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A B S T R A C T

Low energy nuclear reactions on light nuclei are im portant for understanding 

stellar and big bang nucleosynthesis. The reactions also are im portant in fusion re­

actor diagnostics. To complement previous angular distribution measurements of the 

(d,p) reactions, the current research investigates the analog (d,n) reactions. The 7  

photon flux accompanying the neutrons required excellent neutron - 7  discrimination. 

A pulse shape discrim inator was used to reject the 7  signal for the (d,n) experiments. 

The detector - discrim inator combination also performed well as a 7  spectrometer. 

Measurements of the (d,n) reaction on 2H, 6Li, 7Li, 9Be, 10B, and 11B were performed 

at deuteron laboratory energies below 150 keV. The relative angular distributions, 

absolute reaction cross sections, and astrophysical S-factors were derived. The ap­

plication of the cross section results to stellar and big bang nucleosynthesis and to 

fusion diagnostics was discussed.
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Chapter 1 

INTRODUCTION

A complete picture of nucleosynthesis requires knowledge of all possible reactions 

involved. The reactions th a t govern stellar evolution, the big bang, and fusion reactors 

occur at low energies. The Colorado School of Mines nuclear physics group actively 

pursues research at those low energies. The research on proton transfer reactions 

presented in this thesis complement the recently completed neutron transfer reaction 

research [7, 20].

1.1 M otivation

Nuclear reactions governed the evolution of the elements from the early uni­

verse to modern times. The fusion of neutrons with protons formed deuterons in the 

early universe. These deuterons opened other reaction channels which allowed the 

production (and destruction) of other light elements through lithium -7 (and possibly 

beryllium-9).The relative mass abundances of these light elements during this era of 

prim ordial nucleosynthesis is shown in Figure 1.1 [1]. Three of the possible reac­

tions include 2 H (d,n)3He, 6Li(d,n)7Be, and 7Li(d ,na)4He. The first reaction provides 

a means for destruction of deuterium  and the beginning of an alternative reaction 

chain th a t results in 4He. The second and th ird reactions participate in an alterna­

tive reaction network th a t results in the production of 4He and in the production of 

and destruction of 7Li [21].

A complete understanding of prim ordial nucleosynthesis requires precise knowl­

edge of the prim ordial 7Li and 9Be abundances. Two competing models of primordial
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Time (s)
10*

U. IQ-* —
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10-# —
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F i g . 1.1. Mass abundances expressed as fractions of to ta l mass. Top axis is age of 
universe. Bottom  axis is the corresponding tem perature. [Reproduced from [1].]

nucleosynthesis are the homogeneous big bang nucleosynthesis (HBBN) and the inho- 

mogeneous big bang nucleosynthesis (IBBN). The HBBN assumes a uniform baryon 

density. The IBBN assumes regions of high and low neutron to proton ratio. These re­

gions formed during the phase transition of the universe from the quark-gluon plasma 

to hadrons. In the IBBN, nucleosynthesis occurred independently within these regions 

and later mixed to  form the observed mass ratios [22]. The neutron-rich regions pro­

duced 9Be in addition to the other elements. The 9Be formed via reactions with 7Li. 

These neutron-rich regions also produced higher concentrations of deuterons. For this 

reason, knowledge of the deuteron-induced reactions on 7Li and on 9Be is im portant 

in determ ining the prim ordial abundances of 7Li and 9Be in the IBBN model [7].

Reaction network codes use cross section data  as one input. These codes deter-
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mine the tim e evolution of elemental abundances [2 1 , 23]. The presence of 9Be during 

nucleosynthesis in the big bang also opens reaction chains to heavier elements [2 1 ]. 

Deuteron-induced single-nucleon transfer reactions form chains th a t produce elements 

from 10B to 160 . Three of these proton transfer reactions - 9B e(d,n)10B, 10B (d,n)n C, 

and n B (d,n)12C - complement the analog (d,p) reactions on the same target nuclei 

previously investigated by the Colorado School of Mines nuclear physics group [7].

These same three proton transfer reactions have applications in fusion reactor 

diagnostics. The inner walls of some tokamak fusion reactors are lined with beryllium 

or with boron. The power radiated by charged particles under acceleration, such as 

those in the tokamak, is proportional to the square of the charge [Z] of the particle. 

Contam ination of the fusion plasma with beryllium [Z=4] or boron [Z—3] from the 

tokamak walls greatly increases the power loss. Measuring the contam ination in the 

plasm a requires knowledge of the 9Be +  d or 10,11B +  d reaction cross sections.

1.2 Energy Regime

Two im portant factors determine reaction rates between nuclei. First, particles in 

the plasmas of stars and tokamaks follow Maxwell-Boltzmann energy distributions. 

The Maxwell-Boltzmann distribution peaks a t low energies. Second, the quantum 

mechanical probability for penetrating the Coulomb barrier increases with increasing 

energy. These competing term s produce a peak, known as the Gamow peak, in the 

reaction rate with a maximum at energy E0 and a width of energy A.

So =  1.22 (S p2S (V T | ) 1/3 (keV) 

A =  0.749 { z l Z l n T f ) 1' 6 (keV) (1.1)
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where tem perature is designated by Tn = T /10n in Kelvin, Zp and Zt are the charges 

of the projectile and target nuclei, and is the reduced mass of the system. The 

energy windows of the Gamow peaks for environments of prim ordial nucleosynthesis 

(Tg ~  0.60) , tokamaks (T9 =  0.12), and massive stars (interiors a t T6 ~  60) are given 

in Table 1 .1 .

1.3 Literature Search

Deuteron-induced proton-transfer reactions on the light nuclei in the present 

work have been investigated by others. These include but are not limited to [10, 

14, 24, 1 1 , 12, 19, 25]. Only a small number of these published experiments address 

the (d,n) reactions a t energies comparable to those in this research. Most of those 

publications concentrate on the 2H (d,n)3He reaction. The standard references for the 

2H +  d reactions are the publications by Jarm ie and Brown [26, 27]. A thorough 

reference for the 6Li +  d reactions is the paper by Elwyn, et al. [9]. The Elwyn paper 

covers laboratory energies as low as 204 keV for (d,n) and as low as 118 keV for (d,p) 

reactions. Hirst, et al. [28] measured the to tal cross section for the 6Li(d,n)7Be down 

to an deuteron energy of 115 keV in the laboratory reference frame. Publications for 

the direct measurement of (d,n) reactions on 7Li exist but only give the differential 

cross sections a t 90° for energies comparable to those in this research. No publica­

tions were found th a t covered the (d,n) reactions on 9Be, 10B, and 11B for energies 

comparable to  those in this research.
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Table 1 .1 . Gamow peak energies and energy windows for the deuteron induced
reactions.

Target T e Eo keV A keV

6 .0 X 1 0 2 8.70 X 1 0 1 1.55 X 1 0 2

2H 1 .2 X 1 0 2 2.98 X 1 0 1 4.05 X 1 0 1

6 .0 X 1 0 1 1.87 X 1 0 1 2.77 X 1 0 1

1.5 X 1 0 1 7.44 X 1 0 ° 7.16 X 1 0 °

6 .0 X 1 0 2 2.07 X 1 0 2 2.39 X 1 0 2

6 Li 1 .2 X 1 0 2 7.08 X 1 0 1 6.25 X 1 0 1

6 .0 X 1 0 1 4.46 X 1 0 1 3.51 X 1 0 1

1.5 X 1 0 1 1.77 X 1 0 1 1 .1 1 X 1 0 1

6 .0 X 1 0 2 2 .1 0 X 1 0 2 2.40 X 1 0 2

7Li 1 .2 X 1 0 2 7.17 X 1 0 1 6.29 X 1 0 1

6 .0 X 1 0 1 4.52 X 1 0 1 3.53 X 1 0 1

1.5 X 1 0 1 1.79 X 1 0 1 1 .1 1 X 1 0 1

6 .0 X 1 0 2 2.58 X 1 0 2 2.67 X 1 0 2

9Be 1 .2 X 1 0 2 8.83 X 1 0 1 6.98 X 1 0 1

6 .0 X 1 0 1 5.56 X 1 0 1 3.92 X 1 0 1

1.5 X 1 0 1 2 .2 1 X 1 0 1 1.23 X 1 0 1

6 .0 X 1 0 2 3.01 X 1 0 2 2 .8 8 X 1 0 2

10B 1 .2 X 1 0 2 1.03 X 1 0 2 7.54 X 1 0 1

6 .0 X 1 0 1 6.50 X 1 0 1 4.23 X 1 0 1

1.5 X 1 0 1 2.58 X 1 0 1 1.33 X 1 0 1

6 .0 X 1 0 2 3.03 X 1 0 2 2.89 X 1 0 2

UB 1 .2 X 1 0 2 1.04 X 1 0 2 7.56 X 1 0 1

6 .0 X 1 0 1 6.53 X 1 0 1 4.24 X 1 0 1

1.5 X 1 0 1 2.59 X 1 0 1 1.34 X 1 0 1
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Chapter 2 

NEUTRON DETECTION

2.1 Neutron Interactions with M atter

Direct detection of neutrons by ionization techniques is impossible. Neutrons 

carry no electric charge; therefore, they interact very little with atomic electrons. 

W ithout the Coulomb interaction, neutrons produce no direct ionizations. Nuclear 

reactions [including scattering] between the neutrons and nuclei can produce energetic 

charged particles. These charged particles will produce ionizations which can be 

detected. The detection of the ionizations of the secondary particle indirectly provides 

detection of the neutrons [4].

Neutron energy ranges are classified according to the dom inant interaction used 

to detect the neutrons [29]. [See Table 2 .1 .]

Nuclear reactions used to detect therm al and slow neutrons are less effective at higher 

energies. Neglecting any resonances, the nuclear reaction cross section depends on the

Table 2.1. Neutron Classification

Interaction Neutron Energy Classification

Hadron Shower 100+ MeV High Energy

Scattering 1 - 1 0 0 Fast
Nuclear Reactions, (n,x) eV - keV Slow

Fission Room Tem perature Therm al
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He(n,p)T
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H(n, n)pm
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Li(n,a)T2 10o

0-1

0  leV I^Z 10 eV 100 eV IkeV 10 keV 100 keV 1 MéV 10 MeV
Neutron energy

F i g . 2.1. Nuclear Reaction Cross Section vs Neutron Energy for select nuclear 
reactions used for neutron detection [2 ].

inverse of the neutron velocity (cr oc 1/v) and, therefore, on the inverse square of the 

neutron energy [6 ]. At MeV energies, this energy dependence results in very low cross 

sections compared to scattering reactions as shown in Figure 2.1. Low cross sections 

produce low counts, so, these methods are not good for detection of higher energy 

neutrons [6 ]. The (d,n) reactions in this research produced neutrons with kinetic 

energies between 2  MeV and 15 MeV. As shown in Figure 2 .1 , neutron scattering 

from protons has the highest cross section; therefore, scattering with protons is the 

best m ethod for detecting these fast neutrons.

For an ideal detector, all of the kinetic energy of the neutron would be transferred 

to the detector via the scattering processes. Consider a single scattering of the neutron 

from a nucleus in the detector in the center of momentum (CM) reference frame. In



the center of momentum reference frame, the relative speed after scattering, p between 

the neutron and nucleus can be expressed as

g2 =  \v' — V \2 = v'2 +  y 2 — 2v ,V cos(9l )

where

v' =  neutron velocity in laboratory (L) reference frame 

V  = nucleus velocity in laboratory reference frame 

9l lab angle between motions.

The center of momentum moves with respect to the lab reference frame with velocity, 

v, given by

_ K  +  2Ayycos(9z, +  Â ŷ ) ^

A +  l  )  ~  (A +  l ) 2 1 ' }

where A =  mass number of nucleus. Conservation of momentum and of kinetic 

energy determine the relation between the motions of the neutron and the nucleus. 

The m agnitudes of the velocities in the center of momentum reference frame must 

remain unchanged by the scattering. Let v and ü  be the velocity vectors of the 

neutron after scattering in the laboratory and the center of momentum reference 

frames respectively. The velocity of the nucleus in the center of momentum is then 

—u /A  with m agnitude u — Ag/ (A  +  1 ). For isotropic scattering, the velocity vector 

of the neutron can term inate with equal probability anywhere on the sphere of radius 

u which is centered about the center of momentum [3].

(2 .1)
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A p / (A+1)

- u / A

F i g . 2 .2 . Velocity vectors before and after scattering [reproduced from Figure 1 .2 1

in [3]].
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A neutron with energy on the order of 10 MeV is non-relativistic. The kinetic 

energy of the neutron is directly proportional to the square of the neutron velocity. 

Nuclei of solid targets have little motion compared to the motion of the MeV neutron 

(V << v1). To a good approximation, these nuclei can be treated as stationary. 

Equations 2 .1  and 2 .2  reduce to g æ v' and v = v ' / (A  +  1 ) with this stationary 

nucleus approxim ation [3]. Applying the transform ation geometry [see Figure 2 .2 ] 

between the laboratory and center of momentum reference frames to the results of the 

non-relativistic neutron and stationary target approximations yields two im portant 

relations. The first is the relation between the scattering angle of the neutron in the 

laboratory and in the center of momentum reference frames:

cose^ v w M m ^ -  <2'3)

The second is the relation between the ratio of the incident energy, E 1, to the scattered 

energy, E  of the neutron in the laboratory reference frame and the scattering angle 

of the neutron in the center of momentum reference frame:

E  /  u \ 2 A2 +  1 +  2 A cos 9cm tn a \

E' = { v ' )  = -------- (1 7 1 ? --------- ' (2'4)

Isotropic scattering means th a t all scattering angles are equally probable. The 

probability to  scatter into a solid angle, du is directly proportional to the cosine of 

the azim uthal angle in the center-of-momentum reference frame:

, . du sin OcMddcMd^cM
P{dhl) =  4 Ï  =   S -----------

oc sin OcMdOcM (2.5)

oc —d cos 9cm
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where

du) =  differential solid angle and

cf)CM = center of momentum azim uthal angle.

Differentiating equation 2.4 yields the relation

, A? +  1 +  2 A cos 6cm 
r  ------------------------------

dE
E'

(2 .6)

dE

Since P(duj) is equal for all du, all allowed scattered neutron energies are equally 

probable [30]. The range of possible energies of the scattered neutron is found by 

applying the bounds on the cosine in equation 2.4.

{ ^ r S E ' - E - E '- ( 2 J )

Conservation of energy requires th a t the recoiling nucleus carries the energy difference, 

Er = E' — E] therefore,

As seen in equation 2.8, protons (A = l) provide the largest maximum value of recoil 

energy. Since the ionizations produced by the recoil nuclei are what is directly de­

tected, protons are the best neutron detector material. A detector consisting only of 

protons would have a single-valued response to mono-energetic neutrons th a t undergo 

scattering only once before exiting the detector. Multiple scattering of the neutrons
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Scintillator 
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NvT
Proton Recoils

Detector
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Energy

F i g . 2.3. Recoil energy spectrum  for protons [reproduced from Figure 1.11 in [4]].

within the detector, finite energy resolution of the detector, and other non-linear 

effects distort the real detector spectrum  [4]. [see Figure 2.3]

2.2 Pulse Shape Discrimination

Neutrons from reactions of interest are often accompanied by a high background 

of 7  photons. Pulse shape discrimination is a m ethod for separating the signal of the 

recoil protons due to neutrons from the signal of the Compton electrons produced by 

7  photons. Different particles have different specific ionizations within a scintillator. 

