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Direct nuclear photoeffect in heavy deformed nuclei
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A model for direct photonuclear reactions on heavy deformed nuclei is formulated.
This model is used for calculations of direct (v, p) reactions on 69Gd and ¥4186W,

Importance of direct photoeffect for these nuclei at £, ~ 30 MeV is demonstrated.

INTRODUCTION

Photonuclear reactions induced by photons with energies E, < 40 MeV proceed mainly
through formation of a compound nucleus. However, as measurements show, this photoabsorp-
tion mechanism only describes a part of the yield of photoprotons at the tail of the giant dipole
resonance (GDR) from A > 100 nuclei. It indicates that at photon energies exceeding the GDR
energy a direct photoeffect contribution to the (,p) reaction is very noticeable. In this case
the photon energy is spent not on an excitation of a compound system, but on knock-out of a
nucleon from the nuclear surface, and the resulting nucleus remains in the ground or a low-lying
excited state.

When a nucleon is knocked out of the peripheral region of a nucleus following absorption
of a photon with the orbital momentum [ &~ k., R, where k, = E./hc fm~! is the transferred
value of the wave vector, and R = 1.2AY3 fm is the nuclear radius. It is natural to expect
that when [ is approximately integer quasi-resonances appear in the direct photoeffect reaction
cross section. The lowest lying “resonance” is expected at [ = 1, which corresponds to electric
dipole absorption and is placed at the energy of about £, ~ 165 A~1/3 MeV. Thus, a noticeable
direct photonucleon yield in the £, ~ 30 MeV region should be expected for heavy nuclei with
A ~ 150—200.

In the case of a spherical nucleus the direct photoeffect amplitude corresponding to
knockout of a nucleon from a single-particle level jm can be approximated by a product
(fla®(jm)|i) (k)| Hpip|jm)sp, where the first term is the matrix element of the a*(jm) opera-
tor for a transition from the |i) state of the initial nucleus to the |f) state of the final nucleus
(genealogic coefficient), and the second term describes a single-particle nucleon transmission

induced by electromagnetic field from the jm orbit to a stationary scattered state k(7)) in the
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mean field of the final nucleus with waves of outgoing nucleon with a wave vector k converging
at infinity. In order to calculate the genealogical coefficient (Ja™(jm)|i) one has to know the
detailed structure of the states |i) and |f) which presents significant difficulties during direct
photoeffect calculations in spherical nuclei.

This problem is non-existent for description of direct photoeffect in heavy deformed nuclei
since the ground state wave function of the target nucleus in intrinsic coordinate system can
be approximated as an anti-symmetrized product of single-particle nucleon states positioned at
filled orbits of a deformed nuclear potential. However, due to deformation the step of calculation
of scattered states of the outgoing nucleon in the mean nuclear field of the final nucleus becomes
rather complicated.

Present work presents a detailed description of construction of scattered states in deformed
mean field and an approximate model of direct photoeffect in heavy deformed nuclei due to

electric dipole absorption is formulated.

I. ADIABATIC APPROXIMATION

We formulate the main assumptions that are used in description of the direct nuclear pho-

toeffect:
1. only heavy axially symmetric deformed nuclei are considered;

2. the speed of rotational motion of the deformed nucleus and, thus, that of the potential is
small in comparison with the speed of the outgoing nucleon knocket out of the nucleus

by the photon, so it is not disturbed by this rotation (adiabatic condition);

3. it is assumed that the photon interacts only with one of the nucleons on outermost orbit
of the valence shell. Other nucleons remain in their initial states, and the final nucleus is

produced in ground state;

4. interaction of the electromagnetic field with the nucleus which results in direct photoeffect
is considered in terms of time-dependent perturbation theory under the assumption that

the main contribution to the reaction is from electric dipole absorption;

5. deformed optical potential is taken as the mean field in which the outgoing nucleon motion

takes place (its construction is described below).

Within the adopted assumtions the differential cross section of direct photoeffect in the

x’,y, 2/ intrinsic frame, the 2’ axis of which is directed along the symmetry axis of the nucleus,



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

can be represented as

do—int(E'ya 9/7 ¢/)
ds)

2
3 ML ey
ch?

