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Abstract

The following work considers a possible violation of fermionic statistics, in other words,
the violation of Pauli’s exclusion principle.

We begin by laying the mathematical foundation of the violation, by introducing a
¢-parameter, so as to quantify the violation. We then introduce an algebra to replace the
fermionic one. Combining these, we relate them to already known experimental results.

We finish by establishing a framework, in order to measure ¢ under a new experimental
setup and compare to previous work on the problem.
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Chapter 1

Introduction

A rather interesting chapter in physics, is that of atomic spin-exchange collisions. With a
plethora of applications, from nuclear physics to medical imaging, the range from experi-
mental to theoretical work, is unbounded.

It does not come as a surprise, the fact that the Pauli exclusion principle, should play
an important role in the formulation and evaluation of such scattering processes. For the
most part, the existing theoretical work, considers the initial states as uncorrelated, mostly
in order to simplify the problem. Hence, we do not, as of yet, have a complete picture of
such collisions.

In order for one to study such scattering processes, or any process containing fermions
for that matter, a very specific assumption is made. The exclusion principle itself, is
assumed to be true. Such a statement might seem to hold as fact, but until now there
exists no theoretical framework to fully explain why nature should use either bosons or
fermions. It is possible, as we shall discuss below, to have a continuum of representations,
apart from the symmetric and antisymmetric, that we are, for the most part, fond of.

On this issue, a number of experiments [1, 2, 6, 3] have been performed, in order to
test the principle itself.

In the following work, we begin the process of formulating theoretically the problem,
combining and extending existing knowledge on the subject. Our goal is to test the princi-
ple, via a mathematical model on atomic spin-exchange collisions. If the principle breaks
down, it should slightly change the expected theoretical result of the scattering process
between two atoms.

In our study, we focus on systems with one external electron, also known as a valence
electron. We will also be focusing on initially uncorrelated scattering states. Both of these
simplifications can be generalized, with the latter being a rather hard problem. Therefore,
the hydrogen atom suffices as the atom of choice, to formulate the theoretical background,
so as to be able to extend the theory in later works.

The final part of such a work, should be the comparison between this and existing



experimental data on the violation of the Pauli exclusion principle. On this front, we
provide the mathematical correspondence between the to be performed experiment from
our work and the aforementioned existing results.



Chapter 2

The ¢-parameter

Consider a Hilbert space :
H = Ha ® Hp

with [¢)) € H an element of the vector space, such that :
) = |1ha) ® [a) (2.1)

R where |¢A> € HA,‘¢B> € HB.

Let B(H) be a vector space acting on H. Consider an element P € B(H), defined by

the action :
P:B(H) x H— H (2.2)

P |a) @ [Yp) = [¥B) @ |va) + ¢ [a) @ [¢B) (2.3)

, where ¢ € R is a small parameter, |¢| < 1.
It is convenient to deconstruct P, by defining Q€ B(H) such that :

Q:B(H) xH—H (2.4)
Q:[Ya) @ [YB) = [¥B) ® [Ya) (2.5)

and thus write P as follows :
P=Q+ ¢l (2.6)

with 1 being the identity element of B(H). We now provide a few useful identities :

Qf=qQ , Pl=p
PP =P% = (1+¢*)1 +2¢Q

2
(]1—P)(]l—P)T:(H—P)Q:Q(%—¢+l)]l+2(q§—1)Q



Suppose for a moment that ¢ = 0, then by use of (2.3) we can write down an anti-
symmetric element of H, by the action of the operator %(]l — P) on H. Naturally, this
is equivalent to saying that we are considering some fermion in the theory. Therefore the
addition of the ¢-parameter via (2.3), changes the fermionic algebra.

Consider the algebral.

a;a T anaZ = 0ij (2.7)
This is a generalization of the classmal Bose and Fermi algebras ( CCR and CAR ) cor-
responding to ¢ = 1 and ¢ = —1 respectively. In Appendix A, we show that relation

(2.7) has a Hilbert space realization for ¢ € (—1,1), providing a positive norm. Here we
are specifically interested in ¢ + 1 = 0, meaning a small violation of the anticommutation
algebra, which in turn means that a small violation of the Pauli exclusion principle (PEP)
exists.

