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Dependent Hartree-Fock , Brueckner Hartree-Fock,

CHAPTER 0
INTRODUCTION

0.1 Hartree-Fock Theory,

The Hartree-Fock Theory is an approximation which
has been develobed to Study the many Fermion system in an
independent particle approximation.'The nuclear wave func-
tibn is an antisymmetrized product of the single particle
wave furctions to satisfy the Fermi Dirac statisticé. The
independent particle wavefunctions are obtained by solving

Schrodinger equation in a mean single particle potential.

Hartree-Fock Theory has been used in nuclear phy-
sics since its introduction in 1962. The first calculations

1)

were done by Ullah et al . Several methods to improve the

'theory have since been intrqduCed. They include Density

2) 3y Wy 5)

6)
Multiconfigurational Hartree-Fock and many others.

0.2 Symmetry Projection.

Sometimes the H_artr-e‘e-Fock,wavefunction-\K‘F does
not possess the symmetries of the Hamiltonian, e.g. even
in the case of the Hamiltonian commuting with the parity

operator \44F need not have a good parity. Symmetry (Pari-

5§yg projection on KPLF give an improved description of

’ thé“physical state. =




7, 8)

Projection of parity and angular momentum from
nuclear wavefunctions has been used extensively in the study

of deformed nuclel and of nuclear rotational spectra,

0.3 Inclusion of Pairigg.

Closed shell nuclei have a large energy gap between
the occupied aﬁd uﬁoccubied single particle energy levels
and hence the Haftreé-Fock description is expected to be
good, However, for a typical open shell nucleus, the cor-
responding energy gap is not appreciably large and such a
description is not adequate, In such cases the Hartree-Fock

solution is 'soft' i.e. not very stable.

‘With several nucleons in the open shell, even a

deformed Hartree-Fock wavefunction is not very stable.

The Hamiltonian with pairing was solved originally

by Bardeen, Cooper and Schiffer to explain the phenomenon

10)

-of superconductivity -. . But for nuclear purposes, the

Bogoliubov—Valatin,ﬁethod of quasiparticle is more sui--

table « A gquasi-particle creation operator is a

mixture of a particle c¢reation operator and a hole annihi-

lation operator. The single particle states and the mixing

parameters are coupled by>combining5the Hartree-Fock Theary

procedure with the B.C.S. procedures




‘used for the study of Heavy Ion Collisions

2

O.4 Time quendént Hartree-Fock Theory (TDHF).

In order to describe the time varying systems, one

has to extend the stationary Hartree-Fock Theory to include

time dependence.

The TDHF theory seeks a time dependent determinental
wavefunction and demands that the operator Qg% _-}4)

should not create any one particle - one hole excitations.

There are equivalent formulations of arriving at a

time dependent deﬁerminental wave function. The formalism

1)

was established more than fifty years back , and was used

in the adiabatic limit to describe’nuclear vibrationg and

-rotations. More recently in the last ten years it was being

18)

The self-consistent mean-field-theory, instead of
being static, is of time varying type. The TDHF wave func-
tion is a normalised determinental wave function \k%‘, made

up of time dependent single.particle wave functions :

e = g et [0, Yt ()]
' : ‘ | == = (o)

The exact wave function \+/ satisfies the Time
ex

Dependent Schrodinger equation :

S o)




H, the many-body Hamiltonian in the notation of second

gquantization is written as :

: ‘i’

Y,s ““““ (0’%)
9)

The TDHF equations follow from the requirement

(eI (Z-n)y =0 oo 09

The linear Schrodinger equationAfor the N-particle system

is replaced by N coupled non-linear differential equations

for the N occupied orbitals \#/L(;,f) X

L=t 2, - N ' B -.~;.‘(Oﬁs);
Equation (0,5) conserves_several quantities like the expec-’
tation Values‘of the energy; H, the total momehtum, the
total angular momentum, and the scalar product of the singlé
particle wave functions, << q/ \P j> . From
equation (0,3) it is obvious that tle Hamlltonla H consists-
of the kinetic energy plus a local central two body poten-
tial. Subsequently we use the notation of one body density

matrix (7, 1) = y\p(v. DV IE L)

t=




where the diagonal elements yield the particle density, and
the kinetic energy density is given by :

() - T T P(E )

Then variation of :

<\[/fH’\ T/~ d Y___— ;(r,f)wp\&fcﬂrd v f(‘f“)[)

LM

W) 4 [ (76 7 )

as requlred by equatlon (0.5) would yield the required TDHF

Y u Y

F ¥ YeD- B G+ [ VE-FIFER).
VG- fet»\/w-)f( FOVE) - 69)

Leaving aside the third term on the right side of (0.7),
the single particle wave functions are obtained from a

Schrodinger equation where the potential is evolved by the

mean field generated by the instantaneous nuclear density.
. The third term is the exchange term as required by the

~Pauli Principle.

0.5 Improvements on TDHF.

For a long time, the application of TDHF theory was
restricted to the study of small amplitude slow collective

19)

motions . IDHF was used tb derive_Random Phase Approxi-
mation (RPA) equations. In case the Hamiltonian and the

wavefunction can be parametrized through a slowly varying
collective co-ordinate g, in the adiabatic lihit, one can

obtain the expression for collective potential and Kinetic
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energies. Depending on the nature of the problem, the col-

“lective motion can be treeted classically or quantaliy,

0.6. Application of TDHF to Heavy Ion Collision (HIC).

TDHF calbuletione'fof'ﬁeavyiIon.Collisions are being

18)

‘done since 1976 . The equationsVafe4w&itten'in terms of

the density matfix in co-ordinate space ebd.avSkyrme like

'interaction is used to’simplify.calculations. Caiculations
are done for several mass ranges and to demonstrate pheno-
mena like fus1on, Deep Inelastlc Colllslon, giant multlpole
resonances, flSSlon and: compound nucleus formation. TDHF.
approx1matlon is used in 51tuatlons in which the strongly

interacting fermion systems are far from equilibrium.

Iﬁ has been observed that several other methods |

T - 20) o 21) |
viz. (resonating groups ,-ediabatic TDHF , fluid dyna-

22y . 23) .

mics  and RPA ' etc.) have their own drawbacks e. g. the
‘resonating group3method is applicable to light nuclei, the
RPA being a linearized version of TDHF is applicable only

- to small amplitude disturbances. Again it may be mentiocnad

thet the ATDHF is limited to the description of low-lying

24)
excitations in the case of large amptitude motion .

Fimally the application of fluid dynamics is very limited
since the validity;of~appr0ximat10né used can be deter-
mined only by testing them by a‘moére complete miecroscopic .- -

25) 26, 27)

theory . . A number of works have been carried out




on TDHF method to seek if it is the correct mean field

L . 26, 27) |
theory. The above works have confirmed that TDHF is
the true mean field theory for the calculation of one-body

observables.

When the TDHF calculations have been compared wvith
experimental results, it is séen that the TDEF approximation
does not give a comprehensive description..of nuclear reac-
tions, but instead an exclusive picture of nuclear colli-

27)

sions . This is because the detailed channel information
is prohibited. Nevertheless one can conclude that there is
a good agreement between theory and experiment for reactions

28) -
which resu’t in fusion or Deep Inelastic Collisions (DIC) .

0.7 Plan of the present Thesis.

‘Herein we proposé to test the TDHF theory on the

basis of an’exactly solvable microscopic model,

Several calculations have been done on-the basis of’
TDHF theory. Yet its validity has not been tested. This -
motivated us to verify its veracity, by-using an exactly
solvable model -based on thé’Lipkin-Meshkov-Glidk ‘Hamilto=
29)

nian , - and finally comparing the ‘results with those

obtained from TDHF.




The detailed formalism, calculations, and results
are presented in Chapter I. Chapter II deals with the
application of symmetry Projected Time Dependent Hartree-
Fock Theory (PTDHF) to an isolated nucleus and the subse-
quent interesting results. In Chapter III the TDHF theory
has been extended to include pairing, where the Time Depen-
dent Hartree-Fock Bogoliubov equations are given explicitly.

Finally, Chapter IV gives the conclusions.
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CHAPTER I

TEST OF TIME DEPENDENT HARTREE-F)CK THEORY USING A MODEL

1.1 Introduction.

In order to facilitate the study of the validity
TDHF approximation, we have introduced an exactly solvable

| . 29)
microscopic Hamiltonian based on the Lipkin model . It

consists of :
_ Y 3
Where T represents the kinetic energy of motion restricted

to one dimension. The nucleons of each nucleus A and B

interact a Lipkin like interaction given by :
_ . 2 gL
Hy = gL, v(Lr+ L))

. 2 2
Hg :833 + V(Sl- -5, )
The nuclei A and B also interact with each other in a simi-
lar manner given by Hgn{— = V[L.;. S+ + L._S_,jq‘g(x T T ('\'3)

o _ +
where (Z‘m/hg‘ ":’3[--1»%% Qm+;am_| 3 L= Lt

SR +
and L, =53_°“°°wx¢ U —- - === (1h)
™M

The exact calculations of the energy loss, probability dis-

- == (12)

tribution etc. are preéented in Appendix A. If the interac-
tion V 1is neglected, the ground state is ILS = —7> . It

can be shown that if A is a single particle Hermitian

operator. __[_H = _/_<_ A.. QTQ.

“e
Then Vo= e (@A) ly=-T) —mmmmmmm o)

is also a determinental wavefunction. The most general
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non-trivial wavefunction can be written as :

‘V/TD&-F - QKF[XII Ly =~ 7) """"" (1:6)

Where Qy\k)’. )(: | €"V~»\3 [,_ L/Z(G’ 3)9]

S _ ) - |
and X = .-C'%‘[j COS¢ -+ -]K S C,‘SJ - ~V{]_;+ Yl J cﬁ
1=94 e g, (GSD)

'indicate the direction of the maximal spin.

