Supplementary Material of the paper

Accurate model for ultra relativistic interactions between laser beams

and electrons.

Alexandru Popa

PROGRAMS FOR NUMERICAL CALCULATIONS WITH MATH-
EMATICA 7

We have the following equivalences between the notations from the paper and the
symbols used in the scripts: I, = IL, A\, = AL, 7, = 7L, P = P, n; = ni, B, = pxt,
Byi = By, B =Bzt i =7, 0=0, 0 =0, c=c,m=m,e9g=¢c0, e =q, By =
EM1, By = EM2, wp, =wl, ay = al, ay = a2, fo = f0, f1 = f1, fo = f2, fo = f3,
vy=n, ft =t, An = An, fAn = a function equal to 1 for correct value of An,
Be = Bz, By = By, B, = Bz, ny = nx, ny = ny, n, = nz, g1 = gl,g2 = g2, g3 = g3,
Fy=F1, F, = F2 hy =hl, hp =h2, hy = h3, E, = Fz, E, = Fy, &, = £z
Iy = Iav, I = 11, 1, = lavn, Aty = Atl, E = G, ni; = nli, my = nlf, nu = n2i,

av

Nor = N2f, n3i =31, N3y = N3 f

1. Calculation of An

The input data are Ir, A\r, 7z, P, 0;, Bai, Byi and B.; . The output date is An.

Input data.
IL = 5 % 10" (24);
AL = 1.054 % 10" (—6);
7L = 600 * 10" (—15);
P=1,;
nm=0;
Bxi = 0;
Byi = 0;
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Bzi = 0.01;

_ 1 .
M= p—py2—pa2) (1/2)°
¢ =0;

c = 299792458;
m = 9.10938291 * 10" (—31);

€0 = 8.8541878176 * 10" (—12);

q = 1.60217657 * 10" (—19);
EMI = eO*c * (14 P);
EM2 = /52 * (1— P);

wL = 2% 7 * ¢/AL;

al = ¢ * EM1/(m * ¢ * wL);
a2 = ¢ * EM2/(m * ¢ * wL);

Calculation of An
f0 = i * (1 — Bzi);

f1 = —al * (Sin[n] — Sin[ni]) + i * Bxi;
£2 = —a2 * (Cos[ni] — Cos[n]) + i * Byi;

v = 52+ (1+£0% + 1% + £2%) ;
An = 10.61;

fA’I] = wL*rL*fO
1.00092

* (NIntegrate[y, {n, ni, ni + An}, AccuracyGoal — 12|)

2. Time as function of EM phase

The input data are I, Az, 71, P, 0, Bz, Byi and B.; .

of time versus EM phase from Fig. 1.
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The output data is the variation



Input data.
IL = 5 % 10" (24);
AL = 1.054 * 10" (—6);
7L = 600 * 10"(—15);
P=1,;
m = 0;
Bxi = 0;
Byi=

Bzi = 0.01;

_ 1 .
M= (s —py—pa)r(1/2)’
c = 299792458;

m = 9.10938291 * 10" (—31);
€0 = 8.8541878176 * 10" (—12);
q = 1.60217657 * 10" (—19);
EM1 = ,/60* x(1+ P);

EM2 = eO*c *(1-P);

wL =2xmx*c/AL;

al = g * EM1/(m * ¢ % wL);

a2 = g * EM2/(m x ¢ x wL);

Calculation of variation of time versus phase
f0 = vi* (1 — Bzi);
f1 = —al * (Sin[n] — Sin[ni]) + i * Bxi;
2 = —a2 x (Cos|ni] — Cos[n]) + ¥i * Byi;
7= gy e (140 41174 2);
f3 = v — 10;

ft = L*fO
Plot|[ft, {ymax, 0,10}, PlotRange — {{0, 12}}]

* (NIntegrate|y, {n, ni, pmax}, AccuracyGoal — 12]);

3. Calculations for Fig. 2(a)

The input data are Iy, A\r, 71, P, 0, Bai, By and B, . The output is Fig. 2(a).
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Input data.
IL = 1% 10"(22);
AL = 1.054 x 10" (—6);
7L = 600 x 10" (—15);
P=1,;
n=0;
Bxi = 0;
Byi =
Bzi = 0.01;

