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Photon Collider Basics

Photons from a high powered laser are scattered off the high energy beam electrons of a linear collider between
the final quadrupole and the interaction point. The compton scattered photons acquire the momenta
of the high energy electrons and collide at the i.p. with the compton scattered photons from the opposing beam.

The yy luminosity will be given by the geometric e"e” luminosity times the compton conversion efficiency squared.

4E o
X=—22 = Enm 0, =—E Qozme VX +1

2

m, 1+(016,) X +1 E

m?(x +1)= center of mass energy squared of electron and laser photon
@, = laser photon energy

@ = compton scattered (high energy) photon energy

¢ = angle of compton scattered (high energy) photon w.r.t. electron



P. = mean helicity of laser beam |P, |<1

A, = mean helicity of electron beam |4, |<

N[ =

& = mean helicity of the high energy photon beam i, i=1,2 |& [£1

The thresholds for two important physics processes are crossed as x is varied:

At x=4.82 yy... — €'e opens up which depletes the high energy photon beam; this
effect is included in the Higgs cross section calculation and is given by the variable «

Atx=8 ey, —>€e'ee opensup. This process smears the electron energy and hence
smears the high energy photon spectrum. The effects of this process are not included in the
following analytical plots (they are included in the CAIN MC simulation).



Nominal configuration

x=482 E__=158GeV k=1
pol(e”)=90% 2PA =-0.9 hv=3.98 eV

1 dLW
L dz (k= 1-prob that y annihilates with laser y)
1 dL
dz——Lo(yy > H)=247 fb
L dz
1
0.8
06 8z T
H _ yy~ tot 1
< &, > o4 oy = H) (S_ME/)2+F1‘201‘M/3 I+ c)
0.2 472'2FW
0 ~ M (1+ &, &,)2,6(z-z,)
-0.2 &
0.4

Z= EW /Ee,e,



Now let's start increasing x (the energy of the Compton photon)

x=6.00 E__ =150GeV «=0.73
pol(e”)=90% 2P,4, =-0.9 hv =522 eV

dz—— 7 g(yy — H)=130 fb

1 dL
j Le,e, dz

Z= EW /Ee,e,

<G &, >




<G &, >

Z= EW /Ee,e,

x=4000 E__=1303GeV x=0.19
pol(e”)=90% 2P, =-0.9 hv=40.1eV

dz——Lo(yy > H)=421b

1 dL
j Le,e, dz



<G &, >

Z= EW /Ee,e,

x=1000. E__=1252GeV  «=0.11
pol(e”)=90% 2P.4, =—0.9 hv=1.03 keV

1 dL
[dz——"0(yy > H)=257 fbo
Le_e_ dz



<G &, >

x=1000. E,__=1256GeV x=0.44
pol(e™) =90% 2P, =+0.9 hv =1.03 keV

1 dL
[dz——"0(yy > H)=3111b

Le_e_ dz
1 dL);;4.82
c.f. j dz-- ooy > H)=247 o

ee

o**(e'e” >ZH & v, v ,H)=2181b

2P 4, =+0.9 gives broader spectrumin E
but this is compensated by suppression

of yy > e’e” (xk=0.44 vs 0.11 for opposite
sign of 2P, 1,)

Z= EW /Ee,e,



x=15870. E__=125GeV  «x=0.64
pol(e”)=90% 2P.A =+0.9 hv =16.6 keV

1 dL
j dz———Zo(yy - H)=4792 fb
Le,e, dz

0.95

08

< 51 52 > 0.85

08

0.756
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XCC: XFEL Compton yy Collider Higgs Factory

XCC s-channel yy > H @ Js =125 Gev 07

31GeVe

4E__E
x=—1r e 21000
ml’

E =626 GeV

beam

31GeVe

101

-2 -1

Lumi top 20% = 1.3x10" ¢cm™ s

dL/dE,, (10® em™ s™'/0.1 GeV)

