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ABSTRACT

MAGNETIC DIPOLE MOMENT OF THE SHORT-LIVED RADIOISOTOPE
55Ni MEASURED BY BETA-NMR SPECTROSCOPY

By

Jill Susan Berryman

The double shell losure at N = Z = 28 in 56Ni has been investigated through

the measurement of the magneti moment of a nuleus one neutron removed from

this ore. Nulear moments are fundamental, measurable properties that provide in-

formation on the struture of nulei. The magneti moments of doubly losed nulei

± 1 nuleon are of partiular importane, sine the properties of eah of these nulei

are determined by the orbit oupied by that last nuleon. Any deviation from theory

indiates the presene of higher order e�ets suh as on�guration mixing, meson

exhange urrents, isobar exitation, and/or even a breakdown of the shell losure.

The 56Ni ore has been shown to be soft, attributed to the strong proton-neutron

interation, in omparison to the 48Ca ore. The small magneti dipole moment of

57Cu, with Tz = −1/2 and residing one proton outside 56Ni, suggests the double

shell losure at proton and neutron numbers 28 is broken. However, the experimental

ground state magneti moments of the Tz = +1/2 nulides 57Ni and 55Co agree well

with shell model preditions, albeit with a �soft� 56Ni ore. The ground state magneti

moment of 55Ni, also with Tz = −1/2 but with one neutron removed from the 56Ni

ore an provide ritial insight on the nature of the 56Ni ore, and an be a basis to

understand how the struture of doubly-magi nulei may hange away from stability.

The nulear magneti moment of the ground state of 55Ni (Iπ = 3/2−, T1/2 = 204

ms) has been dedued in this work to be |µ(55Ni)| = (0.976 ± 0.026) µN using the

β-NMR tehnique. A polarized beam of 55Ni was produed by fragmentation of a



58Ni primary beam at energy 160 MeV/nuleon in a Be target. The A1900 and RF

Fragment separators were used to eliminate all other beam ontaminants. Results of

a shell model alulation using the GXPF1 interation in the full fp shell model spae

was found to reprodue the experimental value and support a softness of the 56Ni

ore.

Together with the known magneti moment of the mirror partner 55Co, the

isosalar spin expetation value 〈∑σz〉 = 0.91 ± 0.07 shows a similar trend to that

established in the sd shell. E�etive g fators for the A = 28 system obtained from a

�t to isosalar magneti moments, isovetor moments, and M1 deay matrix elements

were applied to matrix elements for A = 55 alulated with the GXPF1 interation to

obtain 〈
∑

σz〉 for A = 55. The results of the alulation show the best agreement with

the experimental value for both µ and 〈∑σz〉 and imply that a universal operator

an be applied to both the sd and fp shells.
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Chapter 1

Introdution

The nulear magneti dipole moment (µ) is a fundamental property of the nuleus

that an provide detailed information on nulear struture. Every nuleus with an odd

number of protons and/or neutrons, by virtue of spin, has a magneti dipole moment.

The magneti dipole moment arises from the eletromagneti interation, whih is well

understood. The magneti dipole operator ~µ is a one-body operator and the magneti

dipole moment is the expetation value of µz. Experimental magneti moments an

be diretly ompared to preditions of nulear models, and provide a stringent test of

these models. Deviation of experimental values from model preditions might indiate

the presene of on�guration mixing among other orbits, or the need for di�erent or

better parametrized residual interations. The sensitivity of µ to the orbital and spin

omponents of the nulear wavefuntion yields key information on shell evolution and

shell losures (magiity).

In the extreme single-partile model, the properties of a nuleus with one proton

(or neutron) outside a losed shell are determined solely by the properties of the orbit

oupied by the last odd nuleon. Thus, the magneti dipole moments of nulei near

losed shells are partiularly important. The simple struture an give ritial insight

into the shell struture, and provide a better understanding of how shell losures may

hange for nulei away from the valley of stability.
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The magneti dipole moment, in addition to the other multipole moments, an be

alulated with an expansion of the eletromagneti Hamiltonian. The eletromag-

neti interation is well understood and an analytial form of the Hamiltonian exists.

The more poorly understood strong nulear interation an be probed via the ele-

tromagneti interation by studying the multipole moments. Suh analysis has the

advantage that eletromagneti �elds an be thought of as arising from the motion of

the nuleons under the in�uene of the strong fore, and this measurement does not

distort the objet of interest.

1.1 Eletromagneti Interation

The external e�ets of any distribution of harges and urrents (e.g., a nuleus) vary

with distane in a harateristi fashion. An eletromagneti multipole moment as-

soiated with eah harateristi spatial dependene is assigned to the harge and

urrent distribution. For example, the 1/r2 eletri �eld arises from the net harge,

whih is assigned as the zeroth or monopole moment. The 1/r3 eletri �eld arises

from the �rst or dipole moment, the 1/r4 eletri �eld arises from the seond or

quadrupole moment, and so forth. The magneti multipole moments behave simi-

larly. The eletri and magneti multipole moments an be alulated in the nulear

regime by treating the multipole moments in operator form and alulating their ex-

petation values for various nulear states. These preditions an then be diretly

ompared with the experimental values measured in the laboratory.

1.1.1 Eletri multipole expansion

A systemati expansion for the eletri potential of an arbitrary loalized harge

distribution, ρ, has been developed by Gri�ths [1℄. Figure 1.1 de�nes the appropriate

geometri variables. The potential at point P , some distane ~r from the origin, from

some objet with a harge density distribution ρ(~r ′) that is distane ~r ′ from the

2
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Figure 1.1: De�nition of geometri variables used in eletri multipole expansion.

origin, is given by the expression

V (~r) =
1

4πǫ0

∫

1

~r − ~r ′ρ(~r ′)dτ ′. (1.1)

Using the law of osines,

(~r − ~r ′)2 = r2 + (r′)2 − 2rr′ cos θ = r2

[

1 +

(

r′

r

)2

− 2

(

r′

r

)

cos θ′
]

, (1.2)

or

~r − ~r ′ = r
√

1 + ǫ (1.3)

where

ǫ ≡
(

r′

r

)(

r′

r
− 2 cos θ′

)

. (1.4)

Note that ǫ is muh less than 1 for points well outside the harge distribution, and

the reiproal of Eq. 1.3 an be written as a binomial expansion:

1

~r − ~r ′ =
1

r
(1 + ǫ)−1/2 =

1

r

(

1 − 1

2
ǫ +

3

8
ǫ2 − 5

16
ǫ3 + · · ·

)

, (1.5)

or, in terms of r, r′, and θ′:
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1

~r − ~r ′ =
1

r

[

1 − 1

2

(

r′

r

)(

r′

r
− 2 cos θ′

)

+
3

8

(

r′

r

)2 (

r′

r
− 2 cos θ′

)2

− 5

16

(

r′

r

)3 (

r′

r
− 2 cos θ′

)3

+ · · ·
]

=
1

r

[

1 +

(

r′

r

)

(cos θ′) +

(

r′

r

)2

(3 cos2 θ′ − 1)/2

+

(

r′

r

)3

(5 cos3 θ′ − 3 cos θ′)/2 + · · ·
]

. (1.6)

After like powers of (r′/r) are olleted in Eq. 1.6, the resulting oe�ients an

be seen to be the Legendre polynomials, Pn(cos θ). Thus Eq. 1.6 an be written as:

1

~r − ~r ′ =
1

r

∞
∑

n=0

(

r′

r

)n

Pn(cos θ′), (1.7)

where θ′ is the angle between ~r and ~r ′. Substituting bak into Eq. 1.1,

V (~r) =
1

4πǫ0

∞
∑

n=0

1

r(n+1)

∫

(r′)nPn(cos θ′)ρ(~r ′)dτ ′, (1.8)

or, more expliitly,

V (~r) =
1

4πǫ0

[

1

r

∫

ρ(~r ′)dτ ′ +
1

r2

∫

r′ cos θ′ρ(~r ′)dτ ′

+
1

r3

∫

(r′)2
(

3

2
cos2 θ′ − 1

2

)

ρ(~r ′)dτ ′ + · · ·
]

. (1.9)

Eq. 1.9 gives the multipole expansion of V in powers of 1/r. The �rst term is the

monopole ontribution that goes like 1/r; the seond is the dipole that goes like 1/r2;

the third is the quadrupole; the fourth is the otopole; and so on.
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From Eq. 1.9, the monopole term an be written as

Vmon(~r) =
1

4πǫ0

Q

r
, (1.10)

where Q =
∫

ρdτ is the total harge of the on�guration.

The dipole term from the expansion is

Vdip(~r) =
1

4πǫ0

1

r2

∫

r′ cos θ′ρ(~r ′)dτ ′. (1.11)

Sine θ′ is the angle between ~r ′ and ~r, and

r′ cos θ′ = ~̂r · ~r ′, (1.12)

so that the dipole potential an be re-written as

Vdip(~r) =
1

4πǫ0

1

r2
~̂r ·

∫

~r ′ρ(~r ′)dτ ′. (1.13)

The integral in Eq. 1.13 does not depend on ~r and is the dipole moment of the

distribution,

~p ≡
∫

~r ′ρ(~r ′)dτ ′. (1.14)

The dipole ontribution to the potential then simpli�es to

Vdip(~r) =
1

4πǫ0

~p · ~̂r
r2

. (1.15)

Similarly, the quadrupole term in the multipole expansion an be written as

Vquad(~r) =
1

4πǫ0

1

2r3

3
∑

i,j=1

r̂ir̂jQij , (1.16)
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where

Qij ≡
∫

[3r′ir′j − (r′)2δij ]ρ(~r ′)dτ ′. (1.17)

δij is the Kroneker delta, and Qij is the intrinsi quadrupole moment of the harge

distribution.

One restrition on the multipole moments of nulei omes from the symmetry of

the nuleus, whih is in turn diretly related to the parity of the nulear state. Eah

eletromagneti multipole moment has a parity, determined by the behavior of the

multipole operator when ~r is inverted to −~r. The parity of eletri moments is (−1)L,

where L is the order of the moment (L = 0 for monopole, L = 1 for dipole, L = 2 for

quadrupole, et.). If the multipole operator has odd parity, then the integrand in the

expetation value is an odd funtion of the oordinates and must vanish identially.

Thus, all odd-parity stati multipole moments must vanish - eletri dipole, eletri

otupole, et.

The nulear monopole eletri moment is the net nulear harge Ze, where e is

the elementary harge. The nulear eletri dipole moment (EDM) is expeted to

vanish, as stated above. However, sine a nonvanishing eletri dipole moment would

violate both parity and time-reversal symmetry, various searhes for a non-zero EDM

are underway. The neutron is a good andidate for this study sine it is eletrially

neutral. The urrent best upper limit for the neutron EDM is 2.9 × 10−26 e-m [2℄,

onsistent with zero. On the other hand, the result does not rule out the possibility

of a small symmetry-violating ontribution as expeted in the Standard Model.

The nulear eletri quadrupole moment provides a measure of the �shape� of the

nuleus. The existene of a nonvanishing eletri quadrupole moment implies that the

harge distribution of the state is not spherial and the nuleus is axially deformed.

Usually nulei near losed shells are spherial in shape and have small quadrupole

moments. In ontrast, nulei in the middle of a major shell are often deformed and

their quadrupole moments have large absolute values.
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The next higher order non-vanishing eletri multipole is hexadeapole (whih

was not derived above). In general, if an eletri hexadeapole moment is present,

an eletri quadrupole moment will be present as well. Thus, it is not easy to sepa-

rate ontributions from the quadrupole moment from those due to the hexadeapole

moment in the observed results. Furthermore, non-spherial nulei tend to be domi-

nated by the lowest order deformation, that is, the quadrupole. Thus, of the eletri

multipole moments, the one that is most aessible to evaluate nulear struture is

the quadrupole moment, whih provides diret information on the harge distribution

inside the nuleus.

1.1.2 Magneti multipole expansion

A formula for the magneti vetor potential from a loalized urrent distribution, ~J ,

an be obtained along the same lines as the eletri potential for a loalized harge

distribution. Figure 1.2 de�nes the appropriate geometri variables. The vetor po-

i

θ’

r

r’
r r- ’

d ’= d ’r l
Figure 1.2: De�nition of geometri variables used in magneti vetor multipole ex-

pansion.

tential, ~A(~r), at ~r arising from a urrent, i, that is distane ~r ′ from the origin, is given
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by the expression

~A(~r) =
µ0

4π

∫ ~J(~r ′)
~r − ~r ′dτ ′. (1.18)

The integral of the urrent density, ~J(~r ′), over the volume, dτ ′, for line and surfae

urrents, is equivalent to

~A(~r) =
µ0

4π

∫ ~i

~r − ~r ′dl′ =
µ0i

4π

∫

1

~r − ~r ′d
~l ′ (1.19)

The vetor potential of a urrent loop an then be written as

~A(~r) =
µ0i

4π

∮

1

~r − ~r ′d
~l ′ =

µ0i

4π

∞
∑

n=0

1

rn+1

∮

(r′)nPn(cos θ′)d~l ′, (1.20)

or, more expliitly:

~A(~r) =
µ0i

4π

[

1

r

∮

d~l ′ +
1

r2

∮

r′ cos θ′d~l ′

+
1

r3

∮

(r′)2
(

3

2
cos2 θ′ − 1

2

)

d~l ′ + · · ·
]

. (1.21)

The �rst term in Eq. 1.21 is the monopole term, the seond the dipole term, the third

the quadrupole term, and so on.

The magneti monopole term is always zero, beause the integral is the total

vetor displaement around a losed loop:

∮

d~l ′ = 0. (1.22)

The dipole term is written as

~Adip(~r) =
µ0i

4πr2

∮

r′ cos θ′d~l′ =
µ0i

4πr2

∮

(~̂r · ~r ′)d~l′. (1.23)

The integral an be rewritten in a more illuminating way using a property of the

vetor area, ~a. Note that if the loop is �at, ~a is the ordinary area enlosed, with the
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diretion assigned by the usual right hand rule

∮

(~̂r · ~r ′)d~l = −~̂r ×
∫

d~a. (1.24)

Then,

~Adip(~r) =
µ0

4π

~µ × ~̂r

r2
, (1.25)

where ~µ is the magneti dipole moment:

~µ ≡ i

∫

d~a = i~a. (1.26)

The parity of the magneti multipole operator of order L is (−1)L+1. As a result,

even-order magneti multipole moments must vanish for the same reason as odd-

order eletri multipole moments. In addition, the higher-order nonvanishing magneti

terms are small ompared to the magneti dipole moment, as was the ase for terms

higher than the eletri quadrupole moment. Therefore, the only magneti multipole

moment disussed in terms of the underlying nulear struture is the magneti dipole

moment, and the terms magneti dipole moment and magneti moment are often

used interhangeably. When the lassial de�nition of µ in Eq. 1.26 is taken over into

quantum mehanis, the magneti dipole moment for nulei an be alulated from

the nulear wavefuntions, as will be derived in the following setions. Comparison

of alulated values with experiment gives diret and detailed tests of the predited

nulear struture.

The eletri quadrupole moment and magneti dipole moment are both fundamen-

tal in the understanding of nulear struture. The magneti moment is sensitive to the

single-partile nature of the valene nuleon, and gives diret on�rmation of the nu-

lear wavefuntion. The quadrupole moment is sensitive to the olletive behavior of

the nuleus, and gives diret information on its shape (deformation). Both quantities

an be diretly ompared with the predited values in di�erent nulear models and
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an help explain hanges in shell struture away from stability. The study of nulear

moments near losed shells is espeially important as the nuleus an be approxi-

mated as an inert ore plus an unpaired nuleon (or hole) and the moments an be

alulated rather easily. The fous of this dissertation is an examination of the nature

of a shell losure removed from the stability line. The nulear magneti moment was

used as the probe for suh study. What follows in the next setion is a review of the

magneti moments of nulei.

1.2 Magnitude of the nulear magneti moment

The magneti moment from the motion of an arbitrary harge an be alulated using

lassial kinematis. Consider an eletron moving in a irular orbit with veloity v,

about a point at a onstant radius r, as shown in Fig. 1.3.

r

m, charge e
velocity v

Figure 1.3: Shemati representation of an eletron with mass m moving in a irular

orbit with radius r.

The magneti dipole moment was de�ned in Eq. 1.26 as the produt of the urrent

i and the area formed by the eletron path, ~a. The area of the irle is πr2, with the

diretion of the magneti moment pointing out of the loop. The urrent i is the
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eletron harge divided by the time to make a loop, or e/(2πr/v). Thus,

|µ| = ia =
( ev

2πr

)

(πr2) =
evr

2
. (1.27)

Reall that the angular momentum of the eletron with mass, m, moving in a irle

is l = mvr, so that the magneti moment is simply related to l by the expression

|µ| =
(evr

2

) (m

m

)

=
e

2m
|~l| (1.28)

where |~l| is the lassial angular momentum. In quantum mehanis, the magneti

moment orresponds to the projetion of µ on the rotation axis. Thus, the lassial

Eq. 1.28 an be �onverted� to a quantum mehanial de�nition by replaing ~l with

the expetation value relative to the axis where it has maximum projetion, ml~ with

ml = +l. Thus,

µ =
e~

2m
l (1.29)

where now l is the angular momentum quantum number of the orbit.

The onstants in Eq. 1.29, (e~/2m), are alled the Bohr magneton, µB , and has

the value 9.274 × 10−24 J/tesla. Nuleons behave di�erently than eletrons in terms

of their magneti moments, as will be disussed. None the less, a similar quantity

an be obtained for the motion of nuleons whih is useful for the disussion of

nulear magneti moments. Substituting the proton mass for the eletron mass in the

expression (e~/2m) yields the nulear magneton µN = 5.051 × 10−27 J/T. Eq. 1.29

an then be rewritten as

µ = gllµN (1.30)

where the extra fator gl is the g fator assoiated with the orbital angular momentum

l. gl is 1 for a proton and 0 for a neutron to re�et the fat that protons are harged,

and ontribute to the orbital omponent of the magneti dipole moment. Neutrons

are eletrially neutral and their motion does not ontribute to the orbital omponent
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of µ.