4
=_-7
3
2

x5 30 S0 S DL ) () Y@ 18| 1)

p==1 5::‘:% v

where m is the reduced mass of the nucleon, e.g is the effective nucleon charge (equal to eN/A
for a proton, and —eZ/A for a neutron), |(ks)(7))) is the scattering state in the mean field of a
finite nucleus with vanishing at infinity waves, that corresponds to emission of a nucleon with
the wave vector k and 2’ projection of spin of s = +1 (kak variant: s.), k = [k| = v2me/h
is the absolute value of the wave vector of the outgoing nucleon, ¢ = E, — By, is its energy
(B is the nucleon separation energy in the target nucleus), ¢, ¢’ are the polar and asymuthal
nucleon emission angles relative to the intrinsic coordinate frame, |3) is the single particle state
from which the nucleon is knocked out (since the target nucleus is axially symmetric it has
a defined value mg of angular momentum projection to the symmetry axis z’), D}W(w) is the
finite rotation matrix describing conversion of the dipole moment operator from the intrinsic
',y 2 to the laboratory z,y, z frame, where the z axis corresponds to the direction of the
incident photon, w = 61, 05, 03 are the Euler angles that describe the rotation of the intrinsic
frame relative to the laboratory frame x,y, z, and the u = i% quantum number account for

two possible circular polarization states of the photon.

Summation in (1) takes into account different orientations of the spin of the outgoing nucleon

and averaging over possible photon polarization states. — eto nado?

If the proton (neutron) number is even then the outer-most orbit contains two nucleons
with j.,» = £mg each being knocked out by the photon with equal probability. This should
imply two-fold increase of the cross section (1). However, due to pairing of the nucleons the
probability that the nucleon pair takes the state v close to the Fermi surface is less than 1. In
deformed nuclei this probability can be approximated by the following expression [1]:

5 1 €y — A

) R sy oA )

v

where ¢, is the energy of the single-particle state, A is the chemical potential, and A, is the
pairing energy. Since the energy of the outermost orbit [ is approximately equal to A an
approximate relationship vg R~ % holds for this state and no additional coefficient in eqrefl is

required.
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The |(ks)(7))) state can be expressed as a spherical harmonics expansion:

[(ks) ) = Z Z Elm—s sl7m) Yo (8", ¢) o), (3)
=0 j=|1—F|m=—J

where |a(7))) = |(e1jm)))) denotes scattering states in the nuclear mean field with the energy

hk

.-, which while not being eigenstates of 12 and j? operators in the case of deformed field

(and do not have corresponding definite quantum numbers [ and j) have a special property

(e o]

that a wave packet built with them [ %e‘“ﬂa(_)» de at t — +oo becomes a wave

packet f %e‘iatlsl M) free de of freely moving nucleons with fixed [, j. With spheroidal

deformatlon the |a(™))) states have also a definite parity 7 and projection m of the moment j
onto the nuclear symmetry axis. The \/% factor accounts for the difference in the normalization

of the |(ks)(™)) and |(a(7))) states:
((K's") 7] (kes) ) = 6k — k) Oy (4)

(@0 = ara = (' — )61 — 1)3(j' — 7)6(m’ — m). (5)

Substituting expansion (3) into (1) and summing over s yields

Ao (E,, U Ee .
) ) 3) D) I B A

pu==%1 v v ljm l// "
o G A
x Pu(cos)(—1)7" Chgmmel G J 7
000/\-mO0m

j ll/ j/

v (Y (@, ¢")8) (" Oy (0", )8 | (6)

1
2 e'=¢e

where the notation J = v/2J + 1 is used (227?).

Formula (6) describes angular distribution of photonucleons in the intrinsic coordinate frame
and its fixed position relative to the laboratory frame is determined by the Euler angles w.
In order to obtain angular distribution of photonucleons (under adiabatic approximation) in

laboratory frame one has to

1. convert the components of the spherical tensor Py (cos?) = /57=Yo(¥,¢') that is

ﬂ”+1

contained in (6) to the laboratory frame:

Yiro(,¢) = Dl (@) Vi (9, 6); (7)

m/
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2. perform averaging of the obtained expression over all possible directions of the nu-

Cleus in laboratory frame, which effectively reduces to computation of an integral

f sin 61 df; f dbs f dfs D}, (w) DLy, (w) DL o (w):
3. after which summation over the u, v/, and m” quantum numbers has to be performed.