1.2 Mo'tivation for Time Dependent Hartree-Fock.

The exact calculations (Appendix A) gave som inte-
restin_g results. With a short ranged interaction, (either)
nucleus gets excited to a state with energy &‘ with a pro-
bability PC that is almost Maxwell Boltzmann type, i.e. is
proportional to e.»c’a(—-"&gj-) . We show that the TDHF
theory also predicts a similar exponential distribution law
approximately and thus has a good chance of being accurate.
From equation (1.,6) the wavefuhction can be expanded in
terms of the complete set of states ’ ™M > 3

where —J< ™M < 7J . For weaker interaction,
if'e° (N-— f)\yg << ) #e. eigen slales eg Hp Can be
approximated by ] ™M > themselves.,

Then we have .
J+™

23 ; J-M

~ip . !
Vo = e [3) :;(Iijm) () (e Son 9/2) [<M>)
——————— 17

But since the ground states is \LB = ~3>

Y N o J_-M

T Y ey et
1

_______ (-8)
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The probability'of’excitation'to thé“staté”'%kﬁf>*’”j’
Q“v:s<y%pr\lﬂ>\
or - §, 4/) ~ fac - 2m Gt O 9 M (‘-' lj.)~_0q)

Where equatlon (1.9) has been evaluated using the Stlrllng

formula ﬁ/TQ(N/e)N

From equatlon (1.9) it is seen that C is a constant, inde-
pendent of M . For most of the values of M(l M < J/l)
the last term on the rlght 51de of equation (1 9) can be

neglected For 9 = O l 0 Ss ) } oo y the dependence of

PNi on fﬂ is shown in flgure Q. 1), (1.2) and (1. 3), and

listed in tables (1.1), (1.2) and (1.3).

The linear distribution suggests that there is a
possibility that thé TDHF prediction might agree with the
exact results and given the basis for the expectation that
the model serves as a testing ground for the adequacy of

THHRF app?qxiﬁation,

: ﬁfé**calédiétion"of enezgyiloss-'l

‘-‘(. " ;_",_» L ~. L . 4

) When the nuclel /\ and B are well senarated SO
that the 1nteractlon between them can be neg;ected,‘the
wayefunctlcn”of the_system can'be wrltten in terms'of the
wavefunctlon of relatlve motion and the 1ntr1n51c motlon
of 1solated nuclel. (The centre of mass motlon is already |

separated out)

For an 1solated Lipkin nucleus, from arguments »

glven earller, the Hartree—Fock llke state is; parametrlzed




U —
e —————

by a complex parameter Y] -

&
2 )
The ground. state is given by “/( -0 ‘glﬁé

. I o |
(’ Cos® = Y Y/, )and gb.: O .« In this calculation
(v-) 76 } -
N—|
( *E)‘V = 2-00 o If the incident relative momentum

is }2 , the incident wave 1s given by

g/ _ T L[<y( v? (A)7 (p>)> o <| )b J)

w.e
The reflected and transmltted wavefunction are given by

g, - e Kl - - - - (teb)
wi g gAY - e

T

~

From energy conservation we have

jzj\J’FW(VI)- 5 ~4~2w(*1)-=.~_ + zw(vz )
B RE D

Where the Hartree-Fock eriergy W( vz ) is

W(q) = -TCest ~ T Y Cose((I- Cos’ b)—— (112)
(x - owowg).:)wzg)

For simplicity, we use the reSult that, since >Z§ = 0O to

start with, it w1ll remain zero throughout.




e ———ee -

(@12

The final wave function can be written from the cont;nuity

condition as follows :
\}/ B IO ¢>u“+ R¢“ 'T ¢t T “'-z—‘ -3

gs* —( 9 L\a f{_> o L'9‘ \J ‘ S>
Dws wtes

”f $ﬁﬁn;~L9T'. l j> e J rSu>>
73{— i} "‘efLet— ; ’ —Lgég\{) j 3

Taking the norm of (1.13) and u51ng the relatlons

¥ = V,+-CY3; ‘exuﬂ 'ﬁ,: ftl.+ {_tQ. ! ;wgﬂget the

following relatlons :

)+(%+% )+21v‘:

&3(@_@) fZit Cos (
- E‘Z(Y’, t' —+ T’fl%'l COHSH-\(Qt ;97") =0

= (1)

I'Q

1)




Now we take the derivative of (1.15) with respect to Y;)1},

'ﬁ and t&_individually, we arrive at the following

relations :

Y =t Cos 3(99 -© )+ Co—su_j( 2 29 =0

- -<3'1Qa>
v +C’M“(9‘ O ) =0 _ ___(run)

t Cesqj(e -er) Y' C ij(BL 9 )

- (L 1be)

WY _
— 7y Les T(gl'-———ier)’-b - - = (1 16d)

From the boundary condition on the derivative of yy we

get

I L I CEAL
| ga“r g =9 - - - - (hl?)l

4

where




/114
On taking the norm §f (1617) we get

Q%‘ ¥4 R k. (Tgéé‘_ , R*gzﬁf) - k&’koTIo(% >¢¢Z)
- TR T (B, Ve g ) v Ra ke RT(ELH)
+ Repp® _ R_k, Qfo(gzsw ¢L:t ) _ .L'GJQV_ QT+
(6.4 ) - kI, ’Qﬁ*(f‘%@%*) SN

— F y-io _’20 R&(gbu;\ﬁ ) (’ﬁry‘) + Rozij —+ C‘CLA,';ZollDT_*.
((Ax'\c. ’V¢Jj—) + {Q“TT:&}Z‘&(V ¢g) ¢t¥) +

Tk, (V8 9) - kL (Véy B,

+ ofl‘T’F*— (V ¢JC ) V%¢E’%):O T ( /%)
On using
Yo T _
e ]+€ = -Jg g’mg+(1+6958)7 +T CG’SQ-—’)

— e o -




| equation (1.18) turn out to be '
br(rre £2) + kA )+ kO
. az(t%hz)[gjz {&n‘f o {_524—(} __'2-)2'- J %
+ Q(Tw’ ) £ e, Q“ | ] + 2k, k. Ce—gqj(9%9+)

.(V", t; + ¥, %7.) B Qkk koicf%l CM Q%Gb>
() )

Q

H7-2 -
z e IS 7
Cos S — Xl—- Cos o, Ces B -+ L’l‘loko

Q HJ-2
tj Cos (@M)(I~Le—s9Ce—96£,)

< —----(!20>
From the equations (/. !L,QJ (l 1()% and (’ It ) (l écj‘)

we get

5
it
e
ih
-
(-.‘__
N




e
e
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‘Usihg the above conditions in equation (1.20) we obtain

PR e s <9c-ek)
L’in (tz -+ tll) + RL’ : { h N _LC.) Cos ' Q.
_ ot zc C‘(%H‘)(Q:‘— 8L“)+ 1[22‘3 -+ ko ‘,'o -+
b 9 .

a.! ( t?_» %21)(({4"‘) T Qk fL {%22_4- tx{ {'l - fo

-"( QC_;fE))j} - 2k kLt Gl (00

Ny {
-9 k-akl_i { I Ces (QL*-@L')% — HCg

e Y

K:'6, + NI kyat, 72 o072 (91— - 8¢ )

2
(J_.. Cos 6 Ces Qk) =0 - - - - <"'2l.)

. Where

Tt 57 (8 7} a8 S,

On differentiating (1.21) with reSpect to t{'l , and equating

it to zero we get

furs + ot (ca) Yt - (zleu ke R Con'?

0, -BL,)+ kkko - (&-2,2)

Similarly on differentiating (1.21) with respect to t




17

we get ' —

iLHZ +CL<C+¢)}{’ - —2a 1. C T ( —QJ(,

{ %f Cnt206, + R,T C—CM@ CMQ#)%(,‘Z3>

Equation (1,21) can further be simplified as
W 2tk { 2 k
(“(,lfff)[”kf*%(“-*')lﬂ -0k ] 2R
K37/ wof L N e |
Cos’ J(Qi;@f) — 'koﬁ—r@ﬁ G- et.))é
H7-2

+ Hat, {@JCC’ ”(6 >8w 9[+1€1C9&

O )= Cos By o Co- SJ( L'-@Jr)

( o2 o= E)} K& e 5

-+ Rol —+ QJZO k{'@%/"j L 2 f):@'-—v-‘— ]—'QL')
Using equations (1.22) and (1.23) one solves for tf , and

!
t&. and substitute them in equation (1.24%) which is the

equétion to be minimized and the best value of QE is to be
determined. “

Having obtain the minimum value of GJ(‘ we substitute it in
the equation (1.12) and then we take the difference between
the ground state(CbSE;::%iand the excited states we obtain

the required energy loss for various values of §

Lo

1.4 Improvements on TDHF results.

From figure (1.4) - (1.8) and table 1.4 - 1.8 it
is seen that there is some difference between the energy
loss calculated from the exactly solvable model and that

obtained from TDHF. Hence we try to improve TDHF approxi-




Let _ ' .
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mation with the help of projection technique in the follo-

wing way.

We know from equation (1.6) the TDHF wave function

can be written as \//oﬁ - R V/+ + 13 \}/_ o "'<'_Y'QS>

i.e. a linear combination of odd and even parity. Conse-

guently we may write

¥, = N:t(% * \P_oa) - (12t

The normalization constant ij{can be determined from the
conditiolnsb (\POL ) ,-\Pd) 1
vy ov,)-
wd (¥ g )=

Thereby having obtained N, we use it in equation (1.26) and

consequently we calculate A and B which are to be substituted -

in equation (1.29) ﬁhereby we obtain

oo ) ey
+ J t-((;g_,e)'” N > oo (1)

Having obtained this parity projection we now proceed to

calculate the energy loss in the following manner :

WV - (1:28)

denote the incoming energy states.

WL
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-~

‘while k_ and l;%’are the outgoing states where

2
£ . < %Qﬁ\u Mw§ﬁ ()
3= X \Pfé } - \\/jfo;i> BZ - - (120

Thus improvements are made on the energy loss in the

following way, we project the Hartree-Fock energy Lp;, from
30)
equation (1.12) by multiplying it by :

, 27T-2
[l+£Cc——s 91) X S&niet ]
'f (Ccos 9{,)27

| ( ij 2 0. 9' : |
E/ _ [ L eSek b J ..... O‘3¥
e Y

\
similarly the even and odd parity is projected by multi-

s

plying the energy E‘4Fobtained for a particular 59% from

equatlon (1.12) by

e (oY T (5e0) (H(Cw @P))

I+ (C"O% Gl_>2J

PRI

t (C°S(9L) (C“‘)Qk) J( —‘(C{.T‘@O)---—~-0-3:zf9
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Thereby we obtain

El/ _ EHE [{; + (Cgfb BJ[.) (<u\ Bf) }
G (& N

<T‘-+-(?2&{5 9{5)7) (kos 6+ 0 fé\ﬂ O
(1

N Cos " 01 )

Lo2T o
( - &,42 9+) Y (V3 I

Finally we obtain the projected energy loss by subtracting

equation (1.32b) from equation (1.31).

