
Âêëàä Êîìïòîíîâñêîãî ðàññåÿíèÿ â èçëó÷åíèå

âèããëåðà íà ÂÝÏÏ-3

Íèêîëàé Ìó÷íîé

13 àïðåëÿ 2010 ã.

Â íèæåñëåäóþùåì òåêñòå ïðîèçâåäåíà êîëè÷åñòâåííàÿ îöåíêà ýôôåêòà êîìïòîíîâñêî-
ãî ðàññåÿíèÿ ôîòîíîâ ñèíõðîòðîííîãî èçëó÷åíèÿ, ðîæä¼ííûõ ýëåêòðîííûì ïó÷êîì â ìàã-
íèòíîì ïîëå âèããëåðà, íà ýòîì æå ïó÷êå. Ïðåäïîëîæèòåëüíî, ýôôåêò ìîæåò ÿâëÿòüñÿ
èñòî÷íèêîì ôîòîíîâ áîëüøèõ ýíåðãèé.

1 Âèããëåð

Ðàññìîòðèì âèããëåð ñ ïîëåì

Bx(z) =


B0; 0 < z ≤ L
−B0; L < z ≤ 3L
B0; 3L < z ≤ 4L

(1)

ãäå B0=2 T, L = 23 ñì, z � ðàññòîÿíèå âäîëü îñè âèããëåðà. Òðàåêòîðèÿ ïó÷êà ïîêàçàíà íà
Ðèñ. 1. Ðàäèóñ ïîâîðîòà ýëåêòðîíà ñ ýíåðãèåé ε = 2 ÃýÂ ñîñòàâèò R0=333.56 ñì. Ïðÿìûìè
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Ðèñ. 1: Òðàåêòîðèÿ ïó÷êà ñ ýíåðãèåé 2 ÃýÂ

ëèíèÿìè íà Ðèñ. 1 ïîêàçàíû êàñàòåëüíûå ê òðàåêòîðèè â òî÷êàõ z ' 1 ñì è z ' 14 ñì.
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Ôîòîíû ÑÈ, èñïóùåííûå â íàïðàâëåíèÿõ, îãðàíè÷åííûõ ýòèìè ëèíèÿìè, ïåðåñåêóòñÿ ñ
ýëåêòðîííûì ïó÷êîì â òî÷êàõ îò z ' 46 ñì äî z ' 80 ñì, ïðè÷¼ì ðàçíîñòü äëèíû òðàåê-
òîðèé ôîòîíîâ è ýëåêòðîíîâ ñîñòàâèò îò ∆L ' 0.15 ñì äî ∆L ' 0.8 ñì ñîîòâåòñòâåííî.

Ïîñêîëüêó äëèíà ýëåêòðîííîãî ñãóñòêà ñîñàâëÿåò σl ' 10 ñì, èçëó÷¼ííûå ïó÷êîì ôî-
òîíû ñèíõðîòðîííîãî èçëó÷åíèÿ ìîãóò ïðåòåðïåâàòü êîìïòîíîâñêîå ðàññåÿíèå íà ýòîì æå
ïó÷êå. Îöåíèì âåëè÷èíó ýôôåêòà è åãî ñâîéñòâà.

Cðåäíÿÿ ýíåðãèÿ ôîòîíîâ ÑÈ:

ωc =
3

2
γ3 ~c
R0

, (2)

ãäå γ � ðåëÿòèâèñòñêèé ôàêòîð ýëåêòðîíà. Â íàøåì ïðèìåðå ωc ' 5.32 êýÂ. Óãîë ïîâîðîòà
òðàåêòîðèè ïó÷êà (îò z ' 1 ñì äî z ' 14 ñì) ñîñòàâèò Θ ' 40 ìðàä, è ñðåäíåå ÷èñëî
ôîòîíîâ ÑÈ, èñïóùåííûõ îäíèì ýëåêòðîíîì, îïðåäåëÿåòñÿ âûðàæåíèåì:

N =
5π√

3
γα

Θ

2π
' 1.67 øòóê (3)

