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Ââåäåíèå

Ýíåðãèÿ, âûäåëÿþùàÿñÿ ïðè àííèãèëÿöèè ýëåêòðîíà è ïîçèòðîíà
â êîëëàéäåðå, ÿâëÿåòñÿ âàæíåéøåé êèíåìàòè÷åñêîé
õàðàêòåðèñòèêîé, îãðàíè÷èâàþùåé îáëàñòü âîçìîæíûõ
ïàðàìåòðîâ ëþáîãî êîíå÷íîãî ñîñòîÿíèÿ èññëåäóåìûõ ïðîöåññîâ.

Ïðåöèçèîííîå àáñîëþòíîå èçìåðåíèå ñðåäíåé ýíåðãèè â ñèñòåìå
öåíòðà ìàññ ðàñøèðÿåò âîçìîæíîñòè ýêñïåðèìåíòîâ íà âñòðå÷íûõ
ïó÷êàõ.

Ïðè èçó÷åíèè ïðîöåññîâ, èìåþùèõ ðåçîíàíñíóþ ëèáî ïîðîãîâóþ
çàâèñèìîñòü ñå÷åíèÿ îò ýíåðãèè, ñòàíîâèòñÿ âîçìîæíûì ïðÿìîå
èçìåðåíèå ìàññ ðîæäàþùèõñÿ ÷àñòèö. Òî÷íîñòü òàêèõ èçìåðåíèé
íå çàâèñèò îò êà÷åñòâà âîññòàíîâëåíèÿ êèíåìàòè÷åñêèõ
ïàðàìåòðîâ â äåòåêòîðå ïðîäóêòîâ ðåàêöèè.
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Inverse Compton Scattering
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Laser backscattering for beam energy calibration

Taiwan Light Source1996, BESSY-I,II1998,2002, VEPP-3,4M,20002008,2005,2012, BEPC-II2010, ANKA2015

e. g. BEPC-II HPGe spectrum
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Phys. Rev. D90 (2014) 012001

e. g. VEPP-2000 HPGe spectrum
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Backscattering inside a magnet: evident interference

Phys.Rev.Lett. 110(2013) 140402�� ��Achieved accuracy is ∆E/E ' 3× 10−5 for E < 2 GeV
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Accurate energy scale transfer: eV → MeV → GeV

IR optics, 10P20 CO2 laser line: ω0 = 0.117065228 eV

γ-lines from excited nuclei as a good reference for ωmax:

137Cs τ1/2 ' 30.07 y Eγ = 0661.657± 0.003 keV
60Co τ1/2 ' 5.27 y Eγ = 1173.228± 0.003 keV

Eγ = 1332.422± 0.004 keV
208Tl τ1/2 ' 3 m Eγ = 2614.511± 0.013 keV
16O∗ Eγ = 6129.266± 0.054 keV

High energy physics scale1:

J/ψ 3096.900± 0.002± 0.006 MeV

ψ(2S) 3686.099± 0.004± 0.009 MeV

1Final analysis of KEDR data, Physics Letters B 749 (2015) 50-56
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ÂÝÏÏ-2000: êîëëàéäåð ñ êðóãëûìè ïó÷êàìè

Beam energy E0 = 0.1− 1 GeV
Circumference C = 24.388 m
RF frequency f0 = 172 MHz
Mom. compaction α = 0.036
Synchrotron tune νs = 30.73 kHz
Betatron tunes Qx = 4.1, Qz = 2.1

Emittances εx = εz = 220 nm
I.p. beta func. βx = βz = 6.3 cm
Energy spread σE/E = 7 · 10−4

Bunch length σs = 3.3cm
Particles/bunch � 1011

Lmax = 1032cm−2 × s−1(×2 i.p.)
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ÂÝÏÏ-2000: ñõåìà óñòàíîâêè

Ðàäèóñ îðáèòû â ïîâîðîòíîì ìàãíèòå R = 140 ñì
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Àïðåëü 2012: ïåðâûå èçìåðåíèÿ

Ýíåðãèÿ ïó÷êà E=990 MeV, ëàçåðíîãî ôîòîíà ω0=0.117 ýÂ, B=2.38 T.
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Îáëàñòü ëàçåð-ýëåêòðîííîãî âçàèìîäåéñòâèÿ

Interaction length depends on transverse laser waist size w.
w ' 0.1 cm → Lint ' 2

√
2wR '10 cm.
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θint ' Lint/R ' 70 mrad, while θrad ∼ 0.5 mrad for 1 GeV electron.
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Íàáåã ôàçû

Since θint � θrad, only φ = 0 case is
a matter of interest
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Time for electron A→ B → C:

te =
2Rθ

βc

Time for photon A→ C:

tγ =
2R sin θ

c
cosψ

Phase shift:

∆Φ = 2πc
( te
λ
− 2te
λ0
− tγ
λ

)
,

where λ0 is the laser wavelength.