The parameter ¢, which represents the aforementioned small violation of the fermionic
statistics, can be written in terms of q as :

1=-25-¢) . s<1 (2.8)

¢ = (1 +q) (2.9)

Consider two identical q-particles and the vectors [1,) , [15)2. Then we write the density

operator :
1 + 1+g¢q 1—gq
|'¢s> (%! + T W]a> <¢a| (2'10)
Hence, if no violation exists, ¢ = O, the density operator is of the usual fermionic type.
For us to be able to compare our results with the rest of the community on PEP
violations, we note the usual convention made to experimentally test the principle. Usually
,32

the parameter - is used, so as to relate it to the probability of violating the fermi statistics.

Specifically, according to (2.10), by use of '8—22, we expect a density operator of the form :

B 1
= 9 s) (¥s| + 5(1 - /82) [%a) (al (2.11)

Equating to (2.10), we conclude that :

g1

5 =5l+ta)=9¢ (2.12)
We make use of the Ramberg-Snow bound[4], stating that :

2
0< 52 <1,7-107%°

In appendix A we formulate the necessary mathematical framework of the g-algebra.
25 for symmetric and a for antisymmetric.



, which in turn implies :
0<¢p<1,7-107% (2.13)

Concluding, in the following chapter we lay down the necessary theoretical framework,
so as to follow up with an experiment to determine ¢ and compare the result to (2.13).



Chapter 3

Mathematical Formulation

Consider two atoms, each formed by a nucleus n; and an electron e;, ¢ = 1,2, respectively.
Assume, in the context of this work, that both atoms are in the ground state. Both nuclei
have the isospin degrees of freedom, apart from the usual spin degrees of freedom, carried
by the electrons. In the following work, we denote as mg the spin projection of each electron
and mj the isospin projection of either nucleus. We also write the ket :

e ng) 5 4,5 =1,2
, to denote on which nucleus is either electron bounded to. Additionally, the vector :

|ni,ki> ) 1= 1,2

denotes the momentum of the center of mass of either bound state, as we take the mass of
the nuclei to be much larger than that of the electrons.

3.1 Total Density Operator

Let H be a Hilbert space, containing the vectors describing the states in our problem.
Assume B(H) to be an acting space on H, containing the operators we are interested in.
Let Hy and Hp be subspaces of H, such that :

H=Ha ® Hp

B(H) = B(Hy) © B(Hg)

Consider |e;,n;) € Ha and |eg,ny) € Hp, with ¢,5,k,0 = 1,2, i # k , j # [. We assume
that AW, WP W W e C such that :

leing) = DWW leig)) @ lejan)

q1,92



|ek7nl> = Z Wéf)wq(f) ’€k7lI1> ® |€l7Q2>

q1,92

, with [€;q,) € Hae s [€j,00) € Han s |€k,q1) € Hpe , |€1,4,) € Hpn, where
Hp = Ha,e ® Hapn

Hp = Hp,. ® Hp,p

We now have the foundations to define the system’s density operator. Let ojni € B(H)
be defined as :

Tinit = / Bk BEu(k)u* (K3) (g, ks ng, —ki) (n, K n2, —k5]) @ (Jex, n1) (e1, n1])

® (|e2, na) (e2,n2|) @ p(n1,e1,ng9, e2)
(3.1)

, with the integrals over the initial momenta and u(k;), u*(K;) € C.
For our purposes, we assume that a vector € Ha ® Hg, is separable, therefore the particle
density operator, p(nq,e1,ng,ez) € B(H), is separable :

p(ni,e1,n2, e2) = pa(ni, er) @ pp(na, ez) (3.2)

, with p(n1,e1) € B(Ha) and p(ng2,e2) € B(Hp). Hence, the system’s density operator
assumes the form :

