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Abstract

This doctoral dissertation describes an approach to the investigation of the exper-

imental signatures of kinematical correlations between fission fragments and neu-

trons in photofission. Such correlations are expected to arise due to the unique

kinematical features of photofission which are predominantly characterized by

binary fission followed by the subsequent emission of neutrons by the fully accel-

erated fragments.

Key elements of this work include:

• Measurements of two neutron correlations in photofission of uranium.

• The successful construction and testing of a linearly polarized gamma source.

• Measurements of the azimuthal distribution of neutrons in photofission with

linearly polarized gammas.
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Chapter 1

Overview of neutron-fission

fragment correlations in nuclear

photofission

1.1 The main properties of the fission process

The nuclear fission process has been explored by many scientists around the world

[1, 2]. Since Chadwick’s discovery of the neutron in 1932 [3], it was noticed that

under neutron irradiation of heavy transuranic nuclei intermediate-mass nuclei

were formed and a large amount of energy (≈ 100 MeV) was released. In 1939

Meitner and Frisch suggested that heavy nuclei absorbing neutrons become highly

unstable and split (fission) to produce two secondary nuclei with masses of about

one half of the mass of the initial nucleus each (binary fission) [4, 5]. There is also

a probability to see three fragments in the final state after the fission process, the

so called ternary fission process. Two of the fragments created in the process of

ternary fission are heavy nuclei with asymmetric masses and the third fragment

1



has small mass and charge in the range Z ≈ 1− 18. However, the probability of

this process is lower than 1% with respect to binary fission and decreases even

more with the increase of the mass of the third light fragment [6]. In the process

called true ternary fission, it is possible to observe decay of a nucleus into three

fission fragments of almost equal mass [6]. The probability of true ternary fission

is about 10−3 with respect to binary fission [7].

The fission process can be understood in the framework of the liquid drop

model as a result of the competition between the nuclear attraction forces and

Coulombic repulsion forces. The nuclear binding energy can be described by the

Weizsacker formula [8]:

E(N,Z) = av(1 + κvI
2)A+ as(1 + κsI

2)A
2
3 + ...

+ cdZ(Z − 1)A−
1
3 + cexZ

4
3A−1 + ...

+ P (N,Z) + δE(N,Z),

(1.1)

where A = N + Z and I = N−Z
A

. The coefficients av and as are the volume and

surface energies, κv and κs are the asymmetry coefficients, cd and cex represent

the direct and exchange Coulomb energies, a pairing energy is represented by

P (N,Z) which has the relatively small value of around ±2 MeV, and δE is the

shell-correction energy. The binding energy is roughly proportional to A, while

the Coulombic repulsion energy is proportional to Z2 and increases faster than

the binding energy. One has to take into account the deformation energy when

Eq. (1.1) is applied to the fission process. The deformation energy of a nucleus

can be written as:

δEdef = Edef (β)− Edef (β = 0), (1.2)
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where Edef (β) is the energy at a given deformation and Edef (β = 0) is the energy

of a spherical nucleus when the deformation parameter β = 0. The deformation

energy at a given deformation can be written as a sum of Coulomb and surface

terms excluding the volume term because the nuclear matter can be considered

as incompressible:

Edef (β) = Esurf (β) + ECoul(β). (1.3)

Using these terms, Esurf (β) and ECoul(β), it is possible to define the critical

parameter or fissility parameter X as:

X =
ECoul(0)

2Esurf (0)
,where


ECoul(0) = 3

5
Z2e2

R0
, R0 = r0A

1
3

Esurf (0) = 4πR2
0τ, τ = as(1+κsI2)

4πr20
.

Combining the above equations, the fissility parameter can be written as X =

(Z2/A)
(Z2/A)crit

. If one uses the empirical values for the constants as ' 18 MeV and

κs ' −2.5, then the fissility condition can be presented as:

(
Z2

A

)
crit

≈ 45− 50. (1.4)

In the current representation it is convenient to represent the radius of a nucleus

as a multipole expansion of the deformed surface that is a function of the polar

and azimuthal angles θ and φ:

R(θ, φ) = R0

[
1 +

∑
λ,µ

aλ,µYλ,µ(θ, φ)

]
, (1.5)

where the set {aλµ} represents the set of the possible deformation parameters β.

The liquid drop model makes a number of predictions. When X < 1, then a nu-

cleus has a spherical configuration which has a stable local minimum (prediction

of spherical ground states). When X > 1 then the spherical nucleus becomes

3



unstable with respect to quadrupole deformation which means that the unstable

nucleus starts spontaneously deforming itself until it reaches the point where it

fissions (prediction of spontaneous fission). In the range of values 0.7 ≤ X < 1

the energy of surface deformation has a saddle point. The presence of the saddle

point with positive energy Ef with respect to the ground state energy means

that there is a fission barrier with height Ef . However, the liquid drop model

does not predict the right shape of the potential barrier and does not explain the

existence of the fission isomers. Also, this model does not explain the asymmetric

mass of fission fragments created in fission nor does it explain the ground state

deformations. In order to be able to explain the above mentioned effects, one

needs to take into account quantum mechanical effects in the context of the shell

model of the nucleus.

As a result of the deformation of the fissioning nucleus, the potential energy

of the nucleus may increase with the increase of the deformation parameter and

have the shape of a barrier (fission barrier), reducing the probability of the fission

process. Taking into account the presence of the fission barrier, the nuclear

fission process can be considered in the following way. If one thinks of the fission

process, i.e., emission of two secondary nuclei, in analogy to α-particle emission

in α-decay, then it can be said that heavy nuclei may have different probabilities

of the fission barrier penetration depending on their excitation energy. Hence,

the fission can occur either spontaneously (naturally) through the penetration

of the fission barrier or it can be induced by the process of absorption of a

particle [neutrons or photons (real, virtual)]. After a particle has been absorbed,

the excited states of the compound nucleus are populated and their energy is

high enough to provide fission directly or to make the probability of the barrier
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penetration higher.

As mentioned above, right after the fission process (the scission point) we have

two fission fragments. These fission fragments are in highly deformed excited

states [9, p. 541]. Most of the energy of the excited states is stored in the form of

excitation energy and deformation energy of the fission fragments and Coulomb

energy of mutual repulsion. The repulsion energy can be roughly estimated to

be Z1Z2e
2/D ≈ 210 MeV, if Z1 = 50, Z2 = 44 and the distance between two

fragments is D = 15 fm. Because of this repulsion energy the fission fragments

move away from each other, gaining velocity and approaching their equilibrium

shapes at the same time. At a distance D = 150 fm, the value of the Coulomb

energy goes down to 21 MeV and the rest of the energy goes to the excitation

energy. This Coulomb repulsion energy corresponds to a velocity of the fission

fragments of the order of 109 cm · s−1. By 10−20 s after passing the scission point

the fission fragments gain 90% of the maximum value of their kinetic energy.

Each of the fission fragments is neutron rich. The ratio of the neutrons to

protons increases with the increase of atomic number A of a nucleus and it is very

high for the fission fragments. At a time ∼ 10−13 s after the moment of scission

the fission fragments emit around two to four neutrons [9, p. 542]. According

to the US Department of Energy neutron classification, these neutrons are called

prompt neutrons and compose over 99% of the total yield of neutrons produced

in the fission event [10, p. 29]. The direction of propagation of these neutrons is

peaked forward in the laboratory frame in the direction of the initial motion of

the fission fragments. It is this correlation between the kinematics of the fission

fragment, and that of the neutrons which we seek to study in the present work.

In the rest frame of the fission fragments the neutron angular distribution is
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assumed to be close to isotropic [11] and the modelled prompt neutron energy

spectra based on this assumption follow the experimental data (see Fig. 1.1).

This fact supports the idea that prompt neutrons are emitted by the accelerated

fission fragments after the scission point has been passed. The energy spectrum

of prompt neutrons has the form of a Maxwellian distribution. Each neutron

carries away around 2 MeV of energy on average.

Fig. 1.1. Comparison of the modelled prompt neutron spectrum (red line) and
the experimental data (black dots) from [12]. The plot was taken from [11].

At a time of 10−11 s, the excitation energy of the fission fragments is below

the prompt neutron emission threshold and further deexcitation goes through the

emission of gamma rays. Moreover, the fission fragments are still far from the

β-stability valley because their charges have not been rearranged yet. So, the
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stable final end products are formed via the slow (10−2 s) β-decay of neutron rich

fission products. The process of β-decay may lead to states which are neutron

unstable and thus emit delayed neutrons. The yield of delayed neutrons is around

1% of the total neutron yield [13].

1.1.1 The photofission process

Photofission is the process where the energy of the nuclear excitation comes from

the interaction of photons with nuclei. The photofission process happens when a

photon gets absorbed and its energy is delivered to the whole nucleus. After redis-

tribution of the absorbed energy, it might be energetically favourable to form an

unstable nuclear system, the so called compound nucleus, which splits generally

into two fission fragments which are nuclei with different masses. If the incident

photon breaks a nucleus into its components, the process of photodisintegration

takes place. A well known example of this process is the photodisintegration of

the deuteron, when in the final state one can observe an unbound neutron and

proton.

It has been observed that the cross sections in some photonuclear reactions,

such as (γ, n) or photodisintegration and photofission, have a resonance nature in

a specific range of energies of the incident photon (see Figs. 1.2 and 1.3). A more

detailed plot of the photofission cross section for 238U, including cross sections

for (γ, n) and (γ, 2n) direct processes, is presented in Fig. 1.4.

The maximum of the cross section of the photofission reaction in the case of

uranium is around Eγ = 15 MeV and it sharply goes to zero above and below the

resonance energy. A possible explanation for this is that there was an interplay

between the increase in nuclear energy level density and the competition of other
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Fig. 1.2. Uranium oxide photofission cross section. The plot was taken from [14].

Fig. 1.3. Resonance (γ, n) reaction on 12C. The plot was taken from [15].

possible reaction channels, for instance, (γ, 2n) [16]. Goldhaber and Teller in [16]

proposed a different explanation for the resonance nature of the photonuclear
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reactions. They suggested that the incident photons induce motion inside a

nucleus in which all the protons oscillate relative to the neutrons. The motion of

neutrons is in the opposite direction to the motion of the protons and this effect

was called the dipole vibration. This kind of vibration has a resonance nature

with peak at relatively high photon energy (∼ 15 MeV) because neutrons and

protons are strongly bound and it is necessary to provide high energy radiation

to make them vibrate relative to each other. The energy of the dipole vibration

can be transferred into other modes of nuclear motion and thus other resonance

states are possible to observe.

The width of the giant resonance peak in the Goldhaber-Teller and Steinwedel-

Jensen models is attributed to damping effects inside the nucleus [17]. One kind

of damping effect takes place as a result of viscous effects originating during the

neutron-proton relative motion inside the nucleus. Another kind of damping of

the Goldhaber-Teller collective mode happens when the different collective mode

components reflect in a different way from the surface of the nucleus, and hence

are out of phase. If the inter-particle forces are introduced, then the width of

the giant dipole resonance peak is defined by both the coherent part of the nu-

clear interactions (the viscous and collective mode effects) and by the incoherent

part which represents inelastic collisions of neutrons and protons within neutron-

proton matter.

1.2 Fission fragment angular distributions

The fission fragment angular distribution can be described in terms of two quan-

tities [2, p. 180]: (a) the incident particle angular momentum and (b) the part of

the momentum of the incident particle which is transferred into orbital angular
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Fig. 1.4. 238U photofission (γ, f) cross section together with (γ, n) and
(γ, 2n) cross sections as a function of the incident photon energy. Data are
from ENDF [18].

momentum of the fission fragments. The latter is defined by the projection of

the total angular momentum of the nucleus on its symmetry axis, K.

In order to describe the fragment angular distribution, two assumptions have

to be made. The first one is that the fission fragments are separated along the

symmetry axis of the nucleus and the second assumption is that although K is

not a good quantum number for the transition stage between the original nucleus

and the saddle point, it is still a good quantum number after the saddle point was

passed because the value(s) of K of the compound nucleus is not related to the

K value of the transition nucleus. Taking into account the last two assumptions,

it can be said that the angular dependence of the fission fragments’ emission

from a transitional state described by the quantum numbers J and M is defined
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uniquely [2, p. 110].

The fission fragment emission probability from a transition state characterized

by quantum numbers J , M , and K at a specific angle θ into the conical volume

cut by the angular range dθ is described by [2]:

P J
M,K(θ) = [(2J + 1)/4πR2]|dJM,K(θ)|2πR2 sin θdθ. (1.6)

The probability is normalized such that it is equal to unity if integrated from

0 to π. The functions dJM,K(θ) are defined as [2]:

dJM,K(θ) =
√

(J +M)! (J −M)! (J +K)! (J −K)!

×
∑

X=0,1,2,3...

(−1)X [sin(θ/2)]K−M+2X [cos(θ/2)]2J−K+M−2X

(J −K −X)! (J +M −X)! (X +K −M)!X!
.

(1.7)

The fission fragment angular distribution W J
M,K(θ) can be obtained by divid-

ing P J
M,K(θ) by sin(θ):

W J
M,K(θ) = [(2J + 1)/2]|dJM,K(θ)|2. (1.8)

Using the fission fragment angular distribution W J
M,K(θ), one can calculate the

differential cross section of fission fragment emission for the specific channel

(J ,π,K,M ,θ) at angle θ as:

dσf
dΩ

(J, π,K,M, θ) =
W J
M,K(θ)

2π
σf (J, π,K,M, θ). (1.9)

In the case of photofission of an even-even nucleus, the fission angular anisotropy

has simple features. The spin-parity of the ground state of an even-even nucleus

is Jπ = 0+. The main channel of the absorption of photons is the electric dipole

absorption and, hence, after the absorption of a photon a compound nucleus is in
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the state Jπ = 1− and M = ±1. If the excitation energy is not sufficient to break

nucleon pairs, the nucleus is subject only to collective excitations. The highly

deformed even-even transition nucleus being in the ground state with quadrupole

deformation is expected to have K = 0 [2]. In this case of the transition state

(Jπ = 1−, M = ±1, K = 0), the fission fragment angular distribution can be

expressed as:

W J=1
M=±1,K=0(θ) =

1

2
(2J + 1){P (J = 1,M = +1)|d1

1,0(θ)|2

+P (J = 1,M = −1)|d1
−1,0(θ)|2}

=
3

2
{1

2
|d1

1,0(θ)|2+
1

2
|d1
−1,0(θ)|2}.

(1.10)

After the evaluation of dJM,K(θ) functions the angular distribution gives:

W J=1
M=±1,K=0(θ) =

3

4
sin2 θ. (1.11)

Similar calculation of fission fragment angular distributions for the transition

nucleus in the state with K = 1 gives the following [2]:

W J=1
M=±1,K=±1(θ) =

3

4
− 3

8
sin2 θ. (1.12)

If linearly polarized photons are used to induce fission, the angular distribution

of fission fragments is dependent both on the azimuthal angle and the polar angle

W J
M,K(θ)→ W J

M,K(θ, φ).

A theoretical prediction of the angular distribution function for fission frag-

ments obtained as a result of photofission of even-even nuclei is given by [1]:

W (θ, φ) = A0 + A2(P2(cos θ) + Pγf2(1, 1) cos 2φP 2
2 (cos θ)), (1.13)
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where the coefficients A0 and A2 depend on the quantum numbers of the transi-

tion state (J,K) and are equal to: A0 = 1/2, A2 = −1/2 for (1, 0) state; A0 = 1/2,

A2 = 1/4 for (1, 1) state. Pγ is the polarization degree, P2 = 1
2
(2− 3 sin 2θ).

A graphical representation of the angular distribution function given by Eq. (1.13)

is shown below in Fig. 1.5 for the case of dipole excitation, where the value of

the polarization degree was chosen to be 30%.

Fig. 1.5. Asymmetry of fission fragments (plotted by [19]).

1.3 Prompt neutrons

While the above discussion refers to the kinematics of the fission fragments, in

this section we will consider how the fission fragment angular distribution impacts

the angular distribution of the prompt neutrons.

After the scission point has passed, the fission fragments are highly energetic

and neutron rich. The energy of the fission fragments may exist in the form of in-
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ternal energy or deformation energy. The deformation energy is transformed into

excitation energy when the fission fragments approach their equilibrium shapes.

A part of the energy released in the fission process which was not transferred into

kinetic energy of the fission fragments appears in the form of prompt neutron

emission. If the fission fragments emit neutrons at a time (∼ 10−13 s) longer than

the time needed for the fission fragments to reach the full acceleration (∼ 10−20 s),

the prompt neutron angular distribution will be correlated with the fission frag-

ment angular distribution. Some neutrons can be emitted at a stage when the

fission fragments are not fully accelerated [20]. The time of emission of these neu-

trons, called scission neutrons, is ∼ 10−21 s. At this stage the fission fragments

are assumed to be at rest. The fission fragments at rest will evaporate scission

neutrons isotropically. The assumption in this work is that the two neutron an-

gular correlations will not be observed for the scission neutrons. However, there

are arguments that the angular distribution of the scission neutrons might not

be isotropic [21].

A Monte-Carlo simulation of the azimuthal angular distribution of neutrons

emitted by fission fragments is presented in Fig. 1.6. The simulation was done

under the following assumptions:

1. the mass of the fission fragment was sampled uniformly in the range

85 < A < 105 and 130 < A < 150;

2. a kinetic energy of 175 MeV was shared between the two fission frag-

ments;

3. neutrons were emitted isotropically (in the fission fragment center-of-

mass frame) by the fission fragment with the following energy distribution

N(E) =
√
Ee−E/0.75;
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Fig. 1.6. Asymmetry of neutron emission (plotted by [19]). φ distribution at
θ = 900 for K=0 (solid) and K=1 (dashed).

4. the angular distribution of the fission fragments was sampled according

to Eq. (1.13);

5. the value of the prompt neutron asymmetry Asim was calculated for the

degree of the polarization Pγ = 30%.

The value of Asim was defined as a ratio of neutron yields:

Asim =
N(θ = π/2, φ = 0)

N(θ = π/2, φ = π/2)
(1.14)

observed at polar and azimuthal angles (θ = π/2, φ = 0) and (θ = π/2, φ = π/2).

The ratio was equal to 1.25 (pure K = 0) and 0.84 (pure K = 1) for the φ-

distribution shown in Fig. 1.6. No neutron energy cut was applied.

