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ABSTRACT

CROSS SECTIONS FOR NEUTRON-DEUTERON
ELASTIC SCATTERING
IN THE ENERGY RANGE 135-250 MeV

New results for neutron-deuteron elastic scattering cross sections at energies
from 135 to 250 MeV and center-of-mass angles from 80° to 130° have been measured
at the WNR facility of the Los Alamos Neutron Science Center at the Los Alamos
National Laboratory [1,2]. The measurements were made with a pulsed neutron beam
which allowed the use of time-of-flight techniques and with a cryogenic liquid deuterium
and liquid hydrogen target. The neutron-proton elastic cross-section data were used
for normalization purposes. An array of pure Csl crystal along with a set of thin
scintillator detectors used for charged particle identification on one side of the beam,
and a set of long horizontal plastic scintillator bars were used as a neutron detector
wall on the other side of the beam. Our measurements are compared to both previous
measurements and theoretical predictions at relevant energies and favors the predictions

including three-nucleon forces.



OZET

135-250 MeV ENERJI ARALIGINDA
NOTRON-DOTERON ESNEK SACILMA TESIR
KESITLERI

Bu calismada, 135-250 MeV enerji ve 80°-130° kiitle merkezi ag1 araligindaki
noétron-doteron esnek sagilma tesir kesiti 6lgtimleri Los Alamos Ulusal Laboratuvar’indaki
WNR Tesis’inde yapilmigtir [1, 2]. (.jl(;fu(nlelr7 ucus zamani tekniklerine olanak veren
atimli nétron 1511 ve sivi doteryum ve sivi hidrojen dolu kriyojenik hedefle yapilmistir.
Notron-proton esnek sagilma tesir kesiti verileri normalizasyon amaciyla kullanilmigtir.
Saf Csl dedektorler ince sintilatorlerle birlikte bir tarafta pargacik tanimlamada kul-
lanilirken, diger tarafta uzun yatay plastik sintilator ¢ubuklar:1 notronlari algilamakla
gorevlidir.  Ol¢iimlerimiz ilgili enerjilerde yapilmis diger deney verileri ve kuramsal
tahminlerle karsilagtirilmigtir ve tiglii niikleon kuvvetini igeren kuramsal tahminleri

destekledigi goriillmiustiir.
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1. INTRODUCTION

This work presents the results of the analysis of a neutron-deuteron scattering
experiment conducted at the LANSCE/WNR facility within the Los Alamos National
Laboratory. The primary reaction under investigation is 2H(n, dn) for which the scat-
tered neutrons are detected by a wall of plastic scintillators and the recoil deuterons are
captured by CslI scintillators at five different angles giving us an angular range of about
80° to 130° in the center-of-mass frame. The incident neutron beam has a continuous
energy spectrum from as low as a few MeV up to about 800 MeV. We present absolute
cross-section results in the energy from 135 MeV to 250 MeV. The main purpose of
the study is to compare the experimental results with theoretical predictions in the

cross-section minima with or without the inclusion of a three-nucleon force (3NF).

1.1. Theory

According to Yukawa’s proposal, the nucleon-nucleon (NN) interactions are me-
diated by mesons, but now it is known that the interactions among the constituents of
nucleons, the quarks, are responsible for nuclear force through so called color exchange.
Quantum chromodynamics (QCD) is the underlying physics explaining this interaction,
however, performing such calculation in QCD is extremely difficult due to the degrees
of freedom involved in such calculations and the fact that QCD is nonperturbative in
the energy regime of interest. Therefore, Yukawa’s idea of meson exchange is still the
best tool to explain NN interactions. There are different approaches, but the most
commonly employed method is to build models, usually called “bag models” [22], since
the interaction is modeled to be confined within a radius. These models aim to realize
the characteristics of the nuclear force for different ranges, namely a repulsive core, an
attractive region and a long range part typically characterized by one boson exchange
as depicted in Figure 1.1 [7]. In modern models, all possible bosons are included and

multi-boson exchange is also included.

The models for the interaction potential between two nucleons, like the ones in
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Figure 1.1. The nucleon-nucleon potential outained by modern models CD-Bonn [3],

Reid93 [4] AV1S [5].

Figure 1.1, are consistent with the experiments to a great extent, however, the results
cannot be reproduced for the interactions including three nucleons with these potential
models especially around the region where the Nd scattering cross section is minimum.
Since the late 1930’s, it is known that many-body potentials cannot be represented
using a sequence of two-body potentials [23] as there are some irreducible properties
unique to the number of particles. Furthermore, the binding energies of the 3N bound
systems (*H and *He) is indescribable by only nucleon-nucleon models [24-26]. This
leads to two main conclusions. Either the models that are believed to be correct are
missing some aspects of the two-nucleon interaction or the three-nucleon interaction
has a significant effect for, at least, some energy range. The latter is believed to be the
case. For either case, experimental results are essential to put the model driven theory

to test which eventually leads to an understanding of the nature of the interaction.

The Fujita-Miyazawa force [27], which incorporates two pion exchange with an
intermediate delta excitation as in Figure 1.2, laid a foundation for more advanced

models like the Tucson-Melbourne model [28,29] and the Urbana-Argonne force [30,



31]. These models are the generalized forms of the previously mentioned nucleon-
nucleon potentials where there is an additional term representing the 3NF besides the
2NF’s between the nucleons in the Schrodinger’s equation. Moreover, these models also
consider more subtle aspects of 3NF like chiral symmetry breaking, charge dependence,

etc. and serve as a comparison basis for the experimental findings.

Figure 1.2. Feynman diagram representing 2-m exchange model for 3NF.

1.1.1. Faddeev Formalism

The potentials based on the aforementioned models are then incorporated in
what is known as Faddeev Formalism [32] where the hamiltonian of the three-body

interaction can be written as

3
PR SIS i (1)

i<j i=1

where Hj is the free hamiltonian or kinetic energy, V;;’s are the two-body forces and
V4(i) is the decomposed 3NF force. The only condition on the decomposition of the
3NF is that the parts V4(i) should be symmetric under the exchange of nucleons jk.
The two-nucleon potentials can be denoted as the index of the non-interacting nucleon,

namely, Vi, = V;.

The aim of the procedure is to calculate the transition amplitude from the initial
state |¢) = |4, qo), where ¢4 is the deuteron wave function and ¢y represents the

incoming nucleon to the final state |¢'). Here, we will focus on elastic scattering in



which the magnitude of the momentum of the incident and the scattered nucleon are

the same. Writing Schrodinger equation for the hamiltonian in Equation 1.1 yields

(Ho +y Vit Vf)))) ") = EloT) (1.2)

=1

leading to
3
) = Go Y (Vi+ V) o) (1.3)
=1
where
1
O E Ty tic

Equation 1.3 is the Lippmann-Schwinger equation for the total scattering state. Fad-

deev defined [32] the decomposition of the total wave function as

3
W) =D 7). (14)
i=1
When (1.4) is inserted in (1.3), we obtain

) = Go(Vi + Vi) [0F) = Go(Vi + Vi [9F) + Go(Vi + V) Y ). (15)
i#j

Further manipulation leads to

(1= GoVi) [i) = GoVi” [) + GoVi D 1) + GoV” > )
i#j i#j

= GoVi Y [w) + GV Y ) (1.6)

i#] J



which, in turn, results in

) = (1= GoVi) 'GoVi Y [97) + (1= GoVi) "GV Y vty (L7)
i#] J

These equations can be simplified by use of two-body Lippmann-Schwinger transition

operators [33]
ti = Vi + ViGot,. (1.8)
Then, the equalities

(1—-GoVi)™h = 14+ GoVi +GoViGoV; + ...
= 14+ Go(V; + ViGoV; + ViGoViGo Vi + ....)

= 14+ Gpt; (1.9)
and

(1= GoVi)'GoVi = GoV; + Got:GoVi = GoV; + GoViGoVi + GoViGoViGoV;
= Go(Vi+ ViGoVi + ViGoViGoVi + ....)
= Got (1.10)

are substituted into Equation 1.7 to write the coupled homogeneous Faddeev equations

in the following form:

45 = Go (ti > lw) + (1 +1Go) VY ) rwﬁ) : (1.11)

i#]

The nucleons are treated as identical particles aside from the third component
of isospin, therefore, the functional form of the wave functions should be the same

and one can obtain all the wavefunctions by merely permuting the particles without



disrupting the original symmetry of the system. This is achieved through permutation

operators as in
[3) = PaPos [U1), [15) = PisPos [¥) (1.12)
leading to
[0) = Got P[) + Go(1+ ,Go) Vi (1+ P) [) (1.13)
where P = P12P23 + P13P23.

We have to impose the boundary condition arising from the initial channel state
|¢1) = |ba, qo) which has the hamiltonian H; = Hy+ V] assuming the particle 1 initiated
the scattering. Dropping the subscripts, the full equation for the Faddeev component
of the scattering state becomes

[0F) = [¢) + Got P [*) + Go(1 + tGo) VIV (1 + P) [ . (1.14)

The presence of |¢) does not disrupt the equations governing [¢)™) which can be clearly

seen by inspecting Equation 1.7 and by the fact that (1 — GoV;)™'|¢;) = 0.
The total transition operator 1" is defined as
V") = |¢) + GoT'|9) , (1.15)
thus, using Equation 1.14 we obtain
T|6) = tP|¢%) + (1 +Go) Vi (L+ P) [o). (1.16)
Inserting Equation 1.15 into 1.16 and dropping |¢), we get

T =tP + (1 +tGo)V] (1 + P) + tPGoT + (1 + tGo)V, (1 + P)GoT. (1.17)



The condition related to the elastic interaction has not been introduced yet,
therefore, this total transition operator includes break-up precesses, too. The condition

for elastic scattering is that the channel propagator

1

G; = ;
E—HD—V;—FZE

is explicit and the elastic transition operator is defined as
W) =1¢) + GU |¢) . (1.18)

T and U can be related using the free propagator and the two-body transition operator.

Using

Goti = GoVi+GoViGoVi+ ..... = (Go + GoViGo + ...)V;
= G,V (1.19)

and

Go(1+t,Go) = Go+ Got;Go = Gy + Go(V; + V,GoV; + ....)Gy
== GO + G()‘/;GO + ...... == G'7 (120)

Equation 1.14 can be rewritten as
W) = 16) + GVP|¢%) + GV (1 + P) o). (1.21)
Comparing this with the definition of the elastic transition operator, we deduce

Ulg) = VPp*) + V(1 + P) [yF). (1.22)



Recalling that (¢|V = (¢| Gy! for elastic channel, Equation 1.22 becomes
Ulo) =Gy P o) + VIV (1 + P ). (1.23)
Lastly, Equation 1.15 can be plugged in to obtain
U=PGy'+V})(1+ P)+ V(1 + P)G,T + PT. (1.24)

Further inspecting Equation 1.24, the first term corresponds to the nucleon exchange

term, the second term is the pure 3NF term and the rest is mixed.

Equation 1.17 can be solved in an iterative manner. The chosen basis for this
calculation is given in Equation 1.25 and the quantum numbers are illustrated in Fig-

ure 1.3.

paa) = |plis) a(\g)TIM(t3)TMr)

= [p(is)3) laOg) 1) |IM) |(65)T M) (1.25)

The momenta in the basis are the Jacobi momenta [34] which are expressed as follows:

2 1
[+5=y
X+i=T  ps)J 7 (A3) 1
j+I=17
3

Figure 1.3. The Jacobi momenta and the quantum numbers [6].

1
pi = (ki —ki)
2 1
a4 = 3 (ki - §(kj + kk)) (1.26)



meaning p; are the relative momenta in the jk subsystem and ¢; are the momenta
of the " particle with respect to the center of mass of the jk subsystem. |[(I,s)j)
stands for the angular momentum, spin and total angular momentum state of the
subsystem whereas |(A, 1)) represent that for the incident particle. |JM) is the total
angular momentum state of the system and |(t%)TMT> symbolizes the isospin quantum

numbers of the whole system. In the end, the basis state and the initial state act on

the T operator, (pga|T |p), to extract the amplitudes.

Although the limits of the integrals one comes across in this calculation extend
to infinity, truncation is possible due to the short-ranged nature of the nucleon-nucleon
force [6]. Nevertheless, the truncated system is also far from directly solvable, therefore

iterative methods are utilized. Our basic Equation 1.17 can be written as

T=Ty+KT (1.27)

where
Ty =tP + (1 +tGy)V,} (1 + P) (1.28)

and
K =tPGy + (1 +tGo)V,} (1 + P)G,. (1.29)

This equation can be iterated in the following manner

T="Ty+ KTy + KTy + ... (1.30)

This series converges for some specific quantum numbers and can be summed using

special methods [6,34].
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1.1.2. Modern 2N and 3N Potentials

Now that we are in a position to calculate the transition amplitudes, we need
to insert the NN and 3N potentials. The most famous of the NN potentials, also
known as the realistic potentials, are Nijmegen [4,35], CD Bonn [3] and Argonne [5]
potentials. The Nijmegen group concentrated on one-boson exchange (OBE) including
scalar, vector and pseudo-scalar mesons and used Regge Pole theory to calculate the
amplitudes. The Bonn group utilized field theoretic perturbation theory for OBE
amplitudes and the potential is charge dependent needing only six parameters which
are the coupling constants of the nucleon-meson-nucleon /isobar vertices and the cut-off
parameters. The Argonne potential is composed of a one-pion exchange part which
is responsible for the long range behaviour and a phenomenological part taking care
of short and intermediate range behaviour with the incorporation of central, orbital,

tensor and spin-orbit terms.