FF 107% —
62.6 GeV e -v!‘_:;\ ’ Vg 626GeVe E E
70 MV/ E H H J
/ 70MVim " g CAIN MC simulation ]
() 1074 —
cryo RF gun cryo RF gun g 3
: 1 1 1 1 ] 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 :
« 4.2 km > 0 25 50 5 100 15
0020 T T T T T T T T T T T T T T
| |
| Final Focus parameters | Approx. value ||| XFEL parameters | Approx. value \ ) ) ) ) 1
Electron energy 62.8 GeV Electron energy 31 GeV Low 1ntegr.ated lumi concentrated in one spike. :
Electron beam power 0.57 MW Electron beam power 0.28 MW Produce Higgs bosons and not much else. |
B/ By 0.03/0.03 mm normalized emittance 120 nm />'\ 0.015 ]
Yex/VEy 120/120 nm RMS energy spread (Avy/7) 0.05% 8 ' i
oy/oy at e"e” IP 5.4/5.4 nm bunch charge 1 nC = i
0 20 pm Linac-to-XFEL curvature radius | 133 km S ]
bunch charge 1 nC Undulator B field >1T - |
Rep. Rate at IP 240 x 38 Hz Undulator period A, 9 cm < 0.010 4E1aser yEe —
oz/0oy at IPC 12.1/12.12 nm Average ( function 12 m ‘g m2 =1000 .
[’geometric 9.7 x 10%3* cm? s7! ||| x-ray A (energy) 1.2 nm (1 keV) Qo e .
op/E 0.05% x-ray pulse energy 0.7J S = 62.6 GeV T
L* (QDO exit to e~ IP) | 1.5m pulse length 40 pm \; i . o 3 5o 1
dep (IPC to IP) 60 pm g /vy (X/y Walst) 21.2/21.2 nm m 0005 Lumi top 20% = 1.3x10™ em™ s I
QDO aperture 9 cm diameter non-linear QED &2 0.10 S i i
= 1
| Site parameters | Approx. value ||| | -
crossing angle 2 mrad 0.000 T e .
total site power 85 MW ' 60 80 100
total length 3.0 km
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Replace 62.5 GeV C3e- beam w/ 7500 GeV PWFA e- beam
and simulate yy Collisions using CAIN MC

6.2E+09 then later switch to 5.00E+09

Technology PWFA 1y PWFA
Aspect Ratio Round Round
CM Energy 15 15
Single beam energy (TeV) 7.5 7.5
Gamma 1.47E+07 | 1.4E+07
Emittance X (mm mrad) 0.1 0.12
Emittance Y (mm mrad) 0.1 0.12
Beta* X (m) 1.50E-04 | 0.30E-04
Beta* Y (m) 1.50E-04 | 0.30E-04
Sigma* X (nm) 1.01 0.48
Sigma* Y (nm) 1.01 0.48
N_bunch (num) 5.00E+09

Freq (Hz) 7725 7725
Sigma Z (um) 5 5
Geometric Lumi (cm#2 s21) 1.50E+36 | 6.58E+36
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x=4.8 adjust parameters to get ~ 100 % conversion w/ linear QED

x=4.8 = 9100GeV e +0.034eV y (A=36 um)
o, =5pum N _=InC pe  =120nm 2PA4,=-0.9

' Right—Going Primary Photon Energy Spectrum after CP

108

2
gnon-linear QED

~100% Compton conversion efficency

not included

y FWHM

=21mm o,,=079mm d,6 =24 mm

E ..=4400J

pulse

Right—Going Primary Photon Energy Spectrum after CP

108

2.5

1.5

1.0

0.5

0.0

2 —
gnon—linear QED - 1 5 2
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x=4.8 adjust parameters to get ~ 100 % conversion w/ linear QED

x=48 = 9100GeVe +0.034eVy (A=36 um) a
o, =5pum N _=InC pe  =120nm 2PA4,=-0.9 E

dL/dW (10% /cm®/s/bin)

107° I
1073

1074 E

y FWHM
=44001]

