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izport nuzpy as np

izport satplotlib . pyplot as plt

izport pandas as pd

izport seaborn as sns

izport os

from A M ¥t ® ioport R_tvo_beam_sigza

& i

¥ Seaborn & %4 N B ¥

ans.set_theme{style="vhitegrid®, palette="muted®)

# pne.set_context{"paper"”, font_scale=1.2, re={"lines.linewvidth": 1.5k}

a8 4

2

data = pd.read_excel(® Fi fi1.xzlax")
gigsa_sexp = data(’ & & (e=-1)']). astype(float}.valuss
E_real = datal[*f & 8 (%) ].astypa(float) values / 100.0

& =

#F 8 (I uwnits)
1.602176634e=18 » C

epsl= B _BB418TB12Be~-12 & F/:o

=L

= §_109382T016e-31 & kg

< = 250 TO92_458.0 & =/s

# 3 4

def

daf

def

16 BB E

_czl_to_czegalcal)}:

e W [cem-1] RS AEE  [rad/s]"""

return 2Z*np.pl * c0 # (cal=100.0} & 1 cx™-1 = 100 =7-1

_mu_caughey_thomas(¥_cm3, zu_zmin, mu_sax, ¥_c, alpha):
=®rCaughey — Thozas il ¥ E K qi=="
return zu_zin + (mu_max - su_=in) / (1.0 + {H_cm3/N_c)#+alpha)

-2pa_lorentz _drude_omegal(ozega, eps_inf, T, wkL, g ph, w_p. g_n}:

*s"Lorentz-Drude H B FHMLA: ( }= o[1+(wl 2-wT"2) /(¥T"2- ~“2-1 g_ph
v p 2/ ( +1 g e)]mm

oRegAa = Np.ASArraylozega, dt.jpn-muplnﬂ # H Fonepga B W &

phonon = {uwle#2 - wTwel) f (uTé#s2 - omega++2 - ljeg_pheomega)

drude = v_pes2 [ (omegae(ozega + 1jég_ el + Of)

return eps_infe{1.0 + phnnnn','l = drude

Ja=




def n_sic 4H_signa{sigma _cz, N_co3, c_eff _rel=0,42):
HRH-SicH EHF H ¥ (Lorentz + Drude M T), #H & B % emm-1,
mEEEEfRCaughey — Thozas T W H HF
Wl : nf el k()

sigzma_cz = np.atleast_ld{sigma_cz).astype(float)

& SH-3iC § & & &
eps_inf = 6.566
sigma L ez = OT0.1
aigma T cz = TH2.9
Gamza_ph_cz = 5,501

# Caughey = Thomas If & & & 3%
me_max = B50.0 & cx"2/ Ve

g _min = 40.0 8 272/ Vs

W_c = 2aiT 8 c2"-3

alpha = 0,76

F M E SR E N
w = col to_omegalsigna co)
T = _cel_to_ocmegal(sigaa T cald
wL = _cml_to_czegalsigza_L_ca)
gEph = _czl_to_czegalGazca_ph_cz)
# T XDrude X/ _p T _e
1f H_ cnd > 1e<3; # N 22 S FXTo, PRLAEARFEERER 26

au = _su_caughey_thezas(N_c=3, su_zin, =u_zax, N_c, alpha) # c="2/Va

eu_S5I = ma * le-4 & 272 Vs

z_eff = m_eff_ral = z_a

w_p = np.sqri((N_ca3+le6) * e++2 / (epsld * =_eff}) & rad/s

g.e =a f (z_aff » mu_S5I) & 1/a
alae:

wp = 0.0

g.a = 0.0

¢ HRETEEERITRE




def

=
3

ops = _eps_lorentz_drude_ccegatw, eps_inf, «T, wL, gph, w_p,. g_a)
n_cozplex = np.sqrtieps + 0j)

return n_cosplex

& &
objective_function{paracs_scaled, sigma_data, R_exp_data, fixed_parazs}:

RESESHTNAL (R.calc - R_exp).
8
paracs_scaled: [d_scaled, logi0d_Ki. legi0_N2]
d_scaled: M A K6 S48 X
loglo ¥i: #— R # 2 HHE logid(N} (e="-3)
loglo ¥2: H - B+ M A loglo(N) (e="-3)
sigea_data; FHBEEM [e=~-1]
R oexp data: L EER H¥EHi
fized paraga: @ FHE KT E (00, 1 deg, =_sff_rel)
£ E:
rasiduals: R_cale - E_saxp

d_scaled, logl® N1, loglO_X2 = paracs_scaled

§ BB S g s o Ak TF B (N

d = d gcaled * le-6 & [ W2 2=
Hl_ca2 = 10swlogll Ni

¥2_caZ = 10#eloglDd N2

¢ R EEEE
n0 = fixed paracs['n0']
i_deg = fixed parazs['i_deg']

m_eff_rel = fixed_params['s_eff_rel']

nkl_cosplex = n_sic_4H_sigms(sigza_data, N_cn3=N1_cz3, z_eff_rel=z_eff_rel)
nkZ_complex = n_alc _4H sigealsigza _data, N_c=3=N2_em3, o_eff_rel=a_aff_rel)

R_cale = R_two_bear _pigza(sigea _data, n0, nkl_complex, nk2 complax. i_dag,
d, pol="avg")

# W R ocale PHILERE Na¥ ¥ Inf {f

if np.any{np.isnan(R_cale}) or np.any(np.isinf (K_cale)}l:




roturn np.ones_like(K_exp_data) » lell & = [I 8k R
return B_calc - H_exp_data

# Jacobian HBHETH (R
def calculate_jacobian(paracs_scaled, func, h_rel=le-5, *+kwargs):

EHARE2s 2 NAYE "func' ¥ 2 ¥F 'paracs_scaled’ ¥ Jacobian ¥ .
nuz_parans = len({para=s_scaled)
initial_residuals = func(paracs_scaled, *+kvargs)

nuz_rasiduals = len{initial_residuala)
J = np.zeros((nus_residuals, nus_paraszs)}

for i in range{nus_parasa):

p_perturb = np. array(paracs_scaled, dtype=float)

h = h_rel s abs(p_perturblil)
if h == 0: & -'fi .z. 'Ii P |_ = o :\ o
h = h_rel

p_perturb[i] += h
perturbed_residuals = func(p_perturb, **kvargs)

JL:, i) = {perturbed_residuals = initial_residuals) / kh
return J
# Newton-Raphson / Gauss-Newton 3 # B
def newton_raphson_fit(initial_parass_scaled, sigesa_data, R_exp_data,
fixed params,
zax_iter=100, tol=le-6, learning rate=0.01, verbose=True

b
parass_current = np.array{initial_params_scaled, dtype=float)

history = [para=a_current.copy()]

loss_history = []




for iteration in range(zax_iter):
residuals = objective_function(paracs_current. sigsma_data, RK_exp_data,
fized_paracs)
loss = np.suzf{residuals==2)

less_history.appendiloss)

J = calculate_jacobian{params_current, objective_functiom,
sigma _data=sigea _data, R_exp_data=R_exp_data,

fixed paraca=fixed_p arama)

if np.any(np.isnan(J}} or np.any(np.isinf(J}) or np.any{(np.isnan(
residuala})} or np.any(np.isinf{residuals}):
1f werbosga:
print(f"# f {iteration}: Jacobian A X P H & NaN & Int. #
' ]
braak
# Gauss-Heveon H-, M H np.linalg larsq § T8 (2 57 &
Ly
delta_parass = np.linalg, lsteq(J, -residuals, rcond=Nome)[0]
except np,.linalg. LinilgError:
if verbose:
print(f" i f {iteration}: MABF HEm. L.
break

parazs_next = params_current + learning rate * delta_paracs

R S

parazs_next[0] = np.saxiouc{params_next[0), 0.01) & & 5 & 0,01 usm
parazs_next[1] = np.saxzizus({params_next[1], 15.0) & N1 & | lels cz"-3
params_next [2] = np.zaximun(params_next[2], 15.0) & H2 & < 1el5 ex™-3