As a result the following expression for differential cross section of direct photoeffect in

laboratory frame is obtained:

do(E.,, 0 2 E.e?
a(d—Q’Y) = % chﬂ (Ao + Ay Py(cos ), (8)
where
2
ZZ . )B) (9)

li
SO s gy (L)
lj l// vm O 0 0
g 24\)527 I 12 _
X . ('YL (0', ¢)|B) x
—m 0 m] |l 5 1 —v v

x (@O0, ¢)|B) (10)

As expected the angular distribution of direct photonucleons associated with E1 photon
absorption is symmetric with respect to the ¥ = 90° angle between the directions of the outgoing
nucleon and the incident photon.

Integration of Eq. (8) over the polar ¥ and asimuthal ¢ angles of the outgoing nucleon yields

total cross section of direct photoeffect in the considered approximation:

o(E,) = 43 Eeeﬂzz

At the end of this section it should be noted that all matrix elements in (9)—(11) are calculated

2

'Y (0, ¢)16) (11)

in the intrinsic coordinate frame 2/,1/, 2’.

II. SYSTEM OF EQUATIONS DESCRIBING COUPLED [j REACTION
CHANNELS

As it was mentioned above an axial symmetric deformed optical potential V'(r, ) will be

used for description of the mean field where the motion of the outgoing nucleon takes place (in
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subsequent discussion the prime marks of spatial variables in intrinsic coordinate frame will be

omitted). It can be split into two parts:
V(r,8) = Vi (r) + Vaer(r, 9), (12)

where Vi, (r) is a usual spheric optical potential (see [2]) and Vge(r, ) is a polar angle 6-
dependent part of the optical potential, which leads to coupling between the reaction channels
for scattered states with different moments [, 5.

As shown in [3] the scattered state |(ks)(™))) in potential (12) can be expressed in the form

1

(s) ) = 10 +

Vaetl (ks) ), p = 40, (13)

where H = Hg, + Vger is the total single-particle hamiltonian of the scattering problem, Hy, =
g—ng + V,p is its spherical component, |(ks)(™)) is the scattered state with waves converging at
infinity for the Hy, hamiltonian.

An important property of (13) is fulfillment of proper boundary conditions for the scattered

state |(ks)(™))). Expansion (3) can be used to transform it into equation for partial waves

o)
1

N — |) - -
0 = o)+

Vaee|a! ). (14)

Here, |a(7)) = |(eljm)(7)) is the scattered state of a nucleon with waves converging at infinity
in the spherical mean field V4, that is characterized by the nucleon energy e, orbital and total
angular momenta [ and 7, and the projection m of the angular moment on the nuclear symmetry
axis. It is related to the regular solution |o) = |elmm) of the stationary Shroedinger equation

Hg,|a) = €|a) through the following relationship
) = e, (15)

where 0, = 0d;; is the scattered nucleon phase in the Vg, field.

Matrix elements {(a(7)|rY1, (0, )|3) that appear in the direct photoeffect cross section
99 (E,,9) and o(E,) (equations (8)—(11)) describe probability amplitudes of a E1 transition
of a nucleon from the state |3) to the scattered state |a{™)). It is assumed that conjugated
states (Dirac’s co-vectors) ((a(7)| in continous spectrum and (n| in discrete spectrum have to
be orthogonal to eigenstates |a{™))) and |n) of a non-hermitian hamiltonian H, that contains
the complex optical potential.