During the experiment, a non monoenergetic photon beam with a fixed end
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point energy was used to induce photofission and, hence, generate fission frag-

ments inside a fissionable target that emitted detectable prompt neutrons. In

experiments implementing bremsstrahlung photon beams, it would be hard to

separate different fission channels because the fission process may go in parallel

through multiple channels which are possible due to the broad energy spectrum

of the photons. As a consequence, the prompt neutron angular asymmetries

in the experiments performed and described in this paper were averaged over

possible channels. Also in the case of the 238U target, there is a chance to pro-

duce neutrons directly via the (γ, n) reaction because the energy ranges of (γ, n)

and photofission reaction (γ, f) cross sections overlap (see Fig. 1.4). This effect

may introduce an additional contamination to the angular asymmetries in the

experiments where single neutron rates are observed. In this paper, the angular

distribution of the prompt neutrons was investigated and compared to the pre-

dicted angular distribution of the fission fragments. According to the simulation,

a φ asymmetry was expected in the angular distribution of neutrons emitted by

fission fragments which were created via polarized photons in the fissionable tar-

get. This asymmetry may potentially serve as a signature of the fission event.

However, what was obtained is the integral asymmetry. In order to obtain the

angular asymmetry for a specific channel and to be able to make direct compari-

son of the experimental data and the theoretical prediction it will be necessary to

develop the technique of deconvolution of the experimental angular distributions.

This technique is out of the scope of the current work and will not be discussed

in this paper.
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Chapter 2

Two neutron correlations in

photofission

2.1 Motivation

Information on the kinematics of the post fission products may be useful in many

different ways. Some properties such as the angular correlation of the prompt

fission neutrons and the prompt gamma rays can provide information on the

physics of the fission process near the scission point [22]. Comparison of the neu-

tron multiplicity, i.e., the number of neutrons emitted per fission event obtained

in experiments, to a Monte-Carlo model can provide important information on

the fission process in general [22–24]. Also, information on the prompt neutrons’

energy spectra can improve the quality of the output data obtained via transport

simulations of nuclear reactor physics [22].

In the absence of experimental data on the two neutron correlations in the

photofission process, one needs to investigate the kinematics of the fission process

in order to estimate the angular correlation effect in prompt neutron emission.
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As mentioned above, we have an incoming photon beam produced by the in-

teraction of electrons with a bremsstrahlung converter. The end point energy of

the bremsstrahlung photons (10.5 MeV in our case) could be adjusted to cover

the giant dipole resonance region of the fissionable target. The beam interacts

with either a heavy actinide target causing the fission of nuclei during the data

production runs or a light water/deuterated water target to tune up the experi-

mental equipment. According to [25, p. 486], in the photofission process we have

on average 2.3 neutrons per fission event for most of the fissionable isotopes with

an energy distribution described by a Watt spectrum in the fission fragment’s

center-of-mass [25, p. 493]. Depending on the photon beam properties and the

experimental detector setup, one can study different correlation effects in the

angular distribution of the prompt neutrons.

2.1.1 Two neutron correlations

The following stages of a nucleus undergoing the fission process can be considered:

(a) pre-equilibrium stage, (b) pre-saddle stage, (c) saddle-to-scission stage, (d)

near scission stage, (e) post scission stage [11]. At stage (a), the prompt fission

neutrons can be emitted at the stage of compound nucleus formation. Stage

(b) describes the evaporation of the prompt fission neutrons during the fission

chances formation. The fission chance can be considered in the following way.

When the neutrons with energy higher than 1 MeV, for instance, interact with

a nucleus of 238U and the height of the fission barrier is greater than the energy

of neutron separation, the excitation function shown in Fig. 2.1 has a stairstep

pattern. The first rise and flat part in the excitation function correspond to the

(n, f) reaction, the second rise and flat part in the excitation function correspond
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Fig. 2.1. Cross section of neutron induced fission for 238U. Picture was taken
from [2].

to the (n, nf) reaction (so-called second-chance fission), the third rise and flat

part in the excitation function correspond to the (n, 2nf) reaction (third-chance

fission) and so on. With the increase of the energy of incident neutrons the

presaddle neutron emission will contribute proportionally to the probability of

different fission chances [11]. When the incident neutron energy is greater than

10 MeV the pre-equilibrium emission starts playing an important role.

At stage (c) the prompt fission neutrons are evaporated when the fissioning

nucleus is descending from the saddle point to the scission point. At the early

moments of the saddle-to-scission transition of a fissioning nucleus, the Coulomb

repulsion inside the nucleus is compensated by the nuclear attraction. At this

point only a small amount of nucleons are being excited, with the deformation in-

creasing due to weak coupling between collective and intrinsic degrees of freedom

[26]. These conditions of equilibrium start breaking down when the fissioning
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nucleus is close to the scission point. Before the fissioning nucleus reaches the

scission point, the two fission fragments are joined by a neck that is composed of

a nuclear matter.

At stage (d) the emission of the prompt neutrons happens when the fission-

ing nucleus undergoes rapid dynamical changes around the scission point. At

the scission point, the neck joining the fission fragments ruptures. The fission

fragments absorb the remaining parts of the neck. At this moment the nucleons

inside the fission fragments are highly excited and there is the possibility for the

emission of the nucleons from the not yet fully accelerated, due to the Coulomb

repulsion, fission fragments. Shortly after [∼ 10−13 s, the last stage (e)], when

the fragments are fully accelerated and still highly excited, there are chances for

the emission of prompt neutrons. The prompt fission neutrons are emitted from

the moving fission fragments which can be described in terms of a temperature.

According to kinematic considerations, the neutrons emitted at the scission

point are isotropic while the prompt neutrons emitted from the fully accelerated

fission fragments are anisotropic and are emitted preferentially along the mo-

mentum of the fission fragments. According to the energy balance, the scission

nucleons should be the major particles emitted in the fission process.

In the photofission process, it is possible that each fission fragment emits one

prompt neutron per fission or only one fission fragment emits two neutrons and

the other fission fragment does not emit any prompt neutrons. The kinematics

of the fission process described above implies that the opening angle between

two prompt neutrons should have some asymmetry depending on the relative

direction of emission of the two neutrons with respect to the fission fragment

momentum. Special care should be taken about accidental two-neutron coinci-
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dences in the study of two neutron angular correlations. The end point energy

of the bremsstrahlung photon spectrum has to be set to a value which does not

allow the direct (γ, 2n) reaction in which the correlation is washed out. Also cross

talk between neighbouring neutron detectors should be avoided by constructing

appropriate neutron shielding around the detectors.

2.1.2 Fissile material signature in photofission reaction

Fissile material can be potentially detected using data on the two neutron opening

angle asymmetry produced in the process of photofission with unpolarized pho-

tons. Also, fissile material can potentially be detected by observing the angular

asymmetry of the prompt neutrons created in the photofission process initiated

by the polarized photon beam. While such applications may be developed in the

future, the goal of the present work is to establish and quantify the potential

physical signatures of such correlations.

2.2 Past work on two neutron correlations

As previously mentioned, in order to understand the physics of the photofis-

sion process one needs to investigate all possible stages of the process. Many

new predictions can be made based on the fission kinematics. Prompt neutrons

and photons may reveal important information on the fission process around the

scission point [22]. In particular, the experimental observation of n-n angular cor-

relations of prompt neutrons can be a sign that the prompt neutrons are mostly

emitted after the scission point has been passed, and the two fully accelerated

fission fragments have been created.

One such experiment [27] investigated the n-n correlations of prompt neutrons
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produced in the process of spontaneous fission of 252Cf. An advantage of the n-n

correlation experiments is that there is no need to detect the fission fragments,

and the fissionable target or the source may be thick enough to absorb the fission

fragments. However, in this case the observed opening angle between the prompt

neutrons is averaged over the orientation of the axis of the fissioning nuclei and

one looses some details of the process. The authors used a 2µg 252Cf source

shaped into 15 mm long, 1 mm in diameter rod cladded with Pt-Ir. They used

two neutron detectors, one made of liquid scintillator and the other one made of

anthracene crystal, attached to photomultiplier tubes. In order to reject photons

coming from the source, the pulse shape discrimination technique was used. The

threshold on the detectors was set to 0.7 MeV which corresponds to a proton

detection threshold. One detector was fixed and the other detector was moved

with respect to it. The distance from the source to the two detectors was 30 cm

for angles greater or equal to 40 degrees. At angles less than 40 degrees, one

detector was moved back by 40-50 cm in order to insert additional shielding and

prevent detector cross talk − a situation when a neutron produces a signal in one

detector and then scatters into the other detector causing a false coincidence.

The single neutron count rates in each detector (N1 and N2) and the neutron

count rate in coincidence mode Nc(θ) at some specific angle θ were measured.

The single neutron count rates were defined as:

N1 = Ω1ε1ν̄Nf/4π and N2 = Ω2ε2ν̄Nf/4π, (2.1)

where Ω1,2 are the solid angles subtended by the neutron detectors, ε1,2 are average

efficiencies of the neutron detectors, and ν̄ is the average neutron yield per fission

event and Nf is the fission rate. The coincidence rate was defined as:
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Nc(θ) = Ω1Ω2ε1ε2ν̄NfP (θ)/4π, (2.2)

where P (θ) evaluates the number of neutrons emitted during the fission process

in a unit solid angle at the angle θ in coincidence with the νth neutron. The ratio

of the coincidence rate to the product of single neutron count rates was found:

R(θ) = Nc(θ)/N1N2 = 4πP (θ)/ν̄Nf (2.3)

and plotted (see Fig. 2.2).

Fig. 2.2. The two neutron opening angle distribution for spontaneous fission
of 252Cf (dots) and a Monte-Carlo simulation of the two neutron opening angle
(histogram). Picture was taken from [27].
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The dots in Fig. 2.2 represent the result of the experiment, while the his-

togram is the result of a Monte-Carlo simulation based on the evaporation model

where 10% of the neutrons came from the moment of scission and the rest of the

neutrons originated by the evaporation from fully accelerated fission fragments.

The discrepancy between the Monte-Carlo simulation results and the experimen-

tal data was attributed to the model used to describe the neutron evaporation

process which needed to take into account the additional mechanism boosting

neutrons in the direction of the fission axis.

Similar experiments were done by [28]. The authors looked for the sign of

the scission neutrons investigating n-n angular correlations 252Cf spontaneous

fission and in the thermal neutron induced fission of 235,233U and 239Pu. The

PNPI WWR-M Reactor was used as a source of the thermal neutrons [29]. Also,

the angular correlations of n-γ and γ-γ were observed. In the experiment, two

identical detectors based on stilbene crystals attached to photo multiplier tubes

were used. The coincidence rates of n-n, n-γ and γ-γ pairs emitted at some

specific opening angles were measured. The relative angle of observation varied

from 12.5 degrees to 180 degrees with 2.5 degree increments. The time-of-flight

(TOF) technique was used together with the pulse-shape discrimination tech-

nique to separate prompt fission neutrons from gammas. As an example of the

experimental data obtained in [28], a plot of the angular correlation of n-n, n-γ,

and γ-γ pairs in the case of thermal neutron fission of 235U when the detection

threshold on the prompt neutrons was set to 425 keV is presented in Fig. 2.3. No

angular dependence is observed for the n-γ and γ-γ coincidence pairs.

Monte-Carlo simulations for this experiment were based on the evaporation

model with an added mechanism of possible neutron emission during the fission
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Fig. 2.3. The two neutron opening angle for thermal neutron fission of 235U.
Picture was taken from [28].

process. The neutrons were emitted by fully accelerated fission fragments and

had a Maxwellian spectrum while the neutrons coming from the scission point

had a Weisskopf distribution. There were two free parameters to be adjusted -

the fraction of scission neutrons and the temperature. The comparison of the

experimental data and a fit to the experimental data is presented in Fig. 2.4.

The authors of [28] claimed that according to the comparison of the experimental

data and Monte-Carlo simulations, around 5-15% of all neutrons were emitted

isotropically in the laboratory reference frame at the moment of scission.

Additional information on the two neutron correlations in spontaneous fission

of 252Cf is provided in [30]. The authors measured the opening angle distribu-
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Fig. 2.4. The two neutron opening angle defined in the process of thermal
neutron fission of 235U. Picture was taken from [28].

tion of prompt neutrons created in the spontaneous fission of 252Cf and com-

pared the experimental data to the results of Monte-Carlo modelling (MCNPX,

MCNPX-PoliMi [31]) of the process of prompt neutron emission where the neu-

tron multiplicity, neutron energy, and neutron angular distributions were taken

into account. The experimental setup consisted of 14 liquid organic scintillators

attached to photomultiplier tubes and placed in a ring shape around the 252Cf

source positioned in the center. The setup allowed the authors to measure the

relative opening angle between two neutrons being equal to 26, 51, 77, 103, 128,

153, and 180 degrees with the variance of the angle correlation σ2 = 6.52 due to

the finite acceptance of the detectors. In order to separate photons from prompt
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neutrons created in the process of 252Cf spontaneous fission, the pulse-shape dis-

crimination technique and fast timing analysis were utilized. The moment of

a fission event was not observed directly via the tagging technique. Rather,

the time-dependent neutron-neutron cross-correlation functions were measured.

These functions represented the time difference of the neutron events selected us-

ing the pulse-shape discrimination technique and fast timing analysis for a specific

pair of the detectors/angles. The cross-correlation functions had the maximum

number of counts per fission when the time difference between the correlated

neutron signals was equal to zero. Integration of the cross-correlation functions

gave the authors the distribution of correlated angles between two prompt neu-

trons. The experimental data obtained in [30] are shown in Fig. 2.5 (solid lines)

Fig. 2.5. The two neutron opening angle defined in the process of spontaneous
fission of 252Cf. Picture was taken from [30].
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together with the data obtained using theoretical results of [32] (symbols) for

different neutron energy thresholds. The discrepancy of the experimental data

and the modeling at small angles was attributed to the cross talk between weakly

shielded detectors when a single neutron may be scattered producing a detectable

signal in the active volume of a detector and then being scattered in the active

volume of the neighbouring detector producing false correlation events in the data

stream for [30].

The first step in the investigation of the prompt neutron angular correlation

is to know the dependence of the fission fragment masses and fission fragment

kinetic energy as a function of the incident photon energy. In Ref. [23], the authors

made an experimental investigation of the fission fragment yield as a function of

their mass and as a function of the bremsstrahlung end point energy in 238U

photofission. They also measured the average total fragment kinetic energy and

corresponding dispersion as a function of the fission fragments’ mass and the

bremsstrahlung end point energy. The dispersion of the average total fragment

kinetic energy was equal for heavy and light fission fragments as a result of the

symmetrization around mass A/2.

The average energy of the 238U compound nucleus excitation was calculated

for different bremsstrahlung end point energies:

< Eexc(Ee) >=

∫ Ee

0
kσγ,f (k)φ(Ee, k) dk∫ Ee

0
σγ,f (k)φ(Ee, k) dk

, (2.4)

where k and Ee are the photon and electron energies, φ(Ee, k) is the bremsstrahlung

spectrum (Schiff form used), and σγ,f (k) is the photofission cross section for 238U.

The authors of [23] noticed that (a) the peak-to-valley ratio in the dependence

of the fission fragment yield as a function of mass A decreases with the increase of
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Fig. 2.6. Average total kinetic energy of a fragment (A) and its dispersion (B)
for bremsstrahlung end point energies of 70 MeV (top) and 12 MeV (bottom) in
the case of 238U photofission. Picture was taken from [23].

the excitation energy of the compound nucleus (see Fig. 2.7), (b) with the increase

in the excitation energy of the compound nucleus, the average total kinetic energy

of the fission fragment decreases, (c) the dispersion of the average total fragment

kinetic energy and the average masses of the light and heavy fission fragments

are almost constant with the increase of the compound nucleus excitation energy,

(d) the dispersion of the average total fragment kinetic energy has an important

dependence on the average fission fragment mass with a maximum that moves

from higher to lower values with the decrease of the bremsstrahlung end point

energy [Fig. 2.6(B)].

Using experimentally determined parameters of the fission process, it is pos-

sible to implement the data in the Monte-Carlo modelling procedure and predict
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Fig. 2.7. Fission fragment mass distribution in the case of bremsstahlung end
point energy of 70 MeV (top) and 12 MeV (bottom) in the case of 238U photofis-
sion. Picture was taken from [23].

the dynamics of the post fission products. As mentioned above, the information

obtained from the modelling can be used in many different areas such as nuclear

nonproliferation applications and nuclear engineering, for instance.

The authors of [22] used the data on the fission process induced by thermal

and fast neutrons to create a program based on the Monte-Carlo technique which

can generate the data on the post fission products kinematics. As an input they

used experimentally obtained fission fragment mass yields Y (A) in neutron in-

duced fission of 239Pu, the average total kinetic energy (TKE), and the dispersion
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of the average total kinetic energy of the fission fragments as a function of fission

fragment mass, P (TKE|A). They also defined the dependence of the fission frag-

ment mass as a function of their charge, P (Z|A). The final fragment distribution

was given by [22]:

Y (A,Z, TKE) ' Y (A)× P (Z|A)× P (TKE|A). (2.5)

The result of the Monte-Carlo sampling for data on the thermal neutron-

induced fission of 239Pu is presented below (see Fig. 2.8). The average total ki-

Fig. 2.8. The fission fragment yield after thermal neutron-induced fission of
239Pu as a function of fission fragment mass and the total kinetic energy. Picture
was taken from [22].

netic energy released in neutron-induced fission was obtained to be < TKE >=

177.57 MeV. They predicted that the total kinetic energy increases as the frag-

ment mass increases.
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2.2.1 Two neutron opening angle simulation

The data from the previous section on the fission fragment mass-energy distri-

bution generated in the process of fast neutron fission allow one to reconstruct

the two neutron opening angle of prompt neutrons emitted in the fission process.

The similarity of the neutron induced fission and photon (unpolarized) induced

fission kinematics was suggested.

In order to obtain the neutron opening angle distribution, the prompt neu-

tron energy distribution N(En) was first sampled in the rest frame of the fission

fragment. This spectrum is expected to follow the Maxwellian distribution [2]:

N(En) =
√
En · e

−En
0.75 . (2.6)

Next, the energy and mass of heavy fission fragments (Hff) and light fission

fragments (Lff) were sampled using the data plotted in Fig. 2.9. Also, the

angular distributions of Hff and Lff in the lab frame were sampled with respect

to the incident neutron direction assuming that only dipole fission is relevant

W (θ) = a+ b · sin2(θ). The energies of the prompt neutrons and their momenta

were boosted into the laboratory frame according to the momenta and angular

distribution of the fission fragments in the laboratory frame. The energy spectra

of the neutrons emitted in the Lff rest frame and neutron energy boosted by

the motion of the Lff is shown in Fig. 2.10.