As for the 3N potentials, Fujita and Miyazawa [27] laid the foundation for later
studies by introducing 27 exchange with an intermediate A isobar as in Figure 1.4.

The potential resulting from this interaction is given by Equation 1.31

Figure 1.4. Feynman diagram Fujita-Miyazawa 2-7 exchange model for 3NF [6].

1 02-Q 03-Q 1
Q2+ m2 Q? +m2mi —Qa

16 4
X {57'2'T3Q'Q/+§T3®Tz’7'101'Q®Q,} (1.31)
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where QA and ma are the isobar’s momentum and mass, respectively, o; and 7; are

spin and isospin of the nucleon i. The pion momenta Q and Q' are defined as

1
= p—p’—é(q—q’)

1
Q = p-pP+5a-d) (1.32)
where (p, q) and (p’, ') are the Jacobi momenta of the incoming and outgoing nucleons,

respectively.

The Tucson-Melbourne (TM) potential is formed taking this idea further by gen-
eralizing the intermediate excited state to any state achievable by a 7-N interaction [28].

Then the modified potential becomes

1 92 02-Q o03-Q
1 — 7NN H 2 H 2
Vi (2m)6 4m?% Q% + m2 Q' +m2 (Q)H(Q)

X {Tz T3la+0Q - Q + c(Q* + leﬂ +id3 @ T2 101 - Q® Ql} (1.33)

where the constants a,b, ¢, d are the constants given in terms of m, and g2 is the

7 — N coupling constant. The form factor H(Q?) is parametrized as

A2 — m2 2
m“) (1.34)

H(Q%) = (m

with A being the strength factor fixed by *H binding energy. Other meson exchanges
like 7m-p and p-p are also considered while their effects are minor at long ranges [29,36—

38].

The TM potential should be modified due to the violation of chiral symmetry [39,
40]. The a and ¢ parameter terms can be altered to satisfy chiral symmetry with the
¢ term gaining two characteristic parts, one for short range and one for long range.
These modifications also lead to changes in the the values of these parameters. One of

the forms after these modifications is now known as TM’ [40].
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Another well-known 3NF potential is Urbana IX 3NF [31] where the traditional
Fujita-Miyazawa approach is combined with a spin and isospin independent short range

part, namely

Vi =V vl (1.35)
- 1
V412 = Ay <{X12,X13}{71 " To, Ty T3} + Z[X127X13][7'1 BRI T3]> 7 (1.36)
e i 2 3 3 e~ M 2
X, = l—e “ii)o; 05 1 1—e “5)S;;. (1.37
/ MzTij ( ‘ )U OJ+< * Mzl * (mﬂrij>2) Ml ( ‘ ) ! ( )

Si; is the standard tensor force and the (1 — e_”?j) part is the short range cut-off. The

other part of the potential is expressed as

3 3 e MnT12 9 2
VlR = U 1 1 — e 12
! " (( " MrT12 " (mwT12)2> MrT12 ( ‘ ))

X (same term(12) — (13)). (1.38)

The free parameters Ay, and U, are again fixed using the experimental *H binding

energy.

All in all, the transition amplitudes can be calculated choosing one of these po-
tential models. See [6] and [41] for further details, calculation methods and some

results.
1.1.3. Lattice QCD

Aside from the phenomenological approach, it is perhaps possible to compute the
nuclear potential from the first principles via Lattice QCD methods. The basic idea is
to calculate the propagation of wave functions or fields, namely the path integrals, on

a discrete space-time lattice. The probability amplitude for the transition from initial
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to final state can be given by a weighted sum [42]

(ws(tplzat)) ~ Y exp (iS(x(t), i(1)) (1.39)

paths(x,t)

where S is the action defined as

S= /t‘fdtL[x(t),x'(t)].

A similar equation can be written for fields which are functions of both space and time:

(@, tp)ld(w, ) ~ > exp(iS(dp, 0uop). (1.40)

paths($,0,¢)
Discretization of the space-time coordinates leads to

th

o tplotei) ~ i [ TITLabtwm t0)exp (S(otem t). 00t 10)
(1.41)

For QCD, equally spaced hyper-cubic discretization is utilized such that
— (teg +iey + jes + kes)a

where a is the lattice spacing. With this, quark and gluon fields are inserted and
the calculations are carried out. Even with the finite space-time lattice spacing, the
calculations are not doable, however, most of the observables depend on a small number
of points which opens up the possibility to use Monte Carlo methods using Metropolis
Algorithm [43], etc.

Using these basic principles, it is possible to calculate the NN potential. Ishii
and co-workers published such a study [7] where they present the NN potential for two

channels calculated using lattice QCD. Their results can be seen in Figure 1.5.
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Figure 1.5. The nucleon-nucleon potential presented by [7] for the channels 'Sy and

3S,. Solid line is the one boson exchange potential.

1.2. Previous Experiments

Several experiments have been performed previously to investigate three-nucleon
interaction mostly using proton beam, i.e. d(p,dp). A summary of what has been

measured before our study will be given in this section.

J. N. Palmieri and his colleagues presented the results of the experiments using
mono-energetic neutron beam of 152 MeV at the Harvard University Cyclotron [12]
in 1972. Similar to our study, they both used liquid hydrogen and liquid deuterium
targets inside a vertical cylinder with a diameter of 5cm and a length of 7.7cm covered
by kapton polyimide film of 0.005cm in thickness. The charged particle detectors were
Nal crystals and the angular resolution was about 2° which changes with respect to
the angle. They measured the differential cross section for the deuteron recoil angle
range of 10° to 80° in the center-of-mass frame. The cross-section results have on
average 8% total error. They found that the neutron-deuteron cross-section results are
in agreement with those of deuteron-proton elastic collision, the small disagreement at

the backward angles is discussed to be the result of “Coulomb effects”.
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R. E. Adelberger and C. N. Brown published the results of an experiment con-
ducted at the Rochester 130-inch cyclotron investigating the p-d elastic cross sec-
tion [15] using a polarized proton beam of 198 £ 6 MeV energy. The signature of
the elastic events was the high energy deuterons in the forward direction whose energy
were determined by time of flight and energy deposited in the plastic scintillators. The
cross-section results covered from 80 to 180° and included an average error of about
5%. These results were used to test their one-nucleon-exchange model and the need

for more data was expressed.

The reaction 'H(d, dp) was investigated by G. Igo et al. and the elastic cross
section was measured for the recoil proton lab angle range of 0-30° using a deuteron
beam with the energies 433, 362 and 291 MeV [14]. They attempted to test the
nucleon-exchange models that predicts a rapid decrease of differential cross section
at recoil proton angle 180 in the center-of-mass frame with increasing energy and to
find a way of calculating the deuteron D-state probability. The energy of the beam
was obtained with the help of a set of copper degraders and both the energy and the
orientation of the beam were continuously monitored throughout the experiment. The
beam had a width of 5.6 cm and 7.6 cm, and a height of 7.6 cm and 12 cm at the
target, the former numbers correspond to the core and the latter to the tail. High
energy recoil protons were detected with Ne-102 plastic scintillators and matched with
the coinciding deuterons while the quasi elastic protons were filtered out by a degrader.
The results had total error of 5-10% depending on the angle. The results showed clear
indication that the D-state dominates in the region of interest and the calculation of

D-state probability would be addressed next.

The RIKEN Accelerator Facility hosted another experiment where a deuteron
beam with vector and tensor polarization of 135 MeV /N is used. H. Sakai et al. [18]
analyzed the data and obtained differential cross section and analyzing powers for the
reaction 'H(d, pd) for an angle range of 10° to 180°. The momentum of the deuteron
or the scattered proton from a CH, target of thickness 46.7 mg/cm? was analyzed by
the magnetic spectrometer SMART. The results came with statistical uncertainty of

less than 1.3% and systematic uncertainty of less than 2%. The inclusion of 3NF in
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the theoretical models shows great agreement with the cross-section results, however

there are still some discrepancies when it comes to the tensor analyzing power.

Another experiment took place at KVI (Kern-Pysisch Versneller Institute) whose
results were presented by K. Ermisch et al. [44] in 2003 and in 2005 [10]. Polarized
proton beams from the AGOR cyclotron were used at the energies 108, 120, 135, 150,
170 and 190 MeV. The targets were mixed solid CDs-CHs. The target thickness was
calibrated by comparing the results of proton-proton elastic scattering with several
calculations. The differential cross section for a wide range of angles has been obtained
along with the analyzing power to monitor the polarization of the beam. The results
had 2% and 7% statistical and systematic uncertainty, respectively. The conclusion
was that even though the inclusion of 3N effects improve the agreement of calculations

with the findings, for some specific angle ranges the disagreement is considerable.

At KVI , using Big Instrument for Nuclear-polarization Analysis (BINA), Ramazani-
Moghaddam-Arani and his team investigated the reactions ?H(p, dp) with a proton-
beam energy of 135 MeV [11]. The target was liquid deuterium with 3.85mm thickness
and they presented differential cross section for scattering angles between 120° to 160°
in the center-of-mass frame. The systematic uncertainties were found using a deuteron
beam of the same energy, which leads to the inverse reaction 'H(d, dp), and by the
fact that the cross section at this energy is known. BINA has almost full geometri-
cal acceptance, consisting of a forward part which includes Multi-Wire Proportional
Chamber, vertical thin (2 mm) scintillators and horizontal thick (12 c¢m) scintillators
and a backward part which is made of phoswich scintillators covering 40° to 165°. The
beam is polarized protons whose typical current is 15 pA. The meaningful events were
extracted via coincidence of deuterons in the forward part with a proton in the back-
ward part. The results for the elastic cross section with 6% systematics clearly exceed

the predictions and the other KVI measurements.

Hatanaka et al. measured the pd elastic cross section along with other spin
observables at 250 MeV at Research Center for Nuclear Physics (RCNP), Osaka in
2002 [16]. They used a proton beam of alternating polarization with a period of 20
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seconds. The target was isotopically enriched deuterated polyethylene foils (CD,) with

2 and the carbon scattering background was measured

an areal density of 44 mg/cm
using a pure carbon target. The constant scattering rate was monitored using a large
acceptance spectrometer spectrometer (LAS). The effective target thickness was found
employing a pp analysis and comparing the cross sections with SAID [45] as well as
with a Monte Carlo simulation. The systematic errors in the experiment are due to
the normalization and inhomogeneity of the target, 3% and 2.5%, respectively. The
obtained cross sections are in agreement with the predictions in the forward angle
region and around the minima but discrepancies are observed in the backward angle

region which authors suggest are due to relativistic effects as the disagreement increases

with increasing energy.

RCNP hosted another experiment carried out by Maeda et al. [17]. The nd elastic
cross section and analyzing powers were measured at 248 + 2 MeV where the neutron
beam was produced by the “Li(, 77)"Be reaction, the polarized proton beam supplied
by the high intensity polarized ion source (HIPIS). The targets used were deuterated

2 and polyethylene

polyethylene foils (CDjy) with an areal density of 100-220 mg/cm
films (CHy) with an areal density of 90-190 mg/cm?. The scattering cross sections
were measured with a nearly full angular coverage where the statistical and systematic
errors were 5-9% and 15%, respectively. These measurements agree well with [16] and

the discrepancy in the backward angle region is thought to be due to the lack of explicit

inclusion of heavier meson exchange and relativistic effects.

Let us summarize the topics that will be discussed in this thesis. In Chapter 2,
the beam production, target detectors and their electronics will be explained in the
light of [2]. The timing calibration which is very crucial since all the energies are de-
rived from this information, the beam flux, the energy loss estimation, target thickness
normalization as it is unknown due to some physical effects, neutron efficiency mea-
surement, neutron-deutron elastic cross-section results and polarization correction will
be presented in Chapter 3. The results will be presented in Section 3.9. We will discuss
our findings in Chapter 4. In the appendices, we will discuss in detail the analysis steps,

target geometry deformation, the kinematical calculations and a brief explanation of



Monte Carlo simulation.
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2. THE EXPERIMENT

The experiment was conducted at the Los Alamos Neutron Science Center (LAN-
SCE) of the Los Alamos National Laboratory. The production of the white neutron
beam is achieved by bombarding a tungsten spallation target with an unpolarized pro-
ton (H™) beam which is accelerated to 800 MeV by LANSCE linear accelerator. The
flux of the neutron beam was monitored by a 238U foil fission chamber. The primary
target in the experiment was liquid deuterium (LD) while liquid hydrogen (LHs) was
also used for normalization purposes. The charged particles were detected by an array
of cesium-iodide telescopes, spanning from 24 to 54° in the laboratory frame, in coinci-
dence with the neutrons which were detected by a wall of plastic scintillators. The data
acquisition was performed using standard NIM and CAMAC modules. This chapter
will continue with the detailed information of the components of the experiment which

will be followed by data acquisition and trigger electronics.

Figure 2.1 shows the fission chamber, target, charged particle detectors, AE and
veto detectors along with some dimensions and the PMTs attached to them in a not-
to-the-scale manner. FEach of the main components will be introduced in the following

sections.

Table 2.1 lists average laboratory and c¢.m. angles for both deuteron and neutron.
The smallest laboratory deuteron angle corresponds to largest neutron angle which is

referred as “backward neutron angle” and vice versa.

Table 2.1. The average angles in lab and center-of-mass frames.

04 (Lab) | 0, (Lab) | 6, (c.m.)