In order to construct such states we note that the states (¥q|, (Ws|, ..., conjugated to the
eigenvectors |Uy),|W,), ... of a non-hermitian hamiltonian H # H* = H* meet the necessary

requirements if they are defined throught the following equations:

(U H = B (W], i=1,2,... (16)



52 Indeed, in this case (U;|H|U,) = E(U;|¥,) = Eu(¥;|¥,). It follows from this fact that
153 <\Ijz|‘11k> = 0 when Ez 7é Ek
Equation (16) can be rewritten as (with & being the spin variable)

S [wel e g s = B e

e=x1
s from which it follows that when H* # H the wave function (¥;|r¢) of the conjugated state (U]
55 is complex conjugate to a wave function of the H* eigenstate, and not one of the hamiltonian

156 H

157 For the regular solution |a) of the Hg, hamiltonian this yields

(alrg) = (alr)(alrg) = (elj|r){ljm[rE), (17)
1583 'where
_ 7—>00 Z 2m —1 kr—l—"-i-é 7 7 kT—ll—l-(; 7
(alr) = (rla) =5 -y o {emOr= 50 — i L (18)
. .. .

(ale€) = (Im — £ S&|jm)Y (0, ¢)- (19)
159 It can be easily seen that with the presented definition of conjugate states (a| the normal-

160 1zation condition is fulfilled:

(@la) = | [ (alr)rla)s?dr (Za'm'—s%su'm')um—sggumx

0 ¢
27 g
« / do / Sin0do Y (0, 0)Yim (0, @) (2 — ) 601y Ot = Buve (20)
0 0
161 The conjugate scattered state (a(7)| is determined from the relationship

(@] = e {al. (21)

Now we obtain an equation for the conjugate scattering state ((a(~). From (16) we obtain

taking into account decomposition of the hamiltonian H in two parts
(@N(H — &) = (| Vaer.

w2 It follows that the conjugate state ((a(7)| that satisfies equation {(a(”)|(H —¢) = 0 can be

163 expressed in the form
1

O = (] + (@O Vip
(0 = (@ + 0 Vau -

(22)
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where the sign in front of an infinitesimal constant p that pushes the singular point away from
the real-valued energy axis is chosen so that to ensure orthonormalization of the scattering

states, as it is demonstrated below. From (14) and (22) we have

) Vgl )
N = g, 1 & Vaer () Vel
(@ = b+ LV oLy oy
Then, using the equality

1 1 1
(=) — (=) NV
fa yg—H—ip 5—5’—2’p{<a [+ (e defs—H—z’p}

and once more (14) we obtain

1

NN = 5., -
(@10 = 8+ 5

{ — (0 Vaela ) +

+<O-/(_)|V;ief|a(_)> + <O/(_)|V;ief|a(_)>> - <O/(_)|Vdef|a(_)>} - 60/04

Which proves the statement.

The wave function of the scattered state ((a(~)| has an overlap with the bound state wave
function |3) only in the internal reaction region (when r < R ~ 1.6AY3 fm). In this limited
space region spherical harmonic oscillator states |Nijm) can be used as basis states (the N
quantum number corresponds to total number of oscillator phonons). The {(a(7)|rY1,(6, ¢)|3)

matrix element can, therefore, be expressed as

(@i 6, 9)13) = 3 (@O N m) (VT T mIr¥in(6,4)19). (29)

NV
where it is taken into account that in an axially symmetric field the scattered state is described
with a definite magnetic quantum number m.

The energy of the spherical oscillator quantum hAw is reasonable to be chosen so as to re-
produce the experimental mean-squared radius of the nucleon distribution inside the nucleus.
This yields the value fiw = 41A71/3 MeV.

The oscillator states | Nljm) can be used also to aproximate the initial state |3) from which
the nucleon is knocked out. Thus, within the Nilsson model [4, 5] based on the deformed

oscillator potential it will be of the form
18) = i INsljmp), (24)
ljes
where ¢;; are the coefficients of expansion of the state |3) into spherical oscillator states calcu-

lated by this model.
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By substituting (24) into the matrix element (N'l'j'm|rY1, (0, ¢)|5), we obtain

(N'Vj'm[rY1,(8,9)8) = Y ei(N'U|r|NsD) (' m]| Y1, (0, ) [Limg), (25)

ljep
where the radial matrix element (N'l'|r|Ngl) can be calculated using the analytical expres-
sion given in [5], and the angular matrix element (I'j'm|Y1, (6, ¢)|ljmg) is determined by the

expression

. I . ol
y J2 J1 J2 J1 ‘ (26)
mo —UV —ml ll lQ

2
The problem of calculation of the probability amplitudes (23) is therefore reduced to calcu-
lation of the Nijm components of the conjugate scattered states {(a(7)| in the internal region
of the reaction.
In order to obtain the system of equations connecting this components and, thus, different [j

reaction channels we reformulate expression (22) for the conjugate scattered state in a different

way. Namely, using the equality

1 1 1 1
— = — + . V:ief .
8—H+2p €_Hsph+lp €_H+Zp s_HSph—i_Zp

we transform it to the form

1

()] = (o) NV~
(@21 = (0 + G NWaor e

(27)