1.5 Probability Distribution.

A probability distribution calculation had been done
for several values of the incident momentum by using the

states obtained from the exactly soiVable model, -

However the need to compare the_aboﬁe probabilities
and those obtained from TDHF, somewhat motivated us to take
an overlapp of the TDHF states obtained from equation (1.8)
with the exact ones. In this way we are able to drew several

conclusions as given in the next section.

1.6 Conclusion.

Based on the TDHF, PTDHF and the model as given in
Appendix A, detailed numerical caiculations have been per-
formed on the variation of the energy loss for several inci-
dent momenta (k > and different ranges of the interaction

_parameter (?\) . A brief dlscu551on for each 1nd1v1dual
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interaction is given below.

When the interaction is very weak, (e.g. )\_; o1 )
the energy loss decreases monotohically as a function of the
incident momentum; in all, in the three cases, i.e. exact,
TDHF, PIDHF, the trend is the same; however the average value
of the energy loss obtained from the TDHF calculation is less
than that of the exact calculation by a factor ofW§¢-On the
other hand the average values of the energy loss obtained
fromPTDHF calculations overestimate the exact calculations
by a factor of_q.. (Fig - 1+ 4 ). Hence one éan conclude that
for weak'interactions, both the approximations, (i.e. TDHF

and PIDHF) do not seem to be adequate.

As the interaction increases (e.g. ;X;:()-S’ )5

though the trend is still the same aé,in the above case, yet

"there is some improvement, overall in the sense that the

average energy loss from the TDHF theory underestimates the
exact calculation by a factor of 1.4, while there is a rea-
sonable agreement between the PTDHF and exact calculations
especially in the range of low momenta i.e. 5§ K, 23 ;

however beyond K - 93 , there is a slight overestimation of

the PTDHF over the exact calculation, nevertheless one can

conclude that the PTDHF theory is a mubh better approxima-

tion to the exact calculation of the energy loss. (Figl-5).

With the interaction increased to A = |.0p the

- features improve, the TDHF underestimates by a factor of

1.3 while ko { 23 ; however beyond ko - 23 , there

is a slight overestimation of the PTDHF over the exact
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 calculation, nevertheless one can conclude that the PIDHF

theory is a much better approximate to the exact calcula-

tion of the energy loss.

N With t.he interaction increased to >\ = l-00 the
features—improve,the-IDHFunderestimates-byafaetorof
1.3-while the average PTDHF improves it by 1.712, in other
words, there is an excellent agreement between the results
of PIDHF theory and those obtained from the exact calcula-

tion as the momenta Ko exceed 10.

With the interaction A_= 20D, the pattern is
more or less the same, in the region 5 < k,, {2, vut
beyond the value of K, = 26 , both the TDHF and PTDHF
results exhibit a steep fall on the other hand the results
of the exact calculation continue decreasing slowly, as was

the case in the above interactions.

For a high interaction A,: N.< , the exact cal-

culation exhibit a peak around £ < kﬁ>=:8 , while the curve

" falls off steeply for .€Q< Kol 8 and it decreases

monotonically for K., ¥ : on the other hend no such
peaks are seen in the TDHF and PTDHF calculations. The ave-
rage results underestimate the exact calculations by a fac-
tor of 2 while-the PTDHF results soméwhat improve the TDHF
theory but not to a high degree of accuracy. Hence the study
of energy loss, from the exact calculation, TDHF and PTDHF
approximations shows that the above theories are not good

when the interaction is very weak< A‘: o.t) and also when
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the interaction is high, (;\ = 35 > For the latter the
pattern is the same as that for A\:'H.{j . Onlthe other
hand there 1s relatively good agreemént between ﬁhe exact
ealculations and the two theories for medium interactions

.8, A = 0.5 5 {- 0p etc.

The results of the probability distribution are
given in figures {9 _— } 24 and listed in tables I-4-1-9
A comparison is made between the logarithms of the probabi-
1lity distribution obtained from the exact calculations and

the TDHF approximations,

For very weak interactions, iJe. }\ = Q.| and
small values of the incident momentum ( K, ) the probability
distribution based on the exact calculations,‘follow a single
Boltzmann distribution while those of TDHF approximation are
distributed in a parabolic curve. With the increase of the
incident momentum ( K,) the exact probability distribution
follow two straight liness Only the probability for the
ground state of both TDHF and exact calculation agree excel-
lently, while there is a bad agreement throughout. As the
interaction increasés to :K -z 0.5 5 the pattern remains the
same though for low incident momentum ko==5‘, for the exact
calculation there are two straight lines each for odd-odd
and even-even states similarly there are two parabolas for
the TDHF calculation. Therefore there i1s no agreement
between them, as the incident momentum ko increases
(e.g. K »

state, The results of TDHF calculations are distributed in

. =3S.00) there is a good agreement for the ground
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a single parabola, while the results the exact calculations

follow a single Boltzmann distribution,

As the interaction ;\7 is increased to |- 00 , the
features do not change much, except that for small incident

momentum Ko = 5$.00p , the exact calculations follow a single

~ Boltzmann distribution, there is an excellent agreement

between the TDHF calculation and exact ones for the odd state
504, For Ko > 20- 00, there are two straight lines for

the exact calculations.

With the interaction increased to A - 200, the

“exact calculations, are distributed in a single straight

line for all values of the incident momentum ( ka ), while
the TDHF éalculations follow a single parabolic curve for
KC = g , and for kef> 8"}'there are two parabolic curves,
one interesting feature here, is that the two curves some-
what get closer for positive states, i.e. the curvature
decreases and approaches the line obtained from the exact
calculations, thereby producing a relatively good agreement

between the TDHF and exact calculations.

when the interaction is increased to 3'50 , for
low values of the incident momentum $< Ky € 1§.00 , there

is a bad agreement between the TDHF and exact calculations

Yor k;$715 the latter follow a single straight line and the for-

mer i1s in two parabolic curves. However forf(o =I§-Oo , and
the odd eigenstate — S.o4 exhibits an excellent agreement.

With higher incident momentum ( KO ) there is a good




"~

)
A

agreement for the positive eigenvalues between the TDHF and

the exact calculations.

'Finally when the interaction is increased to‘XQ:Q'g,
the exact calculations split into two straight lines and the
TDHF calculations also follow two parabolic paths, except
that for high incicent momentum ( e.g. K, = {0) the two
parabolic curves almost merge on the positive side of the

eigenvalues and there is relatively a good agreement.

The presence of such random features above, leads

one to investigate the possibility of a phase transition.

Figures 1.25 - 1.36 display a difference in the
logarithms of the probability distribution obtained from the
exact and TDHF calculations as the function of the various
?ncident momenta for ali the states beginning with the
ground state, at different ranges of the interaction para-

meter.

From the figures it is evident that for very weak
interaction 7\7 0-1, the curves are smooth, in both _cases
odd and even.‘With the incfease of the interaction tgjgngéak
is evident around the incident momentum Ko = 4200 for the
ground state - 5.7 while the rest of the curveé are

smooth,

For the interaction >{ ~ 1. 00 a peak appears for
the odd eigenstates ! 7{ and 5. 04 around 15 £ Ko <€ 20 ,
the rest of the curves vary smoothly. For the interaction

parameter ;\ :2%30, the curves decrease exponentially for




the higher even and odd ‘states, while the low lying states
vary smoothly.

With the interaction increased to A = 3.50 , the
peaks are seen for the even eigenstates with eigenvalues
O 00 2.24 and 5 3F around Ky = € while the other
curves va smoothly. Again the odd eigenstate decreases
except Jor e slile 176 a peak a..}o}oeo.x.s ql'Xo:lS/
exponentiallyAwhile the other curves vary smoothly. :
Finally with the interaction parameter’X = H-80, the
peaks are seen for the higher even eigenstates with eigen-
values 0-00 , 324  and = 537 around 7»<4k'0 < o,
while the low lying states vary smoothly on the other hand
for the odd states, the curves decrease exponentially while

the lowest odd state with eigenvalue — §. Q04 vary smoothly.

The présenee of such sharp peaks leads one to con-
clude that there is a possibility of a phase transition
since at those instances there is more than one minimum

value for the transmitted angle Ql’ .
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CHAPTER II

PROJECTED TIME DEPENDEAT HARTREE -FOCK THEQRY APPIIED TO AN
ISOLATED LIPKIN LIKE SYSTEM.

2.1 Introduction.

In £h¢ previous chapter we have seen the results of
TDHF in a collision of two Lipkin like systems. One of the
'significant results was the explanation of the exponential
probability distribution. But as seen in the Appendix (&)
in some cases the odd parity state behave differently from
the even -périty states and a single distribution function

is not appropriate.

This motivated us to propose a procedure of incor-

porating the symmetry properties of the Hamiltonian in the

Time Dependent Hartree-Fock formalism.

From the defination of symmetry operator [S ] H]
one can find simultaneous eigenstates of S and H . If an
approximate model eigenfunction @ of H is not an eigen-
states of § , repeated operation of S on @ will result in
a set of wave functions where (} s SCE y Slqs -
usually span a manifold of finite dimensioh. One can con-
struct linear combination (\Pk) of these wave functions

that are eigenfunctions of § .

In most of the open shell nuclei, the search for a
Hartree-Fock state usually leads to a Hartree-Fock single
particle potential that is not spherically symmetric. Hence

the sirigle particles wave function or the many body wave-
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function obtained from Hartree-Fock calculation are not
~eigenfunctions of angular momentum operator. However this
‘Hartree-Fock state can conceptually be regarded as descri-

bing the intrinsic state of the nucleus. Quite often, the

~Hartree-Fock potential has axial symmetry aend in such cases

the component of the total angular momentum eziong the symme -

try axis K , is a good quantum number. .

