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Fusion from Magnetic Confinement

e Sun: plasma flares - nuclear fusion (gravitational forces)

_ ) 3 parameters (Lawson criteria) :
* EARTH : magnetic confinement density, temperature, confinement time

ITER : weight 23,000 tonnes Vacuum vessel — heavier than Eiffel Tower
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THE ITER TOKAMAK VACUUM VESSEL

The tokamak is an experimental machine designed to harness the energy of MAGNETS =
fusion. ITER will be the world's largest tokamak, with'a plasma radius (R) of 6.2 Ten thousand tonnes of superconducting magnets will produce the magnetic

The stainless steel vacuum vessel houses the fusion reactions and acts as a
first safety containment barrier.

m and a plasma volume of 840.m?. fields to initiate, confine, shape and control the ITER plasma.



e particle motioninE, B - fields

e collective effects of plasma in E, B - fields

MAXWELL EQUATIONS

— 0B
VXE=—-—
ot
VxH=T4+ 23] Closure : constitutive equations describe the effects of the fields
ot on the plasma medium self-consistently
VeD=p D = ¢E
VeB=0 Simplest model: B = yH




SOLUTION TECHNIQUE (a) classical supercomputers - parallelization critical

(b) gquantum computer -- unitary evolution on a qubit basis

(c) unitary algorithm but also ideal for classical supercomputers

QUANTUM ENTANGLEMENT

Classical Quantum
Bit Qubit Tensor product of 2-qubits : [a1) ® |g2) = [a0|0) + a1|1)] ® [bo|0) + b1[1)]
0
O |q1q2) = a0b0|00) + a0b1|01) + a1b0|10) + a1b1|11)

1
will NEVER recover the state ﬁ”m) - |10>]

Qubit : |q1) = ao|0) + a1|1) - entangled state

. ) ) - a Bell state
with |ag|® + |ai]* =1



e Quantum Parallelization

3 (classical) bit register

000 = “0”
001 =“1”
010 = “2”
011= “3”
100= “4”
101 = “5”
110=“6"
111 = “7”

A classical register
can be in only ONE
unique state, at any
given time instant:
e.g., |011>="3"

Qubit : |g) = ag|0) + a1|1) with |ag|* +|a1|* =1 |
Consider the 3-qubit state ”3” : [011) = |0) ® |1) ® |1)

Apply the Hadamard gate to each qubit :

v2 o V2

»” O” " 1” _n 2” + »” 3” _l_ » 4” _» 5”/ _n 6” + ” 7”

H|0) ® H|1) @ H|1) = 7

i.e., we can create a quantum register in which we can simultaneously and
independently store ALL 8 possible basis states at the same time instant.



Spin-1 BECs

3coupled NLSegs. ¢ = (P_; Py Py)T

~

(V2 gy i + 0= (T Vg )i+ €V,

i =
ot
¢ Time evolution :

v (xt+8t)= Expl:—i(f+ Vd,.ag +c, Vnondiag)&]y?(x,t)

tri-idempotent operator

Baker-Campbell-Hausdorff (lowest order) :

Exp[—i(l-‘ld,ag + Vnmdiag)ét] = Exp[—m’w"%&}Exp[—iﬁmat] Exp[—i\a’m%&] + .

NS

summable to all orders

QLA : fully unitary, 6 qubits/lattice node

t=0: 12 line
Vortices/m;

Formation of
Quantum loop

vortices

Grid 864°
Time Probability Unitarity Energy
0 2.394440389827002E-004 | 1.197220194913501E-004 | 2.399237643177138E-004
1000 2.394440386082502E-004 | 1.197220194910103E-004 | 2.399177921934308E-004
3200 2.394440225580082E-004 | 1.197220194905830E-004 | 2.399082131416646E-004
4500 2.394435073214831E-004 | 1.197220194903661E-004 | 2.399107356071618E-004
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Parallelization of

Table 2. Strong Scaling: Grid 9600°
QLA ) Ranks Time  Speed-up
on Classical (s) [ideal]
Supercomputers | 16384 | 524288 | 8161 1.0 [1.0]
. 32768 | 1048576 | 389.7 | 2.1 [2.0]
(Mira) [2016] [ 49152 1572864 2758| 3.0 [3.0]

Fig. 14 Strong scaling of spinor BEC algorithm on
Mira, using 2 MPI ranks/core with 16 cores/node (blue
curve). The red dashed curve is ideal scaling up to
the full 786 432 cores available on Mira. The multiple
MPI ranks/core gives the benefit of multiple
instruction issue by multiple threads on the BG/Q chip
while running the code in pure MPI mode.

