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ABSTRACT
SPECTROSCOPY OF EXOTIC NUCLEI WITH THE S800 SPECTROGRAPH

By

Joseph Arthur Caggiano

The high resolution, broad range S800 magnetic spectrograph was built at the
National Superconducting Cyclotron Laboratory (NSCL) and commissioned in September
1996. The purpose for building the S800 was to allow the study of exotic nuclei. As part
of this thesis, the magnetic fields of the spectrograph dipoles were measured and used to
compute transfer maps to allow the high resolution of the spectrograph to be achieved and
to confirm that the spectrograph met design criteria.

Binary multinucleon transfer reactions were used to spectroscopically study the

exotic nuclei '°Li, 23Al, and 2’P. The °Be(’Be,®B)!’Li reaction populated a p-wave state

at a neutron separation energy of -500(60) keV in the 10Li nucleus. Evidence for a lower

lying state was insufficient to draw conclusions about the state.

The masses and first excited states of the astrophysically significant nuclei 23Al
and 2’P were measured. The 24Mg("Li,gHe)23A1 reaction was used to measure the mass
excess of the 22Al ground state, M.E.=-6773(28)keV, and its first excited state location,
E,=550(20)keV, both in agreement with past measurements. The 28Si(”Li,gHe)NP

reaction was used to measure the mass excess of the 2’P ground state, M.E.=-670(41)keV,

and its first excited state location, E,=1.199(19)keV, which is the first experimental report
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of this state. The significance of these measurements to the astrophysical rp process will

be discussed.
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Chapter 1

Introduction

1.1 Mass measurement of exotic nuclei

As the interest in nuclei farther from stability increases, new and better experimen-
tal techniques are being developed to study them. The mass of a nucleus and its energy
levels are two of its most fundamental properties. Measurement of atomic masses and the
lowest energy states provide invaluable nuclear structure information. As in any measure-
ment, high precision is an important and challenging aspect of the measurement.

The importance of mass measurements can be illustrated through a few examples.
The understanding of stellar processes, which are powered by nuclear reactions, requires
knowledge of the network of nuclear reactions and their rates, and they in turn depend on
each reaction Q-value and, hence, the nuclear masses. Nucleosynthesis and elemental
abundance are largely governed by nuclear binding energies and are often very sensitive to
small mass or excited state uncertainties. High precision mass and energy level measure-
ments are therefore required to constrain the complex models used to understand many
topics ranging from stellar evolution to nucleosynthesis and elemental abundances.

The nuclear shell model uses experimentally determined masses and energy levels
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as two of its most important pieces of data, so precisely known masses and energy levels
are extremely useful. For example, the relatively small masses of nuclei such as “He, 190
and “°Ca illustrate shell closure effects and suggest that a shell model description of the
nucleus is appropriate.

There are many ways to measure a nuclear mass and low-lying energy states.
Direct mass measurements, in which the nucleus of interest is detected following separa-
tion based on its mass-to-charge ratio, has been used in many cases to determine ground
state masses. High precision is possible if other well-known masses are detected simulta-

neously. Often the separator is a magnetic system and the equation 1%) = y'—'—' =B

qg o
relates the mass to the magnetic field, the ion’s speed and its cyclotron frequency. In prin-
ciple it is possible to measure all of these quantities absolutely and with high precision.
Direct measurements are limited to nuclei that live long enough to be transmitted through
the experimental apparatus, typically T;, 2 1 ps. This is a distinct disadvantage when
studying nuclei far from stability where half-lives can be 10" - 102! seconds.

There are many direct mass measurement techniques, some of which rely on mea-
suring a resonant frequency for circulation in a field or a flight time. Atom traps are exam-
ples of mass measurement through frequency measurement. Atoms stored in an
electromagnetic trap reside in a potential minimum characterized by the fields and the
ion’s mass to charge ratio. Measuring their characteristic circulation frequency provides a
mass measurement. Penning trap mass measurements rely on this technique and have
been used to measure masses at a precision of 107 [Mi97]. However, high resolution Pen-

ning trap mass measurements are limited to ions with half-lives tens of seconds or greater.