B oK g
param_changes = np.linalg.norm(paraza_next - pAracss_current)
if paran_change < tol:
if wverbose:
priomt (" 5 &% fi {iteration} W & . $#H F & : {paraz_changs:.Ze)*}
paracs_currant = paracs_next
history.append (paraza_current . copy{) 3




if

braak

parazs_current = parazs_next

history.append{paracs_current.copy()}

if werbose:
priot{f*# f, {iteration}, Loss: {loss:.Ze}, # #: {parass_current
[0):.2f} p=, 10"{paracs_current [1]:.2f}, 10" {params_current
[2]:.283")
alae:
if werbose:
print (f*# {zax_iter} HBERE RN H. R £ 8 ¥ L: {paran_change
1L.2a})

final_leas = ap. aus(objective_function(parass_current, sigea data,
E_exp_data, fixed parass)s+Z)

logs _history.append{final loss}

if verboss:
print{f= &% ¥ Losa: {final_loss:.2e}")

return paracs_current, np.array{history), np.array(loss_history}

_haze__ == " _ gpin "
output_dir = "plot_data_for_paper™
0%, sakedirs(output _dir, exist_ok"True)

¢ EHEER
0 = L.0#8 AMAMN (ZX)
i_dag = 10.0 & A &4 [=]
meff rel = 0.42' ¢4 FHREE (BHTHTFHEE)

fized_params = {
nd': nd,
i deg®: 1 _deg,
‘e _eaff _ral': m_eff_rel

T AL ER-
# d_scaled (uz), loglO N1 {loglOles"-2))., loglO_¥2 (loglOfem™-32)




d_uz_start, d_uz_end, d_uz_steps = 6.0, 12.0, 4§
logi0d_Ni1_start, logld_Ni_end, logld_XNi_steps = 16.0, 18.0, 4
logli0_N2_start, loglQ_N2_end, loglQ_K2_steps = 17.0, 19%.0, 4

d_uz_grid = np.linspace{d_ua_start, d_um_end, d4d_uz_steps)
logl0_N1_grid = np.linspace{logl0_N1_start, loglO_Nl1_end, loglO_N1_steps)
logld K2 _grid = np.linspace{logl0_NZ_start, loglO_N2_emnd, logl0_N2_steps)

bast _losa = np.inf
best_parazma_sacaled = None
best _histery = None
best_loas_history = HNone

best_initial puszs = None

toral _runs = 4 _us_steps # loglo N1 _atepe + legll K2 ateps
run_count = O

print(f*\nfF S 2 {total runs} R MEHFTELEEE...")
print (£ M & (p=) £ W: {d_us_grid}*)

print (£ [ N1 (log1o) 7 W: {loglo_KNi_grid}=*}
print{f"H K H2 (logld) L M: {loglo_K2 grid}=}

izport itertools
for d_init, Nil_init_logl®, N2_init_leogl?d in itertools.prodect(d_um_grid,
logld Nl_grid, loglQ_X2_grid):
run_count += ]
current_initial_parazms = [d_init, N1_init_logld, N2 _init_loglo]
print(f*\n--- EH ¥ {run_count}/{total_rtuns} M ¥ &, WHNH: d={
d_init: . 2fkpz, loglOo(N1d={¥1_init_logl0d:.2f}, loglO(N2)={
NZ_init_logl0:.2f} ---")

¢ ANUAER, AALUERNTHTREAAND
final_paracs _scaled, history, loss_history = nevton_raphson _fitf{
current_initial paraea, sigma _exp, R_real. fixed paramsa,

sax_iter=200, tol=le-6, learning rate=0.01, wverbose=Falas

current_loas = np.suz{objective_function(final parass scaled, sigca axp
. B_real, fixed parass)es2)




priot{f*# {run_count}/{total_runs} K £ F &. B ¥ Loss: {

current_loss:.2e}")

if current_loss < best_loss:
bast_loss = current_loss
bast_parass_scaled = final_parass_scaled
bast_history = history
bast_loss_history = loss_history
best_initial _guess = current_initial parazms

primt{f*—> R MW H K & W& Loss: {beat_loss:.2el")

Prlnt.{“'l'.n---z---nz--------n--nz-.--rx--n--uz-------z-u---:--l“}

print(* AREEE R "2

print(*=cs=sssscssssssssssssssSssosSsssssssssssssssssasssss® )
print{f " FE WM HH M (dua, loglo N1, logl0_K2}: {best_initial gusss}®)
print{f* & § A Loss: {beat_loss:.28}")
@ B BENSER
if best_paracs_scaled is None:
priot{" KA EHFHAASCAE, FEEEH HYHEEE. =
exit ()

final d_uz = best_parasns_scaled[0]
final_Nl1 ce2 = 10+sbest_parass_scaled[1]
final_N2Z_cz2 = 10*+bLest_parass_scaled[2]

print{"\n--- R HEL£E ---")

print (£ M ¥ d: {final_d_uz:.2f} p= {{final_d_um+*le-6:.3e} =)*)
print{f" M &+ N1: {final_N1_cz3:.2e} cz™-3%)
print{E" 9 E @ & N2: {final_NZ_ ce3:.2e} cz~-3"}

# EHEAREEEHGE

plt. figure(figsize=_10, &})

final _ d_= = final_d_u=z + 1a-6

final _nkl = n_sic_4H sigma{aigma exp, N_ced=final N1 _en3, =_eaff rel=
c_eff_ral)

final nk2 = n_sic_4H_sigona{saigma sxp, N_ce3=final N2 _cn3, m_sff rel=
e_eff_ral)




E_fit = R_two_beas_sigza(sigza_exp, n0, final_nkl. final_nk2, i_deg.
final d_=, pol="awg™}

plt.plot(sigza_exp, R_real = 100, o', markersize=4, label=' 2@ #rdf-,
color="red")

plt .plot (sigea_exp, R_fit = 100, *-', linevidth=2, label='#l{ #f ', coler=
"blua®)

plt.xlabel(" ¥ & ($\zathra{ec=}"{-1}3)}"'. fontsize=14)

plt.ylabel (" & 8 & (¥}, fontaize=14)

plt.tick_parama{axia='both', which='=major', labelsize=12)

plt.legend (fontsize=12, frameon=True, shadoew=Trus}

plt . grid{True}

plt.tight_layout ()

plt.savefig(os path. join(output_dir, ‘reflectancs_fit.png'}, dpi=300)
plt . show()

P RUEERERSRE
reflectance_data = pd. DataFraze({
*Wavenusber (ecs=-1)}': sigma exp,
"Expericental Reflectance (¥)}": R_real = 100,
'Fitted Reflectance (X)': R_fit + 100
1
reflectance_data.to_csvios.path,jein{output _dir, 'reflectance_fit_data,csv’
1, index=Falsal}
print(f"E H XML HEWE RN £ {os.path. join{output_dir., *

reflectance_fit_data.csv'}1")

# M EHEASE Loss

plt . figure(figsize=(8, 5}}

plt.plot{besat_loss_history., marker='oc', linestyle="-', rcarkersize=4, colors=
*black®)

plt . xlabel (" # {f A E . fontsize=14)

plt.ylabel{‘Loas (¥ £ F % fu)*', fontaize=14)

plt.tick_params{axia='both', which='=major', labelsize=12)

plt.yscala( log")

plt . grid{Truea}

plt.tighe_layout ()

plt.savefig(os. path. join(output _dir, 'loss convergence . png’ L+ dpi =300%




plt . show()

& ¥ Loss ¥ HAE
loss_history_df = pd.DataFrame({
*Iteration': np.arange{len(best_loss_history}),

