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1 #@H 1. BEEmfe
1.1 BmB#Ed

Write a code to numerically solves the motion of a simple pendulum using Euler’s method, midpoint method,
RK4 method and Euler-trapezoidal method (implement these methods by yourself). Plot the angle and total

energy as a function of time. Explain the results.

1.2 EFHid

AREFFNE T —1 Pendulum 25, HAZK, Fug UNKIERRD . WIIGAE, #WIGHAEE, EONEEER
%, 1833 Pendulum A9 773, AT LMHE A Euler’s method, midpoint method, RK4 method f{] Euler-trapezoidal
method KKMFEEAERIZE), 2REFAESAEER numpy £02H. KT EOEREHBN SECTE, Rt R

w_,
dt

dw g .

a —ESIH(G),

1
E=T+V= im(wL)2 + mgL(1 — cos )

FRFIEAN BRI RETRESH P ACRER L, P #if58h 1 scipy.special AYHERS HLAHIE AN/
sn,cn, Bk =sin(0o/2), BEAWR wo = /4. FrET ARSI ERE .

0(t) = 2arcsin (k sn(wot + gv k2))

_ 2kwoen(wot + 5, k)
/1= kZsn2(wot + T, K2)

w(t)

1.2.1 BX$iIi% (Euler’ s Method)

do dw
Oix1=0; +h-— i1 =w; +h-—
AT et T
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1.2.2 HHE (Midpoint Method)

\ h do h dw
HREHRE: Onia =0+ 5 — i Winid = wi + 50— ,
2 do dw
AP ERIEER: 0 =0;+h- P , Wit1 =w; +h- T
mid mid
1.2.3 M EiE-EiEE (RK4 Method)
dao dw
gk (k). kY = = L kY= — .
Eg v ( 1) 1 dt ti,ei,u% 1 dt ti79i7Wi?
do dw
g tit 5 0+ Sk wit Shy t tit g 0t 5 k] wit Gy
dg dw
F= (ks): k:g . kY= :
@ L1t 00 g ot ks 0t |y 4 k8 ot g
do dw
B (ka): kY= , k== .
U lt+h 00+ ks b 14, b0, g i+

N h h
HHAR: O =0+ 5 (k? + 208 + 2k0 + ki) L wirn = it g (K + 2K+ 2K + k).

1.2.4 BXH-#$H2i% (Euler-Trapezoidal Method)

N do dw
- epred =0;+h- a ti’ Wpred = Wi + h - E t;
h (do do b { dw dw
Rk bipr = 0i+ 5 - il =wi+ = | = —
i e <dt ti T pred) Ty (dt ti T pred>

15 fE Problem_1/src H3¢ Nizfrpython -u pendulum.py &A%, TF4LCSE4 BT ERY numpy,scipy HE 52 KK
matplotlib g, Hr scipy FEIEMHEM 1.13 LLEWUAR, |HIUARRRRR BT REAAE scipy.special Bithrh. j&f7
BFE, SHRMASKESE, HP el LS B S HEBINE, 8 € XS5

1.3 (AR

Powered by KXTEX pseudocode generator

Algorithm 1: Euler Method for Simple Harmonic Oscillator
Input: h: Time step size (float), N: Total number of steps (int)

Output: #: Angle array (rad), w: Angular velocity array (rad/s)

[y

Initialize 0[0] < 6y, w[0] < wo ; // Set initial conditions
2 fori<0to N —-1do

3 Compute (6, w) + Derivatives (i), w[i]);

4 | Update 0fi +1] < 0[] +h-0, w[i + 1] < w[i] +h-& ; // Update values
5 end

6 return 0,w ; // Return results as arrays



https://chatgpt.com/g/g-xJJAA2awf-latex-pseudocode-generator

Algorithm 2: Midpoint Method for Simple Harmonic Oscillator

Input: h: Time step size (float), N: Total number of steps (int)
Output: 0: Angle array (rad), w: Angular velocity array (rad/s)

1 Initialize 0[0] < 6p, w[0] < wo ; // Set initial conditions
2 fori+ 0to N—-1do

3 Compute (6, w) « Derivatives ([i],wli]) ; // Slope at initial point
4 Compute Oppiq < 0[i] +0.5- h - 0, Wi — w[i] +05-h-w; // Midpoint values
5 Compute (émid,wmid) < Derivatives (0,4, Wmid) ; // Slope at midpoint
6 | Update 0[i + 1] < 0[i] + h - Ouia, w[i + 1] + w[i] + h - Omid ; // Update values
7 end

8 return 6, w ; // Return results as arrays

Algorithm 3: RK4 Method for Simple Harmonic Oscillator

Input: h: Time step size (float), N: Total number of steps (int)
Output: 0: Angle array (rad), w: Angular velocity array (rad/s)