The neutron multiplicity was set to 2 and the distribution of the emitted

prompt neutrons was assumed to be the following: in 50% of the fission events

each of the fragments emitted one neutron, in 30% of the events two neutrons

were emitted by Lff , and in 20% of the events two neutrons were emitted by the

Hff . This assumption is rather qualitative and was based on nuclear shell model
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Fig. 2.9. Reproduction of the data on the fragment mass-energy distribution
from [22].

considerations which predict that the light fission fragments are less bound with

respect to the mass change and should emit more neutrons than the heavy fission

fragments since there is not even a singly magic nucleus in the region of masses

of light fission fragments. Also, it can be seen from Fig. 2.11 that the average

neutron multiplicity for the heavy fission fragments is less than the one for the

light fission fragments.
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Fig. 2.10. The energy spectra of the neutrons emitted in the light fission fragment
rest frame and neutron energy boosted by the motion of the light fission fragment.

Fig. 2.11. The average neutron multiplicity as a function of the fission fragment
mass for the 239Pu(n, f) reaction. Picture was taken from [33].
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The result of this simulation gave us the angular distribution of the opening

angle between the two prompt neutrons as presented in Fig. 2.12. The qualitative

expected angular distribution of the two neutron opening angles was obtained. It

can be seen that the relative yield of small two neutron opening angles (∼ 5 de-

grees) and large two neutron opening angles (∼ 170 degrees) is greater than the

relative yield of the opening angles with intermediate values (∼ 90 degrees). This

means that there is a correlation between the prompt neutron kinematics and the

fission fragment kinematics: the momenta of neutrons emitted by the fission frag-

ments are boosted in the direction of the accelerated fission fragments momenta.

Increased relative yield of two neutron opening angles with small values indicates

that the two neutrons were emitted by a single fission fragment and their mo-

menta are boosted in the direction of the fission fragment momentum leading to a

small opening angle. When during the fission event the fission fragments emit one

neutron per fragment, then the two neutron opening angle takes greater values

since the fission fragments move back-to-back along the nucleus symmetry axis

and the momenta of prompt neutrons tend to be directed in opposite directions.

It should be noted that the experimental setup used to measure the two

neutron opening angle distribution in this work had a finite acceptance and the

opening angle distribution could not be measured beyond 90 degrees. Hence, in

order to verify the prompt neutron opening angle distribution for angles greater

than 90 degrees, the geometry of the setup and the number of neutron detectors

need to be modified.
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Fig. 2.12. Two neutron opening angle distribution. Picture was generated using
data from [22].

2.3 Relative yield of the correlated neutrons

Here, we develop the approach of how to extract the relative yield of correlated

two neutron events as a function of the neutron opening angle.

Obtaining the relative neutron yield of the correlated n-n events as a function

of the opening angle θop required the analysis of two different kinds of data sets.

First, we analysed ”same pulse” (sp) data for the sequence of High Repetition

Rate Linear accelerator (HRRL) pulses combined into runs of different duration.

The same pulse data contain the following types of events:

1. correlated n-n events, both neutrons belong to the same fission

event [Y corr
nn (θop)];

2. correlated γ-n events, the neutron and the photon belong to the

same fission event [Y corr
γn (θop)];
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3. correlated γ-γ events, both photons belong to the same fission

event [Y corr
γγ (θop)];

4. accidental n-n events, both neutrons come from different fission

events if there is more than one fission per pulse [Y acc
nn (θop)];

5. n-γ accidentals, which give false events in the n-n coincidence spec-

trum when there is imperfect γ-n separation [Y acc
γn (θop)];

6. γ-γ accidentals, which give false events in the n-n coincidence spec-

trum, again when there is imperfect γ-n discrimination [Y acc
γγ (θop)].

The combined neutron yield for the same pulse data set Y sp(θop) can be repre-

sented as a sum of the components described above [see Appendix A.1, Eq. (i)].

The correlated γ-γ and γ-n events were eliminated by setting appropriate timing

cuts on the neutron time-of-flight spectra.

The experimental yield as a function of opening angle for the events attributed

to the same pulse Y SPD(θop) [see Appendix A.1, Eq. (ii)] is shown in Fig. 2.13.

There are correlated events together with uncorrelated events in the distribution.

It is necessary to eliminate uncorrelated events in Y SPD(θop) to determine the

true correlated events coming from the same fission event. The shape of this dis-

tribution is influenced by both the physics as well as the experimental acceptance

of this particular detector system.
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Fig. 2.13. The total yield of pairs of events originating from the same pulse as
a function of the opening angle. Error bars represent statistical uncertainty.

The second kind of data was estimated using two different HRRL beam pulses

(dp) that belong to the same set of data but are separated in time by 1/300 of a

second. The data that can be obtained from the analysis of two different beam

pulses are presented below:

1. uncorrelated n-n events, with both neutrons coming from different

fission events which happened at two different moments in time

[Y uncorr
nn (θop)];

2. uncorrelated n-γ events, neutron and photon were produced by

uncorrelated sources [Y uncorr
nγ (θop)];

3. uncorrelated γ-γ events, both photons were produced by the sources

not correlated in time [Y uncorr
γγ (θop)].
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The total yield distribution of two uncorrelated events originating from two

different pulses Y DPD(θop) can be represented as a sum of the components de-

scribed above [see Appendix A.1, Eq. (iii)]. The experimental opening angle

distribution for events attributed to different pulses is shown in Fig. 2.14.

Fig. 2.14. The yield of uncorrelated pairs of events originating from two different
pulses.

Since the same background effect was present in the two neutron opening

angle distributions obtained in the case of the same pulse data and different

pulse data, it was possible to eliminate the background using an appropriate

data normalization procedure developed by [19] (see Appendix A.1) and taking

the ratio which will be called the two neutron correlation function:

Y 2n
corr(θop) =

Y SPD
norm (θop)

Y DPD
norm (θop)

, (2.7)

where Y SPD
norm (θop) is the normalized Y SPD(θop) distribution and Y DPD

norm (θop) is the
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normalized Y DPD(θop) distribution. This two neutron correlation function is

plotted in Fig. 2.30 and will be discussed in greater detail later in this chapter.

The information obtained from two different pulses allowed us to subtract the

effect of the background events contaminating the true correlated events occurring

in the same fission event and observe the net effect of the correlated neutron yield:

Y 2n(θop) =
Y SPD
norm (θop)− Y DPD

norm (θop)

Y DPD
norm (θop)

(2.8)

which is plotted as a function of two neutron opening angle in Fig. 2.31. This

procedure obviates the need for a detailed knowledge of the efficiencies and accep-

tances of the individual detectors, as the efficiency of the overall system detecting

a given θnn bin cancels in the ratio [see Eq. (2.8)]. Since the same pulse and differ-

ent pulse data were taken in an interspersed fashion, the measurement is largely

insensitive to experimental drifts which occur over time scales of milliseconds or

greater.

2.4 Experimental methods

2.4.1 Neutron detection principles

Generally, in order to detect a particle, it should interact with the material of

the detector. One can detect the residual effects of the interaction which are

ionization, nuclear reactions which produce ionization and/or light, and direct

light production via excitation of the active admixture added to the bulk material

of the detector. Each of the secondary effects can be observed and the signal

proportional to the energy deposited by the incident particle or particle flux can

be measured.
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For neutron detection in the current experiment, the plastic scintillating ma-

terial BC-420 was chosen. Plastic scintillator is a polymer matrix containing

a substance which possesses fluorescent properties called fluor. BC-420 has ex-

cellent scintillation properties due to the presence of the fluor so that the light

produced by the incident particle can be detected and the information about a

particle can be obtained via supplementing devices. Neutrons do not have electric

charge, and therefore cannot interact via the Coulomb field and directly produce

ionization. Rather, neutrons interact with the detector material via the strong

interaction. Being able to interact effectively with hydrogen nuclei, i.e., protons,

neutrons cause ionization via knocking out protons which interact with the active

material of the detector and produce secondary ionization. In order to maximize

the effect of ionization, it is desirable that the atomic weight of the detector ma-

terial be close to the atomic weight of a neutron, i.e., it should be light. This can

be seen from the kinematics of the elastic collisions of two balls when one of the

balls is at rest (V2 = 0). Then the velocity of the second ball after scattering V ∗2

expressed in terms of initial velocity of the first ball V1 can be written as:

V ∗2 = 2
m1

m1 +m2

V1. (2.9)

Hence the second ball will get maximum speed when the masses of the two balls

are equal. Therefore, the bulk material of the detector should be composed

of light elements. According to the Saint-Gobain Crystals manufacturer data

sheet [34], the plastic scintillator BC-420 used in the experiment has the ratio

of concentrations of hydrogen atoms to the carbon atoms equal to 1.1 and its

atomic weight is 1.08.
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2.4.2 Light signal propagation in a scintillator material

In order to convert the time-of-flight spectra of the prompt neutrons into a one

dimensional coordinate distribution, the flight time conversion factors were mea-

sured for each of the detectors. The conversion factor has dimensions of [cm·ns−1].

A 1 µCi 60Co gamma ray source was used in these measurements. The source

has two strong gamma emission lines at 1.173 MeV and 1.332 MeV. The pho-

tons created in the scintillator material propagate to the end of the bars and are

detected by PMTs. The neutron detectors were shielded with 2′′ of lead on the

surface. A lead brick with a 0.6 cm hole was used as a collimator and was moved

across the active area of the detector. The gamma source was placed over the

collimator hole at different positions as indicated in Fig. 2.15.

Fig. 2.15. Experimental setup for the measurement of the speed of light propa-
gation in the scintillator material.

The time difference between the signals from two PMTs was measured. A

typical time difference spectrum obtained in the experiment to determine the

speed of signal propagation inside the scintillator material is shown below in

Fig. 2.16.
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Fig. 2.16. An example of time difference spectrum. The signals are produced
by a 60Co source positioned over the surface of detector E. Black curve − signal
combined with background, blue curve − pure background, purple curve − pure
signal.

Experimental data extracted from the time difference spectra obtained with

60Co source are presented in Fig. 2.17.
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Fig. 2.17. An example of the calibration curve for the signal propagation inside
the scintillator material of detector E.

The signal propagation speed in the material of the scintillator was obtained

from the linear fit of the experimental data on the time difference as a function

of the source position. It can be seen that in the case of detector E the effective

speed of light propagating in BC-420 material is equal to 7.4 cm · ns−1 . More

detailed information on the signal propagation speed in the material can be found

in Table 2.1.

Table 2.1. Data on the effective speed of light propagating in BC-420 material.

Detector Vmat, cm · ns−1 δVmat, cm · ns−1 χ2/ν χ2
α=0.05/ν

E 7.4 0.2 0.4 2.6
M 6.8 0.3 0.01 2.6
F 7.4 0.2 0.4 2.6
G 7.2 0.2 0.1 2.6
H 7.8 0.2 0.1 2.6
K 6.7 0.2 0.2 2.1
I 5.5 0.2 1.1 2.6
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The second column labelled Vmat represents the effective speed of light prop-

agating in BC-420 material, the third column δVmat shows the errors on the

parameter Vmat, the fourth column shows the values of χ2/ν statistic, where ν is

the number of degrees of freedom. The fifth column shows the values of χ2
α=0.05/ν,

where χ2
α=0.05 is the χ2 critical value for α = 0.05 (95% confidence level) taken

from χ2 distribution table. The values of χ2/ν obtained from the fit are smaller

than the critical values χ2
α=0.05/ν meaning that the linear fit function describes

the experimental data well. The values of the effective speed of light in BC-420

material were found to be slightly different for different detectors. The light is

reflected from the optical boundaries formed by the scintillator and the reflective

coating (see Fig. 3.3). The difference in the quality of the optical contact of the

coating and the scintillator causes the variation. Also, the experimentally deter-

mined values of the effective speed of light Vmat is lower than the actual speed

of light in the BC-420 Veff = c/nBC−420 = 18.4 cm · ns−1, where nBC−420 is the

index of refraction of BC-420 material. This could happen due to the multiple

reflection of the scintillation photons from the optical boundaries of the detector

which increased the time of the light collection.

2.4.3 Experimental setup for the two neutron correlation

experiment

In order to measure the two neutron opening angle correlation, we induced

photofission reactions on 238U and observed prompt neutrons created in the re-

action. The photon beam was generated using the High Repetition Rate Linear

accelerator (HRRL). 10.5 MeV electrons were accelerated and impinged upon a

2.5 mm thick Al bremsstrahlung converter where they created bremsstrahlung
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photons (see Fig. 2.18). The repetition rate of the electron pulses was 300 Hz.

Fig. 2.18. Schematic representation of the photon beam production and charged
particle separation.

To clean the electrons scattered in the bremsstrahlung converter material we

used a sweep magnet. Electrons were deflected by the magnetic field of the sweep

magnet towards the beam dump and photons were unaffected and transmitted

further downstream.

During the experiment, two different kinds of targets were used. A deuterated

water target was used to debug the experimental equipment and to obtain a

neutron time-of-flight spectrum which can be described by the known kinematics

of the photodisintegration of the deuteron. The main target during the actual

measurement of the two neutron opening angle was a depleted 238U plate with

the dimensions ∼ 4′′ × 4′′ × 1/8′′. It was oriented in such way that the target

material in the path of the neutrons was of the same thickness, so the neutrons

travelled the same path length before they got out of the target.

To clean the photon beam from the electrons scattered inside the bremsstrahlung
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converter, a permanent magnet was used to bend the electrons down and send

them into a beam dump consisting of Al bricks surrounded by lead and placed

in the accelerator hall.

Fig. 2.19. Geometry of the experimental setup used in the two neutron corre-
lation experiment. In the experiment the D2O cylindrical target shown on the
sketch was used for the calibration purposes and changed to a DU plate during
the two neutron correlation data production runs.

After the photon beam was cleaned, it entered the experimental hall through

a collimator system consisting of an upstream collimator with the hole diameter

0.25′′ and a downstream collimator with the hole diameter 0.5′′. The distance

from the upstream collimator to the bremsstrahlung radiator was 63.7 cm. The

distance from the downstream collimator to the target was 339 cm. The distance

from the bremsstrahlung radiator to the target was 520 cm. The distance from

the beam line to the front surface of the neutron detectors was 100.9 cm.

A positron spectrometer was used to define relative photon flux changes by

measuring the rate of positrons created in air and swept by a magnetic field

toward the positron detector. The operation principle of the photon flux monitor

47



is described in Sec. 3.3.

The neutron detection was accomplished via a detector array consisting of

seven plastic scintillator detectors. The neutron detector design description can

be found in Sec. 3.2. After trying different configurations for the detector place-

ment, we found the one with the lowest background contamination which is shown

in Fig. 2.19.

2.4.4 Time, energy and coordinate determination of the

neutron hit

The actual time of flight of the prompt neutron was calculated using the sum

of times of signals coming from the two photomultipliers of a specific detector.

Alternatively, it could be calculated using neutron time-of-flight spectra obtained

by separate PMTs of the same detector subtracting the relative photon arrival

time from the neutron arrival time observed in TDC spectrum. Additionally it

would be necessary to make neutron coincidences and select the events which

were observed by both PMTs. In both cases the main source of the uncertainty

in the neutron time-of-flight was defined by the width of the reference photon

peak. In the author’s point of view, an advantage of the technique utilized is

that there was no need to create an extra signal coincidence since the signals

observed by both PMTs could be easily separated since their time-of-flight was

larger than the time-of-flight of signals detected by a single PMT. A cumulative

time-of-flight spectrum containing the information on the relative time-of-flight

of photons and neutrons was calculated using the following expression:

TOFn =
1

2
· (TDC1 + TDC2 − Ct), (2.10)

48



where TDC1 and TDC2 are the total times needed for the signal to be detected

by the TDC after the trigger signal arrived to the gate of the TDC and Ct =

tof1+tof2. The terms tof1 and tof2 represent the times for the light to reach each

photomultiplier. The value of the Ct should be constant for each detector and

was defined in terms of Vmat (see Sec. 2.4.2) and the total length of the neutron

detector. The whole detector length is known to be 101.6 cm, the inverse value

of the speed of light propagation inside of detector G, for instance, is equal to

0.1387 ns · cm−1. Hence, in this case the constant Ct = V −1
mat · 101.6 cm = 14.1 ns.

The values of Ct for different detectors used in the experiment together with the

relative uncertainties are presented in Table 2.2 in the second and third columns

correspondingly.

Table 2.2. Data on the Ct and its relative uncertainties.

Detector Ct, ns ∆Ct, %
E 13.7 0.4
M 14.9 0.3
F 13.8 0.4
G 14.1 0.4
H 13.1 0.4
K 14.8 0.3
I 18.5 0.3

To extract the actual neutron time of flight from the cumulative time-of-flight

spectrum of neutrons which were detected by both PMTs, it was necessary to

subtract the relative photon arrival time from the neutron arrival time observed

in the cumulative TDC spectrum.

The value of the actual neutron time-of-flight can be used to determine the

energy of the neutron being detected. The neutron energy can be calculated as
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follows:

En =
mnc

2

2
· 1

c2

(
ln

TOFn

)2

, (2.11)

where ln is the distance from the target to the impact point on the detector, mn is

the neutron mass, TOFn is the neutron time-of-flight, and c is the speed of light.

The uncertainty of the neutron energy can be calculated using the expression:

∆En
En

= 2 ·

√
U2(ln)

l2n
+
U2(TOFn)

TOF 2
n

. (2.12)

In this expression U2(ln) is the uncertainty of the distance which neutrons pass

from the target to the corresponding neutron detector. The main contribution

to the U2(ln) term comes from the finite acceptance of the neutron detectors.

The term U2(TOFn) is related to the neutron energy uncertainty. The width

of the photon peak in the time-of-flight spectrum defines the main contribution

to the neutron energy uncertainty term. It follows that precise measurement

of the neutron energy requires small uncertainty in the definition of the distance

between the target and the neutron detector and small uncertainty on the neutron

time-of-flight measurement.