*Loss (Sus of Squared Residuals}': besat_loss_history

3

loss_history_df.te_csv{os.path.jein(output_dir, 'loss_history_data.csv'},
index=Falsa)

print(f"Lloas H # H W E H F F {os.path. join{output_dir, 'loss_history_data.
cav')i")

t RN e

fig, axes = plt.subplots(3d, 1, figsize=(10, &), sharex=Trua)

axea [0] . plot (best_histery[:, 0], marker=‘o', zarkersize=3,6 color=smns.
color_palette(®suted®) [3])

axes [0]. set_ylabel(* B & ($\zufs)', fontsize=14)

axes [0].tick_parazs(axis='y', vhich®'zajor’', labalsize=il)

axes [0], grid(True)

axes[1].plotibest_histeoxry[:, 1], marker='o', markersize=2, color=sas,
color_palette("=zuted”®) [4])

axes [1].set_vlabel('logd {10}3(N3_13 cad3 {-3}18)"', fontsize=l4)

azes[1).tick_parazs{axis="y', which='zajor', labelsize=12)

axes[1] . grid(True)

axes [2] .plot (best _history[:, 2], sarker='o', markersize=3, color=sns.
color_palsttal®=uted®} [5]}

axes [2] . set_ylabel('log®_{10}F(NE_2% ca$~{-2}%)', fontsize=14)

axes [2] . set_xlabel('# S &', fontaize=14)

axes [2].tick_parazms{axis='both', which='major’, labelaize=12}

axes [2] . grid(True)

plt.tight_layout()
plt.savefiglos. path. join(output _dir, ’pnramatnr_:nnvnrgun:ﬂ.png‘}_ dpllEﬂﬂ}
plt.ahow ()




parazeter_convergence_df = pd.DataFrace({
*Iteration': np.arange{len{best_historyl)),
*Thickness (us)': best_historyl:, 0],
*loglO(¥N1)': best_historyl:, 1],
*logl0 (N2} "': best_historyl:, 2]
1
paraneter_convergence_df . to_csvi{cs.path.join{ocutput_dir, '
parazeter_convergence_data.csv'})., index=False}
print(f" £ HEH RV RF F {os.path. join{output _dir, *

parameter_convergence_data.cav'l}®)

Listing 1: FIRE 2 Os-2F 05K 10 Ay R (hEE R

# -#- coding: utf-§ -=-
FRZRBTHAR TR AACSVERIBEH RN, S ETHEEW
HEREARAMARNRFEET ARE S E AT,

ETE 8

= M refractiveindsr.info #£ L H C3V T H (4 'vln' & "wl k'
BRAHE s RALER & BT,

- HE—TEEHENE () HEREER, X7  HEE (e -1) .

- HEREERAHANBAALEN AR S AL ENE,

izport re

iZport DUSpY a5 np

froz pathlib izport Path

froz matplotlib izport pyplot as plt

ﬂ -8 4-F 4+ -2 2 444 R-F-R4-1-4-F-2-F 4 -2-9-F-|-F-2-9-1 9
1) MhooSV RMEBALE n1( ) HME

# SzooEzooESCoEOoOCoEoCOoISCIoRoOSSoR

def load_refractive_index_cav_two_blocks{path: str}:

WA
B refractiveindex info M 8 CSV X &.

IHhELEREARARE:
- H—RELX ‘vt : FiH vavelengthipel . .n

LE £




- WoRRE W1k  EHA vavelengthlp=]l, k
i H: (vl_n_data, n_values), (vl_k data, k_values)
#5 wili_n_data, n_values, wl_k _data, k_values ¥ ¥ nuspy # i,
#ERBEEFFAHA,

Figohd vl B, EEHHELEER.
p = Path{path}
if not p.exista():
raise FileNotFoundError(f" i f % # #|: {pathl}®)

# HW RON HEBEASE DG
rav = p.read_text(encoding="utf-8*, errora="ignore=).lstrip{“‘ufeff=)
lines = rav.splitlines(}

¥
idx n = idx k = Nona
for i, 1ln in anuserats(lines):
g = lon.strip(l.leccip("\ufelf")
it re.catch(r®*"wliss[,;\s]l\sen'\oe$*, s, flagse=re. IGNORECAZE}:
idz.n = 1
if re.patch{r""wliss[,;\sl\sek'\s+3", s, flags=re. IGRORECAZE}:
idx k = 1

if idx_n is None:
raise ValueError(* £ #H "vl.n* K i, #HEHF 5 THFHEL. M
if idx _k is Xone:
raise ValusError(*# £ 8 "wl k' . BF £ x KEHFE, HHE
btuild nl_from_csv™ & #. *)

def _collect_data(start_idx, end_idx):

vavelangths, valuss = [], []

for 1n in linesa[start_idx + 1:end_idx]:
8 = 1ln.atrip{)
1f (not a) or a.startavith("&"):

continue

partz = [t for t in re.aplit(x*[,%s;]+*, 8) if t]
if len{parta) < 2:

continue




def

try:
wl_v = float{parts[0]}
v = float(parts[1])
azcept ValueError:
continue
wavelengths.append (w1l _v}
values . append{v}
wavelengths = np.asarray(wvavelengths, float)
values = np.asarrayf(values, float)
order = np.argscrt(vavelengthsa)

return wvavelengths [order], wvalues[erder]

wln, n_vals = _collect_datalidzr_n, idx_ k) #n HHEF
wl k. k_vals = _collect_data(idx_k, len{lines)) & 2 S5

if wl n.gize == 0 or wl k. aize == {:
raiss ValueErrorc(* M i & n & &k B v, FHFIHFHLL. )
return (2l n, n vala), (wl &k, k_wala)

cyeate_nl_interpolator_froz_two_block csvi{cev_path: str, £ill_sode: str = *©

edge™):

£T (vln) § (vl.k) WERAN, BN HFHE n1( ) =al ) + 12k( ) HEHR
28

- AR EPE B S cmm-1,

= "f1ll sode=‘edge’'": M T H UKW AEN N ES, S HERHMN AL NN,

= "f41] pode="nan'": M F HAUABW XA ESEE, SRS LR E NaN,

Fosv PFHFE ‘vl k' B, MDY xop 2 (ENFAHF o Hih c2v) .

# M : (nl_of _sigma_func, (sigea_zin_range, sigea_sax_range))

¥ nl_of_sigoa func E—4THAGE, EFFH (co-1) FEH ni.
sigma_min_range f sigoa _zax range EH K EHRE ESHHEAR,

.

p = Path{cav_path)

rav = p.read_text(encoding="utf-8%, arraru-'lgnnrn‘].lutrip{'\uiuii‘J
lines = rav.splitlinea()

norz_lines = [ln.strip(}.lstrip{*‘\ufeff"}. lower(} for ln in lines]




idx n = idx_k = None
for i, h in enuzerate{morz_lines):
if re.patch{r" " wlhs+*[,;%al\se*n'a*E", h):
idz_n = i
if re.catch{r" vwlie=[.;\s]l\sekia*$", h):
idx k = 1

if idxz_n is HNone:

raise ValueErrer{(* £ # 8 "wvl.n' # %, WX F C5V X H &£,

def _collect_data(start_idx, end_idx):
wvavelengtha, wvalues = [], []
for In in linea[start_idx + 1:end_idx]:
8 = 1ln.strip{)
if (nat &) or & startavith("s"):
continus
parts = [t for t in re.split(x*[,%s;]1+*, 8) 1f t]
1f len{parta) < 2:
continue
try:
vavalengths . append{float (parts[0]}}
values ., append(float (parts[1]1)}
axcept ValueError:
continue
¥avelengths = np.asarray(wavelengths, float)
values = np.asarray(values, float)
order = np.argsert{vavelengths)
raturn wavelengths[order], values[order]

end_n_block = idx_k 1if idx_k is not None else len{lines)
wln, n_vals = _collect_dataf{idxz_n, end_n_block)}

if ddxz_k is not Noma:
wl_ k, k_vals = _collect_data{idz_k, len{linea})
aigea k = lad J wlk & Folpe) 3 EHElcz™1)
ordar = np.argaurt[nigmn_k}
sigaa_k, k_vals = sigzma_k[order], k_vala[ocrder]

alsa:

A

f w AN k=0

Y




wl_k, k_vals = wl n.copy()}, np.zercs_like(n_vals}
sigea_k = led / wl k

order = np.argsortisigza_k)}

sigaa_k, k_vals = sigma_klorder], kx_vals[order]

sigza_n = led / wl_n
order = np.argsort{sigza_n)

sigza_n, n_vals = sigsa_n[order], n_vals[ordex]

¢ RENENEEZSAEN o o EHEREITS)
valid_sigza_sin = pax{fleat{sigza_n([0]), float(sigma_k[0]))}
valid_sigsa_sax = sin{float{sigma_n([-1)), float(sigea_k[-1])})

def nl_of sigmalsigma_ce_input}:
g = np.atleast_1ld({sigsa_e=_input) . astype(fleat)
if £11) _pode == “adpas.
n_interpolated = np. interpi(s, sigza n, n_vals, la!t-nhvalafﬂ],
right=n_valsa[-1])
k_interpolated = np.interp(s, sigsa_k, k_vals, left=k_vala[0],
right=k_wals[-1])
elge: ® fill gode == "nan
n_interpolated = np.interp(s, sigsa_n, n_vals)
k_interpolated =

