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ABSTRA CT

MA GNETIC DIPOLE MOMENT OF THE SHOR T-LIVED RADIOISOTOPE

55
Ni MEASURED BY BET A-NMR SPECTR OSCOPY

By

Jill Susan Berryman

The double shell closure at N = Z = 28 in

56
Ni has b een in v estigated through

the measuremen t of the magnetic momen t of a n ucleus one neutron remo v ed from

this core. Nuclear momen ts are fundamen tal, measurable prop erties that pro vide in-

formation on the structure of n uclei. The magnetic momen ts of doubly closed n uclei

§ 1 n ucleon are of particular imp ortance, since the prop erties of eac h of these n uclei

are determined b y the orbit o ccupied b y that last n ucleon. An y deviation from theory

indicates the presence of higher order e�ects suc h as con�guration mixing, meson

exc hange curren ts, isobar excitation, and =or ev en a breakdo wn of the shell closure.

The

56
Ni core has b een sho wn to b e soft, attributed to the strong proton-neutron

in teraction, in comparison to the

48
Ca core. The small magnetic dip ole momen t of

57
Cu, with Tz = ¡ 1=2 and residing one proton outside

56
Ni, suggests the double

shell closure at proton and neutron n um b ers 28 is brok en. Ho w ev er, the exp erimen tal

ground state magnetic momen ts of the Tz = +1 =2 n uclides

57
Ni and

55
Co agree w ell

with shell mo del predictions, alb eit with a �soft�

56
Ni core. The ground state magnetic

momen t of

55
Ni, also with Tz = ¡ 1=2 but with one neutron remo v ed from the

56
Ni

core can pro vide critical insigh t on the nature of the

56
Ni core, and can b e a basis to

understand ho w the structure of doubly-magic n uclei ma y c hange a w a y from stabilit y .

The n uclear magnetic momen t of the ground state of

55
Ni ( I ¼ = 3=2¡ ; T1=2 = 204

ms) has b een deduced in this w ork to b e j¹ (55
Ni) j = (0 :976§ 0:026) ¹ N using the

¯ -NMR tec hnique. A p olarized b eam of

55
Ni w as pro duced b y fragmen tation of a



58
Ni primary b eam at energy 160 Me V =n ucleon in a Be target. The A1900 and RF

F ragmen t separators w ere used to eliminate all other b eam con taminan ts. Results of

a shell mo del calculation using the GXPF1 in teraction in the full fp shell mo del space

w as found to repro duce the exp erimen tal v alue and supp ort a softness of the

56
Ni

core.

T ogether with the kno wn magnetic momen t of the mirror partner

55
Co, the

isoscalar spin exp ectation v alue h
P

¾zi = 0:91§ 0:07 sho ws a similar trend to that

established in the sd shell. E�ectiv e g factors for the A = 28 system obtained from a

�t to isoscalar magnetic momen ts, iso v ector momen ts, and M1 deca y matrix elemen ts

w ere applied to matrix elemen ts for A = 55 calculated with the GXPF1 in teraction to

obtain h
P

¾zi for A = 55 . The results of the calculation sho w the b est agreemen t with

the exp erimen tal v alue for b oth ¹ and h
P

¾zi and imply that a univ ersal op erator

can b e applied to b oth the sd and fp shells.
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Chapter 1

In tro duction

The n uclear magnetic dip ole momen t ( ¹ ) is a fundamen tal prop ert y of the n ucleus

that can pro vide detailed information on n uclear structure. Ev ery n ucleus with an o dd

n um b er of protons and/or neutrons, b y virtue of spin, has a magnetic dip ole momen t.

The magnetic dip ole momen t arises from the electromagnetic in teraction, whic h is w ell

understo o d. The magnetic dip ole op erator ~¹ is a one-b o dy op erator and the magnetic

dip ole momen t is the exp ectation v alue of ¹ z . Exp erimen tal magnetic momen ts can

b e directly compared to predictions of n uclear mo dels, and pro vide a stringen t test of

these mo dels. Deviation of exp erimen tal v alues from mo del predictions migh t indicate

the presence of con�guration mixing among other orbits, or the need for di�eren t or

b etter parametrized residual in teractions. The sensitivit y of ¹ to the orbital and spin

comp onen ts of the n uclear w a v efunction yields k ey information on shell ev olution and

shell closures (magicit y).

In the extreme single-particle mo del, the prop erties of a n ucleus with one proton

(or neutron) outside a closed shell are determined solely b y the prop erties of the orbit

o ccupied b y the last o dd n ucleon. Th us, the magnetic dip ole momen ts of n uclei near

closed shells are particularly imp ortan t. The simple structure can giv e critical insigh t

in to the shell structure, and pro vide a b etter understanding of ho w shell closures ma y

c hange for n uclei a w a y from the v alley of stabilit y .
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The magnetic dip ole momen t, in addition to the other m ultip ole momen ts, can b e

calculated with an expansion of the electromagnetic Hamiltonian. The electromag-

netic in teraction is w ell understo o d and an analytical form of the Hamiltonian exists.

The more p o orly understo o d strong n uclear in teraction can b e prob ed via the elec-

tromagnetic in teraction b y studying the m ultip ole momen ts. Suc h analysis has the

adv an tage that electromagnetic �elds can b e though t of as arising from the motion of

the n ucleons under the in�uence of the strong force, and this measuremen t do es not

distort the ob ject of in terest.

1.1 Electromagnetic In teraction

The external e�ects of an y distribution of c harges and curren ts (e.g., a n ucleus) v ary

with distance in a c haracteristic fashion. An electromagnetic m ultip ole momen t as-

so ciated with eac h c haracteristic spatial dep endence is assigned to the c harge and

curren t distribution. F or example, the 1=r2
electric �eld arises from the net c harge,

whic h is assigned as the zeroth or monop ole momen t. The 1=r3
electric �eld arises

from the �rst or dip ole momen t, the 1=r4
electric �eld arises from the second or

quadrup ole momen t, and so forth. The magnetic m ultip ole momen ts b eha v e simi-

larly . The electric and magnetic m ultip ole momen ts can b e calculated in the n uclear

regime b y treating the m ultip ole momen ts in op erator form and calculating their ex-

p ectation v alues for v arious n uclear states. These predictions can then b e directly

compared with the exp erimen tal v alues measured in the lab oratory .

1.1.1 Electric m ultip ole expansion

A systematic expansion for the electric p oten tial of an arbitrary lo calized c harge

distribution, ½, has b een dev elop ed b y Gri�ths [1]. Figure 1.1 de�nes the appropriate

geometric v ariables. The p oten tial at p oin t P , some distance ~r from the origin, from

some ob ject with a c harge densit y distribution ½(~r 0) that is distance ~r 0
from the
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q’

r

r’

r r- ’

P

d ’t

Figure 1.1: De�nition of geometric v ariables used in electric m ultip ole expansion.

origin, is giv en b y the expression

V(~r) =
1

4¼²0

Z
1

~r ¡ ~r 0½(~r 0)d¿0: (1.1)

Using the la w of cosines,

(~r ¡ ~r 0)2 = r 2 + ( r 0)2 ¡ 2rr 0cosµ = r 2

"

1 +
µ

r 0

r

¶ 2
¡ 2

µ
r 0

r

¶
cosµ0

#

; (1.2)

or

~r ¡ ~r 0= r
p

1 + ² (1.3)

where

² ´
µ

r 0

r

¶ µ
r 0

r
¡ 2 cosµ0

¶
: (1.4)

Note that ² is m uc h less than 1 for p oin ts w ell outside the c harge distribution, and

the recipro cal of Eq. 1.3 can b e written as a binomial expansion:

1
~r ¡ ~r 0 =

1
r

(1 + ²)¡ 1=2 =
1
r

µ
1 ¡

1
2

² +
3
8

²2 ¡
5
16

²3 + ¢ ¢ ¢
¶

; (1.5)

or, in terms of r , r 0
, and µ0

:
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1
~r ¡ ~r 0 =

1
r

·
1 ¡

1
2

µ
r 0

r

¶ µ
r 0

r
¡ 2 cosµ0

¶
+

3
8

µ
r 0

r

¶ 2 µ
r 0

r
¡ 2 cosµ0

¶ 2

¡
5
16

µ
r 0

r

¶ 3 µ
r 0

r
¡ 2 cosµ0

¶ 3
+ ¢ ¢ ¢

¸

=
1
r

·
1 +

µ
r 0

r

¶
(cosµ0) +

µ
r 0

r

¶ 2
(3 cos2 µ0¡ 1)=2

+
µ

r 0

r

¶ 3
(5 cos3 µ0¡ 3 cosµ0)=2 + ¢ ¢ ¢

¸
: (1.6)

After lik e p o w ers of (r 0=r) are collected in Eq. 1.6, the resulting co e�cien ts can

b e seen to b e the Legendre p olynomials, Pn(cosµ) . Th us Eq. 1.6 can b e written as:

1
~r ¡ ~r 0 =

1
r

1X

n=0

µ
r 0

r

¶ n
Pn(cosµ0); (1.7)

where µ0
is the angle b et w een ~r and ~r 0

. Substituting bac k in to Eq. 1.1,

V(~r) =
1

4¼²0

1X

n=0

1

r (n+1)

Z
(r 0)nPn(cosµ0)½(~r 0)d¿0; (1.8)

or, more explicitly ,

V(~r) =
1

4¼²0

·
1
r

Z
½(~r 0)d¿0+

1
r 2

Z
r 0cosµ0½(~r 0)d¿0

+
1
r 3

Z
(r 0)2

µ
3
2

cos2 µ0¡
1
2

¶
½(~r 0)d¿0+ ¢ ¢ ¢

¸
: (1.9)

Eq. 1.9 giv es the m ultip ole expansion of V in p o w ers of 1=r . The �rst term is the

monop ole con tribution that go es lik e 1=r ; the second is the dip ole that go es lik e 1=r2
;

the third is the quadrup ole; the fourth is the o ctop ole; and so on.
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F rom Eq. 1.9, the monop ole term can b e written as

Vmon(~r) =
1

4¼²0

Q
r

; (1.10)

where Q =
R

½d¿is the total c harge of the con�guration.

The dip ole term from the expansion is

Vdip(~r) =
1

4¼²0

1
r 2

Z
r 0cosµ0½(~r 0)d¿0: (1.11)

Since µ0
is the angle b et w een ~r 0

and ~r , and

r 0cosµ0= ~̂r ¢~r 0; (1.12)

so that the dip ole p oten tial can b e re-written as

Vdip(~r) =
1

4¼²0

1
r 2~̂r ¢

Z
~r 0½(~r 0)d¿0: (1.13)

The in tegral in Eq. 1.13 do es not dep end on ~r and is the dip ole momen t of the

distribution,

~p´
Z

~r 0½(~r 0)d¿0: (1.14)

The dip ole con tribution to the p oten tial then simpli�es to

Vdip(~r) =
1

4¼²0

~p¢~̂r
r 2 : (1.15)

Similarly , the quadrup ole term in the m ultip ole expansion can b e written as

Vquad(~r) =
1

4¼²0

1
2r 3

3X

i;j =1

r̂ i r̂ j Qij ; (1.16)
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where

Qij ´
Z

[3r 0
i r

0
j ¡ (r 0)2±ij ]½(~r 0)d¿0: (1.17)

±ij is the Kronec k er delta, and Qij is the in trinsic quadrup ole momen t of the c harge

distribution.

One restriction on the m ultip ole momen ts of n uclei comes from the symmetry of

the n ucleus, whic h is in turn directly related to the parit y of the n uclear state. Eac h

electromagnetic m ultip ole momen t has a parit y , determined b y the b eha vior of the

m ultip ole op erator when ~r is in v erted to ¡ ~r . The parit y of electric momen ts is (¡ 1)L ,

where L is the order of the momen t ( L = 0 for monop ole, L = 1 for dip ole, L = 2 for

quadrup ole, etc.). If the m ultip ole op erator has o dd parit y , then the in tegrand in the

exp ectation v alue is an o dd function of the co ordinates and m ust v anish iden tically .

Th us, all o dd-parit y static m ultip ole momen ts m ust v anish - electric dip ole, electric

o ctup ole, etc.

The n uclear monop ole electric momen t is the net n uclear c harge Ze, where e is

the elemen tary c harge. The n uclear electric dip ole momen t (EDM) is exp ected to

v anish, as stated ab o v e. Ho w ev er, since a non v anishing electric dip ole momen t w ould

violate b oth parit y and time-rev ersal symmetry , v arious searc hes for a non-zero EDM

are underw a y . The neutron is a go o d candidate for this study since it is electrically

neutral. The curren t b est upp er limit for the neutron EDM is 2:9 £ 10¡ 26 e-cm [2],

consisten t with zero. On the other hand, the result do es not rule out the p ossibilit y

of a small symmetry-violating con tribution as exp ected in the Standard Mo del.

The n uclear electric quadrup ole momen t pro vides a measure of the �shap e� of the

n ucleus. The existence of a non v anishing electric quadrup ole momen t implies that the

c harge distribution of the state is not spherical and the n ucleus is axially deformed.

Usually n uclei near closed shells are spherical in shap e and ha v e small quadrup ole

momen ts. In con trast, n uclei in the middle of a ma jor shell are often deformed and

their quadrup ole momen ts ha v e large absolute v alues.
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The next higher order non-v anishing electric m ultip ole is hexadecap ole (whic h

w as not deriv ed ab o v e). In general, if an electric hexadecap ole momen t is presen t,

an electric quadrup ole momen t will b e presen t as w ell. Th us, it is not easy to sepa-

rate con tributions from the quadrup ole momen t from those due to the hexadecap ole

momen t in the observ ed results. F urthermore, non-spherical n uclei tend to b e domi-

nated b y the lo w est order deformation, that is, the quadrup ole. Th us, of the electric

m ultip ole momen ts, the one that is most accessible to ev aluate n uclear structure is

the quadrup ole momen t, whic h pro vides direct information on the c harge distribution

inside the n ucleus.

1.1.2 Magnetic m ultip ole expansion

A form ula for the magnetic v ector p oten tial from a lo calized curren t distribution,

~J ,

can b e obtained along the same lines as the electric p oten tial for a lo calized c harge

distribution. Figure 1.2 de�nes the appropriate geometric v ariables. The v ector p o-

i

q’

r

r’
r r- ’

d ’= d ’r l
Figure 1.2: De�nition of geometric v ariables used in magnetic v ector m ultip ole ex-

pansion.

ten tial,

~A(~r) , at ~r arising from a curren t, i , that is distance ~r 0
from the origin, is giv en
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b y the expression

~A(~r) =
¹ 0
4¼

Z ~J (~r 0)
~r ¡ ~r 0d¿0: (1.18)

The in tegral of the curren t densit y ,

~J (~r 0) , o v er the v olume, d¿0
, for line and surface

curren ts, is equiv alen t to

~A(~r) =
¹ 0
4¼

Z ~i
~r ¡ ~r 0dl0=

¹ 0i
4¼

Z
1

~r ¡ ~r 0d
~l 0

(1.19)

The v ector p oten tial of a curren t lo op can then b e written as

~A(~r) =
¹ 0i
4¼

I
1

~r ¡ ~r 0d
~l 0=

¹ 0i
4¼

1X

n=0

1
r n+1

I
(r 0)nPn(cosµ0)d~l 0; (1.20)

or, more explicitly:

~A(~r) =
¹ 0i
4¼

·
1
r

I
d~l 0+

1
r 2

I
r 0cosµ0d~l 0

+
1
r 3

I
(r 0)2

µ
3
2

cos2 µ0¡
1
2

¶
d~l 0+ ¢ ¢ ¢

¸
: (1.21)

The �rst term in Eq. 1.21 is the monop ole term, the second the dip ole term, the third

the quadrup ole term, and so on.

The magnetic monop ole term is alw a ys zero, b ecause the in tegral is the total

v ector displacemen t around a closed lo op:

I
d~l 0= 0: (1.22)

The dip ole term is written as

~Adip(~r) =
¹ 0i

4¼r2

I
r 0cosµ0d~l0=

¹ 0i
4¼r2

I
(~̂r ¢~r 0)d~l0: (1.23)

The in tegral can b e rewritten in a more illuminating w a y using a prop ert y of the

v ector area, ~a. Note that if the lo op is �at, ~a is the ordinary area enclosed, with the
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direction assigned b y the usual righ t hand rule

I
(~̂r ¢~r 0)d~l = ¡ ~̂r £

Z
d~a: (1.24)

Then,

~Adip(~r) =
¹ 0
4¼

~¹ £ ~̂r
r 2 ; (1.25)

where ~¹ is the magnetic dip ole momen t:

~¹ ´ i
Z

d~a= i~a: (1.26)

The parit y of the magnetic m ultip ole op erator of order L is (¡ 1)L+1
. As a result,

ev en-order magnetic m ultip ole momen ts m ust v anish for the same reason as o dd-

order electric m ultip ole momen ts. In addition, the higher-order non v anishing magnetic

terms are small compared to the magnetic dip ole momen t, as w as the case for terms

higher than the electric quadrup ole momen t. Therefore, the only magnetic m ultip ole

momen t discussed in terms of the underlying n uclear structure is the magnetic dip ole

momen t, and the terms magnetic dip ole momen t and magnetic momen t are often

used in terc hangeably . When the classical de�nition of ¹ in Eq. 1.26 is tak en o v er in to

quan tum mec hanics, the magnetic dip ole momen t for n uclei can b e calculated from

the n uclear w a v efunctions, as will b e deriv ed in the follo wing sections. Comparison

of calculated v alues with exp erimen t giv es direct and detailed tests of the predicted

n uclear structure.