The uncertainty in the distance between the target and the neutron detector

was simulated using the Geant4 simulation package [35]. In this simulation,

neutrons were generated in the volume of the target at random positions and

emitted isotropically. The target had a cylindrical shape with radius 3.5 cm and

height 15 cm centered on the beam axis and placed above the center of neutron

detector E at a distance 100.9 cm above its surface (see Fig. 2.19). The neutron

flight path distributions were recorded. The root mean square (RMS) of the

distribution was obtained for each neutron detector and the values of RMS gave
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us an estimate of the uncertainty in the neutron flight path for each detector.

The values of RMS of the neutron flight path lRMS are presented in Table 2.3.

The uncertainty of the neutron time-of-flight was obtained from the exper-

imental data using the time-of-flight spectra. Time-of-flight spectrum clearly

shows two separate peaks: one corresponding to the photon flash and another one

corresponding to the arriving neutron. The neutron time-of-flight uncertainty was

obtained from the Gaussian fit of gamma flash, i.e., its sigma [see Fig. 2.20(B)].

More detailed information on the neutron time-of-flight uncertainty can be found

in Table 2.3.

Table 2.3. Neutron time-of-flight and energy uncertainty data.

Detector σ ± δσ, ns tRMS, ns lRMS, cm ∆E9, MeV ∆E1, MeV
E 10.7 ± 0.7 62 2.87 4 0.2
M 7.6 ± 0.5 65 2.38 4 0.2
F 9.0 ± 0.6 66 2.67 5 0.2
G 18.9 ± 1.4 68 3.23 11 0.5
H 11.5 ± 0.8 73 3.65 7 0.3
K 11.8 ± 0.9 80 4.16 7 0.3
I 26.3 ± 4.1 69 4.32 15 0.6

The second column in the table shows the values of sigma and its uncertainty

obtained from the Gaussian fit of the peak of the photon flash for each of the

detectors. The value of the sigma was used as an estimate of the neutron time-of-

flight uncertainty in Eq. (2.12). The third column tRMS gives the values of RMS

of the whole photon region in the time-of-flight spectrum. The neutron time-of-

flight uncertainty achieved running the experiment at HRRL with the suggested

electron pulse width ∼ 20 ns introduced a high uncertainty in the neutron energy

which is reported in the last two columns of the table. The column ∆E9 gives

the energy uncertainty for 9 MeV neutrons. The column ∆E1 gives the energy
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uncertainty for 1 MeV neutrons. An example of the neutron energy uncertainty

change as a function of the neutron energy is presented in Fig. 2.20(D). In order

to decrease the time-of-flight uncertainty the electron pulse should be well-shaped

with the width as narrow as possible.

Fig. 2.20. An example of the neutron energy uncertainty distribution. (A)-
distribution of the distances from the target to the detector surface (neu-
trons+photons), (B)-inverted time-of-flight spectrum, (C)-neutron energy spec-
trum, (D)-neutron energy uncertainty as a function of the neutron energy.
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The neutron detector design allowed a determination of the coordinate of the

neutron hit in one-dimension along the long side of the scintillator bar. The coor-

dinate of the hit could be found in different ways. To determine the coordinate,

one uses the charge signals E1 and E2 from both ends of the scintillator bar [36].

The coordinate can be expressed as:

x =
1

2α
ln
E2

E1

, (2.13)

where α is light attenuation coefficient for the scintillator material. Hence, if

one knows the amplitudes of two signals collected at different sides of the neu-

tron detector and the light attenuation coefficient, it is possible to calculate the

coordinate of the neutron hit.

The method of coordinate measurement used in the current experiment was

based on the calculation of the time difference between the signals arriving from

the two PMTs. Ideally, the time difference should be zero when neutrons hit

exactly in the middle of the scintillator bar, and increase as the location of the

hit moves towards the ends of the scintillator. The real distribution of the time

differences will be shifted one way or another depending on the delay introduced

by the signal cables, PMT transit times, and PMT voltage dividers circuits. The

coordinate of the neutron impact on the detector surface was calculated as:

Xn = (TOF1 − TOF2) · Vmat, (2.14)

where Vmat is the propagation speed of light inside the detector material discussed

before. A typical spectrum of the neutron and gamma time-of-flight difference

distribution obtained for the two photomultipliers attached to the ends of the
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same detector is shown below in Fig. 2.21.

Fig. 2.21. An example of the spectrum of the difference of neutron and gamma
TOF spectra obtained via detector F with the DU target.

It can be seen that a certain number of produced scintillations were detected

with either only the left or the right phototube of the neutron detector. We

were interested in the events which were detected simultaneously by the two

PMTs. The time difference between two signals is small and, hence, all the

events obtained by two PMTs at the same time will be concentrated around zero

time difference (see the peak in the center of Fig. 2.21).

2.4.5 Neutron detector efficiency measurement technique

In this section, the technique for the efficiency measurement of the large plas-

tic neutron detector will be described. Knowledge of the absolute efficiency of

the neutron detector was not necessary for the technique used in the two neu-

tron correlation experiment since it cancels in the ratio of correlated events and

uncorrelated events. However, we needed to achieve the conditions when ap-
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proximately one fission per accelerator pulse was generated in the target. If the

prompt neutron multiplicity ν, the neutron detector geometrical efficiency εgeom,

and the neutron detection efficiency εdet are known, it is possible to determine

the conditions for one fission per pulse by calculating the single neutron counting

rate:

R ∼ νεgeomεdet. (2.15)

For the efficiency measurement, a 252Cf neutron source was used. In order to

be able to detect fission neutrons, a fission trigger was created consisting of the

252Cf source and a NaI(Tl) detector. The main idea of the trigger is to detect

prompt gammas originating from 252Cf spontaneous fission via the NaI(Tl) scin-

tillator, and trigger the data acquisition system (DAQ) on the photon signal. A

detailed description of the DAQ can be found in Sec. 3.1. To eliminate signals

produced by neutrons, the NaI(Tl) detector was covered with two inches of bo-

rated polyethylene. The voltage divider of the NaI(Tl) detector had two outputs:

(1) a timing output and (2) the usual analogue output. The timing output was

shaped and discriminated, and then split into two NIM signals. One delayed NIM

signal was used as the data acquisition system trigger and the un-delayed NIM

signal served as a fake stop signal to monitor the DAQ system functionality. The

neutron detector produced signals when neutrons hit its active area. In order to

prevent photons from producing a signal in the neutron detector, it was covered

with two inches of lead.

Since the neutron detector was shielded with lead, the photon flux from the

252Cf was suppressed during the actual efficiency measurements. In order to

reliably define the reference time in the time-of-flight spectrum corresponding

to the prompt photons originating from the spontaneous fission of 252Cf, a 22Na
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photon source which emits two annihilation back-to-back photons with energies

0.511 MeV was used. A lead brick with a hole of diameter of 1.5 cm was placed

around the center of the active area of the neutron detector. This allowed one of

the annihilation photons to get through the lead shielding and produce a signal

in the neutron detector. The other annihilation photon hit the NaI(Tl) detector

and produced the DAQ trigger signal (see Fig. 2.22). The distance between the

NaI(Tl) and plastic scintillator detector was 20 cm and the 22Na source was placed

between the two detectors.

Fig. 2.22. Schematic representation of the setup used to measure the neutron
detector efficiency. Timing calibration stage.

There was no additional shielding around the NaI(Tl) detector because the 22Na

activity was substantially higher than the intensity of background radiation.

After the reference time was established, the NaI(Tl) detector was moved in-

side an additional lead shielding at a distance ∼65 cm away from the neutron

detector and the front part of NaI(Tl) was covered with 2′′ of borated polyethy-

lene.
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Fig. 2.23. Schematic representation of the setup used to measure the neutron
detector efficiency. NaI(Tl) detector in this configuration served as a fission
trigger. The timing output of this detector was used to trigger DAQ.

The lead collimator in the neutron detector shielding was replaced with a

solid lead brick. The 252Cf source was positioned right in front of the shielding

of the NaI(Tl) detector (see Fig. 2.23) and time-of-flight spectra were taken with

the photon signal being used as a DAQ trigger.

Background measurement was made without the 252Cf source to understand

the impact of cosmic radiation and radiation from surrounding materials on the

experimental data.

The efficiency of the neutron detector εdet was calculated using Eq. (2.16):

εdet =
Nn

Ntrig
1
ν

4π
δΩ

, (2.16)

where ν = 3.77 is the prompt neutron multiplicity per fission event of 252Cf,

solid angle δΩ = 0.237 sr, Nn is the number of neutrons detected by the neutron

detector during the time ∆t, and Ntrig is the number of trigger signals produced

during the same time ∆t by photons in the NaI(Tl) detector. The efficiency was
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measured for different values of the constant-fraction discriminator thresholds

and found to be ∼14% at a threshold of constant fraction discriminator where

the analogue neutron signals were supplied set to 1 mV.

The neutron detector efficiency measurements enabled the electron accelerator

settings to be adjusted according to the requirement of less than 1 fission per

pulse, which was verified during the actual experiment. The average number of

prompt neutrons per fission event is subject to Poisson statistics. The Poisson

distribution can be presented in the form:

P (n) =
n̄ne−n̄

n!
. (2.17)

The Poisson probability distribution for observing one prompt neutron per

pulse is defined as:

P (1) =
n̄1e−n̄

1!
(2.18)

and the Poisson probability distribution for observing two prompt neutrons per

pulse is given by:

P (2) =
n̄2e−n̄

2!
. (2.19)

The ratio of the two distributions is:

P (1)

P (2)
=
n̄1e−n̄

n̄2e−n̄
· 2 =

2

n̄
. (2.20)

Experimentally it was found that the ratio of the neutron yields of corre-

lated neutrons over uncorrelated neutrons is equal to 2.4. The ratio of the two

Poisson distributions was set to be equal to P (1)/P (2) = 2.4 and, hence, it was
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determined that the average number of fissions per pulse is n̄ = 2/2.4 = 0.83.

2.5 Results and discussion

2.5.1 Coordinate resolution of the neutron detectors

In order to calculate the precision of the neutron time of flight and neutron energy

it is necessary to know the position resolution of the neutron detectors.

If we have a physical process described in the time domain by a function h(t)

then the Fourier transform of h(t) into the frequency domain H(f) is given by

the following equation in the case of continuous transformation:

H(f) =

∫ ∞
−∞

h(t)e−2πift dt, (2.21)

and in the case of discrete transformation:

Hn ≡
N−1∑
k=0

hke
−2πikn/N . (2.22)

If there are two functions h(t) and g(t), and their Fourier transforms are H(f)

and G(f), one can define the convolution of these two functions:

g ∗ h =

∫ ∞
−∞

g(τ)h(t− τ) dτ. (2.23)

In this case the convolution theorem states that [37]:

g ∗ h⇐⇒ G(f)H(f), (2.24)

i.e., the Fourier transform of the convolution of two functions is the product of
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individual Fourier transforms.

For the purpose of the determination of the position resolution, the discrete

Fast Fourier Transform (FFT) algorithm [37] was used. FFT is an algorithm that

allows one to calculate the Discrete Fourier Transform (DFT) and its inverse.

We suggest that the experimental coordinate distribution obtained with the

neutron detector can be represented as the convolution of the ideal response func-

tion of the detector and a Gaussian which represents the effect of finite coordinate

resolution (see Fig. 2.24).

Fig. 2.24. Schematic representation of the ideal detector one-dimensional coordi-
nate response function (red) together with the effect of finite coordinate resolution
dx. The length x of the neutron detector active area is L.

Full width at half maximum of the Gaussian distribution was used as a pa-

rameter to describe the uncertainty in the position of the neutron hits. In this

experiment, only one coordinate was defined along the long side of the neutron

detector. In order to get the value of the width parameter of the Gaussian dis-

tribution, the experimental data were fit with a curve that was parametrized

in the process of the convolution and the width was one of the parameters ad-

justed during the experimental neutron coordinate distribution fitting procedure.

The results of the fitting of the coordinate distribution of neutron hits over the
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detector surface are presented in Figs. 2.25 and 2.26, and in Table 2.4.

Fig. 2.25. The result of the fit of the neutron coordinate distribution with the
parametrized fit function for the first four neutron detectors E, M , F , and G.

Fig. 2.26. The result of the fit of the neutron coordinate distribution with the
parametrized fit function for the last three neutron detectors H, K, and I.
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Table 2.4. Detector position resolution data.

Detector R, cm δR, cm χ2/ν χ2
α=0.05/ν

E 7.7 0.4 5.6 1.5
M 16.6 1.1 1.8 1.4
F 16.8 0.8 7.7 1.5
G 15.4 1.2 4.0 1.5
H 17.8 1.0 6.3 1.5
K 28.4 4.2 1.8 1.5
I 16.2 2.9 1.8 1.5

The second column labelled R represents the uncertainty of the neutron hit

coordinate, the third column δR shows the errors on the parameter R, the fourth

column shows the values of χ2/ν statistic, where ν is the number of degrees of

freedom. The fifth column shows the values of χ2
α=0.05/ν, where χ2

α=0.05 is the

χ2 critical value for α = 0.05 (95% confidence level) taken from χ2 distribution

table. The values of χ2/ν obtained from the fit are higher than the critical

values χ2
α=0.05/ν meaning that the fit function chosen does not represent the

distribution of the experimental data well. The experimental data showed some

non-uniformity on the top of the coordinate hit distributions which was supposed

to be flat. That could be the result of cracks between the lead bricks composing

the shielding of the neutron detectors. The presence of the cracks in the shielding

would increase the yield at a certain coordinate. Still the data from Table 2.4

can be used as an estimate of the uncertainty in the position of the neutron hits

over the surface of the neutron detector.
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2.5.2 Data from the two neutron correlation measure-

ments

The main goal of the two neutron correlation experiment was to obtain time-of-

flight spectra of prompt neutrons. In Fig. 2.27 one can see a typical time of flight

spectrum of prompt neutrons emitted in deuteron photodisintegration. It should

be noted that the time in the TOF spectra is inverted. The photon peak is on

the right hand side of the prompt neutron area and the neutron time-of-flight

should be calculated with respect to the center of the photon peak.

Fig. 2.27. Typical time of flight spectrum of neutrons created in the deuterium
photodisintegration reaction. The blue curve on the left and right plots is the
cumulative yield including signal+background. The green curve on the left plot
is the background measured with no target in place. The red curve on the right
plot is the target related yield of photons and neutrons with the background
subtracted.

The green curve on the left side of the figure is the signal obtained with the

empty target, i.e., it represents a background signal. The blue curve is the data

obtained with the D2O target placed in the beam. In order to estimate the effect

of the background on the signal, the background was subtracted from the signal
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and the result can be seen on the right side of the figure. The signal+background

and pure signal have nearly the same magnitude indicating that the data obtained

were beam related with low background impact.

A typical time-of-flight spectrum of prompt neutrons created in the photofis-

sion process of 238U is presented in Fig. 2.28.

Fig. 2.28. Typical time of flight spectrum of neutrons created in the 238U photofis-
sion reaction. The black curve on the left and right plots is the cumulative yield
including signal+background. The blue curve on the left plot is the background
measured with no target in place. The red curve on the right plot is the target
related yield of photons and neutrons with the background subtracted.

The relative effect of the target and the background can be seen. The blue

curve on the left side of the figure is the signal obtained with the empty target.

The black curve is the data obtained with the DU target placed on the beam. As

in the case with D2O target, the signal+background and pure signal have almost

the same magnitude and the shape in the neutron area.

After collecting raw data, the data analysis was performed. In order to extract

the information on the two neutron opening angle between neutrons created in

photofission of 238U, the time-of-flight spectra of prompt neutrons were used.
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A program based on C++ coding was written to allow one to make four-fold

coincidences. First, the coincidences were found between two PMTs of each

neutron detector. As can be seen in Fig. 2.29 the time-of-flight spectrum obtained

by two PMTs of one detector can be transformed to give the information on the

time-of-flight spectrum of neutrons that were detected by the two PMTs at the

same time. In order to get the TOF spectrum of neutrons in coincidence mode

it was necessary to add neutron TOF spectra from the two PMTs:

TOF two−fold
n = TOF (PMTA) + TOF (PMTB). (2.25)

If either time-of-flight TOF (PMTA) is equal to zero, i.e., missing in the time-

of-flight of the single PMT, for a given TOF (PMTB) or the other way around

around it means that:

TOF (PMTA) + TOF (PMTB) = TOF (PMTA), (2.26)

for example. When there is a signal in both PMTs, the time-of-flight will increase

and it is possible to observe the time-of-flight of neutrons in two-fold coincidence

mode (see Fig. 2.29).
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Fig. 2.29. An example of composite TOF spectrum obtained during the experi-
ment by summing up the TOF spectra of two PMTs attached to detector H.

In the same way, by adding the TOF’s obtained from two different PMTs

looking at the same scintillator, the neutron signal coincidences were found for

the second neutron detector. Finally, the four fold coincidences were found for

two separate neutron detectors using offline data analysis.

Using the software written and the data obtained from same pulse data and

different pulse data (see Sec. 2.3) it was possible to find the normalized ratio of

correlated events over uncorrelated events.
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Fig. 2.30. Net yield of the correlated events as a function of the opening angle.
The ratio of the two yields in the opening angle range [0,10] degrees and [80,90]
degrees is R(90/10) = 0.3± 0.1.

By subtracting the totally uncorrelated events distribution from the corre-

lated events distribution and taking a ratio of the difference over the totally

uncorrelated events distribution, it was possible to obtain the relative yield of

the correlated neutrons per pulse.
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Fig. 2.31. The ratio of the correlated neutron pair yield to the yield of the
uncorrelated neutrons. The fitting curve represents one of the possible data
trends and should be used as a guide to the eye.

These two distributions of the two neutron opening angle obtained in the case

of the photofission process of 238U (see Figs. 2.30 and 2.31) can be qualitatively

compared to the modelled distribution of the two neutron opening angle based

on the data obtained for the case of neutron fission (see Fig. 2.12). Comparing

the main trend of the data presented in these figures, a similar dependence of the

higher yield of two neutron events with small values of opening angles (around 0

degrees) and opening angles with large values (around 180 degrees) with respect

to the yield of the two neutron detection events with the intermediate values of

opening angles (around 90 degrees) can be seen. According to both the experi-

mental data discussed above and the simple model developed in this paper which

is based on the data from [22] it can be said that in the process of fission with

either neutrons or photons there are preferable configurations in the fissioning

system. When two neutrons are emitted by one fission fragment and directed
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along the initial momentum of the fragment, small opening angles are favored

[see Fig. 2.32(a)].