Luminoesity Spectrum (v,7)

pulse

2 .
5 on-linear QED not lnChlded

n

~ 100% Compton conversion efficiency

Lumi 20% =4.5x10*° ¢cm™ s

No beamstrahlung/coherent pair

5 10

15

=21mm o,,=079mm d,6 =24 mm

E, (TeV)
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x=4.8 dial backE, .. .toget&2<1

pulse

x=48 = 9100 GeVe +0.034eVy (A=36um) a,,uy, =2.1lmm o,=079mm d =24 mm

o,=5um N _=1nC pe_ =120nm 2PA =-0.9 E, . =2607
Right—Going Primary Photon Energy Spectrum after CP Right—Going Primary Photon Energy Spectrum after CP
10 i B T T | T T ‘ T T ’ T T T | T ] ].O i 8 T T T T | T T | T | T T T
8r— 5 ] I 2
B gnon-linear QED not lnChlded N B gnon—linear QED =0.91
- ~ 22% Compton conversion efficency - 6 — =~ 22% Compton conversion efficency
61— |




dL/dW (10% /em?®/s/bin)

x=4.8 dial back E

x=48 = 9100GeV e +0.034¢eV y (A=36 um)

pulse

togetés <1

o, =5pum N _=InC pe =120nm 2PA4,=-0.9

Nyw= 1500

Luminosity Spectrum (v,7)

£ not included

non-linear QED

=~ 22% Compton conversion efficency

Lumi 20% =17.1x10** cm™ s

a

yeway = 2-1mm o, =079 mm d, =24 mm
E, .. =260 ]
Luminosity Spectrum (y,7)
[ T T T T | T T T T | T T T T T ]
g 100 -
. - .
E L -
=4
= 1071 —
- = 3
> - ]
~ L 2 _ _
NE - gnon-linear QED _091 -
8 -2 _
~ 10 3
1 E
= ~ 22% Compton conversion efficency §
=
1073 .
= =
Lumi 20% =11.4x10* cm™ s™ :
1074 i —
| 1 | | | | | | | | | | | | | | |
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x=1.2x 10> (try 1 keV XCC XFEL laser)

x=12x10" = 7500 GeVe +1keVy (A=12nm) a
c,,=5pum N _=InC pye  =120nm 2P A4, =+0.9 E

ez

=70mm o,,=5um d, 6 =15um
=0.721]

pulse
Luminosity Spectrum (y,7)

I | | | o | Abandon this config because
I g =0.40 | . . . .
g 100 - non-linear QED — yv—> Nx e'e, ey—>e+tNxee , N=23, ..
. i ] are not simulated by CAIN. These processes
2 ~ 9% Compton conversion efficency - . S
0 1 can be ignored for x <1000 , but not forx =1.2x10
< 1071 —
% g Lumi 20% =4.2x10* cm™ s™' .
3} B i S _ /S _
; - . 1 X 7 —Jx+1 " m,, (TeV)
S -2 L No beamstrahlung/coherent pair i m, .
= - - 4.82 2.4 0.2
3 I I 1000 32 2.5
1073 = - 1.2x10° 350 28
; ] Ignoring these processes would be the equivalent of
i | | | ignoring multiple 4,5,... W boson production in e”e” or
0 5 10 15 yy collisions. Thisis OK at 0.2 TeV & 2.5 TeV due to
E,, (TeV) phase space suppression, but not OK at 28 TeV.
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x=40

x=40 = 7875GeVe +0.33eVy (A=3.7 um)
=Spum N _=InC pe  =120nm 2PA4,=-0.9

o

ez

dL/dwW (10** /em®/s/bin)

1500

Nbin

1071

1072 |

1073

Luminosity Spectrum (vy,7)

a

y FWHM

2 —
gnon-linear QED _5 9

=~ 45% Compton conversion efficency

Lumi20% =4.8x10° cm™ s

No beamstrahlung/coherent pair

E, (TeV)

=024 mm o,,=270 ym d, =0.82mm

=5901]

pulse

=63 GeV, x =1000 XCC, there

is an incompatiblity between the longer laser wavelengths
=7500, x =1000 and the short

distance that must be maintained between the Compton IP
and the yy IP atx=1000 (<100 gm). This is due to the

angular divergence of the Compton scattered photon,

In contrast to the E

beam

required for E

beam

which grows as v/ x +1.

