
 

 Ls. r”v.-

 

 

 

   
 

 



This is to certify that the

dissertation entitled

Spin Polarization Produced in Projectile Fragmentation

Reactions

presented by

Daniel E. Groh

has been accepted towards fulfillment

of the requirements for the

Ph.D. degree in Chemical Physics
  

Major Professor’s Signature

12/n I 01.
r l

Date

 

MSU is an Affirmative ActiorVEqual Opportunity Institution

-
o
-
0
-
o
-
0
-
.
-
o
-
0
-
.
-
o
-
a
-
-
-
o
-
o
-
o
-
o
-
o
-
o
-
o
-
o
-
.
-
.
-
n
-
o
-
o
-
u
-
o
-
c
-
o
-
o
-
0
-
0
-
0
-
1
-
.
-
.
-
0
-
0
-
-
O
-
I
-
0
-
0
-
.
-
.
-
O
-
.
-
t
-
.
-
-
.
-
.
-
.
-
.
-
.
-
.
-
I
-
O
-
o
-
a
-
o
-
o
-
o
-
o
-



LIBRARY

Michigan State

University    

PLACE IN RETURN Box to remove this checkout fromyour record.

TO AVOID FINES return on or before date due.

MAY BE RECALLED with earlier due date if requested.

 

DATE DUE DATE DUE DATE DUE

 

 

 

 

 

 

 

 

 

      
6/01 o'JCIRC/DateDuepss-ms



SPIN POLARIZATION PRODUCED IN PROJECTILE

FRAGMENTATION REACTIONS

By

Daniel E. Groh

A DISSERTATION

Submitted to

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

2002



ABSTRACT

SPIN POLARIZATION PRODUCED IN PROJECTILE FRAGMENTATION

REACTIONS

By

Daniel E. Groh

Projectile fragmentation is a demonstrated technique for producing fast beams of rare

isotopes independent of chemical propertids. With selection of appropriate reaction

parameters, projectile fragmentation can produce isotopes with some degree of spin

polarization. A kinematical model based on the conservation of linear and angular

momentum qualitatively describes the polarization data.

A Monte Carlo code has been developed, based on this kinematical model, to

calculate the induced fragment spin polarization produced in projectile fragmentation

reactions. Quantitative predictions were realized by including the process of nucleon

evaporation, realistic angular distributions, de—orientation caused by 7-ray emission

and by correcting for the out of plane acceptance. Polarization calculated with this

code quantitatively reproduces known polarization data.

The polarization of 37K produced from 150 MeV/A 36Ar on a 9Be target at a beam

angle of +2° was measured. This was the first observation of polarization produced

in a nucleon pickup reaction at fragmentation energies. The presence of polarization

can be understood by extending the kinematical model used to understand polar—

ization produced in fragmentation reactions. The qualitative agreement between the

predicted and the experimental polarization validates the use of the kinematical con-

servation model to understand both polarization phenomena.
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Chapter 1

Introduction

Many nuclei contain an intrinsic angular momentum in their ground state which is

colloquially called spin. This nuclear spin is the result of coupling the intrinsic spin of

the nucleons to the orbital angular momentum of the nucleons in the nucleus. Under

ordinary circumstances, nuclear spins are randomly distributed with respect to any

external reference; thus, a sample of nuclei as a whole has zero net spin orientation.

However, if the nuclear spins in a sample are preferentially oriented relative to some

external reference, these nuclei are said to be spin polarized.

Nuclei with spin polarization can be utilized in the study of nuclear structure,

nuclear reactions, fundamental interactions, and materials science. For all of these

applications, a reliable and effective method to produce spin polarization is required.

Techniques to produce spin polarization exist depending on the details of the particu-

lar experiment or application for spin polarization. In nuclear physics, the production

of spin polarized rare isotopes involves not only producing sizeable spin polarization,

but also producing a sufficient quantity of nuclei. This work addresses the effort to

maximize both spin polarization and yield for the specific case of fragmentation re-

actions. The following sections provide more formal definitions for spin polarization

and fragmentation reactions, an overview of polarization in nuclear physics, as well



as the motivation for this work.

1.1 Spin Polarization

Spin polarization is the result of unequal magnetic substate populations. Specifically,

spin polarization occurs when the pOpulation for a given substate, m, is not equal

to the population for the substate —m. Spin alignment is the result of unequal, but

symmetric, substate populations; i.e. for spin alignment, the population for substate

m equals the population for substate —m. Spin polarization and spin alignment are

generally discussed in terms of the statistical tensor, p, which characterizes the ori-

entation of a particular state [1]. The spin polarization for a given spin value I is

defined as the ratio of the statistical tensor to its value for maximum spin polariza-

tion. Specifically,

p1(1):_Zm:—_\/i(—I(+_)1) (1'1)

and

max ____ -I ‘

PI (I) — ——I(I+1) (12)

so the spin polarization is

p1(I)/pr”(1)= ZmP(m)/I = WI) (1.3)

where m is the magnetic substate quantum number, I is the spin and P(m) is the

normalized population for substate m. Thus, spin polarization is a measure of the

orientation of the total angular momentum relative to a fixed axis. It is generally

quantized by the z-component of the nuclear spin divided by the total spin for the

system where the beam axis is the y-axis. The terms spin polarization and polarization

will be used interchangeably in this text. Spin alignment will be discussed briefly in

Chapter 5.



Polarization phenomena were first used as a tool to understand reaction mecha-

nisms because the production of spin polarization is intimately linked to the details of

the reaction process. The variation of the polarization with reaction Q-value, product

mass, product emission angle, incident energy etc. all give insight into the details

of the reaction mechanism. Spin polarization is often determined by measuring the

asymmetric angular distribution of decay particles such as a’s, 6’s, 7’s or nucleons.

Measurements of this type are challenging and are often considered exotic experi-

ments.

1.2 Polarization in Nuclear Reactions

Yamamoto and Kubo [2] produced a brief review of the theoretical and experimental

work done concerning polarization produced in nuclear reactions. The following is a

summary of that work.

In 1977, the polarization of 1"’B produced through the 6 MeV/A incident energy

heavy-ion reaction 100Mo(1"N,12B)1°2Ru was measured [3]. This experiment drew at-

tention to polarization phenomena in nuclear reactions and gave rise to several theo—

retical models interpreting the results. Ishihara et al. [4] reported that the frictional

model alone was not enough to explain the polarization behavior. A semi-classical

model proposed by Brink [5] qualitatively explained the sign and magnitude of the

polarization with a consideration of continuum final states [2]. In a more quantitative

fashion, Udagawa and Tamura [6] performed an exact finite-range (EFR) distorted

wave Born approximation (DWBA) calculation that described the data rather well.

Polarization of excited nuclei produced in deep inelastic collisions can be under-

stood on the basis of the frictional model [7]. The frictional model is based on the

frictional force between two interacting bodies which sets them to rotating, i.e. the

friction between the two nuclei induces spin polarization in both nuclei. The polariza-



tion of excited states in 20Ne was measured by Pougheon et al. [8]. An EFR—DWBA

calculation reproduces the observed angular distribution, but the spin polarization

magnitude is overpredicted. Although the frictional model is not inconsistent with

the observed spin polarization data, the authors claim it is too simple to make accu-

rate predictions. Bond reached the same conclusion in Ref. [9].

Polarization measurements in the direct reaction energy regime for (1"N,”B) at

8 and 15 MeV/A as measured by Tanaka et al. [10] qualitatively agree with the

frictional model, but again the magnitude of spin polarization is overpredicted. The

behavior of the polarization in that work demonstrates a competition between the

frictional process and the direct transfer process at low energy loss for the fragments.

Direct reactions are able to produce products with copious spin polarization, but rare

isotopes cannot be produced with this reaction mechanism.

Polarization resulting from the reaction 19"Au(1"N,‘2B) at 49 MeV/A incident

energy was observed by Asahi et al. [11]. The semi-classical model developed by these

authors provides a qualitative interpretation of the results, but again fails to reproduce

the observed magnitude. This model is herein referred to as the Kinematical Model

of Asahi, or the KMA. A semi quantum-mechanical model proposed by Ohnishi et

al. [12] also gives only qualitative agreement with the results.

1.3 Fragmentation Reactions

The heavy-ion reaction Asahi et al. studied is in the energy regime of projectile frag-

mentation. Heavy-ion projectile fragmentation is a powerful technique for the pro-

duction of rare isotOpes. Fragmentation reactions are characterized by fast projectiles

(100’s of MeV/A) bombarding thin (100’s of mg/cm’, usually metal) stable targets.

Fragments ranging in mass from 1 nucleon below the projectile mass down to helium

are produced in varying quantities depending on the reaction parameters. Hagments



of interest are selected using some type of in-flight fragment separator and sent to

the experimental end station. The fragments are produced with momentum close

(usually within 2E5%) to the incident projectile momentum. Though fragmentation

reactions are used at experimental accelerator facilities around the world to produce

rare isotopes, the measurement of Asahi et al. was significant because it was the first

observation of polarization produced as a direct result of the reaction mechanism

itself.

1.4 Motivation

The interest in studying polarization produced in nuclear reactions in the late 1970’s

was with the goal of understanding reaction mechanisms. The present author’s in.

terest in polarization stems from a desire to optimize both polarization and yield

in fragmentation reactions in order to exploit polarization for nuclear structure and

reaction studies. The KMA proves to be a functional description of the trends ob-

served for polarization produced in heavy-ion fragmentation reactions. Even though

it is a macroscopic model depending only on classical conservation laws, it does a

remarkable job describing the data; but it lacks predictive power.

The goals of this work were two-fold. The first was to develop the statistical KMA

into a Monte Carlo fragmentation code capable of quantitatively predicting the Spin

polarization for fragments produced in intermediate-energy heavy-ion fragmentation

reactions. To achieve quantitative predictability, the statistical KMA will be applied

to its fullest extent. A workable Monte Carlo code based on the KMA would lend

itself not only to understanding polarization phenomena, but also to experimental

measurements requiring polarized beams.

The second goal of this work was to make a spin polarization measurement to test

the predictive power of the classical model. The idea was that the successful implemen-



tation of the KMA into a Monte Carlo code would encourage systematic experimental

measurements investigating the interesting polarization behavior demonstrated in the

model. Ironically, in building a code to model fragmentation reactions, it became ap-

parent that pickup reactions should show a large degree of spin polarization. Thus, the

experimental portion of this work involved the measurement of the polarization of 37K

produced from a primary beam of “Ar. Furthermore, the KMA was extended to con-

sider both fragmentation reactions and pickup reactions since the classical description

is applicable for both systems. This model describes the polarization behavior of the

37K pickup products and helps highlight the physics behind the observed polarization.

The development of the Monte Carlo code is dealt with in Chapter 2. This in-

cludes a discussion of the kinematical model and an earlier attempt to apply the

kinematical model in a statistical treatment. Improvements and enhancements of this

treatment including angular distributions, out-of-plane acceptance, the process of nu-

cleon evaporation and 7-ray de—orientation will also be discussed. The results of the

new statistical model are compared to previous data and shown to reproduce the

trends and magnitude of the polarization. The statistical model is also applied to

pickup reactions at fragmentation energies and suggests sizeable polarization can be

produced in pickup products. The experimental details for the polarization measure-

ment of a proton pickup product are contained in Chapter 3. The experimental results

and interpretation of the results where the observed polarization is qualitatively ex-

plained using the kinematical model are in Chapter 4. Chapter 5 draws conclusions

based on the results of the experiment and the calculations, and provides a future

outlook. This chapter includes a critical analysis of the shortcomings and limitations

of the statistical treatment as it is applied to polarization produced in fragmentation

reactions.



Chapter 2

Polarization in Fragmentation

Reactions

2.1 Kinematical Model of Asahi (KMA)

Polarized secondary fragments were first produced in intermediate-energy heavy-ion

fragmentation reactions at finite fragment angles by Asahi et al. [11]. This represented

the first measurement of polarization produced as a direct result of the fragmenta-

tion reaction mechanism. Asahi et al. also developed a model based on the classical

transfer of angular momentum to the fragment in order to understand the mechanism

governing the production of polarization in these fragmentation reactions.

The KMA considers a fast peripheral collision between a projectile nucleus and

a target as occurring along a straight line; the nucleons in the overlap region of the

target and projectile are removed from the projectile and the remaining projectile nu-

cleons compose the outgoing fragment. An important feature of this model is that the

fragment part of the projectile remains a spectator while the participating nucleons

in both partners are abraded and removed. Considering conservation of both linear

and angular momentum, there exists a correlation between the outgoing momentum
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Figure 2.1: Schematic representation of near-side collision and resulting polarization

(adapted from [11]).

p and the angular momentum L of the fragment, as shown in Figure 2.1. If p0 is the

incident momentum of the projectile, p is the outgoing momentum of the fragment,

and R is the vector pointing from the fragment to the removed portion, then L = —

R x k where k is the momentum of the removed portion in the projectile rest frame

(as given by p = p0 - k). The projectile is assumed to have zero initial polarization,

and the intrinsic spins of the removed nucleons are ignored for simplicity. The sign

of the polarization is defined as positive when the spin is parallel to the vector p0 x



Near-side Far-side

  

Target Target

 Projectile 
Figure 2.2: Schematic diagram of near- and far-side collisions.

p. Thus, negative(positive) polarization is expected when k is parallel(anti—parallel)

to the beam direction. The magnitude of polarization is expected to be symmetric

about p = p0. Zero polarization is predicted at p 2 p0, the peak of the production

yield curve.