1 Initialize 0[0] < 6y, w[0] < wp ; // Set initial conditions
2 fori<0toN—-1do

3 Compute (kf, k) < Derivatives (0[i], w[i]) // Stage 1
4 | Compute (k§, k) + Derivatives(d[i] +0.5-h k% w[i]+0.5-h-k¥) ; // Stage 2
5 Compute (k§,kY) < Derivatives(6[i] + 0.5 h- kS, w[i] + 0.5 h- k%) ; // Stage 3
6 Compute (kf, ky) < Derivatives(0i] + h - kS, w[i] + h - k%) ; // Stage 4
7 | Update 0[i + 1] < 0[i] + 2 - (k¢ +2- kS + 2 - k§ + K9);

8 | Update wli+ 1] < wi] + - (k¥ +2-k§ + 2 k§ + kY);

9 end

10 return 6, w ; // Return results as arrays

Algorithm 4: Euler-Trapezoidal Method for Simple Harmonic Oscillator

Input: h: Time step size (float), N: Total number of steps (int)
Output: 0: Angle array (rad), w: Angular velocity array (rad/s)

1 Initialize 0[0] < 6y, w[0] < wpo ; // Set initial conditions
2 fori<—0toN—1do

3 Compute (0,w) + Derivatives (][], w[i]) ; // Predictor step slopes
4 Compute Opreq < 0[i] + h - 0, Wpred ¢ w[i] +h-w ; // Euler predictor values
5 Compute (épred,wpred) < Derivatives (Opred, Wpred) ; // Corrector step slopes

6 Update 0[i + 1] < 0[i] + 2 - (0 + Oprea), wli 4 1] + wli] + B (@ +dprea) ; // Trapezoidal corrector
7 end

8 return 6, w ; // Return results as arrays

1.4 ZRRH

uw*%i@@ﬁﬁ%ﬁma% A4 L = 1.0m, Jitht m = 1.0kg, $IEFAE 6o = 1.0rad, FIIEHAHEIE wo = Orad/s,
EHINEE g = 9.81m/s%, ALK h = 0.05, FEEL N = 1000, HEHE T = 50.0s0 P AT LA it 2 N\ B E0X
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Euler - Energy vs Time

Midpoint - Energy vs Time
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2 FH 2 FEEEEHREKRRE
2.1 REH#R
Write a code to numerically solve the radial Schrédinger equation for

5V v = Eew. V@) = V()
1. V(r) = 1 (hydrogen atom)

2. Considering the following potential:

Zlon ]' 2
V(r)=— ef(\fr1 >+exp —2<T1T>]><
ocC ocC

where erf is the error function. And for Li, you could set:

r 2 r 4 r 6
() o) o)
Tloc Tloc Tloc

o Zion =3

e Toc =04

o () = —14.0093922
e (5 =9.5099073

e (U3 =-1.7532723
e Cy =0.0834586

Compute and plot the first three eigenstates. You could find more information about "’how to solve radial Schrédinger
equation’ and 'use of non-uniform grid (optional)’ in the PPT.

Special Note: You may call any library functions for diagonalization.

2.2 EFHIA

ARFEFARA VU ML - utils, solver, analysis, visualization, 5 JI 8 L B R ECHI AL B 25U U E R iR 575
PR 55 B AL BRAS R S AL AL FRASE R s R P AT main o 3R fiA7 25 RadialSchrodingerSolver, Hit
B S5AE S Mg utils H1fY SolverConfig 225 RadialGrid 2R HARERECAM utils Py Potential
B, HPa AR E AT ECH ST o#, utils A —L5iBh TR, EA——F14¢ . Rt
M AZ 0038 B8 A B 4 5 Y SR i #8541 ShootingSolver #f FiniteDifferenceSolver!. FsRfR#SIAM analysis fii
BRGLSE T PR AL HLG: WavefunctionProcessor, HMatit A GHL MR ECHE T o8 MRIEAF A EUh <6
SN S SRR A O pR AT SE s H— AL BESE s RERES0 T RS EnergyAnalyzer, MTTILHRES SHICHZE R X

'Numerov SZAERITAS T qwq




SUPES M8 ConvergenceAnalyzer, TR/t ASE WIS NAGIEMME. )5, KE T visualization [
ResultVisualizer il pR%. MER R SIS et Spnl AL -
K EY AR ST AR A FREONES . e jmax + 1 D50, 28 rp W rmax = 7(Jmax) » 5] jmaxd = 6