Hence, we try instead moderate x values such as x = 40.
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x=40 use spreadsheet bunch charge of N_=5x107

x=40 = 7875GeVe +033eVy (A=3.7um) a,puy, =024mm o,=270 yum d  =0.82mm
o,,=5pum N _ =5x10’ yé.,=120nm 2PA, =-0.9 E ..=5901]

pulse

Luminosity Spectrum (v,y)

T T | T I

1500
—
o

(@]

v05617

Npin=

a 2 _
e fnon—linear QED _59
»
Tt _
& .
~ ~ 45% Compton conversion efficency
E
5 107? - Lumi20% =3.0x10" cm™ s~ -
= 7
No beamstrahlung/coherent pair
1079 = B
- | . I |
0 5 10 15

E, (TeV)
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ey collisions at E, =140 GeV

l.P. geometric e ¢,,6,=5.1 nm

x108 rXe
:I TTT | TTTT I IIIIIIIIIIII I IIIIIIIIIIII Entries 2844
350 + .
_8 300 ;_ I(::::rlaolw 1.101e+0:
n 2505 K1 =0.39 nm E
%_ C t o=143nm |
200 -
“ g ]
(40] L ]
I= 150:— g
Z“’ 1005— —
50F =
—05040—30—20—10 0 10 20 30 40 50
x (nm)
>I<I1I.@|6I TT II IIIIIIIIIIII | IIIIIIIIIIII ;. pr
140 { -
120F o— o
q.) [ Integral  5.211e+08
O L 7
% 100p 4=0.06nm 1
% 801 } o=371nm -
o r ]
o«  60F .
c B ++ N (X #) :
= L 267
Za,) 40_ ,_O_ e
20 ) =
B ¢
NENEERERE AR Lo s

0—40—30—20 10 0

10 20 30 40 50
x (nm)

N,. in 3.3 um slice
2

rYe

N
o
o

T T

-
o
o

T

(&)
T o T T

z|<I1IOI|6I!\I\II\IIII
250F

|||||||||||||||

u=-150 nm ]
o =197 nm

|||||||||||||||

T Entries
Mean

Underfl

Std Dev

Integral  1.101e+09

2844
-1.501
1.966

low 0

Overflow 0

_=p

05646302010 0 10 20 30 40 50
y (nm)

>|<|1\(|)|6|||| TTTTTT

IYp

100~

Ne. in 3.3 um slice
B (@) [0}
? T T T ? T T T ? T T

N
o
L I B

||||||||||||

IIIlII

4 =-0.50 nm -

Entries
Mean

Std Dev
Underflow
Overflow

Integral  5.211e+08

1346
-0.499
5.351
L]

0

o=535nm

0—40—30—20 10 0 10 20 30 40 50

y (nm)

During the collision, the ¢ from
coherent e’e” production are focused

by the EM field of the oncoming e”
beam. This leads to focusing
(pinching) of the e~ beam.

This pinching creates very high fields
which leads to even more coherent
pair production and even higher fields.
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Return to 15 TeV and x=40 Turn on coherent processes

x=40 = 7875GeVe +033eVy (A=3.7pum) a,y, =024mm o, =270 yum d  =0.82mm
o, =5pum N_=5x10" e  =120nm 2PA, =-09 E ..=590)

pulse

Halfway through the collision CAIN complains:

(SUBR.COHPAR) Algorithm of coherent pair generation wrong.
Call the programmer prob,pmaxco= 8.309E-01 8.000E-01

Solution:
number of macro particles produced per coherent beamstrahlung photon =1 - 0.01

number of pairs of macro particles produced per coherent e+e- pair=1 - 0.0001
number of macro particles produced per incoherent particle =1 - 0.01

20



dL/dW (10*® /em?®/s/bin)

15 TeV and x=40

x=40 = 7875GeVe +033eVy (A=3.7 um)
o,,=5pum N _=5x10’