8 T EHEERENESR

=

np.interpl(s, sigza k, k_wals)
HHEE A, &H Ha¥
out_of _range = (5 < valid_sigza _=zin) | (s > valid_sigza_szax)
n_interpolatedlout_of _range] = np.nan
k_interpolated[out_of_range] = np.nan
raturn n_interpolated + 1j = k_interpolated

return nl_of sigsa, (valid_sigsma_sin, valid_sigma_zax)

daf _calculate_cos_theta{n_incident, n_layer, theta_incident):

-

HEREA TG EER cos(theta_layer).,




daf

def

def

# il Snell E# n_incident » sin{theta_incident) = n_layer * sin(
theta_layer).

ABEHATHTFFRUARSE N RE,

sin_incident = np.sin(theta_incident}

d§ NV EZFA AR Y (o_dnc/n_layerdes2 + s+*2 > 1 Jo it F 5 4 =

cos_layer_squared = {1 - (n_incident / m_layer)}**2 #* sin_incident®+2).
astype{cozplex)

cos_layer = np.uqrt{nna_lagur_aqu.nrud}

¢ HEFHE: ARTHENEREE

return np.vhere{np.real(cocs_layer) < 0, -cos_layer, cos_layer)

fresnel_s_polarization(n_i, n_j, eos_i, cos_j}:
"

R s-Ndk (TERL) HTEFRMNEER r PRHRH ¢,

n.i, o] SHAANIARBNIENENE,

cen i, eos ] FEAINMARIN AN EE.

re = (n i * cos_ i - mn_] * cos_j) / (n_i » cos_i + n_j * cos_j)
t. 8= T an io* cos 1/ (n_d * cos i+n e cos_ji

return r_s5, t_s

_fresnel_p_polarizationin_i, n_j, cos_i, cos_j}:

A8 p-RiE (THER) WHERSAMNEY «r PRAMNRY ¢.

ni, o] SHNANITERERSIRATHE,

cos i, cos_j S B % MH M HENHe,

rp=fin_j * cos_ i ~—m_i * cos_j) f (n_] * cos_i + m_1 * cos_j)
tp=2*n_4 % cos_1 f (n_J * coa_i +n_1 » cos_j)

return r_p, t_p

morealize refractive_index_imput{valua, u_tg:a_c.n} :

LR

HEHEGAXE DS RR "eignacn” FH—-—BEH A HHE,
*yalue® WM B




- KR (FHREHR)
- WHENR: BF ‘sigeaco” FEEHREAFAHIRFTHF
- HELENKYE YR 5 “sigma_cz” WA (BT
5 = np.atleast_ld(sigza_cz)
if callablef{value);:
arr = np.asarray{value{s), dtype=complex)
alse:

arr = np.asarray{value, dtype=complex)

if arr.ndim == 0 or arr.size == 1: & - §
raturn np.full{s. shape, cnnpln:{arr} % dtjp-u-r.nnpla-:}
¢ 2HER s HER
tER!
raturn np.broadcast_tofarr, = shape). astype(conplex, copy=Falsze)
sxcept ValueError:
raiss ValusErrer(
"R HESEEAE farr.shape} THR/"EINHEHF N {a.shaps}, =
"HAEERE, BREASANTHEAEN, A5 HARAFR - R EA,

#

¢ EMEHEEE (HEw)

def calculate_R_twvo_beam{sigma_cz, nd, nl_ref_index, n2, incidence_angle_deg,

layer_thickness, polarizaticn="avg®}:

TRALENRATERLES ¥ RO ),

= = %k R4 ca™=1,

-mn0: A MAE6IFHE,

- mni_ref index: MEHEBHFHE, TR EFE, THASR (sigea > n1) EH
1

-n2: #EASEGHHEE,

- incidence_angle deg: A MM, B H.

- layer_thickness: MENE,K B4 % (=).

- polarization: W#ME L, F& "a=, "p*. "avg® (R F ),




SRemlAdEY: =22 +spledeces{i)s o, Hif p=1002 _ca (o
=1}

sigma_ca = np.atleast_ld{sigma_co).astype(float)

thetal = np.degZrad{incidence_angle_deg)

cosl = np.cos{thetal)

nla = _norsalize _refractive_index_input (nQ, algna_ca}
nia = _norzalize_refractive_index_input (nl_ref_index, sigma_cz)

n2a = _norzalize_refractive_index_input(n2, sigma_cz)

cosl = _calculate_coe_theta{ndz, nila, thetad)
coa? = _ecalenlate_cos_theta(nls, n2a, thetal)

# HEBEYN ce™-1 HBH 271
sigea = = 100.0 ¢ signa cm
¢ HAFENLET

beta = 2 & np.pi * nis * layer thickness + cosl & sigma ©

def _calculate_branch(kind}:
if kind == "g";
r0l, t0l = fresnel s _polarization{n0s, nls, cosl, cosl)}
rl2, _ = _fresnel_s_polarizationinls, n2s, cosl, cos2)
_¢ 210 = _fresoel_s_polarizationf(nls, nls, cosl, cosd) 4 = & nl->
nt #FoEEMER

elsw: # kind == "p
i, t0l = _fresnel_p_polarization{nds, nls, cosl, cosl)

riz, _ = _fresnel_p_polarizationinis, n2s, cosl, cos2)

I S L _f:lunul_p_pnlnrl:ntian(nla. nlsa, cosl, cosd) # &+ & npl-=»
FEERESNMEMNE S

reflection_azplitude = r0l + t01 » ti10 » ri2 » np.exp(lj * 2 » beta)

return np.abs(reflection_asplitude)s+2

14 pnlari:ation.laver{} == =g
raturn _caleulate _branchi(®a")

if pnlarizatinﬂ.lﬂrar{j Ly o




roturn _calculate_branch("p")
return 0.5 = {_calculate_branch("s*} + _calculate_branch(®p"))

def calculate_R_sexact(sigma_cz, n0, nl_ref_index, n2, incidence_angle_dag,

layer_thickness, polarization="avg®, return_complex_r=False}:

HHEERRAEFE SRR ME R ).
£H/EILE “calculate_R_two_beaz™ [,

HE
- # “polarization=‘avg'':® HLEFTHEHE R.
# “return_complexr r=Trus", MM ¥ (r s  rp) TEEEXEWEEHES.
- # ‘polarization='s'" B “'p*'": EEHEEEY R.
# “raturn_cospler r=Trus"~, M B Ed LSRG ERSEENE &,
LR
sigma_ca = np.atlaast_id{aiana_cm}.aatjpa{flnat]
thetal = np_ deglrad(incidence_angla_ deg)
cosl = np.cos(thatald)

n0s = _norcalize_refractive_index imput(nd, sigea_cm)
nls = _norcalize _refractive_index_input(mnl_xef index, sigma cz)
nZs = _norcalize refractive_index input(n2, sigma_cz)

cosl = _calculate_cos_theta(n0s, nls, thetald)
cos2 = _calculate_cos_theta{n0s, n2s, thetald)

sigea_= = 100.0 = pligma ez & ocz"-1 to 7=l
beta = 2 = np.pi * nils * layer_thickness * cosl * sigma_=m

o_phase = np.exp(lj # 2 # beta) # T E A E S84 HH

def _calculate_sxact_reflection{kind):
if kind == ®"a®:
r@l, _ = _fresnel_s_polarizaticon(nla, mila, coal, coal)
riz, _ = _freanel_s_polarizationinla, n2a, coal. coa?)
elas: # kind == "p°
el

riz, = _fresnel_p_polarizaticninls, nls, cosl, cos)

-

= _fresnel_p_polarization(nds, nis, coal, cosl)




= i 1t D s ks -k
f FREELINEEERLE

r_cozplex = (rd1 + ri2 = a_phase) / (1 + 0l = ri2 » e_phase)

return r_cozplex, np.abs(r_cozplex) %2

if polarization.lower{) == =g=;
r_8, R_s = _calculate_exact_reflection{("s"}
return (R_s, r_s) if return_cozmplex_r alse R_s
if polarization.lower{) == *p%:
r.p:. R p = _cnlnulatu_n:act_raflcctiun{'p‘}

return (R_p. r_p) if return_complex_r elae R_p

t R REFaEH
ra, R_a = _calculate_saxact_reflection(®s"}
r.p, R_p = _caleulate_sxact_reflection{*p")
Ravg = 0.5 = (R_.s + R_p)
i1f return_cozplex_r:

raturn R_avg, (r_s, r_p)
return R_avg

W -
#4) EENE: EE®EN al( ) §EHE

R L L L L L T T T repepepppap———————

def build_nl_interpolator(csv_path: str, fill _zcde: str = “"edge"):
BH sV X (MEWHN, #4 c EHAOE =0) |
#®E nlf{sigaa cz) THHSEEER Y KEHEN.

