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Motivation

»Fundamental Science

»Hadron therapy of cancer

»Collisions of particular interest to ITER

»Charge exchange reactions of particular interest to X-ray observatories



Interest: lon-Atom collisions

Scattering
Equations

CCC theory

Target
Structure

Schrddinger eq: (H-E)¥W=0
Close-coupling scheme:
1-centre: W=% F(a)o(r)

2-centre: W= F(0)o(r)+Z G(p)p(x)
(includes rearangement)

Basis of Laguerre pseudostates:

o(r)=2 C &(r)

Wavepackets

SC-CCC:

i dA(t)/dt=M A(t)

QM-CCC:

T=V+VGT

Coefficients C are obtained by
diagonalizing the target
Hamiltonian:

<of [H |pi>=¢

Two steps:

1) Bound and Continuum
functions are calculated by
solving the target SE directly
2) Wavepackets are
constructed for continuum



Close coupling scheme
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Two-center QM CCC approach

»  SchrodingerEq: (H-E)¥Y=0

»  Two-centre expansion:

W= FN G+ D F (P ()
o B

»  Require our expansion to satisfy the SE:

(E—H)(ZF;@W;‘(?AHZF,;B(ﬁ)qb,?(fB)j =0
o B

»  Project this on each pseudostate Bubnov-Galerkin principle)

(p2|(E-H)Y F}

o

(05|~ )X E;

oo )+ (¢
o7 )+ (95

(E—H)zﬁ:FﬁB

(E—H)%F;

05)=0
%3 )~0



Two-center QM CCC approach

»  Lippmann-Schwinger integral equations for the T-matrix in the impact-parameter sp.

k "lls =V (k, k,b)T .(k,k.,b) k., k., k are parallel
— i fn\" ' ? ni\>?" "’ fr Do
Tolkiokb) =V (ko D)+ 20 3 [ ok = ge s components of
! momentum
We used this for antiproton scattering on H, He Traditional
Calculations were slow. Much slower than semi- approaches

classical
Can we do the off-shell integration analytically?

Discretization of

Details: integration variable

IB Abdurakhmanov et al. 2011 Phys. Rev. A 84 062708
IB Abdurakhmanov et al. 2011 J. Phys. B 44 165203
IB Abdurakhmanov et al. 2011 J. Phys. B 44 075204

Too many matrix Linear equations of
elements calculated enormous size




Alternative approach

»  Off-shell momentum dependent parts of V and T are factored out

Vfi(kf ’ki) = j dZ’\/ﬁ (Z)CXP(i(ki - kf)Z) Tﬁ(kf ak,') — J. dZTﬁ (Z)€Xp(i(ki — kf)Z)

k Mae s Vo (kG K)T (koK) T ek T (e if 75 7
£ [ e Lt B R jdkk2 =1
T = J k? —k® +i0 Lo by =i : ,
n | 0 ifz<z
NA+NB oo " " /k(z—z’)
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NA+N k b4 ' ,
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New scattering equations:

N,+N z
.S Bki i(k,~ks)z r i(k—k )7 ’
Tu@=Vy@=i X eV, @) | e T, @)
n=1 —oo

n

[ Solving strategy: }

Initialize using Propagate solution using Finish at
Vﬁ- (—o0)=0 :> some integration rule :> sufficiently large z
T ,(—2)=0
- - 2
Cross sections: o, =[dbb| [ dzT,(z.b)e"“ ", 0. =3 o,
0 o fele,>0]

Details: Abdurakhmanov et al., J Phys B 49 (2016) 115203



p-H ionisation: which theory is correct?
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Electron capture and ionisation in p-H
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2-centre QM-CCC with Laguerre pseudostates:
Abdurakhmanov et al., J Phys B 49 (2016) 115203
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Electron capture and ionisation in p-H
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Cross section (10'16 sz)

Electron loss in p-H
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Level of convergence:

CCC(50,,0)
CCC(50,,0) 0.4 %
CCC(49,,0) 0.04 %

Net error < 0.5 %

So, 20% difference is
impossible



Semi-classical CCC approach

A lab frame: the origin at the target, z-axis || v and x-axis || b

Projectile position R(:)=b+Z=b + ¥t

The w.f. is a solution to SC TDSE

JdV¥(7,t)

i =(H, +V,)¥(F 1)

Expand in terms of target and projectile-centered pseudostates:

Ny
U(t,r,R) = Zaa(t,b)wg(rT)exp [ — iegt]
a=1 v,
+ Zblg(t,b)l/fé)(rp)exp [ — iegt] exp|—i(v-r7 + v2t/2)]
p=1

Details of SC-CCC: Avazbaeyv et al, Phys Rev A 93 (2016) 022710



Wave-packet continuum discretisation

» Coulomb wave functions @(r) :

[ no finite normalization ] - [not suitable for scattering calculations]

» Continuum is subdivided into non-overlapping intervals [E, ,,E],N

» Stationary wave packets:

v, (r)= ﬁ [ dip,(r)

i1

» They are orthonormal: <1//,-/ ‘//j/> =9,

E +E
H’l//ﬂ>=8,.5,.j, £ = "12+

-~

» The state energy is the middle point of the bin: <l//,-/




energy (eV)

Wave-packet continuum discretization
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Breakup amplitude including ECC

[1 lonization amplitude can be written as
Details:
Tri(gy. q;) = (PF IE — E|¥;) Kadyrov etal, Phys Rev Lett 101 (2008) 230405
Kadyrov et al., Ann Phys 324 (2009) 1516

(I)]j is a three-body Coulomb asymptotic state.
. . N
. . =2 )(¢
TW“=@ﬂH-E?¢}4Qy&+$NH—Eu&+$Hﬁ> ”1; "
- - M
=(@ 1T |H-E|¥"™y+ (@ 1" |H-E|¥™) 7= |00 ) ok

Thus the breakup amplitude splits into two:
direct ionisation (DI) and electron capture to continuum (ECC)

T =(Gwr [ (A-E)ler ) =(vi|of)T] for K/2=¢,
T" = <C7f,l/f§

where y,; and v are the continuum states of target and projectile.

IP(I:I—E)"P,.NM+>=<1//§|¢;°>7~'ﬁT for p°/2=¢,



Coherent or Incoherent?

LIWith wavepacket pseudostates it reduces to:

&% (=) e, (®)T,,(q,.9,)
TK(qf’qi):Zz -

1=0 m=—1 2rK\w,

where T, (q,.q)=¢ _)jdbban,m( b (p.b).

Ejected electron energy coherent combination of amplitudes
A=
d2O'COH(/<; q; C] >
Y X T Z T i
d2O'INC<l€ qs q.) NT 9 NP 5
) RV T . )T s i
dEdS); ;;‘\ i an )| + T (ay q)/
T Y

proton scattering angle incoherent combination of amplitudes




p-H double differential ionization:

d°6/dEdQ; (cm’sr eV
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Preliminary results: MCI + H
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WP approach to He

First attempt: frozen core approximation

Yo (r1,m2) = 657 (r2)pa(r1) + 01" (71)@a (12)

Then it is inserted into SE for helium atom: Stato Dresent IPS 36 Moo 37
1s -23.7416 -23.74139 -24.5862

H He+ 2s -3.9035 -3.90343 -3.97155

— 3 -1.6483 -1.64828 -1.66705

tVa(r1,m2) = (ea + 6157 J¥alry, m2) 2; -3.3307 -3.33198 -3.36931

. 3p -1.48847 -1.48950 -1.50035

After some algebra this becomes: 3d -1.51024 151150 151329

d*Ro(r) [l(l—i— 1) 4

-5 — 2 oW [REe" RHeT] 25a] Ra(r)

2 oo
— [ W Rl 2 [ R Wal Rl B R (0| B ()
0

Solved by iterative Numerov.
For continuum states

Kq

RYY(r) = vy / dk R (r) Again, energies can be chosen arbitrarily.

Ki—1
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Details:
Abdurakhmanov et al, Phys Rev A, 2017,
accepted



Conclusions and future directions

d  Developed 2-centre CCC approach ion scattering including ECC

. QM-CCC
. SC-CCC
. WP-CCC
[0 Fully differential breakup calculations of p + H
[0 Single ionisation of helium in p + He
[0 Multiply-charged ion collisions with hydrogen: He?*, Li3* and Be#*
1 We can provide
 fully nlm-resolved cross sections for excitation and electron capture
[1 data for any initial state H(nml)
[0 Currently working on:

« multicore treatment of He, 2-electron processes etc
 inclusion of electron capture channels into p-He problem
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