24 100 131
30 86 119
36 I0) 107
42 65 95

48 56 83
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Figure 2.1. The schematic of the experimental setup.

2.1. Beam Production

The source of the neutron beam is the pulsed proton beam accelerated to 800
MeV by the LANSCE linear accelerator. The pulse structure of the proton beam can
be seen in Figure 2.2 where there are micro-pulses and macro-pulses. The micro-pulses
have a width of 0.2 ns and a separation of 1.8 us which ensures that no event belonging
to different micro-pulses can overlap in time. A micro-pulse lasts 625 us followed by
a gap of about 7.5 ms which together form the macro-pulse. This gap is reserved for
the read-out electronics as the reading process is much slower than writing the data.

About 100 macro-pulses per second were fed to the spallation target in this experiment.

<—beam—= ‘ no—-beam

R IR

Time structure of beam pulses

0.2 nsec micro—pulse >%

1.8 microsec micro—pulse spacing

625 microsec macro—pulse

8.33 msec macro—pulse spacing

Figure 2.2. The pulse structure of the proton beam. This allows the usage of

time-of-flight techniques.



21

The beam is directed to a cylindrical, water-cooled tungsten spallation target
with a diameter of 3 cm and a length of 7.5 ¢cm in a vacuum chamber at the Weapons
Neutron Research Facility (WNR). One of the high flux arms of the spallation neutrons,
namely 15R meaning 15° to the right of the target, was used for this experiment. The
neutron beam has a continuous energy profile from a few MeV up to 800 MeV. The
flux of the low energy neutrons was so high that beam hardeners were used to reduce
the low energy flux and very low energy neutrons (~30 MeV) were discarded using
triggers based on time of flight. The schematic of the WNR facility and the flight path

can be seen in Figure 2.3.

Proton beam

Weapons Neutron Research Facility

scale (ft)
|
0 50
N

\

Target-2
(Blue Room)

ND 2002

)
P
¢

0044

Figure 2.3. The schematic of WNR. The neutron target is labeled as Target-4 and
the blue outgoing lines are the neutron flight paths. Our experiment’s flight path can
be identified by the ND 2002 tag.

The definition of the beam was achieved by horizontal and vertical sets of Cu
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shutters with a typical aperture of 3.8 cm x 3.8 cm. The charged particles in the beam
were eliminated with a set of sweep magnets and then the beam was enclosed by an
evacuated pipe which had a steel collimator of 2.7 m long with an aperture of 1.3 cm
in diameter achieving further definition. In order to shield the environment from the
beam, the collimator was surrounded by magnetite. The structure of the collimator is

depicted in Figure 2.4.

144"
Collimator
Magnetite Shielding
5 " 49 n
22 n
_

I I I T

— I [ [ [
61" 36" 36" 36”
28 n

Figure 2.4. The structure and dimensions of the collimator and the evacuated pipe.

The blue strips represent the iron sleeves inside the pipe.

After collimation, the beam travels towards the fission chamber which is about
16 m from the spallation target. Storage-phosphor image plates were exposed to the
beam in order to obtain the beam profile and position information. A typical image
obtained with such an exposure can be seen in Figure 2.5. The details of the process

can be found in [46].
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Figure 2.5. The image representing the neutron beam profile extracted from

storage-phosphor image plates.

2.2. Fission Chamber

As stated earlier, the flux monitoring was done by a fission ionization detector
shown in Figure 2.6. 2*®*U was deposited onto 0.013 mm stainless steel foils as the
active plates. The foils are thin enough that the existence of the fission chamber in the
flight path does not introduce a background. In addition, the circuitry is fast enough
so that the detector can be used as an online monitoring device. The flux is measured
by measuring the neutron induced fission fragment yields and extracting the number
of incident neutrons using the known uranium fission cross section.! The details of this

detector can be found in [47].

I Actually, in the energy range of this work, the uranium cross section is not known precisely which
in turn introduces some systematic. However, we can eliminate this uncertainty as will be explained
in Section 3.4.
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(a) The fission chamber schematics, both front and sideway view. The dimensions are
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Figure 2.6. The fission chamber: a) Schematics b) Electrical circuit diagram.

2.3. Target

After passing through the fission chamber, the beam reaches the target. As
mentioned before, the target can be LDy or LHy contained in a cryogenic target flask
which is a cylindrical disk with 12.7 cm diameter and 1.3 cm thickness as seen in
Figure 2.7. The entrance and exit windows are made of Aramica of thickness 51 pm.

The flask was placed such that its principal axis made an angle of about 50° with
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respect to the beam direction in order to minimize charged particle energy loss by

reducing the path of a recoil particle traveling in the target material.

Figure 2.7. The cryogenic target flask whose specifications are given in the text.

The flask is placed inside a vertical cylindrical vacuum chamber with a 127 pym
kapton exit window which had an opening angle of 70° and 110° on the charged particle
and neutron side, respectively. The refrigeration system can be seen in Figure 2.8 which
contains a C'TI Model 1020 whose nominal cooling capacity is 10 W at 20 K. The target

was kept at 14 psia pressure via a resistive heater.
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Figure 2.8. Diagram of refrigeration system. *He gas is used by the refrigerator to

condense the deuterium gas and the liquid is then filled in the flask.

2.4. Charged Particle Detectors

The charged particle detectors define the number of cross-section measurements
for a given energy and there are six of them located at the angles 6., = 24°, 30°, 36°,
42°, 48° and 54° with respect to the incident beam, 1 m away from the target. The
detectors are made of cesium iodide (Csl) crystals with the dimensions 9.2 cm x 9.2
cm front face and 30 cm depth. The depth of the detector is sufficient to stop all the
incoming particles for our energy range of interest, therefore, pulse height information
can be related to the particles energy. However, we did not used that information in
our analysis for energy determination. Nevertheless, this ability gave us a valuable
information for particle identification. The threshold of these detectors are so low
that all the particles reaching the detector are assumed to be accepted leading to an
effective 100% efficiency. Exactly covering the face of the CsI detctors, there are six thin
scintillators, so called AE detectors, which have 2.5 mm of depth. These thin detectors
serve two main purposes: precise time measurement and particle identification when

combined with the information from the Csl detectors.
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2.5. Neutron Detectors

The neutrons are detected in coincidence with the charged particle detectors by
a wall of BC408 plastic scintillators consisting of five separate bars whose dimensions
are 10 (height) x 10 (depth) x 200 (length) cm®. Therefore, the face of the wall is
50 x 200 cm? which is theoretically enough to accept all the neutrons corresponding
to both neutron-proton and neutron-deuteron elastic scattering interactions with an
angular coverage of 34 to 108° in the laboratory frame. The normal of the face of
the wall makes an angle of 71° with respect to the beam direction and this normal
lies in the same plane with the centers of the CsI detectors. The distance of the wall
from the target is 132 cm. The neutron bars have a nominal efficiency of about 10%,
however, the actual efficiency depends strongly on the energy and the hit position of the
neutron so a part of the analysis is the measurement of the neutron detection efficiency.
Two photomultiplier tubes (PMT) were used at both ends of the bars whose timing
information is essential for event identification and background subtraction. The face
of the wall is covered with a set of thin plastic scintillators, like the Csl detectors,

which are used to veto the charged particle events firing the neutron bars.

2.6. Data Acquisition System Electronics

The data we see in our histograms correspond to the ones eligible to represent
real events through a set of triggers. The generation of these triggers are performed by
electronic modules and each set of detectors have their own data acquisition procedure

although they resemble each other in certain ways.

2.6.1. Charged Particle Electronics

The data collected with the PMTs in both Csl and AE are eventually written
into ADCs and TDCs going through operations summarized in Figure 2.9. On the Csl
path, the signal is split and pulse height information reaches ADC with some delay
and through a linear gate in which the time information of the pulse is fed. This gate

determines the width of the window of integration of the signal. The other copy of
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the signal goes through a constant fraction discriminator (CFD) to extract the timing
information and the output of the CFD reaches TDC with some delay. The AE path
is identical to the Csl path except the signal splitting is performed via a linear fan-in
fan-out unit opposed to a splitter. The CFD outputs of Csl and AE paths are fed to a
coincidence logic unit to generate deuteron logic (D logic) which is used by the trigger

electronics.
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Figure 2.9. The charged particle electronics.

2.6.2. Neutron Wall Electronics

As can be seen in Figure 2.10, the electronics for a single bar is very similar to
that for the charged particle detectors, but this time, the PMTs supplying the signals
are the ones at the bar ends represented with L standing for left and with R standing
for right. Like before, the PMT signal is split into two; one of them goes to the ADC
with some delay and through a linear gate and the other goes through CFD to reach
the TDC. The time coincidence of L and R generates a neutron logic (N logic) signal)
indicating a detected neutron. However, there are some distinctions such that the
electronics here has to deal with the uneven light attenuation, so the CFD thresholds

are kept very low. In addition, the coincidence window has to be wide since the bars



are long enough to suffer light propagation delays.
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Figure 2.10. The neutron wall electronics.

The veto detectors in front of the wall have a similar block diagram as in Fig-
ure 2.11 with one important exception that this electronic does not generate a veto

trigger signal meaning the invalidation of charged particles are performed at the soft-

ware level. This fact also reduces the accuracy requirements.
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Figure 2.11. The neutron veto electronics.

2.6.3. Time Reference Signal () Electronics

The ty signal is produced at the spallation target which marks the generation

of the neutron beam, therefore, its primary role is to act as the reference time for

29
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each event. In physical terms, this is the stopping signal of the TDCs which are
started by the signals arriving at the particular detectors. Figure 2.12 illustrates the
block diagram of the t; electronics where the signal is split in three branches and the
uppermost branch is the stopping signal we have just mentioned. One other important
duty of this signal is to prevent the trigger generation when there is no beam, that
is, in between the beam bursts. The second branch in the figure makes sure that no
trigger is produced after 1.8 us corresponding to that particular burst. The lowermost
branch shows how the read-out signal is given. Since reading the buffers is a lengthy
process compared to the writing, the idea is to generate a signal right after a macro-
pulse and start the read-out if there is significant event for that macro-pulse, i.e. one
or more trigger. The feedback sector picks the first ¢y signal in the macro-pulse and its

coincidence with the master trigger indicates whether or not there should be a read-out

signal.
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Figure 2.12. The t electronics.

2.6.4. Trigger Electronics

The triggers are the indicators and identifiers of the significant events recorded
during the experiment. Of course, not all identifications are true, however, it is a
useful and necessary classification that makes the data analysis possible. Up to now,
we have presented how N or D logic signals are generated via one of the bars or one of
the charged particle detectors. Figure 2.13 explains how the master trigger, D-single,
N-single and ND-coincidence triggers are generated. D logic signals from each charged

particle detector are seen as D24, meaning “deuteron at 24° Csl detector”, and so
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on, and N logic signals from each bar are labeled as Nbar(, etc. (If any of the D
logic and N logic signals coincide with coincidence bit, which is the identifier of the
events of primary interest, is produced.) Moreover, D-single and/or N-single events
are also interesting, for instance, the np elastic cross-section data are so clean that it
can be measured without the neutron information, therefore, the triggers for each are
additionally created. The event rates are very high with these singles triggers so a
prescaler is used to accept only a fraction of these events such as 1/9 or 1/200 as in

the Figure 2.13.

Other types of triggers appear in the figure in addition to the main ones. The
laser trigger? separates the events from others when the laser is on. The laser obviously
carries a monoenergetic beam which is used to determine the gain of the Csl detectors.
The cosmic rays are also capable of firing neutron bars and when they do, simultaneous
firing occurs in multiple bars. The low energy deposit and the mentioned simultaneity
helps us identify the cosmic events. The cosmic trigger is generated between the beam

bursts and only when 3 or more bars are fired simultaneously.

All the triggers, are combined (logically ORed) giving rise to the master trigger.
Additional information about the component electronics mentioned so far can be found

in [2].

2.6.5. Fission Chamber Electronics

The block diagram of fission chamber electronics in Figure 2.14 looks similar to
those we have already discussed; however, two copies of the pre-amplified uranium
foil signals are used to provide trigger and timing information. Each copy passes
through constant fraction discriminator (CFD) and an additional discriminator and
their coincidence in addition to the t; signal gives out necessary signals which are in
turn sent to the trigger logic, to the ADC as a gate signal for the third copy of the
pre-amplifier output and to the TDC as both gate signal and raw signal. The TDC is

2A pulsed nitrogen laser was used to monitor the gain and timing stability of the detectors. The
laser pulses were transmitted to the detectors using fiber optic cables.
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Figure 2.13. The trigger electronics.

again stopped by delayed version of ¢y signal. The benefit of employing two copies of
the signal to determine the timing information is to apply a lower level cut off without
affecting the timing information. Details of the fission chamber and its electronics can

be found in [47].
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Figure 2.14. The fission chamber electronics.
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3. ANALYSIS

3.1. Time of Flight Calibration

Since the TOF information is essential to our calculations and analysis, we must
calibrate the coefficients that convert the TDC values to the actual time. The relation

is assumed to be linear and given as

TOF = Co X TDC + c1 — to. (31)

where £ is the reference time signal generated at the spallation target, ¢ is the conver-
sion factor and c¢; is the offset due to cabling and electronic delays. ¢q is the property
of channel, usually very stable, and measured several times during the data taking
phase of the experiment. c; is calibrated using physics data as will be explained. Since
the experiment was carried out over a long time, c¢; coefficient may vary for different
run intervals due to several factors like cable change, temperature, etc. We pick the
coefficients for the run interval we would like to analyze as a starting point. Let us
look at a TDC histograms for a AE/Csl detector in Figure 3.1 where one can identify
the sharp gamma peak. The mean of this peak should sit at a certain value (~ 60 ns
in our case) since gamma rays travel with (almost) the speed of light, and we know the

length of the path they travel.