Let us expand the set of states |a) = |eljm) by including not only regular continuous spec-
trum solutions of the Shroedinger equation Hgpn|a) = €|a) but also eigenstates of Hgpy, from
discrete spectrum. Then, after multiplication of Eq. (27) on the left with the oscillator state
|IN'l'j'm) and using the fullness property of the extended basis |@) and for oscillator states
|Nljm) (in a bounded space region where Vges # 0 we obtain

(@D INVj'my = dwdjpe™ (el IN'D + Y~ > > (a DN m) x
N"UIG NI

1
X (N §"m|Vaee| N1l jym) (Ny Ly jym | ——————|a) (& N'l'j'm), (28)
€ — Igph + p

where (elj|N'l) = ["(elj|r)(r|N'l)r* dr is the radial part of the inner product (a|N’ljm) and

integration over the extended basis is assumed, that is, > = > { [de+ Y }.
a [jm €20 Reé+<0

The sum can be expressed as
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1
S (N fm| @) (@| N j'm) =
e (Nylijim ‘8_ sph—l-ip‘aﬂa’ j'm)
NIV &y = (31 |N'LY dE (N (E LN
— S 851 {/ P +Y° f— : (29)
0 Reé<0

The second term in this expression can be neglected due to its small value in the region
where the “direct photoeffect resonance” is formed due to a large value of |¢ — | for discrete

states. The first term inside curly braces can be expressed as

Nll/‘&?/l/ / 1 /‘N/l>
e—¢

fN’N’l’ i’ i?TN{l,|8l/j/>8l,j/|N/l/>. (30)
It follows from (29) and (30) that relationship (28) can be rewritten as system of alge-
braic equations in NIjm components of the scattered state ((a{7)| in the internal region of the

reaction:

> Wiy, nmprr(e,m) (o D IN"1 " m) = =8 50€% (1| N'1), (31)

N//l//j//

where the W matrix elements are defined by the expression
WN’Z’ -/ N”l” 7 5 m Z fN’N’l’ -/ ”l”j//m“/::lef|N/l >
— 5N’N”5l’l”5j’j”‘ (32)

The number of significant components {(a(7)|NIjm) of the scattered state in the internal
reaction region, which determines the effective dimension of the W matrix at fixed values of
energy € = E., — By, and angular moment projection m = v + mg (see (11)), is not very large

due to:
1. conservation of parity: (—1)! = (=1)V = —(=1)"s;

2. finiteness of the orbital moments of the nucleon knocked out the peripheral region of a

nucleus: 0 <1 < lyax = kER;

3. satisfied conditions: | < N < Nyay, |l — %| <j<Il+ %, j > |m| (where one can choose
Ninax = lmax + 4, which allows the ((o{™)|Nijm) components with large orbital moments

to be correctly described).

The above limitations result in an optimal number of dimensions of the system (32) not

exceeding 100 when E, < 50 MeV.
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III. DEFORMED OPTICAL POTENTIAL

The spherical optical potential takes the form [2]:

: 1
Vo) = =) o — Ry Jar]

4 exp[(r — Ry)/as] Z, AN
sdlE {1 + exp|(r — Ry)/as]}? (Vs + W) (mﬂc> 2asr
exp|(r — R3)/as]
{1+ exp|(r — R3)/a3]}?

s-1+ Vcoul(r), (33)

where the first two terms describe the nuclear interaction, the third term corresponds to the

spin-orbit interaction, and the fourth term

3 qZe? r?
Y 1- ifr <R oul
2 RCOUl ( 3R(2]oul B o

qZe?
r

Vcou1<7“) = (34)

lf r Z RCoul

corresponds to the Coulomb interaction (g is 0 for a neutron, and 1 for a proton, Rcou =
TcouAY? is the Coulomb radius).