The specific ionization determines the tim e evolution of the fluorescence of the scin­

tillator. Measuring the shapes of the fluorescent pulses produced by particles forms 

the basis of the pulse shape discrimination (PSD) technique [31].

Two common methods of pulse shape discrimination exist. Both methods exploit 

the fact th a t the fluorescent pulses contain “fast” and “slow” components with decay
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constants of 77 and r s. The photom ultiplier current is given by

I  ( t )  =  I f  exp ( - t / T f )  +  I s exp ( - t / T 3) . (2.9)

The pulse shape depends on the amplitudes, I f  and I s, and on the decay time con­

stants, Tf  and t s . The first m ethod of PSD measures the ratio of the charge produced 

by either the fast or the slow component to the to ta l charge produced in the pulse 

[32, 33]. The second m ethod measures a characteristic time of the pulse. The time 

may either be the tim e to  reach maximum (the rise time) or the time to decay from 

th a t maximum to a fixed percentage (constant fraction) of th a t maximum [31, 29].

Although the amplitudes of the pulses vary with energy for any given species, 

both the charge ratio  and the tim ing methods of PSD are ideally independent of pulse 

amplitudes. In practice, results do vary with varying pulse amplitude. The variations 

are generally acceptable over a large dynamic range of pulse am plitudes (1 0 0 :1  or 

m ore). The variations produce distributions in the time measured in the timing 

methods of PSD. For any given particle species, the distribution is centered about 

a given time, £, and has a certain full w idth - half maximum, W . The effectiveness 

of the PSD technique to separate particle species “a” from particle species “b” is 

measured by the figure of merit, M [6 , 5]:

M = KT&  = w ^ w a ^

The param eters t a , t b, Wa, Wb, and T  are shown in Figure 2.4. Since pulse amplitude 

is related to  the energy of the incident particle, a large dynamic range is desirable for 

PSD. A value of M  >  1.5 will theoretically allow complete separation of species ”a” 

and ”b” [5]. The energy range over which M  >  1.5 defines the dynamic range.
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F i g .  2.4. Figure of Merit [5, 6 ]

Compton electrons generally produce a larger ratio of the fast decay component 

to the slow decay component than  do recoil protons. Observations indicate tha t 

this difference in ratio  decreases nonlinearly with increasing recoil proton energy [34, 

35, 36]. As a result, the separation between neutrons and gam m a’s decreases with 

increasing neutron energy as measured by the fluorescent decay time method. This 

effectively limits the dynamic range of the PSD system [36]. The upper limit on the 

dynamic range can often be extended by collecting a multidimensional spectrum  [29]. 

Recording the am plitude (energy) and the tim ing information of an event produces 

a marked improvement in the neutron - 7  separation. [See Figure 2.5.] Notice tha t 

in the projection onto the time axis some of the neutrons are incorrectly identified as 

gammas.
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F ig . 2.5. Comparison of effectiveness of one-dimensional (Time only) and two dimen­
sional (Energy vs Time) pulse shape discrimination. Top: Projection of counts onto 
time axis, Bottom: Typical Energy (Vertical) - Time (horizontal) - Counts (color) 
graph.
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Chapter 3 

INSTRUM ENTATION

3.1 The Pulse Shape Discriminator

Neutrons and 7  photons produced scintillations in a 6 ” x 6 ” cylindrical detector 

filled with the organic liquid scintillator Bicron BC-501A. A photom ultiplier collected 

the scintillation light. The anode signal typically is used to measure the scintillation 

decay times. A plutonium  - beryllium source produces neutrons of energy within 

the planned operational energy range of the detector. Tests with the plutonium - 

beryllium source indicated th a t better energy resolution was attainable with no effect 

on the tim ing resolution when energy was measured from the anode signal. The anode 

signal was connected to an Ortec 571 Amplifier and then delayed an appropriate time 

to arrive a t the analog to digital converter (ADC) within the same gated interval as 

the tim ing signal.

The dynode signal was amplified before entering into an Ortec 552 Pulse Shape 

Analyzer (PSA). The PSA was set to the zero-crossing mode. In the zero-crossing 

mode, the PSA divides the signal into two signals. The leading edge of the first 

separated signal triggers a. pulse in the “START” branch of the tim ing electronics. 

This pulse arrives a t an Ortec 566 Time-to-Amplitude-Converter (TAG) th a t begins 

storing charge. The second signal in the PSA is first integrated and then doubly 

differentiated. The zero-crossing tim e of the resulting bipolar pulse is proportional to 

the decay tim e of the original signal produced by the neutron or 7 . The zero-crossing 

triggers a pulse in the “STO P” branch of the tim ing electronics. This pulse stops the
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storage of charge in the TAG. The to ta l charge stored by the TAG is then proportional 

to the decay tim e of the original scintillation event in the detector. This charge is 

converted to a voltage by the TAG [6 ]. The voltage is then sent to input one of the 

ADC. [Input one corresponds to the horizontal axis in two dimensional plots.]

Incident particle energy is not the only factor th a t can affect the tim ing measure­

ments. The detection electronics can also affect the measurements. Three common 

effects due to the electronics are :

1 . a shift in the photom ultiplier gain with particle energy,

2 . signal pile-up at high count rates, and

3. tim e walk in the signal due to finite thresholds of the electronics [see Figure

3.1].

The effect of tim e walk is greatest for small am plitude (low energy) pulses [29]. The 

zero-crossing of two pulses due to the same type but different energy particles is shown 

in Figure 3.1. Note the difference in the time of the crossing. The smaller pulse takes 

longer to cross.

A charged particle monitor was fixed a t a lab angle of 90 degrees. The particle 

monitor, a silicon surface barrier (SSB) detector, provided the reference to determine 

the relative cross sections used to calculate the absolute deuteron-induced proton 

transfer cross sections. The signal from the SSB was independently collected at input 

three of the ADC. a schematic of the electronics appears in Figure 3.2.
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F ig . 3.1. Effect of electronics on tim e walk in zero-crossing m ethod.
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F ig . 3.2. Block diagram of the pulse shape discriminator. [See Appendix A for
greater detail.]
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3.2 Accelerator 

3.2.1 Requirements

All accelerators have three common tra its  :

1 . production of projectiles (an ion source),

2 . energy transfer to the projectiles (acceleration), and

3 . transport of projectiles to  the target (beam steering and focusing).

W hen a particle of charge q passes through a voltage difference AV, the energy of 

th a t particle increases by the am ount E  = qtSV. The basic electrostatic accelera­

tor consists of an ion source and of the mechanism to produce a large electrostatic 

potential difference through which the ion is accelerated [4].

3.2.2 Cockcroft-Walton Design

Schenkel and Greinacher designed a voltage multiplier circuit th a t transformed 

a high frequency alternating current into a high-potential constant-voltage source. 

In the design, a transform er of maximum voltage =  u drives two capacitors. Two 

rectifiers switch the capacitors between charging in parallel and discharging in se­

ries. One point in the circuit reaches a steady-state potential of twice the maximum 

transform er voltage (2u). On the opposite side of a rectifier from the steady-state 

potential, the voltage varies between zero and twice the maximum transformer volt­

age. The time-varying voltage across th a t rectifier serves as the source for another 

set of capacitor-rectiher pairs. This second stage then feeds a th ird  and so on. [see 

Figure 3.3] The stacking of stages produces a final term inal voltage, V0ut, equal to the
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F i g .  3.3. Basic Cockcroft-Walton Accelerator.

number of stages, n, times twice the maximum transform er voltage [34]:

Vout =  2un. (3.1)

Cockcroft and W alton used this voltage multiplier design as the high voltage source 

for the accelerator named for them. W hen connected to an external load, such as 

in an accelerator, the performance of the voltage multiplier is affected. The true 

voltage obtained is less than  the ideal voltage under no-load conditions [equation

3.1]. The actual voltage a t the term inal depends on the transform er frequency, / ,  on 

the number of capacitors, N, on the value of each capacitor, C, and on the current
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drain, z, of the load [4, 37]:

Vout — N u  — y ç  +  -TV2 +  —N ^ =  2nu — -Jq  +  9n2 +  n} .

Differentiating the term inal voltage with respect to the number of stages yields the 

optimum number of stages:

dVout 2u —
i

dn J c

2u = ± (
f c \
in2

to Ho

u %
J c

Tlopt = V i 5

3 1
2n + Ï2

(3.2)

Converting alternating current into direct current results in a variation, AV, in 

the term inal voltage:

A V  = n (n  + l ) V V ]  . (3.3)

This ripple voltage and the deviation from the no-load condition are minimized by 

using a high frequency transform er and large-valued capacitors. Typical transformer 

frequencies range from 0.5 to  10 kHz. Capacitances range from 10- 9  to 10- 3  Farads 

[34]. The General lonex Model 1545 accelerator a t the Colorado School of Mines 

provides a very stable beam with a to ta l voltage variation of approximately 20 V at 

an operating voltage of 150 kV [38].
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3.2.3 Accelerator Details

The Colorado School of Mines accelerator uses a duoplasm atron gas source. A 

valve releases gas into the source chamber. Electrons are released from the filament. 

These electrons receive a boost in energy from a 100 to 150 volt potential. The ener­

getic electrons collide with the gas atoms, ionizing the gas. The magnetic field which 

constrains the electrons produces more collisions per electron, increasing ionization 

efficiency. The ions are extracted by a 20 kV potential [38].

An Einsel lens focuses the extracted ions before they pass through a 90° bending 

magnet. The 90° magnet is tuned to select only ions with the desired charge to mass 

ratio, [see Figure 3.4] Contam inants in the system will be deflected out of the beam. 

The ions then pass through the acceleration column which is attached to the high 

voltage source. A gridded lens provide a final focusing of the ions.

The ions pass through a 30° bending m agnet before entering the target chamber. 

The 30° magnet serves two purposes. F irst, the magnet provides one last filter to 

contam inants in the beam. At the pressures of 10~ 6 to 10" 7 Torr maintained in 

the accelerator, some atmospheric atoms and molecules remain in the accelerator. 

There is a small yet finite chance th a t the projectile ions may ionize these remaining 

atmospheric particles through collisions. The ionized atmospheric particles would 

be accelerated through the remaining of the accelerating column. Tuning the 30° 

m agnet deflects these contam inants out of the beam before they reach the target. 

Second, solid targets are used for these experiments. Ions striking these targets 

liberate electrons from the targets. These secondary electrons would travel along 

the beam in a direction opposite to the direction of the ions and affect accelerator 

performance. The 30° m agnet bends these electrons out of the beam. A schematic of 

the accelerator is shown in Figure 3.5.
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The accelerator is brought to  operating vacuum pressures in two stages. First, a 

mechanical roughing pump evacuates the accelerator to a pressure on the order of 1 CT3 

Torr. Two turbom olecular pumps then take the accelerator down to its operational 

pressure range of 10- 6  to 10- 7  Torr where it is m aintained [38].

Two target chambers were used. The target was positioned in the first target 

chamber before the chamber was sealed and brought down to vacuum. The second 

chamber had a transparent top and a target holder th a t was ro tatable via a handle 

th a t passed through the transparent top. The SSB detector was mounted inside the 

chambers. The neutron detector was placed outside the chambers since neutrons 

could pass throught the chamber walls. A schematic of the second chamber is shown 

in Figure 3.6.
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F i g .  3.4. Example of the excellent ion species selection attainable with the 90 degree 
bending magnet. The beam current is directly proportional to the number of ions 
successfully passing through the magnet, [reproduced from [7]]
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F i g .  3.5. Colorado School of Mines Accelerator Schematic.
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F i g .  3.6. Schematic of scattering chamber on the Colorado School of Mines
Accelerator.
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Chapter 4 

THE DETECTOR

Bicron BC-501A provides excellent neutron - 7  separation when used for pulse 

shape discrimination. This liquid scintillator was deoxygenated with nitrogen gas 

and sealed in an aluminum 6 ” x 6 ” cylindrical detector.

4.1 Response of Bicron BC-501A to M eV photons

Liquid scintillators easily fill large volume or odd shaped detectors. This ad­

vantage often outweighs the disadvantage th a t these scintillators produce no well- 

defined peaks. Extracting useful results from the raw data  requires understanding 

the response of the BC-501A to radiations. An organic liquid scintillator is typically 

characterized by the response of the scintillator to  MeV photons. The response of 

the BC-501A was measured for photons from 0.6 MeV to 2.7 MeV [see Table 4.1] for 

photom ultiplier tube voltages from 700 to 900 volts.

4.1.1 Data collection

The sources listed in Table 4.1 provided the photons. Each source was placed 

at a known distance from the detector. The solid angle was determined. Isotropy 

of the source was assumed. The tim e of and activity a t production of each source 

was known. From th a t information, the activity a t the tim e of da ta  collection was 

calculated [4]:

A =  Ao exp (-A t) (4.1)
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where
A =  Activity a t tim e t,

A0 =  Initial activity (t=0),

A =  decay constant =  ln 2 / t i /2,

t i /2  =  half-life.

For example, consider the 137Cs source with a half-life of t i / 2 =  30.17 years and 

initial activity, A0 =  1.34 //Ci, on 0 1  March 1973. Then

A — Aq exp (—At)

% 0.735//Ci.

The true count rate, i?, for photons entering the detector was then calculated for the 

known activity, A, and solid angle, dÜ:

R  = - — A. (4.2)
47T

For the 137Cs example with the source at the face of the detector,

R  — (0.735//Ci) ^3.7 x 1 0 10disintegrations /  second)

=  13598 counts/second.

D ata collection periods lasted 300 seconds for each combination of source, dis­

tance, and photom ultiplier tube voltage. The measured counts were used to calibrate 

the energy and decay time responses of the detector-electronics combination and to 

calculate efficiencies for measuring 7  photons.
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Table 4.1. Activities of 7  sources

Source 7  - energy (MeV) Ao ( id ) Date A (/X%)

0.662 1.34 01 Feb 1973 0.735

207Bi 0.570 0 .1 0 19 Jan 1990 0.085

^ C o 1.17 0.800 1 2  Aug 1992 0.337

1.33

22Na 1.27 1 .0 Jan  1991 0 .1 0

40 K 1.46 background

214Bi 1 .1 2 background

1.24

208rpj 2.61 background

4.1.2 Energy calibration

Different methods exist to calibrate the energy response of liquid scintillators. In 

one m ethod, the channel of maximum counts in a spectrum  is taken as the Compton 

edge energy. An uncertainty in the exact position of the Compton edge, due to 

finite detector resolution, exists. In a second calibration method, the channel of 1/2- 

maximum counts [the upper half-width half-maximum channel] is set to 104% of the 

Compton edge energy to lessen the effect of the finite detector resolution [39]. [See 

Figure 4.1.] This m ethod yielded nonlinear results over the energy range of interest. 