Fig. 2.32. Schematic representation of correlation of prompt neutrons momenta
(~p(n1), ~p(n2)) with momenta of fission fragments (~P1, ~P2).

Larger neutron opening angles are favored when fission fragments, propa-

gating back-to-back, emit one neutron per fragment with the momentum di-

rection along the initial momentum of the corresponding fission fragment [see

Fig. 2.32(b)]. The later kinematics were not probed in these measurements, but

will be the subject of future work. The cases when either two neutrons are emit-

ted by one fission fragment with the opening angle close to 90 degrees or each

fragment emits one prompt neutron which creates a neutron pair with the open-

ing angle close to 90 degrees are less likely to occur. To prove experimentally the

assumptions concerning the yield of opening angles beyond 90 degrees, the ex-

perimental setup needs to be modified. The fission model can also be improved.

To mention a few main changes, the model can include more precise dependence

of neutron multiplicity on the fission fragment mass and prompt neutron energy.

Emission of the prompt neutrons can be considered from pre-scission, scission and
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post-scission configurations to investigate the influence of the fission dynamics on

the angular distribution of the prompt neutrons.

The yield of n-n coincidences at a small opening angle could be increased

due to the effect of cross talk between the neighbouring detectors. In this case a

signal in the detectors is produced by a single neutron scattered from the active

area of one detector to the active area of the neighbouring detector.

The effect of the cross talk in this experiment should not affect the experi-

mental data presented in Figs. 2.30 and 2.31 due to the following reasons. First,

the neutron scattering on the proton at the angle of 90 degrees is kinematically

suppressed according to [38]:

E ′n = En cos θL, (2.27)

where E ′n is the energy of the scattered neutron, En is the energy of the incident

neutron, and θL is the neutron scattering angle in the laboratory frame. The

neutron scattering at 90 degrees could affect the n-n coincidence yield for the

neighbouring detectors close to the target where the neutrons hit the detectors

almost normally to the surface. The scattering on the 12C which is another

component of BC-420 material would not produce a detectable signal due to the

kinematics of this interaction. For the detectors placed far from the target, the

θL differs from 90 degrees such that the neutron could scatter in the direction

of the neighbouring detector. However, the simulation of the shielding between

the detectors consisted of 4′′ lead− 4′′ borated polyethylene− 4′′ lead showed no

transparency for the neutrons with the fission neutron energy spectrum.
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Chapter 3

Apparatus

3.1 Data acquisition system

A data acquisition system based on NIM/VME standard equipment was used to

process the information obtained in both experiments on the polarized photofis-

sion and the two neutron correlation experiment. The data acquisition system

was kindly provided and serviced by [39]. A schematic representation of the DAQ

is shown in Fig. 3.1.
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Fig. 3.1. DAQ in ”common stop” mode.

Analog signals produced by incident particles in the detectors’ PMTs were

supplied to an octal constant fraction discriminator ORTEC CF8000 with the

thresholds set to the lowest possible values. The logical output signals were

negative, 20 ns wide fast NIM-standard pulses, which were sent to a NIM-to-ECL

level translator. The level translator was connected to a thirty two channel V775

CAEN multi-channel TDC with a ribbon cable. In the case of the experiment with
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polarized photofission, the V775 CAEN multi-channel TDC was operated in the

common start mode with the timing delays adjusted by two digital delay/pulse

generators DG535 with settings described in Appendix A.2. For the two neutron

correlation experiment, the V775 CAEN multi-channel TDC was operated in

the common stop mode and triggered on a delayed accelerator gun pulse. A

VME crate was connected to the computer with CODA software writing the data

stream to a hard drive. The neutron time-of-flight was measured with respect to

a reference time that was defined in the experiment by the time when photons hit

the neutron detector. The relative position of the time-of-flight spectrum on the

TDC scale depended on the relative time difference between the detector signals

produced by neutrons/photons and periodic common start/stop signal.

It was important to understand the timing behaviour of the gun pulse with

respect to the DAQ start trigger signal. The jitter of the gun pulse with respect to

the signal created in a plastic scintillator named ”Ilyusha” and placed in the beam

was about 6.7 ns and is shown in Fig. 3.2 (right panel). This finite distribution

width can be considered as an additional source of the uncertainty in the neutron

energy spectrum together with the width of the photon peak in the neutron

time-of-flight spectrum and detector resolution uncertainty.
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Fig. 3.2. Gun pulse jitter.

The timing correlation of the DAQ start signal taken to be the gun pulse and

the positron signal obtained with the relative photon flux monitor is pictured in

Fig. 3.2 (left panel).

3.2 Neutron detector design

A schematic design of the neutron detectors for the experiment to measure two

neutron correlations in photofission is shown in Fig. 3.3. The need to obtain

information on the neutron position as it hits the detector required relatively large

active volume which was made to be 75× 14.8× 3.8 cm3. Two light guides were

glued with optical glue to both ends of the scintillator to increase the efficiency

and uniformity of the light collection. The dimensions of the light guide were

12.5 × 14.8 × 3.8 cm3. Then the assembly was wrapped with light reflective

material (Tyvek) and made light tight leaving openings for the PMTs which were

attached to each light guide with the help of optical couplant (optical cookies).

In order to provide mechanical stiffness and good optical contact, holders were

designed to support photomultiplier tubes and create some pressure on the PMTs
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against the optical cookie (see Fig. 3.3).

Fig. 3.3. Neutron detector sketch.

For the experiment using the polarized photon beam to initiate photofission,

nine detectors were used, each having active volume of 5 × 7.3 × 7.3 cm3. The

plastic scintillator BC-420 was viewed via a Photonis XP2262/B photomultiplier

tube. The photomultiplier was attached to the scintillator with the help of an

optical cookie used as an optical couplant. The scintillator was polished and

wrapped in aluminium foil to reflect the light produced during the interaction

of the neutrons with the scintillation material and improve the efficiency of the

light collection. A schematic view of the detector assembly is shown in Fig. 3.4.
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Fig. 3.4. Neutron detector design sketch.

The mechanism of neutron detection is the same as described in Sec. 2.4.1.

3.3 Photon flux monitoring

In order to monitor the relative photon flux during the experiment, a separate

technique was used that allowed us to measure the relative number of positrons

produced by the incident photons. Permanent magnets placed parallel to each

other creating a vertical B-field were used to form the spectrometer analysing

magnet. The air gap between the sweep magnet placed inside the experimental

hall and pair spectrometer magnet was used as a pair converter. The effect of

deflection of a charged particle in a magnetic field was applied to deflect positrons

with the analysing magnet, and send them toward the positron detectors.

The positron detector consisted of BC-420 plastic scintillator attached to a

light guide which was in turn attached to a photomultiplier tube. Additional lead

shielding was placed around the positron detector to provide the irradiation of

the active area only.

As an example, the data on the relative photon flux obtained with the photon
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flux monitor is presented in Fig. 3.5. Observing the relative change in positron

count rate, it is possible to find the relative change of the photon flux and adjust

the electron current of the accelerator respectively.

Fig. 3.5. An example of the data obtained via the photon flux monitor for run
4204 that was 90 minutes long.

It should be noted that the e−−e+ pair production reaction has a threshold on

the photon energy of about 1.02 MeV. Hence, the pair spectrometer is insensitive

to the photon flux change in the case the photon energies are below the threshold

value.
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Chapter 4

Photofission with polarized

photons

4.1 Investigation of photofission with polarized

photons

It has been experimentally observed that if the fission of a nucleus is caused by

high energy unpolarized photons, then the angular distribution of fission frag-

ments is anisotropic. In particular, the number of fission fragments detected 90

degrees to the photon beam was larger than the number of fission fragments de-

tected in either forward or backward directions. Quantitative measurements of

the fission fragment angular distribution were made in 1956 [40]. It was found

that the experimental angular distribution of fission fragments can be fit by the

following curve:

W (θ) = a+ b sin2(θ), (4.1)
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where θ is the angle between the fission fragment and the photon beam, and the

b/a ratio depends on the photon beam energy, the target material, and the type

of fission fragments being observed.

The general expression for the fission fragment angular distribution function

has the following form (L = J ≤ 2) in the case of an unpolarized photon beam

[1, p. 111]:

W J
M=±1,K(θ) = A0 + A2 · P2(cos θ) + A4 · P4(cos θ). (4.2)

In the case of a linearly polarized photon beam, the angular distribution function

depends on both polar (θ) and azimuthal (φ) angles. Here one should make a

transformation:

Pν(cos θ)→ Pν(cos θ) + ωL · Pγ · fν(L,L) · cos 2φ · P 2
ν (cos θ), (4.3)

where P 2
ν are the associated Legendre polynomials, fν(L,L) are coupling coeffi-

cients, ωL = +1(−1) for electric (magnetic) transitions and Pγ is the degree of

linear polarization of the photon beam. After making the previous transforma-

tion, one will get the angular distribution function which depends on θ and φ

angles:

W J
M=±1,K(θ, φ) = a+ b · sin2 θ + c · sin2(2θ)+

+ ωL · Pγ · cos 2φ · (d · sin2 θ − 4c · sin4 θ).

(4.4)

The main aim of this portion of the thesis is to obtain the experimental angular

distribution of prompt neutrons emitted in the process of photofission generated

by linearly polarized photons for various target materials, and relate that angular
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distribution with the known angular distribution of the fission fragments. If

the angular asymmetry of prompt neutrons is reflected in the one for fission

fragments, it will be possible to say that the process of fission happened without

direct detection of fission fragments.

4.2 Review of past work on photofission with

polarized photons

4.2.1 Data on the photofission with unpolarized photons

The first observation of the asymmetry of fission fragments was quantitatively

described by E. J. Winhold and I. Halpern [40]. They measured the angular

distribution of fission fragments produced by unpolarized photons and found the

dependence described by Eq. (4.1).

Fig. 4.1. Asymmetry of fission fragment emission. End point energy is 16 MeV.
Figure was taken from [40].
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It was observed that more fission fragments were emitted at 90 degrees with

respect to the beam direction (see Fig. 4.1). Neutrons, protons, and α-particles

used to induce fission created the same effect of asymmetry of angular distribution

of fission fragments. 232Th was used as a target and fission fragments emitted from

the target were detected by a plastic catcher. Then the angular distribution of the

fission fragments was determined by the measurement of β-activity distribution in

the plastic. An anisotropic angular distribution was also induced by photons with

energies within about 3 MeV of the fission threshold and the photons with energies

in the giant dipole resonance region produced an isotropic angular distribution

of the fission fragments. The authors investigated the angular distribution of the

fission fragments in the photofission process for different target materials and

found that (a) the asymmetry was observed for certain fissionable targets, (b) to

produce the anisotropy, the energy of the photons should be within a couple of

MeV of threshold, (c) the targets that generate anisotropic fission have different

fission cross sections than the ones which do not generate anisotropic fission, (d)

the mass ratio and the anisotropy of the observed fission fragments are correlated.

These findings can be explained in the following way [40]. According to Bohr’s

considerations, a collective rotation of a nucleus defines the orbital motion of the

fission fragments. In the case of photofission of even-even nuclei (232Th, 238U)

there is an absorption of dipole photons and the nuclei pass through the 1− col-

lective state where the nuclear symmetry axis is perpendicular to the vector of

angular momentum. The fission fragments are preferentially emitted perpendic-

ularly to the vector of angular momentum/photon beam axis because the nucleus

rotates perpendicularly to the angular momentum in the state described. The

excitation energy of even-even nuclei should be near the ”threshold” to be able
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to observe the fission fragment emission angular asymmetry. If the excitation

energy is above the ”threshold” by a couple of MeV there will be many different

1− states available at the saddle point and as a consequence the symmetry axis of

a nucleus loses preferred orientation with respect to the nuclear angular momen-

tum, so the angular distribution of fission fragments becomes isotropic. In the

case of odd-A nuclei (235U) they have a large spin in their ground states. A dipole

absorption will orient the nuclear angular momentum isotropically with respect

to the photon beam axis such that the angular distribution of fission fragments

is isotropic. Also, since the concentration of the energy levels around the saddle

point for odd-A nuclei is expected to be larger than in the case of even-A nuclei,

the spin of odd-A nuclei is carried away by single nucleons rather than being

converted into collective oscillations.

In Ref. [41], the authors investigated the dependence of the angular distribu-

tion of fission fragments versus the end point energy of bremsstrahlung radiation

that was obtained in the photofission process of 238U nuclei via unpolarized pho-

tons. The photon beam was produced in the process of bremsstrahlung radiation

with an end point energy ∼5.5 MeV. The results of the measurement are pre-

sented in Fig. 4.2 below.

The authors noticed an increase in the contribution of the isotropic component

of the angular distribution function with a decrease of the end point energy. The

angular distribution of the fission fragments is dominated by the quadrupole com-

ponent, hence, in all the processes that occur at low energies of bremsstrahlung

photons the main role is defined by the 2+ states of the 238U nucleus. The main

conclusion of [41] was that the isotropy in the fission fragment angular distribu-

tion showed that the fission of 238U happens from the ground state located in the
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Fig. 4.2. The yield and angular distribution of fission fragments as a function of
the bremsstrahlung end-point energy. Picture was taken from [41].

second well of the potential barrier.

As a further investigation of photofission of 238U, Ref. [42] can be considered.

The authors investigated photofission of 238U via monochromatic unpolarized γ-

rays in the energy range 11-16 MeV. In order to provide monochromatic γ-rays

they used the tagged photon technique. They observed the angular distribution

of the fission fragments pictured in Fig. 4.3.

The solid line here represents a least-squares fit of the experimental data and

can be described by:

W (θ) = a+ b · sin2 θ + c · sin2 2θ. (4.5)
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Fig. 4.3. The fragment angular distribution for true coincidences. Eγ =
11.3 MeV. Picture was taken from [42].

The authors claim that this function can be used to describe the angular distri-

bution of photofission fragments in the case of dipole and quadrupole excitation.

They have not observed quadrupole contributions and the coefficient c in the fits

was always zero.

It was also observed that the angular correlation coefficient b deduced from

the angular correlations as a function of the photon energy in the region of the

threshold for the second chance fission was equal to zero except for the two values

of photon energy 11.3 and 12.6 MeV (see Fig. 4.4).

The authors claim that it was the first time that large anisotropies were

observed at such high energy of the photon beam. They qualitatively explained

that the anisotropies are due to ”near-barrier fission of the residual compound

nucleus after neutron emission, 237U”. Also it was found that there is a profound

anisotropy for different mass regions in the fission fragment mass distribution

spectrum (see Fig. 4.5).
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Fig. 4.4. The angular correlation coefficient b as a function of photon energy.
Picture was taken from [42].

Fig. 4.5. The fragment angular distribution in the (γ, f) reaction at Eγ =
12.13 MeV for a ”far-asymmetric” mass split region. Picture was taken from
[42].

85



4.2.2 Data on the photofission with linearly polarized pho-

tons

Implementation of a polarized photon beam can improve our understanding of

the physics of the photofission process. The first experimental results on the

photofission of 232Th via polarized photons with Pγ = 0.3 and Eγ = 10 MeV were

presented in Ref. [43]. The theoretical dependence of the angular distribution

functions versus θ-angle for dipole and quadrupole excitations was calculated

using the following expression:

W (θ, φ) = a+ b · sin2 θ + c · sin2 2θ+

+ ω · Pγ · cos 2φ · (d · sin2 θ − 4c · sin4 θ)

(4.6)

and the results are presented in Fig. 4.6 below. The values of the coefficients a,

b, c, and d were determined.

Fig. 4.6. The fragment angular distribution in the (γ, f) reaction for an even-even
nucleus using linearly polarized photons. Left: electric quadrupole excitation,
right: electric dipole excitation. Full lines represent angular distribution for
unpolarized photons. Dashed lines: polarized photons using, φ = 90◦. Dashed-
dotted lines: polarized photons using, φ = 0◦. Picture was taken from [1].
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Experimental measurements of the angular distribution for fission fragments

created by linearly polarized photons are provided below for a 232Th target (see

Fig. 4.7). It can be seen that the electric dipole excitations occur predominantly.

Fig. 4.7. The angular distribution asymmetry for fission fragments created by
linearly polarized photons. Picture was taken from [43].

In Ref. [44] the authors found optimal energies of the linearly polarized

photons to observe asymmetries in angular distribution of fission fragments for

234,236,238U and 238,240,242Pu isotopes. Also they calculated the asymmetry coef-

ficients of the fragments’ angular distributions. The asymmetry function of the

fission fragments with respect to the photon beam line was defined as:
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W (θ, φ) =
dσγ,f (θ, φ)/dΩ

dσγ,f (π/2, π/4)/dΩ
, (4.7)

where

dσγ,f (θ, φ)

dΩ
= a0 + b0 sin2 θ + c0 sin2(2θ) + Pγ cos 2φ(d0 sin2 θ − 4c0 sin4 θ). (4.8)

The actual asymmetry coefficients used in the paper were linear combinations

a = a0
a0+b0

, b = b0
a0+b0

, c = c0
a0+b0

, and d = d0
a0+b0

. The coefficient d was calculated

using experimental values of the coefficient a, b and c obtained for fission of

234,236,238U and 238,240,242Pu isotopes via unpolarized photons with Eγ = 4 − 10

MeV and the asymmetry Σ(θ = π/2) = − b/a
b/a+1

for the fission process caused

by linearly polarized photons with Eγ = 10 − 26 MeV. After investigation of

the energy dependence of b/a, d/b, and d/4c (see Fig. 4.8 as an example) it was

Fig. 4.8. Dependence of the ratio d/b of the fragments’ angular distribution
asymmetry coefficients for fission by linearly polarized photons on the photon
energy. Picture was taken from [44].

found that the polarization term increases its contribution to W (θ, φ) with an
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increase of photon energy starting from 4 MeV, and reaches its maximum value

at the optimal energies for observation of polarization effects: (a) 5.25-6.0 MeV

for 238Pu, (b) 5.0-5.5 MeV for 238U, (c) 5.6-6.2 MeV for 234U, (d) 4.3-6.0 MeV for

236U . In the range of photon energies optimal for observation of the polarization

part in the photofission asymmetry W (θ, φ), the maximum value of the deviation

of W (θ,φ)−W (θ)
W (θ)

·100% is equal to 70-100% for the polarization Pγ = 1 and decreases

to 20-30% for the polarization Pγ = 0.3. The contribution of the polarization term

to the fission fragments’ angular distribution asymmetry decreases with photon

beam energy increase and at Eγ ≥ 15 MeV the quadrupole channel’s contribution

vanishes (coefficient c ≈ 0). Thus the angular distribution of fission fragments for

linearly polarized photons becomes close to isotropic (b/a � 1) and coefficients

d and b become equal. For example, for the case 238U at Eγ = 26 MeV the ratio

b/a = 0.06.