"= : ;
(1-Bxi2—Byi2—pzi?)A(1/2)’
c = 299792458;

m = 9.10938291 + 10" (—31);
£0 = 8.8541878176 * 10" (—12);
q = 1.60217657 * 10" (—19);
EM1= /A «(1+ P);

EM2 = /1= (1 - P);

wL = 2% *c/AL;

al = ¢ * EM1/(m * ¢ * wL);

a2 = ¢ * EM2/(m * ¢ x wL);

Calculation of An
f0 = i * (1 — Bzi);
f1 = —al * (Sin[n] — Sin[ni]) + ~i * Bxi;
2 = —a2 % (Cos[ni] — Cos[n]) + 7i * Byi;
v = 5o * (1+ 0% + 1% + £2%) ;
An = 881.1;
fAn = iom
1.00015

* (NIntegrate[y, {n, ni, ni + An}, AccuracyGoal — 12])

Calculation of 5z

f3 = v — 10;
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Bx =11/v;
By =12/7;
Bz =13/v;
Plot|Bz, {n, ni, ni + 10 * 7}, PlotRange — {{0, 32}, {0,0.3}}]

4. Calculations for Fig. 2(b)

The input data are I, Ar, 71, P, 1;, Bai, Byi and B,; . The output is Fig. 2(b).

Input data.
IL = 5 % 10" (24);
AL = 1.054 * 10" (—6);
7L = 600 * 10" (—15);
P=1;
n=0;
pxi = 0;
Byi=0;
Bzi = 0.01;

. 1 .
M= (1—ﬂ)d2—ﬂyi2—ﬁzi2)"(l/2)’
¢ = 299792458;

m = 9.10938291 * 10" (—31);
£0 = 8.8541878176 * 10" (—12);
q = 1.60217657 * 10" (—19);
EM1 = /L « (1+ P);

£0xc

EM2 = /1= x (1 — P);

wL = 2% *c/AL;

al = ¢ *x EM1/(m * ¢ * wL);

a2 = ¢ x EM2/(m * ¢ * wL);
Calculation of An

f0 = vi* (1 — Bzi);

f1 = —al * (Sin[n] — Sin[ni]) + ~i * Bxi;

36



2 = —a2 x (Cos|[ni] — Cos[n]) + i * Byi;
v = 5= x (1+£0% + 1% + £2%)
An = 10.61;

fA’I] wL*‘rL*fO
1.00092

* (NIntegrate[y, {n, ni, ni + An}, AccuracyGoal — 12|)

Calculation of fz
3 = v — 10;
Bx =11/;
By =12/;
Bz =13/v;
Plot[Bz, {n, ni, ni + An}, PlotRange — {{ni,ni + 1.2 x An},{0,1.1}}]

5. Calculations for Fig. 3

The input data are Ir, Az, 7z, P, i, Bai, Byi, Bz and ¢ . The output is Fig. 3.

Input data.
IL = 5 % 10" (24);
AL = 1.054 * 10" (—6);
7L = 600 * 10" (—15);
P=1,;
n=0;
Bxi = 0;
Byi=
Bzi = 0.01;

n= (l—ﬂ:d2—ﬂyi2l—ﬁzi2)"(l/2);

¢ =0;

c = 299792458;

m = 9.10938201 * 10 (—31);
£0 = 8.8541878176 % 10°(—12);
g = 1.60217657 % 10 (—19);
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EM1 = /1 % (1+ P);

EM2 = /1= x (1 — P);
wL = 2% *c/AL;

al = ¢ *x EM1/(m * ¢ * wL)
a2 = ¢ x EM2/(m * ¢ * wL);
20.1491

Calculation of An
f0 = i * (1 — Bzi);
f1 = —al * (Sin[n] — Sin[ni]) + ~i * Bxi;
2 = —a2 x (Cos|ni] — Cos[n]) + i * Byi;
Y= gl ¢ (0P 0024 2,
An =10.61;

fA’I’] - wL*‘rL*fO
1.00092

* (NIntegrate[y, {n, ni, ni + An}, AccuracyGoal — 12])