T(]) = Tp(exp(jé) - 1) + T'min j - 07 17 27 T 7jmax
FEATAAE h=m=a=1F, —HE@RITERAY CERRE LRT A 2)

u”"(r) = 2(E — Veg(r))u(r)

e
(i) = o) expi6 2
TR
V)~ Zo(d) = 228 exp(2i8) (B - Vialr (1))
FRRATT A RKL R T (SIRBMFRIE T O(hY) RA R, —BHGHTIS RS B,

Wb RSB ITARERT S, SO DRI Pimax VARG o (BFRERILE | 25 ERIEALT . AEBED n X RLAEEE 52
M, R REH IR ZIFEL, sl ORI Y « RSS2 SOk Hg . v A w(r) M (n—1—1) 1
TR, DIRSR R IEFRAS . AEAIPRBUIN— DO AT 25, 1 1e3 + (nodes — target ), iXFEE (G
HSRARZR A S A, BOEFUH (nodes — target)?, IS sRAGTEFAL, JEOGTERAMER IR PO, FIOE rmin S/ NIVTH
fftic{difHl scipy.optimize.minimize [ 1-bfgs-b Kfi#, FEMXrP LRI, —Lil A& RIS TFEIZF Nelder-Mead
ToFBAAMA, BRCRGREEA N 7 ar S R4, FARTRIN T R B0 T LR SIS 2R, A2
SRAERE R LA R0 2

u'(r) 1+1
u(r) ~r
R RiE R (L) r—(+1))2, FEEEEEE [ (r) — Elu(r)]? VERRERE, JREAT LRI S BT A

Ul

WEREUT ARSI BREOR o N BT RAESR S HAR w(rmn) FIEER, S3EPUAS B AR ERT USSR A E e/ MERT H
b, G@HARNTER K T KA E M St

TERMRZE R, ERA TR BR LA 720° exp(250) FT LA R H U8 AAEAR (R RUR AR, (H SRR E R BX
FERVEMEARRENEAR KA o AR BT IALEHE, B5EH § = 0 MR RN T RERE B . HSLOR Bt RESKAR . (HIR iz
WRPRE TR EE AT, HREOHAREN & RS LR, E TR TR TRA v SRS —
PMRET 0/, ARl g S EUEAENE . Hik, AR TR E A DLERSKAFR . J& T SURMEE A
Au = ABu, [fij scipy WEMNEX HEAAIMN, Arintlest, FOAEZEEMW A REGER . AR 524
JETEEYL Bn ~ S5 #4%, BOAMA T shift-invert 30, RIAEEAN L U FBAESS, 155 7oRMEE, HE
TRy 3p A&, A FERHEIZSEEHKT 4p 85

A {f Problem_2/src/radial_schrodinger H3% Nizfrpip install -e . IfilfZdEARGl, K5 A B D
fTpython main.py, UNSRARZAE, n]LAfE Problem_2/src H3: [izfTpython radial_schrodinger.py, ¥J37#F
MAATSE, W - EEREE. BT LUE B Sphinx . hem1 4275 AL Y SRS o

2Solving The Stationary One Dimensional Schrodinger Equation With The Shooting Method
S NHEFF R, FIIRA A jmax < 1000 (9 R EEAEBREBCSOR M, (EAEIED T WREE , BUFEAE—SERY/ N O R B 2 AN
*Github Pages [y A il A 20T SE RN, Aty SCRS AT IE 3 i


https://bud-primordium.github.io/Computational-Physics-Fall-2024/Assignment_7/Problem_2/Sphinx.html
https://www.iue.tuwien.ac.at/uploads/tx_sbdownloader/Bachelor-Arbeit_Marie_ERTL_09-2016.pdf

def construct_hamiltonian(self): print (H
"R IR E e, MMt
-[v''(j) - v(j)62/4]1/(26%rp2e~(26j)) + v(j)
V_eff(j) = Ev(j)

[21] v/ 0.0s

0) —252.1280372360556
1) -1.0
0) -1.0
1) 1.9280926160509535
2) -1.0
1) -1.0
2) 1.96372079826546
) -1.0
-1.0
1.9755971954334994
-1.0
-1.0
1.9815343852906082
-1.0
-1.0
1.9850956827960027
-1.0
-1.0
1.9874689706056279
-1.0
b
1.989163368434465
-1.0
-1.0
1.9904334450184151

N = len(self.j) - 1
H = lil_matrix((N, N))

for i in range(N):

if i > 0:

H[i, i -1] = -1
H[i, i] = 2 + self.
if i <N - 1:

H[i, 1 + 1] = -1

H[i, i] += exp_factor * self.V_eff(self.j
[il)
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return H.tocsr() (298, 298) 1.9969384267577557
(298, 299) -1.0

def fd_solve(self, n_states: int) —> Tuplelnp. (299, 298) -1.0

(

ndarray, np.ndarray]: 299, 299) 1.9969236559544192

B 7 R A AT R AR

2.3 {ARES

Powered by KTEX pseudocode generator

2.3.1 fT§E

Algorithm 5: Inward Integration with RK4

Input: E: Energy (float)
Output: u: Normalized wavefunction array (radial grid)
1 Initialize v[jmax] < 0, V'[Jmax] ¢ =1 ; // Boundary conditions
2 Set step size h < —1; // Negative for inward integration
3 for j < jme:— 1 to 0 do
4 Compute (k¥,kV') < Derivative(j + 1,v[j + 1],v'[j + 1]);
5 Compute (kY, kY ) < Derivative(j + 0.5,v[j + 1] +0.5-h- kY, v'[j + 1] +0.5-h - k}');
6 | Compute (k3,kY) < Derivative(j + 0.5,v[j + 1]+ 0.5-h-k3,v'[j + 1]+ 0.5-h- kY);
7 | Compute (k%, k) < Derivative(j,v[j + 1]+ h- k3, v'[j + 1] + h- kY);
8 | Update v[j] < v[j + 1]+ 2 (k? +2- k3 +2- kY + k3);
o | Update v'[j] < v'[j + 1]+ & (B +2- k5 +2- k5 + kY );

10 end
11 Transform u < v -exp(d-j/2) ; // Transform to radial wavefunction
12 Normalize u if ||u|| >0 ; // Ensure normalization

13 return u



https://chatgpt.com/g/g-xJJAA2awf-latex-pseudocode-generator

Algorithm 6: Objective Function for Energy Optimization

10

11

12

Input: E: Energy (float)

Output: Error: Objective function value
Compute u < IntegrateInward(F) ;
Compute r, v ;

Step 1: Logarithmic Derivative Error ;

Compute LogDerError based on v and v’ ;

Step 2: Node Count Error ;

Compute NodesError based on node difference;

Step 3: Amplitude Error at ryp;

Compute AmpError < u[0]?;

Step 4: Continuity Error;

Compute ContError < (u/[0] — TheoreticalDerivative)?;

// Solve radial Schrédinger equation

// Radial positions and derivatives

// Near rmin

// Match theoretical values

// Compare nodes with target

Compute TotalError < wy - LogDerError + ws - NodesError + w3 - AmpError 4+ w4 - ContError;

return TotalError

Algorithm 7: Shooting Method for Energy Eigenvalue and Wavefunction

10

11

12

13

14

15

Input: Ein, Fhax: Energy bounds, Niarget: Target node count

Output: Eyptima: Optimal energy, u: Normalized wavefunction

Set Niarget < n — [ — 1 if not specified;

Define weights w1, ws, w3, wy for multi-objective terms;

Step 1: Coarse Grid Search;
Generate energy grid Fgrid € [Emin, Emax];
Compute errors Errors[i] < Objective (Egnqli]);

Set Ecoarse < argmin(Errors);

Step 2: Fine Optimization;

Perform optimization Result < Minimize (Objective, initial guess E ogrse);

if Result.success then
Compute ugptimal < IntegrateInward (Eoptimal);
return Eptimal, Woptimal;

end

else
Raise (RuntimeError: Optimization did not converge)

end

10



2.3.2 HRERZE

Algorithm 8: Construct Hamiltonian Matrix

Output: H: Sparse Hamiltonian matrix

[y

Initialize H as a sparse matrix with size (Nreduced, Nreduced) ; // Reduced grid size
2 for i + 0 to Nyegyceq — 1 do

3 Compute Jactual < 7+ 1 ; // Actual grid index
4 Compute exp factor < 2 -2 - rf) -exp(2 -9+ Jactual);

5 if ¢ > 0 then

6 ‘ Set H[i,1 — 1] + —1; // Kinetic term for j —1
7 end

8 Set Hi, 1] < 2+ % + exp_factor- V_eff (Joctual);

9 if 7 < Nyegueed — 1 then

10 ‘ Set H[i,i+ 1]+ —1; // Kinetic term for j+1
11 end
12 end

13 return H

Algorithm 9: Construct B Matrix

Output: B: Sparse matrix for scaling factors
1 Initialize B as a sparse matrix with size (Niequced; Nreduced);
2 for i < 0 to Nyegyced — 1 do
3 Compute Jactual < 7 + 1;
4 | Set Bli,i] < 2-0%-r2-exp(2- 8 - jactual);
5 end

6 return B

11



Algorithm 10: Finite Difference Solver for Eigenvalues and Eigenstates

Input: ngiates: Number of eigenstates to compute

Output: (energies, u_states): Eigenvalues and normalized wavefunctions
1 Set H + ConstructHamiltonian();
2 Set B < ConstructB(H.shape[0]);