If a nucleus is axially symmetric ellipsoidal-shaped with semi-major and semi-minor axes c
and d directed, respectively, along to the nuclear symmetry axis and orthogonal to it, then its

surface can be described with a function
R(0) = Ro(1 — 77)1/6(1 — 7700820)_1/2, (35)

where Ry is the non-deformed radius (R} = cd?), n = (¢ — d?)/c® is a parameter that

characterizes the deformation connected with nuclear quadrupole deformation parameter § =

3(c? — d*)/(c* + 2d?) with the relationship

200

T 46,3

The radial and angular dependencies of the nuclear component in the mean field is in a tight
correlation with the density distribution of nuclear matter. If the thickness of the diffused sur-
face layer of the nucleus is small in comparison with its radius, then variation of this mean field
component due to deformation can be taken into account by introduction of angular dependence
of Ry and Ry in (33) analogously to (35), substituting Ry with R; and Rs, respectively.

As in [6] we neglect the effect of deformation on spin-oribit interaction and for the Coulomb

field that strongly affects proton scattering we will use in the deformed optical potential V'(r, )



2 the expression obtained in [7]:

(3 qZeé?
2 RCoul

VCoul (Ta 0) =

\

(1_

" Z (an " ﬁ” R%oul
+Z Z’ynl

n=1 [=0

12

7“2
+
3‘R%oul

Ps(cos 0)) 7}”] if r < R(0), (36)

COUI Py (cosO)n ]if r > R(0),

2l+1

23 where R(0) is determined from (35) by means of a substitution Ry — Rcou and the coefficients

234 Qp, By Y are defined by the expressions

/Bn: 2

—~ (—=1)*Ty(1/3)
=2 (2n — 21:+ D&’

2n+1)(2n+3)’

L - (25 + 3) (20 + 2k + 1)!!

=T 3 I Z 92+k (5 — k) k! x (37)
" Z (=1)™(4l — 2m)!
m! (20 —m)! (2l — 2m)! (2l — 2m + 2k + 1)
zs (HereI'j(z) =z(x—1)...(x—j+1) with j =1,2,...; I'p(z) = 1.)
236 The series in (36) converge when |n| < 1, thus describing the Coulomb component of the

27 optical potential V(r,0) at quadrupole deformations —0.3 < § < 1.5. When ¢ < 0.4 only the

28 first ten elements of the series need to be considered.

239 According to definition (12) the potential Vies(r, 8) that was previously used in derivation of

a0 the system of equation for the coupled [j-channels is given by the expression

Vaet(r,0) = V(1,0) — Vipn(7). (38)
211 It can be expanded into spherical harmonics
Vaer(r,0) = > va(r)Yao(0), (39)
A
22 where A takes the values 0,2,4,... and the v)(r) function is defined by the expression
r) = dr / Viet(r, 0)Yao(6) d(cos 0). (40)
243 Using expansion (39) one can rewrite the matrix element (N"1”j"m|Vaee|N'l'j'm) from (32)
s in the form
(N1 5" m| Vaet N'Uj'm) = Z AN [y (r) N'U) (1" "] Yao (0) |I'j'ma), (41)

25 where the radial matrix element (N”I"|v,(r)|N'l') is calculated numerically and the angular

25 matrix element (I”7"m|Yy\(0)|l'j'm) according to (26).
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IV. APPLICATION TO DESCRIPTION OF DIRECT (v,P) REACTIONS ON
160G, 184,186y

The above described model was used to calculate cross sections of direct photonuclear reac-
tions (y,p) in the case of '°Gd, ¥186W where in the literature there are available experimental
data [8, 9] obtained in a bremsstrahlung beam using activation technique. The calculation was

performed in the energy range £, = 0..60 MeV with energy pitch size h = 0.1 MeV. The ob-

tained cross sections o(F;),i = 1,2, ... were then averaged over the energy window A = 2 MeV:
1 Ah

o(F) = — E)), 42

B) =3 5= - aa O (42)

%

so as to equalize the energy resolution of theoretical and experimental procedures.
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