The ESR at GSI also uses frequency measurement to deduce mass [Mi97]. Frag-
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mentation is used to produce secondary beams which are transported to a storage ring
where they are cooled and circulate for a few to a few hundred turns. A small metal probe
1s used to detect the ions as they pass, and the time spectrum is Fourier transformed into
the frequency domain. The frequency spectrum translates direétly into charge to mass
ratio. Circulating ions with known masses with the ions of unknown mass provides a
good calibration. Typical mass precisions of dm/m~10"-10"7 are possible depending on
the number of turns and other factors. Because of the cooling time, this technique is lim-
ited to relatively long-lived isotopes.

Time of flight techniques have been extended to exotic nuclei through the ability to
produce and separate isotopes simultaneously with isotopes of known mass. These tech-
niques have been used at such facilities as TOFI at Los Alamos and SPEG at
GANIL[Mi97]. The nuclei are produced in a nuclear reaction and continue forward into a
beamline. The magnetic rigidity (Bp) and flight time over a known distance (i.e., the
velocity) are measured and the radio provides a measure of the mass-to-charge ratio. Typ-
ical time measurement resolution of 200 ps and typical flight times of 600 ns translates
into 3x10™ mass resolution if the magnetic rigidity of the ion can be measured to ~1x1074.
Advantages to this technique are that other nuclei with known masses can be detected
simultaneously with the unknown masses which provides a good calibration, and the half-
lives of the isotopes only have to be of the order or microseconds or longer.

Nuclear mass and excited state measurements are also possible through Q-value
measurements. The Q-value of a nuclear decay or reaction can be used to determine the
mass of one of the participants provided the masses of the others are known. For example,

in the case of alpha decay, the Q-value is Q = M,- M, - M, where Mp , Mp, and M,
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are the masses of the parent and daughter atoms and the mass of the “He atom. If the mass
of the daughter nucleus is known and the energy of the emitted alpha particle (Q-value) is
measured, the parent mass can be inferred.

1.2 Mass measurement using binary transfer reactions

A method that has been in use for several decades now is the binary, single- or
multinucleon transfer reaction. The method involves striking a target with a beam of
nuclei and through nucleon transfer, populating states in the unknown nucleus. The Q-
value of the reaction A(X,Y)B is given by Q=m(A)+m(X)-m(B)-m(Y), where m(A) is the
mass of atom A. Knowing the mass of any three and measuring the Q-value gives the
mass of the fourth nucleus. The mass of either the residual (B) or the ejectile (Y) can be
determined by measuring the momentum of the ejectile.

The advantage to this method is that nuclei with well known masses can be used as
participants, thus reducing the measured error. Typical mass errors can be 1-50 keV lead-
ing to a mass precision of dm/ms1.0x10%. The method can be used to measure the
masses of nuclei with lifetimes much less than a microsecond and is not limited to bound
nuclei; unbound resonances can be measured with this technique because the mass of the
residual nucleus can be measured by measuring the ejectile’s energy (see Chapters 4 and
5). Examples of reactions that have been used successfully in the past for reaching proton
rich nuclei are the (p,d), (p,t) [Mi97], (Li,®He) [Wi88], and (*He,’Li) [Be77] reactions
while the (t,p) [Da85], (t,>He) [St69], (*3C,'?N) [B097], and (’Li,®B) [Y094] reactions
have been used for reaching neutron rich nuclei.

In principle there is no limit to the number of transferred nucleons or the Q-value.

However, the cross sections become prohibitively small much beyond 3-nucleon transfer



FF’.._"
P LSO

or Q-values m
wing the “ca
st [K099] and
of the S800.
special targety
sibie to manu
Alten
precision of
um. The 1y
Surements iy
Suppressior

ke\" are pc



or Q-values much less than -40 MeV. For example, a recent 36Ca mass measurement
using the 40Ca(“He,gHe)“’Ca reaction (Q-value=-57.6 MeV) has a cross section of ~1 nb/
sr [Ko99] and was only possible through the large solid angle and high energy resolution
of the S800. Another disadvantage is that accessing nuclei farther from stability requires
special targets of rare or radioactive isotopes which may be difficult or practically impos-
sible to manufacture.