Calculation of kinematic quantities
f0 = i (1 — Bzi);
f1 = —al * (Sin[n] — Sin[ni]) + ~i * Bxi;
2 = —a2 x (Cos[ni] — Cos[n]) + 7i * Byi;
7= g * (14107 4117+ £2°) 5
3 = v — 10,
Bx =11/v;
By = £2/;
Bz = 13/7;
Calculation of scattered field components
nx = Sin[6] * Cos[d];
ny = Sin[6] * Sin[¢];
nz = Cos|d];
gl = _al*fO x Cos[n] + % * (al * f1 x Cos[n] + a2 * £2 * Sin[n));
g2 = az*fo * Sinfy)] + 35 * (al * f1 * Cos[] + a2 * £2 * Sin[n));
g3 = — 5 + (al * f1 + Cos[n] + a2 * £2 * Sin[n]);
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Fl:l_nx*fl_nx* __ nzxf3,
v Y v

F2 = nx % gl + ny * g2 + nz * g3;

hl = —-F1xgl+F2x (nx—%);

h2 = -F1%g2+F2x% (ny—%) ;

h3 = —F1%g3 + F2 % (nz—%);
Calculation of Tav, normalized to maximum value, as function of 6

F = o * (h1% + h2® + h3?);

Iavn = Nlntegrate[F'/An, {n, ni,ni + An}];

Plot[Iavn, {6, 0, 0.3}, PlotRange — {{0,0.3},{0,1}}]

6. Calculations for Fig. 4(a)

The input data are I1,, Ar, 71, P, i, Buiy Byis Bz, 0 and ¢. The output is Fig. 4(a).

Input data.
IL = 10" (22);
AL = 1.054 x 10" (—6);
7L = 600 * 10" (—15);
P=1,;
n=0;
Bxi = 0;
Byi = 0;
Bzi = 0.01;

s 1 .
M= e —py—pa) N (1/2)
9 = 0.108;

¢=0;

c = 299792458,

m = 9.10938291 * 10" (—31);
€0 = 8.8541878176 * 10" (—12);
q = 1.60217657 * 10" (—19);

R =10.01;
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EM1 = /1 % (1+ P);

EM2 = /1= x (1 — P);
wL = 2% *c/AL;
al = ¢ * EM1/(m * ¢ * wL);

a2 = ¢ x EM2/(m * ¢ * wL);
K=——awL .

e0xcx4xtxR?

K1l =e0*cx K"2;

Calculation of An
f0 = ~i x (1 — Bzi);
f1 = —al * (Sin[n] — Sin[ni]) + i * Bxi;
2 = —a2 x (Cos|[ni] — Cos[n]) + i * Byi;
Y= g (14 0+ 112 4 £29)
An = 881.1;

fA’I] = wL*‘rL*fO
1.00015

* (NIntegrate[y, {n, ni, ni + An}, AccuracyGoal — 12|)

Calculation of kinematic quantities
f3 = v — f0;
Bx =11/v;
By =12/;
Bz =13/
Calculation of scattered field components
nx = Sin[6] * Cos[4);
ny = Sin|[6] * Sin[¢];
nz = Cos|d];
gl = —2130 « Cos[n] + & * (al  f1 + Cosn] + a2 * £2 * Sin[n));
g2 — a2*f0 * Sinfy)] + 3 * (al * f1 * Cos[s] + a2 * £2 * Sin[n));
g3 = —8 « (al * f1 * Cos[n] + a2 * £2 * Sin[n]);

Plot [g3, {n,m,ni + An}, PlotRange — {{0,1.5An}}];

F1=1- nx+fl _ nyxf2  nz«f3,
v Y v

F2 = nx % gl + ny * g2 + nz * g3;
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hl =-F1xgl+F2x% (nx—%);
h2 = —F1xg2+F2x (ny—%);

h3 = —-F1xg3+F2x (nz—%);

EX=K*F1115;

Ey = K * 3%;

Ez=K*%”5;

Ii=eO*c*(Ex2+Ey2+Ez2);

Plot|[Ii, {n, 0, ni + 20 x 7}, PlotRange — {{0,20 * 7}, {0, 0.002} }]

7. Calculations for Figs. 4(b), 5 and 6

The input data are Ir,, A, 70, P, 0, Buis Byis Bis 0 and ¢. The output are Figs. 4(b)
and 5.