The above discussion assumes near-side trajectories. A near-side trajectory occurs

when the fragment scatters to a positive mean deflection angle Ede; not crossing the

plane of the target (see Figure 2.2). This is the result of the repulsive Coulomb

potential dominating the interaction of the target and projectile. If the fragment

scatters to a negative mean deflection angle (caused by the dominance of the attractive

nucleon-nucleon potential), a far-side trajectory is followed. In this case the reversed

relationship between the sign of the polarization and p is expected.

As mentioned in the introduction, the KMA was able to explain the polarization



of the 12B fragments produced at a finite fragment angle from a reaction of 14N on

19"’Au at 40.6 MeV/A as measured by Asahi et al. [11].

To study more closely the effects of different targets and incident energies on

the polarization of fragments, Okuno et al. [13] conducted a series of experiments to

measure the polarization of fragments from fragmentation reactions. Selected results

from their measurements are shown in Figure 2.3. Reaction (a) represents the near-

side collision Asahi et al. studied, and reaction (e) represents a far-side collision.

The qualitative behavior of ‘pure’ near- or far-side reactions follows the KMA. The

maximum polarization is produced in the wings of the momentum distribution, while

at the peak of the momentum distribution little or no polarization is produced. Closer

examination of Figure 2.3 reveals a natural progression from a near-side collision in

(a) to a far-side collision in (e), with trajectory ‘mixing’ in between. The trajectory

mixing reactions are characterized by a small or zero mean deflection angle. The

peak of the polarization for these reactions is observed at the peak of the momentum

yield curve, and little or no polarization is observed in the wings of the momentum

distribution.

Even though the polarization spectra for reactions (a) and (e) in Figure 2.3 quali-

tatively agree with the KMA, the reactions (b) through (d) deviate in that they have

sizeable polarization at the peak of the momentum yield curve. This is a favorable

condition for future experiments that may exploit polarization for nuclear structure

or reaction studies. The appearance of polarization at p; can be explained within the

KMA. The polarization is the z-component of angular momentum normalized to the

total angular momentum

P = lz/|L| (2.1)

where the z-component of angular momentum for the fragment is given by

12 = —Xky + ka (2.2)

10
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Figure 2.3: Measured spin polarization spectra as functions of relative fragment mo-

mentum for (a) 14N (39.4 MeV/A) + 197An —+ 12B (OL = 50°) + X, (b) 15N (68.0

MeV/A) + 197Au —+ 13B (OL = 40°) + X, (c) 15N (109.6 MeV/A) + 197Au —> 13B (OL

= 2.0°) + X, ((1) 15N (67.3 MeV/A) + 93Nb —) 13B (6;, = 25°) + X, (e) 15N (68.0

MeV/A) + 27Al -) 12B (01, = 10°) + X. The momentum of the projectile is given by

p0, and the momentum of the outgoing fragment is p. Data are taken from [13].
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Figure 2.4: Variable definitions (adapted from Ref. [13]).

since the portion having L = —R x k is removed. The definitions of R and k are

the same as above and are shown in Figure 2.4(a). If the nucleon removal takes place

uniformly over the overlap region, X z R0, the radius of the projectile, and Y z

0, then 1, z —Roky. This leads to the zero crossing of P at p0 since ky = 0 in the

projectile rest frame. However, if Y is not zero, 1. can take on non-zero values even

at p0 due to the Y kx contribution in 12 (see Equation 2.2).

The final scattering angle of the fragment is given by the sum of the mean de-

flection angle (édef) and the change in angle caused by the transverse momentum

component from the abraded nucleons (see Figure 2.5). This additional angle, A0, is

given by

A0 = tan—1(ki/p) (2.3)

80

0L = 5M - tan—1(ki/p) (2.4)

where 9L is the fragment angle, k; is the x-component of the linear momentum of the

fragment and p is the total momentum of the fragment. The linear momentum of the
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Figure 2.5: Schematic diagram of the angular impulse imparted to the fragment by

the removed nucleons. k; is the x-component of the fragment momentum, p0 is the

momentum of the incident projectile.

fragment and the momentum of the removed portion are related through a sign (i.e.

kx = —k,“). Thus, a positive kx will result in a negative kf‘, which must, according to

Figure 2.4, serve to increase the scattering angle. This is the source of the minus sign

in Equation 2.4.

In experiments, kx will take on positive values since 01, (the emission angle) is often

set larger than the mean deflection angle, Ede; (see Figure 2.4 (b)). If the average

location of the removed nucleons is given by X = R0 cos 6 and Y = -R0 sin 9,

where 9 > 0 is the rotation angle (see Figure 2.4), Y kx will yield a nearly constant

negative polarization over a wide momentum range (k,‘ is positive and Y is negative

independent of the momentum). This property accounts for the fact that P tends

to be negative in reactions where édef z 0 (see Figure 2.3, Panels b—d). This is the

extent of the KMA. The following sections contain a discussion of how the KMA was

implemented to calculate polarization.
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2.2 East Lansing Monte Carlo Polarization Code

(ELPC)

Previously, Okuno et al. developed a Monte Carlo code to calculate polarization based

on the KMA [13]. In this code (referred to herein as the Tokyo Polarization Code or

TPC), the momenta of the removed nucleons were computed in Monte Carlo fashion

and the KMA was used to calculate the polarization. To determine the position of

the removed nucleons, the TPC used X = R0 cos 9 and Y = —R0 sin 9, where again

9 > 0 is the rotation angle. This application insured that the removed nucleons only

came from the surface of the projectile, as is required in peripheral collisions.

The TPC could achieve qualitative agreement with data, but quantitative results

were lacking. The calculated magnitude was significantly greater than the experi-

mental polarization magnitude. For example, scaling factors of 0.25 were required to

match the calculated polarization to data in Ref. [13]. A more thorough implementa-

tion of the KMA into a Monte Carlo fragmentation code was required to adequately

calculate polarization.

We have developed a Monte Carlo code based on the KMA in order to make more

quantitative polarization predictions. This Monte Carlo code will herein be referred

to as the East Lansing Polarization Code, or the ELPC. The ELPC takes as input

parameters the mass of the target and projectile, the energy of the beam, the fragment

angle, the impact parameter and the mean deflection angle. Calculation of the mean

deflection angle requires the mass and charge of the target and projectile, the beam

energy, the point of closest approach and the real part of the optical model potential as

input parameters; see Appendix A. The production of the final nucleus involves both

fragmentation and evaporation. The fragment polarization is then calculated using

the KMA in an extended Monte Carlo framework as the z-component of angular

momentum over the total angular momentum (l,/ |L[) for each event and binned into

14



histograms.

Details on the abrasion process as it is handled by the ELPC as well as the

improvements added to the KMA in the ELPC are discussed below.

2.2.1 Abrasion of Nucleons

The ELPC calculates the number of nucleons removed through the abrasion step us-

ing the equations given by Gosset et al. [14]. This method is based on the volume

of intersection of a cylinder and a sphere where the number of nucleons removed is

directly proportional to the overlap volume. These equations allow for several out-

comes including a cylindrical groove of radius equal to the target radius cut into the

projectile, a circular hole the size of the target punched through the projectile, and

even complete obliteration of the projectile depending on the radius of the target, the

radius of the projectile, and the impact parameter b separating the centers of the two

objects. All of these options are available in the code, although the cases considered

in this work are all peripheral collisions.

A removal position is calculated for each nucleon in the overlap region and these

positions are then averaged together to give the position of the group of removed

nucleons. This is necessary to maintain the integrity of the KMA; a group of nucleons

is removed and it is this group that has a position and an angular momentum, not

each individual nucleon. The single angle 6 previously used by the TPC to calculate

removal positions was unsatisfactory, because the removal position was exactly the

same for each and every event.

For the first implementation in the ELPC, the individual position of each nucleon

was a random number limited only to the volume of intersection of two spheres,

the target and the projectile. This yielded positions evenly distributed throughout

the overlap region (i.e. average x positions that are positive, and average y and 2

positions of zero) in true Monte Carlo fashion. However, as examination of rescattering
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Figure 2.6: Schematic diagram of the average nucleon removal position in the pro-

jectile. Y’ is the y-coordinate for the position of the removed nucleons for the area

bound by the dotted line, and Y is the coordinate for the smaller area bound by the

dashed line.

by Okuno et al. [13] suggested that the average y-position be shifted backward in

the projectile, i.e. the y-position should be less than zero (see Equation 2.4). Given

the coordinate system where positive y is defined along the beam axis, the point

of first contact with the projectile is at negative y positions in the fragment. This

was implemented in the ELPC by providing an offset for the y-position while still

maintaining the requirement that the position be within the overlap region.

A difficulty with this arrangement is that the y-ofl’set is now a user-defined param-

eter. A y—offset of 1.0, giving the best agreement with data [13], is applicable for all

general reactions. The sole exception is the data on the 93Nb(“"‘O,12B)X reaction [15]

where a y-offset equal to 1.3 was found to be appropriate. The main difference for

this reaction is that more nucleons are removed from the projectile. More nucleons

removed requires a larger overlap volume, which in turn suggests the y position should

be more negative, as shown in Figure 2.6. The area bound by the dashed line corre-

sponds to a smaller overlap volume and thus has a smaller magnitude y-coordinate

for the position than the area bound by the dotted line which corresponds to a larger

overlap volume. A more negative y-coordinate for position corresponds to a larger

y-offset.
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Figure 2.7: Schematic diagram of right- and left-sided collisions. The dotted lines are

far-side interactions and the solid lines are near-side interactions.

As mentioned above, the interaction of the target and projectile is a fast, periph-

eral interaction. Fast means the reaction happens quickly (10'23 sec) and is a non-

equilibrium process. Peripheral means the impact parameter is greater than zero, i.e.

the projectile and target collide in an orientation other than head-on. For a peripheral

interaction (in a plane), the projectile can interact with the target in two configu-

rations: one where the projectile is on the left side of the target and one where the

projectile is on the right side of the target (see Figure 2.7).

With the ‘sided-ness’ of peripheral collisions on one hand and the possibility of

near- or far-side collisions (determined by positive or negative mean deflection angles,

respectively) on the other, it was important to impose an absolute coordinate system

on the calculations to maintain the correct relationship between the sign of the po-
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larization, the emission angle of the fragment, and the momentum of the fragment.

Thus, positive y is the beam direction, positive x is defined to the right of the target

relative to the beam direction and positive z is perpendicular to the scattering plane

forming a right-handed coordinate system. Positive angles are defined to the left of

the y-axis, or toward negative x (see Figure 2.4). In most reactions, the fragments

are collected at a positive angle relative to the incident beam direction of 0°. For left-

sided interactions, a near-side(far—side) collision will scatter to the, left(right), or to

positive(negative) angles. For the interactions on the right of the target, a near(far)-

side interaction must scatter to the defined negative(positive) angles, thus the signs

of the mean deflection angles are changed within the code for these events.

After the group of removed nucleons is assigned an average removal position,

the polarization is calculated via the KMA. The linear momentum (x-, y- and z-‘-

components) of the group of removed nucleons is calculated using a Gaussian distri-

bution centered at zero with a width given by the Goldhaber formula [16],

 

0' = 0'0\/AF(AP - AF)/(Ap - 1) (2.5)

where AF is the fragment mass, Ap is the projectile mass and 0'0 takes on a value of

about 80 MeV/c, slightly smaller than values obtained at relativistic energies [17].

The trajectory of the fragment is calculated by adding the mean deflection angle

(see Appendix A for mean deflection angle calculation) to the change in angle caused

by the transverse momentum component of the abraded nucleons (review Figure 2.4b

and Equation 2.4). Typical 9-da- values for most reactions fall within the range of -3°

to +3°. Values for the additional angle caused by the removed nucleons range from

-4° to +4° for 197Au(1"N,12B)X at 39.4 MeV/A. This value comes from the linear

momentum for the removed nucleons, which in turn is a Gaussian distribution about

ZCI‘O .
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Figure 2.8: Calculated polarization as a function of relative fragment momentum for

the fragmentation of 80 MeV/A 18O in a target of 93Nb to make 12B at a fragment

angle of 0°. p0 is the momentum of the incident projectile and p is the momentum of

the outgoing fragment.

Once the angle of the fragment is known, it can be determined whether the frag-

ment makes it into the angular acceptance window, i.e. whether the fragment makes

it to the ‘detector’. If the fragment is within the acceptance window, the polarization

for this event is histogrammed, if not, the event is ignored. The polarization is binned

on the basis of the total number of nucleons removed, and at the end, the polarization

is averaged for each momentum bin.

One of the fundamental phenomena in fragmentation reactions related to polar-

ization is that no fragment spin polarization is observed at a fragment angle of zero

degrees. Thus, a good Monte Carlo calculation of the polarization should yield zero

polarization at a zero degree fragment angle. Shown in Figure 2.8 is the calculated

polarization for 80 MeV/A 18O fragmented in a target of 93Nb to make 12B at a

fragment angle of 0°. The calculated polarization is equivalent to zero within the

statistical error for the calculation. It is the allowance of right- or left-sided collisions

that correctly accounts for the observed absence of spin polarization at an incident
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beam angle of 0° (see Figure 2.7). Half of the events detected at 0° are from a right-

sided interaction, and the other half are from left-sided interactions which will give

fragments with polarization equal in magnitude to the right-sided events but opposite

in sign, for an overall average of zero polarization. The lack of right- and left-sided

interactions is one of the factors that limited the TPC from being able to calculate

zero polarization at a 0° fragment angle.