It is possible to project out wavefunctions <¢-j R

that are eigenfunction of the total angular momentum 3;5 by

using the generator co-ordinate approach through the usual

rotation matrices.
7 -7 , .
Vo= Jaen (g@y--- - ()

The projected wavefuiction is of considerable impor-
tance, Since the wavefunction has the'symmetry properties
desired by the Hamiltonian, it is usually a bettef represen-
tation of the eigenstate of H . Further, since all the
with different values of &L j , are generated from the same
intrinsic state i),-they afi correspond to different col-
lective rotational states of the same intrinsic state and
thus do correspond to.the members of/collective rotational
band connected through highly enhanced £ 2 transitions etc.
These states g@k , represent a band of eigenstates of H
An example is the rotational states projected out of a de-

formed Hartree-Fock solution.

Thus to take the desired symmetry in the mean field

~approximation, we describe the state of the system obtained
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by projection of an appropriate symmetry from the determi-

nental wave function.

2.2 Time Independent Projected Hartree-Fock Theory.

Whenever a Hartree Fock solution \P breaks a sym-
metry present in the original Hamiltonian, és in the case of
deformed nuclei where the rotational invariance ‘is broken,
-then L}./‘,“:does not have a good amgular momentum, If we want
to improve on the Hartree-Fock approximation to sati sfj cer-
tain symmetry properties of the original Hamiltonian (Rota-
tional symmetry), then we project wavefunctidns of the
desired symmetry from the Hartree-Fock smlution. By this we
get an improved result. The procedure 1s done in the follo-
wing way; Let \.}/ (\(J O) ‘be a Hartree-Fock wave func-

HF
tion describing an axially symmetric deformed nucleus with
symmetry axi;_s along the #Z —axis' and which .is an eigenstate
of 3' with' eigenvalue k . \ :(\L JZ)be the same

wave functlon w1th orlentatlon given by the Euler angles-

(OL ,’5 Y) . If D JZ is a rotation matrix element.,

Then the trial wavefunctlon can be represented as

Wi = ' jcw?- %F(K,ﬂ)(bm(ﬂ))' (22

In the above equation, \I/KIM is an elgenstate

of I and T with eigenvalues I(I.H)and M .The intrinsic

state \;/ (»( o) is not an eigenstate of angular momentum,
while the proaected states correspond to collective motlon

of the system satisfying the desired symmetry.
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The method of projecting linear and angular momenta

S L41) _
was first studied by Griffin and Wheeler and by Peierls

. 42)
and Yoccuz . The results predicts definite values of the

kinetic energies of rotation, though the prediction of the

centre of mass motion was incorrect. However this discrepancy

| : _ 43)
was removed by “Peierls and Thouless with the help of a

second generator co-ordinate.

| )
It was seen by Verhaar that when [3?; X, one

gets an energy spectrum of rotational model form in a de-
formed nuclei. The calculation of moment of inertia and

other quantities is also possible.

Instead of carrying out projection after variation
of the intrinsic wave funcﬁion \PQ;: (1.e. *iF-P) one can
also first project out states of good angular momentum, then
we vary the intrinsic wave function so as to minimize the
energy, i.e. PH¥ . This method was used by Rouhaninejad

k3)

and Yoccuz and it was seen to give much better results

than the H¥P theory.

2.3 Application to the Lipkin Hamiltonian,

- We illustrate the use of the projection technique

30, 40) |
using a Lipkin Hamiltonian . The Hartree-Fock like

independent particle wavefunction can be parametrized (as

already mentioned) through X :
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As already mentioned, the Hamiltonian conserves the
parity P . But #jHF‘iS not an eigenfunction of P . The two

projected wavefunctions (unnormalised) are

R G I DR

and

" LS -~—~{2..5“
\%: (1 +Coz0¥’)
When PHF calculations un the Lipkin model were done

30) ' .
by Agassi et al , 1t was found that for :XT;S> | the pro-

jéction technique does not improve results appreciably. This
is because of the near degeneracy of tize odd-even stétes.
But for ém,aller values of )( ('I <X < 45 ) , the
HFP results are considerably better than HF results. However,
the odd pafity excitation energy differs appreciably from the

exact value.

: 40)
On the other hand tiie PHF calculatio.ns of Parikh

et al show substantial improvement in the ground state energy
and leads to good results even for i["(i | . However, they
have not studied the odd parity states. '

On calculating the odd eigenvalues it is found that
the PHF calculations agree with the exactly calculated values
whén ){ <<‘F'. This is depicted in figure (2.1) and listed in
teble (2.1). avound X % | , i.e. Y = {.07y, the HFP has
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not improved the accuracy, only it has changed the sign.of::’

errors,

Further it was seen that for odd parity states, the
deformation parameter X varies smoothly, unlike the even
parity states where X has steep variation around;( ~ 3 .

This is displayed in figure (2.2) and shown in table (2.2).

The phase transition which appeared in the Hartree-

Fock solution at X = |, has now disappeared by projection.

From the figure (2.3) it is clear that the excitation
energy obtained from PHF calculation are considerably better

L0)
than the results obtained by Parikhiaet.al , through the use

of other approximation theories : Random Phase. Approximation
(RPA), exact one particle hole (EXPH) equation method, and

the renormalized RPA.

As expected for larger values of X (say_}€;>l'5')
the projection makes very little difference and hence the
excltation energy predicted by PiIF is bound to be amuch smal-

L
L0) :
ler than the exact value. Thus Parikh et &l have esta-

blished that for X >} , it is immaterial whether one pro-

jects before or after variation or indeed whether one pro-

jects at all,
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2.4 Projected Time Dependent Hartree-Fock Theory.

The above projected Hartree-Fock theory has been
generalised to include time dependent problems by inducing:

some symmetries in the Time Dependent Hartree-Fock equations:

(L"'H)}\PTDHF =0
oo (20

in the following manner. By replacing the determinental wave

s T
\QF ?\\Hrmn:

function by a projected component of the determinental wave

functions :

<QF A \Uyrmr-‘ f;f - H)} \/UTDH-F> =°

_ (23)

On using equation (1.7) one may write :

S =3 (5 )(asef*'“(mme) [
- (2.8

Then equatlons (2.7) can be wrltten as follows :

e WG > =

ce oo == (2-9)

Thus equation (2.9) produce,¢F 94 excitations only and not

IP.»lk_ex01tatlon.
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2.5 Application of PTDHF to the Lipkin Model,

Hereby we apply the prdjected time-dependent Hartfee—
Fock formalism given in the last section to study the Lipkin
Hamiltonian. From equation (2.9) the projected time-dependent

Hartree-Fock wave function can be written as follows :

<Y, j(““h)' D <o (210)
Y = {(Y{j s )1 (17, - 4 1)}1%@

| I R
T + . v . e ,
g . (Qﬂ SAETRRER J_)QI a e

—————— 212
These equations can be simplified as follows : ( )

We introduce ‘the rotations.

~-—V']' +‘]3

One may also write bquatlon \2 10) as :

(e .’AfQ )(1 TDH})'!*—HKQ +e v/mHF 0
N )

Now the state € given by equation (1.7) contains both even

and odd M values. On the other- hand the stwte(é + e PW=-J>
has state with only even or odd M values.

One can rewrite equation (2.13) as follows : =

LT3, ('ar‘H)(e +e )l T>=0 @,
<__j__,‘e>.‘<ﬁ;(‘a%(eé+ ), T> <(J——l)'€ Hie v e )} >

e QJL{
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In order to simplify equation (2.14) we use the following

equations :

_ \ i ~-(P
ijzey: js(fo:i‘r +~—fiSCn9@ t);* S~ e _""@'}5“)

€.><T ¢ ;-:5 Sin ® eL¢~ —-—(H»Cog 9)) + L (Co<9«~!
i o~ 2 ¢**-—(2m3)

e T_ = -]y Seng e + (H—Gose).) +~—(C959~’)

---(2I5c>
Now the left hand side of equation (2.14) is
{ X -X | C
|e L%e f‘f>

><(¢+5) X(¢).

D(e) T - - ' ] ox |

§>0 -

g( g [ ex(¢+8) e_x'(szs__)l-’ R

& A
X(~¢+ g)
where € is like a rotational operator similarly

for - X¢@

With the help of equations (2. 15) the left side of equation

<‘Jﬂ-\exa(__a_ ex‘ 3> + <Z).'—r

On uslng relations like

(2.14%) turn out to be

gpgu 61( +(Cosg§j 2’{(_}——-‘5)- ICOS@S:\,

29)

On using the Lipkin Hamiltonian in the right hand side

, — _ 2
of equation (2.14) and evaluating terms like~h)jaj J3JJ|)332)

(jsjg‘*"jzjt); (lea T “‘3]— )and- <3—5‘T5 + TB jt‘ )
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These operators can change the M values of the
state on which they operate by 0 , 1 or 2 only and hence
the equation (2.14) is further simplified and finally we

obtaln the time dependent equations as follows : .

_Q?. ¢[2(?)23+§ {(~9J ?) -+ ?(11T+1H)+ f@j 83’+?)ﬂ
2?{3”({‘”? )—_I} oo - 1a)

-(J_.x.- )29+ Vees2gl(1+%7)+ (27 -5743)
[os (f)lJ ’{(j 0:5)— S?H

n ?( 97 98T §)+ (:o‘J _H57+ N )+ ?( ‘13'+223>ﬂ

(216 1)
.»5'-:{:
where ‘(? - C.o < B
which are the differential equations to be solved intera-

tively. The results are given in section 2.7.

2.6 TDHF results of Lipkin Model.

39)
Griffin et. &gl have studied the TDHF solutions of

29) |
the IMG model, and they have established the presence of

a ground state phase transition when the interaction para-
meter Y =1} , in the sense that when the interaction para-
meter X < { , there are only open curves in the ( - 525)
space pertaining to rotations. On the 6ther hand when the
interaction parameter X >>i ,.thére exist both open and :.
closed loops, the latter being associated with librations,
in other words two types of TDHF solutions exist simulta-

neously for strong interactions, viz (a) those portrayed
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by closed loop trajectories (librations), which are doubly

degenerate, and (b) those shown by opgn, periodic rotations

which are non degenerate.