Tinit = /d3k¢ Elu(k)u* () (Ina, ki; na, —ks) (na, Ko ng, —K4]) @ (lex, n1) (e, ma))

® (le2, n2) (€2, n2]) @ pa(ni,e1) ® p(na,es)

(3.3)
In addition, we will be imposing the normalization conditions :
/dgki u*(EZ)u(Ez) =1
Tr{pa} =1 Tr{pp} =1
3.2 Indistinguishable Electrons
The transformation law of i, to some ogy, is :
]le_Pe ILe_PeJr ]le_PeJf ]le_Pe
it ( )g( ) ( ) gt ( ) (3.4)

V2 V2 MR V2



, where the index e indicates that the corresponding operator acts on the subspace of H
concerning electrons. Moreover, the S operator, as seen in (3.4) is simply the evolution
operator. Defining the parameters :

-7 5 'YEqb_l (35)

¢
2
, somewhat simplifies the relations. Trivially (3.4), takes the form :

Oinit — (05]16 - ’VQe)SUinitST(O‘]le - 'er) (3'6)

We now begin the procedure of integrating over the ny degrees of freedom, so as to find
ofn(€,n1), meaning the density operator for distinguishable nuclei :

<mlms‘gﬁn(nlae)}mllm Z /dgkf d3k dgk‘/ (Ei)U*(k_/';i) <n1,mI>Ef,€1,ms;n27m9,, —Ef,€2,m”

mY,mY

(a]le - VQe)SUST(O‘]le - ’}/Qe) |n1a m/b Efa €1, ’I?’L;; na, mlllv _Efa €2,M

(3.7)

In order to make the calculations simpler, we define the integrals:
)= a Z / @y 4P, PR, ()t () (SoS (3.8)
(1) = v / APy A3k &P u(ky)u” (k) (QSoSTQ) (3.9)

(II1) = —ary Z / Bk a3k B3k w(ki)u* (K)([QSaST + SaSTQ)) (3.10)

Therefore (3.7) becomes :
{mims|ogn(ny, e)|mym)) = (I) + (II) + (IIT) (3.11)

We proceed, by calculating relations (3.8)-(3.10).
Substituting (3.1) into (3.8), we get :

5)

= o? Z /dgkfd?’k A3k u (El)u*(lgz)sd(lzz)f,k: )Sd(k‘f,k: )<m1m5’pA‘m1m ) <m}’mg’p3}m}'mg>

mI ,mh
(3.12)
, where we have defined the S-matrix element :

—

Sd(]gfa];i) = <n1,]§f,62;712, —Ef,el\ S|’I’L1,E¢,62;n2,—ki,€1> (3.13)



The integral term of (3.12) is related to a scattering amplitude, as many that will follow
in the work, via the phase shift method of scattering theory[9]. For now we simply state
this fact! and define :

Ay = / Pl Ay PR (R () Sa(Rp, Ry S5 (R, ) (3.14)

, with Ay describing the scattering procedure, where no electron exchange takes place
between the nuclei. Then (3.12) reduces to :

(I) = o®Aq {myms|pa|mim’) (3.15)

, where we have used the normalization condition of pg.
Similarly relation (3.9), by defining the following :

St(EfaEz’) = <n1>Efa€2§n27_Ef>€1| S |1, ki, ex; ng, —ki, ea) (3.16)

A = / Bk 3k Bkl u(k)u* (k) Se (kg ki) St (K, k) (3.17)

, with A; describing the scattering procedure, where electron exchange takes place between
the nuclei, can be written as :

() =224 Y (mom|oa|mim?) (i, o |’

/1 1
mp ,my{

(II) = 72 Ay (myms|Trs{pa} @ Tri{pg}|mjm’s) (3.18)
Finally, in order to tackle (3.10), we define the coefficient :

A = / Bk &3k Bk w(k)u* (K5)Sa(ky, ki) S; (g, k) (3.19)
Hence (3.10) takes the form :

(III) = —ay[As Z (myms|pa|miml) (mim|pg|mim.) +

" "
mY m{

(3.20)
ALY (mml{|pa|mimi) (mlfmg|pg|mym)]
m/,ml
In Appendix B, we prove that :
A+ Az =1

'In Appendix B, we show exactly that relation.