More recent experiments determined the fission fragment angular distribution

and prompt neutron angular asymmetry in the photofission reaction on different

heavy actinide targets irradiated with nearly monoenergetic 100% linearly polar-

ized photons [45, 46]. The photon beam in these experiments was produced by

scattering of electrons on laser photons using the high γ-ray source HiγS facility

at Triangle Universities Nuclear Laboratory [13]. In the experiment described in

[46] fissionable targets such as 232Th and 238U were used to observe the angular

distribution of fission fragments after photofission. Large angular asymmetries of

the prompt neutrons emitted by fission fragments were detected using an array

of detectors based on paired liquid scintillators and photomultipliers placed at

different polar (θ) and azimuthal (φ) angles. The neutron emission asymmetry
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was calculated as:

Σ(θ) =
W (θ, φ = 0)−W (θ, φ = π/2)

W (θ, φ = 0) +W (θ, φ = π/2)
,

where W (θ, φ) is the function that describes the angular distribution of fission

fragments created in the photofission reaction. Neglecting quadrupole fission

channels the asymmetry function was represented as:

Σ(θ) =
b
a

sin2(θ) + c
a

sin2(2θ)

1 + b
a

sin2(θ) + c
a

sin2(2θ)
,

where a, b, and c are the coefficients of the W (θ, φ) function [46]. By fitting the

experimental angular distributions it was possible to extract information on the fit

parameters b/a and c/a where the coefficient a was set to a = 1−b for the proper

normalization. It was obtained that b = 0.433 ± 0.011statistical ± 0.006systematic

and c = −0.012± 0.017statistical ± 0.009systematic.

In Ref. [45] the author used the photofission of 233,235,238U, 237Np, and 239,240Pu.

The photon beam in these experiments was also produced by scattering electrons

on a free electron laser beam using the HiγS facility. The angular distribution of

the fission fragments created in the process of photofission with nearly monochro-

matic photons with polarization close to 100% was measured using a scattering

chamber with microstrip detectors as detecting elements. The authors of [45]

provided information on the correlation of the angular distribution function coef-

ficient bf for fission fragments created in the photofission with polarized photons

and the coefficient bn obtained from the analysis of the angular distributions of

prompt neutrons in the photofission process (see Fig. 4.9). It can be seen that the

angular distribution of the prompt fission neutrons is correlated with the angular

distribution of fission fragments.

In the paper [13] it was found that the angular distribution of prompt neu-

trons produced during the photofission is anisotropic. However, the anisotropy
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Fig. 4.9. Correlation of the parameters bn and bf describing prompt fission
neutrons and fission fragments angular asymmetries. Solid line represents the
result of a simple kinematical model. Picture was taken from [45].

of the prompt neutrons was substantially lower than the anisotropy in angular

distribution of fission fragments.

4.3 Experimental methods

4.3.1 Polarized gamma beam

Bremsstrahlung kinematics

In the current research work, we produced polarized photons using the effect

of partial polarization of off-axis photons created by electron scattering in the

nuclear Coulomb field. This effect is called electron bremsstrahlung [47].

Let us consider the process of bremsstrahlung photon emission closer. In the
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elementary process of bremsstrahlung, energy conservation gives the following

expression for the momentum given to a nucleus by the incident electron:

~q = ~p1 − ~p2 − ~k, (4.9)

where ~p1 is the momentum of the incident electron, ~p2 is the momentum of the

scattered electron, and ~k is the momentum of the bremsstrahlung photon. Here

we are talking about elastic bremsstrahlung, where the target nucleus is in the

ground state before and after the electron scattering.

According to [47, p. 27] the recoil energy of the target nucleus Erecoil ≈

(~q)2/(2M) can be omitted in the consideration if the incident electron energy is

E0 � 1
2
Mc2 ≈ 469 A MeV. In this case we have the following relation of energies

of the particles involved in the bremsstrahlung process:

hν = E0 − Ee, (4.10)

where hν is the energy of the emitted photon. In the experiment we used E0 =

25 MeV electrons incident on a 1 mil (25 µm) aluminium radiator (A = 27).

Hence 25 (MeV) � 469 · 27 (MeV) = 12663 MeV and we can neglect the recoil

energy of the target nucleus.

Angular and energy distribution of bremsstrahlung radiation

The energy spectrum of bremsstrahlung radiation produced by 25 MeV electrons

is presented in Fig. 4.10 and has a shape of a Bethe-Heitler spectrum.
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Fig. 4.10. Bremsstrahlung spectrum produced by 25 MeV electrons.

The angular distribution of the bremsstrahlung photons in the elementary

bremsstrahlung event shows a maximum at a specific polar angle measured with

respect to the direction of the incident electrons [47, p. 97]. The expression for the

angular distribution of bremsstrahlung radiation can be obtained by parametriz-

ing the experimental data as:

dN

dθ
=

Eθ
µ

[1 + (Eθ
µ

)2]2
, (4.11)

where E is the energy of the incident electrons, µ = mc2 = 0.511 MeV is the rest

energy of the electron, and θ is the angle of observation of the bremsstrahlung ra-

diation [48, 49]. It can be seen that the angular distribution of the bremsstrahlung

radiation is anisotropic. The distribution of bremsstrahlung photons dN/dθ as a

function of the observation angle θ is presented below in Fig. 4.11.
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Fig. 4.11. dN
dθ

distribution as a function of the observation angle θ sampled for
the case µ/E = 0.02044.

Bremsstrahlung Cross Section

The bremsstrahlung cross section summed over the polarization of the outgoing

photons, can be found using the Dirac theory of the electron [50, p. 1026] and can

be described by the Bethe-Heitler formula obtained in the Born approximation

[47, p. 44]:

d3σB
dΩkdΩp2dk

=
αZ2r2

0

π2

p2

kp1q4

{
4ε22 − q2

D2
1

(~p1 × ~k)2 +
4ε21 − q2

D2
1

(~p2 × ~k)2

− 2
4ε1ε2 − q2

D1D2

(~p1 × ~k) · (~p2 × ~k) +
2k2

D1D2

(~q × ~k)2

} , (4.12)

where k is the energy of the emitted photon, α is fine structure constant, Z

is the atomic number of the target element, r0 is classical electron radius, ~q is

the recoil momentum of the target nucleus, ~p1 is the momentum of the incident

electron, ~p2 is the momentum of the scattered electron, ε1 is the total energy of
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the incident electron, ε2 is the total energy of the scattered electron, dΩp2 is the

element of solid angle in the direction of the momentum of the scattered electron

~p2, and dΩk is the element of solid angle in the direction of the momentum of

the emitted photon ~k. Coefficients D1 and D2 are defined in the following way:

D1 = 2(ε1k− ~p1 ·~k), D2 = 2(ε2k− ~p2 ·~k) with the same meaning of the parameters

as defined above.

According to [51, p. 334], the differential cross section for the bremsstrahlung

process where a polarized photon is emitted with momentum ~K and polarization

direction ε̂ into a solid angle dΩK can be described by the following equation:

d3σ

dΩdΩKdK
=
αZ2r2

0

(2π)2

[
1− F (q)

q2

]2

P2

P1

1

K

×

{
4

[
E1

∆2

( ~P2 · ε̂)−
E2

∆1

( ~P1 · ε̂)

]2

− q2

[
1

∆2

( ~P2 · ε̂)−
1

∆1

( ~P1 · ε̂)

]2

+K2

[
2 +

q2

∆1∆2

− ∆1

∆2

− ∆2

∆1

]}
,

(4.13)

where ~P1 is the initial momentum of the incident electron, ~P2 is the final mo-

mentum of the scattered electron, E2
1,2 = 1 + P 2

1,2, ∆1,2 = E1,2 − P1,2 cos(θ1,2),

~P1,2 · ~K = P1,2K cos(θ1,2), ~q is the momentum transferred to the nucleus of the

target material defined as ~q = ~P1 − ~P2 − ~K. The effect of the screening of the

atomic nucleus can be taken into account by calculating the atomic form factor

F (q).

Generally the polarization degree of bremsstrahlung photons produced in a

real experiment and observed via the angular distribution of products of the

analyzing reaction is limited by the finite angular dimensions of the target since
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there is an angular dependence of the bremsstrahlung polarization, and by the

energy dependence of the reaction under study since not all the photon energy

can be used to generate a specific analyzing reaction. These properties of the

bremsstrahlung behaviour will be described in the next section.

Polarization Calculation

In the bremsstrahlung process, the emitted photons can have linear and circular

polarization. These properties can be revealed in experiments with variable pro-

duction conditions [52]. In this paper only the linear polarization is considered.

For electrons with non-relativistic energies, the bremsstrahlung linear polar-

ization is closely related to the electron orbital angular momentum [52]. In the

case of bremsstrahlung with low energy, the radiation consists predominantly

of electric dipole radiation with the electric field vector parallel to the emission

plane. A high energy bremsstrahlung radiation source can be described as an

electric dipole oscillating parallel to the momentum of the incident electron and,

thus, with electric field vector perpendicular to the emission plane. The low

energy bremsstrahlung (low frequency photons with k ∼ 0) emission would cor-

respond to the radiation source oscillating perpendicular to the momentum of

the incident electron. These conditions can be visualised as shown in Fig. 4.12.

The photons with low energies will be predominantly polarized perpendicular

to the emission plane, and high energy photons will be predominantly polarized

parallel to the emission plane [47].

For electrons with relativistic energies (Ee >5 keV), the bremsstrahlung lin-

ear polarization is affected not only by the orbital angular momentum of the

incident electron but also by the electron spin angular momentum. The effects

of interference of spin and orbital currents play an important role in the process
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Fig. 4.12. Orientation of the dipole axis in the case of high frequency radi-
arion (part (a)) and low frequency radiation (part (b)). P0 is the momentum
of the incident electron and Pe is the final momentum of the electron after the
bremsstrahlung interaction. Picture was taken from [47].

of production of high frequency radiation. This interference is the reason for the

decrease of the polarization parallel to the emission plane [52].

In this part of thesis, the approach on the definition of the average linear po-

larization of bremsstrahlung photons produced by 25 MeV unpolarized electrons

incident on an Al bremsstrahlung converter with arbitrary polarization direction

is described. The final polarization spectrum of the photon beam is weighted by

the collimator angular resolution, by the angular distribution of bremsstrahlung

photons, and by the yield of the bremsstrahlung photons. In order to understand

the polarization of the real beam of the bremsstrahlung photons, it is necessary

first to understand how the polarization depends on the photon emission angle

and the energy of photons. For this purpose the results from several papers were

utilized.

The authors of [53] used spin formalism to calculate the absolute square of

the bremsstrahlung matrix elements. For high energy bremsstrahlung, i.e., the

process where angular momenta l >> 1 are significant, they used the Sommerfeld-

Maue type of wave function to describe the electrons:
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ψ± = ei~p·~r(1− i~α · ∇
2ε

)uF±, (4.14)

where ~p is the electron momentum, ε is the electron energy, ~α is the Dirac opera-

tor, ~r is the electron coordinate, and u is the spinor of free particle. F± represent

the solution of:

(∇2 + 2i~p · ∇ − 2εV )F = 0, (4.15)

with normalization F (r) → 1 as r → ∞. It is possible to find the solution of F

for both unscreened and screened Coulomb potentials.

Following [53], i.e., calculating bremsstrahlung matrix elements and the dif-

ferential cross section of the bremsstrahlung process, it is possible to find the

bremsstrahlung radiation cross section summed over the polarization directions

([53], Eq. (7.2)):

dσ(~p1, ~k) = 2Z2 e
2

hc
(
e2

mc2
)2dk

k

dζ

ε21
{(ε21 + ε22)(3 + 2Γ)− 2ε21ε

2
2(1 + 4u2ζ2Γ)}. (4.16)

The expression for linear polarization can be written as:

P =
dσ⊥ − dσ‖
dσ⊥ + dσ‖

, (4.17)

where dσ⊥ is the cross section for bremsstrahlung polarized perpendicular to the

emission plane and dσ‖ is the cross section for bremsstrahlung polarized parallel

to the emission plane. Finally the polarization degree of bremsstrahlung radiation

can be found as ([53], Eq. (7.3)):
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P (~p1, ~k,~elinear) =
8ε1ε2u

2ζ2Γ

(ε21 + ε22)(3 + 2Γ)− 2ε21ε
2
2(1 + 4u2ζ2Γ)

, (4.18)

where k is the energy of the photon, ε1,2 energies of the incident/scattered elec-

trons, u = p1θ1, ζ = (1+u2)−1, θ1 = ε−1
1 , function Γ = ln(1/δ)−2−f(Z)+F(δ/ζ)

should be used to take the screening into account, δ = k/(2ε1ε2). The maximum

polarization should appear at a specific angle, me/Ee, of the photon emission

called the critical angle [48, 54].

The algorithm based on the above theoretical considerations to calculate the

polarization as a function of the photon energy was compared to the data which

were calculated by the authors of reference [53]. The result is presented for the

50 MeV electrons incident on a lead converter and the polarization is calculated

as a function of the photon energy at the angle of emission 0.57 degrees (see

Fig. 4.13).

The calculation took into account the Coulomb correction to the Born approx-

imation and the screening of the atomic nucleus. As can be seen from Fig. 4.13,

good agreement between the results of [53] and the reproduction was obtained.

The next step was to observe the polarization as a function of the photon

energy for our experimental conditions: a 0.25 mm thick aluminum converter

and 25 MeV electron beam. The maximum polarization is achieved at the critical

angle which is in our case θc = me/Ee ≈ 1.2◦. Also it should be noted that the

linear polarization decreases with the photon energy. This effect is also shown in

Fig. 4.14.
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Fig. 4.13. The results of the reproduction of the data [53].

Fig. 4.14. Polarization of photons as a function of k/Ee.
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The next step was to observe the polarization as a function of the photon

emission angle for our experimental conditions. In order to obtain this depen-

dence we used Eq. (4.18), where the photon energy was fixed and the emission

angle varied. The results of a calculation of the polarization versus polar emission

angle of the photon is shown in Fig. 4.15 for different photon energies.

Fig. 4.15. Polarization of photons as a function of polar angle for different k/Ee
values.

As can be seen from Fig. 4.15, the critical angle of 1.2 degrees at which the

polarization has a maximum was obtained. This is in agreement with [54].

In order to calculate the average polarization over the hole of the downstream

collimator positioned in the experimental hall (see Fig. 4.25), it is necessary to

take into account the angular distribution of bremsstrahlung photons because the

collimator has a finite acceptance. The dependence of the number of photons at
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a specific angle of emission is presented in Fig. 4.16 and was calculated using:

dN

dθ
=

θ/θc
(1 + (θ/θc)2)2

. (4.19)

The angular distribution of bremsstrahlung photons can also be very well ap-

proximated by the formula:

N(θ) =
1

[1 + ( θ
θc

)2]2
(4.20)

which is “the usual approximation to the angular distribution calculated by

Schiff” [48].

Fig. 4.16. Angular distribution of the bremsstrahlung photons.

It can be seen from Fig. 4.16 that the maximum of the angular distribution

is at an angle lower than the angle of maximum polarization.

102



The next step was to consider the yield of bremsstrahlung photons as a func-

tion of the photon energy. The calculation was performed by [19] using reference

[55] and is presented in Fig. 4.17 together with a fit function. The fit was done

by using the Origin software package. As the procedure did not require a specific

function to fit the electron yield, a polynomial was chosen. The degree of the

polynomial used for fitting provided a reduced R2 value of 0.99.

Fig. 4.17. Bremsstrahlung yield for Z = 13 and Ee = 25 MeV.

Once the shape of the angular distribution of the bremsstrahlung photons

and the shape of the photon yield as a function of the photon energy are known

together with the polarization dependence on the photon emission angle and

the photon energy, it is possible to estimate the polarization distribution over

the collimator hole and, finally, to obtain the spectrum of the values of po-
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larization which is going to be on the target in the experimental hall. In our

case, the upstream collimator was placed at a distance 280 cm away from the

Al bremsstrahlung radiator. The downstream collimator hole had a diameter of

around 4 cm which corresponds to the aperture θc/2 = 0.6◦ with the center of

the hole placed at the critical angle θc ≈ 1.2◦. In this case, the polar angle range

was θ = 1.2◦ ± 0.3◦ (see Fig. 4.16).

Fig. 4.18. Photon polarization versus emission angle after taking into ac-
count corrections due to the collimation, bremsstrahlung angular distribution
and bremsstrahlung yield.

Using Monte-Carlo techniques, the values of photon emission angles and

photon energy values were sampled according to their distributions shown in

Figs. 4.16 and 4.17. Additional cuts were applied to the angular distribution

because of the collimator presence, i.e., the possible values of the emission angle

were limited by the collimator acceptance. Also, a lower energy cut of 2.2 MeV
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was applied to the photon energy distribution because the photodisintegration

reaction of deuterium, which was used to analyze the polarization, has a threshold

of 2.2 MeV.

Fig. 4.19. Polarization versus photon energy after taking into account corrections
due to the collimation, bremsstrahlung angular distribution and bremsstrahlung
yield.

By doing the Monte-Carlo procedure, the photons were selected for which the

angle of emission and the energy had allowed values. After the energy and the

emission angle were obtained, the polarization of the photon was calculated. The

reconstructed polarization as a function of the emission angle is shown in Fig. 4.18

and polarization as a function of the photon energy is shown in Fig. 4.19.

Finally, the spectrum of polarization of the incident photons is presented in

Fig. 4.20. It can be concluded that the average polarization is around 39%. The

experimentally measured neutron asymmetry which is proportional to the photon
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Fig. 4.20. The spectrum of polarization shaped by the acceptance of the colli-
mator, bremsstrahlung photon angular distribution, and by the bremsstrahlung
photon energy spectrum. Average polarization is 39%.

beam polarization is shown in Fig. 4.33, and will be discussed in more detail later

in this chapter. The energy of the incident electrons was 25 MeV and the material

of bremsstrahlung converter was Al (Z = 13). The maximum value of the average

degree of polarization was found to be around 30%.