Attempting to measure the mass of a residual nucleus with a transfer reaction to a
precision of <1x10°® crucially depends on precise measurement of the ejectile’s momen-
tum. The magnetic spectrograph is a particularly attractive option for doing mass mea-
surements in the case of low cross section reactions because they provide high background
suppression, large acceptance, and high energy resolution. Energy resolutions of 1-50
keV are possible leading to mass precision of ~107. The S800 spectrograph is a new
experimental device which meets all these criteria. Its combination of high resolution,
large solid angle and momentum acceptance, and good background suppression makes the
S800 an excellent device for transfer reaction mass measurements.

1.3 Outline

Magnetic spectrographs can be thought of as nuclear microscopes: they look in a
very detailed way at the microscopic properties of a nucleus, such as masses, energy lev-
els, and angular momentum. Chapter 2 describes the motivation and the key features of
the new magnetic spectrograph, the S800, built at Michigan State University.

Chapter 3 describes a task necessary for obtaining the high resolution required in
the spectrograph: magnetic field measurement. The spectrograph consists of large mag-

netic quadrupoles and dipoles, and the goal was to measure precisely and accurately the
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magnetic field profiles of each element in the spectrograph. The general techniques, data
acquisition and data analysis will be outlined. The spectrograph dipoles will be discussed
in this thesis. Quadrupole mapping was described in Bo Zhang’s dissertation [Zh97].

Chapter 4 is the first of two chapters on mass measurements made with the spec-
trograph to study nuclei far from stability. Chapter 4 is devoted to the unbound nucleus,
100 i, which is important for applying three body models to the halo nucleus HLi. A
detailed background is given on the status of '°Li measurements. The desire to study this
nucleus with a spectrograph is described, and then the measurement techniques and exper-
imental methods necessary to perform a spectroscopic measurement of states in 107 i will
be outlined.

Chapter 5 describes spectroscopic measurements of two proton rich nuclei that
play significant roles in the astrophysical rp process. Background information is presented
explaining why the measurement is necessary, the experiment is described, and the results

presented and discussed. Finally, chapter 6 summarizes the dissertation.
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Chapter 2

The S800 Spectrograph

2.1 Magnetic spectrographs

Magnetic spectrographs have become an invaluable tool for precise measurements
in nuclear physics. They are generally used as the equivalent of a nuclear microscope to
study nuclear structure. For a thorough review of magnetic spectrographs, see [En79]. The
primary advantages of spectrographs as compared to other types of particle detector sys-
tems are background suppression and very precise momentum determination. Background
suppression is a virtue in modern heavy ion physics experiments because it facilitates low
cross section measurements in the presence of background that would otherwise hide the
interesting events. Spectrographs are good for coincidence experiments with charged
particle, neutron, or gamma ray detectors placed at the target. These characteristics are
particularly important as nuclear physicists strive to learn more about very proton- and
neutron-rich nuclei.

A magnetic spectrograph is an optical system for charged particles. It has an object
and a focal plane, and it contains elements which bend and focus ions like lenses and

prisms do for light. Magnetic spectrographs can be used to measure the momentum of an



e

jon using the foll
speed. v. passing {
lar path with rad:!

q'B. and thus By

mass and v 1s the 1
particles with 1den
magnet.
Spectrogra
spectrograph can |
ble to design the
the Spectrograph
nuclear physics ¢
products, which 1
12 Charactel
221 Beamlin(
The Sy
35:10.000, P A

&d so)i4 a

o

N 1;

4}

Figure 5

beamune (from

02 )5 Very, Slml]



ion using the following principle. A particle with charge, q, and mass, m, traveling at
speed, v, passing through a uniform magnetic field with strength, B, will travel in a circu-
lar path with radius p given by balancing the centripetal and magnetic forces, mvz/p=
qvB, and thus Bp=p/q, with p=mv. Relativistically, the mass is ym, where m is the rest
mass and y is the Lorentz transformation factor. Thus, for a given magnetic field setting,
particles with identical momentum to charge ratios are deflected the same amount by the
magnet.