An equivalent expression to Eq. 1.30 an be written to desribe the intrinsi or

spin magneti moments of the fermions as

µ = gssµN (1.31)

where s = 1
2 for protons, neutrons, and eletrons. The quantity gs is the spin g fator

and an be alulated by solving a relativisti quantum mehanial equation. For a

spin
1
2 point partile, the Dira equation gives gs = 2. The experimentally measured

value for the eletron is gs = 2.0023 and the small di�erene between this value

and the Dira expetation omes from inluding higher order orretions of quantum

eletrodynamis. On the other hand, the experimental values for free nuleons are far

from the expeted value for a point partile:

g
proton
s = 5.5856912 ± 0.0000022 (1.32)

gneutrons = −3.8260837 ± 0.0000018 (1.33)

The proton value is muh larger than 2 and the unharged neutron has a nonzero mag-

neti moment. The observed deviation from expeted values is attributed to the inter-

nal struture of the nuleons with internal harged partiles in motion (i.e., quarks)

that result in urrents giving the observed spin magneti moments. It is noted that

gs for the proton is greater than its expeted value by about 3.6, while gs for the

neutron is less than its expeted value (zero) by roughly the same amount. The dif-

ferene has been asribed to louds of π mesons that surround the nuleons, with

positive and neutral mesons in the proton's loud, and negative and neutral mesons

in the neutron's loud [5℄.

The derived spin and orbital omponents of the magneti moment of individual

nuleons (protons and neutrons) an be used to determine the magneti moments of
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nulei. The nulear magneti dipole moment has ontributions from all of the orbital

and spin angular momenta, and the magneti dipole operator for a nuleus an be

expressed as a sum of two terms [5℄

~µ =
A

∑

k=1

g
(k)
L

~L(k) +
A

∑

k=1

g
(k)
S

~S(k), (1.34)

where ~L(k) and ~S(k) are the orbital and spin angular momentum operators for the

kth nuleon, summed over all A nuleons in the nuleus. g
(k)
L and g

(k)
S are known as

the orbital and spin nuleon g fators as de�ned previously. The magneti moment is

obtained by taking the expetation value of the z-omponent of ~µ from Eq. 1.34 for

the nulear substate in whih M = J . Thus, for a nuleus desribed by total angular

momentum quantum number J and magneti substate M , the wavefuntion is ψJM ,

and the magneti moment µ is given by

µ =

∫

ψ∗
J,M (~µ)zψJ,M

≡ 〈J,M = J |(~µ)|J,M = J〉 (1.35)

= 〈J,M = J |
A

∑

k=1

g
(k)
L

~L(k) +
A

∑

k=1

g
(k)
S

~S(k)|J,M = J〉 (1.36)

where the integration is over the oordinates (position and spin) of all A nuleons.

Then, an equivalent overall expression to Eqs. 1.30 and 1.31 for a nuleus is

µ = gIIµN (1.37)

where gI is the nulear g fator, sometimes referred to as the gyromagneti ratio and

written as γ, and I is the nulear spin.
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1.2.1 Single-partile model

The extreme single-partile model is the simplest form of the shell model. It desribes

a nuleus in whih a single unpaired nuleon moves in a entral potential formed as

a result of the other nuleons in the nuleus. In the single-partile limit, the ontri-

butions of all of the paired nuleons exatly anel so that only the single unpaired

nuleon ontributes to the overall nulear magneti moment and Eq. 1.36 redues to

µs.p. = 〈j,m = j|gl
~l + gs~s|j,m = j〉 (1.38)

where |j,m〉 is the single-partile wavefuntion of the unpaired nuleon. Evaluating

the expetation value of the vetor sum in Eq. 1.38 and given that ~j = ~l+~s, where s is

1/2 for protons and neutrons, the single-partile expression an be simpli�ed further

to

µs.p. = j

[

gl ±
gs − gl

2l + 1

]

for j = l ± 1

2
. (1.39)

Reall that the free nuleon g-fators, gfree, are given as

gl, free =











1 for proton

0 for neutron

gs, free =











5.587 for proton

−3.826 for neutron

(1.40)

and the further assumption is made that the struture of a bound nuleon inside a

nuleus is the same as in its free state (gl = gl,free;gs = gs,free). The magneti dipole

moment of an odd-mass nuleus is thus ompletely determined by the l and j values

of the unpaired nuleon in the extreme single partile model.

The magneti moment for a single nuleon in orbital nlj that is alulated using

the free nuleon g fators is known as the single partile, or Shmidt, value. One way

to illustrate the onnetion between the single partile expetation and experiment

is to plot experimentally-measured µ against j, along with the alulated Shmidt

values. Suh diagrams are shown in Figs. 1.4 and 1.5 for odd p and odd n nulei,
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respetively. The Shmidt values are suessful in prediting the general trend of

µ
µ(

N
)

3/2 5/2 7/2 9/2j=1/2

0

1

2

j = + 1/2l

j = - 1/2l

3

4

5

6

Figure 1.4: Experimental magneti moments plotted with Shmidt limits for odd

proton nulei. Figure taken from [3℄.

the magneti moments of odd-mass nulei, but the experimental values are generally

smaller than the Shmidt values. One limitation of the single partile theory is the

assumption gs = gs,free. The presene of other nuleons, however, introdues meson

exhange urrents (MEC) that produe an eletromagneti �eld when the two nu-

leons interat. In addition, the deviation from the Shmidt values grows as more

nuleons are added within a shell, a trend whih an be understood by introduing

on�guration mixing (ore polarization) among the single partile states. The basi

shell model assumes that the odd nuleon is in a single-partile state, while even small

on�guration admixtures an appreiably hange the magneti moment. The single
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partile model should be taken as a starting point, with orretions added to aount

for its limitations.

1.2.2 E�etive nuleon g fators: mirosopi treatment

The limitations of the single-partile model may be ompensated for by introduing

orretions using perturbation theory. When suh orretions are applied, the g fators

are no longer given by the free nuleon values, but renormalized due to the presene

of other nuleons in the nuleus. The renormalized g fators are alled �e�etive� g

fators and have the form gl,e� = gl + δgl and gs,e� = gs + δgs, i.e., the free nuleon

value and a orretion to it.

Suh treatment has been done in Refs. [5,6℄ starting from an expanded desription

of the magneti moment operator:

~µe� = gl,e�〈Σl〉 + gs,e�〈Σs〉 + gp,e�[Y2, 〈Σs〉], (1.41)

µ
µ(

N
)

3/2 5/2 7/2 9/2j=1/2

-2

-1

0

1

2
j = - 1/2l

j = + 1/2l

Figure 1.5: Experimental magneti moments plotted with Shmidt limits for odd

neutron nulei. Figure taken from [3℄.
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where gx,e� = gx + δgx, with x = l, s, or p, and gp denotes a tensor term. The

tensor term ontains a spherial harmoni of rank 2 (Y2) oupled to a spin operator

to form a spherial tensor of multipolarity 1. The orretions, δgx, are omputed in

perturbation theory for the losed-shell ±1 on�guration.

There have been a number of soures for orretions. Core polarization (CP) is a

orretion to the single-partile wavefuntion that ours when there is an exitation

in the losed-shell ore made by a partile in orbital (l − s) oupling to a hole in

orbital (l + s). MEC orretions applied to the magneti moment operator arise from

nuleons interating via the exhange of harged mesons. The isobar orretion arises

from population of the ∆-isobar resonane, whih de-exites by the eletromagneti

�eld (the isobar urrent). Relativisti orretions to the one-body moment operator

to order (p/M)3, where p is a typial nuleon momentum and M is its mass, also an

ontribute to the magneti moment. The perturbation treatment has proven e�etive

in reproduing experimental magneti moments over a large mass region, but at the

same time, it is a simple model. There are more omplex shell model alulations

that use sophistiated wavefuntions that take into aount on�guration mixing to

obtain e�etive g fators. One suh shell model alulation is desribed in the next

setion.

1.2.3 E�etive nuleon g fators: empirial �t to data

One way to obtain e�etive g fators is to use shell model wavefuntions with empir-

ial �ts to experimental magneti moment data. The shell model alulation starts

with a simple form of the magneti moment operator µ = gs〈s〉+gl〈l〉 where gl and gs

are the free nuleon g fators de�ned previously. An e�etive interation is generally

used to determine the two-body matrix elements for the wavefuntion. The wave-

funtion, therefore, is more sophistiated than the pure single-partile wavefuntions

onsidered in the earlier setion. For example, the GXPF1 interation has proven to

be a suessful interation for use in the fp shell [4℄. The magneti moment is �rst al-
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ulated with gfree. Higher-order orretions suh as on�guration mixing over many

major osillations, MEC, isobar exitations, and/or other e�ets should be onsidered

to improve the agreement between the experimental µ and that obtained in the shell

model alulations with gfree. These higher-order orretions are all represented in

e�etive nuleon g-fators, ge�, that are derived empirially by a least-square �t of

the magneti moment operator to experimental µ in a limited region of nulei. In

general, the values ge� = 0.6gfree have been found to be in reasonable agreement with

data [8℄.

1.3 Analysis of mirror moments

It has been shown in the previous setion that the magneti moment of a nuleus an

be alulated and ompared to experimental values to learn about nulear struture.

Going one step further, the simultaneous onsideration of the magneti dipole mo-

ments of mirror nulei an provide a framework to test present day nulear struture

models. A pair of mirror nulei have the numbers of protons and neutrons inter-

hanged. For example, the mirror partner of 55
28Ni27 is 55

27Co28. Analyses have been

arried out on the magneti moments of mirror pairs and ertain regularities have

been observed. Two approahes desribed below amplify the di�erent aspets of stud-

ies with mirror nulei.

1.3.1 Isosalar spin expetation value

Examination of the spei� ontribution from nulear spins to the magneti moment

an provide insight into shell struture and on�guration mixing. The magneti mo-

ment an be expressed as the sum of the expetation values of isosalar 〈∑µ0〉 and
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isovetor 〈∑µz〉 omponents, assuming isospin is a good quantum number, as

µ =
〈

∑

µ0

〉

+
〈

∑

µz

〉

(1.42)

=

〈

∑ lz + (µp + µn)σz

2

〉

+

〈

∑ τz[lz + (µp − µn)σz]

2

〉

, (1.43)

where l and σ are the orbital and spin angular-momentum operators of the nuleon,

respetively, τ is the isospin operator, µp = 2.793 µN and µn = −1.913 µN are the

magneti moments of free proton and neutron, respetively, and the sum is over all

nuleons. The isovetor 〈∑ µz〉 part depends on the isospin, τz, and hanges its sign

for Tz = ±T . The isosalar spin expetation value 〈
∑

σz〉 an be extrated from the

sum of mirror pair magneti moments as

〈

∑

σz

〉

=
µ(Tz = +T ) + µ(Tz = −T ) − I

µp + µn − 1/2
, (1.44)

where the total spin is I = 〈∑ lz〉 + 〈∑σz〉 /2.

Sugimoto [9℄ and later Hanna and Hugg [10℄ analyzed data on magneti moments

of mirror nulei, and found regularities in the spin expetation values as a funtion of

mass. All of the ground state magneti moments of T = 1/2 mirror nulei have been

measured in the sd shell and a systemati trend has been established, as shown in

Fig. 1.6. The values of 〈∑ σz〉 are lose to the single-partile value at the beginning

and end of a major shell, and derease approximately linearly with mass number in

the region in between, re�eting ore polarization e�ets. All values for the T = 1/2

mirror nulei in the sd shell lie within the single partile model limits.

1.3.2 Buk-Perez mirror analysis

Buk and Perez et al. analyzed the magneti moments of mirror nulei in a di�erent

framework. They studied the relationship between gyromagneti ratios for odd proton,

γp, and odd neutron, γn, nulei and the strengths of the β-deay transitions of mirror
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nulei [11�13℄. Assuming the ontributions from the even nuleon to the z omponents

of the total spin S and total angular momentum J of the mirror pair are small, they

derived the following relation:

(γp + ∆γp) = α(γn + ∆γn) + β, (1.45)

with α = (g
p
s − g

p
l )/(gn

s − gn
l ) and β = g

p
l − αgn

l with the free-nuleon values of the

g fators g
p
l = 1.0, gn

l = 0.0, g
p
s = 5.586, gn

s = −3.826. The ∆γp,n are orretions

to the gyromagneti ratios beause the even terms, Seven and Jeven, are small. Suh

treatment is di�erent from the analysis of the isosalar spin expetation value as α is

a ratio of g fators for the proton and neutron. Therefore, any �e�etive� quenhing

of the g fators is anelled. A plot of γp against γn revealed a linear trend, as shown

in Fig. 1.7 for all known T = 1/2 mirror pairs. The single-partile values for γp and

γn lie lose to this line, but the interesting feature is that the points representing

measured magneti moments deviate from those estimates simply by sliding along
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the same line [11℄.

The total spin is related to the Gamow-Teller matrix element for the ross-over

β-deay obtained from the ft value for T = 1/2 mirror pairs and thus the following

relations are also true:

(γp + ∆γp) = g
p
l +

g
p
s − g

p
l

R
γβ (1.46)

and

(γn + ∆γn) = gn
l +

Gn
s − gn

l

R
γβ . (1.47)

In Eqs. 1.46 and 1.47, R is the ratio of the axial-vetor oupling onstant, CA, to the

vetor oupling onstant, CV , and γβ is a variable related to the β-deay ft value

|γβ | =
1

2

[(

6170

ft
− 1

)

1

J(J + 1)

]1/2

. (1.48)

The free-nuleon value for R is R = |CA/CV | = 1.26.
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When the value of γβ is known for a partiular nuleus, the value of γn,p an

be dedued for that nuleus using Eqs. 1.46 and 1.47. A seond predition an be

made when γp,n is known for the mirror partner using Eq. 1.45. The Buk-Perez

extrapolation is a valid predition for nulei with unknown magneti moments, and an

important tool for future measurements. Spei�ally, in the fp shell, many magneti

moments of Tz = +1/2 nulei are known and an be used to predit µ for the unknown

Tz = −1/2 mirror partners.

1.4 Nulear moments and nulear struture

Comparison of both the magneti moment and isosalar spin expetation value to

model preditions provides a test of the shell losure and shell evolution. The prop-

erties of nulei near double shell losures, in partiular, are of interest as these nulei

generally have very simple strutures ompared to their neighbors. The magneti mo-

ment is one suh property that is sensitive to whih orbits are oupied by the valene

partiles, and is therefore essential in the investigation of double shell losures.

1.4.1 Magneti moments near losed shells

The harater of stable nulei with magi numbers of both protons and neutrons,

suh as 16O and 40Ca, has been well established. The radioative doubly magi nulei,

however, have revealed interesting surprises. An extreme example is that of 28O, whih

was expeted to be bound based on its doubly-magi harater (proton and neutron

numbers Z = 8 and N = 20, respetively), but has been shown to be unbound [14℄.

The study of β unstable 56Ni, residing three neutrons away from the lightest stable

nikel isotope, may provide insight into hanges in the struture of doubly-magi nulei

as one moves away from stability. All eight magneti moments of the eight neighbors

to the doubly-losed shell 16O and 40Ca (± 1 nuleon) nulei are experimentally

known [15�22℄ and agree well with the values obtained assuming an inert ore ±
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1 nuleon (single-partile value), as shown in Fig. 1.8. The agreement re�ets the

inertness of the 16O and 40Ca ores. The nuleus 56Ni is the �rst self-mirror nuleus,

with losed-shell neutron and proton numbers (N = Z = 28), that is radioative.

The three known magneti moments of neighbors to 56Ni [23�25℄ do not agree with

single-partile values. The disrepany indiates the neessity of orretions to the

simple piture of a 56Ni losed shell. The 56Ni ore is better desribed by the lowest

order on�guration of nuleons plus a sizable mixture of other on�gurations, in other

words, the 56Ni ore is not very inert, that is �soft�.

1.4.2 Evidene of
56
Ni as a doubly-magi nuleus

The softness of the 56Ni ore also appears in ontradition to the behavior of the

�rst exited 2+ state and the redued transition matrix element, B(E2; 0+
1 → 2+

1 ),

in the even-A Ni isotopi hain. The energy of the 2+
1 state in 56Ni is E(2+

1 ) = 2701

keV and lies signi�antly higher in energy than E(2+
1 ) in the neighboring even-even
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nulei, whih is indiative of a shell losure. On the other hand, B(E2; 0+
1 → 2+

1 )

in 56Ni has been dedued from a variety of experimental methods with a variety of

results. A lifetime measurement using the Doppler-shift attenuation method yielded

B(E2; 0+
1 → 2+

1 ) = 385(160)e2 fm4 [26℄ and Kraus et al. performed a proton sat-

tering experiment that gave a higher value of B(E2; 0+
1 → 2+

1 ) = 600(120) e2

fm4 [27℄. Two intermediate-energy Coulomb exitation measurments by Yanagisawa

et al., yielding B(E2; 0+
1 → 2+

1 ) = 580(70) e2 fm4 [28℄, and Yurkewiz et al., where

B(E2; 0+
1 → 2+

1 ) = 494(119) e2 fm4 was dedued [29℄, support the higher value ob-

tained from proton sattering. A summary of the experimental results for E(2+
1 ) and

B(E2; 0+
1 → 2+

1 ) values for the Ni isotopes are depited in Fig. 1.9. While there is a

range of experimental values for B(E2; 0+
1 → 2+

1 ) at 56Ni, the overall trend is that

the B(E2; 0+
1 → 2+

1 ) for 56Ni is not redued, within error, with respet to neighbor-

ing even-even Ni isotopes, as expeted for a good ore. Yet, the high E(2+
1 ) value

for 56Ni is indiative of a good ore. The disparate nature between the E(2+
1 ) and

B(E2; 0+
1 → 2+

1 ) in 56Ni was explained by a large sale shell model alulation with

the quantum Monte Carlo diagonalization method in the full fp shell [31℄. The alu-

lation reprodued the experimentally-observed E(2+
1 ) and B(E2; 0+

1 → 2+
1 ) using the

FPD6 interation, wherein the probability of the N = Z = 28 losed shell omponent

in the wavefuntion of the 56Ni ground state is only 49%, ompared to an 86% losed

shell omponent in the wavefuntion of the 48Ca ground state.

1.4.3 Magneti moments around
56
Ni

The four nulei that lie one nuleon away from 56Ni are 55Ni (neutron hole in the 1f7/2

shell), 57Cu (proton partile in the 2p3/2 shell), 57Ni (neutron partile in the 2p3/2

shell), and 55Co (proton hole in the 1f7/2 shell). The measured magneti moments

of 55Co [25℄ and 57Ni [24℄, isospin projetion Tz = 1/2 nulei, are well reprodued by

shell model alulations [4℄, and support 56Ni as being a soft ore (see Fig. 1.10). The

magneti moment of the Tz = −1/2 nuleus 57Cu was measured to be |µ(57Cu)| =
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(2.00 ± 0.05) µN [23℄. The same shell-model alulation for 57Cu gives µ(57Cu)=

2.45 µN [4℄, suggesting a major shell breaking at 56Ni. All of the other odd-mass Cu

isotopes have magneti moments whih agree well with theoretial preditions (see

Fig. 1.11). The one µ value not yet attained is that for the one neutron hole nuleus

55Ni.