Electron Scattering in the Radiator

The production of linearly polarized photons relies on a correlation between the

direction of the incident electron and that of the emitted photon. For an electron

passing through matter, it is possible to interact with the atoms in the material

in many ways. One of the possible interactions of the electron with matter is

Rutherford scattering [56, p. 19]. If we assume that the scattering material is
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very thin, then the probability for the incident electron to scatter multiple times

is low. In this case the electron undergoes Coulomb scattering from a single

nucleus. The cross section for the electron elastic single scattering from a nucleus

is given by the Rutherford scattering formula [56, p. 23]:

dσ

dθ
=

0.8139 · Z2

E2(MeV)

sin(θ)

sin4(θ/2)
. (4.21)

If the foil is relatively thick, the electron undergoes more than one collision

inside the material of the foil. During the propagation inside the foil, the electron

is deflected from its initial pass by many small angles. The final deflection angle

will be determined by the sum of the individual small angles [56, p. 40] which

are not correlated.

Moliere derived the number of electrons f(θ, t) scattered an angle θ after

they passed a thickness t using standard transport equations and the following

equation [57]:

f(θ, t) =

∫ ∞
0

ηdηJ0(ηθ)e−Nt(
∫∞
0 σ(χ)χdχ(1−J0(ηχ))), (4.22)

where N is the number of scattering atoms per cubic centimeter, J0(ηθ) is a

Bessel function, σ(χ)χ dχ is the differential scattering cross section in the range

of angles dχ. This equation was derived assuming that scattering angles are small

and sin(θ) ≈ θ.

The above results were used to calculate the scattering angle of the electrons

after they pass through the material of a certain thickness. The number of elec-

trons scattered in the angular interval dθ after passing through the thickness t is

given by [57]:
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f(θ)θdθ = λdλ

∫ ∞
0

ydyJ0(λy)exp[
1

4
y2(−b+ ln

1

4
y2)]. (4.23)

We used Geant4 to determine the thickness of bremsstrahlung converter that

is most effective for production of an off-axis polarized photon beam for an en-

ergy of the incident electrons 25 MeV. The electrons impinged on an aluminum

converter of different thicknesses and the polar emission angle θ was detected for

the primary electrons outside the slab. The total number of electrons which hit

the converter was 106 per given thickness. The value of the resulting electron

emission angle θ is the mean value of the total angular distribution of outgoing

electrons.

Table 4.1. Electron emission angle for varying Al converter thicknesses.

Thickness of Al, mil Emission angle, rad
0.1 0.0043± 0.0021
0.25 0.0071± 0.0032
0.5 0.010± 0.005
1.0 0.014± 0.007
2.0 0.02± 0.01
3.0 0.025± 0.011

The average emission angle for primary electrons outside the converter can

be found in Table 4.1.

The critical angle for 25 MeV electrons is θcritical = me/Ee = 0.511/25 =

0.0204 rad. Hence, for twenty-five MeV electrons, we want to use an aluminum

bremsstrahlung converter with thickness less than 2.0 mil (1.0 mil = 25.4 µm) to

obtain θemission < θcritical.
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4.3.2 Experimental setup and development of polarized

photons

Experimental setup for the asymmetry measurement of prompt neu-

trons in the photofission experiment

In order to produce a beam of polarized photons, an electron linear accelerator lo-

cated at the Idaho Accelerator Center was used. The energy of the electron beam

was 25 MeV, the electron pulse was 2 ns wide with a repetition frequency of 180

Hz. For this electron energy, the characteristic angle at which the bremsstrahlung

radiation has a maximum polarization value is mec
2/Ee = 1.17◦ (see the calcula-

tions in Sec. 4.3.1).

The electron beam was directed toward the bremsstrahlung converter made of

a 5 mm×25 mm×25 µm of aluminum strip. The radiator strip was suspended via

two thin wires 25 mm apart to prevent the beam from scraping the material and

reducing the polarization. A weight attached to the suspending wires was used

to stabilize the converter assembly. The radiator could be moved up and down

to match the beam position. A schematic representation of the bremsstrahlung

converter design is shown in Fig. 4.21. The vacuum pipe where the converter was

positioned is hidden for clarity of view.

When the electron beam hit the radiator, the bremsstrahlung radiation was

produced. The yield dN/dθ of bremsstrahlung photons as a function of emission

angle θ is presented by Eq. (4.11).

A round evacuated beam pipe was used to deliver bremsstrahlung photons

produced in the radiator as close as possible to the upstream collimator to reduce

background counting rate due to the interactions of photons with air.

In order to produce polarized photons, the electrons were deflected by 1.17◦
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Fig. 4.21. The design of the bremsstrahlung converter for the production of
polarized photons.

before hitting the radiator by steering coils placed upstream of the radiator

(see Fig. 4.21). The principle of production of polarized photons is presented

in Fig. 4.22.

In the experiment, two collimators were used upstream and downstream. The

upstream collimator was made of iron and placed 280 cm away from the radiator

and had a hole of 2 cm in diameter with the center drilled at a distance 4.13 cm

from the beam center. The downstream collimator was also made of iron and

placed 463 cm away from the radiator. This collimator had a hole of 4 cm in

diameter with the center drilled at a distance 6.8 cm from the beam center. In

order to make the bremsstrahlung emission angle equal to the critical emission
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Fig. 4.22. Production of polarized off-axis photon beam. Picture was taken
from [54].

angle at which the polarization is highest, it was necessary to bend the beam

up/down by 0.84 degrees, which corresponds to the beam spot center moving

up/down by 4.13 cm at the position of the upstream collimator. The kicker mag-

net current was calibrated by placing a phosphorous view screen at the position

of the upstream collimator. It was determined that in order to get the maximum

photon beam polarization for 25 MeV electrons, the value of the current flowing

through the coils should be 90 A, which corresponded to the average on-beam-

axis magnetic field 130 gauss. The power supply for the steering coils was placed

at the accelerator hall and the current was controlled remotely from the counting

room.

After production of the bremsstrahlung radiation, the scattered electrons were

111



swept in the horizontal direction via a permanent magnet placed downstream of

the bremsstrahlung radiator. As a dump material, carbon blocks and lead bricks

were used.

The polarized photon beam was continuous in energy. In order to cut out

the majority of the low-energy photons a one inch aluminium brick was used as

a beam hardener. It was placed in front of the upstream collimator. The effect

of the beam hardener was that it absorbed low energy photons created in the

bremsstrahlung radiator. In order to get the same degree of beam hardening

with less thickness of hardener, a material heavier than aluminum such as copper

should be chosen.

In order to separate polarized bremsstrahlung photons with a known degree

of polarization, two collimators with off-beam axis holes were placed in series

downstream from the beam hardener. The position and geometry of the collima-

tors were chosen to provide the highest possible value of the polarization of the

photon beam for a given electron energy and the angular size of the aperture was

chosen to be 0.5mec
2/Ee. The stability of the photon flux was monitored by a

photon flux monitor which is discussed in Sec. 3.3.

A heavy water D2O target in a plastic cylindrical container was used as a

target. The dimensions of the D2O target were the following: 1.25′′ in diameter

and 6.7′′ in height. Deuteron photodisintegration allowed us to measure neutron

φ-angular asymmetry and define the degree of polarization of the photon beam.

For background measurements we used exactly the same plastic container filled

with H2O.

In the experiment we used nine detectors. The scintillating material, BC-420,

was optically attached to a PMT without use of a light guide. For details on the
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neutron detector design see Sec. 3.2. The data acquisition system used in this

part of the experiment to read-out the signals from the detector and to process

and store the experimental data is described in Sec. 3.1. The detectors were

centered on the target as shown in Fig. 4.23.

Fig. 4.23. Placement of the neutron detectors with respect to the beam line and
collimator.

The azimuthal angular distribution of the prompt neutrons was detected via

these detectors placed at different φ angles and at the angle θ = 90◦ with respect

to the beam direction. A general view of the experimental setup placed in the

accelerator hall is presented in Fig. 4.24, and a general view of the experimental

setup placed in the experimental hall is presented in Fig. 4.25.

Before investigation of the neutron angular distribution from the main 238U

experimental target, the polarization of the photon beam was established by

using the well known reaction kinematics of deuteron photodisintegration. The

data were collected for both polarities of the kicking magnet (beam up/beam
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down). The 238U experimental target had a cylindrical shape with the following

dimensions: 1.2′′ in diameter and 4.7′′ in height. It was placed at the position of

the D2O target after the polarization of the photon beam was established. The

upstream side of the target was moved three centimetres upstream with respect to

the center of the active volume of neutron detectors. We investigated the neutron

angular asymmetry created by linearly polarized photons during irradiation of a

238U fissionable target. The results are discussed later in this paper.

4.4 Polarimeter

4.4.1 Photodisintegration reaction as a polarimeter

In this part of the thesis, the approach used to obtain and analyse the angular

distribution of neutrons emitted by fission fragments will be described. An im-

portant part of the project is the production of a linearly polarized photon beam

and the ability to determine the polarization produced.

In order to be able to measure the degree of the photon beam polarization,

the process of photodisintegration of deuterium was used as an analysing reac-

tion. There are no bound excited states for the deuteron and the only possible

state is the state where neutron and proton are free. The incident polarized pho-

tons may be considered as a polarized electromagnetic waves. The direction of

the electric force acting on the proton is along the direction of the polarization

vector [58] of the polarized electromagnetic wave incident over the deuterium

target. The asymmetry in the neutron angular distribution is caused by a com-

bination of different physical effects of interaction of the incident photons with

the deuteron such as [59] electric interaction, magnetic convection interaction,
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magnetic spin interaction, and magnetic exchange interaction (due to the charge

exchange-nature of nuclear forces). Taking into account these effects, it is possi-

ble to calculate the cross section of photodisintegration as a function of the angle

between the incident photon and outgoing neutron. The cross section for photo-

disintegration for an s-state nucleus with unpolarized photons can be calculated

as:

dσ0

dΩ
(θ, Eγ) = Aγ +Bγ sin2(θ) + Cγ sin2(θ) cos(θ) +Dγ sin2(θ) cos2(θ). (4.24)

The coefficients Aγ, Bγ, Cγ, and Dγ can be found in [60].

The differential cross section for deuterium photodisintegration with linearly

polarized photons can be calculated according to Ref. [61] as a function of the

differential cross section for unpolarized photons and a part that depends on the

photon polarization:

dσ

dΩ
(θ, φ, Eγ) =

dσ0

dΩ
(θ, Eγ)[1 + PγΣ(θ, Eγ) cos(2φ)], (4.25)

where Pγ is the photon polarization and Σ(θ, Eγ) is the asymmetry of the photo-

disintegration reaction. The degree of polarization of the photon beam is given

by Pγ =
N⊥−N‖
N⊥+N‖

, where N‖ is the number of photons whose electric field vec-

tor is parallel to the photon emission plane and N⊥ is the number of photons

whose electric field vector is perpendicular to the photon emission plane. The

asymmetry determined experimentally can be expressed as:

A =
N ′n −Nn

N ′n +Nn

∼ Σ(θ, Eγ)Pγ, (4.26)

where N ′n and Nn are the number of neutrons detected by the experimental
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setup for different directions of deflections of the electron beam. The asymmetry

function can be considered to be Σ(θ, Eγ) ∼ 1 for Eγ ∼ 25 MeV and the ex-

perimentally measured neutron asymmetry is proportional to the photon beam

polarization Pγ.

4.4.2 Deuterium photodisintegration kinematics

Under the interaction of the photon with the deuteron, the deuteron splits into

a proton and a neutron, if the energy of the photon is higher than 2.2 MeV. Also

there is a chance for quasi-free Compton scattering γd → γ′np of the incident

photon by neutron or proton which are bound inside the deuteron [62]. This

reaction can be used to determine the electric polarizability of neutron. The

Feynman diagrams for the Compton scattering are shown in Fig. 4.26. In order

to observe the quasi-free Compton scattering, a higher energy of the incident

photons is needed (hundreds of MeV) than in the case of the photodisintegration

reaction (∼ 2.2 MeV and higher) and will not be discussed further in this paper.
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Fig. 4.26. The quasi-free Compton scattering process on the deuteron pictured
using Feynman diagrams. a) and b) are the Compton scattering amplitudes
calculated in plane wave impulse approximation (PWIA), c) and d) Feynman
diagrams obtained by taking into account final-state interactions (FSI) of the
nucleons, e) and f) Feynman diagrams describing meson exchange corrections
(MEC). The figure was taken from [63].

The kinematics of deuteron photodisintegration is shown below in Fig. 4.27.
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Fig. 4.27. Sketch of the deuteron photodisintegration kinematics.

The total center-of-mass (CM) energy in Lorentz invariant form can be written

as:

Wcm = [m2
γ +m2

d + 2EγEd(1− βγβd cos θdγ)]. (4.27)

The total CMS energy in the laborotory frame can be written as:

Wcm = [m2
d + 2Elab

γ md]
1/2. (4.28)

The total neutron energy in the CMS can be expressed in terms of Lorentz in-
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variant Mandelstam variables as:

Ecm
n =

s+m2
n −m2

p

2
√
s

. (4.29)

Calculating the value of s, it can be obtained that s = W 2
cm. Hence, the total

neutron energy in the CMS can be expressed as:

Ecm
n =

W 2
cm +m2

n −m2
p

2Wcm

. (4.30)

The neutron kinetic energy in the CMS can be found from the expression for the

total neutron energy in the CMS as:

T cmn =
(Wcm −mn)2 −m2

p

2Wcm

. (4.31)

Boosting the neutron kinetic energy into the laboratory frame enables one to find

the relation between the neutron emission angle and its kinetic energy for a given

incident photon energy.

The Lorentz transformation of the total neutron energy in CMS into the

laboratory frame is:

Elab
n = γcm(Ecm

n + vcmp
cm
nz ), (4.32)

where pcmnz =
√

(Ecm
n )2 −m2

n cos θcm. The dependence of the neutron kinetic

energy on the neutron emission angle with respect to the direction of the incident

photon in the laboratory frame is presented in Fig. 4.28.
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Fig. 4.28. Dependence of the neutron kinetic energy on neutron emission angle
in the laboratory frame. The energy of the incident photon is Eγ = 10.5 MeV.

The dependence of the neutron kinetic energy on the incident photon energy

in the laboratory frame is presented in Fig. 4.29.

Fig. 4.29. Neutron kinetic energy versus photon energy in the laboratory frame
for different emission angles θ.
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4.5 Results and discussion

4.5.1 Studies of neutron energy uncertainties using polar-

ized γ -beam

As mentioned above, we carried out an experiment on the measurement of the

neutron emission angular asymmetry due to photodisintegration of deuterium

and the angular asymmetry of prompt neutrons created in the process of 238U

photofission using a beam of a polarized photons.

During this experiment, we measured time-of-flight spectra of neutrons cre-

ated in the deuterium photodisintegration reaction, photofission of depleted ura-

nium and background neutrons. The time separation of the gamma flash peak

and the neutron emission region in the time-of-flight spectra was observed. Data

on the uncertainties in the neutron time-of-flight and neutron flight path in the

case of photofission of the DU target are presented in Table 4.2 together with the

calculated uncertainties on the neutron energy.

Table 4.2. Neutron energy uncertainties obtained in the photofission reac-
tion on 238U.

Detector σ ± δσ, ns tRMS, ns lRMS, cm δE9, % δE1, %
0◦ left 1.75 ± 0.01 1.9 0.75 11 4
22.5◦ left 1.50 ± 0.02 1.8 0.75 10 4
45◦ left 1.66 ± 0.02 1.9 0.75 11 4
67.5◦ left 1.36 ± 0.02 1.5 0.75 9 3
90◦ 1.72 ± 0.01 2.1 0.75 11 4
67.5◦ right 1.33 ± 0.02 1.6 0.75 9 3
45◦ right 1.59 ± 0.04 1.7 0.75 10 4
22.5◦ right 1.61 ± 0.03 1.9 0.75 10 4
0◦ right 2.44 ± 0.02 2.6 0.75 16 6

Data on the uncertainties in the neutron time-of-flight and neutron flight
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path in the case of photodisintegration of deuterium (D2O target) are presented

in Table 4.3 together with the calculated uncertainties on the neutron energy.

Table 4.3. Neutron energy uncertainties obtained in the deuterium photodisinte-
gration reaction.

Detector σ ± δσ, ns tRMS, ns lRMS, cm δE9, % δE1, %
0◦ left 2.81 ± 0.07 3.0 0.75 18 6
22.5◦ left 2.56 ± 0.27 3.1 0.75 17 6
45◦ left 1.82 ± 0.15 2.6 0.75 12 4
67.5◦ left 1.55 ± 0.16 3.7 0.75 10 4
90◦ 2.21 ± 0.12 2.8 0.75 14 5
67.5◦ right 1.82 ± 0.26 2.5 0.75 12 4
45◦ right 3.23 ± 0.37 3.4 0.75 20 7
22.5◦ right 2.63 ± 0.15 3.0 0.75 17 6
0◦ right 1.74 ± 0.04 2.3 0.75 11 4

As a neutron time-of-flight uncertainty we used the value of sigma obtained

from the Gaussian fit of the photon flash in the neutron time-of-flight spectrum.

The value of sigma and its uncertainty are presented in the second column of the

tables. The RMS value of the time distribution obtained for the whole photon

region is presented in the third column. This value reflects the fact that the

photon flash was well localized and corresponded to the declared electron pulse

width of 2 ns. The fourth column represents the uncertainties on the neutron

flight path. These values were obtained from a simulation using Geant4. The last

two columns show the neutron energy uncertainties which were calculated using

Eq. (2.12). The fifth column shows the uncertainty on the neutron energy 9 MeV.

It gives an estimate of the highest expected uncertainty in the neutron energy

spectrum since not many neutrons with energy above 9 MeV were detected (see

Figs. 4.30, 4.31, 4.35, and 4.36). The last column gives the energy uncertainty

on a neutron of energy 1 MeV. The neutrons with energy 1 MeV had the highest

yield.
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4.5.2 Data on the photon beam polarization

The polarization of the photon beam produced was measured with the help of the

photodisintegration of deuterium reaction and compared with the one obtained

with the regular H2O.