The electric quadrup ole momen t and magnetic dip ole momen t are b oth fundamen-

tal in the understanding of n uclear structure. The magnetic momen t is sensitiv e to the

single-particle nature of the v alence n ucleon, and giv es direct con�rmation of the n u-

clear w a v efunction. The quadrup ole momen t is sensitiv e to the collectiv e b eha vior of

the n ucleus, and giv es direct information on its shap e (deformation). Both quan tities

can b e directly compared with the predicted v alues in di�eren t n uclear mo dels and
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can help explain c hanges in shell structure a w a y from stabilit y . The study of n uclear

momen ts near closed shells is esp ecially imp ortan t as the n ucleus can b e appro xi-

mated as an inert core plus an unpaired n ucleon (or hole) and the momen ts can b e

calculated rather easily . The fo cus of this dissertation is an examination of the nature

of a shell closure remo v ed from the stabilit y line. The n uclear magnetic momen t w as

used as the prob e for suc h study . What follo ws in the next section is a review of the

magnetic momen ts of n uclei.

1.2 Magnitude of the n uclear magnetic momen t

The magnetic momen t from the motion of an arbitrary c harge can b e calculated using

classical kinematics. Consider an electron mo ving in a circular orbit with v elo cit y v ,

ab out a p oin t at a constan t radius r , as sho wn in Fig. 1.3.

r

m, charge e
velocity v

Figure 1.3: Sc hematic represen tation of an electron with mass m mo ving in a circular

orbit with radius r .

The magnetic dip ole momen t w as de�ned in Eq. 1.26 as the pro duct of the curren t

i and the area formed b y the electron path, ~a. The area of the circle is ¼r2, with the

direction of the magnetic momen t p oin ting out of the lo op. The curren t i is the
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electron c harge divided b y the time to mak e a lo op, or e=(2¼r=v) . Th us,

j¹ j = ia =
³ ev

2¼r

´
(¼r2) =

evr
2

: (1.27)

Recall that the angular momen tum of the electron with mass, m , mo ving in a circle

is l = mvr , so that the magnetic momen t is simply related to l b y the expression

j¹ j =
³ evr

2

´ ³ m
m

´
=

e
2m

j~l j (1.28)

where j~l j is the classical angular momen tum. In quan tum mec hanics, the magnetic

momen t corresp onds to the pro jection of ¹ on the rotation axis. Th us, the classical

Eq. 1.28 can b e �con v erted� to a quan tum mec hanical de�nition b y replacing

~l with

the exp ectation v alue relativ e to the axis where it has maxim um pro jection, ml~ with

ml = + l . Th us,

¹ =
e~
2m

l (1.29)

where no w l is the angular momen tum quan tum n um b er of the orbit.

The constan ts in Eq. 1.29, (e~=2m) , are called the Bohr magneton, ¹ B , and has

the v alue 9:274£ 10¡ 24
J =tesla. Nucleons b eha v e di�eren tly than electrons in terms

of their magnetic momen ts, as will b e discussed. None the less, a similar quan tit y

can b e obtained for the motion of n ucleons whic h is useful for the discussion of

n uclear magnetic momen ts. Substituting the proton mass for the electron mass in the

expression (e~=2m) yields the n uclear magneton ¹ N = 5:051£ 10¡ 27
J =T. Eq. 1.29

can then b e rewritten as

¹ = gl l¹ N (1.30)

where the extra factor gl is the g factor asso ciated with the orbital angular momen tum

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

and con tribute to the orbital comp onen t of the magnetic dip ole momen t. Neutrons

are electrically neutral and their motion do es not con tribute to the orbital comp onen t
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of ¹ .

An equiv alen t expression to Eq. 1.30 can b e written to describ e the in trinsic or

spin magnetic momen ts of the fermions as

¹ = gss¹ N (1.31)

where s = 1
2 for protons, neutrons, and electrons. The quan tit y gs is the spin g factor

and can b e calculated b y solving a relativistic quan tum mec hanical equation. F or a

spin

1
2 p oin t particle, the Dirac equation giv es gs = 2 . The exp erimen tally measured

v alue for the electron is gs = 2:0023 and the small di�erence b et w een this v alue

and the Dirac exp ectation comes from including higher order corrections of quan tum

electro dynamics. On the other hand, the exp erimen tal v alues for free n ucleons are far

from the exp ected v alue for a p oin t particle:

gproton

s = 5:5856912§ 0:0000022 (1.32)

gneutron

s = ¡ 3:8260837§ 0:0000018 (1.33)

The proton v alue is m uc h larger than 2 and the unc harged neutron has a nonzero mag-

netic momen t. The observ ed deviation from exp ected v alues is attributed to the in ter-

nal structure of the n ucleons with in ternal c harged particles in motion (i.e., quarks)

that result in curren ts giving the observ ed spin magnetic momen ts. It is noted that

gs for the proton is greater than its exp ected v alue b y ab out 3.6, while gs for the

neutron is less than its exp ected v alue (zero) b y roughly the same amoun t. The dif-

ference has b een ascrib ed to clouds of ¼ mesons that surround the n ucleons, with

p ositiv e and neutral mesons in the proton's cloud, and negativ e and neutral mesons

in the neutron's cloud [5].

The deriv ed spin and orbital comp onen ts of the magnetic momen t of individual

n ucleons (protons and neutrons) can b e used to determine the magnetic momen ts of
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n uclei. The n uclear magnetic dip ole momen t has con tributions from all of the orbital

and spin angular momen ta, and the magnetic dip ole op erator for a n ucleus can b e

expressed as a sum of t w o terms [5]

~¹ =
AX

k=1

g(k)
L

~L (k) +
AX

k=1

g(k)
S

~S(k) ; (1.34)

where

~L (k)
and

~S(k)
are the orbital and spin angular momen tum op erators for the

k th n ucleon, summed o v er all A n ucleons in the n ucleus. g(k)
L and g(k)

S are kno wn as

the orbital and spin n ucleon g factors as de�ned previously . The magnetic momen t is

obtained b y taking the exp ectation v alue of the z-comp onen t of ~¹ from Eq. 1.34 for

the n uclear substate in whic h M = J . Th us, for a n ucleus describ ed b y total angular

momen tum quan tum n um b er J and magnetic substate M , the w a v efunction is ÃJM ,

and the magnetic momen t ¹ is giv en b y

¹ =
Z

Ã¤
J;M (~¹ )zÃJ;M

´ h J; M = J j(~¹ )jJ; M = J i (1.35)

= hJ; M = J j
AX

k=1

g(k)
L

~L (k) +
AX

k=1

g(k)
S

~S(k) jJ; M = J i (1.36)

where the in tegration is o v er the co ordinates (p osition and spin) of all A n ucleons.

Then, an equiv alen t o v erall expression to Eqs. 1.30 and 1.31 for a n ucleus is

¹ = gI I¹ N (1.37)

where gI is the n uclear g factor, sometimes referred to as the gyromagnetic ratio and

written as ° , and I is the n uclear spin.

13



1.2.1 Single-particle mo del

The extreme single-particle mo del is the simplest form of the shell mo del. It describ es

a n ucleus in whic h a single unpaired n ucleon mo v es in a cen tral p oten tial formed as

a result of the other n ucleons in the n ucleus. In the single-particle limit, the con tri-

butions of all of the paired n ucleons exactly cancel so that only the single unpaired

n ucleon con tributes to the o v erall n uclear magnetic momen t and Eq. 1.36 reduces to

¹ s:p: = hj; m = j jgl
~l + gs~sjj; m = j i (1.38)

where jj; m i is the single-particle w a v efunction of the unpaired n ucleon. Ev aluating

the exp ectation v alue of the v ector sum in Eq. 1.38 and giv en that

~j = ~l + ~s, where s is

1=2 for protons and neutrons, the single-particle expression can b e simpli�ed further

to

¹ s:p: = j
·
gl §

gs ¡ gl
2l + 1

¸
for j = l §

1
2

: (1.39)

Recall that the free n ucleon g-factors, g
free

, are giv en as

gl , free

=

8
><

>:

1 for proton

0 for neutron

gs, free

=

8
><

>:

5:587 for proton

¡ 3:826 for neutron

(1.40)

and the further assumption is made that the structure of a b ound n ucleon inside a

n ucleus is the same as in its free state ( gl = gl; free

; gs = gs;free

). The magnetic dip ole

momen t of an o dd-mass n ucleus is th us completely determined b y the l and j v alues

of the unpaired n ucleon in the extreme single particle mo del.

The magnetic momen t for a single n ucleon in orbital nlj that is calculated using

the free n ucleon g factors is kno wn as the single particle, or Sc hmidt, v alue. One w a y

to illustrate the connection b et w een the single particle exp ectation and exp erimen t

is to plot exp erimen tally-measured ¹ against j , along with the calculated Sc hmidt

v alues. Suc h diagrams are sho wn in Figs. 1.4 and 1.5 for o dd p and o dd n n uclei,
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resp ectiv ely . The Sc hmidt v alues are successful in predicting the general trend of

m
m

(
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: Exp erimen tal magnetic momen ts plotted with Sc hmidt limits for o dd

proton n uclei. Figure tak en from [3].

the magnetic momen ts of o dd-mass n uclei, but the exp erimen tal v alues are generally

smaller than the Sc hmidt v alues. One limitation of the single particle theory is the

assumption gs = gs;free

. The presence of other n ucleons, ho w ev er, in tro duces meson

exc hange curren ts (MEC) that pro duce an electromagnetic �eld when the t w o n u-

cleons in teract. In addition, the deviation from the Sc hmidt v alues gro ws as more

n ucleons are added within a shell, a trend whic h can b e understo o d b y in tro ducing

con�guration mixing (core p olarization) among the single particle states. The basic

shell mo del assumes that the o dd n ucleon is in a single-particle state, while ev en small

con�guration admixtures can appreciably c hange the magnetic momen t. The single
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particle mo del should b e tak en as a starting p oin t, with corrections added to accoun t

for its limitations.

1.2.2 E�ectiv e n ucleon g factors: microscopic treatmen t

The limitations of the single-particle mo del ma y b e comp ensated for b y in tro ducing

corrections using p erturbation theory . When suc h corrections are applied, the g factors

are no longer giv en b y the free n ucleon v alues, but renormalized due to the presence

of other n ucleons in the n ucleus. The renormalized g factors are called �e�ectiv e� g

factors and ha v e the form gl; e�

= gl + ±gl and gs;e�

= gs + ±gs , i.e., the free n ucleon

v alue and a correction to it.

Suc h treatmen t has b een done in Refs. [5, 6] starting from an expanded description

of the magnetic momen t op erator:

~¹
e�

= gl; e�

h§ li + gs;e�

h§ si + gp;e�

[Y2; h§ si ]; (1.41)

m
m

(
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: Exp erimen tal magnetic momen ts plotted with Sc hmidt limits for o dd

neutron n uclei. Figure tak en from [3].
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where gx; e�

= gx + ±gx , with x = l; s , or p, and gp denotes a tensor term. The

tensor term con tains a spherical harmonic of rank 2 ( Y2) coupled to a spin op erator

to form a spherical tensor of m ultip olarit y 1. The corrections, ±gx , are computed in

p erturbation theory for the closed-shell § 1 con�guration.

There ha v e b een a n um b er of sources for corrections. Core p olarization (CP) is a

correction to the single-particle w a v efunction that o ccurs when there is an excitation

in the closed-shell core made b y a particle in orbital ( l ¡ s) coupling to a hole in

orbital ( l + s). MEC corrections applied to the magnetic momen t op erator arise from

n ucleons in teracting via the exc hange of c harged mesons. The isobar correction arises

from p opulation of the ¢ -isobar resonance, whic h de-excites b y the electromagnetic

�eld (the isobar curren t). Relativistic corrections to the one-b o dy momen t op erator

to order (p=M)3
, where p is a t ypical n ucleon momen tum and M is its mass, also can

con tribute to the magnetic momen t. The p erturbation treatmen t has pro v en e�ectiv e

in repro ducing exp erimen tal magnetic momen ts o v er a large mass region, but at the

same time, it is a simple mo del. There are more complex shell mo del calculations

that use sophisticated w a v efunctions that tak e in to accoun t con�guration mixing to

obtain e�ectiv e g factors. One suc h shell mo del calculation is describ ed in the next

section.

1.2.3 E�ectiv e n ucleon g factors: empirical �t to data

One w a y to obtain e�ectiv e g factors is to use shell mo del w a v efunctions with empir-

ical �ts to exp erimen tal magnetic momen t data. The shell mo del calculation starts

with a simple form of the magnetic momen t op erator ¹ = gshsi + glhli where gl and gs

are the free n ucleon g factors de�ned previously . An e�ectiv e in teraction is generally

used to determine the t w o-b o dy matrix elemen ts for the w a v efunction. The w a v e-

function, therefore, is more sophisticated than the pure single-particle w a v efunctions

considered in the earlier section. F or example, the GXPF1 in teraction has pro v en to

b e a successful in teraction for use in the fp shell [4]. The magnetic momen t is �rst cal-
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culated with g
free

. Higher-order corrections suc h as con�guration mixing o v er man y

ma jor oscillations, MEC, isobar excitations, and =or other e�ects should b e considered

to impro v e the agreemen t b et w een the exp erimen tal ¹ and that obtained in the shell

mo del calculations with g
free

. These higher-order corrections are all represen ted in

e�ectiv e n ucleon g-factors, g
e�

, that are deriv ed empirically b y a least-square �t of

the magnetic momen t op erator to exp erimen tal ¹ in a limited region of n uclei. In

general, the v alues g
e�

= 0:6g
free

ha v e b een found to b e in reasonable agreemen t with

data [8].

1.3 Analysis of mirror momen ts

It has b een sho wn in the previous section that the magnetic momen t of a n ucleus can

b e calculated and compared to exp erimen tal v alues to learn ab out n uclear structure.

Going one step further, the sim ultaneous consideration of the magnetic dip ole mo-

men ts of mirror n uclei can pro vide a framew ork to test presen t da y n uclear structure

mo dels. A pair of mirror n uclei ha v e the n um b ers of protons and neutrons in ter-

c hanged. F or example, the mirror partner of

55
28Ni 27 is

55
27Co 28. Analyses ha v e b een

carried out on the magnetic momen ts of mirror pairs and certain regularities ha v e

b een observ ed. T w o approac hes describ ed b elo w amplify the di�eren t asp ects of stud-

ies with mirror n uclei.

1.3.1 Isoscalar spin exp ectation v alue

Examination of the sp eci�c con tribution from n uclear spins to the magnetic momen t

can pro vide insigh t in to shell structure and con�guration mixing. The magnetic mo-

men t can b e expressed as the sum of the exp ectation v alues of isoscalar h
P

¹ 0i and
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iso v ector h
P

¹ zi comp onen ts, assuming isospin is a go o d quan tum n um b er, as

¹ =
DX

¹ 0

E
+

DX
¹ z

E
(1.42)

=
¿ X lz + ( ¹ p + ¹ n)¾z

2

À
+

¿X ¿z[lz + ( ¹ p ¡ ¹ n)¾z]
2

À
; (1.43)

where l and ¾ are the orbital and spin angular-momen tum op erators of the n ucleon,

resp ectiv ely , ¿ is the isospin op erator, ¹ p = 2:793¹ N and ¹ n = ¡ 1:913¹ N are the

magnetic momen ts of free proton and neutron, resp ectiv ely , and the sum is o v er all

n ucleons. The iso v ector h
P

¹ zi part dep ends on the isospin, ¿z , and c hanges its sign

for Tz = § T . The isoscalar spin exp ectation v alue h
P

¾zi can b e extracted from the

sum of mirror pair magnetic momen ts as

DX
¾z

E
=

¹ (Tz = + T) + ¹ (Tz = ¡ T) ¡ I
¹ p + ¹ n ¡ 1=2

; (1.44)

where the total spin is I = h
P

lzi + h
P

¾zi =2.

Sugimoto [9] and later Hanna and Hugg [10] analyzed data on magnetic momen ts

of mirror n uclei, and found regularities in the spin exp ectation v alues as a function of

mass. All of the ground state magnetic momen ts of T = 1=2 mirror n uclei ha v e b een

measured in the sd shell and a systematic trend has b een established, as sho wn in

Fig. 1.6. The v alues of h
P

¾zi are close to the single-particle v alue at the b eginning

and end of a ma jor shell, and decrease appro ximately linearly with mass n um b er in

the region in b et w een, re�ecting core p olarization e�ects. All v alues for the T = 1=2

mirror n uclei in the sd shell lie within the single particle mo del limits.