1.4.4 Proposed µ(55
Ni) measurement

The measurement of µ(55Ni) an provide important information on the N = Z =

28 doubly-magi shell losure, as 55Ni is one neutron removed from the ore. The

anomolous µ(57Cu) leaves the open question of whether the one neutron hole in

1f7/2 in 55Ni, also with Tz = −1/2, shows the same deviation from shell model as

the one proton partile does for 57Cu.

The theoretial alulations disussed in the previous setions were arried out for

µ(55Ni) and the results are shown in Table 1.1. The alulation with gfree refers to the
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Theory is a shell model alulation using the GXPF1 interation and e�etive nuleon

g-fators. All values were taken from Ref. [32℄.

shell model alulation with GXPF1 and free nuleon g fators, while the alulation

with gmoments
e� is the same shell model alulation with e�etive g fators obtained

from an empirial �t to data (setion 1.2.3). The alulation with g
perturbation
e�

refers

to the mirosopi treatment that added orretions to the magneti moment opera-

tor through perturbation theory (setion 1.2.2). The Buk-Perez preditions (setion

1.3.2) were determined from the known ft value for 55Ni, and in a separate predition

from the known µ(55Co).

A new value for µ(55Ni) an also be ombined with the known magneti moment

of its mirror partner 55Co to dedue the isosalar spin expetation value for the mass

A = 55 system. All of the ground state magneti moments of T = 1/2 mirror nulei

have been measured in the sd shell and a systemati trend of 〈∑ σz〉 as a funtion

of mass has been established. In the fp shell, however, only three mirror pairs have

been measured, masses A = 41, 43, and 57, and no systemati behavior has been
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Table 1.1: Theoretial expetations for the magneti moments of 55Ni.

Theory µ(55Ni) µN

with gfree -0.809a

with gmoments
e� -0.999a

with g
perturbation
e�

-1.072b

Buk-Perez (dependene on ft value) −0.872 ± 0.081c

Buk-Perez (linear trend of experimental g fators) −0.945 ± 0.039c

Single-partile value -1.913

aFrom Ref. [4℄
bPrivate Communiation with I.S. Towner
cFrom Ref. [13℄

established. It is essential to measure more mirror magneti moment pairs in this

region in order to explore nulear struture in the fp shell and beyond.

The magneti moment of 55Ni was measured to address questions regarding the

56Ni ore. Comparison of both the dedued µ(55Ni) and 〈∑ σz〉 for the T = 1/2,

A=55 system with theory provides important information on the struture of doubly-

magi nulei as one moves further from stability.

1.5 Organization of Dissertation

An introdution to the nulear magneti dipole moment was presented in this hapter,

as well as a motivation for the measurement of µ(55Ni). In Chapter 2, the experimen-

tal tehnique of nulear magneti resonane of β-emitting nulei (β-NMR), used to

omplete the µ(55Ni) measurement, is desribed. Chapter 3 ontains details of the

experimental setup inluding prodution of the spin polarized 55Ni fragments and the

β-NMR apparatus. The results of the experiment are given in Chapter 4, followed by

a disussion of these results in Chapter 5. Chapter 6 onludes with a summary of the

present experiment, and outlook on the future of magneti moment measurements at

NSCL.
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Chapter 2

Tehnique

Methods for measuring the magneti dipole moment of the nulear ground state de-

pend on the interation between the magneti moment and a magneti �eld. One

of the earliest methods is the tehnique of nulear magneti resonane (NMR), pi-

oneered in 1946 by Purell [33℄. NMR measurements rely on an external magneti

�eld to break the degeneray of the magneti substates, and spins being distributed

among those substates aording to Boltzmann's law, with the lower levels slightly

more populated than the upper levels. When an osillating magneti �eld is applied

perpendiular to the external �eld, the resonane absorption of eletromagneti energy

an our if there is any population di�erene. Conventional NMR methods typially

require approximately 1017 nulei for an observable resonane due to the very small

population imbalane of the magneti substates at room temperature. This tehnique

is also restrited to stable or long-lived nulear states due to the time required to

make suh an NMR measurement, on the order of several minutes.

A variation of the NMR tehnique has been applied to β-emitting nulei to measure

the ground state nulear moments for short-lived nulei on the order of 10−2 to 103 s.

The so-alled β-NMR tehnique requires an external magneti �eld of order 10−1 T

and the observation of the angular distribuition of β partiles from a spin-polarized

nuleus, and will be desribed in more detail in the following setions.
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Collinear laser spetrosopy has been employed to measure nulear moments as

well. Lasers are used to san the hyper�ne struture of atomi transitions and the

relevant energy splittings are determined from the observed resonane frequenies.

The magneti moment is dedued from the strength of the hyper�ne interation,

whih is obtained from the energy splitting. Further, lasers an be used to spin polarize

nulei via optial pumping with irularly polarized light. The resulting spin-polarized

ensemble an then be measured with β-NMR to determine nulear moments. NSCL

is developing a laser system as a promising avenue for future measurements of nulear

spin, harge radii, and nulear moments.

In the work desribed in this dissertation, the β-NMR method was applied to de-

due the magneti moment of 55Ni. 55Ni is suited to the β-NMR tehnique sine 55Ni

deays via β+ emission with a half life of 204 ms. The remainder of this hapter will

desribe in detail the neessary omponents for the β-NMR measurement inluding:

1) prodution of spin-polarized nulei, 2) β-deay angular distribution from a spin-

polarized nuleus, 3) measurement of the spin polarization, and 4) measurement of

the magneti moment with the β-NMR tehnique.

2.1 Nulear spin polarization

Nulear spin polarization is a neessary ondition for many types of physis experi-

ments, inluding β-NMR spetrosopy. Spin polarization ours when the population

for a given magneti substate, m, is not equal to the population for the opposite

substate −m, and a linear distribution among the m states is present (see Fig. 2.1).

Spin polarization is generally disussed in terms of the statistial tensor, ρ, whih

haraterizes the orientation of a partiular state [34℄. The spin polarization for a

given spin value I is de�ned as the ratio of the statistial tensor ρ1(I) to its value for
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maximum spin polarization ρmax
1 (I). Thus, with

ρ1(I) = −
∑

m

mP (m)
√

I(I + 1)
(2.1)

and

ρmax
1 (I) =

−I
√

I(I + 1)
(2.2)

the spin polarization is

ρ1(I)

ρmax
1 (I)

=
∑

m

mP (m)

I
≡

〈

Iz

I

〉

, (2.3)

where P (m) is the normalized population for substate m [
∑

m P (m) = 1℄. Thus, spin

polarization is a measure of the orientation of the total angular momentum relative

to a �xed axis (z).

Several methods are ommonly used to produe spin polarized nulei for β-NMR

studies. Low-temperature nulear orientation uses a strong external magneti �eld to

break the degeneray of the magneti substates. The population of the states follows

the Boltzmann distribution law, as desribed previously. The splitting of the state

should be of order kT for a measurable polarization e�et, namely gµNH0 = kT ,

where H0 is the strength of the magneti �eld, k is the Boltzmann onstant, and T

is the temperature. The ondition is that H0/T = 2.8 × 103 T/K for a state with

gµN = 1µN . A suessful measurement then requires temperatures as low as 0.002

P(m)

m

Figure 2.1: Population distribution of a spin polarized system with respet to magneti

substate for a nuleus with I = 3/2.
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K when an external �eld of 5 T is used. Suh onditions have been ahieved but are

not well suited to projetile fragments.

Spin polarized nulei an also be produed by laser optial pumping as mentioned

previously. Optial pumping relies on the fat that if the eletroni spins an be

oriented, the hyper�ne oupling will ause the nulear spin to be oriented as well.

Cirularly polarized light is used to exite atomi transitions in an atom to a single

F -spin atomi sublevel. The nulear spin then follows the orientation of the ele-

tron spins, and a nulear spin polarization is produed. This tehnique requires very

low and well de�ned veloities that have only reently been obtained for projetile

fragments [35℄.

Another method to produe spin polarization for β-NMR is via nulear reations.

When reation produts are olleted away from the inident beam axis, the outgoing

partile and residual nuleus from a reation will be spin polarized. Transfer reations

suh as (d,p) are partiularly e�etive, as well as other types of reations. At NSCL,

rare isotopes are produed by intermediate-energy heavy-ion reations, in whih spin

polarization at small angles has been observed. Spin polarization of projetile-like

residues from intermediate-energy heavy-ion reations was �rst reported at the Insti-

tute of Physial and Chemial Researh (RIKEN) of Japan in the peripheral reation

197Au(14N,12B) at a primary beam energy of 40 MeV/nuleon [36℄. The spin polar-

ization, as a funtion of momentum, was observed to follow an S-shaped urve, with

zero polarization at the peak of the yield distribution, and maximum polarization (as

large as 20%) at the wings of the momentum distribution. A qualitative desription

of the polarization mehanism was found in a lassial kinemati model that onsid-

ers onservation of linear and angular momenta and assumes peripheral interations

between the fast projetile and target. Figure 2.2 presents a shemati of the ex-

peted polarization and yield for the nuleon removal proess for fragmentation of a

projetile on a heavy target.

A systemati study of spin polarization following few-nuleon removal from light
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projetiles as a funtion of beam energy and target nuleus was ompleted by Okuno

et al. [37℄. This study demonstrated that the relation between the outgoing fragment

momentum and the sign of spin polarization depended on the mean de�etion angle

θ̄def . Near-side reations our for high-Z targets, where the Coulomb de�etion dom-

inates the internulear potential between projetile and target (see Fig. 2.3). Near-side

reations give the polarization dependene shown in Fig. 2.2. The nuleon-nuleon po-

tential governs removal reations on low-Z targets. Far-side reations prevail in this

ase, in whih the path of the fragment is toward the target, and the sign of the

observed polarization is reversed.

The spin polarization has a near-zero value at the peak of the fragment yield

urve for both near- and far-side dominated reations, sine |θ̄def | is large. This

behavior an be qualitatively understood from the projetile rest-frame diagram in

Fig. 2.2. The removed nuleons have momentum K. The z omponent of the indued

angular momentum of the projetile-like speies is z = −Xky + Y kx, where X, Y

Y
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o
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Figure 2.2: Illustration of nulear spin polarization produed in a nuleon removal

reation at intermediate energies, for a high Z target. The yield and polarization

urves are given relative to the inident projetile momentum. The removal shemati

is given in the projetile-like rest frame (see text for de�nition of terms).
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are the loalized Cartesian oordinates of the removed nuleon(s), and kx, ky are the

momentum omponents of the removed nuleons in the reation plane. If the nuleon

removal ours uniformly in the overlap region, X ∼ R0 (the radius of the projetile),

Y ∼ 0, then z = −Xky . Zero polarization will therefore result when the fragment

momentum equals the projetile momentum, sine ky = 0 in the projetile rest frame

under these onditions.

If nuleon removal is not uniform in the overlap region, Y 6= 0 and the term Y kx

an ontribute to z. Suh a ontribution will only be observed experimentally when

|θ̄def | is small. The �nal sattering angle of the fragment is θL = θ̄def +∆θ, where ∆θ

is the hange in angle aused by the transverse momentum omponent of the removed

nuleons, ∆θ = tan−1(−kx/p). Here, p is the total momentum of the projetile-like

fragment. In reations where |θ̄def | ∼ 0, it is the transverse momentum omponent of

the removed nuleon(s) that �kiks� the fragments to small angles, and the resulting

polarization is negative sine kx > 0 to give a positive ∆θ and Y < 0 for non-uniform

nuleon removal as illustrated in Fig. 2.2.

As stated earlier, the nulei must be spin polarized to perform a β-NMR mea-

surement. There is a strong dependene of polarization on the momentum (yield

distribution) of the fragment nuleus, therefore it is ruial to know the magnitude

of polarization prior to the experiment. While fragmentation reations provide one

means of produing spin-polarized exoti nulei, these nulei tend to be produed at

low rates. A useful �gure of merit for β-NMR measurements is P 2Y , where P repre-

sents polarization and Y is yield, sine the optimization of polarization with yield is

ritial. Improvements in yield will ome with the development of new radioative ion

beam (RIB) failities, but while yields remain small, the ability to aurately predit

the expeted polarization is required for experimental suess. A Monte Carlo ode

was developed [37℄ based on the ideas disussed above to simulate the spin polarization

generated in nuleon removal reations at intermediate energies. The general behav-

ior of spin polarization as a funtion of projetile-like momentum was reprodued,

35



Y
ie

ld

Relative Momentum

P
o

la
ri

z
a
ti
o

n

0

0

Projectile
Target

R=(x,y,z)

L R K= ×

Y

Z X

Pout

pin

qdef

Pickup

=(kx,ky,kz)K
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reation at intermediate energies, for a high Z target. The yield and polarization

urves are given relative to the inident projetile momentum. The pikup shemati

is given in the projetile-like rest frame.

although a saling fator of 0.25 was needed to math the magnitude of polarization

observed experimentally. Previous work at NSCL improved the quantitative perfor-

mane of this Monte Carlo approah. The progress made in this area will be disussed

later in detail in setion 5.1.

While nuleon removal at intermediate energies has been shown to produe spin

polarization, ertain nulei are more easily produed via other reations, suh as

nuleon pikup. Spin polarization in nuleon pikup reations at intermediate energies

was �rst demonstrated at NSCL [38℄. Positive spin polarization was determined for

37K nulei olleted at small angles from the reation of 150 MeV/nuleon 36Ar

projetiles with a 9Be target. Figure 2.4 illustrates the features of spin polarization

and yield from nuleon pikup reations. The key to understanding the observed spin

polarization in the pikup proess is the knowledge that the piked-up nuleon must

have an average momentum equal to the Fermi momentum oriented parallel to the

beam diretion. Souliotis et al. [39℄ showed this to be the ase based on the observed
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shifts in the entroids of the longitudinal momentum distributions for one- and two-

nuleon pikup produts. The average projetile-like momentum 〈p〉 was found to

satisfy the relation 〈p〉 = 〈pp〉 + 〈pt〉, where 〈pp〉 is the average momentum of the

projetile and 〈pt〉 is the average momentum of the piked-up nuleon, whih is equal

to the Fermi momentum.

The momentum of the piked-up nuleon will be antiparallel to the inoming pro-

jetile momentum in the rest frame of the projetile-like speies. The z omponent

of orbital angular momentum indued by the nuleon pikup proess is lz = R∆p,

where ∆p is the momentum di�erene between the projetile and the piked-up nu-

leon, assuming a peripheral interation where the nuleon is piked up to a loalized

position on the projetile given by R in Fig. 2.4. lz and thus the spin polarization

will be zero when the momentum of the piked-up nuleon mathes the momentum

of the inoming projetile (∆p = 0). This zero rossing ours at the projetile-like

momentum p = [(Ap + 1)/Ap]pp, where Ap and pp are the mass number and momen-

tum of the projetile, respetively. A linear inrease in lz is expeted with a derease

in the momentum of the outgoing pikup produt. Groh et al. [38℄ found that proton

pikup reations follow the trend shown in Fig. 2.4, exept for the low momentum

side of the momentum distribution. At low momentum values of the pikup produts,

the momentum mathing onditions for pikup are no longer satis�ed, and the spin

polarization is observed to rapidly approah zero.

Turzó et al. showed that neutron pikup reations at intermediate energies behave

in a similar manner [40℄. Turzó et al. extended the Monte Carlo simulation of Ref. [37℄

to inlude nuleon pikup and the momentum onsiderations disussed by Groh et

al. [38℄. Qualitative agreement of the observed spin polarization as a funtion of

the projetile-like produt was found, as was the ase with nuleon removal reations.

However, the saling fator of 0.25 was again needed to reprodue the magnitude of the

observed spin polarization. The requirement of saling fators of the same magnitude

for both nuleon removal and nuleon pikup suggest that the same quantitative
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orretion fators should apply to both and has been demonstrated in Ref. [41℄. As

noted earlier, additional omponents have been added to the Monte Carlo simulation

to ahieve better quantitative agreement with data, and will be desribed in setion

5.1.

The kinemati model proposed by Asahi et al. has been suessfully employed

to quantitatively explain spin polarization at intermediate energies for both nuleon

removal and pikup reations [41℄. Further, polarization produed during fragmenta-

tion and nuleon pikup reations has proven to be an important means for extending

magneti moment measurements further from stability. Suess has been realized in

improving the reah for suh measurements, as shown in Fig. 2.5.

2.2 β Deay

Another requirement of the β-NMR tehnique is that the nuleus of interest deays

via the spontaneous emission of an eletron (β−) or a positron (β+), a proess known

as β deay, and that the asymmetry parameter Aβ assoiated with this deay not be

zero. During β− deay, a neutron is transformed into a proton, while in β+ deay, a

proton is transformed into a neutron. The general form of β deay of a parent nuleus

AZ an be written as:

AZN →A (Z + 1)+N−1 + e
− + ν̄e + Q

β− β−
deay (2.4)

AZN →A (Z − 1)−N+1 + e
+ + νe + Q

β+ β+
deay (2.5)

where the Q value desribes the energy released during the nulear reation:

Q
β− = M [AZ] − M [A(Z + 1)] (2.6)

Q
β+ = M [AZ] − (M [A(Z − 1)] + 2mec

2) (2.7)
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I0 is the number deteted without the absorber. Re is the extrapolated range.

2.2.1 Eletron interations

When the eletron that is emitted from β-deaying nuleus passes through an ab-

sorbing material, suh as a detetor, the eletron does not follow a straight path.

Large deviations in the eletron path are possible beause its mass is equal to that

of the orbital eletrons with whih it is interating, and a large fration of its en-

ergy an be lost in a single enounter [57℄. In addition, eletron-nulear interations

an abruptly hange the eletron diretion. The transmission urve for monoenergi

eletrons is shown in Fig. 2.6. Even small values of the absorber thikness lead to

the loss of some eletrons from the deteted beam beause sattering of the eletron

e�etively removes it from the �ux striking the detetor. Therefore, the plot begins

to drop immediately and gradually approahes zero for large absorber thiknesses.

Those eletrons that penetrate the greatest absorber thikness will be the ones whose

initial diretion has hanged least in their path through the absorber. Range is there-

fore not a learly de�ned onept for eletrons beause the eletron total path length

is onsiderably greater than the distane of penetration along the initial veloity ve-

tor. Normally, the eletron range is taken from an extrapolation of the linear portion

of the transmission urve to zero and represents the absorber thikness required to

ensure that almost no eletrons an penetrate the entire thikness.

The ontinuous distribution of energy from a β-emitting nuleus auses the trans-
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mission urve to di�er from that of monoenergeti eletrons. The low-energy β par-

tiles are rapidly absorbed even in small thiknesses of the absorber, so that the

initial slope on the attenuation urve is muh greater. The transmission urve for

β-emitting nulei is nearly exponential in shape, although the behavior is only an

empirial approximation.