3 Step 1: Compute Ground State;

4 Try

5 ‘ Compute (€ground, Vground) < linalg.eigsh(H, k =1, M = B, which = "SA”);
6 EndTry

7 Catch

8 ‘ Exception e

9 EndCatch

10 Raise (RuntimeError: Ground state computation failed);

11 Set energies < [€ground], States < [Uground);

12 Step 2: Compute Excited States (if nstates > 1);

13 for n < 2 to ngutes do

14 Compute estimated e <+ egmund/n2 ; // Estimate using 1/n? scaling
15 Set window <— |eground| - 0.1;

16 foreach shift € {estimated__e, estimated_e £+ window} do

17 Try

18 Compute (e,v) « linalg.eigsh(H, k=1, M = B, o = shift, which = "LM”);

19 if |e — epres| > 1e~S for all eprev € energies then

20 Append e to energies, v to states;

21 Break;

22 end

23 EndTry

24 Catch

25 Exception e

26 EndCatch

27 Continue to the next shift ; // Skip this shift on failure
28 end

29 end

30 Step 3: Normalize Wavefunctions and Transform to u(r);
31 Set u_ states < Transform and normalize states;

32 return (energies, u__states)

12



2.4

ZERTB

2.4.1 FTHEITESER

JRF HE n,l AEZL (PEA: hartree) | JH T HE n,l AEZL (A hartree)
n=11=0,1s -0.500000 n=1,1=0,1s -4.458247
n—=21=0,2s 20.125000 n—=21=0,2s S1.115432

i 2= L2 20.125000 sy | 2= L2 ~1.122278
n—=31=0,3s -0.055556 n—=31=0,3s -0.496256"
n=3,01=1,3p -0.0555562 n=3,01=1,3p -0.498679
n—=31=23d -0.055556 n—=31=23d -0.500262

CXT 0 =3 W=AA, 1RE T r Max=60, KEEAMESRE . H T A A RILD AR AR

DT n =3 MEAE, HET r_ Max=60, FNITCEKEL HEEBFKE

2.4.2 AREFETEER
JEH HFE n,l AEZL (R hartree) | JH 1 HFE N, AEZL (HAfiZ: hartree)

n=1,1=0,1s -0.499993 n=1,1=0,1s -4.458266¢
n=21=0,2s 20.125007 n=21=0,2s ~1.115469

o RS -0.125003 o RS -1.122296
n=3,0=0,3s -0.055556% n=3,01=0,3s -0.496337
n=31=13p -0.031255P n=31=13p -0.280662°
n=3,1=2,3d -0.055529¢ n=3,1=2,3d -0.500269¢

* £ r_Max=30 fZ1d K, 72 60

P SLpR b2 4p A,

{EIRZ AR LRI 3p. Al RER T B K/

¢ 3d /AL r_Max=30 KILE I, HHRKERZ, HABVATE
dffi ] r_Max=30, j_Max=300, IR
¢ Sl _EMNIZSE 4p £, (BRI IERR 3p
PIETHE j_Max=400 J55FTHITALE F 22 F /N
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2.4.3 WMASRELIE

(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py -h
usage: main.py [-h] [--V-type {hydrogen, lithium}] [--n N] [--1 L] [--method {shooting,fd}] [-—j-max J_MAX] [--example] [--convergencel

RHEEEHERRESR
options:

-h, —-help show this help message and exit
—--V-type {hydrogen,lithium}

S Sk

——method {shooting, fd}

F ol

Bhat NNk
M

——j-max J_MAX () 3% )
——example WJTfE%
—-—convergence #HAT WJ 1B UL S o AT
(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py ——n 1 —1 1
2024-11-22 09:27:55,496 — ERROR - BFBTELM: AEFH W I/NTFEE F#n
(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py —-n 2 —1 -1
2024-11-22 09:29:23,510 - ERROR - R FB1TAM: AEFH W M NIEREE
(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py ——n 0 —1 -1
2024-11-22 09:29:33,958 — ERROR - BFBITLAM: TEFH L N EEH
(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py —-V-type silicon
usage: main.py [-h] [--V-type {hydrogen, lithium}] [--n N] [-—1 L] [--method {shooting,fd}] [-—j-max J_MAX] [-—example] [-—convergencel
main.py: error: argument ——V-type: invalid choice: 'silicon' (choose from 'hydrogen', 'lithium')
(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py —-method numerov
usage: main.py [-h] [--V-type {hydrogen, lithium}] [--n N] [-—1 L] [--method {shooting,fd}] [-—j-max J_MAX] [-—example] [--convergencel
main.py: error: argument ——method: invalid choice: 'numerov' (choose from 'shooting', 'fd')
(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py ——method fd —--j-max 800
2024-11-22 09:32:47,477 - ERROR - BFIZ1TRM : BIRE 2 E K j_maxF BE 8 I 640
(base) gilbert@Gilbert-YoungMacBook radlal _schrodinger % python main.py ——method fd —-j-max 40
2024-11-22 09:32:55,657 — ERROR - BB FZ1TEM: MBI L, BIXNELD500 =