1.3.2 Buc k-P erez mirror analysis

Buc k and P erez et al. analyzed the magnetic momen ts of mirror n uclei in a di�eren t

framew ork. They studied the relationship b et w een gyromagnetic ratios for o dd proton,

°p, and o dd neutron, °n , n uclei and the strengths of the ¯ -deca y transitions of mirror
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Figure 1.6: Isoscalar spin exp ectation v alues for T = 1=2 mirror n uclei. The single-

particle limits for eac h orbital are sho wn b y the blac k horizon tal lines.

n uclei [11� 13]. Assuming the con tributions from the ev en n ucleon to the z comp onen ts

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

deriv ed the follo wing relation:

(°p + ¢ °p) = ®(°n + ¢ °n) + ¯; (1.45)

with ® = ( gp
s ¡ gp

l )=(gn
s ¡ gn

l ) and ¯ = gp
l ¡ ®gn

l with the free-n ucleon v alues of the

g factors gp
l = 1:0, gn

l = 0:0, gp
s = 5:586, gn

s = ¡ 3:826. The ¢ °p;n are corrections

to the gyromagnetic ratios b ecause the ev en terms, Seven and Jeven, are small. Suc h

treatmen t is di�eren t from the analysis of the isoscalar spin exp ectation v alue as ® is

a ratio of g factors for the proton and neutron. Therefore, an y �e�ectiv e� quenc hing

of the g factors is cancelled. A plot of °p against °n rev ealed a linear trend, as sho wn

in Fig. 1.7 for all kno wn T = 1=2 mirror pairs. The single-particle v alues for °p and

°n lie close to this line, but the in teresting feature is that the p oin ts represen ting

measured magnetic momen ts deviate from those estimates simply b y sliding along
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Figure 1.7: Nuclear g factors of T = 1=2 mirror pairs plotted as the o dd proton n ucleus

g factor °p v ersus the o dd neutron n ucleus g factor °n , also kno wn as a Buc k-P erez

plot. The squares are the exp erimen tal data and the solid line is a linear �t to the

data.

the same line [11].

The total spin is related to the Gamo w-T eller matrix elemen t for the cross-o v er

¯ -deca y obtained from the f t v alue for T = 1=2 mirror pairs and th us the follo wing

relations are also true:

(°p + ¢ °p) = gp
l +

gp
s ¡ gp

l
R

° ¯ (1.46)

and

(°n + ¢ °n) = gn
l +

Gn
s ¡ gn

l
R

° ¯ : (1.47)

In Eqs. 1.46 and 1.47, R is the ratio of the axial-v ector coupling constan t, CA , to the

v ector coupling constan t, CV , and ° ¯ is a v ariable related to the ¯ -deca y ft v alue

j° ¯ j =
1
2

·µ
6170
f t

¡ 1
¶

1
J (J + 1)

¸ 1=2
: (1.48)

The free-n ucleon v alue for R is R = jCA=CV j = 1:26.
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When the v alue of ° ¯ is kno wn for a particular n ucleus, the v alue of °n;p can

b e deduced for that n ucleus using Eqs. 1.46 and 1.47. A second prediction can b e

made when °p;n is kno wn for the mirror partner using Eq. 1.45. The Buc k-P erez

extrap olation is a v alid prediction for n uclei with unkno wn magnetic momen ts, and an

imp ortan t to ol for future measuremen ts. Sp eci�cally , in the fp shell, man y magnetic

momen ts of Tz = +1 =2 n uclei are kno wn and can b e used to predict ¹ for the unkno wn

Tz = ¡ 1=2 mirror partners.

1.4 Nuclear momen ts and n uclear structure

Comparison of b oth the magnetic momen t and isoscalar spin exp ectation v alue to

mo del predictions pro vides a test of the shell closure and shell ev olution. The prop-

erties of n uclei near double shell closures, in particular, are of in terest as these n uclei

generally ha v e v ery simple structures compared to their neigh b ors. The magnetic mo-

men t is one suc h prop ert y that is sensitiv e to whic h orbits are o ccupied b y the v alence

particles, and is therefore essen tial in the in v estigation of double shell closures.

1.4.1 Magnetic momen ts near closed shells

The c haracter of stable n uclei with magic n um b ers of b oth protons and neutrons,

suc h as

16
O and

40
Ca, has b een w ell established. The radioactiv e doubly magic n uclei,

ho w ev er, ha v e rev ealed in teresting surprises. An extreme example is that of

28
O, whic h

w as exp ected to b e b ound based on its doubly-magic c haracter (proton and neutron

n um b ers Z = 8 and N = 20 , resp ectiv ely), but has b een sho wn to b e un b ound [14].

The study of ¯ unstable

56
Ni, residing three neutrons a w a y from the ligh test stable

nic k el isotop e, ma y pro vide insigh t in to c hanges in the structure of doubly-magic n uclei

as one mo v es a w a y from stabilit y . All eigh t magnetic momen ts of the eigh t neigh b ors

to the doubly-closed shell

16
O and

40
Ca ( § 1 n ucleon) n uclei are exp erimen tally

kno wn [15�22] and agree w ell with the v alues obtained assuming an inert core §
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Figure 1.8: Exp erimen tal magnetic momen t v alues compared to Sc hmidt limits for

n uclei around

16
O,

40
Ca, and

56
Ni.

1 n ucleon (single-particle v alue), as sho wn in Fig. 1.8. The agreemen t re�ects the

inertness of the

16
O and

40
Ca cores. The n ucleus

56
Ni is the �rst self-mirror n ucleus,

with closed-shell neutron and proton n um b ers ( N = Z = 28 ), that is radioactiv e.

The three kno wn magnetic momen ts of neigh b ors to

56
Ni [23� 25] do not agree with

single-particle v alues. The discrepancy indicates the necessit y of corrections to the

simple picture of a

56
Ni closed shell. The

56
Ni core is b etter describ ed b y the lo w est

order con�guration of n ucleons plus a sizable mixture of other con�gurations, in other

w ords, the

56
Ni core is not v ery inert, that is �soft�.

1.4.2 Evidence of

56
Ni as a doubly-magic n ucleus

The softness of the

56
Ni core also app ears in con tradiction to the b eha vior of the

�rst excited 2

+
state and the reduced transition matrix elemen t, B(E2; 0+

1 ! 2+
1 ) ,

in the ev en-A Ni isotopic c hain. The energy of the 2+
1 state in

56
Ni is E(2+

1 ) = 2701

k e V and lies signi�can tly higher in energy than E(2+
1 ) in the neigh b oring ev en-ev en
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n uclei, whic h is indicativ e of a shell closure. On the other hand, B(E2; 0+
1 ! 2+

1 )

in

56
Ni has b een deduced from a v ariet y of exp erimen tal metho ds with a v ariet y of

results. A lifetime measuremen t using the Doppler-shift atten uation metho d yielded

B(E2; 0+
1 ! 2+

1 ) = 385(160)e2
fm

4
[26] and Kraus et al. p erformed a proton scat-

tering exp erimen t that ga v e a higher v alue of B(E2; 0+
1 ! 2+

1 ) = 600(120) e2

fm

4
[27]. T w o in termediate-energy Coulom b excitation measurmen ts b y Y anagisa w a

et al. , yielding B(E2; 0+
1 ! 2+

1 ) = 580(70) e2
fm

4
[28], and Y urk ewicz et al. , where

B(E2; 0+
1 ! 2+

1 ) = 494(119) e2
fm

4
w as deduced [29], supp ort the higher v alue ob-

tained from proton scattering. A summary of the exp erimen tal results for E(2+
1 ) and

B(E2; 0+
1 ! 2+

1 ) v alues for the Ni isotop es are depicted in Fig. 1.9. While there is a

range of exp erimen tal v alues for B(E2; 0+
1 ! 2+

1 ) at

56
Ni, the o v erall trend is that

the B(E2; 0+
1 ! 2+

1 ) for

56
Ni is not reduced, within error, with resp ect to neigh b or-

ing ev en-ev en Ni isotop es, as exp ected for a go o d core. Y et, the high E(2+
1 ) v alue

for

56
Ni is indicativ e of a go o d core. The disparate nature b et w een the E(2+

1 ) and

B(E2; 0+
1 ! 2+

1 ) in

56
Ni w as explained b y a large scale shell mo del calculation with

the quan tum Mon te Carlo diagonalization metho d in the full fp shell [31]. The calcu-

lation repro duced the exp erimen tally-observ ed E(2+
1 ) and B(E2; 0+

1 ! 2+
1 ) using the

FPD6 in teraction, wherein the probabilit y of the N = Z = 28 closed shell comp onen t

in the w a v efunction of the

56
Ni ground state is only 49%, compared to an 86% closed

shell comp onen t in the w a v efunction of the

48
Ca ground state.

1.4.3 Magnetic momen ts around

56
Ni

The four n uclei that lie one n ucleon a w a y from

56
Ni are

55
Ni (neutron hole in the 1f 7=2

shell),

57
Cu (proton particle in the 2p3=2 shell),

57
Ni (neutron particle in the 2p3=2

shell), and

55
Co (proton hole in the 1f 7=2 shell). The measured magnetic momen ts

of

55
Co [25] and

57
Ni [24], isospin pro jection Tz = 1=2 n uclei, are w ell repro duced b y

shell mo del calculations [4], and supp ort

56
Ni as b eing a soft core (see Fig. 1.10). The

magnetic momen t of the Tz = ¡ 1=2 n ucleus

57
Cu w as measured to b e j¹ (

57
Cu) j =
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discrep ency in the v alue for

57
Cu as discussed in the text.

(2.00 § 0.05) ¹ N [23]. The same shell-mo del calculation for

57
Cu giv es ¹ (

57
Cu)=

2.45 ¹ N [4], suggesting a ma jor shell breaking at

56
Ni. All of the other o dd-mass Cu

isotop es ha v e magnetic momen ts whic h agree w ell with theoretical predictions (see

Fig. 1.11). The one ¹ v alue not y et attained is that for the one neutron hole n ucleus

55
Ni.

1.4.4 Prop osed ¹ (

55
Ni) measuremen t

The measuremen t of ¹ (

55
Ni) can pro vide imp ortan t information on the N = Z =

28 doubly-magic shell closure, as

55
Ni is one neutron remo v ed from the core. The

anomolous ¹ (

57
Cu) lea v es the op en question of whether the one neutron hole in

1f 7=2 in

55
Ni, also with Tz = ¡ 1=2, sho ws the same deviation from shell mo del as

the one proton particle do es for

57
Cu.

The theoretical calculations discussed in the previous sections w ere carried out for

¹ (

55
Ni) and the results are sho wn in T able 1.1. The calculation with g

free

refers to the
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Theory is a shell mo del calculation using the GXPF1 in teraction and e�ectiv e n ucleon

g-factors. All v alues w ere tak en from Ref. [32].

shell mo del calculation with GXPF1 and free n ucleon g factors, while the calculation

with gmomen ts

e�

is the same shell mo del calculation with e�ectiv e g factors obtained

from an empirical �t to data (section 1.2.3). The calculation with gp erturbation

e�

refers

to the microscopic treatmen t that added corrections to the magnetic momen t op era-

tor through p erturbation theory (section 1.2.2). The Buc k-P erez predictions (section

1.3.2) w ere determined from the kno wn ft v alue for

55
Ni, and in a separate prediction

from the kno wn ¹ (

55
Co).

A new v alue for ¹ (

55
Ni) can also b e com bined with the kno wn magnetic momen t

of its mirror partner

55
Co to deduce the isoscalar spin exp ectation v alue for the mass

A = 55 system. All of the ground state magnetic momen ts of T = 1=2 mirror n uclei

ha v e b een measured in the sd shell and a systematic trend of h
P

¾zi as a function

of mass has b een established. In the fp shell, ho w ev er, only three mirror pairs ha v e

b een measured, masses A = 41 , 43, and 57, and no systematic b eha vior has b een
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T able 1.1: Theoretical exp ectations for the magnetic momen ts of

55
Ni.

Theory ¹ (

55
Ni) ¹ N

with g
free

-0.809

a

with gmomen ts

e�

-0.999

a

with gp erturbation

e�

-1.072

b

Buc k-P erez (dep endence on f t v alue) ¡ 0:872§ 0:081c

Buc k-P erez (linear trend of exp erimen tal g factors) ¡ 0:945§ 0:039c

Single-particle v alue -1.913

a
F rom Ref. [4]

b
Priv ate Comm unication with I.S. T o wner

c
F rom Ref. [13]

established. It is essen tial to measure more mirror magnetic momen t pairs in this

region in order to explore n uclear structure in the fp shell and b ey ond.

The magnetic momen t of

55
Ni w as measured to address questions regarding the

56
Ni core. Comparison of b oth the deduced ¹ (

55
Ni) and h

P
¾zi for the T = 1=2,

A=55 system with theory pro vides imp ortan t information on the structure of doubly-

magic n uclei as one mo v es further from stabilit y .

1.5 Organization of Dissertation

An in tro duction to the n uclear magnetic dip ole momen t w as presen ted in this c hapter,

as w ell as a motiv ation for the measuremen t of ¹ (

55
Ni). In Chapter 2, the exp erimen-

tal tec hnique of n uclear magnetic resonance of ¯ -emitting n uclei ( ¯ -NMR), used to

complete the ¹ (

55
Ni) measuremen t, is describ ed. Chapter 3 con tains details of the

exp erimen tal setup including pro duction of the spin p olarized

55
Ni fragmen ts and the

¯ -NMR apparatus. The results of the exp erimen t are giv en in Chapter 4, follo w ed b y

a discussion of these results in Chapter 5. Chapter 6 concludes with a summary of the

presen t exp erimen t, and outlo ok on the future of magnetic momen t measuremen ts at

NSCL.
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Chapter 2

T ec hnique

Metho ds for measuring the magnetic dip ole momen t of the n uclear ground state de-

p end on the in teraction b et w een the magnetic momen t and a magnetic �eld. One

of the earliest metho ds is the tec hnique of n uclear magnetic resonance (NMR), pi-

oneered in 1946 b y Purcell [33]. NMR measuremen ts rely on an external magnetic

�eld to break the degeneracy of the magnetic substates, and spins b eing distributed

among those substates according to Boltzmann's la w, with the lo w er lev els sligh tly

more p opulated than the upp er lev els. When an oscillating magnetic �eld is applied

p erp endicular to the external �eld, the resonance absorption of electromagnetic energy

can o ccur if there is an y p opulation di�erence. Con v en tional NMR metho ds t ypically

require appro ximately 1017
n uclei for an observ able resonance due to the v ery small

p opulation im balance of the magnetic substates at ro om temp erature. This tec hnique

is also restricted to stable or long-liv ed n uclear states due to the time required to

mak e suc h an NMR measuremen t, on the order of sev eral min utes.

A v ariation of the NMR tec hnique has b een applied to ¯ -emitting n uclei to measure

the ground state n uclear momen ts for short-liv ed n uclei on the order of 10

¡ 2
to 10

3
s.

The so-called ¯ -NMR tec hnique requires an external magnetic �eld of order 10

¡ 1
T

and the observ ation of the angular distribuition of ¯ particles from a spin-p olarized

n ucleus, and will b e describ ed in more detail in the follo wing sections.
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Collinear laser sp ectroscop y has b een emplo y ed to measure n uclear momen ts as

w ell. Lasers are used to scan the h yp er�ne structure of atomic transitions and the

relev an t energy splittings are determined from the observ ed resonance frequencies.

The magnetic momen t is deduced from the strength of the h yp er�ne in teraction,

whic h is obtained from the energy splitting. F urther, lasers can b e used to spin p olarize

n uclei via optical pumping with circularly p olarized ligh t. The resulting spin-p olarized

ensem ble can then b e measured with ¯ -NMR to determine n uclear momen ts. NSCL

is dev eloping a laser system as a promising a v en ue for future measuremen ts of n uclear

spin, c harge radii, and n uclear momen ts.

In the w ork describ ed in this dissertation, the ¯ -NMR metho d w as applied to de-

duce the magnetic momen t of

55
Ni.

55
Ni is suited to the ¯ -NMR tec hnique since

55
Ni

deca ys via ¯ +
emission with a half life of 204 ms. The remainder of this c hapter will

describ e in detail the necessary comp onen ts for the ¯ -NMR measuremen t including:

1) pro duction of spin-p olarized n uclei, 2) ¯ -deca y angular distribution from a spin-

p olarized n ucleus, 3) measuremen t of the spin p olarization, and 4) measuremen t of

the magnetic momen t with the ¯ -NMR tec hnique.

2.1 Nuclear spin p olarization

Nuclear spin p olarization is a necessary condition for man y t yp es of ph ysics exp eri-

men ts, including ¯ -NMR sp ectroscop y . Spin p olarization o ccurs when the p opulation

for a giv en magnetic substate, m , is not equal to the p opulation for the opp osite

substate ¡ m , and a linear distribution among the m states is presen t (see Fig. 2.1).

Spin p olarization is generally discussed in terms of the statistical tensor, ½, whic h

c haracterizes the orien tation of a particular state [34]. The spin p olarization for a

giv en spin v alue I is de�ned as the ratio of the statistical tensor ½1(I ) to its v alue for
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maxim um spin p olarization ½max
1 (I ) . Th us, with

½1(I ) = ¡
X

m

mP(m)
p

I (I + 1)
(2.1)

and

½max
1 (I ) =

¡ I
p

I (I + 1)
(2.2)

the spin p olarization is

½1(I )
½max

1 (I )
=

X

m

mP(m)
I

´
¿

I z

I

À
; (2.3)

where P(m) is the normalized p opulation for substate m [

P
m P(m) = 1 ]. Th us, spin

p olarization is a measure of the orien tation of the total angular momen tum relativ e

to a �xed axis ( z).

Sev eral metho ds are commonly used to pro duce spin p olarized n uclei for ¯ -NMR

studies. Lo w-temp erature n uclear orien tation uses a strong external magnetic �eld to

break the degeneracy of the magnetic substates. The p opulation of the states follo ws

the Boltzmann distribution la w, as describ ed previously . The splitting of the state

should b e of order kT for a measurable p olarization e�ect, namely g¹ N H0 = kT ,

where H0 is the strength of the magnetic �eld, k is the Boltzmann constan t, and T

is the temp erature. The condition is that H0=T = 2:8 £ 103
T =K for a state with

g¹ N = 1¹ N . A successful measuremen t then requires temp eratures as lo w as 0.002

P(m)

m
Figure 2.1: P opulation distribution of a spin p olarized system with resp ect to magnetic

substate for a n ucleus with I = 3=2.
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K when an external �eld of 5 T is used. Suc h conditions ha v e b een ac hiev ed but are

not w ell suited to pro jectile fragmen ts.