The traks of positrons in an absorber are similar to those of normal negative

eletrons, and their energy loss and range are about the same for equal initial energies.

Coulomb fores are present for both positive and negative harges, and whether the

interation involves a repulsive or attrative fore between the inident partile and

orbital eletron, the impulse and energy transfer for partiles of equal mass are about

the same.

2.2.2 β-deay angular distribution

β deay is governed by the parity-violating weak fore, and the diretion of emitted

β partiles an be anisotropi under ertain onditions. The angular distribution of

β partiles emitted from a polarized nuleus is given [42,43℄ as

W (θ) = 1 + AβP cos θ, (2.8)

where θ denotes the emission angle with respet to the axis of polarization, P , as

de�ned previously. The asymmetry parameter Aβ for allowed β transitions is

Aβ =
±λρ2 − 2ρ

√

J
J+1δ

JJ′
1 + ρ2

(2.9)

where

λ =























1 for J → J ′ = J − 1

1/(J + 1) for J → J ′ = J

−J/(J + 1) for J → J ′ = J + 1.

(2.10)
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ρ is the mixing ratio de�ned by the onstant ρ = (CA〈σ〉)/(CV 〈1〉) where CV and CA

are the Fermi and the Gamow-Teller oupling onstants, respetively, and 〈1〉 and 〈σ〉

are the orresponding nulear matrix elements. The upper and lower signs orrespond

to β+ deay and β− deay, respetively.

The β-NMR measurement requires suh angular anisotropy of the emitted β parti-

les, and the anisotropy also permits measurement of spin polarization. If the nuleus

of interest has some spin polarization, then the β partiles will be emitted asymmetri-

ally as given by Eq. 2.8, under the ondition that Aβ 6= 0. When the spin polarization

of the nuleus of interest is zero, the β partiles are emitted isotropially. Thus, the

angular distribution an be used as a probe for measuring both spin polarization and

the magneti moment, as outlined in the following two setions.

2.3 Measuring spin polarization

The magnitude of spin polarization may be dedued from the results of a suessful

β-NMR measurement, as will be desribed in more detail in the following setion.

However, it is useful to know the spin polarization for the nuleus of interest prior to

the start of a β-NMR measurement. The spin polarization depends on the fragment

momentum, as desribed in the previous setion. Therefore, it is desireable to optimize

spin polarization as a funtion of momentum aording to the �gure of merit, P 2Y ,

before the β-NMR measurement. Also, a spin polarization measurement that dedues

the magnitude of spin polarization as well as diretion is ideal, to ompare to the

magnitude and diretion of the NMR e�et observed in the β-NMR measurement.

A tehnique has been developed at NSCL to measure polarization using a pulsed

external magneti �eld. The tehnique does not require advaned knowledge of the

nulide's magneti moment [44℄. The β angular distribution will be anisotropi if

the implanted nulei have some spin polarization when the external magneti �eld is

on. When the magneti �eld is o�, quadrupolar interations between the implanted
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nuleus and eletrons in the lattie will generally dominate the loal �eld interation at

the loation of the impurity in a fae-entered ubi host material. These quadrupolar

interations will, in e�et, depolarize the nulear spin system and lead to an isotropi

β angular distribution. The angular distribution shows maximum deviation at angles

0◦ and 180◦ relative to the spin polarization axis, as shown in Eq. 2.8. Therefore, the

double ratio

R =
[W (0◦)/W (180◦)]�eld on

[W (0◦)/W (180◦)]�eld o�
, (2.11)

will deviate from unity when the implanted nulei are spin polarized, while for un-

polarized nulei R will be unity. Substituting [W (0◦) = W (180◦)]�eld o� in Eq. 2.11,

the spin polarization an be dedued from R as

R =
1 + AβP

1 − AβP
(2.12)

R ∼ 1 + 2AβP. (2.13)

Thus, the spin polarization an be extrated from the experimentally measured quan-

tity R. However, R will also re�et any instrumental asymmetries, for example, the

e�et of the external magneti �eld on the photomultiplier tubes used to detet the

β partiles. A normalization for the double ratio an be provided by produing the

seondary beam at 0◦ along the inident beam diretion to orret for this asymmetry.

With the primary beam at 0◦, the implanted beam has no spin polarization [45℄, and

β emission will be isotropi. The system asymmetry an be removed from the data by

taking a ratio of the double ratios for the polarized (beam angle 2◦) and unpolarized

(beam angle 0◦) soures. The pulsed magneti �eld method for measuring spin po-

larization provides a means of maximizing P 2Y for magneti moment measurements

that use the β-NMR tehnique, whih is desribed in the following setion.
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2.4 Nulear magneti resonane of β-emitting nulei

Nulear magneti resonane (NMR) is a branh of spetrosopy, and therefore deals

with the energy levels of a system and transitions between these levels, either by

absorption or emission of photons. β-NMR is a type of radiation-deteting NMR. The

sensitivity of β-NMR is about fourteen orders of magnitude greater than onventional

NMR. While details of onventional NMR experiments will not be disussed, the

detetion step involves measurement of a small eletrial signal. More than 1017 nulei

are needed to obtain a large enough signal above noise. The β-NMR tehnique involves

the detetion of β partiles emitted from radioative nulei, whih produe a large

eletrial signal in the detetors. It has been found that only about 103 nulei are

needed in the β-NMR tehnique. The details of the β-NMR tehnique are desribed

in the remainder of this setion.

As mentioned previously, NMR spetrosopy depends on the interation between

the magneti dipole moment ~µ = gµN I and an external magneti �eld ~H0, whih is

de�ned along the z-axis. The Hamiltonian desribing the interation is given by

H = −~µ · ~H0 (2.14)

= −gµNH0m where m = I, I − 1, · · · − I. (2.15)

The interation indues a splitting in energy known as Zeeman splitting between the

formerly degenerate magneti sublevels (see Fig. 2.7).

When the frequeny of the osillating magneti �eld in a resonane experiment

orresponds to the separation of neighboring levels, transitions between adjaent sub-

states (seletion rule ∆m = ±1) are indued by this �eld. Provided that the stati

�eld H0 is su�iently uniform and that no eletri �eld gradients are present in the

viinity of the nulei being studied, the separation between all neighboring levels will

be the same, and transitions indued between adjaent levels will have a ommon

resonane frequeny. The energy levels Em and their separation ∆E in suh a ase
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Figure 2.7: Zeeman levels of the 55Ni nuleus in the presene of an external magneti

�eld.

are given by

Em = −gµNH0m where m = I, I − 1, · · · − I, and (2.16)

∆E = gµNH0 = hνL (2.17)

where νL is the Larmor preession frequeny. The value of νL for g ∼ 1 and H0 ∼ 0.5

generally falls in the radiofrequeny (rf ) region.

The populations among Zeeman sublevels will be asymmetri after any of the

various tehniques desribed previously have been applied. The β-angular distribution

from a polarized nuleus shows a maximum deviation at angles 0◦ and 180◦ relative to

the spin polarization axis (see Eq. 2.8). Therefore, when the number of β partiles are

monitored at these angles, an anisotropy is observed as long as the nuleus maintains

spin polarization and Aβ 6= 0. Given an initially spin-polarized olletion of nulei, an

alternating magneti �eld H1 of the proper radiofrequeny νL applied perpendiular

to H0 indues transitions between the substates. The H1 drives transitions with ∆m =
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±1, ausing re-distribution of magneti substate population. If enough rf power is

applied, the populations may be equalized and the polarization destroyed (see Fig.

2.8). The β-angular distribution is then isotropi.

The rf an be applied ontinuously for a period of time, known as ontinuous

wave (CW) exitation, or it an be applied in short pulses. The 55Ni measurement

desribed in this thesis used the CW tehnique. The rf was sanned using a frequeny

modulated (FM) signal, while the external magneti �eld was held onstant. The FM

signal allowed for an e�ient san of a frequeny region in a short period of time. A

wide band FM san was espeially important during the initial searh for a resonane.

The FM rf was applied in a repetitive fashion. The beam was always on and the

detetors were always ounting. The NMR e�et was monitored as the double ratio

R =
[W (0◦)/W (180◦)]rf o�
[W (0◦)/W (180◦)]rf on

. (2.18)
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When the frequeny is o� resonane, R is unity, as there is no di�erene between

having the rf o� or on. At the Larmor frequeny, the rf o� ondition results in an

asymmetri distribution of β partiles, while during the rf on phase the β partiles

are emitted isotropially if polarization is entirely destroyed, as shown in Fig. 2.8. As

stated before, at the Larmor frequeny, the double ratio redues to Eq. 2.12. AβP

is monitored as a funtion of applied frequeny to determine the Larmor frequeny.

The g fator is then extrated from the resonane frequeny

hνL = gµNH0. (2.19)

The µ an be dedued from the nulear g fator if the nulear spin is known (Eq. 1.37).

The unertainty in µ is evaluated from the width of the FM signal, whih appears as

an unertainty on νL. The unertainty in H0 is usually small. H0 was measured in

this work with a proton resonane probe to a preision of 1:104. Other experimental

unertainties are spei� to the nuleus under study and the solid lattie into whih

it is implanted. In general, for β-NMR experiments, these unertainties are muh

smaller than the error in the FM signal, whih is typially around 5% for FM= ±25

kHz and νL = 1 MHz. The origin of these two unertainties are desribed brie�y in

the following setions, and will be disussed in the ontext of the 55Ni measurement

in the next hapter.

2.4.1 Spin-lattie relaxation

The proess of spin-lattie relaxation is the means by whih a spin polarized system

omes into thermal equilibrium with the surrounding lattie. To onserve energy in

the equilibration proess, any nulear Zeeman transition indued by in�uene of the

lattie is aompanied by a ompensating hange to the lattie. Although there are

many ontributions to this relaxation, it is generally onvenient to use a harateristi

time onstant to desribe the total proess, alled the spin-lattie relaxation time T1.
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A suessful β-NMR experiment learly requires the spin-lattie relaxation time to

exeed the nulear lifetime, so that the spin polarization is maintained until the

nuleus deays.

The spin-lattie relaxation time depends sensitively on the nulear implantation

site and any loal radiation damage aused by the implantation proess. If the neigh-

boring nulei in the lattie have non-zero spins, they will hange the loal magneti

�eld that the nuleus of interest experienes, and ontribute to the relaxation proess.

In addition, the interations of the nuleus with eletrons in the lattie also ause re-

laxation. The ontribution and nature of the interation of the nuleus with eletrons

di�ers depending on whether the lattie is a metal or insulator.

In metals, the interation between the nulear moment and the magneti �eld

produed by ondution eletrons is the dominant spin-lattie relaxation mehanism.

The interation proess an be viewed as a sattering proess, in whih a ondution

eletron satters from an initial to a �nal state, while the nuleus undergoes transition

from one magneti substate to another. The interation is governed by a potential

V whih desribes the �sattering�. Calulations of this type yield what is alled the

Korringa relation [46℄, and leads to the following approximate result,

T1

(

∆H

H

)2

=
~

4πkT

γ2
e

γ2
n
, (2.20)

where γe and γn are the spin g fators for the eletron and the nuleus, respetively,

and (∆H
H ) is the Knight shift [47℄. The Knight shift arises from the di�erene in

the magneti �eld produed by the ondution eletrons (∆H) and the external �eld

(H). Note that T1 is proportional to the inverse of the lattie temperature T . Low

temperatures an be employed to lengthen T1 and extend the time window to evaluate

nulear spin polarization.

The absene of ondution eletrons in insulators makes the harater of oupling

between nulei and eletrons di�erent, and there is no simple relationship between

48



T1 and T , as was the ase for metals. One soure for relaxation in insulators arises

from the oupling of the nuleus to the magneti �eld produed by the eletrons

preessing under the in�uene of H0. Additionally, a nuleus an indiretly ouple

with its neighbors via the distortions in the eletron shells produed by their magneti

moments, but for rare isotope experiments, the dilute nature of the impurity makes

suh e�et unlikely. In general, typial T1 for a metal in metal is on the order of ms,

while a metal in insulator has a T1 greater than seonds. It should be noted that the

spin relaxation time does not ontribute to the error on µ, but remains an important

experimental onsideration.

2.4.2 Line broadening

Resonane line broadening is haraterized by a spread in νL for nulei residing at var-

ious sites within the implantation rystal. Provided that the external magneti �eld is

homogeneous, broadening arises from the loal environmental e�ets surrounding the

nulei. Soures ontributing to the overall shape of the resonane line are numerous

and an make the shape quite ompliated. A ommon method used to take into a-

ount the distribution of interations with di�erent strengths, diretions, and symme-

tries is the two-site model [48℄. It is assumed that a fration f of the nulei experiene

the full loal �eld of undisturbed substitutional sites whereas the rest (1 − f) is not

oriented. The latter fration aounts for nulei whih experiene hyper�ne �elds of

di�erent strengths but no preferred diretion in spae as may be present for instane

in a nonmetalli material. For this model the anisotropy is simply Re� = fR(νhf),

where R(νhf) is the anisotropy expeted for the undisturbed substitutional frequeny

νhf (or a narrow distribution around it) and Re� is the experimental anisotropy.

In metals, the dominent broadening e�et omes from the existene of ouplings

between neighboring spins, known as dipolar broadening, and is on the order of a few

kHz or less. The interation between two nulear spins depends on the magnitude and

orientation of their magneti moments and also on their separation [49℄. In addition,
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spin-lattie relaxation proesses plae a lifetime limit on the Zeeman levels, whih

e�etively broadens the line by the order of ~T1.

The e�ets desribed above for metals are small for insulators if the insulator is

a perfet rystal. Imperfetions in the rystal reate, at the position of a nuleus,

quadrupole gradients. These quadrupolar e�ets vary not only in orientation but also

in magnitude from site to site and have a onsiderable in�uene on the shape of the

resonane line. The imperfetions in the rystal an be reated by disloations, strains,

vaanies, foreign atoms, and/or radiation damage, and the amount of broadening

depends on the goodness of the rystal. Most of these e�ets are expeted to be small

for β-NMR spetrosopy on rare isotopes.

In this hapter, the neessary omponents of a β-NMR measurement were in-

trodued inluding the prodution of nulear spin polarization, the β-deay angular

distribution, a method to measure spin polarization, and a desription of the β-NMR

tehnique. In the next hapter, detailed information is given of the experimental setup

that was neessary for arrying out the tehniques desribed previously.
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Chapter 3

Experimental Setup

In the previous hapter, the tehniques required for a suessful magneti moment

measurement using β-NMR were desribed. This hapter will detail the experimental

systems required for beam prodution and the β-NMRmeasurement on 55Ni at NSCL.

3.1 Nulide Prodution

At NSCL, radioative ion beams are produed by projetile fragmentation, in whih

a high-energy projetile impinges a stationary target. A large number of fragments,

both stable and radioative, emerge from the target with veloities near the projetile

veloity. The purpose of the experiment desribed in this dissertation was to measure

the magneti moment of 55Ni. 55Ni was produed by neutron removal reation from

a 58Ni projetile on a 9Be target. A solid sample of 58Ni was vaporized and partially

ionized in a room temperature eletron ylotron resonane (ECR) ion soure (see

Fig. 3.1). The 58Ni11+ primary beam was aelerated to 13.7 MeV/nuleon in the

K500 ylotron, and then injeted into the K1200 ylotron. In the K1200 ylotron,

the 58Ni primary beam was further stripped with a thin arbon foil to a harge state

of 27+ and aelerated to 160 MeV/nuleon. After exiting the K1200, the primary

beam impinged upon on a 610 mg/m2 9Be target, resulting in many fragmentation
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Figure 3.1: Shemati representation of ion soure, K500, K1200, and A1900 at NSCL

oupled ylotron faility.

produts inluding 55Ni produed by three neutron removal. The A1900 [50℄ was

used to separate the 55Ni from other reation produts. The �rst half of the A1900

separated fragments based on magneti rigidity (momentum/harge), a wedge-shaped

degrader at the intermediate image (dispersive plane) indued a veloity shift propor-

tional to the nulear harge, and �nally the seond half of the spetrometer separated

the desired fragment bak into a single spot at the foal plane for transmission to the

experimental areas.

The primary beam was set at 2◦ with respet to the target to break the symmetry

of the fragmentation reation and observe polarization, as shown in Fig. 3.2. Two

dipole bending magnets, labeled Z002DH and Z008DS, were used to set the beam

angle. A viewer, labeled Z013, loated upstream of the target, was used to hek

the beam position. When the beam was at 0◦, the beam spot was loated at the

enter of Z013. At 2◦, the beam spot was loated to the left of the enter position.

Polarization of 55Ni was measured at three di�erent momentum settings (-1%, 0%,

and +1% relative to the peak of the 55Ni momentum distribution) of the A1900.

The full momentum aeptane of the A1900 was kept at ∆p/p = 1% via slits at

the intermediate image. The magneti rigidity values of the �rst two dipole magnets
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Figure 3.3: Mehanial drawing of the Radio-frequeny Fragment Separator. The

beam enters the port on the left and a large time-dependent eletri �eld an be

applied on the perpendiular axis in phase with the arrival of various partiles.

(Bρ1) and seond two dipole magnets (Bρ2) for eah of the three momentum settings

are summarized in Table 3.1.

Table 3.1: A1900 Bρ values for the various momentum settings for 55Ni fragments.

Momentum (%) Bρ1 (Tm) Bρ2 (Tm)

-1 3.15860 2.67580

0 3.22240 2.76520

+1 3.19050 2.72080

A high beam purity is required for observation of maximum NMR e�et due to

the ontinuous nature of the β energy spetrum. The Radio-frequeny Fragment Sep-

arator (RFFS) [51℄ was used in onjuntion with the A1900 for further puri�ation.

A mehanial drawing of the RFFS is shown in Fig. 3.3. The RFFS applied a sinu-

soidal voltage of ∼ 100 kVpp aross two opper plates that aused a phase dependent

transverse de�etion of the beam. The RFFS frequeny was operated at the ylotron

frequeny of 24.39780 MHz with an adjustable phase di�erene. The RFFS de�eted

partiles based on time-of-�ight, as ions with di�erent veloities arrived at di�erent
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Figure 3.4: Photo of the β-NMR apparatus.

times with respet to the phase of the applied voltage and experiened di�erent trans-

verse angular de�etions. An adjustable vertial slit system loated 5.38 m after the

end of the RFFS allowed for seletive removal of unwanted fragments and provided

a beam purity of >99% for 55Ni.