1 MeV photon has λ = 1.24 · 10−10 cm. With R = 140 cm, E = 1 GeV,
∆Φ = 2π when θ ' 0.1/γ and AC ' 10−2cm ' 108λ!
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Èíòåðôåðåíöèÿ ðàññåÿííûõ âîëí

While θ, ψ, 1/γ � 1 one has:

∆Φ(θ) ' ωR

c

{
θ(

1

γ2
− 4ω0

ω
+ ψ2) +

θ3

3

}
. (1)

Scattered �eld amplitude:

U(ω, ψ) ∝ ω
∞∫
0

(
e

i∆Φ
2 + e

−i∆Φ
2
)
dθ = 2ω

∞∫
0

cos
∆Φ

2
dθ ∝ ω2/3 Ai(x), (2)

where x =

(
ωR

2c

)2/3( 1

γ2
− 4ω0

ω
+ ψ2

)
, and

Ai(x) =
1

π

∞∫
0

cos (xt+
t3

3
)dt is the Airy function.

The intensity of a scattered wave: I = |U |2 ∝ ω4/3 Ai2(x).
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Cïåêòð ðàññåÿííûõ ôîòîíîâ

To obtain the energy spectrum of scattered photons one takes an integral
over the vertical angle ψ and divides the result by ~ω:

dṄγ

d~ω
∝ ω1/3

∞∫
0

Ai2(x)dψ. (3)

This integral can be expressed via the primitive of Airy function:
∞∫
0

Ai2(a+ by2)dy =
1

4
√
b

∞∫
z

Ai(z′)dz′, z = 22/3a.

Hence, the �nal form of the interference factor is:

dṄγ
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∝
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1
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−
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Ai(z′)dz′, where (4)
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c
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γ2
− 4ω0

ω

)
. (5)
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Ôóíöèÿ Ýéðè äî è ïîñëå èíòåãðèðîâàíèÿ ïî ψ

Parameters: ω0=0.117 eV, Ee = 900 MeV, R=140 cm (B=2.144 T)
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Ó÷åò îòäà÷è ýëåêòðîíà

Quantum recoil account: ω → ω · E/(E − ~ω).

An electron radius is coupled with its energy and magnetic �eld strength by
the balance between the Lorenz and centrifugal forces: βE = cBR. It is
convenient to perform R→ E/cB substitution.

Let's introduce new variables:

u =
~ω

E − ~ω
, κ =

4E~ω0

m2
, χ =

E

m

B

B0
,

where B0 = m2/~c2 = 4.414 · 109 T is the Schwinger �eld strength.

Now z looks like:

z =
(ωR
c

)2/3( 1

γ2
− 4ω0

ω

)
→ (u/χ)2/3(1− κ/u) . (6)
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Ðàñ÷åò â ÊÝÄ

V. Ch. Zhukovsky and I. Herrmann. Journal of Nuclear Physics 14 �1 (1971) 150-159

Compton e�ect and Induced Compton E�ect in Constant Electromagnetic Field.

dṄγ
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∞∫
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In our case u . 10−3, κ . 2 · 10−3 and χ . 10−6.
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Ïîäãîíêà ñïåêòðà
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The edge of the energy spectrum with the �t result:
χ2/NDF = 773.0/745, Prob. = 0.231,

E = 993.662± 0.016 MeV, B = 2.3880± 0.0044 T, σ = 810± 40 ppm.
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Spectrometer with laser calibration
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What do one has from ∆θ measurement?

�
�

�
∆θ

m2

4ω0
=

1

c

∫
Bdl

∆θ is a measure of a B-�eld integral along the trajectory which is
very close to the beam orbit (see next slides).

∆θ is independent of beam energy: fast energy changes may be
detected by BPMs. I. e. increase of ∆θ measurement time does not
in�uence the beam energy measurement accuracy.

Measurement of θ is outside of this talk. One can have a look at the
experience of LEP spectrometer as well as ILC beam energy
spectrometer studies.
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Two arcs in a dipole of length L

R
e

L 

Δ
X

R 0

θ 

Δθ
Note that

�� ��Re = R0/(1 + κ).