10



, which goes to show that we can write the matrix element as :
As = i A exc (3.21)
, with Ag exen describing spin exchange. Accordingly (3.20) simplifies to :
(M) = —iayAs exch (mrms|pa(l; @ Trr{pp}) — (11 @ Trr{pp})pa|mimy)
(1) = —iayAs excn (mrms|[pa, 11 @ Trr{pp}]|mym}) (3.22)
We are now in a position to put everything back together in (3.11) :

<m1m5‘aﬁn(n1, e)}mllm;> =a’Ay <m1ms’pA‘m}mls> + 72 A, <m1ms|Trs{pA} ® Tr[{pB}’m’Im’s>
— oy Ag exen (mims|[pa, 11 @ Trr{ps}]|mjm})

Simply by focusing on the density operators we get the final result, for indistinguishable
electrons and distinguishable nuclei, after integrating out the no degrees of freedom 2:

oan(ni,e) = a?(1 — A)pa + Y2 A Tre{pa} @ Trr{p} — iayAs exenlpa, 11 @ Tr{p}]

Since we are considering ¢ < 1 we can approximate « to first order in ¢ as : a ~ —~.
Consequently :

oan(n1,e) = v (1—Ap)pa +72 A Trs{pa} @ Tri{pp} +iv2 As exenlpa, Lr @ Trr{pp}] (3.23)

3.3 Indistinguishable Nuclei - Electrons

This time the transformation law of ojnit, to some ogy(n, €), assumes the form :

1
Oinit — g(]le - Pe)z(]ln - Pn>QSUinitST(]le - Pe)z(]ln - Pn)2

oimit — (0le = 7Q,)(al, —7Q,)SomitST (ol — ¥Q,) (a1, —Q,) (3.24)
We now separate (3.25) in three parts :
(1) = o?[1,(al, — vQ.)SoS (ol — yQ.)1,] (3.25)

(ID) = 7°[Qu(ale —1Q.)S08  (ale —1Q.)Q,] (3.26)
(III) = _OK’Y[Qn(a]le - VQe)SUST(O‘]le - 7Qe)1n+
]ln(a]le - VQE)SUSJ%Q]IE - ’YQe)Qn]

2Following a similar calculation, we get a similar result by integrating over the n; degrees of freedom.

(3.27)

11



Notice that (3.25) is relation (3.23) multiplied by a factor of o2, while (3.26) is that after
integrating over n; instead of ng, times a 72 factor. We therefore only need to calculate
(3.27).

<m1ms‘0ﬁn n,e }mlm Z /d3kfd3k dgk/ (Ei)U*(k_;i)((I"‘H"’IH» (3.28)

m m//

focusing on the third integral :

Z /d3kfd3k A3k (ks yu* (K;) (I11) (3.29)
m//
Define :
Api/dM&%&%u@ﬂ%&ﬁﬂ@i@ﬁb%ﬂ&) (3.30)
AW — u/"d by Ak A3 (T (779) SalRy, F) S (—Fp, 14) (3.31)
AP ::J/<13kf<13kid3k;u(£2)u*(éz)5ﬁ(£y,z;)5¢(-Ef,z?g (3.32)

Using (3.30)-(3.32), relation (3.29) expands as :
0537 . 053'7 * I
J=- TAI <m1m5}pA(Tr5{pB} ® ]ls)‘mlms> — TAI <m1ms’(Trs{pB} ® ]ls)pA‘mImS>
O"YS . 0473 * I
— —AI mjms}pB Trs{pa} ® 1) ‘mlms> — TAI <m1mS’(Trs{pA} ® ]ls)pB‘mIm5>