Table 5. Strong Scaling , OpenMP Timings, Grid 51203 - to 32 racks

Wal clock Time ()

to the full 48 racks on IBM/BG Q (Mira)

Spin1 — Strong scaling on Mira

786 432 cores —
100% parallelization
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32768
Number of Nodes

4578 40960 40152

406.11 | 20362 | 106.58 53.94
65536 | 131072 | 262144 | 524288 |
: 100% | 99.7% | 95.3% 94.1%
oGl 8864% | 89.13% | 89.11% | 88.79% 94.1% parallel efficiency
8 250% | 251% | 2.56% 2.63%
iz % | %% | %2 | 9 174 petaFlops (i




2D ELECTROMAGNETIC SCATTERING from TENSOR DIELECTRIC OBJECTS

T
6 qubits/lattice node U= (anx, nyEy,n. E,, ué”H) = Q.

Coupling q1—g5
q2—-q4

Coupling g0 —qg5
| q2-a3

O _ 19¢5  Oq _ 1095 992 _ 1 10gs 0gs
Pde’s ot ng 9y’ Ot _ myQz’ Ot m, |0z Oy
dg3 _ _9(q2/n:) 9qa _ 0(g2/nz) 0gs _ _9(q1/ny) | 8(qo/na)
ot oy '’ ot or ’ o o oy
(10 0 0 0 0
0 cosb, 0 0 0 —sin b
. . . . 0 0 cosly 0 —sinby 0
Cy — Unitary Collision Operator forms 2-qubit Cx=|0 o 3 1 o 0
entanglements 0 0 sinfy 0 cosby 0
| 0 sin6; 0 0 0 cost |
" cos 9() 0 0 0 0 sin 9()-
0 1 0 0 0 O
. . . . = 0 0 50 sinfl; 0 0
C, — Unitary Collision Operator forms 2-qubit Cv=| 0 0 _dinb, cos 0 0
entanglements 0 0 0 0 1 0
| —sinfy 0 0 0 0 cosbp]
6y = O

Ux = S57.0% .85 .Cx .81 .Ch .SHE.Cx .85 .Cx . 857 .CL .SHE.Ox .S .Ch

- 4n,

Uy = S;.CL.852 .Cy .Sy .CL.S3Y .Cy .85 .Cy .S .CL.S3Y .Cy .84 .CL,

bl




Non-unitary
External potentials

- Q(t+ At) = V3. Vx.Uy.Ux.Q(?)

SO =O
o= OO

S,
S

S oo OO
oo = O oo

o

oo oo ~=Oo

By = 520ml0z 51:523712# , 52=626nz£6:1: gy g2On=/0y

2 2
ny T z n;

Can rewrite Vy and Vy as a linear sum
of unitary matrices (LCU method - Childs et. al.)

2nd order accurate scheme

under diffusion ordering, At ~ §2.

- in principle QLA, as an initial value problem, could be run on an error-correcting qubit

quantum computer.



Scattering of a 1D Electromagnetic Pulse
off of scalar dielectric object:

- dielectric cone

- dielectric cylinder

Grid: 81922

No internal boundary conditions : initial value problem

10

Cone

Cylinder

Conservation of Energy

1 L rL 1 L pL
Et) = iz /0 /0 dzdy [n2E2 + n2E} +n2E? + B?| = — /0 drdyQ - Q

0.0004030;

0.0004028

=03

0.0004026

6

0.0004024

Energy

0.0004022

2 004 (EOO 5000 10000 15000
time

(a) E(t) ,6=03,

20000

2
0.00040220
~ 0.00040215
o
"
0
= 0.00040210
2
2 interleaved potential
W 0.00040205
0.&)0_492200 10000 20000 30000 40000 50000 60000
time

(b) £(t) , 6 = 0.1



DB: Ezf.123400.bov

DB: Ezf.103600.bov DB: Ezf.115000.bov

0,093 006723 -0.03454 ODEJ\BM 005085
Max: 0.03085
Min: -0.09993

c |Inder 00%92 0% 00kse 00kse 156bets 0198 00%08 008478 00147 00toss
Max: 1.5686-06 Max: 001983

Min: -0.09992 Min:-0.1294

DB: Ezf.103600.bov DB: Ezf.123400.bov

F . F Fr -0.09993 -0.06994 -0.03995 -0.009967 0.02002
009992 -0.07494 -0.04996 -0.02498 1.568-06 DB: Ezf.115000.bov i oosers eat oot s A