2.2.2 Additions to the KMA in the ELPC

Since the TPC over-predicted the magnitude of the experimental polarization, it was

important to identify shortcomings or assumptions within the TPC that may not

be valid. The goal was essentially to explore the KMA to its fullest potential. The

following sections give details on the implementation of angular distributions, out-of?

plane acceptance, evaporation and 7-ray de-orientation in the ELPC that permit a

more quantitative treatment of polarization in projectile fragmentation.

Angular Distribution Correction

The calculation of the mean deflection angle (see Appendix A) corresponds to one

particular impact parameter, i.e. to a particular number of nucleons removed in the

abrasion step. The original incarnation of the trajectory calculation (in the TPC)

had a fragment scatter to a single mean deflection angle based on the number of

nucleons removed plus the angular impulse given to the fragment by the x-direction

linear momentum transfer (see Figure 2.5). This was a reasonable assumption to

begin with, but the mean deflection angle is just that - a mean or average angle.

For a given number of nucleons removed, fragments will actually scatter to a range of

angles whose mean is the mean deflection angle for that particular number of removed

nucleons. Thus, a distribution for the deflection angle whose average is the calculated

mean deflection angle was incorporated into the ELPC. Equation 2.3, which governs
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the final scattering angle of the fragment, was modified so that édef was replaced with

Odef, the specific deflection angle for an individual interaction.

Several different shapes for this deflection angle distribution were considered. The

first choice was a Rutherford distribution. The Rutherford distribution describes clas-

sical elastic scattering and is strongly peaked at zero degrees. This distribution was

problematic because fragmentation reactions are not classical elastic scattering, and

the Rutherford distribution is incompatible with a mean angle larger than about 1°.

An alternative distribution was a negatively-sloped straight line. A straight line is the

second simplest approximation that can be made besides a constant or flat angular

distribution. Such a line distribution is peaked at zero degrees, and by changing the

slope, the correct average angle can be imposed on the distribution. A calculated an-

gular distribution with 6—,” = 3° is shown in Figure 2.9. The calculated polarization is-

shown as a function of momentum for 39.4 MeV/A 14N fragmented in 197Au to make

12B (01, = 50°) and for 68 MeV/A 15N fragmented in 27A1 to make 12B (OL = 1.0°)

with both the single mean deflection angle and the linear deflection angle distribution

in Figure 2.10. The calculated magnitude of the polarization is reduced by about 10%

for both reactions when using a linear distribution for the deflection angle.

Other shapes for the angular distribution were also investigated. Among them

was a step function distribution from zero out to twice the mean deflection angle,

which has an average value equal to the mean deflection angle. The step function

distribution offered no improvement in the calculated polarization over the straight

line distribution, and it gave a non-physical angular distribution. In particular, the

maximum number of fragments did not occur at 0° as observed in experiment. An-

other candidate distribution was one shaped like a Fermi function (i.e a Woods-Saxon

shape),

1

f(9def) : 1 + e(odef—x)/3 (2’6)

 

where a = 0.5, 9.16f is the scattering angle and the value of a: is varied to make the
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Figure 2.10: Polarization calculated as a function of relative fragment momentum.

The left panel is 197Au(“‘N, l2B)X at 39.4 MeV/A and the right panel is 27Al(15N,

12B))( at 68 MeV/A. The black diamonds are calculated with a single mean deflection

angle and the blue squares are calculated with a deflection angle distribution. (Some

images in this dissertation are presented in color.)
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mean of the distribution equal to the mean deflection angle. The correct mean for

the distribution could only be achieved with a negative value for 1:, which is com-

pletely unphysical. Consequently, this distribution was judged inferior to the others

and abandoned in favor of the straight line distribution.

Out-of—Plane Acceptance Correction

Another potential source of the over-prediction of the polarization in the TPC was

associated with the deflection angle. Whether or not the fragments lead to products

that reach the detector depends on the out-of-plane angular acceptance of the system.

The coordinate system for the reaction as shown in Figure 2.4 has the reaction take

place solely in the x—y plane. The beam travels along the y-axis and is scattered in

either the positive- or negative-x direction, perhaps producing some polarization in the-

z-direction. However, the fragments should more realistically be able to interact with

the target on the top, the bottom and all the angles in between, not just on the right or

left side of the target in the horizontal x—y plane. Interactions of this sort are referred

to as non-equatorial collisions. A non-equatorial collision would serve to decrease the

z-component of angular momentum in the equatorial (or horizontal x—y plane) frame,

as is depicted in Figure 2.11. The primed frame in the figure represents non-equatorial

scattering and can be represented by a rotation of the coordinate system about the

y-axis through the angle fl (this is equivalent to rotating the x-y reaction plane). L

is the angular momentum vector where L2 and L; are the z-components of L in the

beam axis frame. L’z can be written in terms of L2:

L; = Lcos(a + 5) = Lcosacosfl — Lsinasin 5. (2.7)

Since L cosa = L2 and L sina = L, this becomes

L; = Lz cosfl — Lx sin fl. (2.8)
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Figure 2.11: Representation of non-equatorial scattering of fragments (red, primed

axes) and the scattering of fragments purely in the horizontal x-y plane (black, un-

primed axes). Labels defined in the text.

The angle ,8 ranges, in theory, from —7r/2 to +1r/2, because the fragment can scatter

anywhere around the y-axis above and below the plane. Integrating all the possible

contributions from the out-of—plane acceptance, and including a 1/1r normalization

factor from the interval of integration gives

L; = i 2 (L2 cosB — Lx sinfi)d[3 = ng. (2.9)

2

However, experimental devices have a limited angular acceptance, and thus the

range on ,8 will be smaller than —7r/2 to +1r/2. Figure 2.12 shows a schematic plot

of the beam view of an angular acceptance window of 2°i0.5° horizontally and :l:2°

vertically. The out-of-plane acceptance of i2° limits the range on fl to -53° to +53°

for this case. Equation 2.9 with these limits of integration and a normalization of

106° rather than of 180° gives L’z = 0.86 L... As the acceptance window moves further

from the beam axis due to an increased fragment angle, the range on the angle ,8 will

decrease. This causes the value of L’z to approach that of L2. In most cases in this
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    Acceptance Window

 

 

    

Figure 2.12: Representation of the angular acceptance window from a beam view.

The fragment angle acceptance (horizontal acceptance) is 2°:l:0.5° and the vertical

acceptance is :l:2°.

Table 2.1: Corrective factors on the polarization due to non-equitorial scattering.

 

 

fragment angle (°) 6 (°) correction

2.0:l:0.5 53 0.86

5.0:t2.5 39 0.92

4.0:t2.5 53 0.86

2.0i2.5 90 0.64

1.0i2.5 90 0.64     

work, the fragment angle acceptance is quite large, i2.5°, which, when coupled with

a small fragment angle, causes the acceptance window to extend to the beam axis

giving an angular range on [3 of —7r/2 to +1r/2. Various example acceptance windows,

6 angles (i.e. ranges on [3) and the resulting corrections for L2 in terms of L; are listed

in Table 2.1 assuming i2° vertical angular acceptance in all cases.

A factor of 2/1r has been included in the ELPC as a multiplicative factor on the

polarization. This value was chosen as a minimum value. As shown in Table 2.1,

different angular acceptance windows could slightly increase this value.
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Evaporation of Nucleons

In the framework of the abrasion-ablation model of fragment production that is the

base of the KMA, the primary fragment receives some excitation energy (along with

the linear and angular momenta). The primary fragment will undergo a statistical

evaporation process emitting nucleons and then 'y-rays, all of which can depolarize

the angular momentum. The extent of the excitation energy and the consequent

de-excitation are model dependent. The excitation energy for the ELPC is based

on the statistical hole-energy model of Gaimard and Schmidt [18]. The statistical

hole-energy theoretical model predicts an average of 13.3 MeV of excitation energy

imparted to the fragment for every abraded nucleon. This value is an estimate of the

average energy of single-particle levels vacated during the abrasion process relative

to the Fermi surface of the projectile. The experimental work of Schmidt et al. [19]0

suggested the larger evaporation energy of 27 MeV per abraded nucleon. However,

this value comes from an attempt to reproduce the cross sections over a large mass

range for heavy isotopes (neutron number 95 to above 115) produced from heavy

(197Au) projectiles. Since the 13.3 MeV value comes from a general treatment, and

the value deduced by Schmidt et al. is for nuclei well outside the mass regime of

the ELPC, the lower value was adopted for these polarization calculations. However,

this excitation energi is an input parameter in the ELPC and can be changed to

accommodate heavier fragments.

During the abrasion step, the ELPC determines the number of removed nucleons.

The mean excitation energy resulting from the abrasion step is calculated based on

the number of abraded nucleons. A Gaussian distribution around this mean excitation

energy is assumed with a width based on the examples given by Gaimard and Schmidt

[18], similar to calculations by Friedman et al. [20]. This width is given by

a = 4.928 x x + 27.214 (2.10)
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where a is the width of the Gaussian and z is the number of abraded nucleons. This

Gaussian distribution in excitation energy is then used as a probability distribution to

allow variability in the number of nucleons evaporated, since the 13.3 MeV of excita-

tion energy per abraded nucleon is an average value, not an absolute value. According

to Ref. [18], 20 MeV of excitation energy is required to evaporate each nucleon. The

number of nucleons evaporated is then given by the excitation energy divided by 20.0

where the result of this Operation is truncated to the nearest lower integer. This pro-

cedure assures that the number of evaporated nucleons can range from zero to the

maximum allowed based on the excitation energy while allowing for statistical vari-

ation in true Monte Carlo fashion. It is necessary to note that evaporation has been

studied for many years within the framework of statistical models [21,22]. However,

the microscopic treatment of these works was more detailed than that consistent with-

the KMA. Therefore, the more ‘average’ approach with the evaporation of 13.3/20 =

0.665 nucleons per abraded nucleon was employed in the ELPC.

After the number of evaporated nucleons is determined, each evaporated nucleon

is assigned a random position on the surface of the spherical fragment. Evaporation

in the ELPC is treated isotropically and evaporated nucleons are assigned a linear

momentum equal to 194 MeV/c oriented normal to the surface. This value of 194

MeV/c is equivalent to the 20 MeV excitation energy required to evaporate each

nucleon. This means each nucleon carries all of its excitation energy - none is lost to

the fragment in overcoming the binding energy or in exiting the fragment. This choice

is somewhat of an overestimate, but it will maximize any depolarization. Because the

abrasion step endows the fragment with angular momentum, the evaporated nucleon

will also have a component of momentum tangential to the surface of the spherical

fragment at the point of evaporation. A calculation of this tangent vector can be

found in Appendix B. The total momentum for the evaporated nucleon will be the
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sum of the tangential component and the perpendicular component,

itotal : Piperpendicular + Pitangential (211)

where i = x, y, or z. The angular momentum of each evaporated nucleon is calcu-

lated by taking the cross product of the evaporated nucleon’s position and total linear

momentum. Calculating the angular momentum in this manner is a little unconven-

tional but follows the mechanical picture of the KMA. This process is repeated for

each evaporated nucleon and the angular momentum values are summed. In order to

conserve angular momentum, this total angular momentum value for the evaporated

nucleons is subtracted from the original x-, y-, and z-components of angular momen-

tum of the parent fragment to generate the final components of angular momentum.

for the fragment.

1 1i (2.12)
i _ i _

— lfragment evap

where i = x, y, or z. lmgmem is the angular momentum of the fragment following

the abrasion step, and 1.“,ap is the angular momentum of the evaporated nucleon.

The polarization as 12 /[L| is then re-calculated with these new values of angular

momentum.

In addition to the angular momentum, the total linear momentum must also be

conserved. The linear momentum values for each evaporated nucleon are subtracted

from the original components of linear momentum for the fragment before evapora-

tion,

pi = pigment - pimp (2-13)

where i = x, y, or 2. These final linear momentum values are histogrammed and can

be compared to experimental linear momentum distributions. Reactions where more

nucleons are removed have broader momentum distributions [23]. Shown in Figure

2.13 are the calculated momentum distributions for 80 MeV/A 18O in a 93Nb target
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Figure 2.13: Calculated fragment momentum distributions for the fragmentation of

80 MeV/A 18O in a target of 93Nb at a beam angle of 3°. p0 is the momentum of

the incident projectile and p is the momentum of the outgoing fragment. The red

triangles are for 10Be, the blue squares for 15C and the black diamonds are for 17N.

to produce 10Be, 15C and 17N at 3 3° fragment angle. As more nucleons are removed,

the calculated momentum distributions broaden.

Furthermore, this requirement of conserved linear momentum during evaporation

can change the trajectory of the fragment. The equal and opposite amount of linear

momentum from the evaporated nucleons imparts a change in the angular trajectory

of the fragment. This change is calculated in the same manner as above (equation

2.4) with the exception that the linear momentum for the fragment after evaporation

is used in place of p, the fragment momentum before evaporation, and the deflection

angle is replaced by the angle of the fragment after the abrasion step. Thus,

01'1"" = 03“ — tan’1(k§"°P/p°"°p). (2.14)

Fragments with the appropriate angular trajectory are accepted into the detector

window and grouped on the basis of the total number of nucleons removed from both

the abrasion step and the evaporation step. For each number of removed nucleons,

the polarization is binned on the basis of relative fragment linear momentum, and at

the end, the polarization is averaged for each linear momentum bin.
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Figure 2.14: Polarization calculations as functions of relative fragment momentum for

(a) 14N (39.4 MeV/A) + 197Au —> 12B (0;, = 50°) + X, (c) 15N (109.6 MeV/A) +

197Au -—> 13B (61, = 20°) + X, (e) 15N (68.0 MeV/A) + 27Al —> 12B (0L 2 1.0°) + X.