We first applied the transformation in (3.2)

Lo+ Dcg
C

ATOF =TOF — (3.2)
where Ly is the distance from the spallation target to our LHy or LDy target and Dcgr
is the distance from LH, or LD, target to the Csl detector. This transformation ideally
yields a gaussian distribution around 0. We applied a gaussian fit around the peak and
with the value of the mean of the gaussian, we adjusted the offset coefficient ¢; such

that the peak is moved to 0. The result of the calibration can be seen in the right half
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Figure 3.1. Typical time-of-flight spectrum for a A E detector, measured with respect
to the arrival time of the proton burst at the spallation target (tp). The “gamma

flash” is observed at ~60 ns. Charged particles are seen between 70 and 250 ns.

of Figure 3.1.

This procedure is applied to all six charged particle telescopes for different run
periods. Actually, the timing resolution of the AE detectors are better as stated in
chapter 2, hence energy calculations are based on the timing data of these detectors.
These calculations assume elastic scattering, however, energy loss corrections are made
with the help of Monte Carlo simulations. Other than adjusting these offsets, this
procedure determines the timing resolution of our experiment which is found to be

+0.67 ns (electronics) +0.20 ns (beam pulse width).
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3.2. Fission Chamber

In Section 2.2, how the fission chamber can measure the beam flux using the yields

of fission fragments as shown in Figure 3.2 was discussed. These fragments are clearly

separated from the « particle and the pulse height information directly translates into

the flux. Figure 3.3 illustrates the result of this conversion. We need to know the

number of incident neutrons for a particular energy to obtain the cross section. With

the histogram in the figure at hand, it is an as easy task as multiplying the counts

corresponding to the energy of choice with the energy window (10 MeV in our case).
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Figure 3.2. ADC vs TDC histogram of fission chamber illustrating heavier fission

fragments.

A crude calculation shows that about 3x10° neutrons/s is generated over the full

energy range. As mentioned earlier, the high low-energy flux was reduced using beam

hardeners and one can notice the the absence of very low-energy neutrons which are

cut off using triggers.
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3.3. Energy Loss

This section aims to explain the methods used to account for the energy loss of the
recoil charged particle while it passes through some layers of matter as it reaches the
active area of the Csl detector. The interaction of the neutron is negligible since it is a
neutral particle. The two body interaction that we are concerned with is simulated by
a Monte Carlo program. The simulation basically reads the properties of the incident
beam such as the energy range or energy window and the geometrical layout of the
experimental setup from a file, then produces events and as a result calculates the
energies, energy losses, time-of-flight, etc. The beam profile generated by the simulation

is shown in Figure 3.4, and may be compared with the profile in Figure 2.5.
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Figure 3.4. The profile of the neutron beam.

As we have just mentioned, our primary concern is the energy loss, however the
program was used for other purposes as well. For example, we checked the geometric
acceptance of the neutron wall by calculating the hit position of each neutron on the
wall. The results are shown in Figure 3.5 and Figure 3.6 for nd elastic scattering and
np elastic scattering, respectively. From the figures, since the position and the size
of the wall is chosen to be sufficient for the neutron deuteron elastic scattering, no
acceptance problem was spotted with the LD, target, however, some of the neutrons
for the detector with the smallest angle (16°) miss the wall for the LHy target. This

does not concern us as in this case, we used the proton single events as will be explained
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later.
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Figure 3.5. The profile of neutrons hitting the neutron wall after nd elastic scattering
at 200 + 5 MeV. Alternating colors symbolize the hits corresponding to Csl detectors

at different angles.
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Figure 3.6. The profile of neutrons hitting the neutron wall after np elastic scattering

200 £ 5 MeV.

The energy loss calculation is based on range data files listed as a function of
kinetic energy. The files are supplied by the PSTAR [48]. According to the thickness
of the material that the charged particle passes through, the passage is approximated as
occurring in a number (50) of steps each assumed to be linear. Then, the energy and the
time of passage is found within each step using the data files and kinematic calculations.
As a result, the final energy and the time it takes to penetrate the layer is recorded
and the procedure is repeated for all the layers. In the end, we form a table which
contains the total time-of-flight of the charged particle with the corresponding beam
energy. This table is used in the actual analysis instead of the kinematic calculations

which do not take the energy loss into account.

Note that PSTAR provides range tables only for protons. We need a similar

table for deuterons as well. The energy loss for heavy particles is mostly due to the
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Coulomb (electromagnetic) interaction and mean rate of loss is well characterized by

the Bethe-Bloch formula.

dE 2 Z 1[ 2m602/8272Tmax
= —in

R R 5(87)
dr AB? |2 12

- B - —5 (3.3)

where z is the charge of the incident particle in terms of electron charge, Z and A are
the atomic number and mass of the absorber, respectively, I is the mean excitation
energy of the absorber, T,,, is the maximum kinetic energy delivered to a free electron
in a single collision and ¢ is the density effect correction for high energies which accounts
for the characteristics of the field of the incident particle and the polarization of the
absorber. For our purposes, we ignore the density effect when calculating the stopping
power. To see if our assumption is valid, we applied the formula without the density
effect to the protons and compared the result with the values in the PSTAR files. The
results are shown in Figure 3.7 in which we can conclude that assumption is valid since
there is no important difference in the energy range we are considering. The equation
can be manipulated and integrated to get the total distance a particle travels in a
material given the initial energy. Therefore, we can have a set of data which shows
the total range versus the initial energy which serve as basis to calculate the total
time-of-flight as mentioned before.
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Figure 3.7. The comparison of Bethe-Bloch formula and PSTAR, database.

The basic idea is the same whether the target is LHy or LDy, however there are

two important distinctions. The first one is that we introduce the target thickness
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correction in the neutron deuteron cross section simulation and in turn, we account
for the deformation of the target. The second one is the lack of the ready-to-use data
files from which the energy loss is extracted, therefore, we had to use the Bethe-Bloch

formula and formed the files ourselves.

The effective path that the charged particle travels increases because of the
bulging of the target flask as will be discussed in the following section. The position
of the vertex point, the point where the interaction occurs inside the target, spreads
a little as well. With the introduction of the target thickness correction, the target
looks like two spherical caps connected with a cylindrical lateral part. The radius of
the spheres are calculated using the distance from one window to another in the center,
where the distance is largest . The incident neutron enters from the upstream sphere
cap and somewhere inside the target the interaction occurs. The interaction vertex is
assumed to be uniformly distributed between the entrance point and the point where
the incident neutron would exit if it passes through without interaction. The details
of the geometry and the calculation of the vertex can be found in Appendix B. The
profile of the neutron beam as seen in Figure 3.4 is uniformly created in the simulation
in accordance with an input file in which we can characterize the properties of the beam
such as energy range, energy window and duration. The resulting vertex profile can be
seen in Figure 3.8. Then, tables using Bethe-Bloch formula are used to determine the

energy loss during the particle’s trajectory as it reaches the detector.

The energy losses found for all the detectors are depicted in Figure 3.9. The red
lines are y = x lines and all the points in the histogram are below these lines as they
should be since a particle that reaches the detectors cannot lose more than its kinetic
energy. Figure 3.10 relates the true time of flight for a given kinetic energy with the
inclusion of energy loss. These are the histograms that we use to construct our TOF
versus kinetic energy tables which we use instead of kinematic calculations without the
losses in our main analysis. For each time bin in the histograms, we find the profile
of the y-axis, make a gaussian fit and hence obtain the corresponding energy with its

uncertainty.
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Figure 3.9. The energy loss histograms for CSI detectors.

More information on the Monte Carlo simulation is given in Appendix D.
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Figure 3.10. The kinetic energy vs. time-of-flight histograms for CSI detectors with

energy loss.
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3.4. Target Thickness Normalization

In this section, we present the analysis of the np elastic cross section and compare
our results with the SAID [45] data. To understand the problem of thickness normal-
ization, we first look at the expression in Equation 3.4 being used to calculate the cross

section.

do N, k
— = . 3.4
(de>lab Niep ASypil (34)

In the expression, IV, and N; are the number of detected protons and incident neutrons,
respectively, €, denote the efficiency of detecting proton, £ is the electronic pre-scaler
factor, A€, is the solid angle of the proton detectors, p; represents the areal density

of the target and [ is the live time of the electronics.

Among all the parameters in the expression, the areal density p; is the most
uncertain one since the target thickness is difficult to determine. The target container
is placed in vacuum, on the other hand, the target material, LHy or LDs, has some
pressure. As a result of this pressure, the container bulges which means the path
length of the beam increases and, moreover, the amount of increase depends on the
radial position. The deformed shape of the container is illustrated in Appendix B. In
addition, the liquid in the target was observed to bubble continuously during operation
which also changes the effective target thickness. That is why we need to normalize
our results with respect to the SAID np eleastic cross section results to find the target
thickness correction and use this for the nd analysis. With this motivation, let us now

go over all the details and how to obtain them.

The number of incident neutrons N; is obtained from the fission chamber flux
histograms in Section 3.2, seen in Figure 3.3. As mentioned before, the histogram is
with respect to the neutron kinetic energy and it can be used to get the number of
incoming neutrons for an energy interval. Suppose, we choose 10 MeV energy interval,
want to calculate the cross section for 140 + 5 MeV and use the flux per MeV histogram.

First, we need to determine the bin number for the desired energy in the flux histogram
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from a histogram listing file. Since histogram is smooth enough for the given energy, we
just multiply the bin value by 10 MeV, which is the energy window of the analysis, to
get N; (If the histogram were not smooth, we would have to apply a linear or quadratic
fit around the desired bin and then get the value for the specific energy or we could
decrease the bin size and take the sum of the contents of an appropriate number of

bins which is determined by the bin size and the energy interval.).

The number of protons NV, is found by counting the number of events that satisfy
some conditions specified by a set of “cuts”. The first of these conditions is the event
type, namely coincidence or proton-single. Coincidence events are those for which both
a proton and a neutron is detected. The decision is made by the electronic triggering
mechanism considering the timing of proton detection by the Csl detectors and neutron
detection by the neutron wall as explained in Section 2.6. Of course, there could occur
some accidental events and management of those kind of events along with background
is left for neutron-deuteron elastic scattering analysis since we only deal with singles
events for this portion of the analysis. The proton-singles events, as the name suggests,
represent the events in which only protons are detected without requiring detection of
a neutron. The reason why we used single events is that we did not want to require
the knowledge of the neutron detection efficiency at this stage. Secondly, we take only
the events whose beam energy is in the desired interval, [135,145] MeV for instance.
Obviously, the Csl detectors at different angles are handled separately and the events
are validated by checking if valid data are present in the ADC and TDC of the specific
detector. The rest is simply the counting of the events that constitute the number N,

in Equation 3.4.

An example of the protons detected at a specific angle using the singles trigger
can be seen in Figure 3.11. The region where the elastic protons accumulate is shown
with an arrow and a red graphical cut. Note that this graphical cut is not a criteria for
event acceptance as all the events detected are counted as valid events. What produce
the background are the protons arising from elastic (higher energy) and inelastic (lower
energy) scattering from, e.g., carbon, nitrogen and oxygen nuclei in the target and scat-

tering chamber windows. A horizontal band is also apparent in the figure and it is due
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to the protons experiencing strong interaction inside Csl detectors. The background

subtraction was done using empty target runs with appropriate normalization.
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Figure 3.11. Protons for the beam energy 170 +5 MeV.

As for the efficiencies, we only need to consider proton detection efficiency since
we are analyzing proton-singles events. First of all, we assume that when an energetic
proton hits the CsI detector it is certainly detected, namely the efficiency of the de-
tectors is unity. We performed the analysis utilizing the TOF information alone which
provides us with an important advantage; we do not have to use a proton identification
cut on Csl and AE detectors which could introduce detection inefficiency. Presumably,
none of the events is lost during the analysis process. As a result, the total efficiency

is regarded as unity for the proton-singles events.

The dimensions and the orientation of the Csl detectors are given in Chapter 2
from which the solid angle of the detectors is found to be 8.446 x 10~3sr. The pre-scaling
is employed by the electronic system for the specific types of events. The reason is to
make sure that the electronic system handles all the events without being overwhelmed.

Since the coincidence events are providing us the data of primary interest, we do not
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want to pre-scale the coincidence events thus the factor is 1, however, the pre-scaler
factor for the single events is 9. The live time [ is obtained similarly as the ratio of the
recorded events to the triggered events. The value was measured to be 0.86 for the run
range we used. Both the pre-scaler factor and the live time were measured using the

scalar modules.

The areal density of the of the LH, target can be found using the following

formula

:pHQXNAX

A
AL v

Pt

2

where pp, is the volume density, N4 is Avogadro’s number, Ay, is the molar mass and
Az is the effective thickness of the target. The normal of the target makes an angle
of 50° with the beam direction, therefore Ax = 1.94cm and the areal density is found
to be 8.33 x 10 %atoms/barn for the undeformed target. However, this value is not
the effective thickness, it is used with a correction coefficient for which the reasons are

stated at the beginning of this section.