Spin p olarized n uclei can also b e pro duced b y laser optical pumping as men tioned

previously . Optical pumping relies on the fact that if the electronic spins can b e

orien ted, the h yp er�ne coupling will cause the n uclear spin to b e orien ted as w ell.

Circularly p olarized ligh t is used to excite atomic transitions in an atom to a single

F -spin atomic sublev el. The n uclear spin then follo ws the orien tation of the elec-

tron spins, and a n uclear spin p olarization is pro duced. This tec hnique requires v ery

lo w and w ell de�ned v elo cities that ha v e only recen tly b een obtained for pro jectile

fragmen ts [35].

Another metho d to pro duce spin p olarization for ¯ -NMR is via n uclear reactions.

When reaction pro ducts are collected a w a y from the inciden t b eam axis, the outgoing

particle and residual n ucleus from a reaction will b e spin p olarized. T ransfer reactions

suc h as (d,p) are particularly e�ectiv e, as w ell as other t yp es of reactions. A t NSCL,

rare isotop es are pro duced b y in termediate-energy hea vy-ion reactions, in whic h spin

p olarization at small angles has b een observ ed. Spin p olarization of pro jectile-lik e

residues from in termediate-energy hea vy-ion reactions w as �rst rep orted at the Insti-

tute of Ph ysical and Chemical Researc h (RIKEN) of Japan in the p eripheral reaction

197
Au(

14
N,

12
B) at a primary b eam energy of 40 Me V/n ucleon [36]. The spin p olar-

ization, as a function of momen tum, w as observ ed to follo w an S-shap ed curv e, with

zero p olarization at the p eak of the yield distribution, and maxim um p olarization (as

large as 20%) at the wings of the momen tum distribution. A qualitativ e description

of the p olarization mec hanism w as found in a classical kinematic mo del that consid-

ers conserv ation of linear and angular momen ta and assumes p eripheral in teractions

b et w een the fast pro jectile and target. Figure 2.2 presen ts a sc hematic of the ex-

p ected p olarization and yield for the n ucleon remo v al pro cess for fragmen tation of a

pro jectile on a hea vy target.

A systematic study of spin p olarization follo wing few-n ucleon remo v al from ligh t
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pro jectiles as a function of b eam energy and target n ucleus w as completed b y Okuno

et al. [37]. This study demonstrated that the relation b et w een the outgoing fragmen t

momen tum and the sign of spin p olarization dep ended on the mean de�ection angle

¹µdef . Near-side reactions o ccur for high- Z targets, where the Coulom b de�ection dom-

inates the in tern uclear p oten tial b et w een pro jectile and target (see Fig. 2.3). Near-side

reactions giv e the p olarization dep endence sho wn in Fig. 2.2. The n ucleon-n ucleon p o-

ten tial go v erns remo v al reactions on lo w- Z targets. F ar-side reactions prev ail in this

case, in whic h the path of the fragmen t is to w ard the target, and the sign of the

observ ed p olarization is rev ersed.

The spin p olarization has a near-zero v alue at the p eak of the fragmen t yield

curv e for b oth near- and far-side dominated reactions, since j ¹µdef j is large. This

b eha vior can b e qualitativ ely understo o d from the pro jectile rest-frame diagram in

Fig. 2.2. The remo v ed n ucleons ha v e momen tum K . The z comp onen t of the induced

angular momen tum of the pro jectile-lik e sp ecies is z = ¡ Xk y + Y kx , where X , Y

Y
Ie

ld

Relative Momentum

P
ol

ar
iz

at
io

n

0

0

K=ky<0K=ky>0

K =(kx,ky,kz)

R=(x,y,z)
Q

L R K= – ×

Y

Z
X

Target
Projectile

pout

qdef

pin

Removal

Figure 2.2: Illustration of n uclear spin p olarization pro duced in a n ucleon remo v al

reaction at in termediate energies, for a high Z target. The yield and p olarization

curv es are giv en relativ e to the inciden t pro jectile momen tum. The remo v al sc hematic

is giv en in the pro jectile-lik e rest frame (see text for de�nition of terms).
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Figure 2.3: Sc hematic of near- and far-side reactions.
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are the lo calized Cartesian co ordinates of the remo v ed n ucleon(s), and kx , ky are the

momen tum comp onen ts of the remo v ed n ucleons in the reaction plane. If the n ucleon

remo v al o ccurs uniformly in the o v erlap region, X » R0 (the radius of the pro jectile),

Y » 0, then z = ¡ Xk y . Zero p olarization will therefore result when the fragmen t

momen tum equals the pro jectile momen tum, since ky = 0 in the pro jectile rest frame

under these conditions.

If n ucleon remo v al is not uniform in the o v erlap region, Y 6= 0 and the term Y kx

can con tribute to z. Suc h a con tribution will only b e observ ed exp erimen tally when

j ¹µdef j is small. The �nal scattering angle of the fragmen t is µL = ¹µdef +¢ µ, where ¢ µ

is the c hange in angle caused b y the transv erse momen tum comp onen t of the remo v ed

n ucleons, ¢ µ = tan ¡ 1(¡ kx=p) . Here, p is the total momen tum of the pro jectile-lik e

fragmen t. In reactions where j ¹µdef j » 0, it is the transv erse momen tum comp onen t of

the remo v ed n ucleon(s) that �kic ks� the fragmen ts to small angles, and the resulting

p olarization is negativ e since kx > 0 to giv e a p ositiv e ¢ µ and Y < 0 for non-uniform

n ucleon remo v al as illustrated in Fig. 2.2.

As stated earlier, the n uclei m ust b e spin p olarized to p erform a ¯ -NMR mea-

suremen t. There is a strong dep endence of p olarization on the momen tum (yield

distribution) of the fragmen t n ucleus, therefore it is crucial to kno w the magnitude

of p olarization prior to the exp erimen t. While fragmen tation reactions pro vide one

means of pro ducing spin-p olarized exotic n uclei, these n uclei tend to b e pro duced at

lo w rates. A useful �gure of merit for ¯ -NMR measuremen ts is P2Y , where P repre-

sen ts p olarization and Y is yield, since the optimization of p olarization with yield is

critical. Impro v emen ts in yield will come with the dev elopmen t of new radioactiv e ion

b eam (RIB) facilities, but while yields remain small, the abilit y to accurately predict

the exp ected p olarization is required for exp erimen tal success. A Mon te Carlo co de

w as dev elop ed [37] based on the ideas discussed ab o v e to sim ulate the spin p olarization

generated in n ucleon remo v al reactions at in termediate energies. The general b eha v-

ior of spin p olarization as a function of pro jectile-lik e momen tum w as repro duced,
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Figure 2.4: Illustration of n uclear spin p olarization pro duced in a n ucleon pic kup

reaction at in termediate energies, for a high Z target. The yield and p olarization

curv es are giv en relativ e to the inciden t pro jectile momen tum. The pic kup sc hematic

is giv en in the pro jectile-lik e rest frame.

although a scaling factor of 0.25 w as needed to matc h the magnitude of p olarization

observ ed exp erimen tally . Previous w ork at NSCL impro v ed the quan titativ e p erfor-

mance of this Mon te Carlo approac h. The progress made in this area will b e discussed

later in detail in section 5.1.

While n ucleon remo v al at in termediate energies has b een sho wn to pro duce spin

p olarization, certain n uclei are more easily pro duced via other reactions, suc h as

n ucleon pic kup. Spin p olarization in n ucleon pic kup reactions at in termediate energies

w as �rst demonstrated at NSCL [38]. P ositiv e spin p olarization w as determined for

37
K n uclei collected at small angles from the reaction of 150 Me V =n ucleon

36
Ar

pro jectiles with a

9
Be target. Figure 2.4 illustrates the features of spin p olarization

and yield from n ucleon pic kup reactions. The k ey to understanding the observ ed spin

p olarization in the pic kup pro cess is the kno wledge that the pic k ed-up n ucleon m ust

ha v e an a v erage momen tum equal to the F ermi momen tum orien ted parallel to the

b eam direction. Souliotis et al. [39] sho w ed this to b e the case based on the observ ed
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shifts in the cen troids of the longitudinal momen tum distributions for one- and t w o-

n ucleon pic kup pro ducts. The a v erage pro jectile-lik e momen tum hpi w as found to

satisfy the relation hpi = hppi + hpt i , where hppi is the a v erage momen tum of the

pro jectile and hpt i is the a v erage momen tum of the pic k ed-up n ucleon, whic h is equal

to the F ermi momen tum.

The momen tum of the pic k ed-up n ucleon will b e an tiparallel to the incoming pro-

jectile momen tum in the rest frame of the pro jectile-lik e sp ecies. The z comp onen t

of orbital angular momen tum induced b y the n ucleon pic kup pro cess is lz = R¢ p,

where ¢ p is the momen tum di�erence b et w een the pro jectile and the pic k ed-up n u-

cleon, assuming a p eripheral in teraction where the n ucleon is pic k ed up to a lo calized

p osition on the pro jectile giv en b y R in Fig. 2.4. lz and th us the spin p olarization

will b e zero when the momen tum of the pic k ed-up n ucleon matc hes the momen tum

of the incoming pro jectile ( ¢ p = 0 ). This zero crossing o ccurs at the pro jectile-lik e

momen tum p = [( Ap + 1) =Ap]pp, where Ap and pp are the mass n um b er and momen-

tum of the pro jectile, resp ectiv ely . A linear increase in lz is exp ected with a decrease

in the momen tum of the outgoing pic kup pro duct. Groh et al. [38] found that proton

pic kup reactions follo w the trend sho wn in Fig. 2.4, except for the lo w momen tum

side of the momen tum distribution. A t lo w momen tum v alues of the pic kup pro ducts,

the momen tum matc hing conditions for pic kup are no longer satis�ed, and the spin

p olarization is observ ed to rapidly approac h zero.

T urzó et al. sho w ed that neutron pic kup reactions at in termediate energies b eha v e

in a similar manner [40]. T urzó et al. extended the Mon te Carlo sim ulation of Ref. [37]

to include n ucleon pic kup and the momen tum considerations discussed b y Groh et

al. [38]. Qualitativ e agreemen t of the observ ed spin p olarization as a function of

the pro jectile-lik e pro duct w as found, as w as the case with n ucleon remo v al reactions.

Ho w ev er, the scaling factor of 0.25 w as again needed to repro duce the magnitude of the

observ ed spin p olarization. The requiremen t of scaling factors of the same magnitude

for b oth n ucleon remo v al and n ucleon pic kup suggest that the same quan titativ e
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correction factors should apply to b oth and has b een demonstrated in Ref. [41]. As

noted earlier, additional comp onen ts ha v e b een added to the Mon te Carlo sim ulation

to ac hiev e b etter quan titativ e agreemen t with data, and will b e describ ed in section

5.1.

The kinematic mo del prop osed b y Asahi et al. has b een successfully emplo y ed

to quan titativ ely explain spin p olarization at in termediate energies for b oth n ucleon

remo v al and pic kup reactions [41]. F urther, p olarization pro duced during fragmen ta-

tion and n ucleon pic kup reactions has pro v en to b e an imp ortan t means for extending

magnetic momen t measuremen ts further from stabilit y . Success has b een realized in

impro ving the reac h for suc h measuremen ts, as sho wn in Fig. 2.5.

2.2 ¯ Deca y

Another requiremen t of the ¯ -NMR tec hnique is that the n ucleus of in terest deca ys

via the sp on taneous emission of an electron ( ¯ ¡
) or a p ositron ( ¯ +

), a pro cess kno wn

as ¯ deca y , and that the asymmetry parameter A¯ asso ciated with this deca y not b e

zero. During ¯ ¡
deca y , a neutron is transformed in to a proton, while in ¯ +

deca y , a

proton is transformed in to a neutron. The general form of ¯ deca y of a paren t n ucleus

AZ can b e written as:

AZN ! A (Z + 1) +
N ¡ 1 + e

¡ + ¹ºe + Q¯ ¡ ¯ ¡
deca y (2.4)

AZN ! A (Z ¡ 1)¡N +1 + e

+ + ºe + Q¯ + ¯ +
deca y (2.5)

where the Q v alue describ es the energy released during the n uclear reaction:

Q¯ ¡ = M [AZ] ¡ M [A (Z + 1)] (2.6)

Q¯ + = M [AZ] ¡ (M [A (Z ¡ 1)] + 2mec2) (2.7)
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Figure 2.6: T ransmission exp erimen t for mono energetic electrons, adapted from Ref.

[57]. I is the detected n um b er of electrons through an absorb er thic kness t , whereas

I 0 is the n um b er detected without the absorb er. Re is the extrap olated range.

2.2.1 Electron in teractions

When the electron that is emitted from ¯ -deca ying n ucleus passes through an ab-

sorbing material, suc h as a detector, the electron do es not follo w a straigh t path.

Large deviations in the electron path are p ossible b ecause its mass is equal to that

of the orbital electrons with whic h it is in teracting, and a large fraction of its en-

ergy can b e lost in a single encoun ter [57]. In addition, electron-n uclear in teractions

can abruptly c hange the electron direction. The transmission curv e for mono energic

electrons is sho wn in Fig. 2.6. Ev en small v alues of the absorb er thic kness lead to

the loss of some electrons from the detected b eam b ecause scattering of the electron

e�ectiv ely remo v es it from the �ux striking the detector. Therefore, the plot b egins

to drop immediately and gradually approac hes zero for large absorb er thic knesses.

Those electrons that p enetrate the greatest absorb er thic kness will b e the ones whose

initial direction has c hanged least in their path through the absorb er. Range is there-

fore not a clearly de�ned concept for electrons b ecause the electron total path length

is considerably greater than the distance of p enetration along the initial v elo cit y v ec-

tor. Normally , the electron range is tak en from an extrap olation of the linear p ortion

of the transmission curv e to zero and represen ts the absorb er thic kness required to

ensure that almost no electrons can p enetrate the en tire thic kness.

The con tin uous distribution of energy from a ¯ -emitting n ucleus causes the trans-

40



mission curv e to di�er from that of mono energetic electrons. The lo w-energy ¯ par-

ticles are rapidly absorb ed ev en in small thic knesses of the absorb er, so that the

initial slop e on the atten uation curv e is m uc h greater. The transmission curv e for

¯ -emitting n uclei is nearly exp onen tial in shap e, although the b eha vior is only an

empirical appro ximation.

The trac ks of p ositrons in an absorb er are similar to those of normal negativ e

electrons, and their energy loss and range are ab out the same for equal initial energies.

Coulom b forces are presen t for b oth p ositiv e and negativ e c harges, and whether the

in teraction in v olv es a repulsiv e or attractiv e force b et w een the inciden t particle and

orbital electron, the impulse and energy transfer for particles of equal mass are ab out

the same.

2.2.2 ¯ -deca y angular distribution

¯ deca y is go v erned b y the parit y-violating w eak force, and the direction of emitted

¯ particles can b e anisotropic under certain conditions. The angular distribution of

¯ particles emitted from a p olarized n ucleus is giv en [42, 43] as

W(µ) = 1 + A¯ P cosµ; (2.8)

where µ denotes the emission angle with resp ect to the axis of p olarization, P , as

de�ned previously . The asymmetry parameter A¯ for allo w ed ¯ transitions is

A¯ =
§ ¸½2 ¡ 2½

q
J

J +1 ±JJ 0

1 + ½2 (2.9)

where

¸ =

8
>>>><

>>>>:

1 for J ! J 0= J ¡ 1

1=(J + 1) for J ! J 0= J

¡ J=(J + 1) for J ! J 0= J + 1:

(2.10)
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½is the mixing ratio de�ned b y the constan t ½= ( CAh¾i )=(CV h1i ) where CV and CA

are the F ermi and the Gamo w-T eller coupling constan ts, resp ectiv ely , and h1i and h¾i

are the corresp onding n uclear matrix elemen ts. The upp er and lo w er signs corresp ond

to ¯ +
deca y and ¯ ¡

deca y , resp ectiv ely .

The ¯ -NMR measuremen t requires suc h angular anisotrop y of the emitted ¯ parti-

cles, and the anisotrop y also p ermits measuremen t of spin p olarization. If the n ucleus

of in terest has some spin p olarization, then the ¯ particles will b e emitted asymmetri-

cally as giv en b y Eq. 2.8, under the condition that A¯ 6= 0 . When the spin p olarization

of the n ucleus of in terest is zero, the ¯ particles are emitted isotropically . Th us, the

angular distribution can b e used as a prob e for measuring b oth spin p olarization and

the magnetic momen t, as outlined in the follo wing t w o sections.

2.3 Measuring spin p olarization

The magnitude of spin p olarization ma y b e deduced from the results of a successful

¯ -NMR measuremen t, as will b e describ ed in more detail in the follo wing section.

Ho w ev er, it is useful to kno w the spin p olarization for the n ucleus of in terest prior to

the start of a ¯ -NMR measuremen t. The spin p olarization dep ends on the fragmen t

momen tum, as describ ed in the previous section. Therefore, it is desireable to optimize

spin p olarization as a function of momen tum according to the �gure of merit, P2Y ,

b efore the ¯ -NMR measuremen t. Also, a spin p olarization measuremen t that deduces

the magnitude of spin p olarization as w ell as direction is ideal, to compare to the

magnitude and direction of the NMR e�ect observ ed in the ¯ -NMR measuremen t.