The momentum of the projectile is given by p0, and the momentum of the outgoing

fragment is p. Black diamonds are calculations with evaporation off, blue squares are

calculations with evaporation on.

The polarization calculated as a function of fragment momentum for three of the

reactions studied by Okuno et al. [13] is shown in Figure 2.14. The black diamonds

are the results of calculations with the process of evaporation excluded and the blue

squares are the calculations with evaporation included. Evaporation only slightly

decreases the calculated magnitude of polarization, demonstrating that evaporation

does not play a significant role in the reaction processes for these light nuclei. This is
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Figure 2.15: Calculated polarization (left) and polarization data (right) as functions

of relative fragment momentum for the fragmentation of 80 MeV/A 18O in a target

of 93Nb to make 12B at a fragment angle of 3°. p0 is the momentum of the incident

projectile and p is the momentum of the outgoing fragment. The black diamonds are

the calculation with evaporation off and the blue squares are the calculation with

evaporation on. Data are taken from [15]

attributed to the small number of nucleons removed from the projectile to make the

fragment. The reactions studied by Okuno et at. were chosen to specifically limit the

influence of evaporation. Fragment masses that differ significantly from the beam are

expected to be more dependent on evaporation.

Shown in Figure 2.15 are both polarization calculations and data for the fragmen-

tation of 80 MeV/A 18O in a target of 93Nb to make 12B at a fragment angle of 3°.

Since this reaction removes six nucleons, evaporation is likely to play a larger role

than in previous cases. Examination of Figure 2.15 shows this to be the case within

the ELPC. Not only does the incorporation of evaporation decrease the magnitude of

the polarization, it also changes the slope of the polarization dependence on fragment

momentum. For the case of 12B produced from 18O, a qualitative agreement with data

is achieved. Thus, the inclusion of evaporation may be important for reactions where

many nucleons are removed.
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Gamma Ray De-Orientation Correction

After the evaporation of nucleons, the fragment may be left with some amount of

excitation energy ranging from 0 MeV up to 20 MeV, the evaporation threshold.

One potential pathway to remove this excitation energy is through 7-ray emission.

Emitted 7-rays have the potential to de-orient the fragment. The presence of 'y-

rays produced by fragmentation reactions is a subject open for some debate. Ex-

perimental in-beam '7 Spectroscopy on isotopes produced in fragmentation reactions

have detected a significant exponential background and a few discrete 7-rays from

low-lying excited states [24]. The composition of the exponential background is un-

certain. Since fragmentation reactions are so violent, other processes that produce

'y-rays may accompany the production of fragments. Examples include delta-rays,

heavy-ion bremsstrahlung, and reactions from secondary protons, neutrons etc. The.

consequences of this high background are that it obscures weaker discrete 7-ray lines

from fragments and it also renders the detection of statistical 7-rays from the de-

excitation of the highly excited fragments impossible.

Other experiments have studied isomers produced in fragmentation reactions [25].

These isomer experiments are carried out remotely from the target which allows the

detection of gamma rays in the absence of the prompt reaction background. The

presence of isomers at high excitation energies, with spins upwards of ICE, implies

that fragments can be produced in excited states, and that these fragments have the

potential to decay to their ground states via the emission of 'y-rays. Thus, it seems

likely 'y-rays from higher-lying states are indeed present in the in—beam spectroscopy

'7-ray spectra, but they are hidden under the intense background. Therefore it is

reasonable to expect that at least a few 7-rays are emitted from each fragment and

the effects these gamma emissions have on the polarization will now be considered.

(As an exception, it should be noted that certain nuclei with unbound states have

been produced in fragmentation reactions. This implies these nuclei are produced in
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the ground state with no excitation energy, and thus can emit no 'y-rays.)

In order to include gamma-ray de-orientation in the ELPC, it was necessary to

understand how y-ray emission aflects the polarization. De-orientation is usually dis-

cussed in terms of the statistical tensor [1] which specifies the orientation of each

state:

pa" = mpg“ (2.15)

where the Uk are the de—orientation parameters which modify the orientation of the

state. The p1 statistical tensor is proportional to the polarization,

12
Mal——LI' (2.16)

Thus, the polarization can be multiplied by these Ul’s for each radiative emission

to propagate the de—orientation along a 'y-ray cascade of arbitrary length. The U-

coeflicients depend on the initial state spin, the final state spin and the multipolarity

of the emitted 'y-ray for each transition [26]. For any cascade, the spin changes and

polarization loss must be traced from the initial (or entry) spin and excitation energy

to the ground state.

It can be anticipated that nuclear structure effects and the discrete level sequence

at low energy will affect the 'y-ray relaxation process on a case by case basis. However,

as a first approximation, the decay can be generically treated by assuming a statistical

cascade through a continuum of levels using a Monte—Carlo simulation similar to that

described by Leander [27].

Within this Monte Carlo simulation, the nuclear level density is specified by a

constant-temperature level-density formula with the parameters determined by von

Egidy et al. [28] from fits to extensive data. No nuclear structure effects or spe-

cific discrete levels are included, and the transition rates in the continuum are given

single-particle strength. No attempt was made to include enhanced E2 transitions or
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collectivity in the continuum. This is justified as a first approximation because the

nuclei of interest, which have relatively low masses, do not have strongly collective

structures.

Beginning from a specified initial excitation energy and spin, the decay to the

ground state is tracked. For each transition, the type (E1, E2 or M1) and spin change

are determined by random numbers, as is the 7-ray energy. The 'y-ray de—orientation

coefficients are evaluated at each step and multiplied together to evaluate the cu-

mulative loss of de-orientation along the path. The average de-orientation coefficient

for each entry point is evaluated by repeating the random walk 10° times. Finally, a

weighted average over the entry distribution in excitation energy and spin is made

based on the output of the ELPC. The spin distribution is calculated with the ELPC

by converting the total angular momentum generated in the fragmentation reaction

(after the particle evaporation step) into units of h. The excitation energy is taken as

a uniform distribution on the interval 0 to 20 MeV which is a good approximation to

the output of the ELPC. Further details of the technical aspects of the Monte-Carlo

7-ray de-orientation simulation will be presented elsewhere [29].

The deorientation coefl‘icients, average entry spins and average ’y-ray multiplicities

calculated using the above method for selected reactions are shown in Table 2.2. It is

interesting to note that reactions producing fragments with odd spins are more likely

to maintain their polarization for a given 7-ray cascade. This is due to the lack of

spin 0 states in the level structure which give orientation parameters of zero. Based

on the magnitude of the U—coeflicients in the table, the 7-ray relaxation step has the

potential to significantly de-orient the fragment.

Shown in Figure 2.16 is the final calculated polarization as a function of relative

fragment linear momentum for several of the reactions presented above with 7-ray

de—orientation included. No scaling factor was used. The calculations show remarkable

agreement with data both in general behavior and in polarization magnitude. The
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Figure 2.16: Final calculated polarization (black lines) including 7-ray de—orientation

and polarization data (red points) as functions of relative fragment momentum for

197Au(1“N, 12B) at 39.4 MeV/A, 197Au(‘5N, 13B) at 68 MeV/A, 197Au(15N, l3B)X

at 109.6 MeV/A, 93Nb(15N, 13B)X at 67.3 MeV/A, 27Al(15N, 12B)X at 68 MeV/A,

93Nb(1°O, 12B)X at 80 MeV/A. p0 is the momentum of the incident projectile and p

is the momentum of the outgoing fragment. Data are taken from [13, 15].
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Table 2.2: De-orientation coefficients for selected reactions.

 

 

 

Reaction Energy (MeV/A) U1 Avg Entry Spin Multiplicity

1977Au(fiN, 12B)X 39.4 0.368 1.30 2.33

197Au(15N, 13B)X 109.6 0.511 1.52 2.37

27A1("’N, 1"’B)X 68.0 0.473 1.96 2.52

93Nb(180, 12B)x 80.0 0.645 4.23 3.34      

same polarization distributions as functions of momentum were calculated using the

TPC in Ref. [13] required a scaling factor of 0.25 to be brought into agreement with

the data.

2.2.3 Summary

The previous sections detail the development of the ELPC. The ELPC is a Monte

Carlo simulation which calculates the polarization observed in fragmentation reac4

tions with quantitative accuracy while maintaining the integrity of the KMA. The

ELPC has been modified from the TPC in that it assigns individual positions to re-

moved nucleons, and projectiles are allowed to interact on either side of the target.

It has gone beyond the TPC in that fragments scatter to a deflection angle distribu-

tion rather than a single mean angle, and the out of reaction plane acceptance has

been taken into account. The process of nucleon evaporation and its direct effects

on the angular momentum of the fragment are included, as is any de-orientation due

to 7-ray relaxation. The angular distribution implementation reduces the calculated

polarization magnitude by about 10% and the out-of—plane acceptance reduces the

polarization magnitude by about 30%. The calculated polarization magnitude is cor-

rected by about 20% due to nucleon evaporation and by another 50% due to 'y-ray

de-orientation.
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2.3 Predictions

A survey of the published polarization data reveals few experiments that have been

performed to investigate systematic trends in polarization phenomena. However, with

the complete ELPC to predict polarization, these various trends and behaviors can

now be investigated with confidence. It is interesting to study the dependence of

the polarization on the emission angle, the energy of the incident projectile, and the

number of nucleons removed. These relationships will be examined in detail in the

following sections.

2.3.1 Polarization vs. Fragment Angle

As the fragment angle increases, the. production rate for the nucleus of interest is

observed to decrease. The TPC could not reproduce this experimental observation.

Shown in Figure 2.17 is the calculated (with the ELPC) and the experimental rela-

tionship between the number of counts and an increasing emission angle for 80 MeV/A

18O fragmented on 93Nb to produce 12B. The number of events for the experimental

data drops to z 65% of the maximum value at a fragment angle of 2°. The calculated

number of events drops to z 80% of the maximum value at 2°. This discrepancy may

be related to the simplicity of the deflection angle distribution employed within the

ELPC. A negatively-sloped straight line peaked at 0°, although correct in a gross or

average way, is not entirely realistic. A more exact angular distribution formalism

within the code would alleviate this problem. However, the code does presently re-

produce the pr0per trend for the number of counts relative to the changing fragment

angle.

Conventional wisdom holds that a larger fragment emission angle (or beam angle)

corresponds to larger polarization magnitude produced in any given reaction. Mea—

surements by Matsuta et al. [30,31] support this notion. Shown in Figure 2.18 is the
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Figure 2.17: Calculated and experimental normalized counts as a function of fragment

angle for the fragmentation of 80 MeV/A 180 on 93Nb to produce 12B.

polarization at —1.00:l:0.05% relative fragment momentum calculated as a function

of fragment angle for two reactions, the 197Au(‘“’Ca,3"K) reaction Matsuta studied

and 197Au(“N,12B). In both cases the calculated polarization magnitude increases

slightly as the fragment angle increases. This behavior can be understood considering

the flight angle of the fragment.

As shown in Figure 2.19, the final flight trajectory for a fragment, 6L, is the

sum of the deflection angle, Odd, and the angular impulse imparted to the fragment,

tam"1(kx/p),

9L = Gdef — tan-1(kx/p) (2.17)

where kx is the linear momentum of the removed nucleons and p is the total momen-

tum of the fragment.

As the fragment angle (01,) increases, the fragment must scatter to ever larger

angles to still be accepted into the detector window. Since the deflection angle does

not change, the angular impulse imparted to the fragment must increase. This means
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Figure 2.19: Schematic representation of the fragment trajectory.
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Figure 2.20: Calculated polarization as a function of beam energy for the fragmenta-

tion of 14N on 197Au to produce 12B at a fragment angle of 2.0i0.2°.

kx is increasing as the fragment angle is increasing. Since the polarization is calcu-

lated using the linear momentum of the fragment through L = —R x k, larger kx

means larger magnitude polarization, and this is exactly what is both observed and

calculated.

2.3.2 Polarization vs. Beam Energy

The variation of the calculated polarization as a function of incident projectile energy

in shown in Figure 2.20. The reaction is the fragmentation of 14N in a target of 19"’Au

to make 12B at a fragment angle of 2° at -1.0% momentum. As the incident energy

increases, so does the calculated magnitude of the polarization. This can again be

understood considering Figure 2.19 using similar arguments as in the polarization vs.

fragment angle case above. As the incident energy increases, the deflection angle will

decrease (see Appendix A). In order for the fragment to scatter to the same lab angle

and be detected, the angular impulse imparted to the fragment must increase to make

up the difference. Like before, as the value of kx increases, so will the magnitude of

the polarization.
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angle of 2.0:l:0.2°. The energy was z 100 MeV/A for each reaction and an 2"Al target

was used in all cases.

2.3.3 Polarization vs. Fragment Mass

Shown in Figure 2.21 is the calculated polarization as a function of fragment mass.

The reactions are the fragmentation of appropriate projectiles on a target of ”Al

to remove two nucleons at a fragment angle of 2.0i0.2° at :tl.0% momentum. The

primary beam energy was held roughly constant at about 100 MeV/A. The slight

variation in energy comes from the necessity for a constant 0.de between reactions.

The reaction conditions were as rigid as possible in order to isolate any effect the

fragment mass has on the polarization. The results of the calculation suggest that as

the fragment mass increases, so should the magnitude of the polarization. This can be

understood by considering the KMA. The polarization is based on the cross product

of the position of the removed nucleons and their momentum. As the fragment mass

increases, so does the radius. As the radius increases, so does the position of the

removed nucleons. Thus, the polarization increases through the cross product.