+ ’y LAWY (mypmy| paps|mym?) + & A * (myms|pspa|miml)

a’y?
2

Ags) <mlms‘T1"Is 2{Pe,0A ® pBPn}}mIm >

+ o’ 7 AP (mpmg| Ters2{Pupa @ pePe} [miml)
(3.33)

In Appendix B, we prove that :
Ar+ A7 =0

AY AR =0

Hence (3.33) becomes :
O‘3’Y . a73 I
J == A {mimsllpa, Trs{pp} @ Ll |mim) — == Ar (mims|[ps, Tro{pa} ® L][mim)

_af? e

5 Al (mims|[paps + pBpA — Trrs2{Pepa ® ppPr + Prpa @ pePe}]|mim))

12



Since A7 + A} = 0, we can write the matrix element as :
AI = iALeXCh

, with Af exch describing the isospin exchange. Thus (3.33) is ultimately reduced to :

ay
J=- %ZAI,exch <m1ms ‘ (02[PA7 Tfs{/?B} & ]ls] + 72 [va Tl"s{PA} ® ]ls]) }mllm/5>
042’72 (2) ;o
— =5 AL (mims|lpaps + pppa — Trrs2{Pepa ® ppPn + Prpa @ puPe}][mym|)

(3.34)

Relation (3.29) then takes the form :

W~

(07 042’}/2

o5 U At)PA +

3
e’
oA Trdpa} © Tri{pp} — i Asexenlpas 11 © Trr{pp}]
a2 2 « 3
LA Tr{pp} © Ter{pa} — %0~

2 2

- ZgAI,exch(QQ[pAu Tl"s{PB} X ]ls] + 72 [PB7 Trs{pA} & ]ls])

a2~?
2

ofn(n,e) =

+ (1= As)pB +

(1
74
? As,exch[va Ir® TI‘]{pA}]
«

«4525) [papB + pepA — Trrs2{Pepa ® paPr + Prpa @ ppPe}]

Again approximating « to first order in ¢ , o ~ —v, we get? :

4 4
Otn(n,€) = (1 = A)pa + 5 A Trofpa} © Trr{pp} — io-Asexenlpa. 11 ® Trr{pp}]

4 4
(1—Ay)ps + %At Trs{p} ® Trr{pa} — i%As,exch[pBa 17 ® Trr{pa}]

+ig Arexan([pa, Trs{pp} ® Ls] + [pp, Trs{pa} @ 1)

4
- %Aﬁ) [papB + pBpA — Trrs2{Pepa @ paPy + Prpa ® ppPe}]
(3.35)

3.4 Cross-Sections

Concluding our calculation, we take the ratios of cross sections obtained from the .A-
coeflicients we defined, so as to provide a way of experimentally checking the PEP violation
we considered.

From Appendix B, we know that :

op ~ Ay (3.36)

5”[‘1"1872{}1“11115 over the spin and isospin projections of ns

13



Os,exch ™ As,exoh (337)

In order to distinguish the cross sections from each calculation, we give the index (D) and
(I), for distinguishable and indistinguishable respectively.
Therefore, we compare the first line of (3.35) to result (3.23) :

D9

D 2
o A 2 9.
T TaL— e g (3.38)
[ Q’Y At Y O v
D 2 D
Js,exch - Y AS,eXCh _ 3 Us,exch ~ 3 (3 39)
O-I ~ 1 4A ) O'I ~ N2 '
s,exch 57 " As,exch Y s,exch v

We now approximate 72 to lowest order in ¢, to finally get :

D
Oy 2 2
4~ ~2(1+2 O 3.40
D
O exch 2 2
: R ~2(142 O 3.41

14



Chapter 4

Conclusion

Concluding, we have managed to lay the groundwork to test a possible PEP violation
under a future experiment, as well as establish a framework, upon which, one can expand
the above work. We see the result obtained in [5], changes by a factor of 72, referring to
(3.35). We have provided a simple ratio test, between the cross sections of different atoms
to atoms of the same kind, so as to measure an upper bound of the ¢—parameter violation
of the exclusion principle.