The m ethod chosen for calibration of the BC-501A used the channel of maximum 

counts a t the Compton edge as the full photon energy. Calibration by this method 

produced very linear results for all photomultiplier tube voltages.[See Figure 4.2.]
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Varying the photom ultiplier tube voltages from 700 to 900 volts produced changes 

in the slopes and intercepts of the energy calibration curves. An increase in the 

photom ultiplier tube voltage resulted in a lower low-end cut-off energy and a smaller 

energy per channel. [See Figure 4.2]

4.1.3 7-Efficiency

Birks [33] defines the y-efhciency of a liquid scintillator as the number of counts 

in the upper-half w idth-half maximum (UHWHM) of the Compton edge divided by 

the true number of counts. [See Figure 4.3.]

The efficiency measured with this technique changed with photon energy. One 

variation on the technique of Birks multiplies the number of channels in the UHWHM 

of the Compton edge by the number of counts a t the channel th a t is one channel 

beyond the UHWHM channel. The number of counts from th a t multiplication is 

then subtracted from the to ta l number of counts under the UHWHM of the Compton 

edge. The resulting counts are then divided by the true number of counts to determine 

the efficiency. This variation produced consistent efficiency within the energy range 

of interest for each tube voltage. [See Figure 4.4]

4.1.4 Time axis calibration

Calibration of the tim e axis was done by measuring the tim e interval between 

the s ta rt and stop signals from the pulse shape analyzer. Using a 7  source, the 

time interval between the s ta rt and stop was measured on an oscilloscope and the 

corresponding channel on the time axis recorded. A delay was introduced in the stop 

signal and the tim e interval between the s tart and delayed stop signals measured. The 

corresponding channel on the tim e axis was recorded for this stretched time interval.
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F ig . 4.1. Points used for gamma photon energy calibration. Channel of maximum 
counts is set equal to the Compton edge in one m ethod and equal to  the full energy 
of the photon in another method. The channel of 1/2-m aximum is set equal to 104% 
of the Compton energy in a th ird  method.
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F ig . 4.2. Gam m a energy calibration for tube voltages from 700 to 900 volts. 
Results are for the m ethod th a t uses the Compton edge as the full photon energy.
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F ig . 4.3. Gam m a photon detection efficiency methods. Counts in the Upper Half- 
W idth Half-Maximum [UHWHM - the striped section] are summed to determine the 
efficiency via the UHWHM m ethod. In the modified UHWHM m ethod, the counts at 
the (1 / 2 -maximum +  1 ) channel are subtracted from each channel before summing.



EF
FI

CI
EN

CY
 

( % 
)

34

1.6 ▼

■ A

1.4 •

1.2  — —  

0.5

▼  •  •

▼  ▼  

A A A

#  TUBE VOLTAGE = 700 V

y  TUBE VOLTAGE = 800 V

A TUBE VOLTAGE = 900 V

0.7 0.9 1.1 1.3

ENERGY ( MeVee)

F ig . 4.4. Gam m a photon detection efficiencies for sample of tube voltages using the 
modified Upper-Half-W idth Half-Maximum method.
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The delayed stop signal process was repeated a second time. The calibration was 

calculated with a linear curve fit to the three data  points for tim e vs channel. [See 

Figure 4.5.]

4.2 Response of BC-501A to neutrons

The same techniques used to measure the response of BC-501-A to photons can 

be applied to neutrons. Unlike the linear energy response to photons, BC-501A does 

not respond linearly to neutrons. Recall th a t neutrons result in recoil protons and tha t 

7  photons result in Compton electrons within the detector. These charged particles 

produce the scintillations th a t the photom ultiplier tube detects. The recoil proton 

energy, Ep [MeV], required to produce the same light in BC-501A as an electron of 

given energy, E e [MeV], is defined as the electron-equivalent energy [MeVee].

where cq =  0.83, cq =  2.82, cq =  0.25, and 04  =  0.93 [40]. More recent results [41] give 

the following values for the coefficients for BC-501A: cq =  0.81, a2 =  2.80, a3 =  0.20, 

and 04  — 1.0. The nonlinear energy response of BC-501A to neutrons requires a large 

number of calibration energies to  determine a functional form for the efficiency. The 

number of available sources and the relative high cost of standard neutron sources 

restrict the useful range of the modified UHWHM efficiency determ ination technique.

An alternative to  the modified UHWHM technique is to model the interactions 

within BC-501A. The Kent State University Neutron Detection Efficiency code uses 

Monte Carlo simulations of neutron interactions with scintillators to determine ef­

ficiencies. Five improvements over previous codes were incorporated into the Kent 

S tate code [42].

(4.3)
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1. Improvements in inelastic scattering cross sections and kinematics.

2. Use of relativistic kinematics for all reaction channels.

3. Finite detector sizes accounted for.

4. Incorporation of better light response functions.

5. Incorporation of multiple scattering of a neutron within detector.

The Kent S tate code was chosen for these improvements and the flexibility of the 

code to accommodate different scintillators. The code can calculate efficiencies for 

rectangular and cylindrical detectors.

The Kent S tate code requires information about the physical properties of the 

detector and about the response of the detector to y ’s. The code uses the physical 

detector size, scintillator density, and the hydrogen to carbon ratio  to determine the 

mean free paths of neutrons and recoil protons, which reaction channel occurs, and 

whether or not the particles escape from the detector after a collision.

The light outpu t coefficients for protons and for cFs determine the scintillation 

light produced by and the electron equivalent energies [recall equation 4.3] for those 

particles. These coefficients are user determined param eters th a t are specific to the 

scintillator. The values listed earlier from reference [41] were used in all of the cal­

culations for the BC-501A detector. The electronics of the pulse shape discriminator 

affect the detector efficiency. The binwidth [energy /  channel] and the bias [low en­

ergy cut-off], measured in electron equivalent MeV [MeVee], are the user determined 

param eters th a t account for the effect of the electronics [43]. The choice and per­

formance of the photom ultiplier tube th a t is coupled to the detector will also affect 

efficiency. The number of photoelectrons released a t the cathode per keV character­

izes the performance of the photom ultiplier tube [6 , 29]. The Kent S tate code requires
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the inverse of this param eter - the energy [in MeVee] required to release one photo­

electron - as input. This one photoelectron level determines the quantum  statistics 

in the Kent State code and becomes im portant for small signals [low energies] [44].

The Kent S tate code models the neutron flux a t the detector as either uniform or 

a point illumination. The illumination point is chosen by the rectangular Cartesian 

coordinates (x,y,z) with reference to  the center of the  illum inated portion of the 

detector as (0,0,0). The direction cosines are chosen to m atch the angle of incidence 

of the neutrons. The cylinder may be illuminated from the side or on the face. 

The neutrons can have a distribution of energies. The distribution is modeled as a 

Gaussian of width A E n about the central energy, E n [43].

Typical settings [see Appendix C] for uniform illumination of the detector face 

with monoenergetic neutrons from the reaction 6Li(d,n)7Be at zero degrees produced 

the integral efficiency curve of Figure 4.6. An integral efficiency represents the per­

cent of neutrons incident on the BC-501A detector th a t deposit energy between the 

corresponding channel for the given efficiency and the channel corresponding to the 

actual neutron energy [the “maximum” channel]. Subtracting the integral efficiency 

at channel (n-1 ) from th a t a t channel n produces the differential efficiency curve. The 

differential efficiency for the reaction 9Be(d,no)10B agrees well with th a t portion of 

the measured 9Be(d,n0 + n i) 10B spectrum  to which the (d,ni) reaction channel does 

not contribute. [See Figure 4.7.]

The angle subtended by the detector varied from ±10 degrees to ±15 degrees as 

viewed from the target. To test the effects of nonuniform illumination on the calcu­

lated efficiencies, point illumination calculations were perfomed for the 6Li(d,n)7Be 

reaction at the same deuteron energy (Edjab = 145 keV) as for the uniform illumina­

tion example. [Point illumination is the flux of neutrons arriving a t a single location
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on the surface of the detector.] The errors attribu ted  to each efficiency calculation 

were purely statistical [42]. The energy spread for the neutrons, A E n, was assumed 

to be negligible for all the calculations. As seen in Figure 4.6 for different point illu­

minations over the face of the detector, only the point illumination corresponding to 

an angle of incidence of 1.25° on the detector face produced results distinguishable 

from the uniform illumination case.

The prelim inary results indicated th a t the Kent S tate Neutron Detection Effi­

ciency code produced accurate efficiency values for the 6 ” x 6 ” cylindrical BC-501A 

detector.
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Chapter 5

THEORY OF REACTIONS AND CROSS SECTIONS

5.1 Reaction Yields

Detectors count the number of particles th a t enter them. For any given reaction, 

the number of detected product particles can be expressed as the yield per incident 

projectile, AY. For thin targets, this yield can be expressed in term s of the reaction 

cross section [37]:

AY =  a n A x  (5.1)

where

<j =  cross section for reaction,

n =  number of active nuclei per unit volume,

A x  = target thickness.

A charged particle loses energy via collisions with the m aterial it is penetrating. The

two main collision mechanisms are

1 . inelastic collisions with atomic electrons and

2 . elastic collisions with nuclei.
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The linear stopping power, SP, equals the average energy loss of a projectile per unit 

length penetration into a target:

S P  =
dE
dx

dE
dx

(5.2)

Bragg’s rule weights the effect of each element in a target on the stopping power [29]. 

The subscipts “a” and “i” in the following equation refer to the “active” element [the 

element participting in the reaction of interest] and to the “inactive” elements [all 

other elements in the target].

Pa dx
Wa
Pa

d E \  ( d E \

d x )a  i P i \ d x )
(5.3)

where

pi =  mass volume density of element i,

Wi =  weighting factor for element i,

Pi Eh -Aj
3

rii =  number of element i, and

Ai = Atomic mass number of element i.

The masses are approximated by the equivalent mass numbers. The stopping cross 

section, e, equals the stopping power divided by the number of nuclei, n:

e =  S P / n . (5.4)
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Application of equation 5.4 to the effective stopping power produces the effective 

stopping cross section.

Seff =  Za +  '^Z i ~ ) £i (5-5)

If the target thickness is expressed in energy units, A c/ / ,  the thin target yield can be 

expressed as

A y  =  (5.6)
8eff

where

A e f f  =  A x  • S P  = A x S e f f U  ■

For thick targets, the energy loss of the projectile is non-negligible. Integration of the 

thin target yield gives the thick target yield, Y ( E q) [45]:

rEo a (E)
-  L * 7 U d E - 1571

The targets used for this research were sufficiently thick to stop all of the projectiles 

(A =  E q).

The measured yield is defined as the measured number of counts per incident 

projectile. Three factors prim arily affect the measured yields.

1 . A detector is not 100% efficient. (77 <  1 )

2 . A detector occupies a finite solid angle, dfh

3. The reaction products exit the target with some angular distribution, W (0, </>}.
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The measured yield, Ym and thick target yield are related by

(5.8)

where rid is the number of incident projectiles.

5.2 Nonresonant Cross Sections and the Astrophysical S-Factor

The cross section for a given reaction is a measure of the relative probabilty for 

th a t reaction to occur for a given flux of incident projectiles on a target of known 

areal density [4]. Classically, the projectile and target must make physical contact 

for a reaction to occur. Rutherford approximated nuclear radii by rn = r^A1/2, where 

ro =  1.2 x 10-13 cm. The hard sphere approximation of nuclei results in nuclei with 

circular apparent geometric areas. The sum of the apparent geometrical areas of the 

projectile and target nuclei defines the classical cross section, aci [37]:

Due to the nature of m atter, the reaction cross sections must be explained via 

quantum  mechanics. DeBroglie originally proposed standing waves to explain the 

stability of Bohr orbitals for atomic electrons. This wave concept has been extended 

to all m atter [46]. The deBroglie wavelength is given by

7T (5.9)

Ibarn.

P
(5.10)



h =  Planck constant and 

p = particle momentum.

Q uantum  mechanical interactions are proportional to the square of the deBroglie 

wavelength; therefore, the cross section is directly proportional to the square of the 

deBroglie wavelength, a oc ttà2. Energy is directly proportional to the square of 

the momentum for nonrelativistic particles; therefore, the cross section is inversely 

proportional to the energy [47]:

a  o c  t t à 2

47 =

<7 <x (5.11)

Nuclei possess charge. The projectile and target experience a m utual repulsion 

described by the Coulomb potential energy, V :

v  = ^ Z t ^ _
4 7 r e 0 r

Classically, the projectile will approach the target until the point a t which the Coulomb 

potential energy equals the initial kinetic energy, E,  of the projectile. This distance 

of closest approach, Rc,  must be no more than  the nuclear radius of the target nuclei 

or the reaction is classically forbidden [48].
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Rc  =
ZpZte*
47re0S  

e e  Coulomb radius.

(5.13)

The resulting Coulomb barrier has a thickness of Rc  — rn. [See Figure 5.1.

-V,

Coulumb B a r r i e r

RC(B) DISTANCE

C la s s ic  T u rn in g  R adius

N u c le a r  R ad ius

F ig . 5.1. Coulomb barrier

In quantum  mechanics, the square of the wavefunction of a particle, |4/ ( r ) |2, is a 

measure of the probability of finding the particle between positions r and r + dr. The 

value of 14/ ( r ) |2 a t the nuclear radius, r n, is non-zero and finite. Quantum  mechanics 

perm its th a t which classical mechanics forbids - barrier penetration [37].

The square of the transmission coefficient, |T |2 is the probability of penetrating 

the barrier. For a square well, this probability is given by

|T |2 =
16A: ac exp (—4/cL)

( ac — ik)2 — ( ac +  ik)2 exp (—4 acL )

(5.14)
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where

k = V 2 m E  j  h,

k, =  yj2m (V — E) j h ,  and

L  =  half w idth of barrier.

An arbitrarily  shaped barrier (such as the Coulomb barrier) can be represented by a 

series of thin square barriers of width =  2L. For thin barriers, exp (—4/cL) —» 1 

in the denom inator of equation 5.14. The probability for penetrating any single thin 

barrier is then

Pi % exp (—2KAxi) . (5.15)

Each thin barrier penetration probability exists independently of the others. Ignoring 

multiple reflections a t barrier surfaces, the probability for complete barrier penetra­

tion is given by the product

P  = Y[ Pi exp (—2KAxi) = exp ^ - 2  Ç  .

In the lim it of infinitely thin barriers (Axi  —> 0), the sum m ation becomes an integral.

P  = exp I - 2  y  d x ^ 2 m  (V — E) j h  \ • (5.16)

The Coulomb potential energy at any distance from the nucleus can be expressed in 

term s of the initial kinetic energy, the Coulomb radius, and the distance from the
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nucleus. Recall th a t V  (Rc)  — E- Then

V (r )  =
47re0r
( ZPZte2 \  / R c  
\4TreoR c J \  r

= V ( R c ) ( - f )  

=  e ( ^
r

therefore,

exp
) v ^ C d r ^ l

R c
r

(5.17)

If Rc »  rn, th a t is if V »  E,  then

P exp

exp

=  A exp

ZpZ te2mrn /47r\ / ZpZ te2\  Pm
47re0 \  ^ /  V 47re0 )  V E

'ZpZte2m r1
47ren

exp

'Eg
E

—A.9S0ZpZt \l — (5.18)

where the exponential is known as the Gamow factor and E g is the Gamow energy 

expressed in keV [49]. The cross section has been shown to depend on the deBroglie 

wavelength and on the Gamow energy for energies less than  the Coulomb potential 

of the reactants. The nuclei consist of nucleons th a t interact via the nuclear force 

[48]. In the cross section, the astrophysical S-factor, S(E),  contains all of the nuclear 

effects and absorbs all of the constants of proportionality. The energy dependent
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cross section is thus given by [37]:

S  (E) exp - . /M a
Ea (E) = -------------------  . (5.19)

Although the cross section strongly depends on the energy, the S-factor is a 

slowly varying function of energy.