3.2 β-NMR Apparatus

3.2.1 Overview

Upon exiting the RFFS, the 55Ni fragments were sent to the β-NMR apparatus [52℄,

pitured in Fig. 3.4. A shemati drawing of the important omponents is shown

in Fig. 3.5. The fragments �rst passed through a irular ollimator, 1.5 m in

diameter, before being implanted into a NaCl single rystal loated at the enter of

the apparatus. The β-NMR apparatus onsisted of a large room-temperature dipole

magnet with its poles perpendiular to the beam diretion with a gap of 10 m.

The magnet indued the required Zeeman hyper�ne splitting of the spin-polarized

nulear ground state. The β partiles from 55Ni were deteted with a set of plasti
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Figure 3.5: Shemati drawing of the β-NMR apparatus. The opper ooling rod was

not used as the measurement was performed at room temperature.

sintillator detetor telesopes loated between the poles of the magnet. One telesope

was loated at 0◦ and one at 180◦, relative to the diretion of H0. Eah telesope

ontained a thin ∆E sintillator (4.4 m × 4.4 m × 3 mm), and a thik E sintillator

(5.1 m × 5.1 m × 2 m). Eah sintillator was oupled to an aryli light guide and

a photomultiplier tube (PMT). The thik detetor ated as a total energy detetor

for β partiles up to 4 MeV. β partiles from 55Ni have an endpoint energy of 7.7

MeV with a mean energy of 3.6 MeV (see Fig. 3.6). Only a fration of the β partiles

were ompletely stopped in the thik detetor due to the high endpoint energy and

sattering e�ets through the sintillator and surrounding material. The β detetors

were labeled as B1 (thik detetor on top), B2 (thin detetor on top), B3 (thin detetor

on bottom), and B4 (thik detetor on bottom), as shown in Fig. 3.7.

The dipole magnet had a fringe �eld that a�eted the performane of the PMTs.

The light guides were bent at an angle of 45◦ to plae the PMTs lose to the yoke steel

(see Fig. 3.7), where the fringe �eld was smallest. Even when the PMTs were plaed
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Figure 3.7: Shemati drawing of detetor system.
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next to the yoke, there remained a fringe �eld that ranged from 1 to 6 gauss for a

magnet urrent up to 190 A (∼0.45-T holding �eld). A number of di�erent shielding

on�gurations were tested, but none redued the fringe �eld signi�antly. The �nal

on�guration inluded a 0.4-mm thik µ metal sheet rolled into a ylinder and plaed

around the PMT.

Two silion surfae barrier detetors were used for fragment identi�ation. Silion

detetor number 1 (thikness 150 µm) was plaed 34 m upstream of the ather, and

was attahed to an air-ativated drive, providing the ability to insert and remove the

detetor from the line of the beam without breaking vauum. Silion detetor number

2 (thikness 300 µm) was plaed 12 m downstream from the ather and served as

a veto detetor for fragments that traveled through the NaCl.

Two idential rf oils in a Helmholtz-like geometry were plaed within the magnet

and between the β detetors, with the �eld diretion perpendiular to both the dire-

tion of the beam and the stati magneti �eld. Details of the rf system are given in

the next setion. A 2.5-m diameter, 2-mm thik dis-shaped NaCl single rystal was

mounted on an insulated holder, between the pair of rf oils. The rystal was plaed

at an angle of 45◦ relative to the normal beam axis to minimize the energy loss of the

β partiles emitted at 0◦ and 180◦. A 1.5-mm thik Al degrader was plaed in front

of the ollimator to lower the energy of the inoming 55Ni ions to ause the ions to

stop in the enter of the NaCl rystal. The LISE++ ode [53℄ was used to alulate

the appropriate thikness of the degrader. NaCl was hosen as a ather beause it

is known to hold polarization for Cu ions with a long T1 [23℄ given that Ni ions have

similar atomi radii to Cu ions, however, the T1 for Ni ions in NaCl is unknown. A

photo of the rf oil, rystal, ollimator, and silion detetor 2, all of whih under

vauum during the measurement, is shown in Fig. 3.8.
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Figure 3.8: Photo of the rf oil with rystal, ollimator, and silion detetor 2. All of

the pitured omponents are under vauum during the measurement.

3.2.2 Radiofrequeny system

The transverse H1 �eld used to destroy the polarization was reated by the Helmholz-

like oils that made up part of an LCR resonane iruit. L is the indutane of the

rf oil that produes the H1, C is the apaitane, and R is the resistane. The LCR

resonane ondition for frequeny f is given by

f =
1

2π
√

LC
. (3.1)

Several variable apaitors were used with �xed L and R to tune the resonane iruit

and ahieve impedane mathing to the rf ampli�er. Suh operation ensured a su�-

iently large value of H1 for all transition frequenies within a frequeny modulated

(FM) san. Transition frequenies were sequentially applied to the LCR resonane ir-

uit by seleting one of the variable apaitors using fast relay swithes. The seleted

apaitor was tuned to the spei� apaitane that satis�ed the LCR resonane

ondition for a partiular frequeny. The basi sheme is shown in Fig. 3.9.

The rf system used one of three funtion generators to generate the FM rf signal.

A pulse pattern generator, REPIC model RPV071, triggered the funtion generators.

The rf signal was sent to a 250 W rf ampli�er. The ampli�ed signal was then applied
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Figure 3.9: Shemati drawing of the LCR resonane system.

to the rf oil, whih was part of the LCR resonane iruit. A 50 Ω resistor ful�lled the

impedane mathing ondition between the ampli�er and the rf oil. One (or more) of

six variable apaitors were used to omplete the LCR iruit. The primary apaitor

used during the NMR measurement was a 4000 pF variable apaitor. A remotely-

ontrolled stepper motor was used to tune this apaitor. The generated resonane

urve is also alled a Q urve, and an example is shown later in this setion. After a

�xed rf irradiation time, the frequeny from a seond funtion generator was sent to

the same LCR resonane iruit. A di�erent apaitor was then seleted by the fast-

swithing relay system. Only one funtion generator was used for the majority of the

NMR measurements presented in this thesis, as only a single entral frequeny with

FM was applied for any one rf measurement. However, for a portion of the experiment,

a new multiple-frequeny NMR tehnique was tested. Three funtion generators were

used to san a larger frequeny region for the initial resonane searh. Additional

details on the rf system are available in Ref. [54℄.

The operating parameters for the rf depended on the onditions of the NMR

measurement. The theoretial preditions for µ(55Ni) given in setion 1.4.4 suggested

a searh region for µ(55Ni) between -0.6 µN and -1.2 µN . With an external magneti

�eld of H0 = 0.4551 T, the µ searh region orresponded to a frequeny range of 588

kHz to 1176 kHz, where g = µ/I in Eq. 2.16 and I = 7/2 for 55Ni. The indutane

of the oil and apaitane were hosen aording to Eq. 3.1 to math the desired
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frequeny region. With a �xed indutane of ∼ 15 µH, the apaitane ranged from

4500 pF for the lowest frequeny to 1000 pF for the highest frequeny. The apaitors

available in the rf system inluded: one 3900 pF �xed apaitor, two 4000 pF variable

apaitors, two 1500 pF variable apaitors, and one 1000 pF variable apaitor.

The rf oil support was made of the polyimide-based polymer Vespel R©, made by

DuPontTM, and rated to 260◦C. The opper wire used to wind the oil was 20 AWG

(round) with a polyimid insulation alled Allex R©, ordered from Superior Essex R©.

The wire insulation was rated to 240◦C. Suh temperature ratings were su�ient to

withstand the heat generated by the voltage drop aross the oil. The indutane

of the oil was measured as a funtion of turn number as shown in Fig. 3.10a. The

measurement was made with an LCR meter (Eletro Siene Industries - model 253).

The total turn number is the sum of turns for the two oils. The relationship between

the indutane and total number of turns, N , followed a L ∼ N2 dependene, as

shown in Fig. 3.10b. Therefore, to ahieve a oil with an indutane of ∼15 µH, a

14/14 turn oil was used. The measured indutane of the 14/14 turn oil was 14.3

µH.

The strength of H1 needed to destroy the initial polarization is given by the

expression

H1 =
1

γ

(

2π∆f

∆t

)1/2

, (3.2)

where ∆f is the frequeny window, ∆t is the rf time, and γ = g
~
µN . A FM of ±50 kHz

used for the initial wide frequeny san and an rf time of 10 ms required an H1 �eld

of ∼8 G. A FM of ±25 kHz for the narrower san and an rf time of 10 ms required

an H1 �eld of ∼5 G. Temperature tests proved the rf system ould withstand the

prolonged appliation of an H1 of 8 G, as the temperature was observed to saturate

at 155◦C.

The DC harater of the oil, α, was determined by measuring the magneti �eld

of the oil as a funtion of applied urrent. α is needed to determine H1 of the oil at
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Figure 3.11: DC harater of the rf oil determined by measuring the magneti �eld

of the oil as a funtion of applied urrent. The α value is equal to the slope of the

line.

a given frequeny. Current was applied to the rf oil using a Tenma Laboratory DC

Power Supply (72-6152) from 0 to 2.5 A. The magneti �eld was monitored at the

enter of the oil using a FW Bell Gauss/Teslameter (model 5080) and the results

are shown in Fig. 3.11. The α value is the slope of the line, α =3.3 G/A. The H1 is

then alulated as

H1 =
V

2

1

2πfL

α

2
, (3.3)

where V is the voltage aross the oil, f is the applied frequeny, and L the indutane

of the oil. The voltage is determined from the peak-to-peak value on the resonane

Q-urve, as shown in Fig. 3.12. The example Q-urve was reorded at frequeny 1100

kHz with FM ± 50 kHz. The input voltage from the funtion generator (FG) was

Vin =100 mVpp and the generated voltage was Vout=870 V. The alulated H1 in this

ase was 7.2 G whih mathes the required H1 given by Eq. 3.2.
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Figure 3.12: Resonane Q-urve at frequeny 1100 kHz with FM ± 50 kHz and input

voltage Vin =100 mVpp. The H1 is alulated from Eq. 3.3.

3.2.3 Eletronis

Readout eletronis

The plasti sintillator detetors were used to detet the β partiles emitted in the

deay of 55Ni. A shemati diagram of the eletronis for eah of the four plasti

sintillators is shown in Fig. 3.13. Eah sintillator was oupled to an aryli light

guide, whih was oupled to a PMT. The signal from the PMT was shaped, ampli�ed,

and separated into a fast signal and a slow signal. The slow signal was sent to a

VME analog-to-digital onverter (ADC, CAEN mod. V785) where the energy was

determined from the maximum voltage peak. The fast timing signal was sent to

a onstant fration disriminator (CFD, Tennele TC 455). One of the fast timing

signals from the CFD was onverted from NIM type to ECL and used in the VME

saler module (CAEN saler C3820) for rate monitoring. Another CFD time signal

was used for establishing the logi of the master gate (MG).

A shemati diagram of the eletronis for the silion detetors used for partile
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Figure 3.13: Plasti sintillator eletronis diagram.

identi�ation is shown in Fig. 3.14. Silion detetor 1 (Orte SN 27-259B, model TB-

020-300-150) was loated upstream of the β-NMR apparatus and was used for partile

identi�ation. The energy signal was taken from the slow output of the ampli�er and

digitized in VME. The fast timing signal of Silion 1 was ompared with the ylotron

rf to generate a time-of-�ight (tof) measurement of the inoming beam. Silion de-

tetor 2 (Orte SN 36-153D, model TB-020-300-300) was loated downstream of the

NaCl rystal, and was used for partile identi�ation before the rystal was put in

plae. After the NaCl rystal was in plae, the detetor was used as a veto detetor

for fragments that passed through the NaCl rystal. Signals from both detetors were

proessed with Tennele (S/N 2104) preampli�ers, and then ampli�ed (Tennele TC

241 S). The slow signal was sent to the ADC and the fast signal was sent to the CFD

for timing purposes. One of the CFD timing signals for both silion detetors was sent

to a logial OR to beome part of the master gate (MG). Another CFD timing signal

for both detetors was onverted from NIM type to ECL type and sent to the saler

for rate monitoring. As noted above, a third timing signal from the silion detetor 1
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66



OR

B1

B3

Si(OR)

MG computer
not busy

MG Live

ADC
gate

Trigger Latch/
Busy Latch

scaler

AND

scaler

AND

AND
B2

B4

Figure 3.15: Master gate (MG) eletronis diagram.

CFD was used as a start for the time-to-amplitude onverter (TAC, Orte 566). The

TAC stop ame from the K1200 ylotron rf. The TAC output represented the beam

tof, and was digitized in VME.

A logial AND was made between B1 and B2, as well as B3 and B4 before being

sent to the MG. The oinidene ondition was implemented to redue readout dead

time and redue bakground events and was used to trigger the readout of all other

detetors during the data aquisiton (see Fig. 3.15). The MG was reated from the log-

ial OR of sintillator oinidenes and the signal from the silion detetors to trigger

during partile identi�ation. The MG made a logial AND with a omputer-not-busy

signal to provide the master live signal. Master live �opened� the data aquisition gate

for ADC onversion.
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Figure 3.16: Eletronis diagram for the radiofrequeny system.

rf eletronis

Funtion generators (FG, Agilent funtion/arbitrary waveform generator, 20 MHz

model 33220A) were used to produe the rf. Timing ontrol of the rf was aomplished

with a VME pulse-pattern generator (see Fig. 3.16). The REPIC model RPV-071

pulse-pattern generator had 32 hannel output with 65k/hannel data memory. A bit

pattern was loaded into the memory of the RPV-071 through the VME bus. The

pattern was output-synhronized with an external lok signal. Eah output was used

to trigger and/or gate devies. These devies are listed on the right side of Fig. 3.16.

The on, o�, beam, and ount signals from RPV-071 were sent to an I/O register

(CAEN mod. V977) for reording in the data stream and for software gating. The on

and o� signals were used for rf pulsing. The on signal was also sent through TTL
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Figure 3.17: Shemati representation of the external magneti �eld pulsing sequene

during the polarization measurement. The �eld was pulsed on and o� every 60 s. The

beam was ontinously implanted.

to a temperature sensor at the input of the dipole magnet oil to ontrol magnet

pulsing. The rf pulsing sequene generated by RPV-071 was sent to the funtion

generator. From the funtion generator, the signal went to the rf ampli�er (model

BBS0D3FOQ, 58 dB, 250 W), and then to the rf box. The sw1-6 signals shown in

Fig. 3.16 represent the apaitor swith signals, whih were generated by RPV-071

and sent to the rf box.

The timing sequenes programmed to the RPV-071 module for both the polariza-

tion measurement and NMR measurement are shown in Figs. 3.17 and 3.18, respe-

tively. In both measurements, the beam was implanted ontinuously and β ounting

was performed for the entire measurement. During the polarization measurement,

the external magneti �eld was pulsed on and o� every 60 s. The frequeny of the

internal lok on the RPV-071 module was 500 Hz, and thus the minimum length of

the pulse was 1/(500 Hz)=2 ms. The maximum length of the pulse or one yle of

timing program was (65k data point)/(500 Hz)=130 s.

During the NMR measurement, the FM was realized in a �sawtooth� funtion with

a 10 ms rf sweep time. The rf was applied ontinuously for 30 s on and then 30 s

o�. The RPV-071 lok frequeny was 2000 Hz, so the minimum length of the pulse

was 0.5 ms. The maximum length of the pulse or one yle of timing program was

32.5 s. The RPV-071 module was ontrolled with a graphial user interfae developed
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Figure 3.18: Shemati representation of rf pulsing sequene during the NMR mea-

surement. The rf was pulsed on and o� every 30 s, with 20 ms sweep time. The beam

was ontinously implanted.

using Tl/Tk (sripting language/graphial user interfae took kit) [55℄ based on the

NSCLDAQ VME Tl extension [56℄.

High voltage (HV) was supplied to eah β detetor PMT and the silion detetor

preamps through a CAEN SY3527 High Voltage Power Supply (HVPS). Individual

software ontrols for voltage ramp rate and maximum voltage were available for eah

devie onneted to the CAEN HVPS.

3.2.4 Calibrations

External magneti �eld

Preise knowledge of the external magneti �eld is neessary to redue systemati

unertainty in the g-fator result. The g fator is alulated from νL and H0 (Eq.

2.19). The ontribution to the overall error on the g fator from the magneti �eld

an be less than the FM. The dipole magnet �eld was alibrated by measuring the

stati �eld at the enter of the rf oil as a funtion of applied urrent. The magneti

�eld was measured using the Metrolab PT2025 preision NMR Teslameter with a

number 3 solid sample 1H probe (range 0.17 to 0.52 T). Current was supplied to
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Figure 3.19: Dipole magnet alibration.

the magnet with a Power Ten In DC power supply (SN 1010740). The alibration

was done with all experimental devies in plae, exept for the NaCl rystal and

silion detetor 2, whih would have been in the way of the probe. The alibration of

the holding �eld as a funtion of applied urrent is shown in Fig. 3.19. The magnet

alibration was done approximately a month before the experiment began to establish

the dependene of the �eld with the applied urrent. However, for the experiment,

it is only important that the �eld is known preisely at the set urrent, and that

the �eld is stable for the duration of the β-NMR measurement. The �eld was also

monitored immediately before and after the experiment, for one hour to obtain an

estimate of the systemati error on H0. The β-NMR measurement was onduted

with a urrent of 180 A, orresponding to 4477.3 G using the alibration. Over the

ourse of a month period, however, the �eld shifted. When the �eld was measured

at 180 A prior to the experiment, the �eld ranged from 4490.6 G to 4494.3 G over

one hour. Immediately after the experiment, the �eld was monitored again for one

hour at 180 A and ranged from 4490.0 G to 4491.5 G. The �utuation in magneti

�eld mainly ame from two soures: inherent instability of the power supply and
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temperature. The power supply has a quoted stability of ±0.05% of the set point per

8 hours after warm-up. Variations in the temperature of the room a�et the power

supply and in turn the magneti �eld. A value of 4490.5 G was hosen with an error

of 5.0 G at 180 A to take into aount the small �utuations in �eld over the ourse

of the experiment.

The magneti �eld strength hosen for the polarization measurement was 1000 G,

whih orresponds to 40 A of urrent in the magnet. In the polarization measurement,

the magneti �eld is pulsed on and o�. The PMTs are a�eted by the fringe �eld

of the magnet, and this e�et is �eld dependent, as shown in Fig. 3.20, where the

energy spetra for B1 and B4 are shown for a 90Sr soure as a funtion of applied

urrent. Therefore, 40 A (1000 G) was hosen as a �eld strength for the polarization

measurement, where the �eld e�ets were minimal (see Fig. 3.20).