RExd:
nil_func, {sig =min, sig_max) = build_nl_interpoclator{®material.cav"}
reflactance = calculate_R_exact(aigza_array,. n0=1.0,
nl_ref indeax=nl_fumc, n2=3.5+07],
incidence_angles deg=15,
layer_thickneas=500a-8)
mun
return create _nl_interpolator _frozm_two_block_cavi{cav_path, fill _mode=
£111_=oda)




if

__hame__ == " gain__":

# H® CsV ERAHERE (ELd 'vin' ® 'vl k' W E)
DATA_PATH = r®"Larruguert.csv®

try:

g 1) HEWEHE o1 ) RENRS
nl_interpolator, {slg:n_rangﬂ_:in. aignn_rungu_:ar} =
build_ni_interpolator (DATA_PATH, £ill_mode="edge*}

D ELHESER
sigza_values = np.linaspace (400, 4000, 2200) # HEBEEM (c2™-1)

nd_incident = 1.0 P AHAEENE (A S
o B

nZ_substrate = 2 Tesd #f EESFTEXE (Hi 51
T, HIEEERESEE

layer_thicknass_= = 25008-9 P HEREF (R)

incident _angle_deg = 20 oA HE (R

f 3 HHEE MK

B H M EMNHEE M5

reflectance_two_beaz = calculate R_two_beaxn(
sigsa_values, nl_incident, nl_interpolator. n2_substrate,
incident_angle_deg, layer_thickness_s, polarization="avg"

Al

PREFSSERAAUNENE, SANIRENEY

reflectance_sexact, (r_s_cooplex, r_p_cozplex) = calculate_R_exact(
sigea_values, nl_incident, nl_interpelator, nZ_substrate,
incident _angle _deg ., layer_thickness =, polarization="awvg"®,

return_cooplex _r=True

F4) BF (AWM EER, THESTEIRAERERIT)

# plt . figure{figaiza={10, £

# plt . plot{aiges_walues, raflectance_two_beaz, labal="Tvo-baax
Approxization”®)

8 plt.plot{aigra values, reflectance exact, label=SFExact Multibeasz")




TR

TR

# plt.xlabel ("Wavenuzber (csd {=1}81"})

& plt.ylabel("Refloctance R")

g plt.title(f"Reflectance for film '{DATA_PATH.split('S')[-1]}" om
substrate”)

& plt.lagend()

g plt.grid{True}

g plt.tight_layout()

& plt.show()

primt{f" i R E /. HHEE W {sigma_values.min{)} - {sigoa_values.max()}
e~ =1%)
print{f* M M ¥ ¥ : {layer_thickness_s#leS} na"}
print{f= A & #i : {incident_angls_deg}**)
fTagsELeR

print(*\n¥W S W X LK H £ F B

]

]

# print(raflectance_twe_beas[:5])
fprint("\n¥f S FiEs LA R HENE ")
# print(reflactance_exast[:5])

except ValusError as e:
priot{f" R/ EHFEFR: {e}7)

Listing 2: {8 2: RSEHEHATE

izmport re
froz pathlib iszport Path

ipport nuzpy as np
izport catplotlib.pyplot as plt
izport pandas as pd

e = 1.602176634e-1% 8 C
eps0 = §.85418TB128e-12 & F/n
m_e = §.1093837015e-31 & kg
el = 289 _T92_458.0 # ofa

daf czi_to_omegalemi):
return 2+np.pil # el * (e=l+100.0)

def mebility_to_gassa_e{zu_ca2_ Vs, =_eff_rel):




daf

daf

def

if su_cz2_Vs is None or z_eff_rel is None:
return None

gu_SI = mu_cz2_¥Vs * le-4

m_eff = o_eff_rel * z_e

return & / (z_eff * mu_SI)

doping_to_cozega_p(¥_cz3d, m_eff_rel):

if N_ce3d i3 None or m_eff_rel is None:
raturn None

Romd = H_em3 = 1af

m_eff = n_aff_rel * =_a

return np.sqrt{H_=3 + a++2 / (epsd # =_eff))

eps_lorentz_drude_oczegalomega, eps_inf, omega T, ozega L, gazza_ph, ozega p

=0.0, gassa_sa=0.0):

opega = np.asarraylozega, dtyps=float)

phonon = {ozega L#*#2 - ocpega Te+2) J {(onega Tes2 - oregassl - ljepacca phe
LEETEY

drude = osega pee2 / (omega + (omega + lj*gassa_e) + 03]

return eps_inf = (1.0 + phonon) - drode

n_lorentz_drude sigsalsigea_cz, eps_inf, sigsa T ce, sigsa L_c=,
Gazgma_ph_c=, sigea_p_co=None, Gacema_so_co=Nenme, N_cx3=None, = _eff rel=None,
su_c=2_Vs=None) .

sigza_cz = np.atleast_ld{sigma_cz).astype{flcat)

. T = cal_to_czegal(sigaa_T_ca)
w_ L = gml_to_ozmegalsigza_L_caz)
g.ph = czi_to_cmega(Ganza_ph_ca)

v = gzl_to_omegalsigza_ca)

if aige=s_p_cz is mot None or Gazza_se_cz is not Hone:
¥.p = ezl _to _omegall.0 if sigma_p_c= is None else aig:s_p_n:}
g = cml_to_omega(0.0 if Gamma_e_czm is Nome elsa Gamea_a_cz)
alae:
¥ p = doping to_omega piN_ced, =_eff_rel) or 0.0
g8 = mobility_to_pgasma_e(su_cz2_Ya, z_eff_rel) or 0.0

epa = aps_lorentz_drude ocegal(w, epa_inf, . T, w. L, g ph, v.p. g_a)




n_cozplex = np.sqrif{eps + 07)

return n_cozplex

def n_lorentz_drude_v(v_Hz, eps_inf, sigma_T_cz, sigma_L_caz, Gamzma_ph_cz,
sigoa_p_cz=lone, Gazza_e_cc=None, N_cz3=None, m_eff_rel=lone, mu_czl_Vs=
Yone) :
v_Hz = np.atleast_1d{v_Hz)}.astype(float)

opega = Z#np.pli * v_Hz

w.T = cal_to_ocmega(sigma_T_c=)
w.L = eml_to_ocmegalsigna L _c=)}

g.ph = cnl_to_ocmega{Gamza_ph_c=n)

if aigea_p cz is not Nome or Gazza_e_cz ia not None:
v p = ezl _to_omega(0.0 if aig=a p ex 1z Noms else sigea p_esm)
g.a = cml_to_omagal(d.0 if Gasma s_cz 12 None slse Gamna_s_cz)
alea:
w p = deping to_ozaga p(N_ e=3, =_eff rel) or 0.0
g_oe = pobility_to_gassa_a(zu_cz2_ Ve, s_aff rel) or 0.0

eps = eps_lorentz_drude_ocegalozega, eps_inf, v. T, w L, g ph, ¥.p. g o)
return np.sqrtieps + 0f)

def _cml_to_czegalcal):
roturn 2Z*np.pi # c0 # (cal=*100.0)

def _eps_lorentz_drude_ocega(ozega, eps_inf, T, wL, g ph, w_p, g_o):
phonon = (wlh**2 = yT#e2) f (uyT**2 = ozmega**2 - 1ljsg pheomega)
drude = w_p**2 / (cmega+{ozega + Lj*g_e) + Q)
return eps_inf#{1.0 + phonen) - drude

def _zu_caughey_thozas(N_cz3, =zu_zin, =u_zmax, N_c. alpha):

return zu_szin + (mu_sax — su_min)/ (1.0 + (N_c=3/N_e)+*+#alpha)

