ¨μ´μ¢ ¶μ¸²¥ ¤¥£·¥°¤¥· , · ¢´Ò³ 3, 4,5 ¨ 6 ŒÔ‚/´Ê±²μ´

�μ²ÊÎ¥´´Ò¥ Ëμ·³Ê²Ò ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢ · ¸Î¥É Ì ± ´ ²μ¢ É· ´¸¶μ·É¨·μ¢±¨ ÉÖ¦¥²ÒÌ
¨μ´μ¢, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö É¥¸É¨·μ¢ ´¨Ö ³¨±·μ¸Ì¥³ ´  Í¨±²μÉ·μ´ Ì ‹Ÿ�. �´¨ ¶μ§¢μ-
²ÖÕÉ §´ Î¨É¥²Ó´μ ¸μ±· É¨ÉÓ ¢·¥³Ö · ¸Î¥É  ± ´ ²  ¶μ ¸· ¢´¥´¨Õ ¸ ³¥Éμ¤μ³ ±·Ê¶´ÒÌ
Î ¸É¨Í.
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