Spectrographs can also measure the angles of emission of the particles. First, the
spectrograph can be set to cover a limited angular range, say 10+1°. However, it is possi-
ble to design the optics of the system the angles of each individual beam particle within
the spectrograph acceptance is measured (see section 2.3.2). Measurement of angles in
nuclear physics experiments can be used to determine angular distributions of reaction
products, which may be used to deduce the spin and parity of the state they are populating.
2.2 Characteristics of the S800
2.2.1 Beamline and magnets

The S800 was designed to have high energy and momentum resolution (E/
AE=10,000, p/Ap=20,000), good angular resolution (A©=2 mrad), and large momentum
and solid angle acceptance (£2=20 msr, Ap=6%).

Figure 2.1 shows a schematic figure of the S800. The S800 consists of an analysis
beamline (from the object to the target chamber), and a large spectrograph. The analysis
line is very similar to the A1200 fragment separator at MSU [Sh92], but with better reso-
lution and larger solid angle acceptance. Table 2.1 summarizes the features of the S800

spectrograph.
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The analysis line consists of four 22.5° dipoles, five quadrupole triplets, four sex-
tupoles, and one quadrupole doublet. The location labeled “object” in Figure 2.1 is the
object used in high resolution, primary beam experiments. The intermediate image has a
focus in x and y and a dispersion of 1.5 cm/%. There is also a focus in x and y at the target
position, but the dispersion is very high, ~12 cm/%. When making or transferring radioac-

tive beams in the analysis line, the production target is the object position.

DETECTOR

focal plane

U
%~‘/j‘
A

SEXTUPOLE

INTERMEDIATE

dispersive
image and
target

Figure 2.1: Schematic of the S800 spectrograph. The analysis line consists of those ele-
ments from the object position to the target chamber; the spectrograph itself is the portion
downstream from the target chamber.
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Table 2.1: Features of the S800 spectrograph.

Energy, momentum resolution

AE/E=10"*, Ap/p=5x10-

Energy, momentum range

11.6%, 5.8%

Solid angle 20 msr
Angular resolution <2 mrad
Horizontal dispersion (xI) 9.5 cm/%
Vertical dispersion (yl¢) 0.9 mm/mrad
Horizontal magnification (xIx) 0.74
Focal plane size 55 cm (hor.) x 15 cm (ver.)
Detector separation 1 meter
Focal plane tilt 28.5°
Maximum rigidity 4.0 T-m
Maximum dipole field 1.6 Tesla
Dipole bend radius 2.8 m
Dipole bend angle 75°
Horizontal detector resolution 0.3 mm
Vertical detector resolution 0.3 mm

Table 2.2: Parameters of the D1 and D2 magnets.

Weight 70 Tons each
Dipole gap I15cm
Maximum central field 1.6 Tesla
Dipole bend radius 28m
Dipole bend angle 75°
Dipole entrance angle D1=0°; D2 = 30°
Dipole exit angle D1=-30°; D2=0°
Effective length (nominal) 3.7m
Maximum current 450 A

Trim coil setting

43.75% of main current

(1% of main coil A-Turns)

Maximum trim coil current

250 A

11
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Table 2.3: Parameters of the Q1/Q2 quadrupole doublet.

Weight 5 Tons

Pole tip diameter Ql=24 cm, Q2=42 cm
Maximum field gradient Q1=19.7T/m, Q2=7.5T/m
Maximum current QI1=85A,Q2=100A
Length of pole tips Q1=30cm, Q2=30 cm
Effective length (nominal) 40 cm for both
Sextupole location Q2

Maximum sextupole current 9A

The beamline quadrupoles triplets are described in detail in Bo Zhang’s disserta-
tion [Zh97]. The triplets have a 6 inch bore for large acceptance. They are capable of max-
imum field gradients of 35 T/m and maximum currents of 100 Amps. The triplets weigh 5
tons each.