def n_sic_4H_sigsa{sigsma_cz, N_c=3=1el7, = _eff rel=0.42, use_drude=Trua):
sigma_cn = np.atlaaat_ld{aig:alcm}.aatypﬂ{f]oatj

eps_inf = 6.56
sigma L _cz = 970.1




sigoma_T_cz = 793.9
Gamza_ph_cz = B B0
ou_zax = Sb60.0
zu_zin = 40.0

N_c = 2al¥

alpha = 0.7T&

v = _cal_to_ozegalsigsa_cz)
wT = _c:i_ta_o:nga{ﬂlgﬂu_T_c:}
wl = _czi_to_ocmega(sigma_L_c=:)

gph = _czl_to_omega{Gazza_ph_c=z)

if use_drude and N_ez3 > O

su = _pu_caughey_thozas(N_cz3, mu_smin, =u_sax, N_c, alpha)

eu 51 = pu = la-4
g_eff = 5_eff ral « z_a&
v p = np.sqre((N_co3wlet) » a2 / (epsd #* z_efi))
goa=a f (a sfd » g _SI)
else:
wp = 0.0
ge = 0.0

aps = _eps_lorentz_drude_ozegalv, eps_inf, «T, wL, gph, w_p. g_e)
n_cozplex = np.sqrtieps + 0j)

return n_cozplex

def load_larruquert_csv_two_blocks{path: str):
p = Path{path)
if not p.exists{):
raise FileNotFoundError{path)

raw = p.read_text(encoding="utf-8%, errors="ignore™).lstrip(®‘ufeff=}
lines = rav.splitlines(}

idz_n = idx_k = None
for i, ln in enu=eratellines):
g = ln.atrip(). latrip(*\ufeff=)
if re . catch{r*“wlia«[,;\a]l\een'\s+3", s, flags=re. I}:
ider n = 4§




def

if re.catch{r" " wl\s«[,;\s]lsek's»3", s, flags=re.I):
idx k = i

if idx_n is None:
raise ValueError(“Header "+l1.n"' neot found.")
if idxz_k is None:

raise ValueError{"Header °"vl.k' not found.®)

def collecti{si, aid):
wl, wal = [], []
for 1ln in lines[si+l:ei]:
8 = 1ln.atrip{)
1f (not &) or a.startavith("&"):
continue
partas = [t for t in re.aplit{x*[, %as;]+*, 8) 11 t]
1f len{parta) < 2:
centinue
try:
wl_v = float(parts[0]);: v = float(parts[1]}
except ValueError:
continue
¥l.append(vl_v): val.appendi{v)
%l = pp.asarray{vl, floatl}; wval = np.asarray{val, float)
order = np,argsert(¥l)

raturn wllorder], val[order]

wl_n, n_vals = collect(idx_n, idx_k}
wl_k, k_vals = collect(idx_k, len(lines)}
if wl m.size == { or wl_k.size == {:
raises ValueError{“"Farsed ezpty m or k bleck; check file for:nttlng.')

return (vl n, n_wvals), (wl_k, k_wals)

make_nl_interpolator_from_two_block_cav{cav_path: str, fill: str = ‘adgu'):
p = Path{cav_path)

rav = p.read_text(encoding="utf-8*, errors="ignore®).lstrip(*‘\ufeff")

lines = rav.splitlinea()

norz = [ln.strip().latrip(®‘ufeff=).lover(} for lm in linea]

idz n = idx_k = None




for i, h in enuzerats{norz):
if re.patch{r® " wlhia=[,;\s]lsen\s*3", h): idx n = i
if re.patch{r" " wlhs+*[,;al\sekha»E", h): idx k = i
if idx_n is HNone:
raiss ValusError{"4 # 3 'vl.n' # &, ®HBEE C5V")

def collecti(si, ai}:
wl, val = [], []
for ln in lines[si+l:ei]:
8 = 1ln.atrip{)
if (nmot 8) or s.startavith("&"):
continue
parta = [t for t in re.aplit{x*[, \s;]+*, a) 1f t]
if len{parta) < 2:
cantinue
try:
wl. append (float (parts[0])): val append(fleat(parts[1]))
except ValusError:
continue
wl = np.asarray{wl, floatl); wal = np.asarray{val, float)
order = np. argsert{¥l}
return wllorder], valloxdex]

end_n = idx k if idx % i1s not None else lenl{lines)

wln, n_vals = gcollect(idx n, end _mn}

if idz_k is neot None:

wl k, k_vals = gollect{idx_k, len{lines))

sigoma_k = led f wl k

order = np,argsert{sigza_k}

sigma_k, k_vals = sigma_klorder]. k_vals[order]
alsa:

wl k, k_vals = wl_n.copy(), np.=zercs_like(n_vala}

aigma k = las S wl k

order = np.argsort(sigza_k)

sigma_k, k_vals = sigma_k[order], k_wvala[order]

sigza n = la4 f wln

order = np.argsortisigsa n)




sigea_n, n_vals = sigza _nlorder], n_valslorder]

sig zmin = zax(float{sigema_n[0]), float(sigma_k[0]l})
sig_max = ain{float{sigma_nl[-1]), float{sigma_k([-1])}

def nl_of_sigza(sigea_cz=):
5 = np.atleast_ld{sigza_ca) astype{float)
if £111 == “edge":
n_.1 = np.interpis, sigma_n, n_vals, laft=n_vala[0] , right=n_vals
[-1];
k.1 = np.interpi(s, sigsa_k, k_vals, left=k_vala[0], right=k_vals
[-113
alaa:
n_1 = np.interpia, sigma n, n_vala)
E_1 = ap.incerp(s, sigsa k. k _wala)
out = (& < sig _min) | (2 > =1g_nax)
n_ilout] = np.nan; k_ilout] = np_nan
raturn n_i + 1j%k_i

return nl_of sigea, {(sig sin, sig sax)

def _cos_theta(n_inc, n_layer, theta_inc):
g = pnp.sin(theta_inc)
¢t = pp.sqrt({l - (n_inc/a_layer)++2 #* g*x2}, astypel(cozplex))

return np.where{np.realfct) < 0, -ct, ct}

def _fresnel _s{n_i, n_j. cos_i, cos_ji:
r= {n_i*cos_i - n_j*cos_j) / (n_i=cos_i + n_j*cos_j)
t = 2en_iscos_i / (n_iecos_1 + n_j=*cos_j}

return r, t

def _fresnel pin_i. n_], cos_i. cos_ji:
r=f{n_j*coa_i - n_i%*ces_j) / (n_j%ces_1 + n_i*cos_j)}
t = 2en_ivcos_1 / (n_jecos_1 + m_iwcos_j)

return r, t

daf _to_n_sigea(val, sigema_cz:):
& = np.atleast_ld(sigsa_ca)
1f eallable(vald:




deatf

arr = np.asarray{val(s), dtype=cozplex)
alse:

arr = np.asarray(val, dtype=cozplex)

if arr.ndim == {0 or arr.size == 1:

return np.full{s.shape, cosplex(arr}, dtype=coaplex)

try:
return np.broadcast_tol{arr, H.ahapn}.antypﬂ{aunpla:_ nnpy-FalanJ
except ValusError:
raise ValueError{
f*n £ # AR {arr.shape} F " # ¥ sigma # it {s.shape}, *®
"W AEE. TEH n(sigma), &5 atgea F AR HHE. -

RE_tvo_beas_sigea(sigea_c=z, nd, nil_fun_or_comst, n2, 1_deg, 4, pol="awg®):
sigma_ca = np.atlnast_ld{aiaua_cm}.astjpa{flnat]
thetald = np_ deglirad(i_deg): cos0 = np. cos(thetald)

nl0s = _to_n_sigeainl, sigzma_cz)
nls = _to_n_sigsal(nl_fun or_const, sigza _es)
nZs = _to_n_sigeain?, sigema_cz)

cosl = _cos_theta(n0s. nls,. thetad)
cos2 = _cos_thetainDs, n2s, thetad)

Ssigma_= = 100.0 = gigma co=
beta = Z#*np.pi * nils = d * cosl = sigza_=

def _branch(kind):
if kind == %g*:
r@l, t0l = _fresnel_si(nds, nis, cosld, cosi)

rl2, = freanel_sfnls, n2s, coal, cos2)

t1i0 = freanel_sinis, nla, coal, cosal)

alaa:
r01, t01 = _fresnel pin0s, nla, coal, casl)

rig = _fresnel_pinls, nla, cesl, cosl)