41



2.4 Pickup Reactions

It is apparent from the above work that the magnitude of the polarization is strongly

dependent on the amount of linear momentum transferred to the fragment from the

removed portion. Indeed, the polarization is defined as the z-component of angular

momentum normalized by the total angular momentum,

l

P = IL] (2.18)

In the KMA, this angular momentum is calculated by the cross product L = -—R

x k where L is the angular momentum of the fragment, R is the position of the

removed nucleons and k is the linear momentum of the removed nucleons. Thus, the

z-component is

1, = —Xky + ka (2.19)

where X and Y are the x-(y-)components of the position, and kc and ky are the x-(y-

)components of linear momentum. Clearly, the spin polarization is dependent on the

linear momentum transfered from the removed nucleons to the fragment.

Souliotis et al. [23] have shown that in heavy ion fragmentation reactions, charge

pickup products (fragments with Z > mejecfile) have momentum transfers that de-

viate significantly from those of the fragmentation products. More specifically, the

nucleon picked up by the fragment has a longitudinal momentum equal to the Fermi

momentum inside the target nucleus. If the charge pickup reaction is at all similar

to fragmentation, a large momentum transfer should correspond to a large degree of

spin polarization through Equations 2.18 and 2.19.

Polarization for pickup reactions has not been previously measured and could

shed great light on the underlying reaction mechanism. Thus, we have measured the

polarization for the pickup product 37K produced from an 36Ar primary beam incident

on a 9Be target. This reaction was chosen because it is a single proton pickup process,
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and as such, is the simplest reaction to study since evaporation will play no part.

Details on the experimental setup and the method for measuring polarization, as

well as the results and the interpretation of the results are contained in the following

chapters.
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Chapter 3

Experimental Setup

As stated in Section 2.4, a measurement of the polarization of a proton pickup prod-

uct appeared promising, both in the understanding of polarization phenomena and

for the future of polarized secondary fragment production. We have measured the

polarization for 37K produced from an 36Ar primary beam incident on a 9Be target.

This reaction was chosen because it is a single proton pickup process, and as such,

is the simplest reaction to study since evaporation will play no part. Furthermore, a

primary beam of 3°Ar is relatively easy to produce with the Coupled Cyclotrons at

the NSCL, and the 37K nucleus has decay properties (e.g. half-life, end point energy,

and asymmetry parameter) that facilitate the measurement of the polarization. The

technique employed to measure polarization depends on the beta decay of the polar-

ized nucleus. Details on the experimental technique will begin with a brief review of

beta decay.
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3. 1 Technique

3.1.1 Beta Decay Angular Distribution

Beta decay is the process where a proton(neutron) within the nucleus transforms

into a neutron(proton). As a result of this change, a neutrino(anti-neutrino) and a

positron(electron) are emitted. Beta decay can be characterized into three types:

(1). 6‘ decay: QXN —> QHX’ILI + e‘ + 17

(2). 6+ decay: ’Z‘XN —> 24—17%?“ + e+ + u

(3). electron capture: 3X10 —-> ’Z‘_1X]V+1 + u

6‘ decay is the transformation of a neutron into a proton with the concomitant

emission of an electron and an anti-neutrino. 6+ decay is the transformation of a

proton into a neutron, accompanied by the emission of a positron (anti-electron) and

a neutrino. In electron capture, the analog of 6+ decay, an atomic electron is captured

by the nucleus during the transformation of a proton into a neutron, and a neutrino

is released. Since the captured electron leaves a vacancy in the atomic shell structure,

x-rays are generally emitted as higher-energy electrons relax down into the vacant

shell below.

Beta decay is governed by the parity-violating weak force, and it can be anisotropic

under certain conditions. The emitted electrons in all cases obey the general angular

distribution equation:

W(0) = 1 + Z B,A,U,Q,P,(cos 0) (3.1)

where 0 is the angle of emittance relative to the orientation axis, 13;, are the orien-

tation parameters of the parent nucleus, A,\ are the angular distribution coefficients,

U,\ are the de—orientation parameters, Q,\ are the solid angle correction factors and

PA are the Legendre polynomials of order A [32]. The orientation parameters (BA)
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take into account the orientation (i.e. polarization) of the nuclei; B,\ = 0 for an un-

oriented sample. The angular distribution coeflicients (AA) account for the degree of

anisotropy in the beta decay for a particular isotope. They are a fundamental prop-

erty of the nuclear transition for the isotope under study, and they depend on the

angular momentum of the initial and final states. The de-orientation parameters (UA)

account for any loss of orientation from unobserved decay prior to the observed (or

studied) decay. The solid angle correction factors (QA) are for sources and detectors

that are not geometrical points.

For beta decay of polarized nuclei, all of the even A terms vanish; furthermore,

all of the terms above A = 1 are ignored because their contributions are small. With

no unobserved decays to de-orient the sample and neglecting solid angle correction

factors (U1 = 1 and Q1 = 1), the angular distribution equation becomes

W(6) = 1 + PAfi c030 (3.2)

where AB = A1, c030 is the first order Legendre polynomial, and the polarization P

is given by

B1

where p?” is the value of the statistical tensor for maximum spin polarization (see

Equation 1.2).

The technique for measuring polarization takes advantage of this angular anisotropy

of the emitted beta particles. If the nucleus of interest has some spin polarization,

the betas will have an angular distribution governed by Equation 3.2, provided the

transition has a nonzero asymmetry parameter. If the nuclei of interest have zero po-

larization, the distribution will be isotrOpic regardless. The angular distribution, then,

can be used as a probe for detecting polarized nuclei. A description of the technique

follows.
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3.1.2 Pulsed-Field Polarization Method

Polarization was measured following the technique developed by Anthony and co-

workers [33]. Although there are many ways to measure polarization, the key to

the technique of Anthony et al. is that it does not require prior knowledge of the

magnetic moment. Furthermore, it is suitable for short-lived nuclei with long spin

lattice relaxation times (T1) relative to the decay half-life (T1 /2) which is ideal for

isotopes produced by fragmentation reactions. The combination of short T1/2 and

long T1 insures the nuclei fi-decay before significant polarization loss occurs through

spin lattice relaxation.

In an external magnetic field, a nucleus that is oriented (B1 74 0) with some nonzero

asymmetry parameter A5 will show different counting rates in a detector placed at 0

= 0° and one placed at 9 = 180° relative to the direction of the external field. This

difference is rooted in the fact that the angular distribution equation (Eq. 3.2) has a

maximum when 6 = 0° and a minimum for 0 = 180°. The method of Anthony et al.

involves measuring the magnetic field double-ratio

_ (up/down)field on

R _

(1113/d0WIl)seld off

 (3.4)

where the externally applied magnetic field is pulsed on and off, and ‘up’ and ‘down’

represent the number of beta particles counted in detectors placed at 0° and 180°

respectively. When the field is on, the fl-decay will be directionally anisotropic if

the nuclei have some spin polarization. When the field is off, the 6—decay will be

directionally isotropic. The depolarization of the spin system when the field is off is

due to quadrupolar interactions that may dominate at the location of the impurity

in a face centered cubic host material [34]. Nuclei implanted without polarization

will give a ratio of unity, while nuclei implanted with spin polarization will give a

ratio different from unity. Any deviation from unity, then, will be proportional to the
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  (3.5)

where Ag is the asymmetry parameter and P is the polarization. Typical values for the

polarization are a few percent, and with asymmetry parameters with typical values

of roughly 0.5, the ratio R takes values near 0.9. The double ratio is used to eliminate

any systematic asymmetries inherent to the apparatus.

The major error for these measurements is statistical and therefore goes like the

square root of the number of counts. The statistical error on R is given by the ex-

pression

2 2 2 2 .

MW) 43 +3) +3)up,on up,ofi' down,on down,ofi' ’

where N is the number of counts. If each detector is counted to a similar level, the

0,, = R G). (3.7)

Generally, enough counts are collected to achieve 30 statistics. That is, a ratio must

 

above equation simplifies to

have enough counts to be at least three ‘error bars’ away from one (or from the

normalizing ratio). As an example, if the polarization is 1% and A5 = 0.5, then

R = 0.990 (by Equation 3.5) and a needs to be 0.003. This requires approximately

440,000 counts in each detector (calculated using Equation 3.7).

3.2 Radioactive Beams

Radioactive ions studied at the National Superconducting Cyclotron Laboratory

(NSCL) are produced using the technique of projectile fragmentation. At the cou-
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Figure 3.1: Schematic representation of the ion source, the K500 and K1200 cyclotrons

and the A1900 fragment separator at the NSCL Coupled Cyclotron Facility.

pled cyclotron facility, stable isotopes are excited into a vapor state and partially

ionized in the ion source. They are first accelerated in the K500 cyclotron, injected

into the K1200 cyclotron, fully stripped and finally accelerated up to 200 MeV/A and

directed onto a thick production target (see Figure 3.1). The projectiles are abraded

in the target producing a host of stable and radioactive nuclei ranging in charge and

mass from the primary beam to helium. These fragments proceed into the A1900

fragment separator [35,36] where they are separated based on rigidity (momentum

to charge ratio) in the first half of the spectrometer and nuclear charge using a thick

wedge material at the intermediate image. The second half of the spectrometer is

used to focus the fragments with different momenta back into a single spot at the

focal plane — this makes the A1900 an achromatic spectrometer.

For the present work, two beams of secondary fragments were studied. 32C] was

produced from a primary beam of 150 MeV/A 36Ar on a 765 mg/cm2 93Nb target. A

polarized 32C] beam was produced in an earlier experiment at the NSCL [37] to de-

termine the magnetic moment of this nucleus. 3201 was produced for the present work

under similar conditions to test the experimental apparatus. The primary beam was

directed onto the target at a beam angle of +2° (positive angles for this experiment
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are defined to the right of the beam axis facing downstream), and an aperture was

placed in the beam path 12.7 cm downstream from the target to limit the angular

acceptance to :l:0.5° into the A1900. This reproduced the experimental conditions

that were used with the A1200 fragment separator in the previous experiment. The

new A1900 has a larger momentum acceptance (12.5%) and a larger angular accep-

tance (:L-2.5°) than the A1200, thus the aperture plate was employed. A diagram of

the 1.285 cm thick heavy metal (97% tungsten) aperture plate is shown in Figure

3.2. Each hole has a diameter of 2.08 mm, which corresponds to :L-0.5° angular accep-

tance for the plate positioned 12.7 cm downstream form the target, and the vertical

alignment was such that the central hole labeled C in the figure corresponds to the

beam axis. Holes B and D correspond to -1° and +1° fragment angles and holes A

and E correspond to —2° and +2° fragment angles. The fragments could only pass

through one hole to reach the focal plane of the A1900. This arrangement allows

for beam angles larger than the magnets in the beam line can actually produce. For

example, the beam steered to a beam angle of +2° in combination with hole D in the

aperture plate results in a total angle of +3°. Only the central hole (C) was used for

this work. The 32C1 fragments were selected in the A1900 with Bpl = 3.1040 Tm and

Bpg = 2.0058 Tm using a 971 mg/cm2 acrylic wedge at the image 2 position with a

momentum acceptance of i0.5%.

37K ions were produced from the same primary beam of 150 MeV/A 3°Ar with a

578 mg/cm2 9Be target. The primary beam was steered to a beam angle of +2°, and

the beam pipe of the A1900 provided a physical beam angle acceptance of i2.5° (i.e.

no aperture was used). The 37K fragments were separated using the same 971 mg/cm2

acrylic wedge. Various momentum values with an acceptance of :l:0.5% were selected

and the Bp values for these settings are summarized in Table 3.1. These momentum

values were selected by first centering the production peak at the A1900 intermediate

image, and then moving off the central momentum by 0.5%, —0.5% and 1.0%.
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-2° -1° 0° i° 2°   
Figure 3.2: Diagram of the aperture plate used to select the beam angle acceptance

for the 3201 measurement.

In both cases, the fragments were sent to the polarization measuring apparatus in

the S1 experimental vault with approximately 95% transmission.

As a final check that the 32Cl and 37K nuclei were properly identified in the A1900,

the beam was pulsed on and off and a half-life was measured for the nuclei that were

implanted in the catcher foil in the SI vault.

3.3 Beta-NMR Apparatus

The fragments to be studied passed through a 500 pm Si PIN and a capton window,

traveled 20 cm in air and came to rest in a catcher foil in the center of the gap

Table 3.1: A1900 Bp values for the various momentum settings for 3"K.

 

 

Momentum (%) Bpl (Tm) Bpg (Tm)

-0.5 3.14208 1.6345

0.0 3.15787 1.7004

0.5 3.17366 1.7636

1.0 3.18945 1.8260     
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between the poles of a room temperature dipole magnet (see Figure 3.3). This magnet

has a pole gap of 10.7 cm and provided the external field that maintained the initial

polarization of the implanted secondary fragments. The magnet was energized to

40 amps (z 1000G) for 3201 and at 120 amps (z 3000C) for the 37K measurement,

respectively. The detector system for this setup consisted of two 6 telescopes located

at 0° and 180° relative to the field direction of the dipole magnet. The telescopes

were each composed of one 4.4 cm x 4.4 cm x 3 mm thick AE plastic scintillator and

one 5.1 cm x 5.1 cm x 20 mm total energy plastic scintillator. Each scintillator was

coupled to an acrylic light guide with a 45° angle to place the photomultiplier tubes

out of the dipole magnet fringe field (see Figure 3.4). The telescopes were placed

2.4 cm above and below the catcher foil and in total, covered approximately 27% of

the 47r solid angle (z14% for each detector telescope). The detectors are numbered

one through four starting at the top, and any references to the detectors are done so

using this numbering system: B1 (thick detector on top), B2 (thin detector on top),

B3 (thin detector on bottom) and B4 (thick detector on bottom) (refer to Figure 3.4).