5.3 Effective energy and relative cross sections

In thick targets, reactions occur a t energies ranging from the incident projectile 

energy, E 0, to  the incident energy minus the target thickness in energy units, E q — A. 

The effective energy is defined as the single energy, Ë,  for which the thin target cross 

section would be equal to the measured thick-target cross section [37]. The value of 

the effective energy is determined from the thick target yield equation [equation 5.7]. 

The yield due to all the reactions th a t occur a t energies less than  the effective energy 

must equal the yield due to all the reactions a t energies greater than  the effective 

energy:

The pressed powder and foil targets stopped all projectiles; therefore, the target 

thicknesses in energy units equaled or exceeded the incident projectile energies, E 0 > 

A. Recalling equation 5.19 for the cross section, assuming a constant S-factor, and 

simplifying gives

rEo exp[—S1.29ZpZtJ  fi j  E\ çëcm exp[—31.292^.2^/ n / E

L  i E  E , i )  - 2 L  d E  <M1>

Equation 5.21 was evaluated for each reaction-energy pair and the results are sum-
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Table 5.1. Energy relations for the deuteron-induced proton transfer reactions

Target E d,lab (keV) (keV) E cm (keV) E d,iab (keV)

2H

60 30 24 48

105 52.5 40.2 80.4

6 Li 140 105 94.3 126

7Li

70.0 54.4 50.0 64.4

1 2 0 93.2 83.5 108

145 113 1 0 0 129

9Be 145 119 109 133

10B 145 1 2 1 1 1 1 133

n B 145 123 1 1 2 133

marized in Table 5.1.

The true accumulated charge may differ from the measured accumulated charge. 

The deuterons have enough energy th a t they free electrons from the surface of the 

solid targets. The freed electrons produce an increase in the measured charge over 

the true charge. The difference introduces uncertainty in the measured yield per 

incident deuteron. T hat uncertainty can be removed by measuring the yield of the 

(d,n) reaction relative to a (d, charged particle) yield from the SSB detector fixed at 

90°. Recall th a t for a thin target, the yield per incident particle can be expressed as 

A Y  = a n Ax.  [Refer to equation 5.1.] As previously defined, the effective energy 

for a thick target corresponds to the single energy for a thin target th a t produces the 

same measured cross section. Recall th a t the yield, Y, is the measured counts, N, 

of a reaction product divided by the number of projectiles, nd, and by the detector 

efficiency, rj. Substituting N, n^, and rj into equation 5.1, relabelling the target number
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density n as n*, and rearranging gives

N =  a  n d n* 77 Ax. (5.22)

Consider two reactions with the same projectiles and which have measured product 

counts of Nn and Np respectively. The target densities are n t>n and n ijP respectively. 

Differences in detector sizes and placements may result in different solid angles - 0 n 

and f2p for the measurements. Application of equation 5.22 to and inclusion of solid

angles for both  reactions gives the ratio of the measured counts for the two reactions:

Nn   (Jn Tld Vn ggX
Np (Tp Tld Ax Tjp &2p

Solving for the unknown cross section, <rn in term s of the known cross section, ap, 

gives

- = *  (5-24)

The target densities are equal when the entrance channels to the two reactions are 

identical. For this condition, equation 5.24 simplifies to

— (5 -25)

As shown in equations 5.24 and 5.25, the charge dependence [expressed as the 

projectile density, n j  has been eliminated. This m ethod of relative cross section 

requires prior knowledge of the absolute cross section of one of the reactions to deter­

mine the absolute cross sections of the second reaction. The absolute cross sections 

for deuteron-induced charged-particle-as-product reactions have been determined by 

the Colorado School of Mines nuclear group [7, 20] and others [26, 9]. The charged
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particle cross section results were applied to  the relative cross sections in this the­

sis to determine the absolute cross sections for the deuteron-induced proton transfer 

reactions.
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Chapter 6 

THE REACTIONS

6.1 Validation of the Kent State University Neutron D etection Efficiency 

Code with the known reaction 2H (d,n)3He

Deuterium  and tritium  are supposed to power fusion reactors. Consequently, 

the 2H (d,n)3He has been thoroughly investigated [26, 27]. This reaction was used to 

validate the application of the relative cross section method to determine absolute 

cross section for the deuteron-induced proton transfer reactions and the accuracy of 

the Kent State University Neutron Detection Efficiency code. The relative angular 

distributions a t 60 keV and 105 keV deuteron bombarding energies were measured. 

[These corresponded to effective center-of-momentum energies of 24 keV and 40 keV, 

respectively.] Deuterons from the accelerator collided with an aluminum block placed 

in the target chamber of the accelerator. The charge dependence of the Coulomb 

barrier suppressed the reactions of the deuterons with the aluminum. The non-reacted 

deuterons accumulated in the aluminum. Those accumulating deuterons formed the 

target for the 2H +  d reactions. The silicon surface barrier [SSB] detector fixed at 

90° monitored the production of charged particles. The SSB was 100% efficient.

The BC-501A neutron detector was not 100% efficient. The Kent S tate Univer­

sity Neutron Detector Efficiency computer code produced tables of integral efficiencies 

for the operating conditions of the detector. Those integral efficiencies represented the 

percent of neutrons incident on the BC-501A detector th a t were detected when the 

counts were summed from the maximum energy channel associated with the incident
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neutron energy down to the chosen low-end channel.

The true neutron counts were extracted from the raw neutron spectra in three 

steps. First, neutrons from reactions other than  2H (d,n)3He were subtracted from 

the raw spectrum . The number of neutrons to  be subtracted from each channel was 

determined by extending a curve fit into the region of channels of interest. The curve 

fit went from some higher channel to one channel above the channel of maximum 

energy of the reaction. The best curve for the set of reactions was determined by 

minimizing the %2 of the curve fit equation. The remaining neutrons were taken to 

be the neutrons from the 2H (d,n)3He reaction. Although neutrons from the reaction 

chain 2H (d,p)3H —> 3H (d,n)4He from the build-up of tritium  was an initial concern, 

the to ta l background was determined to  be negligible compared to the counts in the 

2H (d,n)3He reactions and so was ignored. Figure 6.1 dem onstrates the low background 

in a typical neutron spectrum  for the 2H(d,n)3He reaction.

Next, the counts in the neutron spectrum  from the maximum reaction channel 

to each lower channel were summed. These sums at each channel were divided by the 

corresponding integral efficiencies for each channel as determined by the Kent State 

code. Ideally, the number resulting from the preceding steps would be the same for 

every channel and equal the to ta l neutron counts th a t entered the detector. In reality, 

variations in th a t number occurred from channel to channel as shown in Figure 6.2.

The th ird  step quantified those variations. The to ta l neutron counts from a 

representative sample of channels were averaged. T hat average was taken to be the 

true neutron counts, Nn/77n, for a neutron detector of unit efficiency, rin = 1. The 

variance of the true neutron counts was defined as the average of the differences 

between the true neutron counts and the extrem a of the sampled channels. This 

variance was used in the propagation of errors through quadrature.
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Due to different physical detector sizes and placements, different solid angles were 

subtended by the SSB and neutron detectors as seen from the target. To compare the 

relative yields, the counts from each detector were normalized by those solid angles.

Consider the 2H (d,n)3He reaction a t the laboratory energy of 105 keV and at 

one angle, say 0°. The counts were summed for channels 15 to 30, channels 20 to 30, 

and channels 25 to 30. Consider the channels 15 to 30. The sum over these channels 

equaled 12295 counts. The efficiency determined by the Kent S tate code equaled 

61.35%. The solid angle subtended by the neutron detector was 95.5 msr. The total 

neutron counts per steradian was determined to be

Nn 12295 counts * 100 %
Qn Vn 95.5 msr * 61.35 %

=  209.9 counts/m sr

«  210 counts/m sr

The results for the to ta l neutron counts for channels 20 to 30 and for channels 

25 to 30 were 178 counts/m sr and 182 counts/m sr, respectively. The true value and 

variance were (190 ±  20) counts/m sr.

Figure 6.3 shows the particle spectrum  collected by the SSB detector. The 

2H (d,p)3H peak is clearly visible over channels 101 to 120. Negligible background 

counts appeared in the these channels. The to tal counts in the 2H (d,p)3H peak 

equaled 5958. The angle subtended by the SSB detector as seen from the target 

equaled 51.6 msr. The counts per steradian for the 2H (d,p)3H reaction was deter­

mined to be 116 counts /  msr.

Np _  5958 counts * 100 % 
f2p rjp 51.6 msr * 100 %

= 116.07 counts/m sr % 116 counts/m sr
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Table I in the paper by Brown and Jarm ie [27] gives the differential cross section 

for the 2H (d,n)2H reaction at a laboratory deuteron enregy of 80 keV and a detector 

angle of 90° as a (Ed = 80keV, 6cm =  90°) =  0.753 m b/sr. Relative errors of <  2% 

are quoted. Application of equation 5.25 to the current example gives an absolute 

differential cross section of ( 1.23 ±0.17) m b/sr as shown in the following calculation.

a (Ed =  80 keV,#n,CM =  0°) =
(190 ±  20) counts/m sr

(0.753 m b/sr)
116 counts/m sr 

=  (1.233 ±  .130) m b/sr

% (1.23 ± 0 .13) m b/sr.

The absolute differential cross sections for all angles at both energies are given in 

Table 6.1.

Table 6.1. Experim ental differential cross sections for the reaction 2H (d,n)3He

Center-of-Momentum Center-of-Momentum Differential
Effective Energy Angle Cross Section

(keV) (degrees) ( mb /  sr )
0 0.770 ±  0.047

24 31.4 0.697 ±0 .026
62.5 0.505 ±  0.023
92.4 0.460 ±  0.022

0 1.23 ± 0 .1 3
40 31.8 1.02 ± 0 .1 3

63.2 0.833 ±  0.064
93.6 0.683 ±  0.085

The integrated absolute cross sections were determined by integrating the curve 

fits to the differential absolute cross sections. A differential cross section is modeled 

as the square of the sum of a series of Legendre polynomials. [This technique is 

known as the m ethod of partial waves.] Following spectroscopic notation, the first
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three Legendre polynomial contributions are known as s-wave, p-wave, and d-wave. 

Legendre polynomials consist of powers of cosines; therefore, the differential da ta  were 

fit with curves th a t had powers of cosine for terms. The target and the projectile are 

identical particles for the deuteron on deuterium  reactions. The angular distribution 

of the cross section for identical particle reactions is symmetric about 90° in the center- 

of-momentum frame. Only even powers of cosine m atch this symmetry criterion; 

therefore, the angular distribution of the 2H(d,p)3H reaction was fit to a curve of the 

form a(E,  9c m ) = a-\-ccos2(6c m )- Table 6.7 contains the curve fit coefficients for the 

2H (d,p)3H reaction and all other reactions contained in this thesis. Figure 6.4 shows 

the da ta  set and curve fits to the current work and Figure 6.5 shows the excellent 

agreement of this da ta  set with th a t of Brown and Jarm ie [27]. The horizontal bars in 

Figure 6.4 and all subsequent figures of differential cross sections represent the angles 

subtended by the detector as viewed from the target. These finite angles affect the 

measured number of counts. The effect depends on the trend of the data  for angles 

around the central angle of the detector measured with respect to  the incoming ion 

beam. For example, in Figure 6.4, the effect about the central angle of 0° is to lower 

the measured counts below the true value. The absolute integrated cross sections for 

this reaction and all other reactions in this thesis are listed in Table 6.8 along with 

the associated statistical and systematic errors.

Error was propagated through the curve fits by varying the values of the dif­

ferential cross section da ta  points through their errors and then fitting curves to 

those variations. The curves generated by this m ethod were then integrated to ob­

tain the variations in the integrated cross sections. The minimum and maximum 

values obtained with this m ethod overestimated the effects of individual errors on 

the differential coefficients and on the integrated cross sections. Taking an average



D
iff

er
en

tia
l 

Cr
os

s 
Se

ct
io

n 
( m

b/
sr

 
)

62

1.5

cm

cm

1.0

0.5

0
0 30 60 90 120 150 180

Center of Momentum Angle ( ° )

F i g . 6.4. Differential absolute cross sections for the 2H (d,n)3He reaction in the
center-of-momentum reference frame.
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y= Fit to Brown & Jarmie data 

for E .. . = 80 keVd.lab

CSM data for Effective laboratory 
energy = 80 keV

y= Fit to Brown & Jarmie data 
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Incident Deuteron Energy in Laboratory Frame ( keV )

F i g . 6.5. Comparison of measurements of the differential cross sections for the 
2H (d,n)3He reaction a t an effective center-of-momentum energy =  40 keV.
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of the variations in the curve fit coefficients over many combinations of the errors in 

the d a ta  reduced the overestimate in the errors. As expected, the cross section varies 

greatly with energy. [See Figure 6.6] The astrophysical S-factor factors out the energy 

dependences of the Coulomb barrier and of the deBroglie wavelength. The remaining 

nuclear effects vary slowly with energy. Solving the thin target cross section equation 

[equation 5.19] for the S-factor gives

S (E) =  (E) E exp f 1 - (6.1)

Application of equation 6.1 to the absolute integrated cross section produced the 

S-factor, as shown in the following calculation for an effective center-of-momentum 

energy =  40 keV:

S (40 keV) =  (10.8 ± 0 .50 ) mb * 40keV * exp -31 .29  * 1 * 1 *  ^/l.007051/40 

=  61887 ±  2865 kev — mb 

w 61.9 ±  2.9 keV — b.

S-factor values calculated from the cross sections of this research and from pub­

lished cross sections are shown in Figure 6.7 for the 2H (d,n)3He reaction.

The agreement of this research with the published data  of Brown and Jarmie 

validated the use of the Kent State Neutron Detection Efficiency code with the method 

of relative cross sections. The m ethod was applied to the remaining reactions in the 

current research.
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INTEGRATED CROSS SECTION vs ENERGY for 
2H(d,n)3He
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F i g . 6.6. Variation of the integrated cross section with energy for the 2H(d,n)3He 
reaction in the center-of-momentum reference frame. Information regarding the cross 
section compilation by Arzamas can be found in reference [8].
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F ig . 6.7. Variation of the astrophysical S-factor with energy for the 2H(d,n)3He 
reaction in the center-of-momentum reference frame.
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6.2 6Li(d,n)7Be - an improved measurement at low energy

Elwyn, et al. [9] completed a very thorough exam ination of the (d,n) and (d,p) 

reactions on 6Li. The (d,n) reactions were performed at laboratory effective energies as 

low as 204 keV. The (d,p) reactions were performed at effective laboratory energies as 

low as 118 keV. In the current research, the laboratory effective energy was extended 

to 126 keV for the (d,n) reaction. (This corresponds to a center of momentum effective 

energy of 94.4 keV.) Hirst, et al. [28] measured the to ta l cross section down to an 

effective laboratory energy of 115 keV. The error quoted in the report was ±15%. 