2.7 General theory of the Prqjected Time Dependent Hartree-

Fock equations,

From the proceeding section, it is seen that the

PTDHF equations are of the form

8 = P(6,9) - (29
Si’. _g(e.¢) - - - (2:18)

The above equations are autonomous as P and (3 do not de-

i

pend on time explicitly.

If Q_(J()and ¢(‘D are solutions of equation (2.17) and

(2.18), the oriented curve described by the moving point
G = @(Jc) and >Z§ = p({»), in the phase space, as L

increases, is called ‘a (phase) trajectory of the gsystem.
There are three basic types of trajectories -
(a) non closed or open curves,

(b) closed (cycles) curves : when the tréjectory

along which the moving point passes through the same point,
(c) rest point or stationary point :
The trajectory consists of a single point.

If our interest is confined to the qualitative

nature of orbits, i.e. the category from the above three
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under which they can ve classified. The equations (2.17) and

(2.18) are to be re-written as

fiji = ?3£E%ié?;2 - - - = - <::2'4q‘)

dfb Q(Q) 50)

any point (8, @) for which the two functions P(o,9)
and Q(e-,nfa) do not vanish simultancously is called an: ordi-
nary point with respect to the differential equation. On the

other hand a point (Qé)b)for which

P(QO)%): Q(QO;Q,):: o

is called a singular or a stationary point, The asymptotic
behaviour of the trajectories in the neighbourhood of a
singular point determines the type of equilibrium represen-

ted by the singular point.
Expanding the right hand side of equations (2.17) and (2.18)

in the neighbourhood of the stationary point (90 ') SDo) we
§ - a(p- Ry ------ (2 20)
p = D(B-8) ---- - (2.21)
where the dgts réfer to terms of higher orders relative to
g ._g;b and ?Z) — % and
/
B - i (s,,9.) ]
p-o, (6,,9) |

obtain




To solve the equations (2.20) and (2.21), we make a transfor-
i —y £ =+ — : . Th e
mation by 8 > 6, e 99 > g% + ?b Thus w

obtain .
B=- Bo-
e o -(2.23)

;52139
From equation (2.23), if the product BB is negative, we
obtaln an oscillatory system whereby the trajectories are
not intersecting the point. Such an isolated point may be

terms as a node. However, if the product 30) is positive,

we get open curves.

2,8 Results of the Projected Time Dependent Hartree-Fock
equations.

The Projected Time Dependent Hartree-Fock equations

are given in equations (2.16) as

2”5( 37-8)f+ 6(,,3+¢q)+564:r 93+9)}]]
({T(z- fl)—f/-}
. F(f p) - (2 2w)
W) veoaapl(i4 )+ {(“‘ﬁ

R
+2)+€ (‘A‘J +2?J—5)ff(loj HSI+H)+?Q( 4T+ )Qj)ﬂ
o5+ ()G 09 - 341
g(g, ) (2.25)

,}é VS mLZ( )
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Owing to the presence of 2( in the right side of equations
(2. 24) and (2.25) there exist a translatory symmetry between
0< gL A and <L s £ 92X . There is also a
reflection symmetry about '525 - ;:/2— _

In the neighbourhood of the singularities (?a N ¢o ) the
equations can be written in analogy with equation (2,20) and
(2.21). It is seen that the above equations (2.24%) and (2.25)
give rise to four singularities whose positions depend on the‘
strength'of the interaction brought in through the term

in the above eguations.

The isolated or stationary points are evaluated in

the following way.

The right hand side of equation (2.2%) vanishes if

A — v, :
4]5, = Q ) /\/2 for all values of ? and nowhere else.

The numerator of equation (2.25) can be written in the form
) 2 o WA ' If ()
N = "Lq{t()(l-—- ‘?)'}* V("G* )*”% "‘b? —+ 2K ? )
) [/ : ) 4

On using the Newton-Raphson method of approximation one
obtains the fixed or stationary points as ( ‘?[ ) U) s
(%2)@) ’ (‘€|> 7\/2) ’ (‘%‘1;/’(/2)

where O“}< ?l<l and 0-09< ?;{ Z Oé
oTo0as <nvg LS _

In the above case the points (— €2 /‘A/i) and ({i. ) L’) |
are nodes whereas for the points(fi ) D) and (— ?l )/:/2)_

the trajectories are open curves. The above points are dis-

played in table (2.3).
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From the equations (2.24) and (2.25) it is evident
that the right side of (2.25) is infinity for ?: O)_f \%3_ for
all values of Sb other than O and % , in which case the

s &5
right side of (2.25) vanishes. On the other hand SDAfinite at

2:0 andax\g:“.’:\}_.i/l

Near the line g = O , the trajectories cross it
normally with those in the region © é CP <\ /2 being in
an upward direction and those lying between 5 <SD é x
going in a downward direction, thereby indicating that the

velocity or the rate of change of ? is very fast.

Just below and above the lines g =+ 3/2 , the

curves turn away from the line, thereby it can be termed as

a repeller.

From equation (2.25)," ?3 is infinity for

however % is finite at such points.

::.‘7

~N0

For 2 = —| , one may write

(D

On integrati'c'?n C}é +o = 2 I+?

T () >~ 5 F(p-n)

Hence the curves will approach ‘?:-—--ff following a parabolic
path and depending bn € they could either dive'rge‘or con-
verge to it, in the sense that for the region O é ﬁﬁ) < 7\_/4
the curves approach the line &P - X‘/L( from the left

side while for ~ x the orbits approach
4 <P < K
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e

the line ;D =7/ from the right side. A similar feature is
noticed for 779 < §t N For ‘g =1,

If one expands the numerator of equation (2.25) as follows :

p = — 128 + "V Ces 2p(1-10¢)
- {(-12 = HVCes Q.- £ + kv Cos 2
- P 7

Now depending on the step §£ and the values of gﬁ ranging
from ?9 -0 to ¢ = < the right hand side of equation

(2.25) could change alternately between Apositive and nega-

tive, thereby changing the direction of the curves.

In general between g} 4 'g < 0866 , we get

open curves, and a similar feature is noticed in the nega-

tive side of ? .

Around the nodes we get closed elliptical loops
which gradually increase.  in size, as the strength of the
interaction increases. However for large interaction and

small positive ? values, one sees that around ? = ’\/2 ,

there are narrow loops i.e. ‘? - A;} while it broadens

out in the negative half of ? or below tht line g—_— 0o .

From figures 2,-’?}_2.9 it is evident fhat for very
small values of the interaction _)( one obtains horizontal
trajectories. However as the interaction slowly increases,

some distinctive features which have not been noticed in

39)

- the TDHF Tesults (presented by Griffin et al) are evi-

dent here in the following sense. There are closed curves
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within -~ Q- 5 < %< 0-5 . Then beyond that there are
open curves, Betweén -%} < ﬁ? S; C- 8456. the curves tend
towards the line JZ_: 0-%LL » a similar feature is seen

on the negative siae of Sglafter that demarcation, the curves

beginning from % =+ 0. 8¢( approach the line ‘g; + |

Then there are no qualitative changes for different
values of the interaction upto )C = {05, the only diffe-
rence is that afound the singular points there are closed
loops whose width decreéses as one approaches the positive
values of % . & phase transition occurs at I =l %¢ ,
whereby the upper open curﬁes-disappear completely and the
trajectories starting from the line g: 0. 866 , turn down-

wards and from a closed curve by enclosing the singular

. point and returning to the starting point.

Hbﬁever the lower open curves still exists, thereby
prompting one to search for a second phase transition which
is seen to occur at }[I:; ?2-.310 . Thereby the trajecto-
ries starting from the line 12 g O ¥66 goes forward and
then downwards at 2%% <:9b <:,K; and they approach the line
Sb - 7\:/2 and f_inaliy terminate at ? - ~0-86( , a simi-
lar feature is seen for D‘<:90 é; 7§42 thereby elimina-
ting the possibility of any lower open curves. Finally for
}f’ — 2.Sthere are no open curves, and ohe sees only closed

loops.
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CHAPTER IIT

TIME DEPENDENT HARTREE-~FOCK BOGOLIUBOV EQUATIONS FOR A
SOLVABIE MODEL

3.1 Time Dependent Hartree-Fock Bogoliubov Generel Theory.

31

?

The pairing theory was first established by Mayer
its wide implications were generally not recognized until

10)
the emergence of the BCS theory of superconductivity

32)

which was incorporated into nuclear physics by Bohr et al.

Generally, pairing effects the particles in the un-

filled shells of the nuclei and the pairingAforce is a short

-range interaction. Though pairing does not affect the Bin-

ding Energy, yet it plays an important role in yielding col=-
lective.exeitations corresponding to rotational or vibratio-

nal states. This is because.the short range forces contribute

- to all the multipole components of the interaction.

The pairing interaction : ZZOKJFOL*— CLF3 /3

connects a pair of partlcles in the(}* oL) states with a

pair in the (f; P ) states. Here o( denotes the time reversed

state corresponding to & .

Pairing can be included in the Hartree-Fock theory

by generalising the latter to the Hartree Bogollubov theory.

ThlS generallzatlon is brought about by the Bogollubov -




e
AN

‘Valatin transformation33) through the equations :
+ +
Y( = Uy CLe'( - Y A7 1 \
by o, SN C)
yl = Y% T Ve R

Here LL gare the Fermion creation operators for particles
and'ﬁ .Sare the quasi-particle creation operators. For the

transformation to preserve the anti commutation relations :

s =& 1
o} - {z*vzﬁ% 3

one requires the normalization conditions viz.
2 2

---- 69

In using a quasi-particle picture, the ground state wave

function is no longer a determinental one, but it can be

expressed as :

Vs, = :""’;"'; ﬂ.‘o>““‘“_(3"3)_

Where,\i/;q SlS a qua51-particle vacuum and {O;> is a physi-

cal vacuum,

)
The deformed Hartree—Fock orbitals C-Sare related
to the single particle Fermioﬂ operatdrs according to the

relation :

= Z’_’“’Lxé O‘f R (3~Ll)
L

It is well known’that'x}/ <does.not have a definite
r S o

number of ﬁhysical particlés. Consequently, one uses a
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Lagrange Multiplier,>\ in minimizing the Hamiltonian through
the equation H/r.-: H — Nn where n is the ﬁumber operator
to study the nucleus of N nucleons. The value of~>{ is
brought about by insisting that the expection value of w
should be eqhal to the total number of particles N . (N 1is

the number of the particles in the system).