Additional details regarding the fl-NMR apparatus can be found elsewhere [15].

For the 3201 measurement, beta attenuators were placed between the thin and

thick detectors to absorb the low energy betas that come from a predicted 318 con-

taminant in the 32Cl beam. These attenuators were one 1.2 mm thick by 2-inch square

piece of stainless steel and one 1.0 mm thick by 2-inch square piece of Alon both the

top between B1 and B2 and again on the bottom between B3 and B4. Together, these

attenuators absorb betas with energies up to ~19 MeV. These attenuators were not

used in the 37K measurement, because there were few expected beam contaminants

and the Q-value for 37K is low.

The implantation host where the radioactive nuclei produced from the fragment

separator come to rest was a 25 mm diameter, 2.5 mm thick cubic-lattice NaCl crystal

for the 3201 measurement [37] and a 22 mm diameter, 4 mm thick cubic-lattice KBr
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Figure 3.3: Schematic representation of the experimental setup for measuring polar-

ization.

crystal for the 37K measurement. The catcher foil material was chosen for each specific

nucleus to ensure that interactions of the implanted nuclei with the host material are

small, resulting in long spin lattice relaxation times. It has been shown that a large

percentage of the original spin polarization is preserved upon implantation into a

crystal host containing the same type of positive ions [38]. Loss of polarization due to

relaxation effects for 37K in KBr should not be a factor due to the short half-life (1.23

sec [39]) and the typically long relaxation time (several seconds at T=273 K) for 37K

in KBr [30]. The catcher foil was mounted between the detector telescopes and tilted

at an angle of 45° with respect to the holding field of the dipole magnet. The goal

was to minimize the amount of material the emitted 6 particles must traverse before

reaching the detectors. A 0.9 cm thick Al collimator placed 4 cm upstream from the

catcher foil was used to limit the beam spot to a diameter that only illuminates the

catcher foil. A silicon surface barrier detector was placed 26 cm downstream from the
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Figure 3.4: Top and side views of the experimental apparatus.

catcher foil and used as a veto detector.

Offline measurements with radioactive sources demonstrated that the apparatus

has some inherent asymmetry. Shown in Figure 3.5 are beta spectra from detector

B1 for a °°Co source placed at the catcher foil position for two magnetic field settings

(40 amps and 120 amps). A field dependent asymmetry is evident. Various shielding

configurations around the PMT’s using both mu-metal and soft iron altered but did

not eliminate the problem. A final shielding configuration utilizing 1 cylindrical mu-

metal shield of 0.66 mm thickness was placed around each photo tube with ml cm

hanging over the front of each tube. In light of this asymmetry, all measurements

were accompanied by a corresponding measurement at a beam angle of 0°. A 0°

measurement will produce nuclei that have zero polarization, and thus serve as a

normalization for any polarization measurement.

3.3.1 Electronics

Shown in Figures 3.6 and 3.7 are schematic diagrams for the detector electronics used

during this experiment. ADC and TDC readout was through VME, coincidences and
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Figure 3.5: Detector B1 decay spectra of a 6°00 source placed at the catcher foil

position. Two magnetic field settings were used.

sealers were read out using CAMAC, and all other electronics used NIM. Beam pulsing

for the half-life measurements was accomplished by shifting the phase in the C-Dee

in the K500 cyclotron by providing a TTL signal from a programmable dual gate

generator to the input of the cyclotron RF control system. This pulsing in the RF

triggered the reset in a real-time clock which was read out on each beta event, thus

giving a beta decay spectrum. The master gate was triggered either by the PIN or

by the any one of the beta counters as indicated by the OR-gate in Figure 3.7. The

master gate trigger by the PIN was downscaled by a factor of 100 to prevent these

triggers from dominating the master gate. Furthermore, when the beam rate was

greater than @7000, the PIN was removed from the beam path all together, and the

beta counters were the only master trigger. Magnet pulsing was accomplished through

a NIM signal from a pulser module in combination with a dual gate generator set to

switch on and off every 60 seconds.
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Figure 3.6: Plastic scintillator, PINl, and Si surface barrier detector (PIN2) electron-

ics diagram.

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Master gate electronics diagram. A, B, C, D, and E come from Figure 3.6.
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Chapter 4

Experimental Results &

Interpretation

4.1 3201

4.1 .1 Particle Identification

Since the polarization measurement is based on the detection of 6 particles, the purity

of the beam is important. The detected beta particles come from activities implanted

in the catcher crystal without any knowledge or correlation to the parent from which

they come. Thus, impurities in the beam will give betas from different nuclei which

may interfere with the results. As described in the experimental section, the 32Cl

fragments were separated from the other reaction products using the A1900 fragment

analyzer before being sent to the experimental end station. The AE—TOF particle

identification plot for 32C] ions is shown in Figure 4.1. Here AB is measured in PIN 1

and TOP (time-of-flight) is measured as the time difference between a signal in PINl

and the rf frequency of the K1200 cyclotron. The PID shown in Figure 4.1B is for a

beam angle of 0° with no aperture, and the spectrum has almost no contaminants.

The PID shown in Figure 4.1A is for a beam angle of 0° with the aperture in place
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Figure 4.1: Delta E-TOF plot for 32Cl produced at a 0° beam angle with the aperture

(A), and without the aperture (B).

in position C. Each individual contour represents a different nucleus. Clearly, 313 and

32Cl make up most of the beam, but there are other contaminants present. Using the

same thick acrylic wedge described in the experimental setup, LISE [40] predicts 31$

to be the only contaminant in the 32Cl beam, as observed with no aperture in place.

Other contaminants probably come from primary beam interacting on the edges of

the aperture holes, losing energy and traveling through the A1900 to the image two

position. At the image two position, this primary beam subsequently causes nuclear

reactions in the wedge degrader. Since these fragments are produced by the wedge,

there is no further separation in the A1900 (except maybe a slight rigidity cut in

the second half of the A1900) and they travel to the experimental end station as

contaminants. Thus, all 0° runs were performed without the aperture (giving them

an angular acceptance of 21:2.5°). This is acceptable since the 0 degree data will

have no polarization, and therefore no ‘signal’ to reduce by opening up the angular

58



m
4
‘

fi
r
m

5
‘

Minn-5*

  



 

1000—~—

800 fi—

600 ~—

 

A
B

400 J—

200 ——

   
0 200 400

Time of Flight

Figure 4.2: Delta E-TOF plot for 3201 produced at a 2° beam angle with the aperture

in place.

acceptance. The removal of the aperture at 0° increases the count rate.

The data collected at 3 2° beam angle require the aperture to limit the angular

acceptance since polarization may be evident. Recall that using the aperture was

necessary to limit the angular acceptance in order to reproduce the experimental

conditions of the earlier measurement. Shown in Figure 4.2 is a AE-TOF plot at a

2° beam angle with the aperture limiting the acceptance to :l:0.5°. This spectrum

is relatively clean with 40% 32Cl and 57% 318, even with the aperture in place. In

this case, the 2° beam angle causes the primary beam to fall outside the i0.5° beam

acceptance, thus reducing the nuclear reactions in the wedge that were present at the

0° beam angle and providing a 3201 beam with only a 318 contaminant.

Shown in Figure 4.3 are 3201 beta spectra for the two thick detectors (B1 and B4)

and for the two thick detectors in coincidence with the thin detectors (BZ and B3).

The beta spectra from only the thick detectors have low energy features not present
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Figure 4.3: 3201 beta decay spectra for the two thick detectors (B1 left and B4 right)

as the solid black line and the thick detectors in coincidence with the thin detectors

(B1 with B2 left and B4 with B3 right) as the dashed blue line. The fragments were

produced at a 2° beam angle.

in the coincident spectra. The requirement that the detected particle traverse both

detectors (the coincidence) implies whatever particles make the low energy features

in the thick detectors are not betas, because betas will interact with the plastic

scintillators in either the thick or thin detectors with almost 100% certainty. Gamma

rays, however, will have a very low probability of interacting with the thin detectors,

but are more likely to interact with the thick detectors. Gamma rays will be present

because 32Cl decays to excited states in the 32S daughter almost 100% of the time,

see Figure 4.4. (318 decays almost exclusively to the ground state in 31P, thus there

are no associated gamma rays). The coincident requirement effectively removes these

gammas from the decay spectrum.

Shown in Figure 4.5 are the coincident beta spectra for both magnetic field on

(solid black line) and off (dashed blue line). There does not appear to be a large

magnetic field dependent asymmetry in the beta spectra. This is in agreement with

the offline source data (see Figure 3.5), where the magnet power supply was set to 40

amps (field z 1000 G).
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Figure 4.4: Decay schemes for 3201 and 31$ [39]. Asymmetry parameters (AB) from [41‘]

assuming pure GT transitions are listed in the figure.
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Figure 4.5: 32CI beta decay spectra for the thick detectors in coincidence with the

thin detectors (B1 with B2 left and B4 with B3 right) with the field on spectra as
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produced at a 2° beam angle.
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Figure 4.6: 32C1 decay curve for B1 coincident with B2 (Panel A) and for B2 alone

(Panel B). The red line in Panel A is a single exponential fit.

4.1.2 Decay Curve

Prior to the polarization measurement, a half-life was measured to verify the identity

of the implanted fragments. Shown in Figure 4.6A is the measured decay curve for the

implanted fragments with a gate on betas coincident in detectors BI and B2 (thick

and thin), and the decay for betas in detector B2 alone is shown in Figure 4.6B.

The coincident spectrum should contain only 32Cl betas, whereas the spectrum from

detector B2 alone will contain both the low energy 3‘8 betas and the 32Cl betas. Recall

that beta attenuators were installed between the thick and thin detectors to remove

the low energy betas from 313, which has a Q-value of 5.4 MeV [39]. The reduction in

background is readily apparent in the decay curve for coincident B1 and B2 detectors.

A single exponential fit to the coincident decay curve (red line in Panel A) reveals

a half-life of 259d:20 ms which agrees with the accepted half-life of 298:1:1 ms [42]

for 3201. These spectra show that 31S is indeed present in the thin detectors, but the

attenuators effectively eliminate the low-energy beta particles.
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Figure 4.7: 32C1 asymmetry ratios as a function of the energy threshold in the thick

detectors.

4.1.3 Polarization

Based on the characteristics of the fi-spectra (Figure 4.3), the ratios calculated to

determine polarization were based on coincidences between thin and thick detectors

within a given telescope. The coincident requirement eliminates the low-energy betas

from 31$ and any delayed 'y-rays. Shown in Figure 4.7 are the measured asymmetry

ratios for both the 0° and the 2° measurements as a function of threshold in the thick

detectors. As the energy threshold increases, more low-energy betas are excluded

from the ratio. This is desirable, because with a Q-value of 12.7 MeV [39], the highest

energy betas should come from 32Cl. A measured asymmetry of 3.5i0.9% for the

2° data relative to the 0° is evident in the figure. The asymmetry measured in the

previous experiment by Rogers et al. [37] was 3.1i0.5%, in good agreement with the

present work.

The work of Anthony et al. [33] to develop the pulsed magnetic field technique

deduced a polarization result only 60% of that obtained by the traditional NMR

technique. However, the agreement between the asymmetry of this measurement and

that of Rogers et al. [37] indicates the pulsed field technique is capable of measuring

the full polarization of implanted nuclei. The main difference between the present
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measurement and the work of Anthony et al. is that a Pt catcher foil was used for

their measurement of 12B polarization while 3 NaCl foil was used for our measurement

of 32Cl. Perhaps the difference between the host material and the implanted nuclei

resulted in polarization loss upon implantation. Recall Ref. [34] in which it was shown

that polarization is preserved for nuclei implanted into a crystal host containing the

same type of positive ions. Alternatively, unknown quadrupolar interactions in the

host crystal could have maintained the polarization when the field was pulsed off. This

would raise the ‘background’ asymmetry and reduce the magnitude of any measured

polarization.

Overall, the agreement between the current measured asymmetry and the previ-

ous asymmetry for 32C1 is evidence that both the A1900 and the fl-NMR apparatus

function properly and can be used to readily detect polarization of 37K fragments

produced by proton pickup.

4.2 37K

4.2.1 Particle Identification

Shown in Figure 4.8 is a AE—TOF plot at a beam angle of 0° at central momentum

(0%) with a momentum acceptance of :1:0.5% with no aperture. The spectrum shows

a relatively pure beam of 37K with 36Ar and 35Ar as contaminants. The 3°Ar does not

pose a problem because it is fl-stable. The 35Ar is problematic as its half-life (1.78 s)

and Q-value (6.0 MeV) are similar to 37K (Figure 4.9). Fortunately, this contaminant

is a low enough percentage of the total beam that any contribution will be minimal

(see Table 4.1).

The goal was to study the momentum dependence of the 37K polarization at

several different fragment momentum values, p. Data were collected at -0.5%, 0%,

0.5% and 1% from the central momentum, where p0 is now defined as the peak
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Figure 4.8: Delta E-TOF plot for 37K produced at a beam angle of 0° and at 0%

momentum.

in production for 37K. A specific central value is required due to the large shift in

fragment momentum away from the projectile momentum in the pickup process. The

full momentum acceptance of the A1900 was set to i0.5% using slits at image 2.