The objective in performing this reaction was to confirm the work of Hirst, et al. and 

improve on the reported error. The absolute differential and integrated cross sections 

were determined with the m ethod of relative cross sections as had been done for the 

2H (d,n)3He reaction.

The neutron spectra was more complicated than  the spectrum  for the 2H (d,n)3He 

reactions. Deuterium built up in the lithium  foil just as it had in the aluminum block. 

The close proximity of the energies of neutrons from the 2H (d,n)3He reaction to those 

from the 6Li(d,n)7Be reaction [~ 2.9 MeV vs ~  3.3 MeV for a neutron detector 

angle of 0°] contributed to the to ta l neutron counts a t lower channel numbers. This 

effectively set lower lim its on the channels for extraction of the true neutron counts 

from the 6Li(d,n)7Be reaction. In addition, the lithium  foil was not 100% 6Li. The 

7Li(d,n)8Be reaction contributed non-negligible background counts to the observed 

neutron counts. The best fit curves to the background, as determined by finding the 

minimum %2, were three-param eter exponential curves:

Ybkg =  a exp (for) +  c. (6.2)
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These effects of the deuterium  and of the 7Li are noted in the sample spectrum of 

Figure 6.8. Consider the 6Li(d,n)7Be reaction at the laboratory energy of 140 keV 

and a t one angle, say 30°. The background curve was fit over channels 41 to 82. The 

fit param eters were a = 326 counts, b =  —0.0333 (channels)-1 and c =  —14.2 counts. 

The background-subtracted counts were summed for channels 28 to 40, channels 30 

to 40, and channels 33 to 40. Consider the channels 30 to 40. The sum over these 

channels equaled 4342 counts. The efficiency determined by the Kent State code

equaled 39.019%. The solid angle subtended by the neutron detector was 95.5 msr.

The true neutron counts per steradian was determined to be

Nn 4342 counts * 100 %
f2n T}n 95.5 msr * 39.019 %

= 155.02 counts/m sr

% 155 counts/m sr.

The results for channels 28 to 40 and for channels 33 to 40 were 151 counts/m sr and 

147 counts/m sr respectively. The true value and variance were (151 ±  4) counts/m sr.

Figure 6.9 shows the particle spectrum  collected by the SSB detector. The 

6Li(d,p0+ p i) 7Be double-peak spans channels 144 to 177. The entire double peak sits 

on top of an a-particle continuum from the 7Li T  d, 3-body final state reactions. The 

contribution from th a t continuum to the to ta l counts was negligible. The to tal counts 

in the 6Li(d,p0+ P i)7Be double-peak equaled 3216. The angle subtended by the SSB 

detector as seen from the target equaled 51.6 msr. The counts per steradian for the 

6L i(d,po+Pi)7Be reaction was determined to be 62.3 counts/m sr.

Np _  3216 counts * 100 % 
f2p r/p 51.6 msr * 100 %

=  62.33 counts/m sr % 62.3 counts/m sr



C
ou

nt
s 

( # 
)

69

10000

H(d,n) He

1000
Li(d,n) Be

1 0 0 Li(d,n) Be-^2a

Curve Fit to the counts
from the 7Li(d,n)8Be->2a 
reaction

0 8040 1 2 0

Energy ( Channel # )

F i g . 6.8. Sample 6Li(d,n)7Be neutron spectrum. Note the contribution (below chan­
nel 28) from the 2H (d,n)3He reaction. The smooth curve is a best fit to the background 
neutrons from the 7Li(d,n)8Be reactions.
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Table VI in the paper by Elwyn, et. al. [9] lists the absolute values for the 

differential cross sections. The listed effective energies in the laboratory frame bracket 

the 126 keV effective energy in the current research. The values of the cross sections

was extracted from curve fits to the 90° d a ta  in th a t table. [See Figure 6.10.] The 

summed curve fit values for the differential cross sections a t the detector angle of 

90° was = 126A;eV,0/a& =  90°) =  0.108 m b/sr. Relative errors in the angular 

distributions were not given for the data  points. Coefficients for Legendre polynomial 

fits to the d a ta  were given in table IV [9] along with statistical-only errors. Those 

statistical errors were <  ±4%. The quoted error in the integrated cross sections varied 

between 13% and 16%. For the purposes of determining to ta l error in the current 

da ta  set, an error of ±7.5% in the extracted value of the differential cross section was 

assumed. [Note th a t the author believes this to be an overestimate of the actual error 

but favors too large rather than  too small an error.] Application of equation 5.25 

to the current example gives an absolute differential cross section of (0.262 ±  0.007) 

m b/sr as shown in the following calculation. The quoted error is purely statistical.

=  (0.2617 ±0.0069) m b/sr 

% (0.262 ±  0.007) m b/sr

The absolute differential cross sections for all angles is given in Table 6.2. The er­

rors listed do not include the ±7.5% systematic error from the interpolation of the

ential cross sections overlap to within error, the differential cross section was fit to 

a constant of <t(Ëcm =  94.3fceV, 0cm) =  0.254 ±  8 m b/sr as shown in Figure 6.11.

for the 6Li(d,po)7Be and 6L i(d ,pi)7Be reactions a t an effective energy of 126 keV

(151 ±  4) counts/m sr
(0.108 m b/sr)

62.3 counts/m sr

6Li(d,p0)7Li plus 6L i(d ,pi)7Li reactions. Since the experimental values for the differ-
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y=(a+bx+cx )*exp(-31.29*1 *3*sqrt(2.014102/x))/x
max dev:0.110, r2=0.999
a=1.95E6, b=-3222, c=1.56 ® ^ _
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F ig . 6.10. Curve fit to  the 6Li(d,p0)7Li 90° differential cross section data  provided 
in table VI of the paper by Elwyn, et. al. [9].
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Table 6.2. Experim ental differential cross sections for the reaction 6Li(d,n)7Be.The 
quoted errors do not include the 7.5% systematic error.

Center-of-Momentum 
Effective Energy 

(keV)

Center-of-Momentum
Angle

(degrees)

Differential 
Cross Section 

( mb /  sr )

94.3
0 0.250 ±0 .005

31.0 0.262 ±  0.007
61.8 0.249 ±  0.008
92.1 0.253 ±0 .008

This implies negligible contributions from term s other than  the s-wave. As a check, 

curve fits of higher order were tried. Those fits produced the same value for the 

constant. The coefficients of the higher order term s in those fits were approximately 

<  1% of the constant value. Integration of the differential cross section produced an 

absolute integral cross section of 3.17 ±  0.34 mb for the 6Li(d,n)7Be reaction. This 

cross section agrees to  w ithin errors with the value of 2.7 mb ±15% given in Hirst, et. 

al [28]. Figure 6.12 shows the values from the current research and those published 

by Elwyn, et. al. [9] and by Hirst, et. al. [28]. Application of equation 6.1 to the 

absolute integrated cross sections of this research and to the cross sections cited in 

the literature produced the S-factor values shown in Figure 6.13 for the 6Li(d,n)7Be 

reaction.

6.3 Cross sections for the direct decay reaction 7Li(d,n)8B e— » 2a

The deuteron-induced neutron-producing reactions on 7Li proceed through two 

channels to the final products of a neutron and two o-particles. The first of these 

channels, the direct decay, proceeds as 7Li(d,n)8Be— > 2a. The second channel,
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F ig . 6.11. Differential cross section for the 6Li(d,n)7Be reaction. Note th a t the 
distribution is isotropic to within the errors, indicating pure s-wave contribution to 
the cross section.
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F ig . 6.12. Variation of the integrated cross section with energy for the 6Li(d,n)7Be 
reaction in the center-of-momentum reference frame. Information regarding the data 
of Guzhovich and of Qichang can be found in [10] and in [11] respectively.
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F ig. 6.13. Variation of the astrophysical S-factor with energy for the 6Li(d,n)3Be 
reaction in the center-of-momentum reference frame.
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sequential decay, proceeds as 7L i(d ,a)5He— > n +  a . Prelim inary investigation into 

these reactions was completed in previous work at the Colorado School of Mines [20]. 

In th a t work, the a-particles were measured and the reaction cross sections deduced.

The charged particle spectra resulting from the direct and sequential decays were 

complex due to the nature of the decays. In addition, contributions from the natu­

rally occurring 6Li in the targets and from the deuteron accumulation in the targets 

complicated the spectra. The typical particle spectrum  in Figure 6.14 shows these 

effects. Direct measurement of the neutrons circumvents the problems in extracting 

the cross sections from the particle spectra. In the current work, the neutrons were 

measured and the m ethod of relative cross sections applied to  determine the direct 

decay reaction cross sections.

The relative sizes of the Coulomb barriers suppresses the deuteron-induced cross 

sections on fluorine compared to those on lithium; therefore, pressed powder targets 

of lithium  fluoride (LiF) were made. The natural lithium  in the LiF consisted of 

92.5% 7Li and 7.5% 6 Li. SRIM2000 [50]calculations of the stopping cross sections, e, 

accounted for the presence of the fluorine and the mixture of lithium  isotopes. The 

resulting effective stopping cross sections were used in the calculation of the effective 

energies as listed in Table 5.1.

As shown in the typical neutron spectrum  of Figure 6.15, neutrons of energy 

higher than  those from the deuteron +  7Li reactions were nonexistent. The neutrons 

from the sequential decay reaction were not discernable in the spectra for the given 

neutron count statistics.

The true neutron counts for the direct decay reaction were determined in the 

same m anner as for the 2H (d,n)3He reactions. Consider the reaction at the deuteron 

laboratory energy of 145 keV [effective center-of-momentum energy of 100 keV] and
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F ig . 6.14. Typical charged particle spectrum  for the deuteron-induced reactions on 
7Li. Note the reaction peaks from the natural abundance of 6Li in the target.
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F i g . 6.15. Typical neutron spectrum  for the direct decay reaction. Neutrons from 
the sequential decay reaction are not discernable in the spectrum.
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at an angle of 0°. The maximum channel for the reaction neutrons was 62. A 

representative set of low-end channels consisted of all the channels from 34 to 45. 

The sum at each channel was divided by the corresponding integral efficiency for 

each channel as determined by the Kent State code. Figure 6.16 shows the summed 

neutron spectrum , the integral efficiency curve and the curve of neutron to tal counts 

resulting from th a t operation. The neutron to tal counts from th a t representative 

sample of channels were averaged. T hat average was taken to be the true neutron 

counts. The maximum deviation within the representative set from the average was 

taken to be the variance. For the current example, the average and variance were 

(106545 ±  4262) counts.

The relative cross section m ethod requires known values of cross section for 

one reaction to  determine the cross section values for the second reaction. The 

naturally  occurring 6Li in the target produced a 6Li(d,o;)4He peak which had no 

interference from other reactions. The 6Li produced another set of measurable re­

actions, the 6Li(d,p0+ p i)7Be double-peak. The ^-particle continuum counts from 

the 7Li(d,n)8Be— > 2a reaction were modeled with a linear fit over the channels of 

the double-peak. Subtraction of the linear fit from the counts over the double-peak 

channels yielded the correct counts for the 6L i(d,po+pi)7Be reaction.

Recall the example a t the deuteron laboratory energy of 145 keV [effective center- 

of-momentum energy of 100 keV] and a t an angle of 0°. The SSB detector, which 

subtended a solid angle of 51.6 msr, collected the charged particle spectrum. The 

6Li(d,po+Pi)7Be double peak spanned channels 144 to  177. The linear curve fit to 

the a-particle  continuum had a slope of 0.690 counts/channel and an intercept of 83.9 

counts. The calculated a-particle continuum contributed 6621 counts to the to tal of 

9681 counts over the 6L i(d ,po+pi)7Be channels.
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F ig . 6.16. Graphical representation of the method for determ ining the direct decay
reaction neutron count.



82

The unequal abundances of 6Li and 7Li in the LiF target must be accounted

for when calculating the cross sections for the 7Li(d,n)8Be— > 2a reaction. The

individual isotopic number densities, Uqh and n 7Li, are directly proportional to the 

percent abundances, n%6Li and n%7Li, of the isotopes. Substitution of these percent 

abundances for the target number densities into equation 5.24 gives

 ^ 7 Li n %6Li VfiLi ^ 6 L i  ( a  o \
° 7 L i  ~  G QLi N  q  ■ [O -0 )

iyi6Li %7Li ^ 7 Li l t 7Li

Returning to the example, there were =  (106545 ±  4262) neutron counts and 

NeLt =  3060 proton counts. The detector efficiencies were already folded into these 

counts. The neutron detector and SSB detector subtended solid angles of 95.5 msr and 

51.6 msr respectively. The isotopic abundances for 6Li and 7Li were 7.5% and 92.5% 

respectively. The absolute differential cross section for the 6Li(d,p0+ p i)7Be reaction 

at a laboratory angle of 90° [as interpolated from the curve fit to the data  published 

by Elwyn et al. [9]] equaled 0.141 m b/sr. The absolute differential cross section with 

statistical error was a(ËcM  =  100 keV, 6cm =  0°) =  (0.215 ±  0.009)m b/sr as shown 

in the following calculation.

„(io»k,v,„) -  « «  ■» • r " - ; 7.”
.=  (0.2151 ±  0.0086) mb 

% (0.215 ±  0.009) mb.

The absolute differential cross sections for all angles is shown in given in Table 6.3. 

The errors in the table are purely statistical and do not include the 7.5% systematic 

error from interpolation of the 6Li(d,p0 + P i ) 7Li cross section data.
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Table 6.3. Experim ental differential cross sections for the reaction 
7Li(d,n)8Be— > 2a. Values include statistical error only. The systematic error was

7.5%.

Center-of-Momentum 
Effective Energy 

(keV)

Center-of-Momentum
Angle

(degrees)

Differential 
Cross Section 

( A&b /  sr )

50
0 15.2 ± 0 .8 4

30.2 18.0 ± 0 .7 4
60.5 13.2 ± 0 .5 5
90.6 9.90 ±  0.46

83.5
0 93.0 ±  3.8

30.3 109 ± 3 .4
60.6 113 ± 4 .9
90.7 162 ± 9 .4

100
0 215 ± 8 .6

30.4 270 ± 1 1 .
60.7 346 ± 8 .1
90.8 383 ±  8.8

The differential da ta  were fit with curves of the form

a(E c M, 6 C m ) = a -\-bcos(0CM) + c cos2(0CM)

and statistical errors were determined with the same variational m ethod as used for 

the 2H (d,n)3He reactions. The minimum and maximum values obtained with this 

m ethod overestimated the effects of individual errors on the differential coefficients. 

Averaging a sample of the variations in the curve fit coefficients over combinations of 

the errors in the data  reduced the overestimate in this propagation of the errors. The 

resulting differential cross section coefficients are given in Table 6.7. The values of 

and curve fit to  the differential cross section data  are shown in Figure 6.17 and 6.18. 

The differential cross sections for each energy were integrated over solid angle to
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F ig . 6.17. Differential cross section for the direct decay reaction 7Li(d,n)8Be— > 2a.
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obtain the absolute integral cross sections. The sample of differential curves used to 

determine the errors in the differential cross sections were integrated. The average 

of the minimum and maximum variance in the resulting values at each energy was 

designated the statistical error in the absolute cross section a t each energy. The 

results for the integrated cross sections are listed in Table 6.8. Figure 6.19 compares 

the values from the current work with previously published cross sections of others. 