All that is left now is to perform the analysis and calculate the elastic cross
section. However, there are two crucial points that need to be discussed. The recoil
particle (proton or deuteron) loses energy before hitting the CsI detector while passing
through different layers of matter which in turn affects the time it takes to reach the
detector (TOF). Hence, this energy loss should be taken into account. In Section 3.3,
we gave the details of the Monte Carlo simulation to account for the energy loss and
to correct the TOF with respect to this energy loss forming a table to be used in the
analysis. The other essential point is the background subtraction. Not all the events
detected by the Csl detectors are elastic neutron-proton events and so far we did not
mention anything done to separate these events. Fortunately we have empty target
runs, thus the difference between the cross-section results of full target runs and the
empty target runs will give us the true cross section up to a normalization of the empty

target data with the beam flux.
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It is conventional (also universal) to present the findings in the center-of-mass
frame so we need a transformation to obtain the results in the desired frame. The
following equations govern this transformation. The derivation of these equations along

with other kinematic relations are given in Appendix C.

Pno + Pt
cm — 5 3.5
o = 5 (3.5)
tan(0r/2) = vemtand, (3.6)
which lead to the jacobian
A _ (14 72 tan%0,.)?cos?0), (3.7)

dr 4z

“*” indicates the center-of-mass frame and subscripts ng, ¢t and r

where superscript
denote the incident neutron, target and recoil, respectively. Then, we are able to

express our results with the following transformation

do . do % dQlab
dQx N dQlab dQx* )

(3.8)

The results of the np elastic cross section analysis is given without the target thickness
correction in Figure 3.12. The results are consistently higher by a constant factor as
expected. The error bars are hardly noticeable since only statistical errors are shown.

The systematic errors will be introduced later.

In order to find the correction factor, we calculated the x? value including all data
points with respect to the corresponding SAID np elastic cross-section value, performed
a linear search over the possible correction factor values. The coefficient which makes
the x? sum minimum serves as the target thickness correction factor. Figure 3.13 shows
the result of the analysis. The value we obtain from the fit is in fact the inverse of
the correction factor so the value we are looking for is corr_fact = 1.25 £ 0.06 where

the error was found by the double-y? method. The corrected results for the np elastic
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3.5. Determination of Neutron Efficiency

3.5.1. Geometric Acceptance

Before going into the determination of the efficiency, we should first check the
neutron bar hit profile using a Monte Carlo (MC) simulation. The reason is that we
would like to make sure that monoenergetic neutrons scattered from the protons de-
tected by different Csl detectors cover somewhat distinct areas on the wall for a specific
incident beam energy. This check tests the correctness of our kinematic calculations

and confirms that geometric acceptance is close to 100 % for the range of interest.

The position, orientation and dimensions of the wall are known and we used the
incoming beam energy slice of 200 &= 1 MeV which gave us the profile similar to that

shown in Figure 3.6.
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Figure 3.15. Neutron wall hit profile.

The hits scattered from protons detected by six different Csl detectors are clearly
seen. In addition, the neutron bars are also indicated. We decided not to use data
from 16° Csl detector since some of the scattered neutrons for that detector (the left-
most blue hits) get away as easily seen in the figure so the geometric acceptance for
that angle is not unity. Another important point is that the hits corresponding to
proton hits at different angles mostly do not overlap which is also consistent with the

expectations as we used a narrow incident neutron energy range.
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3.5.2. Neutron Detection Efficiency

The difference between the time information obtained from the PMT’s at the
right and left of a specific bar gives us the position of the neutron hit on the bar.
Therefore, if we make a histogram of this time differences for a specific Csl angle, we
easily recognize the region on the histogram where the neutron hits form a peak. Then,
all we have to do is, for a specific incoming energy and Csl angle, to count the proton
single events and the neutron hits in the region of interest. The ratio will gives us the

neutron detection efficiency.

Naturally, we want to find the neutron efficiency with respect to the energy of
the neutron hitting the bar, so we need to map the energy of the neutron hitting the
bar to the energy of the beam. This is done using elastic kinematics, given the energy
of the neutron hitting the bar and the angle of the Csl detector, the energy of the
neutrons in the beam can be (numerically) found. We expected to find the efficiency
in the range of about 25-150 MeV since the maximum energy of a neutron in an nd
elastic scattering is calculated to be ~ 146 MeV for 250 MeV incident neutron. The

steps of the analysis can be summarized as below:

e The kinetic energy of a proton in the proton-single event is calculated using the
TOF information. It is worth noting that this calculation now includes the energy
losses.

e The incoming neutron energy is calculated via the proton kinetic energy and the
Csl angle. We pick the events with the energy values that correspond to the
energy at which the efficiency is calculated. For example, for the efficiency at 25
MeV, the energy of the neutron beam is calculated to be 142 MeV for 24° Csl
detector. Then we accept the events with the incoming neutron energy 142 4+ 5
MeV.

e Among the accepted events, we make an E-AE histogram and determine the
proton region in this histogram. Around the proton region, we apply a graphical
cut, which is our second filter. We count the protons inside the region. An

example cut is shown in Figure 3.16.
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Figure 3.16. Proton identification (ID) cut for the beam energy 170 £ 5 MeV.

e For the Csl angle and the proton events inside the cut, we fill histograms for
the neutron bar time differences, for a specific beam energy. Then we count the
neutrons inside the pile-up regions of the bars. The neutron counting part of
the analysis is in fact subtle since there are two issues to be considered: Double
(or triple) counting and subtraction of the background. In some cases, a single
neutron hitting the bar can fire more than one bars. If both of these records are
in the regions of interest, a single event may be counted multiple times. In order
to prevent this, we count the event once even if it leaves a trace more than once.
To deal with the background subtraction, we pick regions far from the pile-up
regions and same size with the pile-up regions on the histograms and count the
neutrons inside these regions (again avoiding double counting) and we subtract
this number from the neutron count inside the regions of interest. It is important
to note that we assume the background is independent of the position on the
bar which allowed us to use different regions. We confirmed this observing a flat
background in Figure 3.17. In addition, due to cross-talk, a neutron outside but

close to the region of interest can manifest itself inside the region of interest of
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a neighbour bar, hence we may have included some extra neutrons which must
not be counted. However this has a very little effect when compared to other
uncertainties. Below is an example histogram for the middle bar. The region
of interest is clearly noticed, it is between 3 ns and 10 ns, and the background

region is chosen between -10 ns and -3 ns for this case.

20

15

Counts

-20 -10 0 10 20
Gt = Lrighe (NS)
Figure 3.17. Time difference histogram of the middle bar the beam energy 170 £+ 5
MeV. Region of interest and background region is illustrated with red and blue

boundaries, respectively.
e The efficiency is then found as

o Nn - Nn—bg
B N,

p

EN(Tn)

Below is the table showing the results. The columns Np, Nn and bg are the
proton count inside the proton ID cut, the total neutron count in the regions of in-
terest (of five bars) and the total count in the background regions, respectively. The
column np_bit is a control column telling how many of these counted neutrons are also
recorded as a coincidence event, the np_bit and N_n counts are close which confirms

the reliability of the electronic trigger system. The eff column is the result obtained
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without the background and the column eff_bg is the result with the background taken

into account and of course the error column belongs to the eff_bg values.

We also noted a deviation from the “smooth” behavior as a function of 7,, at
T, = 62.5 MeV, thus decided to include another point at 7, = 69 MeV, and concluded

that it was a statistical fluctuation.



Table 3.1. The detailed neutron efficiency results.

Tn Csl Tno Np | Nn | np_bit | bg | t_diff | eff | eff_bg | eff_er
(MeV) | (deg) | (MeV) (ns)

24 142 11048 | 3194 | 3182 | 364 | 2.10 | 0.289 | 0.256 | 0.005

25 30 96 20680 | 5448 | 5432 | 645 | 5.15 | 0.263 | 0.232 | 0.004
36 70 31391 | 8158 | 8136 | 1002 | 7.81 | 0.260 | 0.228 | 0.003

24 208 4627 | 1051 | 1045 116 | 2.54 | 0.227 | 0.202 | 0.007

37,5 30 142 10554 | 2389 | 2371 | 367 | 5.37 | 0.226 | 0.191 | 0.005
36 105 14805 | 3169 | 3163 | 433 | 8.06 | 0.214 | 0.184 | 0.004

24 270 3544 | 697 689 96 2.72 1 0.197 | 0.170 | 0.008

50 30 186 6744 | 1249 | 1249 | 138 | 5.63 | 0.185 | 0.165 | 0.006
36 138 9135 | 1615 | 1614 | 193 | 8.20 | 0.177 | 0.156 | 0.005

24 331 1502 | 271 271 18 3.18 | 0.180 | 0.168 | 0.011

62.5 30 230 3915 | 679 678 100 | 591 | 0.173 | 0.148 | 0.007
36 171 5597 | 923 923 93 8.51 | 0.165 | 0.148 | 0.006

24 361 1116 | 187 187 32 3.45 | 0.167 | 0.139 | 0.013

69 30 252 3114 | 464 464 49 6.12 | 0.149 | 0.133 | 0.007
36 188 4621 | 756 756 74 8.71 | 0.164 | 0.148 | 0.006

24 388 821 119 117 28 3.80 | 0.145 | 0.111 | 0.015

30 271 3291 | 455 455 52 6.19 | 0.138 | 0.122 | 0.007

K 36 203 4070 | 585 584 71 8.82 | 0.144 | 0.126 | 0.006
42 160 4269 | 537 537 50 | 11.23 | 0.126 | 0.114 | 0.006

30 312 1842 | 244 244 35 6.47 | 0.132 | 0.113 | 0.009

87.5 36 235 3043 | 381 380 43 8.96 | 0.125| 0.111 | 0.007
42 186 2736 | 314 314 29 11.33 | 0.114 | 0.104 | 0.007

30 352 1298 | 168 167 14 6.83 | 0.129 | 0.119 | 0.010

100 36 266 2610 | 373 373 25 9.33 | 0.143 | 0.133 | 0.008
30 392 875 | 116 116 10 6.98 |0.132 | 0.121 | 0.013

H2 36 296 1890 | 238 238 22 9.39 | 0.126 | 0.114 | 0.009
30 430 750 76 76 9 7.51 | 0.101 | 0.089 | 0.012

12 36 327 1552 | 179 179 24 9.79 | 0.115 | 0.100 | 0.009
30 468 356 45 45 1 7.74 | 0.126 | 0.124 | 0.019

1375 36 356 1178 | 139 139 18 9.95 | 0.118 | 0.103 | 0.011
30 505 412 56 56 8 7.56 | 0.136 | 0.116 | 0.019

10 36 386 931 123 122 11 10.21 | 0.132 | 0.120 | 0.012
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The final results then are listed as

Table 3.2. The final neutron efficiency results.
Tn(MeV) | n_eff | n_eff_err

25 0.234 0.002
37.5 0.189 0.003
50 0.162 0.003
62.5 0.151 0.005
69 0.141 0.005
5 0.120 0.005

87.5 0.109 0.004

100 0.128 0.006

112.5 0.116 0.008

125 0.096 0.008
137.5 0.108 0.011
150 0.119 0.011

We also know that the efficiency depends on the position of the hit on the bar.
The hit position of neutrons with the same energy changes between np and nd events,
therefore, the cross-section results may be affected by this dependence. Moreover, it is
expected that the ends of the neutron bars are less sensitive compared to the middle.
We will continue as if there is no dependence and in the next subsection, we will outline

our treatment of the position dependence.

The efficiency and its error for a specific neutron energy is found by standard
procedures considering each efficiency value to be independent, thus we averaged them
using the proper weights. Then the results are fit by an empirical function of the

following form

e(T,) = A+ Be /¢,

We will use this function for the rest of the analysis. Figure 3.18 shows the values and



the fit parameters along with the data and the model.
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Figure 3.18. The neutron efficiency fit using a simple model.

29



60

The parameters of the fit function also have errors which means the fit function
has some uncertainty or in other words, there is a possible band of functions for these
data. Assuming A, B and C' are weakly correlated, the uncertainty of the function can

be found as

of\* or\’ of\* ‘ .
2 o “J 2 or 9 o] 9
oF = <8A> oy + (88) o+ ac ) ¢ + O(terms with covariances),

which is also a function of energy. The upper and lower boundaries of the band shown

in Figure 3.19 indicate 1-0 errors using this.
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Figure 3.19. Neutron detection efficiency in the scintillator bars as a function of
neutron kinetic energy. The circles represent the data obtained in the present
measurement, the diamonds a Monte Carlo simulation [8]. The band is a fit to the

data as described in the text.

3.5.3. The Position Dependence of Neutron Efficiency

Observing Table 3.1, we see that the neutrons with the same energy yield slightly
different results depending on the angle of the Csl detectors, thus the neutron position
on the bar. Our strategy here is similar: We will find the efficiencies for the same energy
associated with different Csl angles and since different angle means different position

on the bar, the variations will give us the dependence. Figure 3.20 demonstrates the
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results of this analysis.

The position dependence of the efficiency is assumed to be smooth, simple and
symmetrical with respect to the bar center, therefore, we used the polynomial model

in Equation 3.9

en(z) = A2* + B (3.9)

where z is the distance from the center of the bar. The fit does not look good for 70
MeV, however, the statistics is poorer for that energy evident from the larger error
bars and x?/dof is acceptable. The average hit positions of neutrons are about 75
cm and 40 cm for 24° and 30°, respectively according to Figure 3.5 which leads to
Table 3.3. The other angles are excluded since the correction is insignificant compared
to the associated error and we do not use coincidence events for 54°, thus neutron

efficiency. The errors presented are due to the modeling, however, we could only use 4

Table 3.3. The position correction factors.