Plasti sintillator detetors

Ideally, the plasti sintillator detetors would be alibrated with β partiles of varying

energy. However, there are limited o�-line or long-lived soures of β partiles with a

large endpoint energy. One alternative is to alibrate the energy response with the

Compton edge from a γ-ray soure, sine the sintillators are able to detet the

sattered eletrons. The auray of suh a alibration is not high, but is su�ient to

hek the funtionality of the detetor.

A Compton satter results in the reation of a reoil eletron and sattered γ-ray

photon, with the division of energy between the two dependent on the sattering

angle [57℄. The energy of the sattered γ ray, E′
γ , in terms of its sattering angle θ

and the initial γ energy, Eγ , is given by

E′
γ =

Eγ

1 + (Eγ/m0c2)(1 − cos θ)
, (3.4)

where m0c
2 is the rest mass energy of the eletron (0.511 MeV). The Compton edge
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Figure 3.20: Dependene of the β energy spetra for a 90Sr soure on the strength of

the external magneti �eld. Energy spetra of thik detetors B1 and B4 are shown

with magneti �eld o� (dotted line) and magneti �eld on (solid line) at 0, 75, 110,

and 165 A.
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Table 3.2: Peak γ energy and alulated Compton edge for eah soure used in the

plasti sintillator energy alibration.

Soure Peak γ energy (keV) Compton edge (keV)

57Co 122 40
137Cs 662 481
60Co 1170 964

1330 1120

represents the maximum energy that an be transferred to an eletron in a single

Compton interation, that is, in a head-on ollision in whih θ ≃ π. In this ase, Eq.

3.4 redues to

E′
γ ≃ Eγ

1 + 4Eγ
, (3.5)

and the Compton edge, EC , is the maximum energy transferred to the eletron, that

is

EC = Eγ − E′
γ . (3.6)

Three γ soures were used to energy alibrate the β telesopes: 57Co, 137Cs, and

60Co. The γ peak energy and alulated Compton edge for eah soure are shown in

Table 3.2. An average was taken for the two 60Co values, as the separate Compton

edges are not resolved in the plasti sintillator. The Compton edge was determined

in the spetrum by taking the hannel value at the half maximum of the Compton

ontinuum for eah detetor. An example of the determination of the Compton edge

from the energy spetrum taken with a 137Cs soure with B1 is shown Fig. 3.21. This

hannel number is shown as a funtion of the alulated Compton edge in Fig. 3.22.

The linear trend shows that the detetors are funtioning as expeted. The abso-

lute values obtained from the alibration may not be aurate, as it was di�ult to

determine the loation of the Compton edge from the spetra due to the sattering

and energy loss properties of eletrons disussed in setion 2.2.1. Suh properties are

also the reason for the di�erene in the slope of the line for thik detetors versus

thin detetors.
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Figure 3.21: Energy spetrum from 137Cs taken with B1 to determine the Compton

edge. The Compton edge was determined in the spetrum by taking the hannel value

at the half maximum of the Compton ontinuum.

y = 0.2241x + 103.59

R
2

= 0.9989

y = 0.5801x + 144.09

R
2

= 0.983

0

100

200

300

400

500

600

700

800

900

0 200 400 600 800 1000 1200

Calculated Compton Edge (keV)

A
c
tu

a
l
C

h
a

n
n

e
l
N

u
m

b
e

r
o

f
C

o
m

p
to

n
E

d
g

e

B1

B2

B3

B4

Linear regression through B4

Linear regression through B3

Figure 3.22: Energy alibration of plasti sintillator detetors B1-B4. 57Co, 137Cs,

and 60Co were used as γ soures and the alibration was done using the Compton

edge of the γ spetrum.

75



400 500 600 700 800 900
0

100

200

300

400

500

Channel number

Silicon detector 1

C
o
u
n
ts

5.42 MeV

5.69 MeV

6.78 MeV

8.78 MeV

6.29 MeV

6.05 MeV

Figure 3.23: α-deay spetrum of 228Th olleted with silion detetor 1.

Silion detetors

The silion detetors were tested prior to the experiment to hek the energy resolu-

tion. Silion detetor 1, plaed upstream of the β-NMR apparatus on an air ativated

drive, was the primary detetor used for partile identi�ation at the experimental

end station. Silion detetor 2, plaed downstream of the NaCl rystal, was used to

determine if fragments were passing through the rystal. Both detetors were tested

by olleting an α spetrum from a 228Th soure, with the results shown in Figs. 3.23

and 3.24. The observed resolution was su�ient for partile identi�ation purposes

in the 55Ni region. The FWHM at 5.69 MeV was observed to be 64.8 keV for silion

detetor 1 and 76.5 keV for silion detetor 2. The silion detetors were also tested

with the external magneti �eld on at both 180 A and 40 A, with little hange in

energy resolution.

β-NMR apparatus

The entire β-NMR apparatus was alibrated to ensure that there were no inherent

asymmetries. The same rf sequenes exeuted during the experiment were also per-
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Figure 3.24: α-deay spetrum of 228Th olleted with silion detetor 2.

formed with a 60Co γ soure at the rystal position. Calibration with a β soure

would again be ideal, as was the ase for the plasti sintillator alibration, but the

seletion of β soures is limited. The available β soure, 90Sr, β− deays to 90Y with

a Q value of 546 keV (mean β energy 196 keV). 90Y then β− deays to 90Zr with a Q

value of 2.3 MeV (mean β energy 933 keV). Most β partiles from this soure would

be absorbed before making it to the thik detetor for a oinidene measurement.

Some β partiles make it through to the thik detetor, but the ativity of the soure

was not su�ient to omplete the neessary alibrations in a reasonable amount of

time. Thus, a γ soure was thought to be the best available option. Prior to the

experiment, the frequeny range of 600 kHz to 1600 kHz was sanned, pulsing the

rf on and o� every 30 s, with a onstant external magneti �eld of 4490.5 G. The

double ratio R was determined as given in Eq. 2.18. Two frequeny modulations were

applied, the �rst at ± 50 kHz, and the seond at ± 25 kHz, to reprodue the expeted

experimental onditions. Both alibrations are shown in Fig. 3.25 and no signi�ant

asymmetry was apparant.

The H0 on/o� double ratio was also determined with the 60Co soure. The dipole
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Figure 3.25: rf alibration prior to the start of the experiment with 60Co soure. The

rf is pulsed 30 s on then 30 s o�. Two frequeny modulations (FM) were heked:

±50 kHz and ±25 kHz.

magnet was pulsed on and o� every 60 s, at a �eld of 1000 G. The double ratio R

was taken as given in Eq. 2.11. The alibration value of R was found to be 1.0012 ±

0.0074, onsistent with zero asymmetry.
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Chapter 4

Experimental Results

4.1 Fragment Prodution

The experimental systems desribed in the previous hapter were used in the produ-

tion and identi�ation of 55Ni fragments, and the β-NMR measurement. The 55Ni

seondary beam was produed under a variety of onditions to maximize spin polar-

ization and omplete the β-NMR measurement. The spin polarization measurements

were ompleted with the 55Ni seondary beam produed at primary beam angles of

2◦ and 0◦, as well as three separate fragment momenta settings of the A1900. The

NMR measurement was ompleted with the primary beam at an angle of 2◦, and a

single A1900 setting with the momentum orresponding to the peak yield of 55Ni.

This hapter presents the partile identi�ation of the seondary beam, the response

of the β detetors under the various onditions desribed above, and the results of

both the spin polarization and NMR measurements.

4.2 Partile Identi�ation

Seondary beam partile identi�ation (PID) was performed using the A1900 foal

plane detetors for energy loss and tof information. The PID with no wedge at the
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intermediate image of the A1900 and a onstant value of Bρ is shown in Fig. 4.1. The

onstant value of Bρ = mv/q yields ertain features that are harateristi of the A/q

of the fragments. The unbound fragment 8Be did not appear in the PID, and the

�hole� where the fragment should appear was used as referene (shown in the lower

part of Fig. 4.1). The energy loss of the 55Ni fragments was determined to be 597

MeV through the 0.5 mm thik A1900 foal plane PIN detetor.

A 405 mg/m2 Al wedge was plaed at the intermediate image of the A1900, and

the PID was measured again as shown in Fig. 4.2. Based on the energy loss observed

in the unwedged PID, the 55Ni fragments were identi�ed with the wedge present.

The Bρ values were sanned and the rate of 55Ni was measured at eah Bρ setting

to establish the yield distribution as a funtion of fragment momentum. The mo-

mentum distribution is espeially important for the spin polarization measurement,

as polarization was later measured as a funtion of fragment momentum at three

settings to establish the variation. The measured momentum distribution is shown

in Fig. 4.3 with a Gaussian �t. The measured momentum distribution agrees with a

alulation that onsiders onservation of linear momentum, as desribed in setion

5.1.1.

The 55Ni fragments were sent on to the RFFS. Partile identi�ation was per-

formed after �ltering at the RFFS diagnosti box, whih was loated 5.3 m down-

stream of the RFFS exit. The diagnosti box onsisted of an adjustable vertial

slit system sandwihed between two retratable parallel-plane avalanhe ounters

(PPAC), and a retratable telesope of Si PIN detetors. The PPACs are position

sensitive detetors and were used to determine the slit position for seletive removal

of unwanted fragments. The vertial position of fragments in the seondary beam

after de�etion in the RFFS is shown as a funtion of arrival time in Fig. 4.4. The tof

was taken as a time di�erene between a signal in the RFFS PIN detetor and the

rf frequeny of the K1200 ylotron and thus the faster fragments have longer times

in this �gure. The upper vertial slit (G183 top) was positioned to +4 mm to selet
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Figure 4.1: Energy loss at the A1900 foal plane PIN detetor as a funtion of time-of-

�ight with no wedge at the intermediate image. The expanded PID shows the �hole�

where unbound 8Be is expeted, providing a referene for 55Ni.
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Table 4.1: Fration of omponents of the seondary beam, relative to 55Ni, before the

RFFS was turned on and after.

Nulide Fration before RFFS Fration after RFFS

55Ni 1 1
54Co 1.33 0
53Fe 0.24 0.01
52Mn 0.02 0.02

the de�etion region that inluded the fragment of interest and eliminated unwanted

ontaminants. Two beam steerers loated downstream of the RFFS diagnosti box

and upstream of the experimental endstation were used to reenter the fragments

onto the optial axis of the experimental endstation. The frations of eah nulide in

the seondary beam relative to 55Ni, before the RFFS was turned on and after, are

given in Table 4.1. The primary ontaminant in the seondary beam from the A1900

was 54Co, as seen from Fig. 4.4a. Implantation of 54Co would present a partiular

problem for the β-NMR measurement beause it has a half-life and β-endpoint energy

similar to that of 55Ni (see Fig. 4.5).

When the RFFS was on with the slits losed, the 54Co ontamination was elim-

inated ompletely, as shown in Fig. 4.4b. The other ontaminants, 53Fe and 52Mn,

were not a problem for suess of the measurement due to their low β-endpoint en-

ergies, although these low-energy ontaminants were observed, as will be disussed

in setion 4.3. Contributions from these low-energy ontaminants were removed from

the β energy spetra olleted at the β-NMR apparatus by making an energy ut in

software.

The puri�ed beam was implanted at the enter of the β-NMR apparatus. Final

partile identi�ation was performed at the endstation as well. Energy loss of the

seondary beam was reorded with silion detetor 1, and the tof was taken as a

time di�erene between a signal in that detetor and the rf frequeny of the K1200

ylotron. The PID measured before the RFFS was turned on is shown in Fig. 4.6a.

After the RFFS was turned on and the vertial slits were adjusted, the PID was taken
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again as shown in Fig. 4.6b (the poor resolution in the energy loss spetrum was a

result of noise from the RFFS slit motors).

4.3 β energy spetra

The β-deay energy spetra for detetors B1-B4 are shown in Figures 4.7 through

4.11. The 1-dimensional spetra taken near the beginning of the experiment as the rf

was being pulsed on and o� is shown in Fig. 4.7. The solid line represents the rf on

ondition, and the dotted blak line represents the rf o� ondition. The dotted line

falls nearly on top of the solid line, whih indiates that the rf did not interfere with

the detetion of β partiles or ause the PMTs to behave di�erently when the rf was

on versus when it was o�. This observation is in agreement with the rf on/o� soure

alibration data disussed in setion 3.2.4. The small low energy peak that is visable

around hannel 300 in detetors B1 and B4 represents the deay produt, 55Co, whih

has a Q value of 3.5 MeV (mean β energy 570 keV). A majority oinidene register

was added shortly after the experiment started to lower the dead time. The timing

signals from B1 and B2, as well as those from B3 and B4, were taken as a logial

AND. Further, the CFD thresholds on B1 and B4 were raised from -0.7 V to -1.6 V
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and -1.4 V, respetively, to eliminate the 55Co and other low-energy ontamination.

The higher threshold on B1 and B4 was at ∼400 hannels as shown in Fig. 4.8, whih

orresponds to ∼440 keV from the energy alibration in setion 3.2.4.

Changes in the β energy spetra were also heked when the external magneti

�eld, H0, was pulsed on and o� at 1000 G (Fig. 4.9). The spetra show no di�erene

when the external �eld was on, as ompared to when it was o�. Again, this observation

is in agreement with the alibration data disussed in setion 3.2.4. The partiular

spetra shown were taken before the thresholds on B1 and B4 were raised, and thus

the small peak orresponding to 55Co is present in both spetra.

Two-dimensional β-deay energy spetra were onstruted by plotting ounts in

the ∆E detetor (B2, B3) as a funtion of ounts in the orresponding E detetor

(B1, B4) for both up and down telesopes. The thin ∆E detetors has a more uniform

response independent of β energy, as demonstrated by the alibration in setion 3.2.4.
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Figure 4.9: 55Ni β-deay energy spetra for thik detetors B1 and B4, and thin

detetors B2 and B3, for both external magneti �eld H0 on at 0.45 T (red) and H0

o� (blak).
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Figure 4.10: Two-dimensional 55Ni β-deay energy spetra plotted as ∆E versus E

detetor. For these spetra, the external �eld was held onstant at 0.45 T, the rf was

o�, and the threshold on B1 and B4 was -0.7 V.

All β partiles deposit the same amount of energy, more or less, as they travel through

the thin detetor beause less sattering ours. The thik E detetor has more of an

energy-dependent response sine more of the β partiles will ome to rest in this

detetor. The 2.0 m thikness of the E detetor is only su�ient to stop β partiles

with a maximum energy of about 4 MeV. Only a fration of β partiles were stopped in

the thik detetor due to the high Q value of 55Ni (Q value of 8.7 MeV, mean β energy

3.6 MeV) and the sattering and energy loss properties of the β partiles. Shown in

Fig. 4.10 are the 2-D telesope spetra for both B2 versus B1 and B3 versus B4. The

2-D spetra onstruted after the installment of the MG oinidene ondition and

with higher thresholds on B1 and B4 are shown in Fig. 4.11.

An example of a bakground run is shown in Fig. 4.12. A small fration of high

energy osmi rays were observed. Also, some 55Co (Q value 3.5 MeV, mean β energy

570 keV) remains as bakground due to its half life of 17 hours, and the fat that

the threshold on B1 and B4 was raised to only ∼100 hannels on B1 and B4, whih
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Figure 4.11: Two-dimensional 55Ni β-deay energy spetra plotted as ∆E versus E

detetor. The external magneti �eld was held onstant at 0.45 T and the rf was o�.

Thresholds on B1 and B4 were raised to -1.6 V and -1.4 V, respetively, in order to

redue low energy ontamination.

orresponds to ∼440 keV from the energy alibration in setion 3.2.4. At this energy

threshold, the majority of the β partiles from 55Co were removed as the two strongest

β partiles have mean energies of 436 keV (26%) and 649 keV. (46%). However, the

highest energy partiles onstitute only a small fration of the ontinuous β energy

distribution. Additionally, 53Fe and 52Mn are present after the RFFS, and have Q

values of 3.7 MeV (mean β energy 1.1 MeV) and 4.7 MeV (mean β energy 1.2 MeV),

respetively. 53Fe and 52Mn also ontribute to the bakground spetra. The energy

ut taken on the 2-D energy spetra to determine the double ratio did not inlude

the low energy bakground.

4.4 Spin polarization measurement

An important �rst step of the 55Ni magneti moment measurement was to optimize

the spin polarization of the seondary beam. The �gure of merit for an NMR mea-

surement is P 2Y , where P is the spin polarization and Y is yield. Spin polarization
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Figure 4.12: Two-dimensional bakground spetra. The external magneti �eld was

held onstant at 0.45 T and the rf was o�.

measurements were made at ∆p/p=0 and ±1% relative to the fragment momentum

distribution peak to optimize P 2Y and identify the best onditions for the magneti

moment measurement.

The spin polarization was determined for 55Ni fragments produed from bom-

barding 58Ni on a Be target. The polarization was dedued from the pulsed magneti

�eld method, where in this appliation the external magneti �eld was set at 1000 G

when on, and the pulse duration was 60 s. The β asymmetry was determined from

the number of ounts in the up and down detetors using Eq. 2.11. The measurement

was ompleted at a 2◦ primary beam angle to break the symmetry of the fragmen-

tation reation and realize spin polarization. A normalization run was also taken at

0◦, as disussed in setion 2.3. At the momentum orresponding to the peak yield of

55Ni, three separate spin polarization measurements were ompleted at both 2◦ and

0◦ at di�erent times throughout the experiment. The dedued spin polarization as a

funtion of the experimental run time is shown in Fig. 4.13. The two spin polariza-

tion measurements at ∆p/p = ±1% were ompleted near the time of the �nal entral
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Figure 4.14: Spin polarization of 55Ni plotted as a funtion of perent momentum

relative to the peak of the yield distribution.

momentum measurement. A weighted average was taken of the three points at the

entral momentum to obtain the �nal spin polarization urve, as shown in Fig. 4.14.

4.5 NMR measurement

The maximum polarization was observed for 55Ni fragments at the peak of the yield

distribution. Therefore, the β-NMR measurement was ompleted under these ondi-
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Figure 4.15: Asymmetry AβP as a funtion of applied frequeny. Data taken with

FM=± 25 kHz is represented by the solid squares with the weighted average of base-

line data represented by the gray band.

tions. The primary beam angle was maintained at 2◦ to break the symmetry of the

fragmentation reation and observe spin polarization. The rf was pulsed on and o�

every 30 s in the region of 605 kHz to 1455 kHz in steps of 50 kHz. H0 was held

onstant at 4490.5 G. The FM was ±25 kHz, and the rf sweep time was 10 ms (see

Fig. 3.18). The H1 �eld produed under these onditions was ∼5 G. Data was taken

at eah frequeny in Fig. 4.15 for 30 min, and three sans were performed for a total

of 90 minutes per frequeny point. A resonane was observed at 955 kHz and was

found 3.5σ below the weighted average of the other baseline data points. The per-

mutation alulation based on Gaussian statistis gives a probability of 0.83% for a

random deviation of at least 3.5σ. Further, the on�dene interval for the mean of the

baseline was determined, and ompared to the statistial error in AβP at 955 kHz.