Note the approxim ate factor of two difference between the da ta  in the Los Alamos 

report [accension #  LA4851, Jarm ie and Seagrove, editors] and the current work . The 

data  was collected from a graph in a secondary source [51]. The original report was 

unavailable for comparison; therefore, possible differences due experimental methods 

could not be ascertained.

Application of equation 6.1 to the integrated cross sections of this work and other 

published values produced the S-factors shown in Figure 6.20.

6.4 The 10B (d ,n )11C reaction

Yan [20] completed an examination of the (d,o) and (d,p) reactions on 10B. The 

current work investigated the analog (d,n) reaction. The neutron spectra produced 

by the 10B (d,n)n C reaction resembled the spectra for the 6Li(d,n)7Be reactions. Deu­

terium  accumulated in the pressed boron powder targets just as it had in the lithium 

foils. The higher energies of the neutrons from the 10B (d,n)n C compared to those 

from the 6Li(d,n)7Be reaction [~ 8.1 MeV vs ~  3.3 MeV for a neutron detector an­

gle of 0°] lessened the effect of the deuterium  accumulation on the measurement of 

the neutron counts for the 10B (d,n)11 reaction as compared to the 6Li(d,n)7Be reac­

tion. The isotropically enriched boron powder contained 90% 10B and 10% n B. The 

n B (d,n)12C reaction contributed non-negligible background counts to the observed
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F ig . 6.19. Comparison of integrated cross sections for the direct decay reaction 
7Li(d,n)8Be— > 2a. Information regarding the data  of Osetinskij and of Qichang can 
be found in references [12] and [11] respectively.
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neutron counts. This background was taken as constant and equal to the counts at 

one channel greater than  the maximum channel of the 10B (d,n)n C reaction. These 

two effects are noted in the sample spectrum  of Figure 6.21. Consider the 10B (d,n)n C 

reaction a t the laboratory energy of 145 keV and at one angle, say 0°. The maximum 

channel for the reaction neutrons was 40. The n B (d,n)12C reaction contributed 12 

counts/channel to the to ta l counts. The sum at each channel was divided by the cor­

responding integral efficiency for each channel as determined by the Kent S tate code. 

Figure 6.22 shows the summed neutron spectrum, the integral efficiency curve and 

the curve of neutron to ta l counts resulting from the division. A representative set of 

low-end channels consisted of all the channels from 14 to 22. The neutron to tal counts 

from th a t representative set of channels were averaged. T hat average was taken to be 

the true neutron counts. The maximum deviation within the representative set from 

the average was taken to be the variance. For the current example, the average and 

variance were (5221 ±273) counts. T hat normalized to 27.9 ±  1.5 counts/m sr. Figure 

6.23 shows a typical charged particle spectrum  collected by the SSB detector. Note 

th a t the 10B (d,ao)8Be peak was the only peak free of interference from a  particles 

from the decay of the 8Be products. Returning to the example, the angle subtended 

by the SSB detector as seen from the target equaled 51.6 msr. The counts from chan­

nels 460 to 512 equaled 387. The counts per steradian for the 10B(d,ao)8Be reaction 

was determined to be 7.50 counts/m sr as shown in the following calculation.

Np 387 counts * 100 %
Qp ?7p 51.6 msr * 10 0 %

=  7.50 counts/m sr

The differential cross section for the 10B (d ,a )8Be reaction was determined from the
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previous work by Yan, et al. Application of equation 5.25 to the current example 

gives a differential cross section of ( 0.167 ±  .009 ) m b/sr as shown in the following 

calculation. The quoted error is purely statistical.

<7 (e Cm =  HI keV,#n,CM = 0°) =
(27.9 ±  1.5) counts/m sr

7.5 counts/m sr 
(0.1670 ±0.0898) m b/sr

(0.167 ±0.090) m b/sr

(0.0449 /ib/sr)

The absolute differential cross sections for all angles is given in Table 6.4. The 

errors listed do not include the ±6.90% systematic error from the calculation of the 

10B(d,ao)8Be reactions.

Table 6.4. Experim ental differential cross sections for the reaction 10B (d,n)n C. The 
quoted errors are purely statistical and do not include the 6.90% systematic error.

Center-of-Momentum 
Effective Energy 

(keV)

Center-of-Momentum
Angle

(degrees)

Differential 
Cross Section 

( mb /  sr )

111

0 0.167 ±0 .009
30.3 0.180 ±0 .006
60.5 0.213 ± 0 .007
90.6 0.229 ±0 .009
120.5 0.238 ± 0.011

The differential da ta  were fit to  g ( Ë c M , Q c m ) = a + b cos(#cm) ±  ccos2( 6 C m ) 

and statistical errors were determined with the same variational m ethod as used for 

the 2H (d,n)3He reactions. The minimum and maximum values obtained with this 

method overestimated the effects of individual errors on the differential coefficients. 

Averaging a sample of the variations in the curve fit coefficients over combinations of
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the errors in the data  reduced the overestimate in this propagation of the errors. The 

resulting differential cross section coefficients are given in Table 6.7. The values of and 

curve fit to the differential cross section da ta  are shown in Figure 6.24. Figure 6.25 

compares the values of integrated cross section from the current research to published 

values over a range of energies.

Application of equation 6.1 to  the absolute integrated cross sections of this re­

search and to  the cross sections cited in the literature produced the S-factor values 

shown in Figure 6.26 for the 10B (d,n)11C reaction.

6.5 The 11B (d ,n )12C reaction.

Previous work a t the Colorado School of Mines investigated the n B (d,p)12B re­

action [7]. The analog 11B (d,n)12C reaction was included in this work to complement 

th a t previous work and for the possible applications in fusion diagnostics. The neu­

tron spectrum  of the analog n B (d,n)12C reaction resembles the spectrum  from the 

7Li(d,n)8Be spectrum . Deuterium accumulates in the pressed powder boron targets. 

The natural boron powder consisted of 80.2% 11B and 19.8% 10B. Contributions from 

the naturally occurring 10B (d,n)11C reaction set the minimum possible lower limit for 

the representative set of channels. The typical neutron spectrum  in Figure 6.27 shows 

these effects. As also seen in th a t neutron spectrum, contributions from neutrons of 

energy higher than  those from the 11B (d,n)12C reactions were negligible.

The true neutron counts for the n B (d,n)12C reaction were determined in the 

same m anner as for the 7Li(d,n)8Be reaction. Consider the reaction a t the deuteron 

laboratory energy of 145 keV [effective center-of-momentum energy of 112 keV] and 

at an angle of 0°. The maximum channel for the reaction neutrons was 57. A 

representative set of low-end channels consisted of all the channels from 27 to 41.
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The sum at each channel was divided by the corresponding integral efficiency for 

each channel as determined by the Kent S tate code. Figure 6.28 shows the summed 

neutron spectrum , the integral efficiency curve and the curve of neutron to tal counts 

resulting from th a t operation. The neutron to ta l counts from th a t representative 

sample of channels were averaged. T hat average was taken to be the true neutron 

counts. The maximum deviation within the representative set from the average was 

taken to be the variance. For the current example, the average and variance were 

(8432 ±  266) counts.

The naturally  occurring 10B in the target produced a 10B(d,ao)8Be peak. The 

peak overlapped slightly with the high-end tail of the 10B(d,û'i)8Be peak as shown 

in Figure 6.29 . The differential cross section for this reaction had been previously 

determined by Yan [7] a t numerous energies. Following the m ethod employed by Yan, 

the values of the angular distribution function and S-factor were calculated from the 

coefficients in tables 3.3 and 3.4 in [7]. The differential cross section at 90° and center- 

of-momentum energy of 123 keV was then determined to be equal to 

(4.49 ±  .31) * 10-2 fib.

Recall the example a t the deuteron laboratory energy of 145 keV [effective center- 

of-momentum energy of 100 keV] and at an angle of 0°. The SSB detector subtended 

a solid angle of 51.6 msr. The ^B (d ,oq)8Be peak contributed 10 counts to the total 

of 69 counts over the channels 374 to 390.

The unequal abundances of 10B and 11B in the natural boron target must be 

accounted for when calculating the cross sections. The individual isotopic number 

densities,nios and h u b , are directly proportional to the percent abundances, n%10B 

and n %11B, of the isotopes. Substitution of these percent abundances for the target
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the target.



102

number densities into equation 5.24 gives

 N l l B  n %10B VlOB ^ 1 0 B  A\
11B -  10B N  T7 O   ̂ ^

10B %11B U llB  “ 11B

Returning to the example, there were N ub  =  (8432 ±  266) neutron counts and N i0b

=  59 ao counts. The detector efficiencies were already folded into these counts. 

The neutron detector and SSB detector subtended solid angles of 95.5 msr and 51.6 

msr respectively. The isotopic abundances for 10B and n B were 19.8% and 80.2% 

respectively. The absolute differential cross section for the 10B(d,o;o)11C reaction at a 

laboratory angle of 90° equaled (0.04494=0.0031) fib/sr. The absolute differential cross 

section with statistical error was a(ËcM  — 112keV, 9cm — 0°) =  (0.437±0.014)//b /sr 

as shown in the following calculation:

= (0.4367 ±  0.0138) //b 

«  (0.437 ±  0.014) fib.

The absolute differential cross sections for all angles is given in Table 6.5. The errors 

in the table are purely statistical and do not include the 6.90% systematic error from 

the calculation of the 10B(d,o:o)8Be cross section.

The differential da ta  were fit to  a(Ëc M, 0c m ) = a + 6  cos(#cm) +  c cos2 (6c m ) and 

statistical errors were determined with the same variational m ethod as used for the 

2H (d,n)3He reactions. The minimum and maximum values obtained with this method 

overestimated the effects of individual errors on the differential coefficients. Averaging 

a sample of the variations in the curve fit coefficients over combinations of the errors 

in the da ta  reduced the overestimate in this propagation of the errors. The resulting
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Table 6.5. Experim ental differential cross sections for the 11B (d,n)12C reaction. 
Values include statistical error only. The systematic error was 6.90%.

Center-of-Momentum Center-of-Momentum Differential
Effective Energy Angle Cross Section

(keV) (degrees) ( /  sr )
0 0.437 ±0 .014

30.5 0.500 ±  0.030
1 1 2 60.9 0.610 ±0 .023

91.0 0.660 ±  0.047
1 2 1 0.768 ±  0.028

differential cross section coefficients are given in Table 6.7. The values of and curve fit 

to the differential cross section d a ta  are shown in Figure 6.30. The differential cross 

section was integrated over solid angle to obtain the absolute integral cross section. 

The sample of differential curves used to  determine the errors in the differential cross 

sections were integrated. The average of the minimum and maximum variance in the 

resulting values was designated the statistical error in the absolute cross sections. The 

results for the integrated cross section is listed in Table 6 .8 . Figure 6.31 compares 

the value from the current work with previously published cross sections of others.

Application of equation 6.1 to the integrated cross sections of this work and other 

published values produced the S-factors shown in Figure 6.32.

6.6 Observation of the 10B final states from deuteron-induced proton 

transfer reactions on 9Be.

The neutron spectrum  of deuteron-induced proton transfer reaction on 9Be was 

unique among the reactions in this research. Four distinct contributions were evident 

in the spectra. Deuterons accumulated in the beryllium target as in all the other 

targets. The 2H (d,n)3He reaction is visible below channel 13 in the typical neutron
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F i g . 6.30. Differential cross section for the 11B (d,n)12C reaction.
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spectrum  of Figure 6.33. The first excited state of 10B was attained in the reaction 

9B e(d ,n i)10B. T hat reaction is clearly visible from channels 14 through 20 in Figure 

6.33 and extends to higher channels. The 9Be(d,no)10B reaction also occurs. Neutrons 

from th a t reaction extend to higher channels than  the first excited state neutrons. 

This is also clearly visible in Figure 6.33. Finally, a background of counts [possibly due 

to the 2H (d,p)3H — > 23H(d,n)4He reactions] extended out to even higher channels.

The analysis of the deuteron-induced proton transfer reactions on 9 Be differed 

from th a t of the other reactions. The difference arose from the need to separate the 

neutrons th a t accompanied the ground and first excited states of the 10B product. 

Recall th a t the Kent S tate code produces the integral efficiencies of the detector. To 

separate the 10B states, those integral efficiencies must be converted into something 

equivalent to counts per channel. Consider the definition of the integral efficiency of 

the Kent S tate code [page 55] - “Those integral efficiencies represented the percent 

of neutrons incident on the BC-501A detector th a t were detected when the counts 

were summed from the maximum energy channel associated with the incident neutron 

energy down to the chosen low-end channel.” Subtraction of the integral efficiency 

at a chosen channel, say channel n, from the integral efficiency at one less channel, 

channel (n-1 ), produces the percent of the to tal neutrons th a t entered the detector and 

deposited energy at channel (n-1), the differential efficiency. M ultiplication of tha t 

percentage by the to ta l number of neutrons entering the detector gives the number 

of neutrons a t channel (n-1 ). Performing the preceding operations for every channel 

produces the equivalent to the measured counts per channel. In this research, the 

detected counts per channel were known. To determine the to ta l number of neutrons 

entering the detector, the counts a t each channel were divided by the differential 

efficiency at each channel.
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F ig . 6.33. Typical neutron spectrum  for the deuteron-induced proton transfer 
reactions on 9Be. Note the existence of the 10B ground and 1st excited states.
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The analysis was complicated by the overlap between the ground and first excited 

states. The differential curves for these states were determined from the integral 

efficiency curves. After subtraction of the background contribution, the to tal neutron 

counts for the ground state  were calculated for channels where only the ground state 

contributed. The average of the to ta l neutron counts over those channels was chosen 

as the true neutron counts for the ground state. The average of the differences between 

the extrem a within the sampled channels and the true counts was chosen as the error.

For example, consider the 9Be(d,n0)10B reaction a t a laboratory deuteron energy 

of 145 keV [effective center-of-momentum energy of 109 keV] and angle of 0°. The 

best fit to the background was the constant value of 6  counts. Channels 24 to 27 

were above the first excited state  contributions. The excellent agreement over those 

channels between the differential efficiency curve and the neutron spectrum  is evident 

in Figure 6.34. [The differential efficiency curve was scaled to m atch the neutron 

spectrum  in th a t figure.] The true neutron counts obtained over channels 24 to 27 

was (5184=29.4). Neutrons from the ground state  contributed to the measured neutron 

counts over the channels of the first excited state. The counts at each channel due 

to the ground state  were calculated by multiplying the calculated true counts for the 

ground state  by the ground state  differential efficiency at each channel. These counts 

were subtracted from each channel. The remaining counts were a ttributed  to the 

first excited state. [See Figure 6.34]. The same procedure used to calculate the true 

number of ground state  neutrons was applied to the first excited state. Returning to 

the example, channels 14 to 17 were higher than  the channels from the 2H (d,n)3He 

reaction. The true neutron counts obtained over these channels was (1719 ±  93). 