1500

Ny

Turn on coherent processes

1077

1073

Luminosity Spectrum (v,7)

a4, ey =024 mm o, =270 yum d  =0.82mm

ye., =120nm 2P A4, =-09

EM fields as high as 2x10"* V/m

~ 45% Compton conversion efficency

Lumi 20% =3.0x10* cm™? s™

No coherent pairs

5 10
E, (TeV)

Coherent pair production eats up the 7.5 TeV photons and produces many e+ that

—
@]

dL/dW (10%* /em®/s/bin)

E

100

1500

Nyin=

1077

10~4

10~ 6

pulse

=5901J]

V05706 ‘

T T T T I T T T T ‘ T T T T |

EM fields as high as 0.8x10"® V/m = 0.6 x Schwinger

2 —
gnon»linear QED _5 9

~ 45% Compton conversion efficency
Lumi 20% =0.42x10” cm™ s~

yes coherent pairs —

5 10 15
E, (TeV)
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pinch the e- beam leading to higher fields and even more coherent pair production.



Does CAIN Simulate the Field of Coherent e*te” Pairs ?

In recent private communication with Spencer, CAIN author K. Yokoya says NO.

CAIN manual is silent on the issue w.r.t. coherent pairs, but does mention incoherent pairs:

Particles created by incoherent processes do not contribute in creating the beam field.
Also note that the parent macro-particles do not change by particle-particle interaction.
All these come from the actual situation in hnear colhders where the incoherent particles
are much less in number compared with the nitial particles.

In the FORTRAN code, incoherently produced particles are given names such as
1IBW ', ‘IBH’, ‘ILL ", IBR ", whereas all other particles -- including coherently produced e*e- --
are given 4 spaces: °

The FORTAN code that calculates the EM field is filled with loops like this

DO 300 N=1,NP
IF(ISBIN(N) NE.IS) GOTO 300
IF(KIND(N).EQ.1) GOTO 300
IF(LOST(N).NE.0) GOTO 300
IF(PNAME(N).NE." ') GOTO 300
IF(TXYS(0,N).GT.T) GOTO 300

22



Replace CAIN EM FFT EM Field Calculation with Bassetti-Erskine 2d Gaussian Expression

Bassetti-Erskine CAIN

CAIN
(0,0) = center of charge distribution (0,0) = center of charge distribution

(0,0) = EM field minimum

— Wil

w,..sv\\\\\'l’illlk ity

5

|E[ (V/m)

23



Replace CAIN EM FFT EM Field Calculation with Bassetti-Erskine 2d Gaussian Expression

Bassetti-Erskine 1 Gaussian Bassetti-Erskine 2 Gaussians
6 X o X
180§I<I10I|III|IIII TTTT IIIIII\II TTTT lIIIEn(riesr e 2063 180§|<I110||IIIII IIIIIIIIIIII I IIIIIIII III\IEntriesr e 2063
ok { - ok { i
1403— ::-::::lw 7.sta7e+o;J 1403— ::::::w 7.987e+0:
120 - 120 -
) + ] ) :
100 + - 100 —
80 = 801 =
60 = 60 =
40+ = 40F -
r ¢ ] r ]
20 s ¢ - 20 JJ L —
—I Ll | Ll Ll | Ll Ll ‘ Ll e 1 | 1 Ll | Ll Ll | L1l | L1l \_ _I Ll | Ll Ll I Ll Ll | Ll 1 | 1 Ll I Ll Ll | Ll Ll \ Ll I_
—050—40—30—20—10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50
<0 I e x10° e
: Entries 2063 :""l""l""""""l""""""Emries 2063
1 40:_ * Std Dev 1.998 1 40 } } s::ev 7 ;.ssa
120 ++ g, 120 g
1001 } . 100F ]
80 N 80 -
60; ,: 60:_ } _:
401 = 400 * .
201

1 20- | -
. i ] 24
. ol ll I IIIIIIII | L1l I_

: L \Ill |
O6-40-30-20-10 0 10 20 30 40 50 —50-40-30-20-10 0 10 20 30 40 50




Replace CAIN EM FFT EM Field Calculation with Bassetti-Erskine 2d Gaussian Expression