Óãëîâîå ðàñïðåäåëåíèå èçëó÷åííûõ ôîòîíîâ ìîæíî ïðèáëèçèòåëüíî îïèñàòü ýëëèïñîì ñ
ïîëóîñÿìè

θx =
1

2
Θ ' 20 · 10−3; θy =

1

2γ
' 0.13 · 10−3 (4)

Ïëîùàäü ¾ïÿòíà¿ ôîòîíîâ ÑÈ â ìåñòå ïðåäïîëàãàåìîãî ðàññåÿíèÿ ñîñòàâèò:

Sph = π · (60ñì)2 · θx · θy ' 0.029ñì2 (5)

Ïëîòíîñòü ôîòîííîé ìèøåíè, ñîçäàâàåìàÿ êàæäûì ýëåêòðîíîì ïó÷êà, nγ = N/Sph ' 57
ôîòîíîâ íà êâàäðàòíûé ñàíòèìåòð. Óãîë ïåðåñå÷åíèÿ òðàåêòîðèé ôîòîíîâ è ýëåêòðîíîâ
(ñì. Ðèñ. 1) îïðåäåëèò ñðåäíèé óãîë âçàèìîäåéñòâèÿ ôîòîíà ñ ýëåêòðîíîì α ' Θ.

2 Êîìïòîíîâñêîå ðàññåÿíèå

2.1 Êèíåìàòèêà

Ìàêñèìàëüíàÿ ýíåðãèÿ ðàññåÿííîãî ôîòîíà ωmax ñîîòâåòñòâóåò íàïðàâëåíèþ èìïóëüñà
íà÷àëüíîãî ýëåêòðîíà:

ωmax = ω0
1− β cosα

1− β +
ω0

ε
(1− cosα)

, (6)

ãäå α � óãîë ìåæäó èìïóëüñàìè ÷àñòèö äî ðàññåÿíèÿ, ε è ω0 � ýíåðãèè ýëåêòðîíà è ôîòîíà
äî ðàññåÿíèÿ, β = v/c. Â ñëó÷àå ðàññåÿíèÿ ôîòîíîâ ìàëîé ýíåðãèè íà óëüòðàðåëÿòèâèñò-
ñêîì ýëåêòðîíå (ε� m� ω0) âûðàæåíèå (6) ìîæåò áûòü ïåðåïèñàíî êàê:

ωmax '
ε2 sin2 α

2
+
m2

4
cosα

ε sin2 α

2
+
m2

4ω0

. (7)

Çäåñü m � ìàññà ýëåêòðîíà (c=1). Åñëè α = 0 (ôîòîí ¾äîãîíÿåò¿ ýëåêòðîí ñçàäè) èç
âûðàæåíèÿ (7) ïîëó÷àåì ωmax = ω0. Âòîðîå ñëàãàåìîå â ÷èñëèòåëå ìîæåò áûòü îïóùåíî
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äëÿ îòíîñèòåëüíî áîëüøèõ óãëîâ α (α > 1/γ), â ýòîì ñëó÷àå (7) çàïèøåòñÿ â âèäå:

ωmax '
ε2

ε+
m2

4ω0 sin2 α

2

= ε
λ

1 + λ
, (8)

ãäå λ � áåçðàçìåðíûé ïàðàìåòð ïðîöåññà λ =
4ω0ε

m2
sin2(

α

2
). Â íàøåì ñëó÷àå (ε = 2 ÃýÂ,

ω0 = ωc = 5.3 êýÂ, α = Θ = 40 ìðàä) λ ' 0.26. Ïðè ìàëûõ λ ïîëíîå ñå÷åíèå ðàññåÿ-
íèÿ áëèçêî ê Òîìñîíîâñêîìó σThomson = 0.665 áàðí. Çàâèñèìîñòü ìàêñèìàëüíîé ýíåðãèè
ðàññåÿííîãî ôîòîíà îò óãëà âñòðå÷è ïîêàçàíà íà Ðèñ. 2.
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Ðèñ. 2: Çàâèñèìîñòü ìàêñèìàëüíîé ýíåðãèè ðàññåÿííîãî ôîòîíà îò óãëà âñòðå÷è äëÿ