These counts were then normalized by the 95.5 msr solid angle for comparison with 

the charged particle results.
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first excited state  shown in the graph is calculated by subtracting the differential 
curve of the Kent S tate code from the measured spectrum.
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Figure 6.35 shows the particle spectrum  collected by the SSB detector. The 

9Be(d,po)10B peak sits on top of an a-particle continuum. The a-particle continuum 

counts were modeled as a constant over the channels. Subtraction of the linear fit

Recall the example a t the deuteron laboratory energy of 145 keV [effective center- 

of-momentum energy of 109 keV] and at an angle of 0°. The SSB detector subtended 

a solid angle of 51.6 msr. The 9Be(d,p0)10Be peak spanned channels 151 to 177. The 

calculated a-particle continuum contributed 138 counts to the to ta l of 685 counts

a true count of (10.1 ±  0.5) counts/m sr.

Application of equation 5.25 to the current example gives an absolute differential

Table 6 .6  lists the measured absolute differential cross sections for both the ground 

and first excited states. The errors in the table are purely statistical and do not 

include the 4.10% systematic error from the calculation of the 9Be(d,p0)10B cross 

section.

The differential da ta  were fit with curves of the form

from the to ta l counts yielded the correct counts for the 9Be(d,p0)10Be reaction.

over the 9Be(d,p0)10Be channels. Normalizing for the solid angle of 51.6 msr yielded

cross section of ( 1.27 ±  0.072 ) /ib /sr for the ground state  as shown in the following 

calculation.

(5.42 ±  0.31) counts/m sr
10.1 ±  0.5 counts/m sr

(1.266 ±  0.096) m b/sr 

(1.27 ± 0 .1 0 ) f ib/si

c r ( E c M ,  0 c m ) — a  +  b c o s ( 0 c M )
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Table 6 .6 . Experim ental differential cross sections for the deuteron-induced proton
transfer reactions on 9Be.

Center-of-Momentum 
Effective Energy 

(keV)

final 
state  

of 10B

Center-of-Momentum
Angle

(degrees)

Differential 
Cross Section 

( /ib /  sr )

109

ground
0 1.27 ±0 .072

30.6 2.19 ±0 .095
61.1 3.23 ± 0 .237
91.2 2.36 ±0 .213

1 st
0 4.21 ±0 .228

30.6 4.81 ±0.261
61.1 5.25 ± 0 .237
91.2 8.33 ±0 .381

and statistical errors were determined with the same variational m ethod as used for 

the 2H (d,n)3He reactions. The minimum and maximum values obtained with this 

m ethod overestimated the effects of individual errors on the differential coefficients. 

Averaging a sample of the variations in the curve fit coefficients over combinations of 

the errors in the d a ta  reduced the overestimate in the errors. The resulting differential 

cross section coefficients are given in Table 6.7. The values of and curve fit to the 

differential cross section da ta  are shown in Figure 6.36. The differential cross sections 

were integrated over solid angle to obtain the absolute integral cross sections. The 

sample of differential curves used to determine the errors in the differential cross 

sections were integrated. The averages of the minimum and maximum variance in 

the resulting values were designated the statistical error in the absolute cross section. 

The results for the integrated cross sections are listed in Table 6 .8 . Figure 6.37 

compares the values from the current work with published cross sections of others. 

The calculated S-factors for this and the other research are shown in Figure 6.38.
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F ig . 6.36. Differential cross section for the 9B e(d,n)10B reaction.
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Table 6.7. Differential cross section coefficients in the center-of-momentum reference 
frame for the deuteron-induced proton transfer reactions

Reaction E cm

(keV)

Coefficients (/zb/sr)

Constant cos(9Cm ) COS (̂^CM)

24 288 ±  13 203 ±  38

40 700 ±  41 489 ±  113

6Li(d, n)7Be 94.3 254 ± 8

7Li(d, n)8Be

50.0 9.92 ± 0 .6 8 7.50 ± 0 .7 4

83.5 157 ± 1 0 -9 1 .6  ±  12.1 32.9 ± 9 .3

1 0 0 383 ±  17 26.3 ±  3.8 -1 9 1  ± 2 3

109 2.87 ± 0 .3 8 -1 .4 6  ± 0 .3 5

109 8.12 ± 0 .3 7 - 6 .8  ± 0 .7 8 3.03 ± 0 .7 3

1 1 1 0.233 ±  0.009 -0.0265 ±  0.0040 -0.0393 ±  0.0098

1 1 2 0.700 ±  0.046 -0 .166  ±0 .035 -0.0891 ±  .0190



118

Table 6 .8 . Integrated cross sections and astrophysical S-factors for the deuteron- 
induced proton transfer reactions. The relative errors apply to the cross sections and 
the S-factors.

Reaction

Center of 
momentum 

effective 
energy

Integrated
cross

section
Astrophysical

S-factor
Statistical

error
Systematic

error

(keV) ( mb ) (MeV - b ) ( i % ) ( ± % )
24 4.47 0.0651 5.37 2 .0 0

2H (d,n)3He 40 1 0 .8 0.0619 4.63 2 .0 0

6Li(d,n)7Be 96.6 3.17 42.7 3.17 7.50

50.0 0.125 1 0 1 5.16 7.50
7Li(d,n)8Be 83.5 2 .1 1 65.3 6.53 7.50

— > 2 a 1 0 0 4.01 49.9 4.99 7.50
9Be(d,no)10B 109 0.0327 18.7 7.87 4.10

9Be(d,n1) 10B* 109 0.115 59.7 8.70 4.10

10B (d,n)11C 1 1 1 2.76*10-3 70.9 4.35 6.90
n B (d,n)12C 1 1 2 8.41*10-3 217 4.75 6.90
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Chapter 7

APPLICATIONS

7.1 Reaction Rates

Power generation in stars and fusion reactors depends on the reaction rates 

among the various particle species in these environments. The reaction rates de­

pend on the number densities of the species and on the cross sections for the possible 

reactions among the species. For a given tem perature, T, and particle species, a frac­

tion of the particles, (p(v) = nv/ n  , have velocities between v and v + dv as described 

by the Maxwell-Boltzmann velocity distribution [46]:

The velocity distributions of the “projectiles” and of the “targets” are inde­

pendent of one another. The probability for two independent distributions to occur 

within given intervals simultaneously is just the product of the independent probabil­

ity distributions for those given intervals. The probability distribution for projectiles 

to have velocities between vp and vp +  dvp and targets to have velocities between vt 

and vt +  dvp is thus given by [37] :

2irkT
(7.1)

(7.2)

27T&T

mpv% +  m tv^
2&T
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The reaction rate  per particle pair is defined as

(av) = d v p d v t VG (v) (p ( v p , vt) (7.3)

The center-of-momentum and relative velocities are functions of the projectile 

and target velocities - v = v  (up, vt) and V  = V  (vp, vt). The theory of Jacobian 

determ inants describes the transform ation from one set of differential variable to a 

second set th a t are functions of the first set. The m agnitude of the determ inant is 

the ratio of the differentials. For example :

therefore, dVxdux = | — l\dvp,xdvt,x. These results also apply to the y and z compo­

nents; thus, d3Vd3v = | — l \d3vpd3vt . The reaction rate per particle pair transforms 

into center-of-momentum and relative velocities coordinates as [47] :

dvt,x dvt,x
dVx dux

dVx dvx

(7.4)

- 1

{<7v) = 2TrkT

( d r )

Maxwell-Boltzmann distributions normalize to unity; therefore, the integral over V  

equals one. Applying nonrelativistic kinematics and equation 5.19 to equation 7.5,



121

assuming a constant S-factor, and simplifying yields

(o-z/)

As shown in equation 7.6, two factors determine the reaction rate per particle pair. 

The Maxwell-Boltzmann distribution peaks a t low energy. The quantum  mechanical 

probability for penetrating the Coulomb barrier increases with increasing energy.

where tem perature is designated by Tn = T /10n in Kelvin. The energy windows 

of the Gamow peaks for environments of the Big Bang nucleosynthesis (T9 ~  0.60), 

tokamaks (T9 =  0.12), and massive stars (interiors at T6 ~  60) are given in Table 

1.1. The energies of this research are within these energy windows, demonstrating 

the relevance of the measurements.

Assuming th a t only contributions from the energy window about the Gamow 

peak are significant and th a t the S-factor is constant within the energy window, the 

reaction rate per particle pair can be simplified to [52]:

The power generated due to  a reaction can be calculated from the reaction rate

These competing terms in the integrand in equation 7.6 produce a peak known as the 

Gamow peak, with a maximum value a t energy E q and a width of A [7].

E0 = 1.22 ( ^ y r l ) 1/3 (keV) 

A =  0.749 ( ^ 2^ T 65 ) 1/6 (keV) (7.7)
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per particle pair, the number densities of the projectile and of the target, and the

active volume, V,  over which the reactions occur [53]:

Reaction network codes predict relative elemental abundances and net power genera­

tion in stars and other environments [21]. The codes require information on the rate 

of creation and of destruction of the nuclei to determine the tim e evolution of the 

abundances. The various reactions are linked together in a network where elements 

created in one reaction are destroyed in others. [See Figure 7.1.] As shown in equation 

7.5, a reaction rate  depends on the cross section for th a t reaction.

7.2 Fusion Diagnostics

7.2.1 Background

Fusion reactors heat a fuel into the plasma state, confine th a t plasma, and extract 

the energy produced by the nuclear reactions within the plasma. The charged particles 

in the plasm a collide which result in accelerations. The accelerated charged particles 

produce brem sstrahlung radiation which carries energy from the plasma. The power 

dissipated by the brem sstrahlung radiation, P^,  depends on the square of the charge

[Z] of the ion in the collision and on the number densities of the ion and of the

electrons [n and ne respectively] [4, 54].

br 0.5 x 10~ 36 Z 2n ne (kT)1' 2 . (7.8)

Fusion reactors must operate a t high enough tem peratures so th a t the power from 

the fusion reactions is greater than  these brem sstrahlung losses. Some current fu-



F i g . 7.1. Nuclear reaction network.
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sion reactors are lined with beryllium or boron. The brem sstrahlung losses due to 

contam ination of the plasm a from these linings may be enough to quench the fusion 

reactors. [See Figure 7.2.]

Fusion power, iip-ii^SxlO 19 m*:

le+S

’ Bremsstrahlung power 
. with 10% Boron

Bremsstrahlung power 
with no impurities

le+3

le+2
1 10 100

Temperature (keV)

F ig . 7.2. Effect of contam ination on the Bremsstrahlung radiation losses in a 
typical tokamak plasma [reproduced from [7]].

7.2.2 Monitoring plasma contamination

Plasm a contam ination can be monitored by the 7 -transitions of product nu­

clei [7]. The technique can only m onitor reactions th a t place the product nucleus 

in an excited state. The measured 7 -transition rate, Rm{"f) , due to the reactions 

9Be(d,pi)10Be* —>• 7  + 10 Be9S and 10B (d,P2)11 B* 7  + 10 B gs are used to measure
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the number density of the contam inants in the plasmas.

Rm (7) =  nin2 (w) Vr)i (7.9)

Plasm a contam ination can also be monitored directly by the (d,n) reactions on 

contam inants. The cross sections for the 9Be(d ,n)10B  and for the 10,11 B (d ,n )u ’12C 

reactions have been measured. These cross sections are larger than  the analog (d,p) 

reactions. The efficiency of a 2” x 2” cylindrical BC-501A detector was calculated 

with the Kent State University Neutron Detection Efficiency code. At energies cor­

responding to  the 4.27 MeV neutron from the 9Be(d ,n)10B  reaction, the calculated 

efficiency was approximately 0.5%. A typical cylindrical sodium iodide (Nal) detector 

of comparable size has a ^-efficiency of 0.1% to 0.2% [4]. Both of the stated efficiencies 

measure the percentage of particles (neutrons or gammas) th a t are detected from a 

given flux of particles into the detector. The higher efficiency and larger cross section 

of the (d,n) reactions perm it detection of contam inants a t lower number densities 

than  possible with the ^-transition technique.

The large 2H(d, n)3He  cross section also presents the opportunity to monitor the 

concentrations of deuterium  in the plasma. Equation 7.9 must be modified to avoid 

double counting of the deuterium  nuclei. The generalized equation is

Rm (7 )
n in 2 (7.10)

(1 +  £1,2)
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Chapter 8 

SUMM ARY AND CONCLUSIONS

8.1 Summary

This research began as a complement to the earlier work by Yan, et al. [7, 

20] on the analog (d,p) reactions. These reactions are im portant for a complete 

understanding of big bang nucleosynthesis. Knowledge of the reactions responsible 

for the creation and destruction of 7Li and 9Be will help determine which of the 

competing big bang models, homogeneous or inhomogeneous, is correct [22]. The 

cross sections for those reactions are one input into models of the reaction chains tha t 

determine the prim ordial abundances of the nuclei. These predictions are compared 

with observed abundances reported by astronomers.

Current tokamak fusion test reactors are lined with beryllium or with boron. 

Plasm a collisions with the walls of the tokamaks and heat from the plasma release 

these elements from the wall into the plasma. Since the power radiated by charged 

particles goes as the square of the charge of the particle, the losses due to the beryllium 

or boron contam inations is im portant. The levels of contam ination can be monitored 

by measuring the neutrons from the 9B e(d,n)10B or 10,11B (d,n)11,12C reactions and 

knowing the cross sections. [See Section 7.2.]

In this research, I improved cross section measurements over past investigations 

by others of the deuteron-induced proton transfer reactions on the same light nuclei. 

For the reaction on 6Li, the error in the cross section was reduced from ±15% to 

±8%. For the reactions on 7Li, 9Be, and 10,11 B, the cross sections were determined
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for the first tim e at these low energies.

The optim ization of the combined detector and electronics produced a pulse 

shape discrim inator capable of separating neutrons from the large background of 

gamma photons. Measurement of the different decay times in the intensity of the light 

produced in the BC-501A liquid scintillator by the neutrons and by the photons form 

the basis for the separation. The to ta l light produced by a particle is directly related 

to the energy deposited by the particle in the detector. P lotting energy versus decay 

time improves the separation of the neutrons and gamma photons. Different (d,n) 

reactions are distinguished based on the energy projected neutron spectra. The energy 

transfer mechanisms between the neutrons and the BC-501A produces a continuum 

of energies in the projected neutron spectrum  for each reaction. The overlap of these 

continua necessitated the use of a Monte Carlo simulation to extract the true neutron 

counts for a given reaction. The Kent S tate Neutron Detection Efficiency code was 

chosen for the task.

The m ethod of relative cross sections uses the known absolute cross section of one 

reaction and the true counts from th a t reaction and a second reaction to determine the 

absolute cross section of the second reaction. [See Section 5.3] A silicon surface barrier 

(SSB) detector, fixed at a laboratory angle of 90°, provided the reference spectra of 

deuteron-induced charged-particle-as-product reactions. Absolute cross sections for 

these reference reactions have been determined by other researchers. Those cross 

sections and the relative results of this research were used to determine the absolute 

cross sections for the (d,n) reactions.

The cross section varies greatly with energy. Removing the effects of the Coulomb 

barrier penetration and of the wave nature of m atter leaves a slowly varying function 

of energy, the astrophysical S-factor. [See Section 5.3] The S-factor accounts for the
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nuclear effects and, through the relation to  the cross section, is an input param eter 

to reaction rate codes. Those codes are used to predict the tim e evolution of the 

abundances of the nuclei.