A tec hnique has b een dev elop ed at NSCL to measure p olarization using a pulsed

external magnetic �eld. The tec hnique do es not require adv anced kno wledge of the

n uclide's magnetic momen t [44]. The ¯ angular distribution will b e anisotropic if

the implan ted n uclei ha v e some spin p olarization when the external magnetic �eld is

on. When the magnetic �eld is o�, quadrup olar in teractions b et w een the implan ted
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n ucleus and electrons in the lattice will generally dominate the lo cal �eld in teraction at

the lo cation of the impurit y in a face-cen tered cubic host material. These quadrup olar

in teractions will, in e�ect, dep olarize the n uclear spin system and lead to an isotropic

¯ angular distribution. The angular distribution sho ws maxim um deviation at angles

0

±
and 180

±
relativ e to the spin p olarization axis, as sho wn 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 unit y when the implan ted n uclei are spin p olarized, while for un-

p olarized n uclei R will b e unit y . Substituting [W(0±) = W(180±)]
�eld o�

in Eq. 2.11,

the spin p olarization can b e deduced from R as

R =
1 + A¯ P

1 ¡ A¯ P
(2.12)

R » 1 + 2A¯ P: (2.13)

Th us, the spin p olarization can b e extracted from the exp erimen tally measured quan-

tit y R . Ho w ev er, R will also re�ect an y instrumen tal asymmetries, for example, the

e�ect of the external magnetic �eld on the photom ultiplier tub es used to detect the

¯ particles. A normalization for the double ratio can b e pro vided b y pro ducing the

secondary b eam at 0

±
along the inciden t b eam direction to correct for this asymmetry .

With the primary b eam at 0

±
, the implan ted b eam has no spin p olarization [45], and

¯ emission will b e isotropic. The system asymmetry can b e remo v ed from the data b y

taking a ratio of the double ratios for the p olarized (b eam angle 2

±
) and unp olarized

(b eam angle 0

±
) sources. The pulsed magnetic �eld metho d for measuring spin p o-

larization pro vides a means of maximizing P2Y for magnetic momen t measuremen ts

that use the ¯ -NMR tec hnique, whic h is describ ed in the follo wing section.
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2.4 Nuclear magnetic resonance of ¯ -emitting n uclei

Nuclear magnetic resonance (NMR) is a branc h of sp ectroscop y , and therefore deals

with the energy lev els of a system and transitions b et w een these lev els, either b y

absorption or emission of photons. ¯ -NMR is a t yp e of radiation-detecting NMR. The

sensitivit y of ¯ -NMR is ab out fourteen orders of magnitude greater than con v en tional

NMR. While details of con v en tional NMR exp erimen ts will not b e discussed, the

detection step in v olv es measuremen t of a small electrical signal. More than 1017
n uclei

are needed to obtain a large enough signal ab o v e noise. The ¯ -NMR tec hnique in v olv es

the detection of ¯ particles emitted from radioactiv e n uclei, whic h pro duce a large

electrical signal in the detectors. It has b een found that only ab out 103
n uclei are

needed in the ¯ -NMR tec hnique. The details of the ¯ -NMR tec hnique are describ ed

in the remainder of this section.

As men tioned previously , NMR sp ectroscop y dep ends on the in teraction b et w een

the magnetic dip ole momen t ~¹ = g¹ N I and an external magnetic �eld

~H0, whic h is

de�ned along the z-axis. The Hamiltonian describing the in teraction is giv en b y

H = ¡ ~¹ ¢ ~H0 (2.14)

= ¡ g¹ N H0m where m = I; I ¡ 1; ¢ ¢ ¢ ¡I: (2.15)

The in teraction induces a splitting in energy kno wn as Zeeman splitting b et w een the

formerly degenerate magnetic sublev els (see Fig. 2.7).

When the frequency of the oscillating magnetic �eld in a resonance exp erimen t

corresp onds to the separation of neigh b oring lev els, transitions b et w een adjacen t sub-

states (selection rule ¢ m = § 1) are induced b y this �eld. Pro vided that the static

�eld H0 is su�cien tly uniform and that no electric �eld gradien ts are presen t in the

vicinit y of the n uclei b eing studied, the separation b et w een all neigh b oring lev els will

b e the same, and transitions induced b et w een adjacen t lev els will ha v e a common

resonance frequency . The energy lev els Em and their separation ¢ E in suc h a case
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Figure 2.7: Zeeman lev els of the

55
Ni n ucleus in the presence of an external magnetic

�eld.

are giv en b y

Em = ¡ g¹ N H0m where m = I; I ¡ 1; ¢ ¢ ¢ ¡I; and (2.16)

¢ E = g¹ N H0 = hºL (2.17)

where ºL is the Larmor precession frequency . The v alue of ºL for g » 1 and H0 » 0:5

generally falls in the radiofrequency ( rf ) region.

The p opulations among Zeeman sublev els will b e asymmetric after an y of the

v arious tec hniques describ ed previously ha v e b een applied. The ¯ -angular distribution

from a p olarized n ucleus sho ws a maxim um deviation at angles 0

±
and 180

±
relativ e to

the spin p olarization axis (see Eq. 2.8). Therefore, when the n um b er of ¯ particles are

monitored at these angles, an anisotrop y is observ ed as long as the n ucleus main tains

spin p olarization and A¯ 6= 0 . Giv en an initially spin-p olarized collection of n uclei, an

alternating magnetic �eld H1 of the prop er radiofrequency ºL applied p erp endicular

to H0 induces transitions b et w een the substates. The H1 driv es transitions with ¢ m =
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Figure 2.8: Sc hematic description of the ¯ -NMR tec hnique for an I = 3=2 n ucleus.

§ 1, causing re-distribution of magnetic substate p opulation. If enough rf p o w er is

applied, the p opulations ma y b e equalized and the p olarization destro y ed (see Fig.

2.8). The ¯ -angular distribution is then isotropic.

The rf can b e applied con tin uously for a p erio d of time, kno wn as con tin uous

w a v e (CW) excitation, or it can b e applied in short pulses. The

55
Ni measuremen t

describ ed in this thesis used the CW tec hnique. The rf w as scanned using a frequency

mo dulated (FM) signal, while the external magnetic �eld w as held constan t. The FM

signal allo w ed for an e�cien t scan of a frequency region in a short p erio d of time. A

wide band FM scan w as esp ecially imp ortan t during the initial searc h for a resonance.

The FM rf w as applied in a rep etitiv e fashion. The b eam w as alw a ys on and the

detectors w ere alw a ys coun ting. The NMR e�ect w as 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 frequency is o� resonance, R is unit y , as there is no di�erence b et w een

ha ving the rf o� or on. A t the Larmor frequency , the rf o� condition results in an

asymmetric distribution of ¯ particles, while during the rf on phase the ¯ particles

are emitted isotropically if p olarization is en tirely destro y ed, as sho wn in Fig. 2.8. As

stated b efore, at the Larmor frequency , the double ratio reduces to Eq. 2.12. A¯ P

is monitored as a function of applied frequency to determine the Larmor frequency .

The g factor is then extracted from the resonance frequency

hºL = g¹ N H0: (2.19)

The ¹ can b e deduced from the n uclear g factor if the n uclear spin is kno wn (Eq. 1.37).

The uncertain t y in ¹ is ev aluated from the width of the FM signal, whic h app ears as

an uncertain t y on ºL . The uncertain t y in H0 is usually small. H0 w as measured in

this w ork with a proton resonance prob e to a precision of 1:10

4
. Other exp erimen tal

uncertain ties are sp eci�c to the n ucleus under study and the solid lattice in to whic h

it is implan ted. In general, for ¯ -NMR exp erimen ts, these uncertain ties are m uc h

smaller than the error in the FM signal, whic h is t ypically around 5% for FM = § 25

kHz and ºL = 1 MHz. The origin of these t w o uncertain ties are describ ed brie�y in

the follo wing sections, and will b e discussed in the con text of the

55
Ni measuremen t

in the next c hapter.

2.4.1 Spin-lattice relaxation

The pro cess of spin-lattice relaxation is the means b y whic h a spin p olarized system

comes in to thermal equilibrium with the surrounding lattice. T o conserv e energy in

the equilibration pro cess, an y n uclear Zeeman transition induced b y in�uence of the

lattice is accompanied b y a comp ensating c hange to the lattice. Although there are

man y con tributions to this relaxation, it is generally con v enien t to use a c haracteristic

time constan t to describ e the total pro cess, called the spin-lattice relaxation time T1.
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A successful ¯ -NMR exp erimen t clearly requires the spin-lattice relaxation time to

exceed the n uclear lifetime, so that the spin p olarization is main tained un til the

n ucleus deca ys.

The spin-lattice relaxation time dep ends sensitiv ely on the n uclear implan tation

site and an y lo cal radiation damage caused b y the implan tation pro cess. If the neigh-

b oring n uclei in the lattice ha v e non-zero spins, they will c hange the lo cal magnetic

�eld that the n ucleus of in terest exp eriences, and con tribute to the relaxation pro cess.

In addition, the in teractions of the n ucleus with electrons in the lattice also cause re-

laxation. The con tribution and nature of the in teraction of the n ucleus with electrons

di�ers dep ending on whether the lattice is a metal or insulator.

In metals, the in teraction b et w een the n uclear momen t and the magnetic �eld

pro duced b y conduction electrons is the dominan t spin-lattice relaxation mec hanism.

The in teraction pro cess can b e view ed as a scattering pro cess, in whic h a conduction

electron scatters from an initial to a �nal state, while the n ucleus undergo es transition

from one magnetic substate to another. The in teraction is go v erned b y a p oten tial

V whic h describ es the �scattering�. Calculations of this t yp e yield what is called the

K orringa relation [46], and leads to the follo wing appro ximate result,

T1

µ
¢ H
H

¶ 2
=

~
4¼kT

° 2
e

° 2
n

; (2.20)

where °e and °n are the spin g factors for the electron and the n ucleus, resp ectiv ely ,

and ( ¢ H
H ) is the Knigh t shift [47]. The Knigh t shift arises from the di�erence in

the magnetic �eld pro duced b y the conduction electrons ( ¢ H ) and the external �eld

( H ). Note that T1 is prop ortional to the in v erse of the lattice temp erature T . Lo w

temp eratures can b e emplo y ed to lengthen T1 and extend the time windo w to ev aluate

n uclear spin p olarization.

The absence of conduction electrons in insulators mak es the c haracter of coupling

b et w een n uclei and electrons di�eren t, and there is no simple relationship b et w een
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T1 and T , as w as the case for metals. One source for relaxation in insulators arises

from the coupling of the n ucleus to the magnetic �eld pro duced b y the electrons

precessing under the in�uence of H0. A dditionally , a n ucleus can indirectly couple

with its neigh b ors via the distortions in the electron shells pro duced b y their magnetic

momen ts, but for rare isotop e exp erimen ts, the dilute nature of the impurit y mak es

suc h e�ect unlik ely . In general, t ypical T1 for a metal in metal is on the order of ms,

while a metal in insulator has a T1 greater than seconds. It should b e noted that the

spin relaxation time do es not con tribute to the error on ¹ , but remains an imp ortan t

exp erimen tal consideration.

2.4.2 Line broadening

Resonance line broadening is c haracterized b y a spread in ºL for n uclei residing at v ar-

ious sites within the implan tation crystal. Pro vided that the external magnetic �eld is

homogeneous, broadening arises from the lo cal en vironmen tal e�ects surrounding the

n uclei. Sources con tributing to the o v erall shap e of the resonance line are n umerous

and can mak e the shap e quite complicated. A common metho d used to tak e in to ac-

coun t the distribution of in teractions with di�eren t strengths, directions, and symme-

tries is the t w o-site mo del [48]. It is assumed that a fraction f of the n uclei exp erience

the full lo cal �eld of undisturb ed substitutional sites whereas the rest (1 ¡ f ) is not

orien ted. The latter fraction accoun ts for n uclei whic h exp erience h yp er�ne �elds of

di�eren t strengths but no preferred direction in space as ma y b e presen t for instance

in a nonmetallic material. F or this mo del the anisotrop y is simply R e� = fR (º
hf

) ,

where R(º
hf

) is the anisotrop y exp ected for the undisturb ed substitutional frequency

º
hf

(or a narro w distribution around it) and R e�

is the exp erimen tal anisotrop y .

In metals, the dominen t broadening e�ect comes from the existence of couplings

b et w een neigh b oring spins, kno wn as dip olar broadening, and is on the order of a few

kHz or less. The in teraction b et w een t w o n uclear spins dep ends on the magnitude and

orien tation of their magnetic momen ts and also on their separation [49]. In addition,
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spin-lattice relaxation pro cesses place a lifetime limit on the Zeeman lev els, whic h

e�ectiv ely broadens the line b y the order of ~T1.

The e�ects describ ed ab o v e for metals are small for insulators if the insulator is

a p erfect crystal. Imp erfections in the crystal create, at the p osition of a n ucleus,

quadrup ole gradien ts. These quadrup olar e�ects v ary not only in orien tation but also

in magnitude from site to site and ha v e a considerable in�uence on the shap e of the

resonance line. The imp erfections in the crystal can b e created b y dislo cations, strains,

v acancies, foreign atoms, and =or radiation damage, and the amoun t of broadening

dep ends on the go o dness of the crystal. Most of these e�ects are exp ected to b e small

for ¯ -NMR sp ectroscop y on rare isotop es.

In this c hapter, the necessary comp onen ts of a ¯ -NMR measuremen t w ere in-

tro duced including the pro duction of n uclear spin p olarization, the ¯ -deca y angular

distribution, a metho d to measure spin p olarization, and a description of the ¯ -NMR

tec hnique. In the next c hapter, detailed information is giv en of the exp erimen tal setup

that w as necessary for carrying out the tec hniques describ ed previously .
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Chapter 3

Exp erimen tal Setup

In the previous c hapter, the tec hniques required for a successful magnetic momen t

measuremen t using ¯ -NMR w ere describ ed. This c hapter will detail the exp erimen tal

systems required for b eam pro duction and the ¯ -NMR measuremen t on

55
Ni at NSCL.

3.1 Nuclide Pro duction

A t NSCL, radioactiv e ion b eams are pro duced b y pro jectile fragmen tation, in whic h

a high-energy pro jectile impinges a stationary target. A large n um b er of fragmen ts,

b oth stable and radioactiv e, emerge from the target with v elo cities near the pro jectile

v elo cit y . The purp ose of the exp erimen t describ ed in this dissertation w as to measure

the magnetic momen t of

55
Ni.

55
Ni w as pro duced b y neutron remo v al reaction from

a

58
Ni pro jectile on a

9
Be target. A solid sample of

58
Ni w as v ap orized and partially

ionized in a ro om temp erature electron cyclotron resonance (ECR) ion source (see

Fig. 3.1). The

58
Ni

11+
primary b eam w as accelerated to 13.7 Me V =n ucleon in the

K500 cyclotron, and then injected in to the K1200 cyclotron. In the K1200 cyclotron,

the

58
Ni primary b eam w as further stripp ed with a thin carb on foil to a c harge state

of 27

+
and accelerated to 160 Me V =n ucleon. After exiting the K1200, the primary

b eam impinged up on on a 610 mg =cm

2 9
Be target, resulting in man y fragmen tation
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Figure 3.1: Sc hematic represen tation of ion source, K500, K1200, and A1900 at NSCL

coupled cyclotron facilit y .

pro ducts including

55
Ni pro duced b y three neutron remo v al. The A1900 [50] w as

used to separate the

55
Ni from other reaction pro ducts. The �rst half of the A1900

separated fragmen ts based on magnetic rigidit y (momen tum =c harge), a w edge-shap ed

degrader at the in termediate image (disp ersiv e plane) induced a v elo cit y shift prop or-

tional to the n uclear c harge, and �nally the second half of the sp ectrometer separated

the desired fragmen t bac k in to a single sp ot at the fo cal plane for transmission to the

exp erimen tal areas.

The primary b eam w as set at 2

±
with resp ect to the target to break the symmetry

of the fragmen tation reaction and observ e p olarization, as sho wn in Fig. 3.2. T w o

dip ole b ending magnets, lab eled Z002DH and Z008DS, w ere used to set the b eam

angle. A view er, lab eled Z013, lo cated upstream of the target, w as used to c hec k

the b eam p osition. When the b eam w as at 0

±
, the b eam sp ot w as lo cated at the

cen ter of Z013. A t 2

±
, the b eam sp ot w as lo cated to the left of the cen ter p osition.

P olarization of

55
Ni w as measured at three di�eren t momen tum settings (-1%, 0%,

and +1% relativ e to the p eak of the

55
Ni momen tum distribution) of the A1900.

The full momen tum acceptance of the A1900 w as k ept at ¢ p=p = 1 % via slits at

the in termediate image. The magnetic rigidit y v alues of the �rst t w o dip ole magnets
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Figure 3.2: Sc hematic dra wing of the placemen t of the primary b eam at a 2

±
angle

on the target.
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Figure 3.3: Mec hanical dra wing of the Radio-frequency F ragmen t Separator. The

b eam en ters the p ort on the left and a large time-dep enden t electric �eld can b e

applied on the p erp endicular axis in phase with the arriv al of v arious particles.

(B ½1) and second t w o dip ole magnets (B ½2) for eac h of the three momen tum settings

are summarized in T able 3.1.