. It 1s readily seen that the arbitrariness of the
single particle wave function can be avoided by introducing

the density matrix r and the pairing matrix K :
- I
fo(laz < \PG,-S ‘ G“oc C"Lpl \i/gs> — =335
RS RTEAT R

. The nec'evssary conditions to be satisfied by r’ and K are

(1) f is Hermitian

(¥4

() Jr p =N

2 ¥
3§ -f = KK
.
(m) K = -K

| *
5 Fk —Kf _o

34)

From Pal one may write the Hartree-Fock single




 have been expressed as follows :

47

particle Hamiltonian ﬁ\ and the pairing potential A as

b=t S pad Sy oo 67

where

angk{5 zi <3¥‘“T1/3:> e - : :
4&5 = %<dﬁ‘ Y5> kgk """" (33>

3.2 Tlme De ent Hartree-Fock Bogoliubov Theory.

35)

It was Koonin and Nix who first formulated the
Time Dependent Hartree-Fock Bogoliubov Theory (TDHFB). .In
the study of Deep Inelastic Heavy Ion Collisions, the dam-

35
ping has been computed by Nix , with the help of the total

 energy obtained from a Time Dependent BCS Theory.

36)

In the Bloch Messiah . formulation there is a lack

of time reversal symmetry leading to the weakening or vani-

. shing ef the energy gap. This defect has been removed by

3%) ' '
Pal through the use of a suitable symmetry to define

degenerate pairs of eigenvalues and eigenstates of the.den¥

sity matrix and the Bloch Messiah representation with ‘the:

eigenstates as basis. Thereby the.Time,DependentALequatiens’

tj’ [3\ f] + AK —-‘KA | -'}-»*- - —(39)
(K < ‘&.K + K?« + Af’ +fA , A""‘“‘"@-h))‘

where 41 - eF — )\xl o . (3711)
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3.3 The model for testing validity of Hartree-Bogoliubov
method.

The validity of the Hartree Bogoliubov - theory has
been ascertained within a special exactly solvable model of

the many-body problem.

The model Hamiltonian as used by K. Bleuler and

37) 38) ,
D. Schutte y and Agassi is given as follows :

- +
H = ;SO;Q,MTQMG, —

.BZ o, _a' a @ 5 <
qm”g O =g O MGy My My
™Ma 30y
et f
— M. g Q- Q q .
9 - g ml’fq_ ml*U T
ml,qj 2 ! b
’m,“(ri




4\)

'.-.- N, .
Where .GW%;:(.JQ y ™ varies from-g to:}’=* is a half
integer. O -+ denotes the two shells each with the same
degeneracy (j2 = 131-1) , and each can have the same or

opposite parity.

The first term in the model Hamiltonian consists of
the single particle part. The second term 1s the pairing
interaction which implies the creation of particles (holes)
in the two levels with the corresponding creation of holes
(particles) in the time reversal state. ? is independent
of mand ¢~ , The third term 1s the monopole term which
mainly describes the transition of particles (holes) ?erti—

cally upwards or downwards.

The pairing interaction favours a spherical shell
structure, while the monopole interaction favours a so-

called parity deformed solution.

3.4 Results of the above model.

The following results are established from the
38)
TIHFB formalism as given by Agassi - .

In the weak coupling limit i.e. EL£<:[ , it repro-
duces a vibrational band. In the strong coupling limit,
§£L>l , one can distinguish a deformed ground state and a
;%tational band. Due to the symmetry of the monopole model

the rotational band consists of two members only.

The force parameters g’ 3’ are so chosenvsb'that

T’




e
>

the pairing corelations dominate for small N values; and
the ground state is spherical, Whereas for ?V:=J2fwhere the
degeneracy 2 = Q3-+r ) the ground state is deformed, and

the monopole interaction predominates.

As given in Chapter II, the TDHF solution for the

Lipkin-Meshkov~Glick (IMG) model has been studied by
39)

Griffin et al o

It has been established that the TDHF solution is
periodic in time, At certain value of the interaction
strengtthfsome ground state phase transition is seen to
prevail; il.e. at :K\= | 4 the Time Independent Hartree-
Fock_solution undergoes a ground state phase transition.
For j(’<(; 1, the system 1s seen to exhlblt the non dege-
nerate rotatlonal symmetry. For )[;>l 2 there are two types

: of Tlme Dependenthartree-Fock solutlons, v1z.ithe nondege-

nerate rotatlons as well as the doubly degenerate llbra-

tions ex1st.

. The TDHF equatlons are wrltten 1n terms of coupled

' dlfferentlal equations in the follow1ng manner ;-

¢ ( b ICos el Cos 2;25)

3*~The effect's of ‘Time-Dependence-in pairingﬂtheory

have been flrst con51dered by Koonln and le . and seve-

ral others..The varlous difflcultles are posed by the fact:

that the wavefunctlon of the Tlme Dependent Schrodlnger
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equation has to be of mixed time-reversal symmetry while

constructing the BCS type. This problém however has been

- 3 A
circumvented by Pal with the help of a suitable symmetry.

In analogy with equation (3.13) as obtained by Grif-
39) |

fin et al we 1lntroduce pairing which essentially requires

four differential equations each for “é) ¢> Q~ ﬁ )

3.5 Method for obtaining TDHFB equations.

The method used in this context essentially con-
sists of substituting equation (3.12) into equations (3,7)

and (3.8) so that the Hartree-Fock Hamiltonian can now be

written as follows

%?ncikwfoJ :> E%f Te g g’f;\ c} m'-o’

EMU WU]ggm'%ergg;Qgﬁcz:f ”5““5:

33
T - ~(3.14)

Again the palrlng potential A can be written in the form K

st " S 3&43% cmyGy S

7%

The deformed Hartree-Fock creatlon operators are written

-'~1q_terms of_the single particle fermion operators as fol-

»1OWS 2 -




The time dependence is essentially brought through the de-

pendence of B and % on time.

Next the gquasi-particle creation operators written
in terms of the Hartree-Fock single particles through the

canonical transformation as follows

Yﬁ = U ¢+ -\J“"C

m

Using the above equations one calculates 5) and K s A and
~n .

-, Q\ . In the matrix language they involve essentially 4 ma-

trices each of dimension 4 X H i.e. states between m+)‘
m"-} - M4+, — M- (m > O) Where there are(l +1)

values for m and the second notation after m denotes spln.

It . is seen from the transformation equations both

Hartree-Fock and Hartree-Bogoliubov that there are six

~variables viz. 6,9 U, W u,and V,. However due to the

2 L ]
substitution brought in from the equation U, = Cosy

1,

Vo= ng‘,lo() 'b__,z_ - Cg,s {3 and "U';- Sin {3 . It is seen that -

aJ.so u, +V1L~ | s the variables are reduced to 4. The dimen-
sions of the matrices are also reduced to 2 X 2
34)
From Pal the Time Dependent equations involve on

the left side quantlta.es like f and K to be written in

+

terms of 9 95 0{ and /3
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A
The equations for'f)kl}gg and-i; in terms of 9}¢)d»

and {3 can be written as follows :

F Cons Csts @% ‘-—ﬂ f{l 0 C
P fan 0 0 |

|
o o f, [y |
0 o fu ]0 21'

which can be written as ”F o

h - ~
’ O’? where ﬁ‘ ﬁs {12

LQ Elj iﬁu ELZ

PO

essentially

. C.2 2 R
f)zl = Sm O( COS 9/2 + Suﬁ, ‘3 bu\ 9/2

ﬁ‘l = «‘i g'u\ 6 ,e~~ L¢(S>Ln z-oL - gk‘.ni 13) \
Py, =% Suno e.-¢( Sin?ol ~ S”mlp)j

' Hence it is seen from equation (3.18) that the diagonal

elements fﬁ and f;2. gre ?eal.

The superscripts R and I mean the real and imagi-

nary parts respectively.
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However

R
ﬁl e .%; SC:’\.Q Cos ¢(Sm2d - S)CAQP)

fI :'J.. Sia 8 S,Qn-}t'( Stntel = &,\2(3) .

12

2
ﬁf - L Sme o (Sm“ Sin F')J

Again ?: can be written as &

i

u ) rsy o]



The equations for K can be written as :

T
~K' ' 0
n 4
where
r ]
K :;
{ ! Kn K|2_
{ .
! X
: Km 22
= -*3 dn 2d St 8 e LgS'+ Sin 2 Cog® :
fu 3 g T A lesten f

{9
Y f— { o “( ~Cos8)Cos 2p + ?mi;’%(wwg)y

KI“ = _%’_,m T( Sen ‘lc((f—- )9«39) Seén Q,¢ }
)
k_ﬂ ‘i(’-“C@’S‘)ﬁm 23 Cen 26 +(i+Cm&)
Sin 24

~
it

12 ‘Z;-' SULS Sn’\ C&Siﬁ(Su\ o — g\fr‘x 2]‘3 )
J<I - "":t’ gLrLE‘ g‘r~(\ ‘gL'L (SLJ‘L 23& —4 Okt ’)Jl )

1

!

T -
d
KZ) = }\':‘)_ |
Ko = K, - - = - (zay
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similarly one may write

i
———..“..-.._._.,
(@)

-

,mh(zaw (t+Co 2¢)+Cose(f C052¢)j

X(Sa_'n(_io()-# §u@{5))— E {(l~Cos G)Sm 2p Cos 29

] + S 94 (H-C’%e)j(7

A g[{3(2J+:) g}Sm 2p - 8(520+«)S’m 20t |
Sin 2p(1-Cos )

4_. _ °n {‘3(20+1){(3+C959¢)+Cess(] &3295)}
(Sm 2+ Sm Qﬁ) H(‘ Cos8)Sihn 24 Cos 24 +Sm

(1+Cos )H
I_{a(lj+t)+ %}SU\ 9[& -<:j(Q0+! ‘lok] S 2¢
-:I{Is:Ln? gzm?tfiéfé 23 9Q) and (; 2‘I)O.)T T ~('i )‘1) O COS 8>

The coupled differential equations which are to be solved :

.—-

' R I 1 I T
pl_pReT (R F T ik AT kS
'I .\e R ‘Z )Z 2 ,I - — R R R
f._._;‘R -k P “K]AR-Klé +4i}<i+4}< (
e BT I, ¢ I.R AL TR
kR:Q\.K + KQ\I +éfL+Aifl+f{\‘ +FA
- A

i
I
!

ror . [ ? R f L Tl ’2 R !
kl: ——}(‘Q\QK 4 KRQ\ -{—'AQfR—_Aifl + f A

__ffAf ___Qf( ] j

)
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A
~1

Hence the problem involves solving the equations for Q)?S &
2T

and ﬁ) respectively.