Lab Angle(deg) | Correction Factor | Correction Factor Error

24 1.62 0.15

30 1.12 0.04

points for each plot due to the limitations of the experiment and we ignored the spread
of the neutrons on the bars. To account for these, we introduced an additional 10%

systematic error.
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63

3.6. Elastic Neutron-Deuteron Cross-Section Analysis

The basic methodology for finding the nd cross section is very similar to that of
the np analysis, which is outlined in Section 3.4. The cross-section formula 3.10 gives
us the elastic cross section in the lab frame which will be transformed in exactly the

same manner to the center-of-mass frame as discussed in Section 3.4 and Appendix C.

do N, k
= 3.10
<dQn)lab Niﬁnﬁp Adetl ( )

The symbol N; represents the number of incident neutrons in the energy cut
we applied. A€, is the solid angle of one Csl detector and ¢, is its efficiency. Since
the detectors, detector geometry and the setup are the same as in the np case, the
values are also the same, namely AQ; = 8.446 x 1073 sr and ¢, = 1 as discussed in
Section 3.4. The live time [ for the deuteron runs is 85%. For this case, however, we use
coincidence events, hence the pre-scaler £k = 1 and the appropriate neutron efficiency
€, with respect to the energy is used. The measurement of ¢, has been thoroughly
discussed in Section 3.5. Another quantity that differs from the np case is the target
thickness since the target is LDy, and the areal density comes out as 0.1002g/cm? using
density of the LDs, 0.1690g/cm?, and the target geometry. Of course, the number that
appears in the formula is the effective target thickness, namely this number times the
correction factor 1.25 4 0.06.%> The number N, is the number of particles that are the
products of elastic collision. The rest of this section is dedicated to the obtaining of

N,.

The task was simple for the np case as the elastic events were clear in E-AE

3With regard to the validity of applying the same renormalization factor to the nd data: the
fission chamber calibration and the window-bulging will certainly be the same for both hydrogen
and deuterium. Following the experiment, the target cell was observed (at room temperature and
atmospheric pressure) to have a permanent deformation; its physical thickness had increased by a
factor of 1.45. The reduction of the effective target thickness due to bubbling apparently leads to the
factor 1.25. In principle the reduction could be different for LHy and LDs, since the boiling point
temperature for LDy is lower. However, the systematic error in the cross section associated with the
assumption of a constant renormalization factor was estimated to be an additional 3% at worst, and
has been included in the analysis.
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histograms, we did not need to use graphical cuts and the neutron efficiency did not
play a role. For the nd case, however, we observe two loci, one belonging to the elastic
deuterons, the other belonging to the quasi-elastic protons originating from the target
as well as the windows. A typical plot, Figure 3.22a, is shown after an incident beam
energy cut. As one may observe, the separation is not so clear and there is some
quasi-elastic proton contamination in the deuteron region. The situation gets worse
for backward angles and higher energies. Therefore, we had to invent some methods to
clearly distinguish the deuterons and these methods include the use of neutron bars.
The sum of left and right PMT responses from the neutron bars should kinematically
give a constant value for a specific deuteron angle, therefore we applied a cut on this
value to remove a considerable number of protons and background as in Figure 3.21

which transforms the histogram from (a) to (b) in Figure 3.22.
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Figure 3.21. The total of time readings of one of the bars for deuteron recoil angle 6

= 36° and incident neutron energy Theam= 210 MeV.

For each recoil deuteron angle, the angle of elastically scattered neutron is de-
termined by kinematics. The time difference of left and right PMT signals from the
neutron bars is directly related to the hit position of the neutrons and thus the scatter-
ing angle. Figure 3.23 shows that the neutrons from elastic collisions appear between
red lines and the rest of the data is from neutrons in coincidence with quasi-elastic

protons and accidental events. Hence, we can obtain the number N, by counting the
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Figure 3.22. AE — E histograms of nd events for deuteron recoil angle §; = 36° and

incident neutron energy Theam= 210 MeV a) before, b) after the cuts on the neutron

timing as described in the text.

events in the region of interest and calculate the differential elastic cross section with

appropriate background subtraction. Unfortunately, it is not a simple task to obtain

such histograms nor to identify background for all cases. Therefore, we had to devise

two methods for different cases.
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Figure 3.23. The tg histogram of middle bar at 170 £ 5 MeV for 36° (lab) deuteron
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3.6.1. Main Method of Coincidence Analysis

Apart from the neutron backward angle, corresponding to deuterons at 24° in the
laboratory frame, all the coincidence results are found using what we call as the Main
Method. The method here refers to the succession of filters employed to obtain a clear
picture where we can extract the number of neutrons of interest for a desired energy.
The first filter we apply is the energy cut on the incident beam. We use incident energy
bins of 10 MeV (4+5 MeV) and Appendix D.3 justifies this choice.

After this cut, our E-AE histograms look like Figure 3.24. In this specific case,
Tpeam = 200 £ 5 MeV. We can see the deuterons to the right of the prominent proton
locus, and the separation improves as the angle increases. The proton contamination is
severe especially for backward angles. To reduce the contamination, we use the neutron
bar information. We have two type of histograms for this purpose, t|,—t, = tqir and (¢, +
tr) — texpected = ATOF, mainly the difference and sum of the time information coming
from the PMT’s at the bar ends. (fexpectea 1S €valuated according to the geometry, thus

we expect a peak “around” zero for deuteron coincidence events.)

The second cut applied is on the ATOF whose histogram is seen in Figure 3.25.
The higher peak corresponds to the deuterons and the lower and wider one is due to
protons. This cut is a generous one as the limits on ATOF are adjusted to include all
the deuterons and even some of the protons in order not to lose efficiency. After this
cut, we fill another set of E-AE histograms as in Figure 3.26 which are significantly
cleaner than the original, in which we can apply a graphical cut around the deuterons.
Rather than calculating the efficiency of this cut, we make it large enough so that
almost no deuteron can escape it even at the cost of some background which makes
sure we do not lose efficiency again, and we investigated the associated systematic

errors as will be explained later.

The last phase of the analysis is to fill t4;¢ histograms of the events inside the
graphical cut and count the neutrons due to nd elastic scattering, which will be referred

as neutrons-of-interest from now on. These histograms look like Figure 3.29 and peaks
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of neutrons-of-interest are clear (Those to the left end of the histogram). These peaks
are not well-shaped so instead of modelling and fitting, we need to count the events
inside those peak ranges. For every Csl and every bar, we identify the neutrons-
of-interest region, i.e. between -15 and -9 ns for bar 1, and count the events with
that characteristic. Similarly, assuming flat background, we identified a background
region with the same width for the same bar, i.e. between 0 and 6 ns, and count the
background events. In principle, one event can fire more than one bar or accidental
events can produce erronous information. Therefore, for 200 MeV, we looked at the
multiplicity situation, that is, we count how many times the detectors fired one at
a time, two at a time, etc. The ratio of multiple firing to single firing was about
7.5% which is not large but must be handled properly. This method gives very good
results for the intermediate angle Csl detectors like the one in Figure 3.30; however,
the forward neutron angle result is lower than expected, and the situation for backward

angle is even worse as mentioned earlier and shown in Figure 3.29.

For the forward neutron angle, 54°, we claim that there is a geometrical and
electronics acceptance issue even though the simulations showed that this should not
be the case. In Figure 3.27, we can clearly see that the rightmost part of the neutrons-of-
interest peak ends abruptly. The discrepancy between the simulation and the data may
be explained by either a small error in detector position or neje — neyigne coincidence
window in the trigger. Therefore, we cannot make a correction to that point since
we cannot determine the acceptance ratio for sure. Solution we attempted was to use
singles data, however, those data were discarded eventually. The details of this issue

will be given later.

One can find the figures outlining the main method in Appendix A.

3.6.2. Alternative Method of Coincidence Analysis

The main method gives very good results for the intermediate angle Csl detectors,

however, the situation for the backward neutron angle is not so favorable. The reason

why the main method does not work is that the background is not flat, the nearby
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quasi-elastic proton peak produces higher background levels. The sketch in Figure
3.28 summarizes the situation as there is no bump due to quasi-elastic protons in the
second figure, at least in the background region to the left of the peak due to deuterons.

Figures 3.29 and 3.30 shows the actual data.

Therefore, we need to model the background and obtain an estimate. Unlike the
neutrons-of-interest peak, the background looks like a wider gaussian on top of a flat
background. However, the amount of data in the tg4g histograms after the graphical
cut is not sufficient for a good fit, thus we employed the tg¢ histograms of the events
outside the graphical cut as they contain more data and show a definite smeared peaks
due to quasi-elastic protons. We apply a four-parameter fit, the parameters being
mean, amplitude and standard deviation of a gaussian plus a constant. We are only
interested in the location and the width of the neutrons due to protons which are
precisely determined by this first fit. We apply the same fit to the tq4i¢ histograms for
the events inside the graphical cut forcing the mean and the o found by the previous
fit. These two parameters are expected to be the same for neutrons due to protons for
both inside and outside the graphical cut. As a result, the value of the constant fit
parameter will give us the level of the background. This approach assumes that the
multiple firing is insignificant when compared to the single firing which is the actual
case since the 7.5% multiple firing cannot significantly change the fit parameters. We
estimate the systematic error due to this will be small. The only thing remains is
to estimate the error resulting from this analysis. The most effective element is the
graphical cut as it actively shapes the histograms. Therefore, we repeated the analysis
for a tight and a very broad cut which includes some of the quasi-elastic protons. The
results of a normal cut and a broad cut are within error bars which is as expected since
even if the background is high, our method must determine the background correctly.
The results for the tighter cut came out low, again as expected as we obviously lose
some deuterons (Note that we used the normal cut for the final results.). The deviation
gives us an estimation on the systematic error of this approach. The results deviated
15% for 200 MeV and 10% for 135 MeV, we included these deviations as systematic
errors which are, we believe, a little overestimated. One can find all the figures and

fit parameters in Appendix E. Figure 3.31 focuses on the results of the alternative
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method for the forward angle at 200 &= 5 MeV. The vertical lines are two different
predictions for this energy and one can clearly see that this analysis is superior to the

singles analysis which is why we use it instead of singles.

3.6.3. The Singles Analysis

As stated previously, there is a geometrical acceptance issue regarding the neu-
tron wall as clearly seen in Figure 3.27 which rules out a coincidence analysis. We
may turn our attention to singles, however, there is no direct way of subtracting back-
ground. Therefore, we decided to calculate the cross sections without any background

subtraction and then perform a scaling.

The singles analysis is the same as that for the np case except for the background
part. We are also confident about the cross-section results of the intermediate angles so
they serve as our reference points. The graphical cuts used are the same as the ones used
in the coincidence analysis. The scaling factor is the ratio of the coincidence results to
the singles results for the intermediate angles, found by calculating the weighted mean

of the scaling factors for each point.

Like the alternative method, the analysis depends heavily on the graphical cuts,
therefore, the method is used once again with wider cuts and in turn another scale
factor is obtained. Quantitatively, the scaling factor with normal cuts is found to
be 0.464 whereas the factor with wider cuts turned out to be 0.754. The presented
singles results are the combination of the two results with cuts with different sizes. In
addition, the difference of the two scaling factors helps us estimate the systematic error
for this analysis. We simply assign percent difference of the factors as the systematic
error, which is 25%. The number may look large, but it is reasonable for such a crude

analysis.
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due to elastic deuterons

. o

ue to quasi:elastic protons

B ™

due to elastic deuterons
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36 |

background
background

’ due to quasi-elastic protons
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\

Figure 3.28. The sketch of neutron bars belonging to different Csl detectors. For 36°
the background can be detected from the flat region to the left-most edge of the

histogram.
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T=200+5 MeV
24°
® Normal Cut(126-208)
Py + | Normal Cut(238-297)
® Normal Cut((126-208)+(238-297))
® Tight Cut(126-208)
® Tight Cut(238-297)
. ® Tight Cut((126-208)+(238-297))
® Wide Cut(126-208)
————+—— ® Wide Cut(238-297)
_ ® Wide Cut((126-208)+(238-297))
- ® Singles((126-208)+(238-297))
° — Witala 200 MeV 2NF Jmax5
—— Witala 200 MeV 3NF
———+—
_—
| | |

do/d€2, (mb/sr)

Figure 3.31. Elastic cross-section results for differents ranges of data and singles

result at 200 = 5 MeV'.
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3.7. Polarization Correction

Since the neutron beam is produced at a non-zero angle with respect to the proton
beam direction, we expect neutron beam to exhibit some polarization. A separate
experiment was carried out with the same neutron beam to measure its polarization
whose details can be found in [9]. In short, Equation 3.11, which gives the number of
particles scattered into the angle 6 from a beam of polarization P, is used to extract

the beam polarization.

N(0,6) = No(6)(1 + A(6) P, cos 6) (3.11)

In this equation, ¢ indicates the angle between the scattering plane and the polarization
and A(0) is the analyzing power of the carbon scattered. In the experiment, a rotatable
detector assembly was used such that it can be rotated 180° which allowed making two
separate measurements where angle ¢ = 0°, 180°, respectively. Assuming the analyzing
power is known and utilizing the symmetry of the setup, we can get

r—1

P, = YT (3.12)

where r is a function of the yields of the detectors placed for the two different values

of ¢.