Changing momentum values requires changing the Bp vales for the A1900, which

could conceivably change the composition of the secondary beam. Table 4.1 lists the

beam components with percentages as identified at the A1900 focal plane for each

momentum setting. In every case the 35Ar contamination is below 10%.

Table 4.1: Beam contaminants at the various momentum settings for 37K.

 

Beam Components (%)
 

 

  

Momentum (%) 37K 36Ar 35Ar

-0.5 99.0 0.5 0.5

0.0 98.0 1.6 0.4

0.5 94.0 5.0 1.0

1.0 73.0 19.0 8.0   
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Figure 4.9: Decay schemes for 37K and 35Ar [39]. Asymmetry parameters (A5) from

[41] assuming pure GT transitions are listed in the figure.

The momentum distribution for the 37K fragments, measured by reconstructing

the position of the fragments at the image 2 position in the A1900, is shown Figure

4.10. The individual momentum values for each of the A1900 Bp settings and for

the primary beam are listed in Table 4.2. The ratio of the measured centroid of the

momentum distribution of 37K fragments relative to the beam momentum for the 37K

fragments is 0.975, in good agreement with the ratio Souliotis et al. [23] obtained from

their measurement of neutron pickup products. An exponential fit excluding the lower

50% of the data on the low momentum side produces a a" of approximately 90 MeV/c,

which is slightly greater than the value obtained in [23]. Given the mass dependence

of a“ as defined in [23], this is to be expected with the larger mass projectile used in

this case.

The beta spectra for the thick and thin detectors for magnetic field on (solid black

line) and for field off (dashed blue line) are shown in Figure 4.11. The beta spectra

show the expected shape, but a magnetic field dependent asymmetry is evident in

B4, where the field-on spectrum has more counts at higher energy than the field-off

66



 

 

   

600 - g ,

500 - *3 g 3

a 400- 4* .
E

8 300 - gig 3, 3 -

200 - i; , .

100 - f i i l -

O 44* 1 1~ ‘1

-3 -2 -1 0 1 2 3

Relative Fragment Momentum (%)
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spectrum. The beta spectrum for B4 in coincidence with B3 is shown in Figure 4.12.

The asymmetry observed for B4 is not due to the behavior of fast electrons, which

will trigger both B3 and B4, because the field on/off asymmetry is not evident when

the thin detector is included in coincidence. More than 98% of the beta decays of 37K

go to the ground state of 37Ar, which in turn decays to the ground state of B-stable

37C] 100% of the time (see Figure 4.9). The half-er of 3"Ar is 34 days, so background

activity from the daughter decay should not affect the measurement. There are no

gamma rays produced in the beta decay of these nuclei, so the asymmetry observed

in B4 cannot be from decay gamma rays.

The source of the asymmetry in B4 remains somewhat of a mystery. However,

Table 4.2: Fragment momentum values for each fragment momentum point and for

the incident beam.

 

 

Momentum (%) Bpl (Tm) Momentum (MeV/c) Momentum (A-MeV/c)

-0.5 3.14208 17897 483.7

0.0 3.15787 17987 486.1

0.5 3.17366 18077 488.6

1.0 3.18945 18169 491.0

beam 3.32800 17959 498.9      

67



 

104 I I I I r I I I

— Field On — Field On

----- Field Ofl‘ '= -- - -- Field Off

    

 

  

  

H O 8
I

  
  

 

 
 

 

  
Field On

-~ -- Field Off

Field On

- Field Off

p
.
—

O O O

Y    

        
0 500 1000 1500 000 2500 500 1000 1500 2000 2500

Channels , Channels

Figure 4.11: 37K beta decay spectra for all 4 detectors (B1 top left, B4 top right, B2

bottom left, BB bottom right). The field on spectra are solid black lines and the field

off spectra are dashed blue lines. Data collected at a 0° beam angle.
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Figure 4.12: 37K beta decay spectra for B4 coincident with B3. The field on spectrum

is the solid black line and the field off spectrum is the dashed blue line. (OL = 0°.)
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Figure 4.13: 37K decay curve for B1 with red exponential fit.

since the coincidence data does not show such a pronounced effect, the asymmetry

can be removed by simply using the coincident ratios. Furthermore, the data taken

at +2° for a given momentum point have an accompanying 0° measurement as a

normalization. Therefore, this asymmetry will be eliminated upon calculation of the

double ratio, R.

4.2.2 Decay Curve

As in the 3201 case, prior to the polarization measurement, a half-life was measured

to confirm the identity of the implanted fragments. The decay curve obtained for 37K

and the accompanying exponential fit are shown in Figure 4.13. The deduced half-er

of 125(2) 5 agrees with the literature value of 1.226(7) s [43].

4.2.3 Polarization

For the polarization of 37K, the coincident ratios were used for the reasons discussed

above. As a check of the data, Figure 4.14 shows the asymmetry ratios for each

individual run. Any sudden deviations or unexpected changes in the values for a set

of conditions (beam angle and momentum) could signify anomalous behavior that
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Figure 4.14: 37K asymmetry ratios as a function of run number. Labels in figure

correspond to beam angle (in degrees) and fragment momentum (as a percentage

shift from central momentum).

deserves scrutiny. Clearly, the data are stable from run to run.

The asymmetry ratios for the four momentum points as a fimction of threshold

energy for B1 and B4 are shown in Figure 4.15. A higher energy threshold has a better

chance of removing any impurities that may be present. The polarization deduced

using Equation 3.5 with an asymmetry parameter A5=0.485:l:0.032 (as calculated in

Appendix C) is shown in Figure 4.16. The asymmetry ratios used in this calculation

were taken from the highest energy threshold shown in Figure 4.15. The polarization is

plotted as a function of the relative fragment momentum, where p0 is the momentum

at the peak of the yield curve and p is the fragment momentum.

An alternative method of data analysis involved creating a plot of the thin detector

versus the thick detector for both the up and down detectors. The thin detector should

have a uniform response independent of beta energy, i.e. all betas will deposit the same

amount of energy as they pass through the detector. The thick detector will have an

energy dependent response since many of the betas will come to rest in this detector.

The detector thickness of 2.0 cm is sufficient to stop 4 MeV fl-particles. The average

,B-energy is expected to be about 1/3 of the Q—value, around 2 MeV for 37K. Shown
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Figure 4.15: 37K asymmetry ratios as a function of thick detector energy threshold.
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Figure 4.17: 37K decay spectrum where B2 is plotted on the y-axis and B1 is plotted

on the x—axis.

in Figure 4.17 is B2 plotted against Bl for the field on condition. The bright yellow

areas show the uniform response on the y— (or B2—)axis and the energy dependent

response on the x— (or B1-)a.xis. Setting thresholds that only accept events that fall

within this area is a method to remove spurious events, and optimize the apparatus

response by selecting only ’ideal’ events.

Shown in Figure 4.18 is the polarization deduced using this 2-D technique, and

the data are also tabulated in Table 4.3. These points have the same behavior as

a function of momentum as do the values calculated using the traditional threshold

method, except the deduced magnitude of the polarization extracted from the 2-

D analysis is slightly lower. This is expected since the threshold on B1 and B4 is

low, around 300 channels, and the lower energy threshold data have slightly lower
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Figure 4.18: 37K polarization as a function of relative fragment momentum calculated

using the 2-D method of data analysis with an asymmetry parameter of 0.485. p0 is

the fragment momentum at the peak of the yield curve and p is the outgoing fragment

momentum (momentum width = :tO.5%).

Table 4.3: 37K polarization values for each momentum setting as deduced using the

2-D method.

 

 

Momentum (%) Polarization (%)

-0.5 0.19(01)

0.0 2.78(20)

0.5 8.48(56)

1.0 6.26(41)    
 

asymmetry ratios, as evident in Figure 4.15. Since there are no features in the beta

spectra that justify using the threshold of 1200 channels in the threshold analysis,

the adopted polarization values will be taken from the 2-D analysis method.

4.3 Interpretation

The intent of the 32C] measurement was to test the A1900 and the fl-NMR apparatus,

and judging from Figure 4.7, that test was successful. Since the measured asymmetry

ratios agree with the previous values [37], the aperture plate successfully limited the

larger angular acceptance of the A1900. The interpretation, then, is that any attempt
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to measure the polarization for 3"K will be possible. Either polarization that is present

will be detected and characterized, or no polarization will be produced and therefore

none will be measured.

The measured momentum distribution for 37K is in good agreement with the

pickup reaction studied by Souliotis et al.. Furthermore, the observation of polar-

ization for 37K produced by proton pickup from the target changing with fragment

momentum is significant. Not only was polarization produced in a proton pickup re-

action observed for the first time, but it was also produced with sizeable magnitude

- up to 8% near the peak of the momentum distribution (see Figure 4.18). Such a

large polarization was achieved even with the large angular acceptance (21:2.5°) of the

A1900. The original motivation for the measurement was the observation that large

momentum transfers between the fragment and the removed nucleons in fragmenta-

tion reactions results in large polarization produced in those reactions. Since nucleon

pickup reactions have large momentum transfers, they are expected to show large

polarization if the classical momentum conservation used to model fragmentation can

also be applied to pickup reactions.

The work of Souliotis et al. [23] to describe the centroids of momentum distri-

butions for pickup products lead to the conclusion that the picked up nucleons have

an average momentum equal to the Fermi momentum oriented parallel to the beam

direction. By conservation, the momentum of the fragment will be given by

(pr) = (ppr) + (pt) (4-1)

where (pf) is the average fragment momentum, (ppf) is the average momentum of the

projectile part of the fragment and (pt) is the average momentum of the picked up

nucleon. As is shown in Table 4.2, the total momentum of the fragment is larger than

the momentum of the incident projectile. Therefore, (pt) will be positive and (ppf)
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Figure 4.19: Schematic representation of the polarization produced in a pickup reac-

tion. R is the position of the picked up nucleon, P, is the linear momentum of the

picked up nucleon, Pp; is the momentum of the projectile part of the fragment and

L is the angular momentum of the fragment. The inset represents the fragment rest

frame.

will be negative in the fragment rest frame, as shown in the inset of Figure 4.19. Thus,

in the lab frame, the picked up nucleon will induce a positive fragment polarization

through the cross product of its momentum, Pt, and position, R, as depicted in

Figure 4.19. Furthermore, as the momentum of the fragment increases, Pt will increase

(because (ppf) remains fixed) and result in larger polarization. This is indeed the

case: Figure 4.18 depicts positive polarization that increases with increasing fragment

polarization. This verifies the original assumption of Souliotis et al. that the Fermi

momentum of the picked-up particle must lie parallel to the beam axis [23]. A far-side

reaction is depicted in Figure 4.19 because the 9Be(36Ar,37K)p reaction is dominated

by the strong nuclear interaction. The sign of the polarization is predicted to be

reversed for near-side reactions.
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It is significant that the polarization is positive at the peak of the momentum

distribution for the pickup case studied above. Fragmentation reactions, in general,

produce negative polarization at the peak of the momentum yield curve. Yet, as a

model based on the conservation of linear momentum, the KMA can describe the

behavior of the polarization as a function of fragment momentum in both nucleon

pickup and fragmentation reactions.
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Chapter 5

Conclusions & Outlook

A statistical Monte Carlo code (the ELPC) has been developed and shown to quanti-

tatively predict the polarization produced in intermediate-energy heavy-ion fragmen-

tation reactions. The ELPC is based on a purely classical momentum conservation

model (the KMA). The ELPC can be used as an optimization tool to predict po-

larization under different reaction conditions. Changing the beam angle, beam angle

acceptance, fragment momentum etc. effects the polarization in different ways and

understanding these processes is vital to producing maximally polarized secondary

fragments.

However, there are several limitations in the applicability of the ELPC. Since nu-

clear structure is not included in any capacity, even-even nuclei with spin zero ground

states are not properly treated by the ELPC. Nuclei with s1/2 ground states are also

treated incorrectly. Since these nuclei have zero angular momentum in their ground

state, the statistical model should not be able to produce polarization through the

angular momentum conservation of the KMA. Along similar lines, neglecting intrinsic

nucleon spin and treating protons and neutrons identically can also influence the po-

larization calculations using the ELPC. Including such nuclear structure information

would provide for the proper treatment of polarization production in the ELPC.
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A further limitation lies in the range of applicability of the ELPC. Since most

of the comparison with data involves light fragments, the applicability of the ELPC

to heavier fragments remains to be fully explored. Although the code does not have

assumptions that specifically limit it to the lighter mass fragments, the predictive

power of the code has not been tested in a higher mass regime.

Within the ELPC, the process of nucleon evaporation has been shown to decrease

the calculated polarization magnitude and change the behavior of the polarization

as a function of fragment momentum for the test reaction of 93Nb(180,12B)X. How-

ever, this is only one test case. More examples would help validate the importance

of evaporation. Yet, even with just the one test case, the process of nucleon evapo-

ration as it is implemented in the ELPC does not fully account for the discrepancy

between calculated and experimental polarization magnitudes. Currently, the evapo-

ration step is approximate, treated in an average way and ignores the type of particle

that is evaporated from the fragment. Indeed, the whole process of evaporation in

the ELPC only reduces the angular momentum of the fragment by a fraction of an h.