ω0 = ωc = 5.3 êýÂ, ε = E0 = 2 ÃýÂ

2.2 Èíòåíñèâíîñòü

Äëÿ òîãî, ÷òîáû îöåíèòü èíòåíñèâíîñòü ïðîöåññà, âîçüì¼ì ýëåêòðîííûé áàí÷, â êîòîðîì
ñîäåðæèòñÿ Ne ÷àñòèö, à ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ïó÷êà Se = πσxσy < Sph. Â íàïðàâ-
ëåíèè ðàñïðîñòðàíåíèÿ ïëîòíîñòü ýëåêòðîíîâ îïèøåì ðàñïðåäåëåíèåì:

ρe =
Ne√
2πσl

exp(−(s− ct)2

2σ2
l

) (9)

Ïóñòü w � âåðîÿòíîñòü òîãî, ÷òî ýëåêòðîí èñïóñêàåò ôîòîí ÑÈ íà íåêîòîðîì ó÷àñòêå ñâîåé
òðàåêòîðèè. Òîãäà ýëåêòðîííûé áàí÷ ðîæäàåò áàí÷ ôîòîíîâ, êîòîðûé ìîæíî îïèñàòü êàê:

ργ =
w ·Ne√

2πσl
exp(−(s+ ∆(z)− ct)2

2σ2
l

) ; (10)

ãäå w - âåðîÿòíîñòü äëÿ ýëåêòðîíà èçëó÷èòü ôîòîí ÑÈ, ∆(z) > 0 � ðàçíîñòü äëèí ïóòè
ýëåêòðîíà è ôîòîíà îò òî÷êè èçëó÷åíèÿ äî ìåñòà ïðåäïîëàãàåìîãî ðàññåÿíèÿ (äëÿ ïðîñòî-
òû ñ÷èòàåì ïó÷êè êîëëèíåàðíûìè). Èíòåãðàë ïðîèçâåäåíèÿ ïëîòíîñòåé (íàäî ïðîâåðèòü):

I =

∞∫
−∞

∞∫
−∞

ρeργ ds d(ct) =
wNe2

√
3

exp
{−∆(z)2

6σ2
l

}
(11)
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Äëÿ ¾÷åñòíîãî¿ ðàñ÷¼òà ñâåòèìîñòè íà îäíî ñòîëêíîâåíèå Lsc íóæíî ïîñ÷èòàòü èíòåãðàë

Lsc =

∫
S dt dx dy dz ; ãäå S = ρeργ

√
(~ve − ~vγ)2 − (~ve × ~vγ)2

c2
(12)

Åñëè ñ÷èòàòü, ÷òî |~ve| = |~vγ| = c, óãîë ìåæäó èìïóëüñàìè ÷àñòèö ðàâåí α, êîðåíü â (12)
äà¼ò ìíîæèòåëü ê ñâåòèìîñòè (1− cosα). Òîãäà äëÿ α = Θ, ∆� σl, ÷èñëî êîìïòîíîâñêèõ
êâàíòîâ íà îäèí ïðîë¼ò ýëåêòðîííîãî áàí÷à ÷åðåç âèããëåð áóäåò:

Nγ '
wN2

e√
3Sph

(1− cos Θ) · σThomson (13)

Â íàøåì ñëó÷àå w = N = 1.67, Sph = 0.029 ñì2, Ne = 1.5·1011 (òîê ÂÝÏÏ-3 Ie =100 ìÀ).
Òîãäà Nγ = 7.5 · 10−4. Ñòîëüêî êîìïòîíîâñêèõ êâàíòîâ îáðàçóåòñÿ çà îäèí ïðîë¼ò ïó÷êà
÷åðåç âèããëåð. Óìíîæèâ íà ÷àñòîòó îáðàùåíèÿ ïó÷êà f = 4 ÌÃö ïîëó÷èì '3000 êîìïòî-
íîâñêèõ êâàíòîâ â ñåêóíäó.
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