10 = _fresnel_pinls, nla, cesl, cosl)

-

E = r0]l + t0letl0eridsnp. exp{lj+2Z+bata)




roturn np.abs(E}=e2

if pol == "5"; return _branch("s")
if pol == "p"; return _branch({"p")

return 0.5#({ _branch{"s")+_branch("p"})

def R_exact_sigma{sigza_cm, nl, nl_fun_or_const, n2, i_deg, 4, pol="avg®,
return_r=Falsae):
sigma_c= = np.atleast_ld(sigma_cz).astype(float)
thetald = np.degirad{i_deg): cosd = np.cos(thetal)

nla = _to_n_sigma(nl, sigma_c=}
nia = _to_n_sigma(nl_fun_or_const, sigza_cz)

nZa = _to_n_sigealn?, sigma_cxz)

coel = _coa_theta(nOz, nia, thetad)
cos? = cos_thetainls, nias, thatal)

sigea = = 100.0 & sigza c=
beta = 2*np.pi * nls = d * cosl * sigma =
& = np.exp{lj = 2 * bata)

def _rexact(kind):
if kind == =g=;

1, _ = fresnel_si{n0s, nls, cosl, cosl)

rlz, _ = _fresnel_sinls, nis, cosl, cos2)
else

r0t, _ = _fresnel_pinds, nls, cos®, cosl)

riz, _ = _fresnel_pi{nis, n2s, cosl, cos2)
r = {r0l + ri2 * @) f {1 + 01l * ri2 * a)

raturn T, np.abs{r)s*2
if pol == ®a*®:

r_ 8, R_a = _rexact(®a")

raturn (R_s, r_a) if return_r alse R_as
if pol == *p*:

r.p, k_p = _rexact(*p")

raturn (R_p. r_p) if return_r elsze R_p




r s, B_s = _rexzact("s")
rp., Bp = _rezact("p*)
E_avg = 0.5 « (R_s + R_p)
if return_r:
return R_avg, (r_s, r_pJ

return R_avg

def build_nl_freos_csv{csv_path: str, fill: atr = “edge®):
return =zake _mnl_interpelator_ from_two_block_csvicsv_path, £ill=£111)

Listing 3: FIHE 2: @REEEYITATEREE A PR i

izport pandas as pd

from =matpletlib import pyplot as plt

fFlt.rcParana('font .sans-serif'] = ['SicHed'] & for Windows
plt.rcParaza('axes. unicode_zinus'] = Falsae F BEARYEmkre
izport nuspy as np

froz scipy.interpolate izport UnivariateSpline

from scipy.signal izport find peaks

from seipy . optizize isport nevwton

def robust _sigzmaiz):
ced = np. cedian{z)
return 1.4526 » np.zedian{np.abs{z = zed))

def find trend extremzal
X, ¥,
s=None ,
grid=8000,

&
&
zin_distance=None , &
&
-
a

zin_prozinence=None ,
zin_curvature=0.0,

edge _zargin=0.01

X = np.asarray{x); y = np.asarray{y)

idx = np.argasrt(x}; x, v = xfidx], ylidx]

# H—fx, FARARE R

rein, xmar = x.=ind), z.paxi)d




L = zoax - zpin if zzax > zmin else 1.0

s = {x = zgin) / L

spl0 = UnivariateSpline(xs, y, k=2, s=len(x)e+np.var(yl+le-4}
res = y - spl0{xsa}

sigma = robust_sigza{res)

if 8 13 None:
8 =10+ len{x) * {(aigma++2) #F E4R: TEALA /B

1f =in_distance is Hone:

zin_diastanes = 0O.05 & L & 5 B[
if =zin_proainence iz None:

Ein_pro=inencs = 3.0 & siges & 3
alee:

gin_prosinenca = pin_prosinancas sigea

& F 3 -

gpl = UnivariateSpline(xs, y, k=2, s=g)
dspl = apl. derivative(l)

dZspl= spl.derivative(l)

¢ T EEME L L EAL [ET precinence [ distance )
ug = np.linspace(0.0, 1.0, grid)
yg = spliuu)

¢ RN ES " EHEERE

" R o

min_dist _pts = max(l, int{{min_distance / L) =+ grid)}

# HAM: KL yop LHG

peax, prop_maxr = find peaks(yg, prominence=pin_prozinence, distance=
zin_diat_pta)

& # A4iR ST HE —-yp 3

pein, prop_zin = find peaka({-yg. prominence=pin_prozinence, diatance=
zin_diat_pta)

def refine_to_stationary(ul):

f lFEFSg e ELLNSG, & a'i{u)=0




try:
u_star = float(nevton(func=dspl, x0eud, fprice=dZspl, zmaxiter=20})
if 0.0 <= u_star <= 1.0:
Teturn u_star
oxcept Exception:
pass

raturn float {ul}

out = []

E

R

#for idxzp in pmax:

E

ul = uuflidzp]

u = refine_to_stationary(ud)

11 {u < sdgs_esargin} or (u > 1 - edge sargpin):
continge

cury = float(d2spliu)) & B AME <0

if abs(eurw) < gin_curvaturs or eury >= 0:
continge

out  append ({" type~:"zax®, "x™: xzin + uel,  "y7: float{apliu}),
*proainence™: float(prop_pax["prosinences”][np.vhere(paax

s=idxp) [0)J[0]1]),
*curvature®: abs{curv)})

T -':" “.‘"\'\, A4 1l

for idzp in pzin:

uld = uulidzpl
u = refine_to_staticnary(ud)
if (u ¢ edge_margin)} or (u > 1 - edge_margin):
continue
curv = float (d2spliu)) # AL = 0
if abs(curv) < zin_curvature or curv <= 0:
continue
out . appand ({*type®:*zin®*, ®"x*: xmin + wel, "y*: float(apl{u}),.
*prozinence”: float(prop_sin[®proszinences®] [np.vhers(pein==
idxp) [01[0]]),

"eurvature®: abaf{curv)})

out . sort (keay=lazbda d: d["z*])




roturn ocut, (lazbda xq: spliinp.asarray(zgl=-xzin)/L)}

df = pd.read_sxcel(r®™H ##2.xlsx", usecols=[0, 1]}
xz = df . ilocl:. 0]
yi = &f Alecl:, 1]
extreza, f = find_trend_sxtrezafl
x, ¥i,
grid=12000, & [ & FH &
min_distance=0.02 * {(x.max{) - x.=in{)),

min_prozinencea=0.1 , # E[JHE, FEHE &
min_curvatura=0.0, & & @ %k 4
edge _margin=0.01 #

Yo i W

o

print (£ 8 i A % E{len(extrezal}")

ex = []

for & in extreza:
print(el'x'], el'y*], "curv:®, o['curvature'])
ex.append({al*x'])

xq = np.arrayl{ex)s ¥ il & & &
yg = E(zqle B 0 = or Bl B B

ax = plt.gcal)
¢ AGEEES (BRTFEHR)

vs = £{x)

stacked _array=np.vstack{{x,ys}).T
df = pd.DataFrame(stacked_array)

- # .csv®, index=False, float_format="% 6f*, encoding=*®

#df . to_csvir"MH$18 #
utf-8*}

fig, ax = plt.subplota(figaize={8, 5))

ax.plot{x, yl, linestyle="-*, label="f(z) ori®, color="red",linewidth = 1.5}

PN HA

ax.plot{x, ya, linestyle="--*, label=*f(x) trend®,k linewidth = 1.5 coler = *
graen®) P HE: BEEE

def filtered_indices{data):




e Enff A ENAN T HEA

arr = np.array{data)

zean, std = np.mean{arr}, np.stdlarr)

condition = (arr »>= gean-2*std} & (arr <= gean+I*std)
all_indices = np.arangefllen{data))

within_indices = all_indices[condition]
excluad_indices = all_indices[-condition]

return vithin_imdices ,exclued_indices

filtwithin_indicesered  exclued_indices = filturud_iudican{yq}

ax.

ax

ax.