This fragment angular momentum value is probably too low, and changes should be

made to increase it nearer to 1h. These changes would most likely deal with how the

evaporated particle leaves the fragment and the conservation of linear and angular

momentum for the evaporation event. Furthermore, given that the binding energy of

lighter mass fragments is low (in the 5 MeV range), the 20 MeV evaporation thresh-

old in the ELPC is too large. After the evaporation step, a 12B fragment, which has

a neutron separation energy of 3.4 MeV, could have an excitation energy up to 20

MeV. Clearly, evaporation as implemented in the ELPC needs improvement. Perhaps

a statistical evaporation code like CASCADE [21] which correctly models evapora-

tion in fusion evaporation reactions could be modified and used as the basis for the

evaporation step in the ELPC. A more detailed incorporation of evaporation into the

ELPC could improve the ELPC’s ability to predict polarization produced in reactions
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where many nucleons are removed.

Changing the way evaporation is handled in the ELPC will also have consequences

for the 7—ray de-orientation process. The implementation of '7-ray de-orientation will

not change, only the input parameters for the cascade will change with changes in

evaporation. Specifically, a reduction in the evaporation threshold will reduce the

amount of excitation energy left over after the evaporation step, and changing the

way the evaporation process affects the polarization will potentially change the final

spin of the fragment. Since 'y-ray de—orientation depends on both the amount of

excitation energy and the spin of the fragment, altering these things will change

the de-orientation. Lower excitation energy and fragment spin will result in fewer

emitted 7-rays. Fewer emitted 'y-rays will, in general for a given spin, lead to less de-

orientation. The current state of the ELPC probably makes up for the underestimation

of the effects of evaporation with an overestimation of the 'y-ray de-orientation. The

high excitation energy left in the fragment after evaporation leads to a longer 'y-ray

relaxation cascade which increases the resulting de—orientation. Thus, improving the

incorporation of evaporation into the ELPC could also have a positive influence on

7—ray de-orientation in the ELPC.

The ELPC could also be modified to have a more realistic deflection angle distri-

bution. This would give the pr0per quantitative behavior of the number of counts with

increasing beam angle and also slightly modify the polarization behavior by affecting

which fragments get accepted into the detector window.

Errors in the polarization calculations using the ELPC will manifest inherently in

the simple assumptions used for the polarization calculations (i.e. in using a statisti-

cal model). Treating the removed nucleons as a group, although effective in a gross

or average way, could no doubt be improved upon by treating each nucleon individ-

ually. But this would require a different model and a different set of assumptions,

which themselves will have error. Perhaps this is a viable alternative to using the
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KMA for predicting spin polarization resulting from intermediate-energy heavy-ion

fragmentation reactions.

The ELPC was originally designed to calculate polarization produced in fragmen-

tation reactions. The ability to calculate m-state distributions and thus alignment

would be useful and relatively straightforward to add to the code. Since the angular

momentum components for all three axes are already calculated, the m-state popu-

lation can be calculated relative to the y-axis (beam axis) using the relation

.
_
4

y (5.1)cosfiz-f

where ly is the y component of angular momentum and L is the total angular mo-

mentum. The m-state distribution can be estimated using

cos0 = __m__ (5.2)

I(I + 1)

where m is the magnetic quantum number and I is the spin of the fragment. From the

m-state distribution the alignment can be calculated. The integration of this align-

ment supplement into the existing code is underway and will be reported elsewhere.

The ELPC also has the potential to calculate isomer production yields. Isomers

produced in fragmentation reactions have been studied by Daugas et al. [44], and

the TPC was applied to understand their results. The ELPC, which has quantitative

predictive power, could readily be applied to understand isomer fractions produced

in heavy-ion fragmentation reactions.

In the experimental portion of this work, we have for the first time measured

the polarization produced via the proton pickup production mechanism. We have

extended the classical conservation model used to characterize polarization produced

in fragmentation reactions to explain the observed polarization for pickup reactions.

This work supports the conclusions drawn by Souliotis et al. that nucleon pickup
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reactions can be understood on the basis of momentum conservation. Specifically,

that the nucleon(s) that get picked up carry an average momentum equal to the

Fermi momentum oriented along the beam direction.

The observation of polarization produced in pickup reactions has shed light on

the pickup reaction mechanism. Further measurements using different targets could

increase this understanding by examining the effects of near- and far-side reactions.

It could also give more insight into the momentum conservation model developed

by Souliotis et al.. Furthermore, measurements of the polarization of different mass

fragments could increase the understanding of depolarization processes. For example,

35K produced from 36Ar requires 1 proton pickup and 2 neutron evaporation. Studying

the polarization of 35K would provide a direct measure of the efl'ects of evaporation on

spin polarization. This new method provides an avenue to produce polarized nuclei

of very neutron-deficient nuclei that other production techniques (e.g. fragmentation)

can not efficiently reach.
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Appendix A

Mean Deflection Angle Calculation

The mean deflection angle is the average scattering angle through which a projectile is

deflected as a result of an interaction with a stationary target. For a single interaction,

the deflection angle 0 (see Figure A.1) is given by

9:7r—2d) (A.1)

with

 (A.2) 

(0 = /°° bdr

where b is the impact parameter, r is the distance between the centers of the two

objects, U(r) is the potential governing the interaction of the two objects, rmin is the

separation between the centers of the two point-like objects at the distance of closest

approach and the energy, E, is given by

(A3)E = —mvoo

where v00 is the velocity of the projectile at r = 00 [45]. The projectile is assumed

to move away from the target after the scattering event with momentum equal to

the incident momentum, thus E(voo) = E(v;nc,dem). This formula is general for any
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Figure A.1: Variable definitions for mean deflection angle calculation.

spherically symmetric potential.

The potential U(r) is defined by

U(T‘) : UCoulomb(r) + Unuclear(r)- (AA)

The Coulomb part of the potential is repulsive and is equal to

1.438qQ

r (A.5)UCoulomb (7‘) =

where q and Q are the charges on the projectile and target respectively, and r is the

separation in fm. The nuclear part of the potential is based on the real part of the

optical model [46], and is attractive:

-Vo
Unuclear(7') =m- (A.6)

Here V0 is the depth of the optical model potential, R = 1.2 (\3/A1 + \/3 A2) where A1

and A2 are the masses of the projectile and target respectively, and a is a measure of

the diffuseness of the nuclear surface. V0 and a are parameters fit to experimental data

with values usually in the range a z 0.5 and V0 z 50 MeV. There are very limited
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nucleus-nucleus scattering data, and an exact determination or parameterization of V0

is difficult for any given projectile—target combination. Typically this is not a problem

because in head-on collisions, the nuclear potential does not have a large influence.

However, the treatment of peripheral collisions depends on the optical potential. In

the minimum, a determination of V0 for each reaction is needed. A parameterization

of V0 based on energy and/or number of nucleons removed would suflice. Such a

parameterization does not presently exist; therefore a value of 50 MeV has been used

for V0 in all calculations except where prior knowledge of a mean deflection angle is

present.

The angle ()5 is calculated via numerical integration using Equation A.2 with an

upper limit for r of 1x109 and a step size of 0.00001. The input parameters are the

charge and mass of the projectile and target, the energy of the projectile and the

distance of closest approach, rmin. The mean deflection angle is then calculated from

45 using Equation A.1.

This distance of closest approach (one of the aforementioned input parameters) is

calculated using one of two equations from Gosset et al. [14]:

ll

 

OI‘

 

V

§f=§(1_u)l/2(155-)2—§(£)(1‘fl)3 (A.8)

where

_ 3(1 — 01/2 _ [1— (1 — pas/2M1- (1 _ mm
—— —— . A96 # #3 ( )
 

Equation A.7 corresponds to a target with radius R2 and mass A2 gouging a cylindrical

channel with radius greater than R1 into a projectile with radius R1 and mass A1 (see

Figure A.2). Equation A.8 corresponds to a target with radius R2 and mass A2 gouging

a cylindrical channel with radius smaller than R1 into a projectile with radius R1 and
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Figure A.2: Variable definitions for Equations A.7 and A.8.

mass A1. In the equations, N1 is the number of nucleons removed from the projectile,

A1 is the mass of the projectile, and u, 5 and p are normalized parameters given by

 

R1
= A.

V R1 1" R2 ( 10)

_ R1 '1' R2 .

and

R2
= — A.12# R1 ( )

where R1 is the radius of the projectile, R2 is the radius of the target and rmin is the

point of closest approach as shown in Figure A.2. To determine rmin, the appropriate

equation (either A.7 or A.8) is solved for B using a known number of removed nucleons

N1. Equation All is then solved for rum”.

The impact parameter used in Equation A.2 is determined from knowledge of rmin.

According to [45], rm,In could be determined from a zero of the radicand of Equation

A.2,

 

b2 U(rmin)
— _ _ —— A.

but this requires the impact parameter, b, which is not known. Since Gosset’s equa-

tions allow the determination of rmin, Equation A.13 can instead be used to calculate

b using the known values of rmin, U(rmm) and E.
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Appendix B

Tangential Vector Calculation

A point randomly selected on the surface of a sphere with angular momentum oriented

along an arbitrary axis in space will have a momentum tangent to the surface. The

components of this tangent vector in a fixed axis frame can be calculated using the I

vectors defined in Figure B.1. The vector L is the angular momentum of the fragment

after abrasion; its components Lx, L1' and L, are known. The vector R is the random

position of the nucleon to be evaporated; its components R“, R7 and R, are known

through knowledge of the random angles 0 and <15 and the radius of the fragment R.

The radius of the circular trajectory of the nucleon before evaporation is determined

by the angle '7. PX, Py and P2 are the components of the tangent vector T and are

to be calculated.

The angle '7 can be calculated with knowledge of the directional cosines of the

vectors R and L and is given by

’7 = cos‘1 (LxRa + Lilli, + LZR") (B-D

where L and R are the magnitudes of L and R respectively. Using '7, the magnitude

of T can be calculated recalling that L = 102 and I is the moment of inertia. Assuming

a spherical shape, I = 5/2mR2 where m is the mass of the fragment and R is the
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Figure B.1: Schematic representation of tangent vector T at position R relative to

an angular momentum L.

radius:

T = Rw sin '7. (B2)

If the magnitude of T is known, then

2 2 2 _ . 2
Px + Py + Pz — (me sm 7) (B3)

where m is the mass of the nucleon to be evaporated in units of nucleons.

Since T is the tangent vector to the sphere, it will be perpendicular to L. Further-

more, it is apparent from Figure B.1 that R will also be perpendicular to T. Thus,

the scaler product of T with both R and L will be zero,

PxRx + PyRy + PzR¢ = 0 (BA)

PxLx + PyLy + PZLz = 0 (BS)

where the Pi, R; and L,, i = x, y, or z are the components of P, R and L respectively.
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Solving for Px in Equation B.5 gives

P,( = ‘PYLYI: P’L”. (B.6) 

Substituting Equation B.6 into B.4 yields

_ R'xPsz — R'ZPZLX
 Py —— Rny _ RxLy (B.7)

Using B.6 and B7 in B3 and solving for P2 gives

2 2 - 2
2 = R 0) sm '7 (B8)
 

 

z (RaLxLl-RxLyL. _ 1.1)2 _1_ (R,L.—3,L,)2 + 1'

RyLfi—RxLxLy L, Rny—RxLy

All of the quantities in Equation B8 are known. Once P, is calculated, it can be ‘

substituted in to Equation 3.7; P2 and P3, can then be used in Equation B.6 to

calculate PX.
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Appendix C

37K Asymmetry Parameter

Calculation

Calculating the polarization from asymmetry ratios requires knowledge of the asym-

metry parameter, A1. The asymmetry parameter for fii-decay is calculated using

2 F 1111i + F 0111i
A1(fii)=§%$ 1( ‘1)”; ‘( f ) (0.1) 

where p is the electron momentum, E is the total relativistic energy, F1(LL’IfI.-) is

the generalized F-coeflicient for a transition between states If and I,- with mixed

multipolarities L and L’ and

_ CV < F >

y ‘ cA < GT >

 (02)

where CA(CV) is the axial(vector) coupling constant, and <F>(<GT>) represents

the Fermi(Gamow-Teller) matrix element. Equation Cl and tabulated F—coefl‘icients

can be found in [32].

Ordinarily, the Fermi matrix element is small and the Fermi contribution to the

asymmetry parameter can be ignored. However, since 37K decays into its mirror part-

ner 37Ar (with 99.85% branching to the ground state [47]), the Fermi contribution is

89



 

m
I

.
e

f
.
.
—

s...-

"3' "'2 "1' 1‘” us. t

 

[



significant and must be included. Ironically, the mirror decay which requires knowl-

edge of the Gamow-Teller and Fermi contributions also makes calculating the matrix

elements and coupling constants straightforward, only requiring the ft1/2 value [48]:

2

ft1/2 = (6139 :l: 7) [< F > + < CT > (%) ]_l ((3.3)

V

where the constant 6139i7 comes from [49].

Because this case is mirror decay [48], the Gamow-Teller matrix element can be

taken as

< GT >= ,—J— = 0.60 (0.4)
j + 1

for j = l -— 1 /2 using j = 3/2, the ground state of 37K, and l = 2 for the d3/2 proton

that decays. The Fermi matrix element is 1.

Using log ft = 3.66(01) for 37K [47] in Equation C.3,

 

93- = 0.7564 :t 0.0268 (C.5)

Cv

which gives

CV < F >

= = 2.2 34 :1: . 81 C6

y CA < CT > 0 O 07 ( )

for an asymmetry parameter of

A1(fl) = 0.485 :1: 0.032 (C.7)

for the decay of the 37K into 3"Ar.
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