An immediate generalization, would be that of disallowing the separation of p(e1, ni, €2, n2),
leading to the analysis of a fully entangled problem. Leastwise, it should be noted that in
its current form, the g-algebra is valid only at the level of non-relativistic physics. Apart
from that, any kind of generalization aims to construct similar A-coefficients, to that of
the above work, so as to calculate the ratio of cross-sections and measure the upper bound
of ¢.

Closing, the connection between this work and previous experimental results, has been
established, which is valid for any generalization of the work in chapter 3.

15



Appendices

16



Appendix A

Hilbert Space realization of
q-algebra

[7, 8, 10] Theorem. Define a Hilbert space H embedded with an inner product :
() HxH—-R

Consider an element M, € GL(n,R). If ¢ € (—1,1), the matrix M, is positive definite,
such that the algebra over R, has a Hilbert space realization for q in this range.

Proof.

Let ¥y € H, such that ¥y = aLl...aLn\IIO,Vn > 0 and each n-tuple of indices k. Then
under the normalization condition (Vg, Up) = 1, we have :

(Ui, Uk) = ¢ (A1)
Now define an element in GL(n,R) as :
My = (U, Ty) (A.2)

Relation (A.2) vanishes if k is not a permutation of r, therefore H is the direct sum of
infinitely many finite dimensional spaces, indexed by all unordered n-tuples. It therefore,
suffices to prove the positive definiteness of these.

Consider an element 7 € S,,, then according to (A.1), we conclude :

<\Ij7r(1)...7r(n)a \Ijln> = qi(ﬂ—) (A3)

, where i(m) denotes the number of inversions of m. Therefore for o, 7 € S,,, we need to

prove that : L
My(o,m) =g ™ (A.4)

17



is positive definite for ¢ € (—1,1). For this to hold true, it suffices to prove that M, is

non-singular in (—1,1). We therefore calculate det{M,}.

Let m € S,and o € S, thenfor 1 <k <n,3p, = (1,....k—1,n, k, k+1,...n—1) € S,

such that 7 = o o pg, with k = 7=1(n). Thus by the work in [10], we define :

ay = Z qi(w)ﬂ _ [ Z qi(w)a] o [Z qn—kpk]
k=1

7T€Sn ogc Sn—l
Define :

n
Bo=>_d" "
k=1
Then combining the two relations we conclude that :

ap = an-1Pn
Therefore (A.7) in terms of matrices can be written as :

Aq,n = (Aqm—l ® ]I)Bq,n

(A.5)

(A.6)

(A7)

(A.8)

, with By, = ¢k if o7t om = p for some 1 < k < n, else it is zero. Taking the

determinant, we find :

det{Agn} = (det{Agn_1})" det{Bg}

(A.9)

This goes to show that we can prove the theorem, by use of induction on B, ,. We also

note that :
Mg =Aqn

We write f,Vn = 6n—1, where :!
Yo =(1=q"'p1)(1 = q"%pa).cc(l — qpn_1)
5 =(1—q" ' p1)(1 —¢"p2)...(1 — ¢ pn—1)

Therefore : '
det{Ag - n—l) _ gk(k+1)y 250
det{Bq’n} — € { q, 1} — k‘—l( q ) —
det{T'y,} T, (1 — gt+1) %
n—1
det{Byn} = [J (1 - ¢"*+D)5m
k=1
By induction, (A.9) and (A.10) provide us with the proof of the theorem :
n—1 n!(n—k)
det{Mq} = [ (1 - g 0+0) ke
k=1

(A.10)

(A.11)

Which shows that M, is non-singular Vg € C, except for the roots of unity {n? — n},

meaning that for ¢ € R, the algebra has no peculiarities.