A 8: HENSHEMNS R, FA SR MG LR r_nin &5 r_Max AYFRE

f%

SN E % B H
N
3

2.4.4 (£ example iZIIZ1THI B

(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py -
—example X fi# hydrogen/& F: n=2, 1=1
1 A shooting’s 3%

K fi# hydrogen® ¥ : n=1, 1=0 2024-11-22 09:38:11,482 — INFO - #3aft hydrogen/® 7k fi2%: n=2, 1=1, A&
{& A shooting’s 3% =shooting

2024-11-22 09:37:58,656 — INFO — NumExpr defaulting to 8 threads. BEEAIE{E: -0.125000 Hartree
2024-11-22 09:37:59,247 - INFO - #)%a 1t hydrogen/R FRfi#2&: n=1, 1=0, 5% EBiP{E: -0.125000 Hartree
=shooting HIRE: 0.000003%
2024-11-22 09:38:03.102 python[3324:37418] +[IMKClient subclass]: chose I
MKClient_Modern

2024-11-22 09:38:03.102 python[3324:37418] +[IMKInputSession subclass]: c Kf# lithium® ¥ : n=1, 1=0
hose IMKInputSession_Modern {& F shooting/s i%

REERIE{E: -0.500000 Hartree 2024-11-22 09:38:12,891 - INFO - #)#A 4 LithiumR 7 RAE2E: n=1, 1=0, 5=
Hig{E: -0.500000 Hartree shooting

I IRE: 0.000001%

BEE AYE{E: —4.458247 Hartree

IBiP{E : -4.458247 Hartree

R hydrogen[® ¥ : n=2, 1=0 HIIRE: 0.000000%

{# A shooting’s i%&

2024-11-22 09:38:04,020 - INFO - #)%a 1t hydrogen/R ¥R 28 : n=2, 1=0, H & HITERF 1sEs shootingF iz W& K M 5 7
=shooting

2024-11-22 09:38:14,392 - INFO - #)$aft hydrogen[R ¥ RfE &% : n=1, 1=0, A%
BEEAIE{E: -0.125000 Hartree =shooting
Big{E: -0.125000 Hartree
HIRE: 0.000003%

HTERFIsS fdBE WH%LISI%ZE *ﬁ

K 9: Iaf T L HH




1072

1072

107*

1075

TR E % (log)

1078

1077

1078

—— HEHS£R

O(h?) £
O(h*) &L

Hydrogen& F (T #83%)
EF7:n=1,1=0| #£&: E=-0.500000 Hariree

— R(r) H{E#
-=—- R(r) SEAT#E
------- u(r) HAER

10 15

r (Rnhr

20

25

30

— BEBE r°RY()
--—- BRARERERE

10 15
r (Rohr}

4] 10: S ITHORAFEUR TR CHRY 1s 25

WS o 4T (T $B3%)
Hydrogen/&¥: n=1, I=0

1072
F#BIEE h (log)

20

25

B 1L TR R M EUR R C A9 1s SRIEIPE AT . B0k T RK4 2Rk 222 TP Y
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Hydrogen &7 (§T#83%)
ET7 n=2 |=0| g2 E=-0.125000 Hartree

06 — R(r) $ER
) -——- R(r) BR#7HR
04 [ e e u(r) ifE g
02
s | N L e
Y < RIS
e U
0.2
04
0.6
0 5 10 15 20 25 30
r (Bohr)
0.200
— BEEZE Ry
0175 - RREEEE
0.150
0.125
il
& 0.100
#
E 0075
0.050
0.025
0.000
0 5 10 15 20 25 30
r (Bohr)
Hydrogen R F (§T483%)
EF7:n=2, |1=1| gE&: E=-0.125000 Hartree
—— R(r) BufEE
04 ——— R() W4T
s S (s u(r) ﬁ{am
0.3
B
=02
01
00 | L T e
0 5 10 15 20 25 30
r (Bohr)
0.200
— HEZE PRI
0.175 - BFREREE
0.150
0.125
i
# 0.100
b
0.075
0.050
0.025
0.000
0 5 10 15 20 25 30
r (Bohr)

A 120 (TR R EUR TR CHRY 28,2p 45
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LithiumR T (T4E3%)
B3 n=1,1=0 | BE&: E=-4.458247 Hartree