Table 2.2 summarizes the features of the superconducting spectrograph dipole
magnets. The dipoles each weigh 70 Tons and have 6”x36” gaps. The dipoles have maxi-
mum central fields of 1.6 Tesla and NMR probes are placed in a flat field region to mea-
sure the absolute field setting of the dipoles during operation. The bend radii are 2.8 m,
and bend angles are 75°. There are 30° edge angles on the dipole steel which defocus ions
in the x direction while focussing them in the y direction, i.e., they act as quadrupoles.
The dipole power supplies deliver up to 450 Amps to the coil and are stable to 1 part in
10°. Trim coils are present on the inner and outer radii of the dipoles to homogenize the
field near the edges of the magnet. In the event of cryogenic failure, a coil protection

switch takes the power supply out of the circuit and reroutes the current from the coils

12
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through a dissipating resistor. At maximum current, 1.1 MJ of stored energy is dumped
into this resistor with a decay constant of much less than a minute.

Table 2.3 summarizes the features of the spectrograph quadrupole doublet. Its
design is described extensively in [Zh97]. It is a superconducting magnet with a cryogenic
heat load of 2 Watts. There is no protection circuit on the quadrupoles as they can quench
with no damage to the coils. The doublet focuses in the y direction first, then the x direc-
tion to maximize the acceptance of the spectrograph. Hall probes are fixed to the pole tips
to measure the field gradient during operation.

There is a sextupole coil configuration around the bore tube of Q2. This is to cor-
rect the dominant (x|6%) spectrograph aberration in specific experiments such as studies of
low-lying excited states via inelastic scattering. This will reduce the curvature of the lines
to a known shape corresponding to the (x|¢?) aberration, and a beam blocker can be placed
in the focal plane to block the dominant elastic scattering.

2.2.2 Detectors

The standard S800 detector system consists of two position detectors, an ion cham-
ber for energy loss measurement, and three scintillators for total energy measurement.
This detector system and electronics will be described in detail in Chapter 4, and are pre-
sented in an annual report contribution by J. Yurkon and collaborators [Yu98]. The resolu-
tion requirements and their impact on spectrograph energy and angle resolution will be
discussed later in this chapter.

2.3 Optics of the S800
2.3.1 Notation

The ions are guided through the beamline by the magnetic elements. The optical

13
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coordinates of the ions are described in relation to a central, reference trajectory. This tra-
jectory passes through the center of the magnets and has the reference momentum, defined
by the py=qBpy for the dipole elements, where p, is the central bend radius for the
dipoles, B is the dipole field, and q is the ionic charge.

Figure 2.2 illustrates the coordinate system used. The coordinate z is defined as
the distance along the reference path at any point in the motion. The x coordinate is per-
pendicular to z at all points along the path, and defines the dispersive direction, i.e., the
dipoles bend the ions in the xz-plane (labeled horizontal by convention). Two angles are

defined in this coordinate system. Theta is the angle in the dispersive plane, and phi is the

P_q,

angle in the non-dispersive plane. The momentum coordinate is defined as & =
Po

The coordinate | is the distance traveled along the central trajectory in relation to the refer-
ence particle, [ = 110 -1.

As the ions pass through the magnetic elements, their coordinates change due to
the action of the magnetic fields on them. A simple transfer matrix can be used to relate
the final coordinates to the initial coordinates. The transfer matrix contains information
about how the ions travel through the fields in the system. If the fields are known, then the
matrix can be determined by solving the Lorentz differential equation. To first order, the
matrix equation is:

x]  [(x1x) (x18) (xly) (x19) (x]1) (x]8)][x,

6,  |(8]x) (8]8) (B]y) (8]9) (B]1) (6]3)) 6,

Y| = [(y[x) (¥18) (¥ly) (yl9) (yID) (y|®)||y: @ 1)
o0 [(6]x) (6]8) (9]y) (¢]9) (¢]1) (9]8)||9: '
Ly (1]x) (118) (1]y) (1j¢) (1) (1|3)||L

o)  [(8]x) (8]8) (8]y) (8]9) (3]1) (8]8)] (O,

The transfer matrix equations take on a polynomial form when expressed as a Tay-

14
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lor expansion about the central ray for only one final variable. The form is:

l ai+j+k+l+m+n

! (2.2)

inj k lymgny _
(xs | X0y ¢ 170%) = itk !m!n! 3 x'90y* 9¢'a1" 96"

where x; is the final coordinate and the derivatives are with respect to initial coordinates.