scatter (xq[filtvithin_indicesered], yqlfiltwithin_indicesered], s=40, zorder

=3, label="points on £(x}" color = ‘graun‘} @ SREE

.scatter (xq[exclued_indiceal, yqlexclued_indices], s=a0, zorder=3, labal="

vrong points on f(x}",color ="red® } @ 5 F ¥ 4
gat_titla("®H -~ M ECHTFLAHE TS
grid{True)

legend ()}

plt.show()

‘end{lslisting}

\begin{lstlisting}[caption=[f B2: & it 5 A H1{pythen}
izport nuspy as np

izport pandas as pd

frozm scipy.stats izport ¢

def compute_statsi{d, w=None, alpha=0.0B):

4 ¢ 1D array-like, MHEEFF {d1...,. d_{L-1}}
v : 1D array-like, WM E (& 4 1) ., ¥ Nons M A H AR FH
d = np.asarray{d, dtype=float}
n = d.size #gn=1L-1
if n < 2:
raise ValueErrec("H = H FE (EF 8 ¥ 2 +-E M) -

261 #8440
d_bar = d.mean() a KEx

fLS

d_wbar = Hone
1if v ia not Nona:

¥ = np.asarray(wv, dtypu-!lunt}




if w.size != n:

raise ValusErrox("H E L EEE R A AT —8")
if np.any(w < 0):

raise ValueError("# % 4% 3 ) & =)
if w.suz(} == 0

raise ValueErrox(=m & = f % 0=}

d_wbar = np.sua{w * d) / np.suzn(v) &t R FEH (HES50 REH®)

# 2.6.2 FTAEE
¢ FExEfEs: _d = agrtf 1/(n-1) » E {(d_1 - £)°2 )
sigza d = d.atd{ddef=1)

¢ HEE#E: _{dr= _d / eqreim)
a8 = sigza_d / np.sqrtin)

#5958 MEEN: &£ 2 ¢ {0,025, n-i} = _{d&}
- S B S |

terit = v ppf{l - alphafs, df}

€i_low = 4 _bar = terit + se

¢i_high = 4 bar + tcrit » se

¢ 263 TEE: TREHK CVe 47 & = 100%
cv = gigma d f d_bar = 100.0

#L=p + 1

return {
*L": o+ 1.
*a(=L=1)": n,
*mean”: d4d_bar,
“weighted zean®": d_vbar,
*std _sigoa_d%: sigma_d,
“std_error®: asa,
"t_erit (85%)": terit,
“CI®5_low®: ci_low,
“CISE_high®: 21 _high,
"oy _XNe:oew,




dof run_froz_csvicsv_path, d_col="d", w_col="delta_nu", alpha=0.05, ocut_path=
Hone) :
df = pd.read_csvicsv_path)
v = Nona
d = df .1lecl1:, 0).to_numpy()

res = compute_stats{d., w=v, alpha=alpha)

out = pd.DataFraze([res]}

if out_path 1s None:
izport os
base , axt = on.Pnth_uplltu:t{cav_path}
out_path = bass + *_& i & & . cav®

out . to_eavisut_path, index=Falaa, float_forsar="} &f" encoding="utf-B-sig®

3
print (out)

print (£° i & P @ ¥ {out_pathl}")

run from cevir" B BI1ff T FEAE T W . cov, d_col="d", v col="delta nu")
‘end{lslisting}

\begin{lstlisting}(caption={f M3: # & F S M X o i 2 & 4 F 8 5] {pythen}
izport nuzpy as np

R iy 18 %

FL L
L}
Ll

[

[

| |

[

i

I

i

[

R 49

e = 1 EDR1ITEE340~19 & C

epsd = B.BB41ETE123e-12 & F/m

e = 2HHTH24E8.0 & =/s

z_0 = §.1083837015a-31 g &g

z_e = %.1083837T015e-21 g8 kg

# (1) Drude: eps_inf , ] 3 & #

eps_inf = 11.7 ¢ HHAEFH (X)) [ref]
o_aff = 0.27 % =_0 g nRl B FHRER () [ref]
# (2) nF{ Mapatti T HERMDPEH (BN EX: c2/Vs &k en™-3)
MUl = EB8.5

HU_MAX = 1414.0

MUZ2 = B&6.1

CR = & Zalg

CE = 3.41a20




ALFHA = 0.T11

BETA = 1.98

# (3) Kuzgicz F & ® (nf, T=300K => =1
An = 0.0824

¥0_n = 1.6e18

B_low = 0.4722 # N <= NO

B high = 1.23 - 0.3182 & N > KO => 0.%133

inpnrt nuspy as np

§ - BRBH: e2-1 > AAE  (radfs) ----

def _czml_to_ozega(aigma_cm):
sigma_ = = np.asarray{sigasa_cz, dtype=float) # 100.0 & eza"-1 -» =°-1
rerturn 2.0 # np.pil # 0 # aipgEa = ] = 2 =

# ——- i Ruzmice R X4 U E (T 300K) ———=
% ata = 1 - L = axp{-(B # la(N/N0})}"2)
¢ ol A=0.0824, NO=1.6e18 ce"=2, B = §.4722 (Ne=¥0) elas 0.0135
def _eta_kuzzicz n{N_ced):
N = np.sazisuc(np.asarray(N_cz=2, dtype=float), 1,0}
h, NO = 0 0824, 1.6elB
B = np.vhere(d <= X0, 0.4722, 0,.9138)
eta = 1.0 = & * ap.exp(=(B = ap, log(N / N0))++2)
return np.clipleta, 0.0, 1.0}

# ====ni H: Masettli T HXE (Ne) [cz"2/Vs]----
E = 1 # ( pax= 1) /C1+{NafCc)™ ) = 2/(1+(CasNa)™ )
def _zu_masetti_n{Ne_cz3):
M1, MU_MAX, MUZ = €B.5, 1414.0, BG6.1
cR, GO5 = 5.2al6, 3.41e20
ALPHA, BETA = 0.7i1, 1.96
Ne = np.asarray{Ne_c=3, dtjpu-ilunt}
return MUL + (MU_MAX - MEO1) /(1.0 + (Ne/CR)++ALPHA) - MUZ/(1.0 + (CS5/Na)+s*
BETA}

# == Druds TR FH (RAapBRETFE) ----
def _epe_drude_osega(ozega, epe_inf, Ne_=3, m_eff, =u_s2¥Ws):
# _p 2= Ne &2 /) (epal m»)




wp2 = Ng 23 » gxx2 / (ops0 = z_off)
e = g f (a* }
gacpa = o / (z_eff * mu_e2V¥s) if op.all(zu_a2V¥s > O) else 0.0

roturn eps_inf - wp2 / (ozega * {omega + lj*gazmal)

# ~--- £ @FHE: nl ¥ with {gr==1) =-=-=--

def n_si_sigma{sigma_cm,
N_cz3=5el§, e HERE (HE), B cn=-3
eps_inf=11.T, F HEHARETS
m_eff_rel=0.27, i BT ENE (ST aEHE)

use _drude=True ,

use_ilonization=True):

e

n¥l S1: Drude ¥ H B E nf )+ e ), FAEE = [e=--1).
- BEUEHET ¥e: BB Xorsiez FE2HEE: Noa = atalk) = ¥
- F#HE (Neo): Haserei H T [(nF)
- BEHE: ()= _dnf - p B S L + 1)), -
EE: HHEHE n_complex( )
sigoma_cz = np.atleast_ld(sigza cz).astypel(float)
cnega = czl to_onegalsigsa ¢zl
F HEALTRE (AT EEER)
if use_ionization:

eta = _eta_kuzsicz_n(N_cz3)

No_cz3 = eota + float(N_cz3)

alse:
He_cmd = float(N_ca3)
He_=z3 = Ne_czd = leg # eg™=3 = @"=3
¢ THE (B HEBEFEREEE)
gu_c=2Vs = _=mu_sasetti_n{Ne_cz3) # ca"2/Vs
ea_z2V¥s = =mu_cm2Va + le-4 # ="2/Vs

# Drude - # & &
if use_drude and Ne_c=3 » 0:
z_aff = m_eff_ral = 2_a&
epa = _epe_drude_czega{osega, eps_inf, Ne_=23, =_eaff, mu_=2Va)
alae:
ape = epa_inf + Q3
L B
n_cozplex = np.sqrti{eps + ﬂjj




return n_cosplex