— R(r) $ER®
------- u(r) BuE R

0 5 10 15 20 25 30
r (Bohr)

175 — mEEE R
150
125
i 1.00
&
& o5
050

0.25

0.00
0 5 10 15 20 25 30
r (Bohr)

A 13: (AT RECR AR 7Rt ny 1s 25

WS4 (B BRE S %)
HydrogenR ¥: n=1, I=0
—— HEER Lo
o | T o) g€ - -==
---- O(h?) BEL I
= 107
S
i
o 10
1073

2% 1072 3x1072 4x1072 6x1072 1071
FI#E[RIEE h (log)

K 14: A RZED BRIFESR T HECHR 1s SRS, BUARIES S 41 R B R EASE A BT I
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2.4.5 SEFEERG

(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py ——n 3

b3
S5

H'ﬁ"

: hydrogen

n=3, 1=0

: shooting

: 1000

[1.0e-05, 30.0] Bohr

2024-11-22 09:52:29,590 - INFO - NumExpr defaulting to 8 threads.

2024-11-22 09:52:30,244 - INFO - #¥) %A 1t hydrogen[R F R fi#28: n=3, 1=0, J5i%=shooting

2024-11-22 09:52:31.457 python[4095:52152] +[IMKClient subclass]l: chose IMKClient_Modern

2024-11-22 09:52:31.457 python[4095:52152] +[IMKInputSession subclass]: chose IMKInputSession_Modern
2024-11-22 09:52:37.332 python[4095:52152] The class 'NSSavePanel' overrides the method identifier.

20 Ot 52 0k i

fi#
IR
=
R
*
=)

R ENNE

4

o

BEE A{E{E : -0.055424 Hartree
G {H : -0.055556 Hartree
HIEZE: 0.237385%

Hydrogen/&F (3T $8:%)
ET77%: n=3, =0 | B2 E=-0.055424 Hartree

0.4
—— R(r) $EE
073 ---- R(r) B#71%
....... u(r) WiaE
02
2 01
#
0.0
01
02
0 5 10 s : , :
r (Bohr)
0.10 — EEEE R
- AR S
0.08
i 0.06
&
it
® 004
0.02
T
0 5 10 o ) ) 30
r (Bohr)

K 15 TR R IEUR T CF5H] 3s 45, r_Max=30 HUIEITIE LA LLfE gt LT
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(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py —method shooting -—j-max 1608 —r-max 60 —-V-type hydrogen —

hydrogen
n=4, 1=0
: shooting
1600
[1.0e-05, 60.0] Bohr
9,279 — INFO - NumExpr defaulting to 8 threads.
9,711 — INFO - ¥) 34 £ hydrogen/R F R 2 8% ,» 150, %5 hooting
1.110 python[6104:80671] +[IMKClient subclass]: chose IMKClient Modern
1.110 python[6104:80671] +[IMKInputSession subclass]: chose IMKInputSession_Modern
2024-11-22 6.971 python[6104:80671] The class 'NSSavePanel' overrides the method identifier. This method is implemented by class 'NSWindow

1

ININININ]

£E 5 7S 4 {8 : —0.031248 Hartree

Hydrogen i F (T 483%)
B ¥ n=4,1=0 | f58: E=-0.031248 Hartree
— R(r) HE#
02 u(r) BER
0.1
&
E 00
-
0.1
0.2
0 10 20 30 40 50 60
r (Bohr)
006 — BEREE R
005
004
i
I
# 0.03
'
002
001
0.00
0 10 20 30 40 50 60
r (Bohr)

K 16 i TR ZCRIEUR T ECHRY 4s 45, f8E r_Max=60

-85, 60.0] Bohr

24,406 - INFO - NumExpr defaulting to 8 th
2 - INFO - hydrogen/ F 3K 8% 8 , 5 ¥
00.507 pythonl 2431] +[IMKClient subclass]: chose IMKClient_Modern
00.507 pythonl 2431] +[IMKInputSession subclass]: chose IMKInputSession_Modern
:19.487 python | des the method identifier. This method is implemented by class 'NSWindow'

: -0.031250 Hartree

HydrogenR 7 (BRRZE % %)
EF7:n=4,1=3 | f&E: £=-0.031250 Hartree

— R(r) BiER
025 | u(r) HER

0 10 20 30 40 50 60
r (Bohr)

— BEREE Ry

# 0.04
#

Hoos

0 10 20 30 40 50 60
r (Bohr)

K17 A IRED ZSRI AR T C R AF 25, 17/E 1 _Max=60
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2.4.6 $BEEF