In Chapter I1 we have solved the coupled differen-
tial equations for ® and }5 on a two dimensional basis,

i.e. we study the trajectories in the G-??S space.

In a similar manner one can solve the above egua-

tions for four variables, i.e. 9) ¢)o(j }3 and thus use
a four dimensional basis. One can assume initially at ‘t:O,
some values of 8)¢)0<)f5 as @O)¢O,D(O)}5°and
then we solve the equations iteratively and study the tra-
jectories in the four dimensional basis. However the nume-
rical results are not done as yet and thereby the conclu-

sions could not be drawn on the problem.
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CHAPTER 4

CONC LUSIOH

4.1 Summary.

The interesting results obtained from the calcula-
tions of an exactly solvable model induced a motive for cal-
culating and comparing the results obtained from different
approximation theories viz. TDHF and PTDHF with those of the
exact calculations., In some cases there arose some ambigui-
ties (e.g. in the occupation probabality distribution), while

in the major results (e.g. energy loss) there was some good

agreement.,

After having done that, we had projected out the
desired symmetries of the system, and instead of a single
phase transition, we héve established the occurence of two
phase transitions, which are of considerable importance in

the theorgtical study of the Heavy Ion Collisions,

Finally the Time Dependent Hartree-Fock Bogoliubov
equations have been derived, though the solutions and re—

sults have not been caléulated.

4,2 FPFuture Prospects.

One hopes that with microscopic quantum mechanical
theories the study of energy dissipation will continue to
receive serious attention in future. TDHF is certainly a
good approximation theory, and with its help one could

explain several physical phenomena viz. fission, fusion,




~_U
-5

e e e -

. | 5$3

compound nucleus formation and giant multipole resonances.

L6)
Davies et al have found that the calculated frag-

ment energies, mean masses, and scattering angles for Deep
Inelastic €ollisions are in good agreement with experiment.

However, the conventional TDHF has some conceptual limita-

tions : (a) It predicts a unique final state and consequently

is incapable of describing several reaction.(or inelastic)
channels; (b) It cannot describe the passage through the
classically forbidden barriers; (c) The TDHF wavefunction
does not in general satisfy the symmetry requirements of the
Hamiltonian; (d) Being variational in nature, the descrip-

tion is not reliable for excited states.

Some of the above constraints have been overcome by

39, 4¥7)

several groups . In this thesis we had removed limita-

- tion (c) by projecting out the desired symmetry and this

yielded some interesting results.

Yet all the above mentioned limitations have not

"been overcome, so perhaps this itself could present an inte-

resting problem to be solved in future and perhaps the

results could be used in interpreting some unexplained

features.

The above projection technigue could also have been
improved if pairing had been taken into account, thereby

enabling one to study the various phenomena observed in the

nuclear collisions.
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Captions to figures
Fig. 1.1 - 1,3 =—~-~ The logarithms of the probability distribution

« 2 .
Py = s<WTDHF ] M>] for several values of M,

Fig, 1.4 - 1.8 =-- Comparison of the energy loss obtained from the

exact calculations, TDHF approximations and PTDHF approximations,

exact

e TDHF

¢ e o o & o & & o+ e pTDHF

Fig, 1,10 - 1,24 }--'The logarithms of the occupation probabilities

obtained from exact calculations and TDHF theory.

X X %X X X % X % TDHF odd states

L A TDHF even states
————————— TDHF odd even states
...... _— exact odd even states

exact even states

——— et e — exact ofif states

Fig, 1.25 = 1,30 :—The difference of the occupation probabilities
between the exact calculations and those of TDHF theory, for different

incident momentum and various interaction parameters.