At the 95% on�dene level, the 955 kHz point lies 3σ from the baseline.

Prior to the β-NMR san shown in Fig. 4.15, a new tehnique was attempted to test

the apabilities of the rf box. As disussed in Chapter 2, the new rf system allowed

for the fast, sequential san of multiple frequenies. Using a frequeny modulation of
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Figure 4.16: Asymmetry AβP as a funtion of applied frequeny. Data taken with

FM=± 25 kHz is represented by the solid squares with the weighted average of base-

line data represented by the gray band. The multiple frequeny san that used three

sequential frequenies of FM=± 50 kHz eah is represented by the open triangles

with dashed error bars.

±50 kHz, with three sequential frequenies from three di�erent funtion generators, a

frequeny region spanning 300 kHz ould e�etively be monitored. For example, the

�rst san region inluded the three frequenies 630, 730, and 830 kHz with a FM of

± 50 kHz eah. The rf sweep time was still 10 ms, but eah frequeny was applied

for 55 ms in sequene. This sequential appliation was performed for 30 s, then the

rf was o� for 30 s, and the yle repeated. Thus, the frequeny region 580-880 kHz

was sanned in 120 min. The wide modulation san for the full region 580-1480 kHz

is presented in Fig. 4.16. However, the point that overs the identi�ed resonane with

the e�etive ±150 kHz FM did not show the same magnitude of asymmetry as the

±25 kHz resonane point. It may be beause the rf ondition was not exatly the

same in both measurements. First of all, the frequeny modulation was di�erent; one

was ±25 kHz and the other was three points eah of ±50 kHz. The rf sweep time

was the same for both measurements at 10 ms. The wider FM of ±50 kHz required

an H1 of 6 G at the resonane point, aording to Eq. 3.2, while an FM of ±25 kHz
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only required 4 G. Suh di�erene was aounted for by using an H1 of 8 G for the

±50 kHz san and 5 G for the ±25 kHZ san, but there may have been a problem

when multiple frequenies were introdued. Further, the statistis on the wide FM

data are lower than that for the narrow FM data due to a lower beam intensity at

the time the wide FM data was olleted. This experiment was the �rst time the

multiple frequeny san tehnique was attempted for an NMR measurement, and the

tehnique may need more testing before it is fully understood.

The resonane at νL = 955 kHz with FM= ±25 kHz was used to dedue the

orresponding g fator as |g| = 0.279 ± 0.007. The magneti moment was further

extrated as µ = gI, with I = 7/2 for the 55Ni ground state [58℄. The �nal result is

|µ(55
Ni)| = (0.976 ± 0.026)µN .

The unertainty on µ was evaluated from the width of the FM. The µ was not or-

reted for the hemial shift due to the interation of 55Ni with eletrons in the lattie,

whih is not known, but assumed to be small ompared to the error on the present

result. The sign of g and thus µ annot be determined diretly from the measurement.

However, it was assumed negative based on theoretial onsiderations for a neutron

hole in the 1f7/2 shell.
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Chapter 5

Disussion

5.1 Polarization of
55
Ni ompared to simulation

In Chapter 2, the development of a Monte Carlo ode that simulates spin polar-

ization produed in nuleon removal and pikup reations at intermediate energies

was desribed. The original simulation as desribed in Ref. [37℄ was revised to im-

prove the quantitative agreement with experiment [41, 59℄. Simulations of the 58Ni

fragmentation reation to produe 55Ni were performed to test the reliability and

preditive power of the Monte Carlo ode. Details regarding the reation observables

are provided in the following setions.

5.1.1 Momentum distribution reprodution

The Monte Carlo simulation was �rst used to provide preditions to ompare the

experimentally-observed momentum distribution to preditions. The momentum of

the outgoing fragment was alulated based on onservation of linear momentum.

The linear momentum (x, y, and z omponents) of the group of removed nuleons

was modeled using a Gaussian distribution entered at zero with a width, σ, given by
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the Goldhaber formula [60℄,

σ = σ0

√

AF (AP − AF )

(AP − 1)
(5.1)

where AF is the fragment mass, AP is the projetile mass, and σ0 is the redued

width. The redued width is related to the Fermi momentum of the nuleon motion

inside the projetile σ2
0 = p2

Fermi/5. The σ0,expt dedued from experimental distribu-

tion varianes have been observed to depend on the mass number of the fragmenting

projetile nuleus, with a weak dependene on the mass number of the target nuleus

and kineti energy of the projetile [61℄. Therefore, a subsequent phenomenologial

parametrization was used to determine the redued width for 55Ni. The parametriza-

tion onsiders dependene on fragment mass, target mass, and inident projetile

energy, and is appliable over a wide range of masses from AP = 12 − 200. The re-

dued width was shown to have a linear dependene as a funtion of AP . The redued

width was alulated as

σ0,expt =

(

1 +
EC

4Tlab

)(

70 +
2AP

3

)

(5.2)

where Tlab is the beam energy in MeV/nuleon and EC is the Coulomb energy for

the relevant fragmentation reation, given by

EC =
1.44ZP ZT

rP + rT
. (5.3)

In Eq. 5.3, ZP,T are the projetile and target harge numbers, respetively, and rP,T

are the uniform distribution nulear radii given by

rP,T =
√

5/3(rP,T )rms, (5.4)

98



Data

-0.03 -0.02 -0.01 0 0.01 0.02 0.03

R
a
te

 [
p

p
s
/p

n
A

]

1000

2000

3000

4000

5000

6000

7000

8000

9000

Simulation

Relative momentum (% of peak)

9
Be(

58
Ni,

55
Ni)

Figure 5.1: Simulated momentum distribution ompared to data for the reation

9Be(58Ni,55Ni) at 160 MeV/nuleon. The red squares represent the data and the

blue line represents the results of the simulation.

where the nulear rms radii are taken from eletron sattering measurements [62℄. For

a 160 MeV/nuleon 58Ni beam on a 9Be target,

σ0 = 112 MeV/. (5.5)

With this redued width, the simulation yielded a momentum distribution in good

agreement with experiment, as shown in Fig. 5.1.

5.1.2 Optial Potential

The real part of the optial model potential, required to alulate the nuleus-nuleus

interation, V0, is an input parameter for the mean de�etion angle, a parameter

of the spin polarization simulation. The de�etion angle θ (see Fig. 5.2) for a single

interation is given by

θ = π − 2φ, (5.6)
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Figure 5.2: Variable de�nitions for mean de�etion angle alulation.

with

φ =

∫ ∞

rmin

bdr

r2

√

1 − b2

r2
− U(r)

E

. (5.7)

In Eq. 5.7, b is the impat parameter, r is the distane between the enters of the

two interating objets, U(r) is the potential governing the interation of the two

objets, rmin is the separation between the enters of the two point-like objets at

the distane of losest approah and the energy, E, is given by

E =
1

2
mv2

∞, (5.8)

where v∞ is the veloity of the projetile at r = ∞ [63℄.

The projetile is assumed to move away from the target after the sattering event

with momentum equal to the inident momentum, thus E(v∞) = E(vincident). Eq.

5.7 is general for any spherially symmetri potential.

The potential U(r) is de�ned as

U(r) = UCoulomb(r) + Unuclear(r). (5.9)

The Coulomb part of the potential is repulsive and is given in Eq. 5.3. The nulear
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part of the potential is taken to be the real part of the optial model [64℄, and is

attrative:

Unuclear(r) =
−V0

1 + e(r−R)/a
. (5.10)

Here V0 is the depth of the optial model potential, R = 1.2( 3√Ap + 3√At) where Ap

and At are the masses of the projetile and target respetively, and a is a measure

of the di�useness of the nulear surfae. V0 and a are parameters �t to experimental

data. There are very limited nuleus-nuleus sattering data available in the litera-

ture, and an exat determination or parametrization of V0 is di�ult for any given

projetile-target ombination. Typially this is not a problem beause in head-on ol-

lisions, the nulear potential does not have a large in�uene. However, the treatment

of peripheral ollisions depends strongly on the optial potential. In the minimum,

a determination of V0 is needed. A parametrization of V0 based on energy and/or

number of nuleons removed would su�e, but unfortunately, suh a parametrization

does not presently exist.

In the work desribed in the following setions, V0 was determined with a folding

model alulation [65℄. The model was hosen beause it reprodues experimental

sattering data for heavy ions in the energy range of interest. The folding alulation

yields the real part of the optial potential (V0) as a funtion of the internulear

radius, the distane between the enter of the projetile and target. The internulear

radius was alulated in the simulation ode, based on the relations by Gosset et

al. [66℄. For 58Ni at 160 MeV/nuleon on a 9Be target, Khoa alulated the optial

potential for a three nuleon removal reation to be V0 = 41 MeV whih orresponds

to a mean de�etion angle of θdef = 0.049. A renormalization of the real folded

potential is usually assumed to aount for higher-order e�ets, with a renormalization

oe�ient N = 1± 0.2 multiplied by the potential. In the ase of the 9Be(58Ni,55Ni)

reation, a normalization oe�ient of 1.1 (V0 = 45 MeV) was shown to have the best

agreement with data.
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Figure 5.3: Spin polarization as a funtion fragment momentum p relative to the peak

of the yield distribution p0 for the three neutron removal reation 9Be(58Ni,55Ni) (160

MeV/nuleon). The red squares are the experimental data points and the grey band

represents the range of the Monte Carlo simulation results within a 1σ distribution.

The input parameters used in the simulation are given in Table 5.1.

5.1.3 Results of simulation

The spin polarization measurement for the reation 9Be(58Ni,55Ni) at 160 MeV/nuleon

(see Fig. 4.14) is shown along with simulation results in Figure 5.3. The parameters

used in the simulation are given in Table 5.1.

A value of Aβ = 0.885 was used to extrat polarization for the 55Ni analysis.

Calulation of Aβ as outlined in Appendix A gives two values, Aβ = +0.885 or

Aβ = −0.747 depending on the sign of the mixing ratio ρ, whih is not experimen-

tally known. The polarization simulation predits negative polarization at the peak

of the yield distribution. A positive value of Aβ is needed for the polarization mea-

surement to have the same sign as simulation. The sign of the Gamow-Teller matrix

element should be determined to on�rm this assignment of Aβ . A negative spin

polarization is expeted for the three neutron removal reation based on the previ-
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Table 5.1: Input parameters used in the Monte Carlo simulation to model the spin

polarization of the nuleon removal reation 9Be(58Ni,55Ni), and the nuleon pikup

reations 9Be(36Ar,37K) and 9Be(36S,34Al).

Parameter 9Be(58Ni,55Ni) 9Be(36Ar,37K) 9Be(36S,34Al)

A, Z of projetile 58, 28 36, 18 36, 16

A, Z of target 9, 4 9, 4 9, 4

Inident energy (MeV/nuleon) 160 150 77.5

Distane of losest approah (fm) 5.47 5.44 5.40

Number of events 500000 500000 500000

Angular aeptane (deg) 2 ± 2.5 2 ± 2.5 2 ± 1

Optial potential (MeV) 45 29 32

Mean de�etion angle (rad) 0.014 -0.07 -0.49

ous onsiderations of onservation of linear momentum. Reall that the de�nition of

polarization is dependent on lz/|L|. |L| =
√

L2
x + L2

y + L2
z is a positive value and

lz = −Xky +Y kx. At the peak of the momentum distribution, the fragment momen-

tum is zero, and thus ky = 0. The fragments aepted into the A1900, as shown in

Fig. 3.2, had an x-omponent of linear momentum that was negative. Therefore, the

x-momentum of the removed nuleons, kx is positive. As disussed above, Y < 0 for

non-uniform removal as shown in Fig. 2.2; therefore, lz and P must be negative.

5.1.4 Extension to nuleon pikup reations

A omplete quantitative treatment of intermediate energy reations is important to

the suess of the spin polarization simulation ode. In addition to nuleon removal

reations, nuleon pikup reations at intermediate energies provide a means for pro-

duing spin polarized nulei away from stability. The spin polarization mehanism

for both nuleon removal and pikup reations is believed the same. Therefore, the

simulation ode was extended to inlude nuleon pikup, independent of the e�orts

reported in Ref. [40℄.

The pikup proess follows the observations of Souliotis et al. [39℄, in that the

piked-up nuleon has an average momentum equal to the Fermi momentum (230

MeV/), oriented parallel to the beam diretion. The momentum distribution for the
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one-neutron pikup reation 27Al(18O,19O) at 80 MeV/nuleon is shifted below the

momentum/nuleon of the beam, as observed in Ref. [39℄, in ontrast to the observed

shift for nuleon removal produts. The simulated position of the entroid agrees

with the alulation of Ref. [39℄, where a simple model based on momentum onser-

vation was used (see Fig. 5.4). The agreement demonstrates that angular momenta

onsiderations are employed orretly in the Monte Carlo ode modi�ed for nuleon

pikup.

The width of the momentum distribution is observed experimentally to be small

(around 20 MeV/), while it is alulated to be zero. The σ2
‖ from Goldhaber [60℄ is

σ2
‖ = σ2

0
APF (AP − APF )

AP − 1
, (5.11)

where APF = AF − ∆At is the mass of the projetile part of the �nal produt and

∆At is the number of nuleons piked up from the target. As disussed in setion

5.1.1, the parameter σ0 is the redued width, and is related to the Fermi momentum

of the nuleon motion inside the projetile: σ2
0 = p2

Fermi/5. Eq. 5.11 assumes that the

nuleon is piked up from the target with a �xed momentum and diretion, and the

piked-up nuleon makes no ontribution to the width. Thus, for any pure nuleon

pikup proess, AP = APF and the parallel width is zero. To model the experimental

observations of Ref. [39℄, a parallel width of σ‖ = 20 MeV/ was used. In addition to

the parallel width, Van Bibber et al. [67℄ showed that in heavy-fragment studies in

the 100 MeV/nuleon region, the projetile is subjet to an orbital de�etion due to

its interation with the target nuleus before fragmentation takes plae. The orbital

de�etion gives an additional dispersion of the transverse momentum, as given in the

expression:

σ2
⊥ = σ2

1
APF (AP − APF )

AP − 1
+ σ2

2
APF (APF − 1)

AP (AP − 1)
. (5.12)

The �rst term in Eq. 5.12 was de�ned previously (Eq. 5.11, where σ0 is replaed

by σ1), and the seond term ontains σ2
2, the variane of the transverse momentum
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Figure 5.4: Parallel momentum/nuleon distribution alulated with the simulation

ode for the reation 27Al(18O,19O) at 80 MeV/nuleon. The red squares are the

data [39℄ and the blak line represents the simulation results. The arrow orresponds

to the momentum/nuleon of the beam. The simulated momentum distribution has

been saled by the ratio observed in Ref. [39℄ of experimental entroid/alulated
entroid (0.969/0.978), in order to ompare to the data.

of the projetile at the time of fragmentation (200 MeV/ as used in Ref. [67℄). A

omparison of the simulated momentum distribution is shown in Fig. 5.4 with the

data taken from Ref. [39℄.

The simulation results for one-nuleon pikup proesses disussed in the literature

are shown in Fig. 5.5 and 5.6. Souliotis et al. [39℄ used the �typial� Fermi momentum

pFermi=230 MeV/ in the momentum distribution alulation. pFermi was alulated

here based on data taken from Moniz et al. [68℄. The pFermi ranges from 170 MeV/

for the lightest targets to 260 MeV/ for heavier targets. The results of the simulation

for a proton pikup 9Be(36Ar,37K)X, �rst observed by Groh et al. [38℄, are given in

Fig. 5.5. The parameters of the simulation are listed in Table 5.1. The momentum

mathing onditions [69℄ for simple surfae-to-surfae pikup are best met for the

two data points on the high momentum side of the yield distribution, where the

simulation agrees with the data. On the low momentum side of the peak of the

yield urve, the piked-up nuleon has a momentum less than the Fermi momentum,
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and the momentum mathing onditions for diret pikup are poorly satis�ed. More

omplex transfer mehanisms are therefore required to desribe the polarization on

the low momentum side [38℄.
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Figure 5.5: Polarization as a funtion of fragment momentum p relative to the pri-

mary beam momentum p0 for the one-proton pikup reation 9Be(36Ar,37K) (150

MeV/nuleon). The red squares are the experimental data points from Ref. [38℄ and

the grey band represents the range of simulation results within a 1σ distribution.

The simulation ode was also used to model data from a neutron pikup reation,

9Be(36S,34Al) at 77.5 MeV/nuleon obtained in Ref. [40℄, as shown in Fig. 5.6. Again,

the simulation parameters are given in Table 5.1. These data were reprodued by an

independent simulation of the nuleon pikup in Ref. [40℄, but required a saling fator

of 0.25. No saling fator was applied in the results presented here to reprodue the

polarization from neutron nor proton pikup reations.
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Figure 5.6: Polarization as a funtion of fragment momentum p relative to the mo-

mentum at the peak of the yield distribution p0 for the one-neutron pikup reation
9Be(36S,34Al) (77.5 MeV/nuleon). The red squares are the experimental data points

and the blue dashed line is the previous simulation result, both from Ref. [40℄. The

grey band represents the range of the present simulation results within a 1σ distribu-

tion.

5.2 Magneti Moment of
55
Ni and the

56
Ni losed

shell

As given in setion 4.5, the magneti moment of 55Ni was dedued as

µ(55
Ni) = (−0.976 ± 0.026)µN .

The new µ(55Ni) is ompared below to theoretial preditions. The starting point for

the disussion is a simple single-partile wavefuntion, where µ is then orreted with

an e�etive operator. The disussion is then expanded to onsider a more sophistiated

wavefuntion for the 55Ni ground state.
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5.2.1 Single-partile wavefuntion and e�etive g fators

The new µ(55Ni) was �rst ompared to the results of a alulation that used a simple

form of the wavefuntion, where 56Ni was assumed to be an inert losed ore. The

magneti moment operator was desribed in Refs. [5, 6℄ as:

~µe� = gl,e�〈l〉 + gs,e�〈s〉 + gp,e�〈[Y2, s]〉, (5.13)

where gx,e� = gx + δgx, with x = l, s, or p, and gp denotes a tensor term. Here gx is

the free nuleon g fator gfree (gs = 5.586, gl = 1 for proton and gs = −3.826, gl = 0

for neutron) and δgx the orretion to it. s and l represent spin and orbital angular

momentum, respetively. The results of the alulation for both a single proton (55Co)

and single neutron (55Ni) on�guration in the 1f7/2 shell are shown in Table 5.2.