H

F~

=t

(base) gilbert@Gilbert-YoungMacBook radial_schrodinger

400
[1.0e-05, 30.0] Bohr

2024-11-22
2024-11-22
2024-11-22
2024-11-22
2024-11-22

10:00:08,492 INFO - NumExpr defaulting to 8 threads

00:09,063 - INFO - 341t Lithium® 7 R 8%: n=2, 1=0,
00:12.653 python[4527:60072] +[IMKClient subclass]
0:12.653 python[4527:60072] +[IMKInputSession subclass

]
10:00:29.282 python[4527:60072] The class ‘NSSavePanel' ov:

python main.py —method fd —

Fik=fd
chose IMKClient_Modern

chose IMKInputSession_Modern
des the method identifie

max 400 —V-type lithium —n

2

—10

This method is implemented by class 'NSWindow'

BEEAES
HipME:
16 3 I8 2

: -1.115469 Hartree
115432 Hartree
0.003306%
Lithium R F (BRZ5 %)
BF7: n=2,1=0 | f£8E: E=-1.115469 Hartree
— R(r) BER
- ou(n) BER

o
L

15
 (Bohr)

20 30
0.6

— EEEE eRY)
05

5}

15
 (Bohr)

4] 18: (i AT IRZE 5 SR B R i 2s 745

20

(base) gilb ilbert-YoungMacBook radial_schrodinger % python main.py —-method fd —j-max 400 —V-type lithium —n 2 —1 1

5, 30.0] Bohr

220 - INFO - NumExpr defaulting to 8
- INFO - 4] P
python [4328
python [4328
python [4328:

thread
» FiE=fd
chose IMKClient_Modern

] +[IMKClient subclass
5681] +[IMKInputSession subclass]: chose IMKInputSession_Modern

2024-11-22 09
2024-11-22 09
2024-11-22 09: 5681] The class 'NSSavePanel' overrides the method identifier. This method is implemented by class ‘NSWindow'
1 : -1.122296 Hartree

-1.122279 Hartree

0.001535%

LithiumRF (HRES %)
B4 n=2,1=1| $£&: E=-1.122296 Hartree

— R(n) HE#
u(r) BiER

5y
o

15
 (Bohr)

30

— BEREE CRA(T)

o
o

15
r (Bohr)

4] 19: (AT FRZE 70 IR BT SR ey 2p 25
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(base) gilbert@Gilbert-YoungMacBook radial_schrodinger % python main.py ——n 3 —1
2 —V-type lithium --r-max 60 ——method shooting

shooting z [1.0e-05, 30.0] Bohr
1000 :15:57,823 - INFO - NumExpr defaulting to 8 threads
: [1.0e-05, 60.0] Bohr 2024-11-22 17:15:58,263 — INFO — #)4A L LithiumE FR#E & : n=3, 1=
:15:57,651 — INFO - NumExpr defaulting to 8 threads. 2024-11-22 17:16:36.258 python[27047:337926] +[IMKClient subclass]:
2024-11-22 17 58,193 — INFO - #)fAft lithiumfR FRAR 2 : n=3, 1=2, A E=shooting MKClient_Modern
2024-11-22 17:16:01.244 python[27045:337910] +[IMKClient subclass]l: chose IMKClie 2024-11-22 17:16:36.258 python[27047:337926] +[IMKInputSession subclass]: c
nt_Modern hose IMKInputSession_Modern
2024-11-22 17:16:01.244 python[27045:337910] +[IMKInputSession subclass]: chose I 2024-11-22 17:16:45.457 python[27047:337926] The class 'NSSavePanel' overri
MKInputSession_Modern des the method identifier. This method is implemented by class 'NSWindow'
BE B AS{E{E: -0.500262 Hartree BE & AJE{E: -0.500269 Hartree
Lithium R F (FT$B3%)
BF7%:n=3, =2 | f£&: E=-0.500262 Hartree
—— R(r) #fEsE
05| Fov e u(r) BEw
0.4
#
7 0.3
=
0.2
0.1
0.0
0 10 20 30 40 50 60
r (Bohr)
— 2R2
0.30 BEEEE °R2(r)
0.25
0.20
o
i1
# 015
=
0.10
0.05
0.00
0 10 20 30 40 50 60
r (Bohr)
LithiumR F (BRZE 2 %)
EF7:n=3,1=2 | $£&: E=-0.500269 Hartree
—— R(r) #fEsE
05| i e u(r) BiER
0.4
B
& 0.3
=
0.2
0.1
0.0
0 5 10 15 20 25 30
r (Bohr)
— s 2R2
0.30 BEEEE r°R(r)
0.25
0.20
i
i1
# 015
=
0.10
0.05
0.00
0 5 10 15 20 25 30
r (Bohr)

K 20: 23 BIE AT HE S S A BRZE R AR 7 Ry 3d 74, HaTHlZw it r_Max, A NITCIEIEL
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