!For a deeper understanding of the proof the reader should examine [10]

18



Appendix B

A-coefficients

B.1 A—identities

In this section, we prove some of the relations used in the work. Let :

1= [ &3 n,E;n,—E n,lg;n,—/z ®
/ rlinas kpsne, —kyp) (na, kryng, —kyl] B.1)

[le1, m1; ea, n2) (e1,n1; €2, nao| + |e1, n2; ea, m1) (e1,n2; €2, n1]

be the identity element. We begin by proving : A; + Ay =1
A+ Ag = /d3kf Bk BELu(ky)u* (k) Sa(kyp, ki) S5 (kp, k)

+ / ey 4P, PR, () (7S, (R F) 3 (R )
Aky dPk; Pk u(ks)u (F)[Salky, ki) Sa(ks, k) + Su(ky, i) S; (kr, k)]
d3k; d%'u(l%)u*(/g’z) <n1, /%}, €2} M1, —l_{i, el’S]IST‘nl, /2;, €2} M1, —E;, el>

/
/
- /d% Ok, u(k;)u* (k)6 (ki — k)
/ ,
1

19



We now continue on with the proof of : As; + A% =0
Ag+ A = /d%f Bk BELu(ky)u* (k) Sa(k s, ki) St (k g, k)
+ [/ Bk Ak K u(ki)u* (K:)Sq(ks, ki) S (K, K:)]*
= /d3kf s k] uks)u* (F5)[Salky, ki) S (g, K3) + Sg(kg, ki) Su(ky, i)
= /d3kzi d%{u(l%)u*(/;’l) (nq, k?’i, €2 Mo, —k?i, e1|ni, l%, e1;na, —/2:}, e)
Assuming that the initial states have no overlapping, we get :

A3+A::0

In a similar manner we get :
Ar+ A7 =0
Now the final proof is :
AL 4 AB /d3kf APh; B uF)u () SR, ki) S5(— Ky, 14
+ / ey APy PR, (72) Sy (R ) S5 (=R, )
= / By dki Ak u(kiyu (K1) [Salky, ki) S3(=kp, K5) + Su(ky, ki) ST (—ky, k)
= /d3ki d?’k;u(a)u*(lg’z) <n1,lg’i,el;n2,—k7i,eg| sf1s ]nl,Ei,el;nQ,—Ei,eg)
= /dgki d3k;u(l§2)u*(k71) <n1,k7i,61;n2,*lgi,€2|n1,*Ei,el;ng,lgi,62>

=0

Since the nuclear wave packets do not overlap.

B.2 Scattering Process - Phase shifts

In this section, we show how to relate the A-coefficients to the corresponding scattering
cross-sections, we are interested in. We will be focusing on A;, as the work is exactly the
same for any of them.

We know, from non-relativistic scattering theory in quantum mechanics that we can
expand, the S-matrix elements as [5]:

- o 1 - o . A A
Salky, ki) = 150(ky| = |kil ) _ e cos(@)V™ (ky) " (k:) (B:2)

Lm
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Sulhy i) = 30(Fgl = Vi) 2 % sin(@) 0™ ) ¥y () (B3)

g l,m

Therefore, using (B.2) in the definition of A4;, we get :

! El : k_;l / 0] o3 m (7, m (7.
/ d3kid3ki%5(ki—ki)265l sin? (6) V™ (k) V™ (ki) (B.4)

lm

Using the rectangular function I1(k), we suppose u(/g) to be :

L
e

, where L is directly proportional to the lateral spread of the wave packet, on the xy-plane,
and € is the energy. Using relation (B.5), we provide a closed form for Ay.

By use of the summing theorem of spherical harmonics, as well as (B.5), we conclude
that :

u(k) = —=T1(ky) T (ky )T (k= — ko) (B.5)

1

A= —5ss
CT Am 2K

> (21 + 1) sin®(5) (B.6)
l
But from scattering theory, for example [9], we know that :
o) = k%zl:(m + 1) sin(8) (B.7)
Concluding, we see that :

oy = 4L A, (B.8)

An equivalent line of reasoning gives us the rest of the cross-sections.
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