Max: 002002

Max: 1.5680-06
90992

Min: -0.0999: Min: -0.09993

Max: 006499
Min: -0.1133




DB: Ezf.130000.bov

y 2. uJW <, u!m 0,03906 -0.008903 0.02125
Max: 0.02125
Min: 0,09937

DB: Ezf.130000.bov

-0.09937 -0.07091 -0.04244 -0.01398 0.01449

1449

Max: 0.0
Min: -0.09937

cone

DB: Ezf.140200.bov

DB: Ezf.149200Q.bov

NJm oodr2 aoiss ooharr ookeo

DB: Ezf.140200.bov D8; E21.149200 bov

0.09952 -0.07159 -0.04367 -0.01574 001218
0.09989 -0.07214 -0.04439 -0.01664 001111 |
l |

Max: 0.01218
Max: 0.01111 Min: -0.09952
Min: -0.09989



LV.p
Gaussian
Pulse
Scattering
from circular
dielectric

Refr. Index




Lv.p

Wave packet
scattering from
cone

0.10 -
E
0.05
[
Ez(t=0)0.00 E

~0.05'
L

e Y

5500 GH(B \*771\#406‘ -—
X




Initial Value Problem,
Gaussian wavepacket
scattering from an
elliptical dielectric cyinder

y
6008500
5500

0.10

0.05
Ez(t=0)0.00
-0.05

Refractive index
n,=1
n,=2 (ellipse)




#1. PT - Hamiltonians (Bender 1998)

* Quantum Mechanics: real, bounded energy spectra of a
system
oy

Y = Ay v (x,0)=y(x)e™ Hy = Ey

- usual assumption: A =A" - Hermitian Hamiltonian

- Bender (1998) : to recover real eigenvalues one does NOT
need to assume Hermitian operator

« PT-symmetry can be sufficient. [P - parity, T - time reversal]

A

Py (x,t)=y(-x,) Ty (x,t)=y *(x,~t)
anti — linear f"(il//) = A*Ty



* PT-Symmetric Hamiltonian Bender & Boetcher, 1998

e=0:H(0)=p*+ £ =H'(0)
- harmonic oscillator, Hermitian
E =2n+1

n

Energy

Energy Spectrum:
€20 real, discrete, like

analytic cont. of s.h.o 3} W
1 f : )

—1<€<0: finite # real > 0

+ infinite # ccomplex conj. pairs

unbroken PT symmetry: € 20
Hy=Ey , PTy=2Ay

broken PT
symmetry € <0

€ <—1:no real eigenvalues




FUTURE WORK
(1) QLA for scattering from 3D objects

(2) Tensor dielectric — dispersive, dissipative (collisional cold plasma)

- treat classical dissipative system as an “open-quantum” system : non-unitary system
- introduce appropriate Kraus operators

- treat the environment as a single qubit-system
(c.f., guantum amplitude channel for vector spontaneous emission)

- find the dilated Hilbert space in which the resultant dynamics is now unitary
[Koukoutsis et. al., arXiv:2308.00056v1]

- develop QLA for this higher dimensional Hilbert space unitary systems

(3) Nonlinear 2 fluid equations + Maxwell : Madelung transformation on the GP BEC-equations
- quaternions to eliminate quantum pressure terms, nonsingular classical vortices






Theory: Unitary Algorithm for Maxwell Equations in Anisotropic Dielectric Media

Basic Fields u =(E,H)T
Derived Fields d =(D, B)T

Constitutive 1y _ 5(x)-E . B=ypoH >WHermitan W = [E(()x) 03 ] '
3

20

Equation pols
> d=Wu

VXE = _a_B’

o > I od _ 37 0 iV X

oD Maxwell i.v. i— =M"-u i it _ 3 '
VxH = = Pt ot with Hermitian operator M = [—z’Vx 05 ]
au ——1—=
-> i = M-u

. ——1=
e Homogeneous Media W M |[s Hermitian = {u}— basis for a unitary representation.

e INHOMOGENEOUS MEDIA: W M is not Hermitian, since W 'M £ MW

=>» {u} - basis will not yield a unitary repr.




DYSON MAP
Considermap: u 2> U s.it U = 511 with ﬁ _ Wﬂh
au _=—1=
-> 15 =W M-u
,Uﬁu - =
ZW =pW M-u
e AN e
=7W M(77'5) u
— (ﬁﬁ_lﬁﬁ_l) Eu
> Z%—[t] = HpU , but now Hp is Hermitian
=:—1:=_1
U= [\/QE;C] Hp =pW Mp
VHoH T P V2

vel

21

03
pol3

|