Bassetti-Erskine 1 Gaussian vs Bassetti-Erskine 2 Gaussian for yy collision

¥CC y—y Higes Factory v04707 20211027(031903) CAINZ
Luminosity Spectrum 27,73
T T T I I I I I | ] T I I I [ T I I I | T I I I I I T
B T I T I ‘ I | I | [ | I | I [ | I | I | I I | I I I
2 100 -
4 &
4 . §
7 % -
L F -1 \ ]
g 10 = 3
< f :
g B N
[aV]
% - -
= 107° —
B - 3
3 - ]
= - i
s,
; - -
< 3
= 1072 = —
o] - =
4 ] | | | | | | | | ‘ 1 | | 1 1 | | | | 1 | | | | | | |
10™ o 25 50 H 100 125 150
E “T(:u] ( G C\_) E
[ | | Total [luuListit,_Y | 2.%95# q].[)()lfi(sf.at.ll.u)| plotted, I'i,\]l_lg-_ge| 2195 §107/¢m%/s | ]
0 25 50 75 100 125 150
W (GeV)

Total luminosity ~ 1.761+ 0.001(stat.1¢) plotted range  1.760 x10%*/cm?/s 25



Replace CAIN EM FFT EM Field Calculation with Bassetti-Erskine 2d Gaussian Expression

2 Gaussian Bassetti-Erskine vs CAIN EM Field

Xee y=y Higes Factory vo4769 . . 20211087(031865) AN
Luminosity Spectrum (v,7)

1 T 1 ' N l — f ‘ f —3

g 100 = —=

2

T ]

_ i

- -

5 1071k =

RSN - .

N L -

R - .

Q R _
)

% L _

= 1070 —

> - .

\Z\i N _

— - -

o N i
<

S 1070 —

o - ]

i | | 1 ‘ | | ‘ | | ‘ | | ‘ | | 1 | 1 i

107/1 b 25 50 75 100 125 150

c W  (GeV) .

- Total lurrrinosity 2.196% O.OOZ(stat.lU)| plotted range‘ 2.195 x1034/1m2/s -

C__1 | | 1 | | | | | - ! 1 | | | | | | | | 1 1 [ —

0 29 50 75 100 125 150

W (GeV)

CcIn

Total luminosity  2.105& 0.002(stat.lo) plotted range

2.104 x10*/cm®/s
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Wenlong Zhang Also Sees Pinching in e'e” Collisions

Luminosity: decreased by the disruption
Wenlong Zhang

1 —— Warm: QED

] —— Cold: QED
3.04 — cold: Non-QED
4 ---- Overlap moment

0 1 2 3 4 5
Time [0z/c]

Conclusions:
4+ Because the beams are expelled away from each other,

the luminesity is smaller than the geometry luminosity L

+ The density pinch, shown before, leads to the luminosity
enhancement, compared with the non-QED simulation
where the density pinch doesn’t occur.

TECNICO
LISBOA

Luminosity:
+ Warm beams:

L=265%x10" cm2s!

+ Cold beams:
L=339%10" ¢m~2s~!

+ Non-QED simulation with
cold beams:
L =1.68x10"cm 25!

Geometric luminosity:
2
N{]

2
4fm'0

L'G=

=1.18x 10" em2s7!

Wenlong Zhang | GoLP/IPFN, IST| 2019
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Summary

Not surprisingly, it is not straightforward to extrapolate a Compton Js =125 GeV yy collider to 15 TeV
The high EM fields produced by the tightly focused e~ beams lead to significant coherent beamstrahlung

and e”e” pair-production. This is excaberated by the produced e” which pinch the e~ beams leading to
even higher EM fields. These effects serve to wipe out the yy luminosity in the top 20% of the J$ distribution.

First attempts at exploration of parameter space have not produced a satisfactory configuration at Js =15 TeV

I have presented evidence that the e*e” from coherent pair production are used in the EM field calculation in CAIN

28
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