The result of the polarization measurement is presented in Figure 3.32. We
applied a Cy — Cre %)/ type of model and obtained the curve and the error band
in the figure. Even though the curve does not perfectly reproduce the fluctuating data
at higher energy, it is acceptable in the energy range of interest, namely 130 MeV to
250 MeV.

There are many studies from which we can obtain the analyzing power values.
The analyzing power for 140 and 160 MeV is taken from H. Witala? whereas the values
for 150, 170 and 190 MeV are from [10] and that for 250 MeV comes from [17]. The

4Private communication.
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Figure 3.32. The polarization vs neutron energy [9].

values for the rest of the energies and angles are obtained by interpolating these existing

data such as [10,15].

Our final results include the (small) polarization corrections. The polarization

error is about 10% in our energy range.
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3.8. Systematic Errors

In this section, we will introduce the sources of systematic error and explain the
methods used to obtain their magnitudes. There are several sources of systematic
errors from properties of the experimental setup to the uncertainties arising from our
analysis methods. In addition, the errors for each angle may differ from others since
the analysis method, the type of events used (coincidence or singles) varies from point

to point and some points received extra corrections.

3.8.1. Unknown Uranium Cross Section

The flux of the neutrons in the beam is determined using a fission chamber. The
details of the chamber can be found in Section 3.2. The basic idea is to bombard 238U
with the neutrons and measure the ionization generated by the fission products. In
order to determine the correct number of neutrons, we need to know the cross section
for the neutron-induced fission, however, the cross-section data do not exist for the
energy range we are interested in. This forces us to interpolate the existing data to
obtain the needed values. Figure 3.33 shows the actual 238U data, linear and spline

interpolation curves with respect to the neutron kinetic energy. The y-axis is arbitrary.

As clearly seen, there is no data between 120 MeV and 380 MeV which unfor-
tunately covers our energy interval of 135 MeV to 240 MeV. There is a considerable
difference between the two interpolations which gives an idea of what the associated
error could be. The largest difference was found to be 4.5% with respect to the average
of that specific point and since this is a crude approximation, we double this difference

and assigned the error for unknown uranium cross section as 9%.

3.8.2. Target Thickness Correction

The details of determination of target thickness correction are given in Section 3.4

and in Figure 3.13. The error for the correction factor is obtained by determining the
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Figure 3.33. The 238U cross section versus neutron kinetic energy.

width of the curve at twice the minimum value which resulted in 5%. As mentioned
earlier, we assume that the target thickness normalization is the same for LDy and LHs,
however, this may not be the case as the targets’ boiling points are different which may
cause different amounts of bubbling. For this reason, we assign 10% error on account
for this uncertainty which is a worst case assumption obtained by comparing bubbling

and no bubbling cases.

3.8.3. Deviations in the Detector Placement

These deviations may lead to decrease in the geometrical acceptance and/or a
change in the solid angle. In Appendix D, the error for the geometrical acceptance is
mentioned to be 2% and the way it is calculated is given there. Apart from that, the
differential solid angle changes with respect to the target-to-detector distance. This

introduces another error of 1% calculated by propagating the distance error.
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3.8.4. Neutron Efficiency Error

The particulars of the determination of neutron efficiency are given in Section 3.5.
To summarize, we obtain the efficiency using experimental data and apply a decaying
exponential fit plus a constant to the findings. The errors of the parameters of this
fit determines the error for the analysis and the band in Figure 3.19 demonstrates the
situation. Since the energy of each neutron differs with respect to the beam energy and
the CsI angle, this error for each point is different, nevertheless, it is about 5%. Note

that the error for neutron efficiency is only considered in the coincidence analysis.

3.8.5. The Error due to Singles Scaling

The cross section for the forward neutron angle can only be found using singles
data as mentioned before in Section 3.6.3. One recalls that the analysis is repeated
twice with graphical cuts of different sizes to minimize the cut dependence and to have
an idea of the associated error. Since the analysis is performed using wide and tight
cuts, it is quite safe to assume that error can be extracted from the percent difference

of the two correction factors which came out to be 25%.

3.8.6. The Error due to Alternative Method

As you may recall, the backward neutron angle cross section cannot be obtained
in the same way as the other angles due to the nonuniform background as discussed in
Section 3.6.2. Similar to the singles case, the graphical cuts are quite influential hence
for some energies (200 MeV and 250 MeV); we repeated our analysis with varying cut
sizes. The results changed about 10-15% with respect to the designated value so we
concluded that this is the contribution of the cut dependence error of the alternative

method.
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3.8.7. The Position Dependence Error

The neutron detection efficiency varies with respect to the hit position of the
neutron on the neutron wall as explained in Section 3.5. The detailed treatment for
the correction is also outlined in that section which in turn introduces some error to our
cross-section result. Since the statistics is not particularly good for this analysis, we
assigned an additional 10% on top of the error in the correction factors, which resulted

in a 14% error for the 24° and a 11% error for the 30° charged particle detectors.

3.8.8. Polarization Correction Error

This is a very small correction as stated in Section 3.7, the polarization itself has
an error for each energy about 10% which is added accordingly to our total systematic

error.

Figure 3.34 summarizes all of the mentioned sources of errors, affected angles
and their amounts. Taking all the errors into account, our singles results have a total
systematic error of 30%, the results for intermediate deuteron angles, namely 36°, 42°
and 48° in the lab frame, have about 16% total systematic error, whereas the error in
the result for 30° is 19% due to the additional position dependence correction and the

error in the result for 24° is 24% on account of the alternative method.



ililii |i iil"i“ Affected Angles i Hil |“ ﬁ'

Deviations of setup from

assumed positions All Angles 2%
np normalization All Angles 5%
Polarization Correction All Angles 1%
Unknown U cross section All Angles 9%
LD2-LH2 difference All Angles 10%
Nonuniform background 24° 10-15%
Pdion padnce
Singles scaling 540 25%
Neutron Efficiency All Angles except 54° 5%

Figure 3.34. A summary of all the systematic errors.
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3.9. Results and Discussion

The measurements were made in the energy range of 135 to 250 MeV which is the
most suitable range to make use of all the charged particle detectors with acceptable
resolution. With higher beam energies, the resolution is lost especially for the backward
neutron angle, i.e. 24° deuteron data. At the other end of the spectrum, the charged
particles cannot reach the detectors due to the energy loss for forward neutron angle
data. We present here nd elastic scattering cross-section measurements at 12 different
beam energies separated by 10 MeV bins in Figures 3.35, 3.36 and 3.37. Tables 3.4

and 3.5 give our measurements in tabulated form.

In the figures, the relevant past measurements as well as theoretical predictions
are included along with our data, if any. Our work is in good agreement with [18]
at 135 MeV. The cross sections measured at KVI seems always to be greater than
our data, as in the comparison with [11] at 135 MeV and with [10] at 135, 150, 170
and 190 MeV. The agreement with [14] is good at 150 and 180 MeV, but the level
of agreement worsens somewhat at 210 MeV. At 250 MeV, the data of [16] and [17],
agreeing well among themselves, differ somewhat around the cross-section minima from

our measurements.

As for the theoretical predictions, our measurements favour the predictions that
include 3NF effect although at some energies (150, 170 and 190 MeV) there is no clear
preference. Nevertheless, our data are in very good agreement with the predictions

with 3NF around the critical region, i.e. the cross-section minima.

We need make a final remark regarding the forward neutron angle result obtained
using singles analysis. The singles analysis is quite crude and is not exactly correct
methodologically. It can be improved using a larger set of cuts with varying sizes
or determining the signal-to-noise ratio for other angles and extrapolating it for the
forward angle as a measure of background. However, this data point is hardly useful as
it is the farthest from sensitive region, therefore, even though this data point is shown

in the plots, we decided not to include it in the publication.



Table 3.4. The nd cross-section results.

Theam | 05 | 5™ | do/dQS™ £ €qat T €oys
(MeV) | (deg) | (deg) (ub/sr)

24 131 206 + 6 + 45

30 119 230 + 6 £ 44

135£5 36 107 218 + 5 + 34

42 95 255 + 7 + 40

48 83 337 + 14 £ 53

24 131 187 + 6 + 45

30 119 156 + 5 + 29

150 £ 5 36 107 164 + 5 + 27

42 95 213 + 6 + 34

48 83 270 + 9 + 42

24 131 143 + 5 + 33

30 119 161 + 5 + 31

160 £ 5 36 107 142 + 5 + 22

42 95 209 + 7T £ 33

48 83 301 + 9 £ 48

24 131 134 + 6 + 32

30 119 113 + 5 + 21

170 £ 5 36 107 117 + 5 £ 18

42 95 164 + 6 + 26

48 83 187 + 8 + 30

24 131 149 + 7 + 34

30 119 120 + 6 + 22

180 £ 5 36 107 102 + 5 + 16

42 95 155 + 6 + 25

48 83 229 + 9 £ 36

24 131 109 + 6 + 26

30 119 85 + 5 £ 16

190 £ 5 36 107 87 + 4 £ 14

42 95 128 + 6 + 20

48 83 170 + 12 4+ 26




Table 3.5. The nd cross-section results (continued).

Theam | 05> | 05™ | do/dOQS™ £ 6ot £ Esys
(MeV) | (deg) | (deg) (1b/sr)
24 131 82 + 6 + 23
30 119 72 + 5 + 14
200 £ 5 36 107 83 + 5 £ 13
42 95 117 + 6 +£ 18
48 83 149 + 11 £ 23
24 131 69 + 6 +£ 18
30 119 69 + 5 £ 13
210 £5 36 107 65 + 4 <+ 10
42 95 96 + 6 £ 15
48 83 110 + 11 + 17
24 131 60 + 6 + 16
30 119 78 + 5 £ 15
220+5 | 36 107 86 + 4 + 13
42 95 116 + 6 + 18
48 83 211 + 9 £ 33
24 131 64 + 6 + 16
30 119 o1 + 6 £ 10
230 £5 36 107 69 + 6 £ 11
42 95 77 + 7 + 12
48 83 93 + 11 + 14
24 131 40 + 6 + 12
30 119 42 + 5 +£ 8
240 £ 5 36 107 02 + 4 +£ 8
42 94 90 + 5 + 14
48 82 127 + 8 + 20
24 131 55 + 6 + 12
30 119 44 + 5 + 8
250 £ 5 36 106 53 + 4 £ 8
42 94 71 + 5 + 11
48 82 104 + 10 £ 16
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Figure 3.35. The cross-section results. The experimental data and the theoretical
work prior to this study is taken from [10-18] and [3,19-21], respectively.
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4. CONCLUSION

In this work, we measured the neutron-deuteron elastic scattering cross section
in the energy range 135 - 250 MeV to shed some light on the three-nucleon interac-
tion. The measurement is an absolute cross-section measurement, that is, no external
parameter is included. The normalization was performed using the same experimental
setup with a hydrogen target and the neutron detection efficiency was measured using
the experimental data, making the predictions by a Monte Carlo simulation redun-
dant. Moreover, this study is distinguished from many others in that the probe used is
a neutral one with a continuous energy spectrum whereas many of the previous works
utilize charged particle probes and/or fixed energy beams. Consistent with the main
motivation, the experiment focused on the region where the effects of three-nucleon

forces (3NF) are pronounced.

As discussed in the previous section, the agreement with both previous exper-
imental work and theoretical predictions of our data is generally satisfactory. More
interestingly, our measurements favour the predictions with 3NF effect almost without

exception in the angular region of the cross-section minima, the region most sensitive

to 3NF effects.

Another important aspect of this work arises from the fact that the beam used
has a continuous energy spectrum which makes the investigation of 3NF' effects as a
function of energy possible. More specifically, this work is an excellent test ground if
one carries out a theoretical study incorporating 3NF as a function of neutron energy

at fixed angles.
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Figure A.8. Figures for 48° at 135 MeV (continued).
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Figure A.10. Figures for 30° at 150 MeV (continued).
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Figure A.14. Figures for 42° at 150 MeV (continued).
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Figure A.15. Figures for 48° at 150 MeV.
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Figure A.16. Figures for 48° at 150 MeV (continued).
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Figure A.22. Figures for 42° at 160 MeV (continued).
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Figure A.23. Figures for 48° at 160 MeV.
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Figure A.24. Figures for 48° at 160 MeV (continued).
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Figure A.25. Figures for 30° at 170 MeV.
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Figure A.26. Figures for 30° at 170 MeV (continued).
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Figure A.27. Figures for 36° at 170 MeV.
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Figure A.28. Figures for 36° at 170 MeV (continued).
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Figure A.29. Figures for 42° at 170 MeV.
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Figure A.30. Figures for 42° at 170 MeV (continued).
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Figure A.31. Figures for 48° at 170 MeV.
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Figure A.32. Figures for 48° at 170 MeV (continued).
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Figure A.34. Figures for 30° at 180 MeV (continued).
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Figure A.35. Figures for 36° at 180 MeV.