Input data.
IL = 5 % 10"(24);
AL = 1.054 x 10" (—6);
7L = 600 x 10" (—15);
P=1,;
nm=0;
Bxi = 0;
Byi = 0;
Bzi = 0.01;

s 1 .
M= e —py—pa) (1/2)
0 = 0.108;

¢=0;

¢ = 299792458;

m = 9.10938291 * 10" (—31);
€0 = 8.8541878176 * 10" (—12);
q = 1.60217657 * 10" (—19);

R =10.01;
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EM1 = /1 % (1+ P);

EM2 = /1= x (1 — P);
wL = 2% *c/AL;
al = ¢ * EM1/(m * ¢ * wL);

a2 = ¢ x EM2/(m * ¢ * wL);
K=——awL .

e0xcx4xtxR?

Calculation of An
f0 = i * (1 — Bzi);
f1 = —al * (Sin[n] — Sin[ni]) + ~i * Bxi;
2 = —a2 x (Cos|ni] — Cos[n]) + i * Byi;
Y= gl ¢ (0P 024 ),
An =10.61;

fA’I’] - wL*‘rL*fO
1.00092

* (NIntegrate[y, {n, ni, ni + An}, AccuracyGoal — 12])

Calculation of kinematic quantities
f3 =y — 10;
Bx =11/
By = £2/7;
Bz = 13/7;
Calculation of scattered field components
nx = Sin[6] * Cos[4];
ny = Sin[6] * Sin[¢];
nz = Cos[6];
gl = _al*fo % Cos[n] + 115 * (al * f1 * Cos[n] + a2 * f2 * Sin[n));
g2 — a2*f0 + Sinfn] + &  (al » f1 + Cosn] + a2 * £2 * Sin[n));
g3 = —7—3 * (al * f1 * Cos[n] + a2 x £2 x Sin[n));

Plot[g3, {n, i, ni + An}, PlotRange — {{0,1.5An}}];

F1=1- nxxfl _ nyxf2  nz«f3,
Y ¥ v !

F2 = nx % gl + ny * g2 + nz * g3;
h1=—F1*g1+F2*(nx—%);
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h2=—F1*g2+F2*(ny—%
h3=—F1>|<g3+F2>|=(nz—f3

¥

);
)

bl

Ex=KFlllg;
Ey=KFLI23-;
Ez=K§5;

Ii = €0 * ¢ x (Ex* + Ey® + E2%) ;
Calculation for Fig. 4(b)

Plot([Ii, {n, 0, ni + 1.05 * An}, PlotRange — {{0, 1.2 * An}, {0,2000000000} }]
Calculation for Fig. 5.

Plot[li, {n,4.1,4.5}, PlotRange — {{4.1,4.5}, {0, 2000000000} }]

nli = 4.18;

nlf = 4.38,;

Atl = NIntegrate [ 1=, {n, nli, n1f}]

1.9169409783726637*"-14
Variation of E (denoted by G) versus n. Calculation for Fig. 6.

G = 228 (h172 + h2"2 + h3*2)M1/2};

Plot[G, {n, ni, ni + 1.05 x An}, PlotRange — {{ni, ni + 1.2 x An}, {0,900000}}]

8. Calculations of harmonic intensities

The input data are Iy, Az, 72, P, 1i, Beis Byi, B, 0 and ¢. The output is the intensity

spectrum.

Input data.
IL = 5 % 107 (24);
AL = 1.054 * 10°(—6);
7L = 600 % 10" (—15);
P=1;
m = 0;
pxi = 0;
Byi=0;
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Bzi = 0.01;

_ 1 .
M= p—py2—pa2) (1/2)°
0 = 0.108;

¢=0;

¢ = 299792458;

m = 9.10938291 + 10" (—31);
£0 = 8.8541878176 * 10" (—12);
q = 1.60217657 * 10" (—19);
R =0.01;

EM1 = /1L« (1+ P);
EM2 = ‘/m*(l—P);

wL =2xm*c/AL;

al = ¢ * EM1/(m * ¢ x wL);
a2 = ¢ * EM2/(m * ¢ * wL);
K= ——awL _

e0xcx4xmxR?