........... ~3.24
s s s e 0,00
~~~~~~~~~~ 394
U 5 T
e 6 .e-e-0 -0 -a _5.37
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Fig 1,31 = 1,36 === The difference of the occupation probabilities
between the exact calculation and those of TUHF thewry, for
different incident momentum and various interaction paramcters.

~ 54,04
_________ ~1Q”
T ek .76
e 5.04
Fige 2.1 3 The odd parity excitation energy for various

approximation theories vis, HF, PHF and HFP respectively.
Fige. 2.2 3 The same as in figure 2,1 but for even parity states,

Fige 2.3 The excitation energy from various theories for
different values of the interaction strength,

Fige 2.4 + 2,9 1 The trajectories in (0-9) space for various
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Captions to Tables

Table 1,1 — 1.3: — The logarithms of the

probgbility distribution

pm = I< \'//TDHFI M>.Il

for several

values of M.

Table 144 —_ 1.9:— L(}?g.gi‘bhms of the

© probability distribution of various eigenstates in the

exact calculations and TDHF calculations,

Table 1,10 —— Table 1.,14:—
A comparison of the energy loss in exact calculations,

TDHF approximation, and PTDHF approximations.

Table 2,1 : — The excitation energy of the odd
parity states obtained from various calculations viz exact
Hartree-Fock theory, Projected Hartree-Fock theory, and

projection after variation (i.e. HFP) theory respectively.
Table 2,2: — The same as 2,1 but with even parity states.

Table 2,3:— a display of the fixed points for various

strength of the interaction parameter,
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TABIE : 2.1 = 1Y
ODD PARITY STATES(E_)

X J? B Eur E o Eep

> 0.5% 8.517 8.385 8.381 8.381
1.9 0.56 8.159 8.153 8.153
1.8  0.58 S 7.9W 7.93% 7.933
1.7 0.61 7742 7.726 7.723
1.6 0.64 7.556 7529 7.519
1.5 0.67 7.388 7,343 7.320
1.4 0.69 7.242 7,169 7.112
1.3 0.72 7.12Y% 7.007 6.873
1.2 0.7k 7,041 6.858 6.562
1.1 0.77 7.002 6.721 6.124
1.0 0.79 6.622  7.012  6.596 ~-9L41.22
0.8 0.83 6.393 6.381
0.6 0.875  6.219 6.215
0.4 0.92 6.096 6.095
1.05 7.002 ~22146.89
1,077 7.000 6.000

1cl

o




TABLE 2.2 = 1k
EVEN PARITY STATES(E;B
X £ Eexact Eue Epyir Erep
2 0.55 8.636 8.385  a.388 8.388
1.9 0.58 8.166 .
1.8 0.62 79Uk 7957 7954
1.7 0.71 7772
1.6 0.84 7.556 7.659 74591
1.5 0.86 7.388 7.567 7 454
1.4 0.88 7.242 7486 7 .366
1.3 0.90 7.124 7.413 7.342
1.2 0.905 7.041 7,349 7.347
1.1 0.92 7,001 7.290 7.130
1.0 0.925  7.270 7.239
0.8 0.9% 7.163 7.157
0.6 0.955 7.688 7 .03k
- 0.4 0.971 7.038 7037
1.077 7 .000 7.000
1,15 7.015 7.295
1.17 7 .02k 7.326

/“;\7
Lo

!
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TABIE 2.3
TNTERACTION —
PARAMETER FIXED POINTS
x sl £,
0.25 0.989 0.096
0.50 0.980 0.188
0.95 0.966 0. 346
1.05 0:963 0.376
2.50 0.926 0.659
£ol
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 APPENDIX (.4)

* Tixactly Solvable Microscbpic; Model for Deep Inelastic
Collisions. ’

Enefgy Dissipation in Heavy Ion Reactlons has been
receiving attention in the last few years. There are seve-
ral approximation methods developed for their study. Quite_'
a number of dissipative concepts like friction, viscosity |
etc. are intrbduced and several attempts were made to re-
late them with-microscopic.quantum mechanical description
(e.g. use of Time Dependent Perturbation theory (Beck and
Gross 1973) to obtain expression for frictional forces pro-

portional to the velocities).

The validity of these concepts and approximation
methods is not clear. If an exactly solvable quantum mecha-
nical model Hamiltonian for the.description of Heavy Ion
Reactioné is available, it can be used to test the adequacy
of these approximation methods:

In Section 1 we propose such a model based on the’
famous Iipkin Meshkov Glick Hamiltonian (Lipkin et al 1965).
The method of obtaining eiact solution is given in Section

2. The results are given in Section 3.

1. The Model : - The two nuclei 4 & B are moving in a one
dimensional path, after collision they go away with part
of translational Kinetic Energy transfered into internal

excitation.

* This is a condensed version of the M., Phil thesis sub-

‘mitted in 1981..




e —— e e

T2

The Hamiltonian can be written as
H :'TV"@P i HH + HB t vl'.nJ[.’ - T T (')

i,e. the sum of Kinetic Energy, twe-intrinsic Hamiltonians
of the nuclei and interaction between the nuclei

are the usual Lipkin Model Hamiltonians described below.

In the Lipkin Model each nucleus consists of

fermions distributed in two single particle energy levels

+ 8/7; demoted by O = % |

L ]

y each having a degeneracy
The N degenerate states are disﬁinguished by a quantum
number F> . The two body 1nterad10n changes the Quantum
number O only but nat F exph019y, in second quantized
fofm the Hamiltonian can be written as

. — -1

Ho ='-€-}_ CJ o Ypa +y‘§ J%Eo‘ Yo Ny o “p_g

In all, there are 2" elgenstates of this Hamlltonlah and

in a DIC, starting with the ground state, the nucleus could

get excited into several of those states, However; because
of internal symmetries of the Hamiltoniaﬁ, there is a consi-

derable reduction in the dimensionality. The Hamiltonian can

be written in a very simple form using quasi spin operators

defined through
—_ X +

< 7 o
- LS - —

e e e i e
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3

These operators satisfy the usual angular momentum algebra,

then the Hamiltonian can be expressed as

Hy= €7, + %(Jf.-# "J._Q) | ,
| =),
o = ET, TV(T ) )

From the single partlcle part of the Hamiltonian it is

ox

clear that J. and that starting from the ground state,
2 -
the nucleus can get excited to any of the Ciw): r«} excited

states only. Thus effectively, the dimensionality is cut

down considerably;

Evaluation of energy levels and eigenfunctions in~
volves diagonalization of matrices of dimensions

only.

In order to dlstlngulsh the qua51 splns of the two

nuclel we express F§ 4. H in ‘terms of different quasi

spin »perators. .

\ , : 2 2 "
Hy = SLy v(z,-,t_‘ Ly )|
~ ' y 2 ) e SX
Hy = £, + V,(S*.» .“’S_a ) ? ) s)
and [LHSJ-O Y
The 1nteractlon between the nucleons of A w1tn the nucleons

~of B is quite similar to the 1nteract10n,term in ¢ 9)

V(LS s MG -

Where \/ denotes the strength of the interaction and

is the form factor. For convenience we can choose ¥

follows :

for =2 ki<a L L
‘(,x<'|->lcL : % R )

<




e e ————————

' Then within the range of interaction the Hamiltonian takes

the form

_0 w12 _ <2
H =¢ J3 + J(JX Jy) +’Trel

where Ji = Li + Si - T (8>

2. Method of Solution.

The eigenstates of HA are obtained by numerical dia-

gonalisation

H& ¢[' = 8‘: ¢L. ———— (9)
Outéide the range of interaction we have
s> = ks>
I = BRI (B - - -(i0)
[Zs = g —+ 8
The incident state is des@ribed by
—_ | e L ‘ - - - = —/};j
Sl/br\a( - iO e"{—’(L k"":)‘S - O> ) )
Initial kinetic energy is ‘}z hl/ 2 m ~+ After scattering,
the general wave function outside the range of interaction

is a linear combination of states like

A e»q:(ﬁ_k ){) g:> -gaz v D a
5_exp (_L){ l) > flq\cé_a.

Within the range of interaction the eigenstates are obtained

o v--</2>

by diagonalisation of H in eguation ( 8)-

Hjd> = Wyla> -----(13)




The wave function can be written as

=1 ",b( k’o""—)’ v) +2 K. %‘;Li;’)(-—é R, »c)f g> W< o
S : |
= 2 ‘e E‘_A»LA})(L' RS‘)’ S> K-‘/\'O o ...-(ﬂ)

Q + represent amplitudes of reflected and transmitted
waves, Equations (_IG) J. (l?) are still valid. wWith the
use of delta function explicit evaluation of E W, };( AN

becomes unnecessary, and this simplifies the equations

congidered.

The continuity condition on the wave functions gives

ws T =T 6 + Ry - - - (20)
The derivative boundary condition gives us
o ‘ T~ -

< %\ . ‘\/Q(LK.)&*L Sj)H’) i;—---‘-(li)
From ‘eQuaEJ.on (20) we have K: :7; - IO SSO substituting of.
thls in equatlon (21) glve us a .set of lJ:uear equatlons for
1’ . In order to get an 1dea of dlmenslonallty for N= 8 j-

and each nucleus has 9 elgenstates the states }S> are 81

in number, i, e. equatlon (21) 1s a set of ll"lec;.l"‘ equations

in 81 varlables !.t_

However because of the inherent symmetrles of the

problem the dlmen51on can be reduced further. First since

-

o oy pl
HO contalns ouly j— and ,_J+' and ':}'_ its eigenstates

have components w1th either even m(j’ ) or odd w values
only and not both. For convenience we call these states even

and edd states,
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Within the range of interaction the wave function is a

linear combination of functions like emﬁ(ﬁ_ ] kd )L) Ig{>

L, /2 | iy,
wnere k= B+ 20, W) kg b %(L—L)_] "

The wave function in these three regions ig written with
appropriate coefficients, and.appropriate boundary condi-
tions are used at X = + g . If the incident beam is

coming from left we have v

. -0 L3
IR TRADES LI
K, —itky%
:g[ﬂde& - BOLG' % J’O(>) IX’< ac
:ZI/5 QCkSK}S> L>Q - - -*(}-5)

The continuity of the wave function and its first deriva-
tive would give the required equations to determine ﬂ‘x) Bo(
and /'; ) Qs . The probability of excitation to an exci-

ted state by an energy Es — Eo. is given by

oL kemUaleT ()

S - 2
R«O ")Lc;

The average energy loss is given by

- __‘Tq -z o TRh

£, =5 A(E-5
053 Y

Generalization of this model for three dimensional motion

e

is straight forward. However in the numerical calculations,

thet Vi 4 is taken to be

.‘H'nff - Va [L;S& —- LE} SU\,‘ S(YJ o ‘(‘%)

B
e




The incident state is an even-even state. Since the
interaction has terms like L+ S+ and L S ‘it connects even-
even states to odd-odd states and vicéfve;sa, even-odd states
never get excited, this reduces the dimension of the problem
to 41, It is possible to idérate eq” ( 21) once and obtain
a set of 25 (or 16) equations having only even-even (or odd-
odd) states only. Denoting even-even states with labels i, j,

« » + o and odd-odd states with labels m, n, and introducing

notation

Mip = Ji%<‘ IVQ(L‘S“- Ldgﬁ)\m> ----(22)

we have

20 [RT; - 6. L Rofi[% Mir Mm'é*']"g“‘@s)

LQ 0 2& kznﬂ
After solving this set of 25 linear equations, the other 16

amplitudes can be calculated using eqn ( 21).

Since the two nuclei are considered to be identical
the probability of éxcitation to state 951 (A) gsj(B) should
be the same as 96j(A> gsi(B). In fact the two amplitudes are
closely related, this reduces the dimensionality to 15. A
similar procedure using the odd-states reduces the dimension
to 10 and brinés the problem within the reach of microcom-

puter.

The energy loss is obtained by use of equationg

( 16) and ( 17):




3. THE RESULTS.

Calculations are done with N = 4 & N = 8, ﬁ:—-1 and
2m = 1, For the preliminary calculations with N = 4, we

choo se %¥ = 1, From the structure of the equations (22) and
( 23), the amplitudes depend on %.oniy, we have chosen

Va = 1. Table 1 gives the energy loss variation with inci-
dent momentum, the energy loss at first decreases reaches a
minimum and again increases. The occupation probabilities
(Pi) of the several energy levels for typical values of
incident momentum (R J) are presented in table (2) and for
each given p o» Py decrease approximately exponentially, as
E; increases thus suggesting a Boltzmann distribution of the
occupation probabilities. This indicates more or less com-

plete thermalization and only the state E; = 1.25 has occu-
pation probabilities higher than the expected Boltzmann

distribution.

In table (3) the effective temperatures and the.

measures of the goodness of the fit for several K o values

are given,

For smaller values of the ranges parameter X , the
energy loss monotonically decreases with the increase in the
value of the incident momentum, However for large values of

)L y the energy loss shows a maximum.

. The occupation probabilities of the excited states,
for different values of the range parameter ;\., are

shown in table (%) and figures 1-and 2.
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For smaller values of the range parameter>\:\dﬁﬁg
the occupation probabilities again show an exponential
dependence on energy as seen in figure (1). However for lar-

ger values of‘/\ y there is deviation from the Boltzmann

distribution, as seen in figure (2).

The odd states approximately follow a different
Boltzmann distribution as compared to the even states. These
results demonstrate the capabiiities of the model Hamilto-
nian to handle nuclei with considerably larger number of

nucleons even on a computer of limited capabalities.

It is expected that even for nuclei with N = 40, and
using a finite range instead of a delta function, calcula-
tion of a single scattering will take few ﬁinutes. In fact
three dimension generalization of this model can be done

trivially though 1t is expected to consume more time.

This model offers an opportunity for testing several
approximation methods such as Time Dependent Perturbation
theory. (Beck & Gross 1973). Time Dependent Hartree-Fock

theory (Koonin &'Negele 1977), Linear response theory

(Hofmann 1977) and others. The occurence of the Boltzmann

distribution, is very interesting.

For N = 8, that fact that for weaker interaction
the occurence of single Boltzmann distributions and occu-
rence of two separate Boltzmann distribution for even and .
odd states is another interesting feasures, perhaps in addi-
tion to the géneral heating of the nucleus, a collective odd

parity excitation might have taken place.
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TABLE 1

.Dependence of the energy loss (Eloss) on the incident

momentum (KO) for N = %

Ko Eloss
5 0.0595
6 0.0421
7 0. 0301
8 0.0221
9 0.0356

10 0.1767
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- 2.17
- 1.25

1.25
2,17

5
0.7644 + 00
0.1886 + 00
0.3780 - 01
0.750 - 02
0,1710 - 02

TABLE 2

Probabilities of Excitations (P;)

6

0.2123 + 00
0.1583 + 00
0.2501 - 01
0.378 - 02
0.599 - 03

7
0.8481 + 00
0.1329 + 00
0.1680 - 01
0.194% - 02

0.2420 - 03

8

0.8678 + 00
0.11191 + 00

0.1150 - 01
0.1050 - 02
0.1130 - 03

0.8963 +
0.9497
0.8070

0,5830

00
01
02
03
Ol

10

0.9180 + 00
0.8120 - 02
0,6860 - 03
0.343 - 03
0.377 - Ok




The effective temperatures for several ko values is givens

OC O O NN O W\

The Occupation

Regression coefficient

A

k
o

| Q;536

0.153
o.11i_
0.370
0.58k4
0.136

- 0.437

0.582
0.450

1.
)'+.

1

-Q0.972

-0.9987
=0.9939
-0.9989
-0.9992
~0.9496

172

TABIE 3

TABIE Y4

Inverse temperature

1.
Te
T,
2
2.

2.

357
619
727
013
175
356

Probabilities of the excited states.

215
00

00

00, .
Q1 o
o1
o
.
01

00

00
01
01
02
02
02
03
03

k:\,z 31215
0.551 + 00
0,569 - 01
0.676 - 01
0.168 —;Oi
0.450 - 01
0.657 - 02
0,393 - 01
0.249 - 02
0.560 - 01
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