S0, R0 � black arc length & radius,
Se, Re � red arc length & radius. So

S0 = 2R0arcsin

[
L

2R0

]
and

Se = 2Rearcsin

[√
L2 + ∆X2

2Re

]
,

where ∆X =

√
R2
e −

[
LRe
2R0

]2
−

√
R2
e −

[
L− LRe

2R0

]2
.
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Apparatus: general consideration

L20 m 20 m

Δ
X

θ

D

Δ
θ

Let κ = 1.53 (E = 100 GeV, ω0 = 1 eV):

θ ∆θ L ∆X ∆S/S D
mrad mrad m mm mm

1 1.53 10 3.83 2.59 · 10−7 46
2 3.06 10 7.65 1.04 · 10−6 92
1 1.53 5 1.91 2.59 · 10−7 46
2 3.06 5 3.83 1.04 · 10−6 92

∆S/S ∝ κθ a)

∆X ∝ κθ ·Ldipole b)

D ∝ κθ·Larm c)

An ideal case: a) small angle; b) short dipole; c) long arm.
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200×100 pixels �detector�. ξ�ζ‖ = −0.5
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 / ndf 2χ    2662 / 2709
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 Xσ  0.05565± 21.62 
    1Y  0.0001923±1.63 − 
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 Yσ  0.0001082± 0.1045 
 P  0.00103±0.5 −  

 P  0.002095± 0.0005721 
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Fit results. ξ�ζ‖ = −0.5

X �t range is [200 : 1650]
200 horizontal bins means resolution σX/X ' 0.005/

√
12 = 0.14%

FCN=2662.5 FROM MIGRAD STATUS=CONVERGED 257 CALLS 258 TOTAL

EDM=3.9346e-08 STRATEGY=1 ERROR MATRIX UNCERTAINTY 0.8 per cent

NO. NAME VALUE ERROR Remark

1 X1 -1.3130e-01 1.64882e-01 ∆X1/X2 ' 1.0 · 10−4

2 X2 1.62998e+03 6.34381e-02 ∆X2/X2 ' 3.9 · 10−5

3 σX 2.16201e+01 5.56481e-02 horizontal beam size
4 Y1 -1.6298e+00 1.92272e-04 vertical axis
5 Y2 1.62973e+00 1.94174e-04 vertical axis
6 σY 1.04485e-01 1.08179e-04 vertical spread
7 P‖ -5.0003e-01 1.02951e-03 P‖ = −0.500± 0.001
8 P⊥ 5.72060e-04 2.09542e-03 P⊥ = 0.000± 0.002
9 norm 1.73486e+06 7.72345e+02
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1 Ââåäåíèå

2 Èíòåðôåðåíöèÿ â ¾ÓÊÂ¿ äèàïàçîíå (λ ' 10−10cm)

3 Ðàçâèòèå òåìû äëÿ êîëëàéäåðîâ áóäóùåãî

4 Çàêëþ÷åíèå
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Çàêëþ÷åíèå

1 Íà îñíîâå ïðîöåññà îáðàòíîãî êîìïòîíîâñêîãî ðàññåÿíèÿ
ëàçåðíîãî èçëó÷åíèÿ ñîçäàíû óñòàíîâêè äëÿ ïðåöèçèîííîãî
èçìåðåíèÿ ýíåðãèè ïó÷êîâ íà íàêîïèòåëÿõ è êîëëàéäåðàõ
ÂÝÏÏ-4Ì, BEPC-II, ÂÝÏÏ-3, ÂÝÏÏ-2000.

2 Ñ èñïîëüçîâàíèåì ýòîãî ìåòîäà áûëè ïðîâåäåíû íàèáîëåå òî÷íûå
èçìåðåíèÿ ìàññû τ -ëåïòîíà, èçìåðåí âëàä äâóõ-ôîòîííîãî îáìåíà
â óïðóãîå ðàññåÿíèå ýëåêòðîíîâ è ïîçèòðîíîâ íà ïðîòîíå.

3 Ýêñïåðèìåíòàëüíî îáíàðóæåí ýôôåêò âëèÿíèÿ ñèëüíîãî
ìàãíèòíîãî ïîëÿ íà êèíåìàòèêó êîìïòîíîâñêîãî ðàññåÿíèÿ.

4 Ïðåäëîæåí ìåòîä êàëèáðîâêè ìàãíèòíîãî ñïåêòðîìåòðà äëÿ
èçìåðåíèÿ ýíåðãèè ïó÷êîâ íà áóäóùèõ êîëëàéäåðàõ âûñîêèõ
ýíåðãèé � ILC, FCCee, CEPC...

ÑÏÀÑÈÁÎ ÇÀ ÂÍÈÌÀÍÈÅ

Íèêîëàé Ìó÷íîé Çàñåäàíèå ÎÓÑ ÑÎ ÐÀÍ ïî ôèçè÷åñêèì íàóêàì 17 ìàðòà 2016 27 / 27


	Введение
	Интерференция в <<УКВ>> диапазоне (10-10cm)
	Развитие темы для коллайдеров будущего
	Заключение