8.2 Conclusions

The relative cross section m ethod is valid for targets of sufficient thickness to 

stop all projectiles [deuterons] inside the targets. Effective th in-target energies for 

each thick-target reaction-energy pair were calculated assuming a constant S-factor 

for each reaction. Although an approximation, the constant S-factor assumption 

gave effective energies for which the 2H (d,n)3He cross sections agreed with published 

values. [ See Figures 6.5 and 6.6.] The agreement also validates the use of the Kent 

State University Neutron Detection Efficiency code.

Elwyn, et al. [9] determined the 6Li(d,p0)7Li and 6Li(d,p0)7Li* cross sections to 

laboratory effective energies of 118 keV. Those cross sections were used to determine 

the 6Li(d,n)7Be cross section at a laboratory effective energy of 126 keV [center- 

of-momentum effective energy of 94.4 keV]. Hirst, et al. measured the 6Li(d,n)7Be 

integrated cross section to laboratory effective energies as low as 115 keV with re­

ported to ta l errors of ±15%. The to tal error in the integrated cross section from this 

research is ±8.14%. The fit to the measurements of Hirst do agree with the results of 

this research to  within the overlapping errors; therefore, I believe the values published 

by Hirst, et al. to within the reported ±15% error.

The naturally  occurring lithium  in the targets used for the 7Li(d,n)8Be— >2a re­

search contained 7.5% 6Li. The 6L i(d ,po±pi)7Li double peak appeared in the charged 

particle spectra. The cross sections for th a t reaction were calculated from the data 

published by Elwyn, et al. [9] and was used to determine the 7Li(d,n)8Be— >2a cross
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sections. Comparison of those cross sections with values obtained from a secondary 

source on a 1957 Los Alamos report indicate th a t the Los Alamos values are low. [See 

Figures 6.18 and 6.19.] The lack of access to the original report made direct compar­

ison of the measurements and experimental methods impossible, thus no reason can 

be ascertained for the difference. In addition, th a t Los Alamos d a ta  did not extend 

to as low an energy as the current research; therefore, direct comparison would only 

have been possible for a portion of the current da ta  set.

The 10B (d,n)11C research produced an interesting result. The absolute differen­

tial cross sections for this reaction were determined using the known cross section of 

the 10B (d,ao)8Be reaction formerly measured by Yan, et al. of the Colorado School 

of Mines [7]. This reaction was easily measured in the charged particle spectra. The 

S-factor showed a marked drop in value compared to the values a t higher energy. [See 

Figure 6.26.] The apparent drop is due to the nuclear structure of n C. Resonances in 

the reaction may occur due to energy levels in the 11C th a t coincide with the higher 

energies in teh other experiments.

The naturally  occurring boron used in the targets for the n B (d,n)12C research 

contained 19.8% 10B. The 10B(d,a;o)8Be peak was visible in the charged particle spec­

tra  and was used to  determine the absolute cross sections for the n B (d,n)12C reaction. 

A broad energy level occurs in 12C just below the n B (d,n)12C reaction energy. The 

high energy tail of this energy level should enhance the reaction cross section over 

the expected nonresonant value. T hat enhancement is visible in the integrated cross 

section when compared to the values a t higher energies. [See Figures 6.30 and 6.31.]

The most unexpected result occurred in the measurement of the 9Be(d,n)10B 

reactions. The neutron spectra [see sample spectrum  in Figure 6.32] revealed what 

appeared to be two reactions. Further investigation showed the two reactions to
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be the expected final ground state  product of 10B and the unexpectedly large first 

excited state  [0.7184 MeV above the ground state  in energy] of the product 10B. 

A widened literature search uncovered a secondary source ([55] regarding thermal 

neutron analysis) which refers to a Soviet publication th a t dem onstrated the increase 

in the relative intensity [hence cross section] of the first excited state  to th a t of 

the ground state  with decreasing energy from 1.0 MeV to 0.5 MeV. [Here intensity 

refers to the number of counts per incident deuteron.] No explanation was given 

in the secondary source and the original Soviet journal was unavailable. No simple 

explanation can be determined from the energy level diagram of 10B. An interesting 

aside is the existence of a resonance in the 7L i(a ,n )10B reaction at the correct energy 

for the first excited state  in 10 B.

8.3 Outlook

This research has produced information useful in various fields from cosmological 

research to  the applied physics of tokamak fusion reactor diagnostics. As with any 

quality research, this research also points the way to future work. The technique of 

combining relative cross section measurements with the Kent S tate Neutron Detection 

Efficiency code to  extract deuteron-induced proton transfer reaction cross sections 

has been proven for low energies of interest in nucleosynthesis in nature and in future 

fusion reactors. For a number of the reactions, the energies explored were lower than 

any previous research. For other reactions, the to tal error in measured cross sections 

were reduced. The next step in the progression of research is to conduct these same 

measurements at numerous, closely spaced energies within this low energy regime for 

each of the reactions. Those measurements will improve the values for the S-factors 

and possibly perm it functional fits to the S-factors. Functional fits to the S-factors
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would then be used to better extrapolate cross sections to still lower energies and 

also be used in the calculations of the thick-target effective energies. Some of the 

needed measurements [below 180 keV deuteron energy in laboratory reference frame] 

can be carried out a t the current facility a t the Colorado School of Mines. Some of 

the reactions [such as those on 9Be and 10,11B] have gaps a t higher energies tha t would 

require collaboration with colleagues a t higher energy facilities.

A com puter model of deuteron-induced single-nucleon [proton or neutron] trans­

fer reactions is currently under development a t the Colorado School of Mines. The 

experimental cross sections can be used to guide the development of th a t computer 

model. The completed model could then be used to predict cross sections not yet 

determined experimentally.
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Appendix A

PULSE SHAPE DISCRIM INATOR ELECTRONICS
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from SSB
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F ig . A .I. Pulse shape discrim inator electronics details with pulse shapes.
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Appendix B

SELECT PROPERTIES OF BC-501A
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Table B .l. Select properties of the organic liquid scintillator BC-501 A

Light O utput 78% athracene

Wavelength of maximum emission 425 nm

Flash point, T.O.C. 26°C

Refractive index 1.505

Decay tim e (short component) 3.2 ns

Mean decay times of first three components 3.16, 32.3, & 270 ns

Mean lifetime for solute to solvent energy transfer 1.66 ns

Number photoelectrons /  keV energy loss 1.7

a / (3 ratio, “fast” 0.073

a / (3 ratio, “slow” 0.098

H /  C (atomic ratio) 1.212

Number H atoms per cc 4.82 x 10^

Number C atoms per cc 3.98 x 10^

Number of electrons per cc 2.87 x 10^
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A p p en d ix  C

SA M P L E  K E N T  STA TE N E U T R O N  D E T E C T IO N  E F F IC IE N C Y

C O D E  IN P U T  FILE
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6 BY 6 BY 6 CYLINDRICAL BC501A DETECTOR
SENSE SWITCH SETTINGS AND NUMBER OF EVENTS TO DUMP (611,14)
122222 0 1 GIVES MIN OUTPUT AND FAST EXECUTION, 2 GIVES MORE
BIAS(MEVEE),TIMING(NSEC) BIN WIDTH, POSITION(IN.) FOR STUDY (3F8.3) 
0.244 0.1 0.2
TWO VALUES OF ONE-PE LEVEL(MEVEE) FOR RES. SMEARING (2F6.2)
.00588.02
SEED FOR RANDOM NUMBER GENERATOR (15)
2223

DENSITY (GM/CM**3) AND RATIO OF H TO C ATOMS (2F8.3)
0.674 1.212
LIGHT OUTPUT COEF. FOR PROTONS (6F12.5)
-2.8000 -.20000 1.0000000 .81 0.0 0.0
LIGHT OUTPUT COEF. FOR ALPHAS (6F12.5)
-5.90000 -.065 1.01 .41 0.0 0.0
SCINTILLATOR BOUNDARIES(INCHES), IGEO,IRANP (3F6.2,2I2)
6.0 6.0 6.0 1 1  0-RECT, 1-CYLINDER FACE, 2=CYL SIDE

POSITIONS DIRECTION COSINES ENERGY DELTA E COUNTS BINWIDTH
»  —  ̂ — — A ^   ̂ *  W — —  ̂ ■  — *  *  ^ ■.  ̂  ̂ —  ̂ _  W W W *  ^ — ■  — — ■  — — —  ̂ * * *

6 BY 6 BY 6 CYLINDRICAL BC501A DETECTOR
0.0 0.0 0.0 0.0 0.0 1.0 8.15 0.00 100000 3.06e-2
0.0 0.0 0.0 0.0 0.0 1.0 8.06 0.00 100000 3 .06e-2
0.0 0.0 0.0 0.0 0.0 1.0 7.87 0.00 100000 3 .06e-2

F i g . C .l. Sample input file for Kent State University Neutron Detector Efficiency
code
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A p p en d ix  D

C H A R G E D  PA R T IC L E  A N D  N E U T R O N  D A TA
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Table D .l. Charged particle m onitor reactions for the 2H and 6Li reactions

M onitor

Reaction

Deuteron 

Lab Energy 

(keV)

Neutron 

Detector 

Angle (°)

Counts (# )

Raw Corrected

2H (d,p)3H 60 0 2830 2830

30 3338 3338

60 4899 4899

90 4077 4077

105 0 5989 5989

30 8328 8328

60 10138 10138

90 11651 11651

90 12603 12603

6Li(d,p)7Li 140 0 13894 13894

30 3216 3216

60 5264 5264

90 7921 7921

Note: The background contributions were negligible for these two reactions.
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Table D.2. Charged particle m onitor reactions used for the 7Li(d,n)8Be reaction

Monitor

Reaction

Deuteron 

Lab Energy 

(keV)

Neutron 

Detector 

Angle (°)

Counts (# )

Raw Corrected

6Li(d,p0+ P i)7Be 145 0 9681 40800

30 10690 40040

60 11365 48471

90 6104 25187

120 0 2721 11027

30 2505 11307

60 3085 13520

90 7083 28320

6L i(d ,a)4He 70 0 69 920

30 44 587

60 41 547

90 32 427

Note: The corrected counts account for the isotopic abundances in the natural
lithium  used as targets.
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Table D.3. Charged particle monitor reactions for 9Be, 10B, and 11B

Reaction Deuteron 

Lab Energy 

(keV)

Neutron 

Detector 

Angle (°)

Counts (# )

Raw Corrected

9Be(d,Po)10Be 145 0 523 523

30 833 671

60 1218 678

90 1818 738

i9B(d,ao)*Be 145 0 807 387

30 874 454

60 712 334

90 901 292

120 605 227

i9B(d,ao)*Be

Note: used 

for the 

n B (d,n)12C 

calculations

145 0 69 298

30 83 247

60 62 268

90 65 328

120 133 328

Note: As with the 6Li particle d a ta  used for the 7Li(d,n)8Be, the corrected counts 
account for the isotopic abundances of the boron.
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Table D.4. Range of sampled channels for determ ining counts from 
deuteron-induced proton transfer reactions on 2H and on 6Li

Reaction Deuteron Neutron Summation

Lab Energy Detector Channels

(keV) Angle (°) Minimum Maximum

2H (d,n)3He 60 0 21 30

30 20 30

60 20 30

90 20 28

105 0 15 30

30 15 30

60 15 30

90 15 30

6Li(d,n)7Li 140 0 28 40

30 28 40

60 28 40

90 27 37

Note: Minimum channel is lowest channel in sample of summations. Maximum 
channel is the highest channel in sampling of summations.
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Table D.5. Range of sampled channels for determining counts from 
deuteron-induced proton-transfer reactions on 7Li

Reaction Deuteron Neutron Summation

Lab Energy Detector Channels

(keV) Angle (°) Minimum Maximum

7Li(d,n)8Be 145 0 34 45

30 32 45

60 30 41

90 27 40

120 0 34 45

30 32 44

60 30 42

90 23 43

70 0 33 46

30 34 44

60 29 41

90 29 41

Note: Minimum channel is lowest channel in sampling of summations. Maximum 
channel is the highest channel in sampling of summations.
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Table D.6. Range of sampled channels for determ ining counts from 
deuteron-induced proton-transfer reactions on 9Be, 10B, and n B

Reaction Deuteron 

Lab Energy 

(keV)

Neutron 

Detector 

Angle (°)

Summation

Channels

Minimum Maximum

9B e(d,no)^C 145 0 24 27

30 20 24

60 18 21

90 17 21

9Be(d,n1)10C 145 0 14 17

30 12 15

60 11 15

90 11 13

10B (d,n)n C 145 0 14 21

30 14 21

60 14 21

90 12 20

120 12 19

11B (d,n)12C 145 0 26 41

30 27 41

60 27 39

90 24 40

120 26 37

Note: Minimum channel is lowest channel in sampling of summations. Maximum 
channel is the highest channel in sampling of summations.
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Table D.7. True counts determined for deuteron-induced proton transfer reactions
on 2H and on 6Li.

Reaction Deuteron 

Lab Energy 

(keV)

Neutron 

Detector 

Angle (°)

to ta l

Counts

True Variance (±% )

2H (d,n)3He 60 0 9219 5.97

30 9284 4.16

60 9836 4.55

90 7478 4.78

105 0 18159 10.6

30 21414 12.7

60 21194 7.68

90 20878 12.4

6Li(d,n)7Li 140 0 29784 1.37

30 7215 2.50

60 11220 2.48

90 17202 3.33

Note: Variance is the m agnitude o f the difference between the average value [ true
counts] and the average o f the extrem a from the m ean w ithin the sam ple population.
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Table D.8. True counts determined for deuteron-induced proton-transfer reactions
on 7Li

Reaction Deuteron 

Lab Energy 

(keV)

Neutron 

Detector 

Angle (°)

Total

Counts

True Variance (±% )

7Li(d,n)8Be 145 0 106545 4.00

30 131258 4.94

60 203377 2.34

90 117038 2.64

120 0 34737 2.77

30 30445 4.13

60 44139 4.37

90 133189 3.97

70 0 2641 5.55

30 1996 4.09

60 1364 4.18

90 1601 4.65

Note: Variance is the m agnitude of the difference between the average value [ true
counts] and the average o f the extrem a from the m ean w ithin the sam ple population.
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Table D.9. True counts determined for deuteron-induced proton-transfer reactions
on 9Be, 10B, and n B

Reaction Deuteron 

Lab Energy 

(keV)

Neutron 

Detector 

Angle (°)

Totals

Counts

True Variance (±% )

9Be(d,n0)10C 145 0 5180 5.41

30 11524 4.34

60 17216 7.34

90 13645 9.04

9Be(d,n1)10C 145 0 17186 5.41

30 25288 5.43

60 27828 7.17

90 48188 3.81

10B (d,n)n C 145 0 5221 5.23

30 6579 4.04

60 5746 4.44

90 5397 5.21

120 4433 6.02

n B (d,n)12C 145 0 8432 3.15

30 7998 5.02

60 10582 3.66

90 14017 5.68

120 8309 3.42

Note: Variance is the magnitude of the difference between the average value [ true 
counts] and the average of the extrem a from the mean within the sample population.