T able 3.1: A1900 B ½v alues for the v arious momen tum settings for

55
Ni fragmen ts.

Momen tum (%) B ½1 (Tm) B ½2 (Tm)

-1 3.15860 2.67580

0 3.22240 2.76520

+1 3.19050 2.72080

A high b eam purit y is required for observ ation of maxim um NMR e�ect due to

the con tin uous nature of the ¯ energy sp ectrum. The Radio-frequency F ragmen t Sep-

arator (RFFS) [51] w as used in conjunction with the A1900 for further puri�cation.

A mec hanical dra wing of the RFFS is sho wn in Fig. 3.3. The RFFS applied a sin u-

soidal v oltage of » 100 k V pp across t w o copp er plates that caused a phase dep enden t

transv erse de�ection of the b eam. The RFFS frequency w as op erated at the cyclotron

frequency of 24.39780 MHz with an adjustable phase di�erence. The RFFS de�ected

particles based on time-of-�igh t, as ions with di�eren t v elo cities arriv ed at di�eren t
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Figure 3.4: Photo of the ¯ -NMR apparatus.

times with resp ect to the phase of the applied v oltage and exp erienced di�eren t trans-

v erse angular de�ections. An adjustable v ertical slit system lo cated 5.38 m after the

end of the RFFS allo w ed for selectiv e remo v al of un w an ted fragmen ts and pro vided

a b eam purit y of > 99% for

55
Ni.

3.2 ¯ -NMR Apparatus

3.2.1 Ov erview

Up on exiting the RFFS, the

55
Ni fragmen ts w ere sen t to the ¯ -NMR apparatus [52],

pictured in Fig. 3.4. A sc hematic dra wing of the imp ortan t comp onen ts is sho wn

in Fig. 3.5. The fragmen ts �rst passed through a circular collimator, 1.5 cm in

diameter, b efore b eing implan ted in to a NaCl single crystal lo cated at the cen ter of

the apparatus. The ¯ -NMR apparatus consisted of a large ro om-temp erature dip ole

magnet with its p oles p erp endicular to the b eam direction with a gap of 10 cm.

The magnet induced the required Zeeman h yp er�ne splitting of the spin-p olarized

n uclear ground state. The ¯ particles from

55
Ni w ere detected with a set of plastic
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Figure 3.5: Sc hematic dra wing of the ¯ -NMR apparatus. The copp er co oling ro d w as

not used as the measuremen t w as p erformed at ro om temp erature.

scin tillator detector telescop es lo cated b et w een the p oles of the magnet. One telescop e

w as lo cated at 0

±
and one at 180

±
, relativ e to the direction of H0. Eac h telescop e

con tained a thin ¢ E scin tillator (4.4 cm £ 4.4 cm £ 3 mm), and a thic k E scin tillator

(5.1 cm £ 5.1 cm £ 2 cm). Eac h scin tillator w as coupled to an acrylic ligh t guide and

a photom ultiplier tub e (PMT). The thic k detector acted as a total energy detector

for ¯ particles up to 4 Me V. ¯ particles from

55
Ni ha v e an endp oin t energy of 7.7

Me V with a mean energy of 3.6 Me V (see Fig. 3.6). Only a fraction of the ¯ particles

w ere completely stopp ed in the thic k detector due to the high endp oin t energy and

scattering e�ects through the scin tillator and surrounding material. The ¯ detectors

w ere lab eled as B1 (thic k detector on top), B2 (thin detector on top), B3 (thin detector

on b ottom), and B4 (thic k detector on b ottom), as sho wn in Fig. 3.7.

The dip ole magnet had a fringe �eld that a�ected the p erformance of the PMT s.

The ligh t guides w ere b en t at an angle of 45

±
to place the PMT s close to the y ok e steel

(see Fig. 3.7), where the fringe �eld w as smallest. Ev en when the PMT s w ere placed

56



~

Q + = 8692 keVb

7/2-

204.7 ms

17.53 h
~100%7/2-

55
28Ni

55
27Co

Figure 3.6: ¯ -deca y sc heme for

55
Ni.

beam

Yoke Steel

Catcher inside
pole gap

Plastic scintillator

PMT

Light guide

Top view

E
DE

DE
E

NaCl
catcher

Side view

B1
B2

B3
B4

Figure 3.7: Sc hematic dra wing of detector system.
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next to the y ok e, there remained a fringe �eld that ranged from 1 to 6 gauss for a

magnet curren t up to 190 A ( » 0.45-T holding �eld). A n um b er of di�eren t shielding

con�gurations w ere tested, but none reduced the fringe �eld signi�can tly . The �nal

con�guration included a 0.4-mm thic k ¹ metal sheet rolled in to a cylinder and placed

around the PMT.

T w o silicon surface barrier detectors w ere used for fragmen t iden ti�cation. Silicon

detector n um b er 1 (thic kness 150 ¹ m) w as placed 34 cm upstream of the catc her, and

w as attac hed to an air-activ ated driv e, pro viding the abilit y to insert and remo v e the

detector from the line of the b eam without breaking v acuum. Silicon detector n um b er

2 (thic kness 300 ¹ m) w as placed 12 cm do wnstream from the catc her and serv ed as

a v eto detector for fragmen ts that tra v eled through the NaCl.

T w o iden tical rf coils in a Helmholtz-lik e geometry w ere placed within the magnet

and b et w een the ¯ detectors, with the �eld direction p erp endicular to b oth the direc-

tion of the b eam and the static magnetic �eld. Details of the rf system are giv en in

the next section. A 2.5-cm diameter, 2-mm thic k disc-shap ed NaCl single crystal w as

moun ted on an insulated holder, b et w een the pair of rf coils. The crystal w as placed

at an angle of 45

±
relativ e to the normal b eam axis to minimize the energy loss of the

¯ particles emitted at 0

±
and 180

±
. A 1.5-mm thic k Al degrader w as placed in fron t

of the collimator to lo w er the energy of the incoming

55
Ni ions to cause the ions to

stop in the cen ter of the NaCl crystal. The LISE++ co de [53] w as used to calculate

the appropriate thic kness of the degrader. NaCl w as c hosen as a catc her b ecause it

is kno wn to hold p olarization for Cu ions with a long T1 [23] giv en that Ni ions ha v e

similar atomic radii to Cu ions, ho w ev er, the T1 for Ni ions in NaCl is unkno wn. A

photo of the rf coil, crystal, collimator, and silicon detector 2, all of whic h under

v acuum during the measuremen t, is sho wn in Fig. 3.8.
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Figure 3.8: Photo of the rf coil with crystal, collimator, and silicon detector 2. All of

the pictured comp onen ts are under v acuum during the measuremen t.

3.2.2 Radiofrequency system

The transv erse H1 �eld used to destro y the p olarization w as created b y the Helmholz-

lik e coils that made up part of an LCR resonance circuit. L is the inductance of the

rf coil that pro duces the H1, C is the capacitance, and R is the resistance. The LCR

resonance condition for frequency f is giv en b y

f =
1

2¼
p

LC
: (3.1)

Sev eral v ariable capacitors w ere used with �xed L and R to tune the resonance circuit

and ac hiev e imp edance matc hing to the rf ampli�er. Suc h op eration ensured a su�-

cien tly large v alue of H1 for all transition frequencies within a frequency mo dulated

(FM) scan. T ransition frequencies w ere sequen tially applied to the LCR resonance cir-

cuit b y selecting one of the v ariable capacitors using fast rela y switc hes. The selected

capacitor w as tuned to the sp eci�c capacitance that satis�ed the LCR resonance

condition for a particular frequency . The basic sc heme is sho wn in Fig. 3.9.

The rf system used one of three function generators to generate the FM rf signal.

A pulse pattern generator, REPIC mo del RPV071, triggered the function generators.

The rf signal w as sen t to a 250 W rf ampli�er. The ampli�ed signal w as then applied
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Figure 3.9: Sc hematic dra wing of the LCR resonance system.

to the rf coil, whic h w as part of the LCR resonance circuit. A 50 ­ resistor ful�lled the

imp edance matc hing condition b et w een the ampli�er and the rf coil. One (or more) of

six v ariable capacitors w ere used to complete the LCR circuit. The primary capacitor

used during the NMR measuremen t w as a 4000 pF v ariable capacitor. A remotely-

con trolled stepp er motor w as used to tune this capacitor. The generated resonance

curv e is also called a Q curv e, and an example is sho wn later in this section. After a

�xed rf irradiation time, the frequency from a second function generator w as sen t to

the same LCR resonance circuit. A di�eren t capacitor w as then selected b y the fast-

switc hing rela y system. Only one function generator w as used for the ma jorit y of the

NMR measuremen ts presen ted in this thesis, as only a single cen tral frequency with

FM w as applied for an y one rf measuremen t. Ho w ev er, for a p ortion of the exp erimen t,

a new m ultiple-frequency NMR tec hnique w as tested. Three function generators w ere

used to scan a larger frequency region for the initial resonance searc h. A dditional

details on the rf system are a v ailable in Ref. [54].

The op erating parameters for the rf dep ended on the conditions of the NMR

measuremen t. The theoretical predictions for ¹ (

55
Ni) giv en in section 1.4.4 suggested

a searc h region for ¹ (

55
Ni) b et w een -0.6 ¹ N and -1.2 ¹ N . With an external magnetic

�eld of H0 = 0:4551 T, the ¹ searc h region corresp onded to a frequency range of 588

kHz to 1176 kHz, where g = ¹=I in Eq. 2.16 and I = 7=2 for

55
Ni. The inductance

of the coil and capacitance w ere c hosen according to Eq. 3.1 to matc h the desired
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frequency region. With a �xed inductance of » 15 ¹H , the capacitance ranged from

4500 pF for the lo w est frequency to 1000 pF for the highest frequency . The capacitors

a v ailable in the rf system included: one 3900 pF �xed capacitor, t w o 4000 pF v ariable

capacitors, t w o 1500 pF v ariable capacitors, and one 1000 pF v ariable capacitor.

The rf coil supp ort w as made of the p olyimide-based p olymer V esp el

R° , made b y

DuP on t

TM

, and rated to 260

±
C. The copp er wire used to wind the coil w as 20 A W G

(round) with a p olyimid insulation called Allex

R° , ordered from Sup erior Essex

R° .

The wire insulation w as rated to 240

±
C. Suc h temp erature ratings w ere su�cien t to

withstand the heat generated b y the v oltage drop across the coil. The inductance

of the coil w as measured as a function of turn n um b er as sho wn in Fig. 3.10a. The

measuremen t w as made with an LCR meter (Electro Science Industries - mo del 253).

The total turn n um b er is the sum of turns for the t w o coils. The relationship b et w een

the inductance and total n um b er of turns, N , follo w ed a L » N 2
dep endence, as

sho wn in Fig. 3.10b. Therefore, to ac hiev e a coil with an inductance of » 15 ¹H , a

14 =14 turn coil w as used. The measured inductance of the 14 =14 turn coil w as 14.3

¹H .

The strength of H1 needed to destro y the initial p olarization is giv en b y the

expression

H1 =
1
°

µ
2¼¢ f

¢ t

¶ 1=2
; (3.2)

where ¢ f is the frequency windo w, ¢ t is the rf time, and ° = g
~¹ N . A FM of § 50 kHz

used for the initial wide frequency scan and an rf time of 10 ms required an H1 �eld

of » 8 G. A FM of § 25 kHz for the narro w er scan and an rf time of 10 ms required

an H1 �eld of » 5 G. T emp erature tests pro v ed the rf system could withstand the

prolonged application of an H1 of 8 G, as the temp erature w as observ ed to saturate

at 155

±
C.

The DC c haracter of the coil, ®, w as determined b y measuring the magnetic �eld

of the coil as a function of applied curren t. ® is needed to determine H1 of the coil at
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b) N 2
.

62



y = 3.2727x - 0.06

R2 = 0.9986

0

1

2

3

4

5

6

7

8

9

0 0.5 1 1.5 2 2.5 3

Applied Current (A)

F
ie

ld
(G

)

Figure 3.11: DC c haracter of the rf coil determined b y measuring the magnetic �eld

of the coil as a function of applied curren t. The ® v alue is equal to the slop e of the

line.

a giv en frequency . Curren t w as applied to the rf coil using a T enma Lab oratory DC

P o w er Supply (72-6152) from 0 to 2.5 A. The magnetic �eld w as monitored at the

cen ter of the coil using a FW Bell Gauss/T eslameter (mo del 5080) and the results

are sho wn in Fig. 3.11. The ® v alue is the slop e of the line, ® = 3.3 G=A. The H1 is

then calculated as

H1 =
V
2

1
2¼fL

®
2

; (3.3)

where V is the v oltage across the coil, f is the applied frequency , and L the inductance

of the coil. The v oltage is determined from the p eak-to-p eak v alue on the resonance

Q-curv e, as sho wn in Fig. 3.12. The example Q-curv e w as recorded at frequency 1100

kHz with FM § 50 kHz. The input v oltage from the function generator (F G) w as

Vin = 100 m V pp and the generated v oltage w as Vout =870 V. The calculated H1 in this

case w as 7.2 G whic h matc hes the required H1 giv en b y Eq. 3.2.
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±
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Figure 3.12: Resonance Q-curv e at frequency 1100 kHz with FM § 50 kHz and input

v oltage Vin = 100 m V pp. The H1 is calculated from Eq. 3.3.

3.2.3 Electronics

Readout electronics

The plastic scin tillator detectors w ere used to detect the ¯ particles emitted in the

deca y of

55
Ni. A sc hematic diagram of the electronics for eac h of the four plastic

scin tillators is sho wn in Fig. 3.13. Eac h scin tillator w as coupled to an acrylic ligh t

guide, whic h w as coupled to a PMT. The signal from the PMT w as shap ed, ampli�ed,

and separated in to a fast signal and a slo w signal. The slo w signal w as sen t to a

VME analog-to-digital con v erter (ADC, CAEN mo d. V785) where the energy w as

determined from the maxim um v oltage p eak. The fast timing signal w as sen t to

a constan t fraction discriminator (CFD, T ennelec TC 455). One of the fast timing

signals from the CFD w as con v erted from NIM t yp e to ECL and used in the VME

scaler mo dule (CAEN scaler C3820) for rate monitoring. Another CFD time signal

w as used for establishing the logic of the master gate (MG).

A sc hematic diagram of the electronics for the silicon detectors used for particle
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(see MG diagram)

Signals for B2, B3, and B4
are obtained from individual

scintillators in a similar fashion

Figure 3.13: Plastic scin tillator electronics diagram.

iden ti�cation is sho wn in Fig. 3.14. Silicon detector 1 (Ortec SN 27-259B, mo del TB-

020-300-150) w as lo cated upstream of the ¯ -NMR apparatus and w as used for particle

iden ti�cation. The energy signal w as tak en from the slo w output of the ampli�er and

digitized in VME. The fast timing signal of Silicon 1 w as compared with the cyclotron

rf to generate a time-of-�igh t (tof ) measuremen t of the incoming b eam. Silicon de-

tector 2 (Ortec SN 36-153D, mo del TB-020-300-300) w as lo cated do wnstream of the

NaCl crystal, and w as used for particle iden ti�cation b efore the crystal w as put in

place. After the NaCl crystal w as in place, the detector w as used as a v eto detector

for fragmen ts that passed through the NaCl crystal. Signals from b oth detectors w ere

pro cessed with T ennelec (S =N 2104) preampli�ers, and then ampli�ed (T ennelec TC

241 S). The slo w signal w as sen t to the ADC and the fast signal w as sen t to the CFD

for timing purp oses. One of the CFD timing signals for b oth silicon detectors w as sen t

to a logical OR to b ecome part of the master gate (MG). Another CFD timing signal

for b oth detectors w as con v erted from NIM t yp e to ECL t yp e and sen t to the scaler

for rate monitoring. As noted ab o v e, a third timing signal from the silicon detector 1
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Figure 3.14: Silicon detectors electronics diagram.
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Figure 3.15: Master gate (MG) electronics diagram.

CFD w as used as a start for the time-to-amplitude con v erter (T A C, Ortec 566). The

T A C stop came from the K1200 cyclotron rf . The T A C output represen ted the b eam

tof, and w as digitized in VME.

A logical AND w as made b et w een B1 and B2, as w ell as B3 and B4 b efore b eing

sen t to the MG. The coincidence condition w as implemen ted to reduce readout dead

time and reduce bac kground ev en ts and w as used to trigger the readout of all other

detectors during the data acquisiton (see Fig. 3.15). The MG w as created from the log-

ical OR of scin tillator coincidences and the signal from the silicon detectors to trigger

during particle iden ti�cation. The MG made a logical AND with a computer-not-busy

signal to pro vide the master liv e signal. Master liv e �op ened� the data acquisition gate

for ADC con v ersion.
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Figure 3.16: Electronics diagram for the radiofrequency system.

rf electronics

F unction generators (F G, Agilen t function =arbitrary w a v eform generator, 20 MHz

mo del 33220A) w ere used to pro duce the rf . Timing con trol of the rf w as accomplished

with a VME pulse-pattern generator (see Fig. 3.16). The REPIC mo del RPV-071

pulse-pattern generator had 32 c hannel output with 65k =c hannel data memory . A bit

pattern w as loaded in to the memory of the RPV-071 through the VME bus. The

pattern w as output-sync hronized with an external clo c k signal. Eac h output w as used

to trigger and =or gate devices. These devices are listed on the righ t side of Fig. 3.16.