127

15

(Chn)
5

(Chn)
S

10

det ADC
=]
det ADC

i A S
El..‘ﬂ%‘l?" o ',. b I'.%ﬁ‘?"l':". Ao P
F! 5::-‘,.,.‘.']:}3' I A T

%IIII10|OOIII %Illllol()oIII
dE_ADC (Chr) dE_ADC (Chn)

3
=)
=
&
o
ol
=
&
IS

, o eeBRR

S[TTTTTTI

-15

Ctzun
ITTTI

KR
5

1<
=)
=
&
o
o
=
&
~

=
5
=
&

=
=
&
N

tl-tr'(ns)

Figure A.36. Figures for 36° at 180 MeV (continued).
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Figure A.40. Figures for 48° at 180 MeV (continued).
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Figure A.41. Figures for 30° at 190 MeV.
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Figure A.42. Figures for 30° at 190 MeV (continued).
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Figure A.43. Figures for 36° at 190 MeV.
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Figure A.44. Figures for 36° at 190 MeV (continued).
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Figure A.45. Figures for 42° at 190 MeV.
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Figure A.46. Figures for 42° at 190 MeV (continued).
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Figure A.47. Figures for 48° at 190 MeV.
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Figure A.49. Figures for 30° at 200 MeV.
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Figure A.50. Figures for 30° at 200 MeV (continued).
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Figure A.51. Figures for 36° at 200 MeV.
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Figure A.52. Figures for 36° at 200 MeV (continued).
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Figure A.53. Figures for 42° at 200 MeV.
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Figure A.54. Figures for 42° at 200 MeV (continued).
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Figure A.55. Figures for 48° at 200 MeV.
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Figure A.56. Figures for 48° at 200 MeV (continued).
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Figure A.57. Figures for 30° at 210 MeV.
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Figure A.59. Figures for 36° at 210 MeV.
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Figure A.60. Figures for 36° at 210 MeV (continued).



152

Figure A.61. Figures for 42° at 210 MeV.
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Figure A.62. Figures for 42° at 210 MeV (continued).
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Figure A.64. Figures for 48° at 210 MeV (continued).
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Figure A.65. Figures for 30° at 220 MeV.
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Figure A.66. Figures for 30° at 220 MeV (continued).
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Figure A.67. Figures for 36° at 220 MeV.
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Figure A.70. Figures for 42° at 220 MeV (continued).
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Figure A.71. Figures for 48° at 220 MeV.
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Figure A.72. Figures for 48° at 220 MeV (continued).
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Figure A.73. Figures for 30° at 230 MeV.
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Figure A.74. Figures for 30° at 230 MeV (continued).
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Figure A.75. Figures for 36° at 230 MeV.
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Figure A.76. Figures for 36° at 230 MeV (continued).
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Figure A.78. Figures for 42° at 230 MeV (continued).
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Figure A.80. Figures for 48° at 230 MeV (continued).
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Figure A.81. Figures for 30° at 240 MeV.
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Figure A.82. Figures for 30° at 240 MeV (continued).
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Figure A.84. Figures for 36° at 240 MeV (continued).
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Figure A.85. Figures for 42° at 240 MeV.
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Figure A.86. Figures for 42° at 240 MeV (continued).
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Figure A.87. Figures for 48° at 240 MeV.
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Figure A.88. Figures for 48° at 240 MeV (continued).
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Figure A.89. Figures for 30° at 250 MeV.
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Figure A.90. Figures for 30° at 250 MeV (continued).
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Figure A.91. Figures for 36° at 250 MeV.
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Figure A.92. Figures for 36° at 250 MeV (continued).
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Figure A.93. Figures for 42° at 250 MeV.
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Figure A.94. Figures for 42° at 250 MeV (continued).
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Figure A.95. Figures for 48° at 250 MeV.
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Figure A.96. Figures for 48° at 250 MeV (continued).
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APPENDIX B: Target Geometry

As stated in the main text, the target bulges and it looks like two spherical caps
are attache to the original cylinder. Figure B.1 shows a cross section of the geometry
where the spheres that complete the caps, the inclination of the target with respect to
the beam and the coordinate choice is illustrated. In accordance with the beam profile
generated in the MC simulation, a point is randomly selected on the xy plane which acts
as the position of the neutron inside the beam. The blue points in the figure represents
the entrance of the neutron and the exit point if it does not interact, respectively. We
assume that the interaction takes place randomly between these points and our aim
is to determine these points using geometry given the position of the neutron, target

thickness and its correction.

target

Figure B.1. The illustration of the target geometry.

The radius of the spheres (we assume the bulging is symmetrical) can be found

using the difference in the thickness and trigonometry. Let

d = htpag — htmin (B.1)
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where ht,,q, and ht,,;, are the maximum (along the center of the cylinder) and mini-
mum (along the edges or original) half thicknesses, respectively. Then we can find the

radius as

R+

By 2d

(B.2)

where R, is the radius of the top or bottom circles of the original cylindrical target.
The coordinates of the center of the bottom sphere can be found using the inclination

angle and the radius of the sphere. Let 6;,. be the inclination angle, then

Olcg = (Rs — htma:r) sin Hinc (BS)
Oy = 0 (B.4)
O1. = (Rs— htpmaz) COS O (B.5)

assuming the origin of the coordinate system being the center of mass of the target.
The coordinates of the center of the top sphere, O, is symmetrical to O; with respect
to the origin. The neutron inside the beam can be characterized as a 3D line whose

equation can be given as

l = (z0, Y0, 2) (B.6)

where x4 and g, are the randomly chosen point mentioned in the first paragraph. Now,
the entrance and exit points are the intersection of the this line with the bottom and
top spheres, respectively. Given the size of the target and the beam radius, the entrance
point, z,, should always be negative and vice versa. Writing the intersection condition,

we get

R2 = (19— O1,)* + (yo — O1)* + (24 — O1,)? (B.7)
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which leads to

Zu = —\/R? — (LCO — le)2 — y% + Olz' (BS)

The same treatment of the upper sphere gives the exit point, 2,4, as

Zd — \/R? — <$0 + le)2 — y(Q) — Olz. (Bg)

As a result, we pick our interaction vertex randomly between these two points
for each interaction in our simulation which gives rise to the vertex profile given in

Figure 3.8.
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APPENDIX C: Elastic Kinematics

In this section, we will illustrate the kinematical calculations and derivation of
the expression for the cross section in the center-of-mass frame. The elastic collisions

in our experiment can be expressed as in Equation C.1

Pl + P/ = Pl + P! (C.1)

in which the P*’s are the 4-momenta of the incoming neutron, target particle, scattered
neutron and the recoil particle from left to right. Assigning the z-axis to the beam
direction and picking the z-axis towards the recoil trajectory, the 4-momenta can be

written in detail as in

Eng? 07 O?pTLO)

my, Oa 07 0)

e N e T N
Qa2 aa
(G2 TSN U \V)
~— N N~

= (
=

Pt = (En7pn:c’07pnz)
= (

E..pr,,0,p:.)

using the convention h = ¢ = 1. Rearranging the terms and employing the scalar

product of four vectors in different frames, we get,

m2 =m2 +m?+m?+2E,m, — 2E,,m, — 2E,,E, + 2Dp,pr., (C.6)
ProPr €080, = (E. —m,.)(Ey, +m,). (C.7)
Let
En r

Dy €OSO,
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then we have

pr=VE}—m}=a(E, —m,) (C.9)
which leads to
m,(a? +1)
E=— C.10
a?+1 ( )

After this point, we can also find the scattering angle again using three momentum

conservation
pnsinf, = p,.sinb, (C.11)
pncosb, = pp, — prcosb, (C.12)
so that
tan6, = b sin b, (C.13)

Pro — Dr COS 6,

Similarly, we could do the same treatment to the recoil branch to obtain

(C.14)

Traditionally, the cross-section results are presented in the center-of-mass frame,
however, the experimental formula will give us the differential cross section in the lab-
oratory frame. Therefore, using relativity, we need to transform our result accordingly.

To put it in a more formal way, we need to get

do do dQlab

_ 1
A~ A A (C.15)

where the solid angle d2 = sin 8dfd¢ in spherical coordinates and the superscript “*”



193

denotes the center-of-mass frame. Since the beam is chosen to lie on the z-axis, the
angle ¢ remains the same in both frames, hence we can write
dQlab . sin 6 df

A singr e

(C.16)

In order to calculate this Jacobian, we need to relate the angles in both frames. Fig-

ure C.1 is a visual guide to calculate the necessary relations. In the lab frame, the

CM Frame

beam
beam

recoil particle
recoil particle

Csl

Csl

Figure C.1. The illustration of center-of-mass frame transformation.

recoil (sctattering) angle can be expressed through

tanf = 2 (C.17)
xr

tan §* =

H*|©

(C.18)
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in light of Figure C.1. Using

o pno + pt

= Aem = (1 — B2 )7L, C.19
B g e = (=) (C.19)

Bem

we can deduce

2= L Bt (C.20)
Yem

keeping in mind that the detector is also moving towards the interaction point. Since

there is no motion in y-direction,

*

Y =y = PBemt sind". (C.21)

The second equality follows from the fact that this is an elastic collision. Similarly,

" = Lot cos . (C.22)
Then we have
Bemt” cos O = S Bemt™, (C.23)
1) = 24
sin 6* (cos6” +1) Ve (C.24)

As a result, we obtain Equation C.25 that we will use to transform our parameters.

sin 6*
tanf = . 2
o Yem(cos 0% + 1) (C.25)

Differentiating this equation, we get

df 1+~2, tan*6

do*  279en(1 + tan? ) (C.26)
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The other factor for the Jacobian can also be obtained using Equation C.25 as

sinf (142, tan?0)cos?

— C.27
sin 6* 2Yem ( )

which leads to our final relation
da, (1 + 2 tan?6)? cos 0 (C.28)

dQ* 492 (14 tan?0)
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APPENDIX D: Monte Carlo Simulation

In this section, we will talk discuss the MC simulation that assisted us during the
analysis in many areas. The majority of the program code has been written by Taylan
Akdogan for this beam line. Some additions specific to this analysis are made. This
code generates a neutron beam with specified energy profile, generates an interaction
vertex inside the target, generates a hit point on the detectors and as a result calculates
all the kinematics. The file A_input includes the chracteristics of the beam and the
geometry of the detectors. In particular, we can specify beam energy, the energy
window of the beam and whether we wish to work with only a portion of the beam. In
addititon, we can set the beam burst duration and the duration of the total simulation.
The charged particle and neutron detector resolutions and thresholds in addition to

the sizes and locations are also present in this file.

In fact, the simulation is composed of different parts for different uses, i.e. the
elastic part can be used to test the np elastic cross section or energy loss part can
be used to determine energy losses. To summarize the process, first a beam profile
is created in parallel to the input file and a uniform beam cross section is generated
in accordance with the beam size obtained from the actual experiment. Then the
interaction vertex is found. Considering the geometrical constraints, the point where
the particles enter the detectors are determined. After that, the calculations are made
and the histograms are filled with the option of including energy loss. The usefulness

of the simulations will be summarized in the following sections.

D.1. Energy Loss

The details are already explained in Section 3.3 and Appendix B.

D.2. Systematic Error Estimation

Some of the estimations of systematic errors that are related to experimental

setup are calculated using MC simulations.
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First, the detector distances are treated. A 5% error in the placement of the
detectors is assumed and the counts obtained are compared to the original geometry
which in turn gives an idea of the associated error. Second, the detectors’ alignment
may not be perfect. In order to account for such an error, we shifted the point of
entrance at the charged particle detectors where the shifting is done in a spherically
uniform manner. Again the comparison to the original counts gives an estimation of

the error which turned out to be 1%.

D.3. Incident Energy Window Verification

We apply a filter of 10MeV on the incident energy and we tested if this choice is
plausible or not using MC simulation. Due to the energy loss errors, we need to operate
in an interval of energy in order not to miss the important events which correspond
to that specific energy. Therefore, we needed to have an idea how large an interval
we need to use or whether our window is sufficient. We use incident energy windows
of 10 MeV (£5 MeV), which is a plausible choice as seen in Figure D.1. This is a
histogram of the difference between the measured beam energy with the energy loss
and the generated beam, which are obtained by our Monte Carlo simulation, versus
the beam energy with loss. One can clearly see that our energy window is more than
enough as the worst case spread is £3 MeV and also this choice gives us enough data

for good statistics.
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Figure D.1. The difference of beam energy with energy loss and generated beam
energy vs beam energy with loss corresponding to all six deuteron angles.

D.4. Energy Threshold of CsI Detectors

At some point during the analysis, we suspected that the thresholds of the Csl
detectors may be higher than we expected. This is indeed important since the energies
of the recoil particles hitting the backward angle detectors are the lowest and some of
the particles may not overcome the threshold. Thus our cross-section result may come
out lower than it should be. Hence we used the simulation again to obtain Figure D.2.
Inspecting the figure, we see that the threshold is around 30 MeV and the deuterons
hitting the backward angle detector are exclusively above that energy, so there is no

issue with regard to the CsI threshold.
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Figure D.2. The ratio of the detected deuterons to the incident neutrons w.r.t.
deuteron energy.
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APPENDIX E: Figures for Alternative Method Analysis at
200 + 5 MeV

Here, we present all the figures resulting from our fitting method and one can
identify the graphs by their captions. The letters d and f in the caption represent
in-the-cut and outside-the-cut events, respectively. The first number is the index for
Csl detectors which ranges from 0 to 5 (backward to forward neutron angle), the
second is the neutron bar index going from top to bottom. For instance, nbar200_-d_0_2
represents the middle bar histogram corresponding 24° Csl with the graphical cut
and nbar200_f-1_1 is the second from top bar corresponding 30° Csl accepting events

outside the cut.
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E.1. The fits for the analysis

E.1.1. The fits for 200 MeV with normal cut
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E.1.2. The fits for 200 MeV with tight cut
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E.1.3. The fits for 200 MeV with wide cut
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