Fig. 4.30 shows the energy spectrum of neutrons created during the H2O target

irradiation with the polarized photon beam. The unpolarized electron beam was

bent down by directing DC current, flowing in the coils composing the kicker

magnet which was placed upstream of the bremsstrahlung radiator, in a direction

which produced a magnetic field deflecting the electron beam down with respect

to the undeflected electron beam direction. In this configuration, bremsstrahlung

photons produced in the converter formed a cone with the polarization vector

tangential to the circumference of the cone section and the beam collimating

system passed only that part of the photon cone which had the polarization vector

aligned ∼45 degrees with respect to the horizontal plane. In this orientation, a

neutron detector placed at an angle of 45 degrees with respect to the beam line

should get more photodisintegration neutrons than the other detectors. The

energy spectrum of neutrons created during the D2O target irradiation is shown

in Fig. 4.31. The electron beam was bent down in the same way and with the

same effect on the direction of the polarization vector as explained above for the

case with the H2O target.

The resulting polarization asymmetry obtained with the H2O target is plotted

in Fig. 4.32. As expected, the asymmetry is zero.
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Fig. 4.32. Asymmetry of the neutron angular distribution obtained with H2O
target and polarized photon beam.

In a similar fashion, the photon beam polarization defined with the D2O target

is plotted in Fig. 4.33, where it can be seen that the peak linear polarization of

the photon beam is measured to be about 25%.
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Fig. 4.33. Asymmetry of the neutron angular distribution obtained with D2O
target and polarized photon beam.

The data on the photon beam polarization presented in this section demon-

strates the idea that the reaction of the photodisintegration of deuterium can

be successfully applied to the photon beam polarization analysis. From the de-

pendence of the neutron asymmetry as a function of azimuthal angle obtained

with the D2O target it can be concluded that the neutron yield depended on the

direction of the electron beam bending and, hence, on the direction of the pho-

ton polarization vector. The neutron asymmetry changed its sign depending on

the azimuthal angle because the difference of the neutron yields [see Eq. (4.26)]

detected by a specific neutron detector placed at a specific azimuthal angle also

changed sign. As an example, the neutron detector placed at φ = 45◦ on the left

with respect to the beam (see Fig. 4.23) detected more neutrons for the configu-
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ration when the electron beam was bent upward than when it is bent downward.

The difference Nup − Ndown for the detector under consideration, applying ap-

propriate normalization, had a positive sign. The same difference for the neutron

detector placed at φ = 45◦ on the right with respect to the beam had a negative

sign.

4.5.3 Normalization procedure and neutron asymmetry

calculation

The normalization procedure of the experimental data obtained with D2O and

depleted uranium (DU) targets was performed in order to take into account the

possible instabilities of the photon beam flux. If the photon flux was changing

during the run, then the neutron count rate would be changing correspondingly.

This effect could produce false neutron asymmetries leading to an incorrect de-

termination of the photon beam polarization and angular asymmetries of the

prompt neutrons produced in DU photofission. To eliminate this effect, during

the data analysis we calculated the sum of the neutron counts recorded by the

three neutron detectors placed 0 degree left N0l, 90 degrees bottom N90, and 0

degree right N0r with respect to the photon beam (see Fig. 4.34).
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Fig. 4.34. Sketch of the relative detector placement. Neutron detectors circled
were used for the normalization.

These three detectors were insensitive to the photon polarization direction

because the photon polarization vector was aligned 45 degrees with respect to

the vertical direction such that the number of neutrons detected would be the

same. However, they were sensitive to the relative photon flux variations, if they

occurred during the run. Using the sum of the neutron counts from the three

neutron detectors as a normalization factor, the number of neutrons detected

by a neutron detector sensitive to the polarization direction N i corrected to the

possible photon flux variations can be found as:

N i
norm =

N i

N0l +N90 +N0r

. (4.33)

Also, the errors on the normalized number of neutron counts were calculated

in the following way. The values of the neutrons produced in deuterium photodis-

integration reaction or photofission reaction of the DU target and their statistical
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uncertainties can be represented as:

N i ± δN i = N i ±
√
N i, (4.34)

and

Nnorm ± δNnorm = (N0l +N90 +N0r)±
√
N0l +N90 +N0r. (4.35)

Hence the error on the ratio of these two numbers which is normalized to take

into account the possible photon flux instabilities can be calculated for both

orientations of the electron beam (up or down) as:

δN i
norm =

N i

N0l +N90 +N0r

·
√

1

N i
+

1

N0l +N90 +N0r

. (4.36)

Finally, the asymmetry of the neutron emission was calculated as a ratio of neu-

tron number detected by a specific detector for two positions of the electron beam,

up and down:

Ai =
N i
norm Up ± δN i

norm Up

N i
norm Down ± δN i

norm Down

. (4.37)

The background cancels when the asymmetry of the neutron emission is calcu-

lated since for both beam orientations the background should have comparable

rates.

4.5.4 Results and discussion of the data

Several approaches were followed to extract the information on the prompt neu-

tron angular distribution created in the process of photofission with linearly polar-

ized photons. First, the time-of-flight spectra of neutrons created in the photofis-
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sion reaction of DU were analyzed and the cumulative energy spectra obtained

with each detector in each run were extracted for both orientations of the electron

beam and the bremsstrahlung converter strip (up or down). The energy spectra

of prompt neutrons from the DU target for the electron beam/bremsstrahlung

converter in ”down” configuration is shown in Fig. 4.35. It can be seen that

the most probable value for the energy of prompt neutrons is about 1 MeV.

The effect of the analogue signal discrimination can be observed for the low

energy prompt neutrons. The level of the constant fraction discriminator was

set to 0 mV in all channels which corresponded to ∼10 mV minimum thresh-

old. Similar information on the prompt neutron energy was obtained in the case

of electron beam/bremsstrahlung converter in ”up” configuration presented in

Fig. 4.36. Using the ratios of the integral number of neutrons detected by each

neutron detector placed at a specific angle with respect to the beam line obtained

for different electron beam configurations and applying cuts on the separate re-

gions of the neutron energy spectra, it was possible to investigate the dependence

of the angular asymmetries of the prompt neutron emission as a function of the

neutron energy. This is discussed in the next section.

Running asymmetry

A running asymmetry was calculated by binning the neutron energy spectra

starting with the higher energy part of the spectrum and going to lower energies

in 1 MeV increments, normalizing neutron counts using the technique described

in the previous section, and taking a ratio for the case of two electron beam

orientations. As can be seen in Figs. 4.35 and 4.36, the number of neutrons with

energies in the range from 8 MeV to 7 MeV is relatively small. This makes the

statistical error bars on Fig. 4.37 large for the first bin. We expected to see the
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neutron emission asymmetry mostly in the detectors placed at 45 degrees with

respect to the beam line. The data in the current energy bin did not show the

expected degree of the asymmetry for the ∼25% polarized photon beam.

As the next step, the bin width was increased from 8 MeV to 6 MeV over the

neutron energy spectrum and the relative asymmetry was calculated for each of

the neutron detectors. The new bin content was added to the previous bin content

(8 MeV to 7 MeV) and the corresponding point was plotted (see Fig. 4.37). Due

to the increased number of neutrons in the bin 2 MeV wide, the statistical error

reduced. However, the asymmetry in the neutron angular distribution did not

improve much. Within statistical errors it was close to 1 which means that all

detectors detected the neutrons at the same rates as would be in the case of

unpolarized photons. The increase of the over all bin width was continued to

the point where the whole energy spectrum of prompt neutrons was taken into

account and the asymmetries for each neutron detector were observed to be close

to 1.

Neutron asymmetry with eight energy bins

The test described above did not show the sign of the angular asymmetries of

the prompt fission neutrons and, hence, the other approach was implemented.

The neutron energy spectra were binned in eight channels with 1 MeV width

of each bin. The asymmetry seen by each neutron detector for each energy bin

was calculated and is presented in Fig. 4.38. As can be concluded no definitive

sign of the neutron asymmetry was observed. The neutron asymmetries observed

by the neutron detectors placed at 45 degrees with respect to the beam line

and calculated using different ranges of neutron energy were close to 1 within

statistical error bars.
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Neutron asymmetry with four energy bins

Another attempt in the determination of the angular asymmetry of prompt fission

neutrons was made. The neutron energy spectra were divided in 4 bins with bin

width of 1 MeV. The main reason for the extension of the bin width and reduction

in bin number was to increase the number of neutrons in each bin and, hence,

reduce the uncertainty in the neutron asymmetry. The results on the neutron

asymmetry in the case of the binning in four channels are presented in Fig. 4.39.

It was observed that, as in the case with the running asymmetry data and eight

channel binning data, no definitive asymmetry could be found. The values of the

asymmetries in each energy bin in the case of detectors placed at 45 degrees with

respect to the beam line were found to be close to 1 within statistical error bars.
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Chapter 5

Summary and conclusions

In this work, we explored the effect of photofission of actinides with polarized

and unpolarized photons. The angular distributions of prompt fission neutrons

produced by photons both polarized and unpolarized were investigated using two

different techniques. The first technique allowed us to observe the angular correla-

tions of prompt neutrons produced in the process of photofission with unpolarized

photons. The experiment on the two neutron correlations was performed at the

Idaho State University High Repetition Rate Linear Accelerator. The energy of

the photon beam was continuous with a maximum energy of 10.5 MeV which

was chosen to prevent generation of two neutrons via the direct (γ, 2n) reaction.

The neutron detection system was composed of seven neutron detector paddles

located in a plane at different distances from a target subtending different solid

angles. Using the neutron time-of-flight technique, we obtained information on

the energy distribution of prompt neutrons. It was also possible to retrieve in-

formation on the position of a neutron hit over the surface of a neutron detector

because of the ability to read out the signal from the neutron detector at both

ends. Software written for the two neutron correlation data analysis allowed us

141



to separate true coincidence hits in the neutron time region detected by both

PMT’s of each detector from single hits seen by each PMT separately. The infor-

mation on the distribution of the opening angles of two prompt fission neutrons

detected by two different neutron detectors was extracted by taking a ratio of

normalized correlated events over normalized uncorrelated events. The angular

distribution of the opening angles was compared to the results of an experimen-

tally based model of neutron induced fission which should provide qualitatively

the same kinematic data as in the case of photofission with unpolarized photons.

The experimental data on the two neutron opening angle qualitatively followed

the results of the model with the main conclusion that the two prompt fission

neutrons are most likely emitted either by two separate fission fragments (one

neutron per fragment) or by one fission fragment resulting in greater yield of

small opening angles around zero degrees. In this work, information obtained for

the two neutron opening angle was observed only in the range up to 90 degrees

because of the limitations implied by the detector setup. In order to explore the

opening angles in a wider range, a modification of the detector system should

be proposed. Future experiments probing the large opening angle kinematics are

planned.

Theoretical calculations of the neutron angular asymmetry in the photodis-

integration of the deuteron and the angular asymmetry of the fission fragments

emission have shown that there are θ and φ-asymmetries in the reactions initi-

ated by polarized photons. Also, experimental results obtained by many groups

have shown that there is an angular anisotropy in the neutron emission and fis-

sion fragment angular distribution asymmetry. In the second part of this paper

we proposed the idea of the detection of fissionable materials via investigation
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of angular distribution of prompt neutrons emitted by fission fragments from

fissionable targets irradiated by linearly polarized photons. The results of the

investigation of the deuteron photodisintegration were used in a technique to de-

termine the degree of the photon beam polarization. They showed that there is

an asymmetry in the neutron emission caused by linearly polarized photons. The

value of the neutron asymmetry created in the photodisintegration reaction of

deuterium was found to be around 25%. To estimate the polarization of the pho-

ton beam produced in the experiment, the polarization and angular distribution

of bremsstrahlung photons for the given electron energy was obtained together

with the energy spectrum of the bremsstrahlung photons. By implementing these

distributions in Monte-Carlo calculations and applying the collimator geometry,

it was possible to reconstruct the polarization spectrum of photons which produce

the photodisintegration reaction, and thereby estimate the average polarization

of photons. The neutron angular asymmetry observed in the experiments where

one uses deuterium to determine the beam polarization degree, should be pro-

portional to the value of the average polarization of bremsstrahlung photons.

However, the analysis of the experimental data on the neutron asymmetry ob-

served in the photofission reaction caused by the polarized photons showed no

clear sign of the expected neutron asymmetry. Possible reasons for this could be

the alternative reactions (γ, n) and (γ, 2n) which have the thresholds of 6 MeV

and 11.5 MeV, respectively. Polarized photons with energy of 25 MeV can pro-

duce neutrons in these reactions. These neutrons detected by neutron detectors

together with the prompt neutrons produced in the reaction of photofission (γ, f)

can smear out the asymmetry produced by the prompt neutrons only.

In summary, this work found clear evidence for kinematical correlations be-
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tween fission fragments and prompt neutrons in the opening angle distribution of

two neutrons in the photofission of depleted uranium. On the other hand, under

the experimental conditions of these experiments, the signature for fission frag-

ment − prompt neutron correlations for linearly polarized photons was consistent

with zero.
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Appendices

A.1 Normalization procedure

The combined neutron yield for the same pulse (sp) data set Y sp(θop) can be

represented as a sum of the components:

Y sp(θop) =Y corr
nn (θop) + Y corr

γn (θop) + Y corr
γγ (θop)

+ Y acc
nn (θop) + Y acc

γn (θop) + Y acc
γγ (θop)

= Y SPD(θop) + Y corr
γn (θop) + Y corr

γγ (θop),

(i)

where

Y SPD(θop) = Y corr
nn (θop) + Y acc

nn (θop) + Y acc
γn (θop) + Y acc

γγ (θop). (ii)

The total yield distribution of two uncorrelated events originating from two

different pulses (dp) can be represented in the following way:

Y DPD(θop) = Y uncorr
nn (θop) + Y uncorr

nγ (θop) + Y uncorr
γγ (θop). (iii)

It is possible to extract the uncontaminated n-n correlated distribution as a

function of the opening angle. First, correlated γ-n and γ-γ events need to be

eliminated from Y sp(θop) data. This can be done by applying time cuts over the

neutron time-of-flight spectrum. Then the net yield of correlated n-n can be
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calculated using Eq. (iv):

Y ′(θop) =
Y SPD(θop)− Y DPD(θop)

Y DPD(θop)

= [Y corr
nn (θop) + Y acc

nn (θop) + Y acc
γn (θop) + Y acc

γγ (θop)

− Y uncorr
nn (θop)− Y uncorr

γn (θop)− Y uncorr
γγ (θop)]/Y

DPD(θop)

=
Y corr
nn (θop)

Y DPD(θop)
.

(iv)

The proper normalization procedure and the procedure of extraction of the yields

from two different data sets (same pulse data and different pulse data) was devel-

oped by [19] and done in the following way. The normalization factor for totally

uncorrelated events was obtained by [19] in the form:

Nuncorr
norm =

(
Nwn

Nwn+Nwno

)2

4 ·
(
Nwn

2

) , (v)

where Nwn is the number of pulses out of the total number of pulses with only

one neutron, Nwno is the number of pulses out of the total number of pulses

with no neutrons. The number of neutron pairs obtained from the different

beam pulses data is Ndp
wn = 53422 (see Fig. 2.14) and the number of pulses

out of the total number of pulses with two neutrons detected by two neutron

detectors in coincidence N sp
wn = 539 (see Fig. 2.13). The factor of four in the

denominator of Eq. (v) comes from the fact that the true two neutron coincidence

rate is proportional to the photon intensity and the rate of random background

coincidences is proportional to the photon intensity squared which is equal to

four if we double the photon intensity. Taking coincidences between the events

coming from the different pulses effectively doubles the photon beam intensity.
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From the experimental data it was obtained that the total number of pulses that

triggered our DAQ system Ntot = 24692561. The data analysis showed that we

had Nwn = 148216 and Nwno = 24544345 and the normalization factor for the

uncorrelated events was equal Nuncorr
norm = 1.22 · 10−10.

Y SPD
norm (θop) = Y SPD(θop)/Ntot (vi)

which is the normalized yield of two particle events obtained from the same beam

pulse data analysis and

Y DPD
norm (θop) = Y DPD(θop) ·Nuncorr

norm (vii)

which is the normalized yield of two particle events obtained from the different

beam pulse data analysis and two neutron correlation function can be defined as

(see Fig. 2.30):

Y 2n
corr(θop) =

Y SPD
norm (θop)

Y DPD
norm (θop)

. (viii)

A.2 Settings of delay/pulse generators DG535

We used two four channel digital delay/pulse generators DG535 in the exper-

iment with the polarized photons to set the appropriate time delays between

DAQ trigger signal and neutron signals produced by the neutron detectors. Both

DG535 generators were triggered by the electron gun pulse which first arrived to

channel #2 (from the top) of GG8000-01 octal generator and then supplied into

the trigger connector of the generators. The following settings of the first DG535

gate and delay generator in the experiment with polarized photons were set:

(1) output C uD was used as VME trigger. Plugged to ”Control 1” input of
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the VME crate.

(2) output A t B was used as a fake stop. It was passed through a delay

ORTEC 425A for the calibration purpose and plugged into one of the TDC

channels.

Parameters of the other outputs are summarized below:

Channel A = T + 110ns, (load 50Ω, NIM, Normal);

Channel B = A+ 200ns, (load 50Ω, NIM, Normal);

Channel C = T + 3ms201ns, (load 50Ω, VAR, A=+4V, offset=0.0V);

Channel D = C + 30ns, (load 50Ω, TTL, Inverted);

AB was set to HighZ, TTL and CD was set to 50Ω, TTL.

The settings of the second four channel digital delay/pulse generator DG535

are described below:

(1) Output A u B was used as TDC module common start. Plugged to the

upper ”Gate comm”.

(2) Output AtB was supplied to the dual timer CAEN N93B and then used

as common ADC start. Plugged to upper ”Gate common”.

T0 output was sent to the 4th channel of digital oscilloscope.

Parameters of the other outputs are summarized below:

Channel A = T + 0ns, (HighZ, TTL, Normal);

Channel B = A+ 270ns, (HighZ, TTL, Normal);

Channel C = T + 1ms40µs, (HighZ, TTL, Inverted);

Channel D = C + 50ns, (HighZ, TTL, Inverted);

AB was set to 50Ω, NIM and CD was set to HighZ, TTL.
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