The on, o�, b eam, and coun t signals from RPV-071 w ere sen t to an I =O register

(CAEN mo d. V977) for recording in the data stream and for soft w are gating. The on

and o� signals w ere used for rf pulsing. The on signal w as also sen t through TTL
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Count
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Figure 3.17: Sc hematic represen tation of the external magnetic �eld pulsing sequence

during the p olarization measuremen t. The �eld w as pulsed on and o� ev ery 60 s. The

b eam w as con tinously implan ted.

to a temp erature sensor at the input of the dip ole magnet coil to con trol magnet

pulsing. The rf pulsing sequence generated b y RPV-071 w as sen t to the function

generator. F rom the function generator, the signal w en t to the rf ampli�er (mo del

BBS0D3F OQ, 58 dB, 250 W), and then to the rf b o x. The sw1-6 signals sho wn in

Fig. 3.16 represen t the capacitor switc h signals, whic h w ere generated b y RPV-071

and sen t to the rf b o x.

The timing sequences programmed to the RPV-071 mo dule for b oth the p olariza-

tion measuremen t and NMR measuremen t are sho wn in Figs. 3.17 and 3.18, resp ec-

tiv ely . In b oth measuremen ts, the b eam w as implan ted con tin uously and ¯ coun ting

w as p erformed for the en tire measuremen t. During the p olarization measuremen t,

the external magnetic �eld w as pulsed on and o� ev ery 60 s. The frequency of the

in ternal clo c k on the RPV-071 mo dule w as 500 Hz, and th us the minim um length of

the pulse w as 1=(500 Hz)=2 ms. The maxim um length of the pulse or one cycle of

timing program w as (65k data p oin t) =(500 Hz)=130 s.

During the NMR measuremen t, the FM w as realized in a �sa wto oth� function with

a 10 ms rf sw eep time. The rf w as applied con tin uously for 30 s on and then 30 s

o�. The RPV-071 clo c k frequency w as 2000 Hz, so the minim um length of the pulse

w as 0.5 ms. The maxim um length of the pulse or one cycle of timing program w as

32.5 s. The RPV-071 mo dule w as con trolled with a graphical user in terface dev elop ed
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Figure 3.18: Sc hematic represen tation of rf pulsing sequence during the NMR mea-

suremen t. The rf w as pulsed on and o� ev ery 30 s, with 20 ms sw eep time. The b eam

w as con tinously implan ted.

using T cl/Tk (scripting language/graphical user in terface to ok kit) [55] based on the

NSCLD A Q VME T cl extension [56].

High v oltage (HV) w as supplied to eac h ¯ detector PMT and the silicon detector

preamps through a CAEN SY3527 High V oltage P o w er Supply (HVPS). Individual

soft w are con trols for v oltage ramp rate and maxim um v oltage w ere a v ailable for eac h

device connected to the CAEN HVPS.

3.2.4 Calibrations

External magnetic �eld

Precise kno wledge of the external magnetic �eld is necessary to reduce systematic

uncertain t y in the g-factor result. The g factor is calculated from ºL and H0 (Eq.

2.19). The con tribution to the o v erall error on the g factor from the magnetic �eld

can b e less than the FM. The dip ole magnet �eld w as calibrated b y measuring the

static �eld at the cen ter of the rf coil as a function of applied curren t. The magnetic

�eld w as measured using the Metrolab PT2025 precision NMR T eslameter with a

n um b er 3 solid sample

1
H prob e (range 0.17 to 0.52 T). Curren t w as supplied to
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Figure 3.19: Dip ole magnet calibration.

the magnet with a P o w er T en Inc DC p o w er supply (SN 1010740). The calibration

w as done with all exp erimen tal devices in place, except for the NaCl crystal and

silicon detector 2, whic h w ould ha v e b een in the w a y of the prob e. The calibration of

the holding �eld as a function of applied curren t is sho wn in Fig. 3.19. The magnet

calibration w as done appro ximately a mon th b efore the exp erimen t b egan to establish

the dep endence of the �eld with the applied curren t. Ho w ev er, for the exp erimen t,

it is only imp ortan t that the �eld is kno wn pr e cisely at the set curren t, and that

the �eld is stable for the duration of the ¯ -NMR measuremen t. The �eld w as also

monitored immediately b efore and after the exp erimen t, for one hour to obtain an

estimate of the systematic error on H0. The ¯ -NMR measuremen t w as conducted

with a curren t of 180 A, corresp onding to 4477.3 G using the calibration. Ov er the

course of a mon th p erio d, ho w ev er, the �eld shifted. When the �eld w as measured

at 180 A prior to the exp erimen t, the �eld ranged from 4490.6 G to 4494.3 G o v er

one hour. Immediately after the exp erimen t, the �eld w as monitored again for one

hour at 180 A and ranged from 4490.0 G to 4491.5 G. The �uctuation in magnetic

�eld mainly came from t w o sources: inheren t instabilit y of the p o w er supply and
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temp erature. The p o w er supply has a quoted stabilit y of § 0:05% of the set p oin t p er

8 hours after w arm-up. V ariations in the temp erature of the ro om a�ect the p o w er

supply and in turn the magnetic �eld. A v alue of 4490.5 G w as c hosen with an error

of 5.0 G at 180 A to tak e in to accoun t the small �uctuations in �eld o v er the course

of the exp erimen t.

The magnetic �eld strength c hosen for the p olarization measuremen t w as 1000 G,

whic h corresp onds to 40 A of curren t in the magnet. In the p olarization measuremen t,

the magnetic �eld is pulsed on and o�. The PMT s are a�ected b y the fringe �eld

of the magnet, and this e�ect is �eld dep enden t, as sho wn in Fig. 3.20, where the

energy sp ectra for B1 and B4 are sho wn for a

90
Sr source as a function of applied

curren t. Therefore, 40 A (1000 G) w as c hosen as a �eld strength for the p olarization

measuremen t, where the �eld e�ects w ere minimal (see Fig. 3.20).

Plastic scin tillator detectors

Ideally , the plastic scin tillator detectors w ould b e calibrated with ¯ particles of v arying

energy . Ho w ev er, there are limited o�-line or long-liv ed sources of ¯ particles with a

large endp oin t energy . One alternativ e is to calibrate the energy resp onse with the

Compton edge from a ° -ra y source, since the scin tillators are able to detect the

scattered electrons. The accuracy of suc h a calibration is not high, but is su�cien t to

c hec k the functionalit y of the detector.

A Compton scatter results in the creation of a recoil electron and scattered ° -ra y

photon, with the division of energy b et w een the t w o dep enden t on the scattering

angle [57]. The energy of the scattered ° ra y , E0
° , in terms of its scattering angle µ

and the initial ° energy , E° , is giv en b y

E0
° =

E°

1 + ( E° =m0c2)(1 ¡ cosµ)
; (3.4)

where m0c2
is the rest mass energy of the electron (0.511 Me V). The Compton edge
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Figure 3.20: Dep endence of the ¯ energy sp ectra for a

90
Sr source on the strength of

the external magnetic �eld. Energy sp ectra of thic k detectors B1 and B4 are sho wn

with magnetic �eld o� (dotted line) and magnetic �eld on (solid line) at 0, 75, 110,

and 165 A.
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T able 3.2: P eak ° energy and calculated Compton edge for eac h source used in the

plastic scin tillator energy calibration.

Source P eak ° energy (k e V) Compton edge (k e V)

57
Co 122 40

137
Cs 662 481

60
Co 1170 964

1330 1120

represen ts the maxim um energy that can b e transferred to an electron in a single

Compton in teraction, that is, in a head-on collision in whic h µ ' ¼. In this case, Eq.

3.4 reduces to

E0
° '

E°

1 + 4E°
; (3.5)

and the Compton edge, EC , is the maxim um energy transferred to the electron, that

is

EC = E° ¡ E0
° : (3.6)

Three ° sources w ere used to energy calibrate the ¯ telescop es:

57
Co,

137
Cs, and

60
Co. The ° p eak energy and calculated Compton edge for eac h source are sho wn in

T able 3.2. An a v erage w as tak en for the t w o

60
Co v alues, as the separate Compton

edges are not resolv ed in the plastic scin tillator. The Compton edge w as determined

in the sp ectrum b y taking the c hannel v alue at the half maxim um of the Compton

con tin uum for eac h detector. An example of the determination of the Compton edge

from the energy sp ectrum tak en with a

137
Cs source with B1 is sho wn Fig. 3.21. This

c hannel n um b er is sho wn as a function of the calculated Compton edge in Fig. 3.22.

The linear trend sho ws that the detectors are functioning as exp ected. The abso-

lute v alues obtained from the calibration ma y not b e accurate, as it w as di�cult to

determine the lo cation of the Compton edge from the sp ectra due to the scattering

and energy loss prop erties of electrons discussed in section 2.2.1. Suc h prop erties are

also the reason for the di�erence in the slop e of the line for thic k detectors v ersus

thin detectors.
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Figure 3.21: Energy sp ectrum from

137
Cs tak en with B1 to determine the Compton

edge. The Compton edge w as determined in the sp ectrum b y taking the c hannel v alue

at the half maxim um of the Compton con tin uum.
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Figure 3.22: Energy calibration of plastic scin tillator detectors B1-B4.

57
Co,

137
Cs,

and

60
Co w ere used as ° sources and the calibration w as done using the Compton

edge of the ° sp ectrum.
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Figure 3.23: ®-deca y sp ectrum of

228
Th collected with silicon detector 1.

Silicon detectors

The silicon detectors w ere tested prior to the exp erimen t to c hec k the energy resolu-

tion. Silicon detector 1, placed upstream of the ¯ -NMR apparatus on an air activ ated

driv e, w as the primary detector used for particle iden ti�cation at the exp erimen tal

end station. Silicon detector 2, placed do wnstream of the NaCl crystal, w as used to

determine if fragmen ts w ere passing through the crystal. Both detectors w ere tested

b y collecting an ® sp ectrum from a

228
Th source, with the results sho wn in Figs. 3.23

and 3.24. The observ ed resolution w as su�cien t for particle iden ti�cation purp oses

in the

55
Ni region. The FWHM at 5.69 Me V w as observ ed to b e 64.8 k e V for silicon

detector 1 and 76.5 k e V for silicon detector 2. The silicon detectors w ere also tested

with the external magnetic �eld on at b oth 180 A and 40 A, with little c hange in

energy resolution.

¯ -NMR apparatus

The en tire ¯ -NMR apparatus w as calibrated to ensure that there w ere no inheren t

asymmetries. The same rf sequences executed during the exp erimen t w ere also p er-
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Figure 3.24: ®-deca y sp ectrum of

228
Th collected with silicon detector 2.

formed with a

60
Co ° source at the crystal p osition. Calibration with a ¯ source

w ould again b e ideal, as w as the case for the plastic scin tillator calibration, but the

selection of ¯ sources is limited. The a v ailable ¯ source,

90
Sr, ¯ ¡

deca ys to

90
Y with

a Q v alue of 546 k e V (mean ¯ energy 196 k e V).

90
Y then ¯ ¡

deca ys to

90
Zr with a Q

v alue of 2.3 Me V (mean ¯ energy 933 k e V). Most ¯ particles from this source w ould

b e absorb ed b efore making it to the thic k detector for a coincidence measuremen t.

Some ¯ particles mak e it through to the thic k detector, but the activit y of the source

w as not su�cien t to complete the necessary calibrations in a reasonable amoun t of

time. Th us, a ° source w as though t to b e the b est a v ailable option. Prior to the

exp erimen t, the frequency range of 600 kHz to 1600 kHz w as scanned, pulsing the

rf on and o� ev ery 30 s, with a constan t external magnetic �eld of 4490.5 G. The

double ratio R w as determined as giv en in Eq. 2.18. T w o frequency mo dulations w ere

applied, the �rst at § 50 kHz, and the second at § 25 kHz, to repro duce the exp ected

exp erimen tal conditions. Both calibrations are sho wn in Fig. 3.25 and no signi�can t

asymmetry w as apparan t.

The H0 on =o� double ratio w as also determined with the

60
Co source. The dip ole
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Figure 3.25: rf calibration prior to the start of the exp erimen t with

60
Co source. The

rf is pulsed 30 s on then 30 s o�. T w o frequency mo dulations (FM) w ere c hec k ed:

§ 50 kHz and § 25 kHz.

magnet w as pulsed on and o� ev ery 60 s, at a �eld of 1000 G. The double ratio R

w as tak en as giv en in Eq. 2.11. The calibration v alue of R w as found to b e 1.0012 §

0.0074, consisten t with zero asymmetry .
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Chapter 4

Exp erimen tal Results

4.1 F ragmen t Pro duction

The exp erimen tal systems describ ed in the previous c hapter w ere used in the pro duc-

tion and iden ti�cation of

55
Ni fragmen ts, and the ¯ -NMR measuremen t. The

55
Ni

secondary b eam w as pro duced under a v ariet y of conditions to maximize spin p olar-

ization and complete the ¯ -NMR measuremen t. The spin p olarization measuremen ts

w ere completed with the

55
Ni secondary b eam pro duced at primary b eam angles of

2

±
and 0

±
, as w ell as three separate fragmen t momen ta settings of the A1900. The

NMR measuremen t w as completed with the primary b eam at an angle of 2

±
, and a

single A1900 setting with the momen tum corresp onding to the p eak yield of

55
Ni.

This c hapter presen ts the particle iden ti�cation of the secondary b eam, the resp onse

of the ¯ detectors under the v arious conditions describ ed ab o v e, and the results of

b oth the spin p olarization and NMR measuremen ts.

4.2 P article Iden ti�cation

Secondary b eam particle iden ti�cation (PID) w as p erformed using the A1900 fo cal

plane detectors for energy loss and tof information. The PID with no w edge at the
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in termediate image of the A1900 and a constan t v alue of B ½is sho wn in Fig. 4.1. The

constan t v alue of B ½= mv=q yields certain features that are c haracteristic of the A=q

of the fragmen ts. The un b ound fragmen t

8
Be did not app ear in the PID, and the

�hole� where the fragmen t should app ear w as used as reference (sho wn in the lo w er

part of Fig. 4.1). The energy loss of the

55
Ni fragmen ts w as determined to b e 597

Me V through the 0.5 mm thic k A1900 fo cal plane PIN detector.

A 405 mg =cm

2
Al w edge w as placed at the in termediate image of the A1900, and

the PID w as measured again as sho wn in Fig. 4.2. Based on the energy loss observ ed

in the un w edged PID, the

55
Ni fragmen ts w ere iden ti�ed with the w edge presen t.

The B ½v alues w ere scanned and the rate of

55
Ni w as measured at eac h B ½setting

to establish the yield distribution as a function of fragmen t momen tum. The mo-

men tum distribution is esp ecially imp ortan t for the spin p olarization measuremen t,

as p olarization w as later measured as a function of fragmen t momen tum at three

settings to establish the v ariation. The measured momen tum distribution is sho wn

in Fig. 4.3 with a Gaussian �t. The measured momen tum distribution agrees with a

calculation that considers conserv ation of linear momen tum, as describ ed in section

5.1.1.

The

55
Ni fragmen ts w ere sen t on to the RFFS. P article iden ti�cation w as p er-

formed after �ltering at the RFFS diagnostic b o x, whic h w as lo cated 5.3 m do wn-

stream of the RFFS exit. The diagnostic b o x consisted of an adjustable v ertical

slit system sandwic hed b et w een t w o retractable parallel-plane a v alanc he coun ters

(PP A C), and a retractable telescop e of Si PIN detectors. The PP A Cs are p osition

sensitiv e detectors and w ere used to determine the slit p osition for selectiv e remo v al

of un w an ted fragmen ts. The v ertical p osition of fragmen ts in the secondary b eam

after de�ection in the RFFS is sho wn as a function of arriv al time in Fig. 4.4. The tof

w as tak en as a time di�erence b et w een a signal in the RFFS PIN detector and the

rf frequency of the K1200 cyclotron and th us the faster fragmen ts ha v e longer times

in this �gure. The upp er v ertical slit (G183 top) w as p ositioned to +4 mm to select
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Figure 4.1: Energy loss at the A1900 fo cal plane PIN detector as a function of time-of-

�igh t with no w edge at the in termediate image. The expanded PID sho ws the �hole�

where un b ound

8
Be is exp ected, pro viding a reference for

55
Ni.
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T able 4.1: F raction of comp onen ts of the secondary b eam, relativ e to

55
Ni, b efore the

RFFS w as turned on and after.

Nuclide F raction b efore RFFS F raction after RFFS

55
Ni 1 1

54
Co 1.33 0

53
F e 0.24 0.01

52
Mn 0.02 0.02

the de�ection region that included the fragmen t of in terest and eliminated un w an ted

con taminan ts. T w o b eam steerers lo cated do wnstream of the RFFS diagnostic b o x

and upstream of the exp erimen tal endstation w ere used to recen ter the fragmen ts

on to the optical axis of the exp erimen tal endstation. The fractions of eac h n uclide in

the secondary b eam relativ e to

55
Ni, b efore the RFFS w as turned on and after, are

giv en in T able 4.1. The primary con taminan t in the secondary b eam from the A1900

w as

54
Co, as seen from Fig. 4.4a. Implan tation of

54
Co w ould presen t a particular

problem for the ¯ -NMR measuremen t b ecause it has a half-life and ¯ -endp oin t energy

similar to that of

55
Ni (see Fig. 4.5).

When the RFFS w as on with the slits closed, the

54
Co con tamination w as elim-

inated completely , as sho wn in Fig. 4.4b. The other con taminan ts,

53
F e and

52
Mn,

w ere not a problem for success of the measuremen t due to their lo w ¯ -endp oin t en-

ergies, although these lo w-energy con taminan ts w ere observ ed, as will b e discussed

in section 4.3. Con tributions from these lo w-energy con taminan ts w ere remo v ed from

the ¯ energy sp ectra collected at the ¯ -NMR apparatus b y making an energy cut in

soft w are.