Details of the alulation and individual orretions an be found in [5�7℄, and the

orretions were disussed in setion 1.2.2. Starting from the single-partile values for

µ(55Ni) and µ(55Co), the CP orretions overorret experimental values (see Fig.

5.7), but the MEC restore the theoretial predition lose to the experimental values.

The isobars and relativisti e�ets have only small ontributions to the orretion.

The simple theoretial model, labeled as g
perturbation
e�

, reprodues the experimental

values for 55Ni and the mirror partner 55Co well, as shown in Table 5.2.

5.2.2 Shell model in full fp shell and gfree

Another theoretial approah was taken using a omplex wavefuntion in a shell

model alulation to gain more insight on the details of the 56Ni ore. The shell

model alulation was performed in the full fp shell with the e�etive interation

GXPF1 [4℄, where 40Ca was assumed to be an inert losed ore. Here, the 56Ni

ore is soft as the probability of the lowest order losed-shell π(1f7/2)
8ν(1f7/2)

8

on�guration in the ground-state wavefuntion is∼60%. The magneti moment an be

alulated from gfree with a form of the magneti moment operator ~µ = gs〈s〉+gl〈l〉. In
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Table 5.2: Contributions to the alulated e�etive magneti moment operator for a

1f7/2 neutron in 55Ni and a 1f7/2 proton in 55Co.

Neutron 1f7/2 (55Ni) Proton 1f7/2 (55Co)

gl gs gp µ gl gs gp µ

CPa 0.185 1.933 3.339 1.744 -0.183 -2.188 -3.892 -1.905

MECb -0.245 -0.614 -0.368 -1.066 0.270 0.693 0.340 1.181

Isobars 0.010 0.288 -0.889 0.117 -0.010 -0.288 0.888 -0.117

Relativisti 0.000 0.093 0.000 0.046 -0.024 -0.151 -0.040 -0.150

sum of all orre-

tions
-0.049 1.701 2.082 0.841 0.052 -1.935 -2.704 -0.990

single-partile

value
0.000 -3.826 0.000 -1.913 1.000 5.587 0.000 5.794

single-partile

value + orre-

tions

-0.049 -2.125 2.082 -1.072 1.052 3.652 -2.704 4.804

aontains both random phase approximation (RPA) and seond-order e�ets

(CP(2nd)).
bontains meson exhange orretions as well as a ore-polarization orretion to the

two-body MEC operator (MEC-CP).
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Figure 5.7: Running sum of Towner orretions to the single-partile magneti moment

for 55Ni (blue diamonds) and 55Co (pink squares).
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Table 5.3: Magneti moments of 55Ni,55Co and the isosalar spin expetation values

of the mass A = 55 system.

µ(55Ni)µN µ(55Co) µN 〈∑σz〉
Experiment −0.976 ± 0.026 4.822 ± 0.003 [25℄ 0.91 ± 0.07
Single-partile value -1.913 5.792 1.00

g
perturbation
e�

-1.072 4.803 0.61

full fp gfree -0.809 4.629 0.84

full fp gmoments
e� -0.999 4.744 0.65

full fp gsd �t
e�

-1.071 4.926 0.94

full fp gsd �t
e� without

isosalar δgsd �t
l term

-1.129 4.868 0.63

general, good agreement is realized by this treatment for N ∼ Z nulei over the range

A = 47 − 72. The shell model alulation gives µ(55Ni)=-0.809 µN with gfree, whih

is in fair agreement with the present result as ompared with other µ alulations in

Ref. [4℄. The observed agreement supports the softness of the 56Ni ore. Similar results

were obtained for the probability of the π(1f7/2)
8ν(1f7/2)

8 losed shell omponent

in the wavefuntion from a separate shell model alulation [31℄ that explained the

disrepany between the systematis of E(2+
1 ) and that of B(E2; 0+

1 → 2+
1 ) for 56Ni.

5.2.3 Shell model in full fp shell and ge�

E�etive nuleon g fators, gmoments
e� , may be employed in the previously disussed

full fp shell model alulation for better agreement. The gmoments
e� were derived em-

pirially by the least-square �t of the magneti moment operator to experimental

µ(57−65,67Ni) and µ(62−68,70Zn) [4℄. The values gs
e� = 0.9gs

free, gl
e� = 1.1 and -0.1 for

protons and neutrons, respetively, were obtained. The resulting magneti moment,

µ(55Ni)=-0.999 µN , gives good agreement with the experimental value. The results

of the theoretial alulations are summarized in Table 5.3. It is noted that all of the

theoretial alulations give good agreement with the experimental value, and within

the auray of nulear struture models, there is not a signi�ant di�erene between

the result of the alulations for µ.
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5.2.4 Isosalar spin expetation value at T = 1/2, A = 55

The known value µ(55Co)= 4.822 ± 0.003 µN [25℄ was ombined with the present

result for µ(55Ni) to extrat 〈∑σz〉 for the mirror pair at A = 55. Using Eq. (1.44),

〈

∑

σz

〉

= 0.91 ± 0.07

was obtained. A peuliar feature is noted in Table 5.3 between alulated µ and 〈
∑

σz〉

for A = 55. The shell model alulation with gfree reasonably reprodues the 〈∑σz〉,

although the agreement with µ is only fair. However, the alulation onsidering

gmoments
e� gives good agreement for µ, but does not agree with experimental 〈∑σz〉.

Suh disrepany was already noted in the sd shell, and an be explained by examining

the isovetor and isosalar omponents of the M1 operator separately [70, 71℄. The

magneti moment is dominated by the isovetor term due to the opposite signs and

nearly equal magnitude of the neutron and proton magneti moments, whereas 〈
∑

σz〉

is an isosalar quantity.

The e�etive g fators for the A = 28 system obtained from a �t to isosalar

magneti moments, isovetor moments, and M1 deay matrix elements [71℄, gsd �t
e� ,

were applied to matrix elements for A = 55 alulated in Ref. [4℄ with the GXPF1

interation to see if a similar approah would realize suess in the fp shell. This

approah assumes the hole on�guration in the 1d5/2 shell for A = 28 is analogous to

that of 1f7/2 for A = 55. E�etive g fators for A = 28 were obtained as gsd �t
s = 4.76,

-3.25, gsd �t
l = 1.127, -0.089 and (g′p)sd �t = 0.41, -0.35 for protons and neutrons,

respetively (g′p = gp/
√

8π). The alulated µ(55Ni)=-1.071 and 〈∑σz〉 = 0.935 with

gsd �t
e� shows the best agreement with the present result as summarized in Table 5.3.

〈∑σz〉 is known to be quenhed relative to the extreme single partile model. Fur-

ther, 〈
∑

σz〉 was shown to be quenhed relative to the theoretial 〈
∑

σz〉 alulated

with gfree [70℄ (dotted line in Fig. 5.8) at the beginning (1d5/2) and the end (1d3/2)

of the A = 17 − 39 region. It is also known that the 〈∑σz〉 around A = 30 are rela-
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tively well reprodued with gfree, as shown in Fig. 5.8. Optimum M1 operators were

determined semi-empirially for the sd shell nulei based on the �t to the isosalar

magneti moment derived from the sum of the mirror magneti moments [71℄. This

proedure to determine the e�etive M1 operator an be justi�ed sine the e�etive

operator determined by the magneti moments (gmoments
e� ) is dominated by the large

spin isovetor omponent [gIVM1
s = (g

p
s − gn

s )/2 = 4.706℄ and thus is not sensitive to

the small isosalar omponents, to whih 〈∑ σz〉 is sensitive. Corretions to gfree were

determined for possible pairs of orbits in the sd shell [71℄. The 〈∑σz〉 alulated with

the e�etive operator better reprodues the experimental result over the sd shell and

quantitatively reoniles the observed quenhing (dashed line in Fig. 5.8). Similarly, in

the fp shell, the 〈
∑

σz〉 for the A = 41 and 43 mirror pairs at the beginning of the fp

shell (1f7/2) are quenhed relative to values alulated with gfree. The present result

at A = 55 with single hole in the 1f7/2 shell is well reprodued by the 〈∑σz〉=0.84

alulated with gfree and is lose to the extreme single-partile value. The same trend

an be seen in the sd shell at A = 27 (a hole on�guration in the 1d5/2 shell), where

the 〈
∑

σz〉 is well explained by the alulation with gfree and restored lose to the

single-partile value relative to neighboring 〈∑ σz〉.

The 56Ni ore ould be onsidered as a good ore sine 〈
∑

σz〉 for A = 55 is very

lose to the single-partile value. However, if the 56Ni ore is soft as shown from the

satisfatory µ results from the shell model alulation with the GXPF1 interation,

then on�guration mixing should aount for the ∼40% of the ground state wavefun-

tion not attributed to π(1f7/2)
8ν(1f7/2)

8. This on�guration mixing should appear

as a deviation in 〈
∑

σz〉 from the single-partile value, whih was not observed. It

an be shown from the 〈∑ σz〉=0.628 alulated without isosalar orretion to the

gsd �t
l , δIS

l , that a ontribution from the large orbital angular momentum (f orbit)

to the gsd �t
l enhanes the 〈∑ σz〉. The ontribution to 〈∑σz〉 from the large orbital

angular momentum orretion anels the e�et from on�guration mixing, support-

ing the softness of the 56Ni ore and emphasizing the sensitivity of 〈∑ σz〉 to nulear
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Figure 5.8: Isosalar spin expetation value for T = 1/2 mirror nulei. The blak

diamonds represent previous experimental data while the red square is the present

result. The blue solid line represents a shell model alulation with free nuleon g-
fators. The pink dashed line is the Brown alulation [71℄ with e�etive g-fators
that were obtained from a �t to the isosalar magneti moment in the sd shell. The

blak horizontal lines are the single-partile values.

struture. Similar enhanement of 〈∑ σz〉 due to δIS
l was found in Fig. 5 of Ref. [71℄

for A = 39. The enhanement may be attributed to a large MEC ontribution to

δIS
l . Calulations by Arima et al. [72℄ that inluded MEC orretions were found to

agree with the empirial value of δIS
l . However, it is noted that the MEC depends

sensitively on the hoie of the meson-nuleon oupling onstants (see Ref. [6, 71℄)

and that alulations by Towner [6℄ do not show suh enhanement, attributed to the

MEC being o�set by the relativisti e�et. The ontribution to 〈
∑

σz〉 from the ten-

sor term gsd �t
p is small as 〈∑ σz〉=0.94(0.87) is alulated with(without) the tensor

term. The good agreement between the present result and the 〈
∑

σz〉 alulated with

gsd �t
e� in the sd shell implies that a universal operator an be applied to both the sd

and fp shells. However, for more detailed disussion, e�etive M1 operators of the fp

shell nulei have to be determined from the mirror moments in the fp shell, for whih

more experimental data are required.
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squares are the experimental data and the solid line is a linear �t to the data.

5.2.5 Buk-Perez analysis

The µ(55Ni) result an also be ompared to the preditions made by Buk and Perez et

al. based on the systemati linear relationship between ground state g fators and the

β-deay transition strengths of mirror nulei [11�13℄, as introdued in setion 1.3.2.

The predited values are µ(55Ni)=-0.872 ± 0.081 µN based on the dependene of ft

values and µ(55Ni)=-0.945 ± 0.039 µN from the linear trend of experimental g fators.

Both preditions agree with the observed µ(55Ni)=-0.976 ± 0.026 µN , although the

preditions have large errors.

The experimental g fators of the T = 1/2 mirror nulei, inluding the new A =

55 value, are shown in Fig. 5.9. A linear �t was performed and the new A = 55

value follows the linear trend well. The Buk-Perez extrapolation is a valid predition

for fp shell nulei with unknown magneti moments, an important tool for future

measurements.
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Chapter 6

Conlusions and Outlook

The magneti moment of the T = 1/2 55Ni nuleus was measured for the �rst time

with the β-NMR tehnique. The 55Ni ions were produed at NSCL from a 160

MeV/nuleon 58Ni beam impinging on a Be target. The resulting seondary beam

was puri�ed using both the A1900 and RF fragment separators. A three neutron re-

moval reation was employed, yielding a nulear polarization of |P | ∼ 2% at the peak

of the momentum distribution. An NMR resonane was observed at 955 ± 25 kHz,

with an external magneti �eld of 0.4491± 0.0005 T. The dedued magneti moment

was |µ(55Ni)| = (0.976± 0.026) µN . The experimental result agreed with shell model

alulations with the GXPF1 interation in the full fp shell. Results of the shell model

alulation with free nuleon g fators showed reasonable agreement, while e�etive

g fators obtained from an empirial �t to neighboring magneti moments showed

better agreement with experiment. The present µ supports the softness of the 56Ni

ore.

The spin expetation value was extrated together with the known µ(55Co) as

〈∑σz〉 = 0.91± 0.07. The shell model alulation with free g fators showed reason-

able agreement with 〈∑ σz〉 while the e�etive g fators from the empirial �t did

not. The e�etive g fators determined by isosalar magneti moments, isovetor mo-

ments, and M1 deay matrix elements in the sd shell ombined with A = 55 matrix
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elements are able to explain the present 〈∑ σz〉. The agreement implies that a univer-

sal operator an be applied to both the sd and fp shells. However, for more detailed

disussion, e�etive M1 operators of the fp shell nulei have to be determined from

the mirror moments in the fp shell, for whih more experimental data are needed.

Continued studies of magneti moments of nulei immediately outside of presumed

doubly-magi ores are important in the ongoing investigation of the resiliene of the

magi numbers away from stability. Moving further from stability omes at a ost of

both spin polarization and yield, and for the β-NMR tehnique the �gure of merit is

P 2Y . The magnitude of spin polarization is expeted to derease as more nuleons

are removed and/or piked up. In addition, the ross setions beome lower for the

most exoti nulei. Greater magnitudes of spin polarization and greater yields are

neessary to optimize the �gure of merit P 2Y for β-NMR measurements on nulei

far from stability. A laser polarization beam line is urrently being implemented at

NSCL to provide polarized beams by optial pumping. Typially, the magnitude of

spin polarization ahieved via optial pumping is muh greater than that obtained

from fragmentation reations.

With the new µ(55Ni) result, 57Cu remains the only nuleus ± 1 nuleon away

from 56Ni with a magneti moment that does not agree with shell model. This leads

to the question of whether the proton outside the 1f7/2 orbit is in some way a�eting

the ore. The magneti moments of the T = 1/2 nulei 45
23V22,

47
24Cr23,

49
25Mn24,

51
26Fe25,

and 53
27Co26 are important measurements that would provide insight on the Z = 28

shell losure. The magneti moments of the mirror partners of 45V, 49Mn, and 51Fe

are known (45Ti, 49Cr, and 51Mn, respetively). Completion of the mirror pair would

allow the spin expetation value for the A = 45, 49 and 51 systems to be extrated,

and would provide important information on shell evolution in the fp shell. These

nulei are di�ult to produe at ISOL failities, due to the hemistry involved in the

extration. Prodution of these polarized nulei via optial pumping at NSCL may

provide an avenue to aess these di�ult transition metals.
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Finally, in this dissertation the systematis of only the isospin T = 1/2 mirror

nulei have been disussed. However, there have only been �ve T = 3/2 mirror pairs

measured in the sd shell and none in the fp shell, and systematis have yet to be

established. The magneti moment of the heaviest bound Tz = −3/2 fp shell nuleus

55Cu is another important measurement that not only would ontribute to the T =

3/2 systematis, but would also provide important information on the Z = 28 shell

losure, as 55Cu is one proton above the 1f7/2 orbit. The magneti moments of the

Cu isotopes heavier than 57Cu all agree with shell model. It is therefore neessary

to go further from stability within the Cu isotopi hain and determine whether the

Z = 28 shell losure is broken.
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Appendix A

β-deay Asymmetry Parameter

Calulation

The β-deay asymmetry parameter, Aβ is given in Ref. [42℄ by:

Aβ =
±|CA〈σ〉|2λ − 2CACV 〈1〉〈σ〉

√

J/(J + 1)δ
JJ′

|CV 〈1〉|2 + |CA〈σ〉|2
(A.1)

where CV and CA are the vetor and axial-vetor oupling onstants, 〈1〉 is the Fermi

matrix element, and 〈σ〉 is the Gamow-Teller matrix element. The ± refers to β±

deay, δ
JJ′ is the Kroneker delta, and λ is de�ned by

λ =























1 for J → J ′ = J − 1

1/(J + 1) for J → J ′ = J

−J/(J + 1) for J → J ′ = J + 1.

(A.2)

To simplify the expression A.1, the mixing ratio is de�ned as:

ρ =
CA〈σ〉
CV 〈1〉 , (A.3)
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and A.1 simpli�es to

Aβ =
±ρ2λ − 2ρ

√

J/(J + 1)δ
JJ′

1 + ρ2
. (A.4)

55Ni β+ deays to 55Co (7/2− → 7/2−). Therefore, λ = 1/(J + 1) = 2/9 and for

T = 1/2 mirror β deays 〈1〉=1. The world average for the ratio of oupling onstants

CA/CV has been experimentally determined to be −1.2699 ± 0.0029 [73℄ from the

β-asymmetry parameter of the free neutron. ρ then redues to

ρ = −1.2699(29)〈σ〉. (A.5)

The absolute value of the Gamow-Teller matrix element, |〈σ〉| has been experimentally

determined for 55Ni as shown in Table A.1.

Table A.1: Experimentally determined values for the Gamow-Teller matrix element

|〈σ〉|.
B(GT) |〈σ〉|

Reusen et al. [74℄ 0.466 ± 0.027 0.538 ± 0.031a

Äystö et al. [58℄ 0.508 ± 0.008
Hornshøk et al. [75℄ 0.613 ± 0.017
Weighted mean 0.528 ± 0.007

aExtrated from B(GT ) = (CA/CV )2〈σ〉2.

From Eq. A.5,

ρ = ±0.671(9). (A.6)

Note that the sign of ρ is determined by the sign of 〈σ〉, whih is not known.

The sign of ρ has been determined for sd shell T = 1/2 mirror β deays based on

systematis in that shell. In the fp shell, only four mirror T = 1/2 β deays have

been studied, inluding the A = 55 pair, and suh systematis are not established.
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Solving Eq. A.4 for both positive and negative ρ,

Aβ =
(2/9)ρ2 − 2

√

7/9ρ

1 + ρ2

=
(2/9)(±0.671)2 − 2

√

7/9(±0.671)

1 + (±0.671)2

= −0.747 ± 0.003 for +ρ (A.7)

= +0.885 ± 0.005 for -ρ. (A.8)
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