_ e0xcxK"2.
Kl = 2% )

Calculation of An
f0 = vi* (1 — Bzi);
f1 = —al  (Sin[n] — Sin[ni]) + ~i * Bxi;
2 = —a2 x (Cos[ni] — Cos[n]) + 7i * Byi;
v = 55 * (1+ 0% + f1° 4 £2%) ;
An = 10.61;
fAn = sinm
1.00092

* (NIntegrate[y, {n, i, ni + An}, AccuracyGoal — 12])

Calculation of kinematic quantities
f3 = v — 10;
=fl/v
By =12/7;
Bz =13/v;

Calculation of scattered field components
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nx = Sin[6] * Cos[d];

ny = Sin[6] * Sin[¢);

nz = Cos|d);

gl = —2130 « Cos[n] + & * (al  f1 * Cos[n] + a2 * £2 * Sin[n));
g2 = az*fo * Sinfy)] + 55 * (al * f1 * Cos[] + a2 * £2 * Sin[n));

g3 = _—*(al*fl*Cos[n]+a2*f2*Sln[77])
Fl=1-oxfl _ opef2  nasfy,
v v v

F2 = nx % gl + ny * g2 + nz * g3;
hl =—-Fl1xgl +F2x (nx—%);
h2 = —F1xg2+F2« (ny—%) ;
h3 = —F1 % g3 + F2 % (nz—%);

Calculation of the spectrum
7 = 800;
nli = 4.18;
nlf = 4.38,;
12i = 5.04;
n2f = 5.24,;
n3i = 10.4;
n3f = 10.61;
Ilcj = Nintegrate [ 2% * Cos[j * ], {n, n1i,n1f}, AccuracyGoal — 100] +
NIntegrate [ﬁg * Cos[j * 1], {n, n2i, n2f}, AccuracyGoal — 100] +
Nlntegrate [ﬁ * Coslj * n], {n, n3i, 3}, AccuracyGoal — 100] ;
I2¢j = NIntegrate [ﬁg‘ * Coslj * n], {n, n1i, n1f}, AccuracyGoal — 100] +
NlIntegrate [ﬁg‘ * Cos[j * ), {n, n2i, n2f}, AccuracyGoal — 100] +
Nlntegrate [ﬁ * Coslj * n], {n, 3i, n3f}, AccuracyGoal — 100] ;
I3cj = NIntegrate [ﬁ- * Coslj * n], {n, n1i, n1f}, AccuracyGoal — 100] +
NIntegrate [ * Cos[j * 7], {n, n2i, n2f}, AccuracyGoal — 100] +
NIntegrate [ﬁg * Cos[j * 1], {n, n3i, n3f}, AccuracyGoal — 100]
I1sj = NIntegrate [F—lg * Sin[j * n], {n, n1i, n1f}, AccuracyGoal — 100] +
NIntegrate [ﬁg * Sin[j * 7], {n, n2i, n2f}, AccuracyGoal — 100] +
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Nlntegrate [ﬁg * Sin[j * 7], {n, n3i, n3f}, AccuracyGoal — 100] ;

12sj = NIntegrate [ﬁg * Sin[j = 1], {n, n1i, n1f}, AccuracyGoal — 100] +

Nlntegrate [ﬁg * Sin[j * n], {n, n2i, n2f}, AccuracyGoal — 100] +

Nlntegrate [ﬁ * Sin[j * 7], {n, n3i, n3f}, AccuracyGoal — 100] ;

I3sj = NIntegrate [ * Sin[j * 7], {n, n1i, n1f}, AccuracyGoal — 100] +

Nlntegrate [ﬁg * Sin[j = ], {n, n2i, n2f}, AccuracyGoal — 100] +

NIntegrate [ﬁ * Sin[j * 7], {n, n3i, n3f}, AccuracyGoal — 100] ;

Ij = goie x (I1cj*2 + 12¢j*2 + 13¢j"2 + I1sj"2 + 125j*2 + 135j*2)

0.0511397

ListLogLogPlot[{{60, 23.90}, {70, 6.756}, {80, 2.534}, {90, 1.786}, {100, 2.178}, {120, 3.075},
{140, 1.684}, {160, 0.8221}, {180, 0.3328}, {200, 0.4955}, {238, 1}, {250, 0.4004}, {300, 0.3217},
{350, 0.2479}, {400, 0.06457}, {450, 0.2223}, {500, 0.1230}, {600, 0.1181}, {700, 0.04912},
{800, 0.05114}}, PlotRange — {{50, 1000}, {0.01,100}}]
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