2
For example, the (x16%) term has i,k,1,m,n=0 and j=2 and is given by (x|62) = %g—e’; The

equation for the transformation of the x coordinate:

x; = (x]x)x; +(x|0)0, + (x|6)6,+(x[8¢)9,¢,~+(x|66)6,6,+(x|92)9i2+ .. (2.3)
where the i and f subscripts indicate the initial and final coordinates, respectively, and in
principle the equation extends up to infinite order, with each successive order hopefully
having a smaller affect. If a system has midplane symmetry, all terms with (k+1) odd are
zero. For example, terms like (x]y), (x|), (x|y3), (y|x), and (¢|6) are not allowed and are
zero in Eq. 2.1.

2.3.2 Optical properties of the S800

The first order optics of the S800 are point to point in the x direction, i.e. (x|8)=0,
and parallel-to-point in the y direction, i.e. (y|y)=0. In addition, the (y|¢) and (x|5) (disper-
sion) terms dominate so the y position measurement is an accurate measurement of the
scattering angle and the x position is an accurate measurement of the momentum. The dis-
persion has units of distance/(relative momentum in %). The dispersion of the spec-
trograph is 9.5 cm/%. Hence, two rays having the same initial positions and angles but
differing in momentum by 1% will be separated by 9.5 cm at the focal plane.

The first order optics determine the momentum and angular resolution of the sys-
tem as well as the measurement of certain other quantities. The momentum resolution of

the system is defined as the reciprocal of the momentum deviation at which two peaks are

15
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separated by their widths:

_ (x93
k= (x]x)xo + Ax

(2. 4)
where (xIx) is the magnification and x is the object spot size. Aberrations present in the
system add the Ax contribution to the denominator of Eq. 2.4. The goal of aberration
correction is to make that contribution zero; this is the theoretical resolution limit.

One possible limitation to the resolution of the S800 is the intrinsic beam energy
spread. Primary beams from the K1200 cyclotron at the NSCL have intrinsic energy
spreads of 0.1% while secondary beams have 3% or more energy spread. The spec-
trograph is normally operated in dispersion-matched, energy-loss mode [No89] to com-
pensate for this finite beam energy spread. The optical conditions for dispersion matching
require that the final image have zero width, in the following manner. The spot size at the
target position (dispersive image) between the beamline and the spectrograph is given, to
first order, by x,=(x|x)pX(*+(x|8),0 wWhere x is the object beam spot size and 9 is the intrin-
sic dispersion in the beam, assuming a first order focus where (x|8)=0. The spot size at the
focal plane of the spectrograph is then given by x,=(x|x)sx,+(x|0)s8. The b and s subscripts
denote the beamline and spectrograph, respectively. The term (x|x) is the magnification M
and (x|d) is the dispersion D, and 9 is the intrinsic beam momentum spread. The condition
that the final spot size is negligibly small, i.e. x,=0 implies the condition M¢x,, = -D4d. The
initial spot size is assumed to be negligibly small so that xy=0 and x,=Dy,d. Thus, the dis-

persion matching condition becomes:

_DS

D[,= Ms

2.5

An excellent diagnostic for this condition in the S800 is a plot of the beam’s time-of-flight
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versus the x position at the focal plane (momentum). The TOF will vary according to the
intrinsic momentum spread in the beam. The system is dispersion matched if the x
position has no dependence on the TOFE
2.3.2.1 Detector resolution considerations

The resolution requirements of the spectrograph were considered in the detector
design. In order to achieve the momentum resolution requirements given in Table 2.1, the

horizontal resolution of the detectors should be better than 0.005% * 95mm/%= 0.475mm.

X1 — X3
D

The measured angles are given by 6 = atan( ) , where x; and x, are the two posi-
tion measurements and D is the detector separation. The specified detector position reso-
lutions listed in Table 2.1 correspond to a momentum precision of 0.003% and an angle
error of 0.3 mrad.

