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Introduction

What is the motivation to study p + Hy collisions?

CONVENTIONAL
RADIATION

» Challenging theoretical problem

» Current theory inconsistent with experiment

» Pathway to more complex targets

PROTON THERAPY

» Applications
» Monte-Carlo simulations for Hadron
therapy treatment planning

» Nuclear fusion plasma projects

RADIATION LEVELS

> Astrophysical charge-exchange . .

https://www.seattlecca.org/treatments/proton-therapy /what-is-proton-therapy
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Scattering outcomes
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Scattering outcomes
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Wave-packet convergent close-coupling (WP-CCC)

Start with Schrodinger equation
(H—-E)¥; =0

and expand the scattering wave function in terms of orthogonal
pseudostates and plane waves

N M
U R F(tD)a(r)e'®? + ) Galt, by (ry)e' 7
a=1 ps=1

obtain differential equations for expansion coefficients
(I K\ (F\ (D Q
"k 1)\¢)"\e D
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Structure of atomic hydrogen

» Separate radial and angular parts 1,0, (1) = ¢0(7) Yy, (7)
> for projectile atom use bound eigenstates of hydrogen atom, and
» wave packets made from the Coulomb wave

d)}% dk Uy(k,T)

_m/
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Target structure

> Model effective-potential

Vinoa (1) = (1 +e %), (=548

» satisfies:

» ionisation energy —0.5976 au
> asymptotic form 1/r as r — oo

» Numerically solve target Schrodinger equation for wave functions of
effective one-electron H, “atom”

P construct wave packets from positive-energy solutions
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Calculation: total cross sections

Total cross sections are found from

o0
and probabilities are given by expansion coefficients in the asymptotic state
DS 2
Pp2(b) = |Fy(400,b) — 6y

and

PFC(b) = |G y(+00,b)|”
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Scattering amplitudes

Momentum-space amplitudes found from expansion coefficients,

1 iq ) -
T ap a) = 5 [ dbe ™ TR0 (b)
= 27ive'™?! / db b[ﬁ’f(—i—oo, b) = 7ilJm(a.b),
0
and

1 i
1 (g a) = o [ doe T w)

_ omiveimds /0 dbbC (400, )T (41 ),
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Calculation: differential cross sections

Angular differential cross section is

do ? S M2 4f | DS(EC) 2
: = IT (ar,q)l",
Sy (2m)* 4

ionisation differential cross sections found from

dgaion o MQ 2 ECC 2
dEedQede - (271-) q; (‘TZ K, qf’qz ‘ + }Tfl (K’_/U7qqul)‘ )7

integrate to obtain singly or doubly differential cross sections.

Corey Plowman AIP Congress 2022 13/12/2022 10 /20



Results: total cross sections
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Results:
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Results: SDCS, binary collisions
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Results: SDCS, ionisation vs electron energy
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Results: SDCS, ionisation vs emission angle
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Results: SDCS, ionisation vs scattering angle
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Results: DDCS, ionisation vs electron energy and angle
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Conclusion

» First two-centre close-coupling calculations for p + H, collsions

P Excellent agreement with experimental data

> Significant improvement over previously available calculations of
differential cross sections

> Next we will apply the WP-CCC method to fully differential cross
sections
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Supplementary: coupled differential equations

Schrédinger equation becomes,

M N M
iFo/ ti Z GBKO/B = Z FD‘Da/a + Z GBQa/ﬁ’
p=1 a=1 B=1

N N M

iy FyKy, +iGy = > FaQy, + > GpDy g,
a=1 a=1 ps=1
!

o=12..N pBg=12..M

Matrix elements are

i - iw’t/24i(e , —

D (R)= <¢a, Va’wa>el(5a"5~)t Ky, = <¢B, e TP ¢a>e t/24i(e g —ea)t
_ — i(e  —eg)t . i iw?t/24i(e 1 —eg)t
Dy g(R) = <7/}B' VB‘¢B>6 o Kyp= <¢a’ e TT‘¢B>6 frritar=ee)

. o .’2 . ,—
Quro = (b |e7 7 (Mo + Vo — )| e 1210 750!
~ iver — iw’t/24i(e ,—
Qa'ﬁ _ <wa, T (Hy + Vg 75,3))1[},6‘>e t/2+i(e_s—ep)t
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Supplementary: doubly differential cross section

Differential cross section for ionisation has two parts,

dE,dQ, ~ dE,dQ, T dE,dq,

DI part is

/
erﬂax emax L

26D on . et i
dE,dQ, - Kw,, % E'Z ZE |:Yém("3)yg’m(li)(—2) e"\%
=0 /g m=—

X / db by, (00,b)E, s, (00,b)|,
0

substitute Kk - k —v and q;, — (¢ — k) for ECC part.
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