Aberration correction requirements must be considered. Any angle error is magni-
fied by a high order aberration in the system. For example, consider the dominant aberra-
tion (x|62)=0.006 mm/mrad?. Given the 0.4 mrad angle measurement error as specified by
the detector resolution, this translates into a worst case (i.e. if all events came with
06=60mrad) 0.4 mm error from the aberration, which is considered marginal. A more rea-
sonable estimate would be if all events were evenly spread over the focal plane, giving an
acceptable precision of 0.15 mm. Similar arguments can be made for the detector resolu-
tion considering the angular resolution requirements. A detailed study of these effects was
made prior to construction of the S800 and is given in [No89].
2.3.2.2 Aberration Correction

In a magnetic spectrograph with large solid angle acceptance such as the S800,

higher order aberrations significantly affect image quality, in both momentum and angle.
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The dominant aberrations are the angular aberrations because they blur the image in the
focal plane. These are the (x|0"¢™) terms where n+m=2. The largest optical aberrations
affecting the energy resolution are the (x]62), (x]¢2), and the (x|93) terms. Chromatic aber-
rations such as (x|66) and (x|62) are also substantial. Angular resolution is degraded by the
dominant angular aberration (y|y$).

Both hardware and software methods were evaluated for the correction of aberra-
tions in the S800 [No89]. Because of the large solid angle in the S800, hardware correc-
tions involve building large multipole magnets which can be costly. In addition, the
multipoles would not be manufactured perfectly, and other aberrations could be intro-
duced, and the need for software corrections still might be necessary. A detailed study
determined that software correction for the S800 would be sufficient to achieve the desired
angular and energy resolution [Be93]. Software correction is much more cost effective
than building multipoles but comes at a price; the fields of the magnets need to be known
accurately and with great precision. As specified in the article, aberrations must be accu-
rately calculated up to 7th order to reach the design energy resolution which places cer-
tain constraints on the field knowledge. Chapter 3 will describe why and how field

measurements were made.
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Chapter 3

Dipole Magnetic Field Measurements

3.1 Motivation for the measurements

The S800 spectrograph makes use of magnetic elements to direct the ions that pass
through it. If the magnetic fields of all the magnetic elements at all points in space are
known, then an ion traveling through the fields can be tracked analytically, as they obey
the Lorentz force law dp/dt=q(E + vxB). Integrating the equations of motion provides the
final momenta and positions for a given set of initial conditions. This relationship can be
expressed as a matrix transformation of the initial coordinates to the final coordinates.
Each element in the beamline has its own transfer matrix that describes how an ion’s
motion changes as it travels through the element. For a sequence of consecutive elements,
the total transformation is just the product of transfer matrices.

Knowledge of these transfer matrices allows measurement of final coordinates to
be translated into more meaningful nuclear physics quantities such as momentum, energy,
and scattering angle. Specifically, in the S800, nuclear reactions occur in the target cham-
ber and the emerging ions from the reaction are detected in the focal plane. Their positions

and angles are measured in the two transverse directions. If the transfer matrix is known,
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then it can be inverted to arrive at initial coordinates, such as the energy the ion had when
it left the target and angle through which it was scattered. This process of reconstructing
quantities in the target from the measured final coordinates in the focal plane is referred to
as ray-reconstruction.

The spectrograph measures four quantities in the focal plane, and these are related

to four different quantities in the target chamber by a matrix equation:

B
) .
fl =gl 3. 1)
Y¢ b,
A A

where the subscripts f and i denote the measurements in the focal plane and the target
chamber, respectively. The coordinates (x, 0, y, ) are the two transverse positions, angles
in the dispersive and non-dispersive directions, respectively. The coordinates (6, y, ¢, d)
describe the initial coordinates in the target chamber. The target spot size x is assumed to
be negligible, or equivalently that the incoherent width of the dispersion matched beam is
negligible. Theta, phi and y carry the same meaning as in the focal plane; d is the
fractional kinetic energy difference from the central ray, 6=(E-E()/E.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>