The puri�ed b eam w as implan ted at the cen ter of the ¯ -NMR apparatus. Final

particle iden ti�cation w as p erformed at the endstation as w ell. Energy loss of the

secondary b eam w as recorded with silicon detector 1, and the tof w as tak en as a

time di�erence b et w een a signal in that detector and the rf frequency of the K1200

cyclotron. The PID measured b efore the RFFS w as turned on is sho wn in Fig. 4.6a.

After the RFFS w as turned on and the v ertical slits w ere adjusted, the PID w as tak en
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system and b) the particle ID resulting from the cut is sho wn b elo w.

84



~

Q + = 8692 keVb

7/2-
204.7 ms

17.53 h
~100%7/2-

~

Q + = 8243 keVb

0+
193.3 ms

Stable ~100%0+

55
28Ni

55
27Co 54

26Fe

54
27Co

Figure 4.5: Deca y sc heme of

55
Ni and the primary con taminan t

54
Co in the b eam

from the A1900 remo v ed b y the RFFS.

again as sho wn in Fig. 4.6b (the p o or resolution in the energy loss sp ectrum w as a

result of noise from the RFFS slit motors).

4.3 ¯ energy sp ectra

The ¯ -deca y energy sp ectra for detectors B1-B4 are sho wn in Figures 4.7 through

4.11. The 1-dimensional sp ectra tak en near the b eginning of the exp erimen t as the rf

w as b eing pulsed on and o� is sho wn in Fig. 4.7. The solid line represen ts the rf on

condition, and the dotted blac k line represen ts the rf o� condition. The dotted line

falls nearly on top of the solid line, whic h indicates that the rf did not in terfere with

the detection of ¯ particles or cause the PMT s to b eha v e di�eren tly when the rf w as

on v ersus when it w as o�. This observ ation is in agreemen t with the rf on =o� source

calibration data discussed in section 3.2.4. The small lo w energy p eak that is visable

around c hannel 300 in detectors B1 and B4 represen ts the deca y pro duct,

55
Co, whic h

has a Q v alue of 3.5 Me V (mean ¯ energy 570 k e V). A ma jorit y coincidence register

w as added shortly after the exp erimen t started to lo w er the dead time. The timing

signals from B1 and B2, as w ell as those from B3 and B4, w ere tak en as a logical

AND. F urther, the CFD thresholds on B1 and B4 w ere raised from -0.7 V to -1.6 V
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and -1.4 V, resp ectiv ely , to eliminate the

55
Co and other lo w-energy con tamination.

The higher threshold on B1 and B4 w as at » 400 c hannels as sho wn in Fig. 4.8, whic h

corresp onds to » 440 k e V from the energy calibration in section 3.2.4.

Changes in the ¯ energy sp ectra w ere also c hec k ed when the external magnetic

�eld, H

0

, w as pulsed on and o� at 1000 G (Fig. 4.9). The sp ectra sho w no di�erence

when the external �eld w as on, as compared to when it w as o�. Again, this observ ation

is in agreemen t with the calibration data discussed in section 3.2.4. The particular

sp ectra sho wn w ere tak en b efore the thresholds on B1 and B4 w ere raised, and th us

the small p eak corresp onding to

55
Co is presen t in b oth sp ectra.

T w o-dimensional ¯ -deca y energy sp ectra w ere constructed b y plotting coun ts in

the ¢ E detector (B2, B3) as a function of coun ts in the corresp onding E detector

(B1, B4) for b oth up and do wn telescop es. The thin ¢ E detectors has a more uniform

resp onse indep enden t of ¯ energy , as demonstrated b y the calibration in section 3.2.4.
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Figure 4.7:

55
Ni ¯ deca y energy sp ectra for thic k detectors B1 and B4, and thin

detectors B2 and B3, for b oth rf on (red) and rf o� (blac k).
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Figure 4.10: T w o-dimensional

55
Ni ¯ -deca y energy sp ectra plotted as ¢ E v ersus E

detector. F or these sp ectra, the external �eld w as held constan t at 0.45 T, the rf w as

o�, and the threshold on B1 and B4 w as -0.7 V.

All ¯ particles dep osit the same amoun t of energy , more or less, as they tra v el through

the thin detector b ecause less scattering o ccurs. The thic k E detector has more of an

energy-dep enden t resp onse since more of the ¯ particles will come to rest in this

detector. The 2.0 cm thic kness of the E detector is only su�cien t to stop ¯ particles

with a maxim um energy of ab out 4 Me V. Only a fraction of ¯ particles w ere stopp ed in

the thic k detector due to the high Q v alue of

55
Ni (Q v alue of 8.7 Me V, mean ¯ energy

3.6 Me V) and the scattering and energy loss prop erties of the ¯ particles. Sho wn in

Fig. 4.10 are the 2-D telescop e sp ectra for b oth B2 v ersus B1 and B3 v ersus B4. The

2-D sp ectra constructed after the installmen t of the MG coincidence condition and

with higher thresholds on B1 and B4 are sho wn in Fig. 4.11.

An example of a bac kground run is sho wn in Fig. 4.12. A small fraction of high

energy cosmic ra ys w ere observ ed. Also, some

55
Co (Q v alue 3.5 Me V, mean ¯ energy

570 k e V) remains as bac kground due to its half life of 17 hours, and the fact that

the threshold on B1 and B4 w as raised to only » 100 c hannels on B1 and B4, whic h
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Figure 4.11: T w o-dimensional

55
Ni ¯ -deca y energy sp ectra plotted as ¢ E v ersus E

detector. The external magnetic �eld w as held constan t at 0.45 T and the rf w as o�.

Thresholds on B1 and B4 w ere raised to -1.6 V and -1.4 V, resp ectiv ely , in order to

reduce lo w energy con tamination.

corresp onds to » 440 k e V from the energy calibration in section 3.2.4. A t this energy

threshold, the ma jorit y of the ¯ particles from

55
Co w ere remo v ed as the t w o strongest

¯ particles ha v e mean energies of 436 k e V (26%) and 649 k e V. (46%). Ho w ev er, the

highest energy particles constitute only a small fraction of the con tin uous ¯ energy

distribution. A dditionally ,

53
F e and

52
Mn are presen t after the RFFS, and ha v e Q

v alues of 3.7 Me V (mean ¯ energy 1.1 Me V) and 4.7 Me V (mean ¯ energy 1.2 Me V),

resp ectiv ely .

53
F e and

52
Mn also con tribute to the bac kground sp ectra. The energy

cut tak en on the 2-D energy sp ectra to determine the double ratio did not include

the lo w energy bac kground.

4.4 Spin p olarization measuremen t

An imp ortan t �rst step of the

55
Ni magnetic momen t measuremen t w as to optimize

the spin p olarization of the secondary b eam. The �gure of merit for an NMR mea-

suremen t is P2Y , where P is the spin p olarization and Y is yield. Spin p olarization
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Figure 4.12: T w o-dimensional bac kground sp ectra. The external magnetic �eld w as

held constan t at 0.45 T and the rf w as o�.

measuremen ts w ere made at ¢ p=p=0 and § 1% relativ e to the fragmen t momen tum

distribution p eak to optimize P2Y and iden tify the b est conditions for the magnetic

momen t measuremen t.

The spin p olarization w as determined for

55
Ni fragmen ts pro duced from b om-

barding

58
Ni on a Be target. The p olarization w as deduced from the pulsed magnetic

�eld metho d, where in this application the external magnetic �eld w as set at 1000 G

when on, and the pulse duration w as 60 s. The ¯ asymmetry w as determined from

the n um b er of coun ts in the up and do wn detectors using Eq. 2.11. The measuremen t

w as completed at a 2

±
primary b eam angle to break the symmetry of the fragmen-

tation reaction and realize spin p olarization. A normalization run w as also tak en at

0

±
, as discussed in section 2.3. A t the momen tum corresp onding to the p eak yield of

55
Ni, three separate spin p olarization measuremen ts w ere completed at b oth 2

±
and

0

±
at di�eren t times throughout the exp erimen t. The deduced spin p olarization as a

function of the exp erimen tal run time is sho wn in Fig. 4.13. The t w o spin p olariza-

tion measuremen ts at ¢ p=p= § 1% w ere completed near the time of the �nal cen tral
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Figure 4.14: Spin p olarization of

55
Ni plotted as a function of p ercen t momen tum

relativ e to the p eak of the yield distribution.

momen tum measuremen t. A w eigh ted a v erage w as tak en of the three p oin ts at the

cen tral momen tum to obtain the �nal spin p olarization curv e, as sho wn in Fig. 4.14.

4.5 NMR measuremen t

The maxim um p olarization w as observ ed for

55
Ni fragmen ts at the p eak of the yield

distribution. Therefore, the ¯ -NMR measuremen t w as completed under these condi-
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Figure 4.15: Asymmetry A¯ P as a function of applied frequency . Data tak en with

FM= § 25 kHz is represen ted b y the solid squares with the w eigh ted a v erage of base-

line data represen ted b y the gra y band.

tions. The primary b eam angle w as main tained at 2

±
to break the symmetry of the

fragmen tation reaction and observ e spin p olarization. The rf w as pulsed on and o�

ev ery 30 s in the region of 605 kHz to 1455 kHz in steps of 50 kHz. H0 w as held

constan t at 4490.5 G. The FM w as § 25 kHz, and the rf sw eep time w as 10 ms (see

Fig. 3.18). The H1 �eld pro duced under these conditions w as » 5 G. Data w as tak en

at eac h frequency in Fig. 4.15 for 30 min, and three scans w ere p erformed for a total

of 90 min utes p er frequency p oin t. A resonance w as observ ed at 955 kHz and w as

found 3.5 ¾ b elo w the w eigh ted a v erage of the other baseline data p oin ts. The p er-

m utation calculation based on Gaussian statistics giv es a probabilit y of 0.83% for a

random deviation of at least 3.5 ¾. F urther, the con�dence in terv al for the mean of the

baseline w as determined, and compared to the statistical error in A¯ P at 955 kHz.

A t the 95% con�dence lev el, the 955 kHz p oin t lies 3 ¾ from the baseline.

Prior to the ¯ -NMR scan sho wn in Fig. 4.15, a new tec hnique w as attempted to test

the capabilities of the rf b o x. As discussed in Chapter 2, the new rf system allo w ed

for the fast, sequen tial scan of m ultiple frequencies. Using a frequency mo dulation of
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Figure 4.16: Asymmetry A¯ P as a function of applied frequency . Data tak en with

FM= § 25 kHz is represen ted b y the solid squares with the w eigh ted a v erage of base-

line data represen ted b y the gra y band. The m ultiple frequency scan that used three

sequen tial frequencies of FM= § 50 kHz eac h is represen ted b y the op en triangles

with dashed error bars.

§ 50 kHz, with three sequen tial frequencies from three di�eren t function generators, a

frequency region spanning 300 kHz could e�ectiv ely b e monitored. F or example, the

�rst scan region included the three frequencies 630, 730, and 830 kHz with a FM of

§ 50 kHz eac h. The rf sw eep time w as still 10 ms, but eac h frequency w as applied

for 55 ms in sequence. This sequen tial application w as p erformed for 30 s, then the

rf w as o� for 30 s, and the cycle rep eated. Th us, the frequency region 580-880 kHz

w as scanned in 120 min. The wide mo dulation scan for the full region 580-1480 kHz

is presen ted in Fig. 4.16. Ho w ev er, the p oin t that co v ers the iden ti�ed resonance with

the e�ectiv e § 150 kHz FM did not sho w the same magnitude of asymmetry as the

§ 25 kHz resonance p oin t. It ma y b e b ecause the rf condition w as not exactly the

same in b oth measuremen ts. First of all, the frequency mo dulation w as di�eren t; one

w as § 25 kHz and the other w as three p oin ts eac h of § 50 kHz. The rf sw eep time

w as the same for b oth measuremen ts at 10 ms. The wider FM of § 50 kHz required

an H1 of 6 G at the resonance p oin t, according to Eq. 3.2, while an FM of § 25 kHz
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only required 4 G. Suc h di�erence w as accoun ted for b y using an H1 of 8 G for the

§ 50 kHz scan and 5 G for the § 25 kHZ scan, but there ma y ha v e b een a problem

when m ultiple frequencies w ere in tro duced. F urther, the statistics on the wide FM

data are lo w er than that for the narro w FM data due to a lo w er b eam in tensit y at

the time the wide FM data w as collected. This exp erimen t w as the �rst time the

m ultiple frequency scan tec hnique w as attempted for an NMR measuremen t, and the

tec hnique ma y need more testing b efore it is fully understo o d.

The resonance at ºL = 955 kHz with FM = § 25 kHz w as used to deduce the

corresp onding g factor as jgj = 0:279§ 0:007. The magnetic momen t w as further

extracted as ¹ = gI , with I = 7=2 for the

55
Ni ground state [58]. The �nal result is

j¹ (55
Ni )j = (0 :976§ 0:026)¹ N :

The uncertain t y on ¹ w as ev aluated from the width of the FM. The ¹ w as not cor-

rected for the c hemical shift due to the in teraction of

55
Ni with electrons in the lattice,

whic h is not kno wn, but assumed to b e small compared to the error on the presen t

result. The sign of g and th us ¹ cannot b e determined directly from the measuremen t.

Ho w ev er, it w as assumed negativ e based on theoretical considerations for a neutron

hole in the 1f 7=2 shell.
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Chapter 5

Discussion

5.1 P olarization of

55
Ni compared to sim ulation

In Chapter 2, the dev elopmen t of a Mon te Carlo co de that sim ulates spin p olar-

ization pro duced in n ucleon remo v al and pic kup reactions at in termediate energies

w as describ ed. The original sim ulation as describ ed in Ref. [37] w as revised to im-

pro v e the quan titativ e agreemen t with exp erimen t [41, 59]. Sim ulations of the

58
Ni

fragmen tation reaction to pro duce

55
Ni w ere p erformed to test the reliabilit y and

predictiv e p o w er of the Mon te Carlo co de. Details regarding the reaction observ ables

are pro vided in the follo wing sections.

5.1.1 Momen tum distribution repro duction

The Mon te Carlo sim ulation w as �rst used to pro vide predictions to compare the

exp erimen tally-observ ed momen tum distribution to predictions. The momen tum of

the outgoing fragmen t w as calculated based on conserv ation of linear momen tum.

The linear momen tum (x, y , and z comp onen ts) of the group of remo v ed n ucleons

w as mo deled using a Gaussian distribution cen tered at zero with a width, ¾, giv en b y
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the Goldhab er form ula [60],

¾= ¾0

s
AF (AP ¡ AF )

(AP ¡ 1)
(5.1)

where AF is the fragmen t mass, AP is the pro jectile mass, and ¾0 is the reduced

width. The reduced width is related to the F ermi momen tum of the n ucleon motion

inside the pro jectile ¾2
0 = p2

F ermi =5. The ¾0;expt deduced from exp erimen tal distribu-

tion v ariances ha v e b een observ ed to dep end on the mass n um b er of the fragmen ting

pro jectile n ucleus, with a w eak dep endence on the mass n um b er of the target n ucleus

and kinetic energy of the pro jectile [61]. Therefore, a subsequen t phenomenological

parametrization w as used to determine the reduced width for

55
Ni. The parametriza-

tion considers dep endence on fragmen t mass, target mass, and inciden t pro jectile

energy , and is applicable o v er a wide range of masses from AP = 12 ¡ 200. The re-

duced width w as sho wn to ha v e a linear dep endence as a function of AP . The reduced

width w as calculated as

¾0;expt =
µ

1 +
EC

4Tlab

¶ µ
70 +

2AP
3

¶
(5.2)

where Tlab is the b eam energy in Me V =n ucleon and EC is the Coulom b energy for

the relev an t fragmen tation reaction, giv en b y

EC =
1:44ZP ZT
rP + rT

: (5.3)

In Eq. 5.3, ZP;T are the pro jectile and target c harge n um b ers, resp ectiv ely , and rP;T

are the uniform distribution n uclear radii giv en b y

rP;T =
p

5=3(rP;T )rms ; (5.4)
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Figure 5.1: Sim ulated momen tum distribution compared to data for the reaction

9
Be(

58
Ni,

55
Ni) at 160 Me V =n ucleon. The red squares represen t the data and the

blue line represen ts the results of the sim ulation.

where the n uclear rms radii are tak en from electron scattering measuremen ts [62]. F or

a 160 Me V =n ucleon

58
Ni b eam on a

9
Be target,

¾0 = 112 Me V =c : (5.5)

With this reduced width, the sim ulation yielded a momen tum distribution in go o d

agreemen t with exp erimen t, as sho wn in Fig. 5.1.

5.1.2 Optical P oten tial

The real part of the optical mo del p oten tial, required to calculate the n ucleus-n ucleus

in teraction, V

0

, is an input parameter for the mean de�ection angle, a parameter

of the spin p olarization sim ulation. The de�ection angle µ (see Fig. 5.2) for a single

in teraction is giv en b y

µ = ¼¡ 2Á; (5.6)
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f

Figure 5.2: V ariable de�nitions for mean de�ection angle calculation.

with

Á =
Z 1

rmin

bdr

r 2

r

1 ¡ b2
r2

¡ U(r )
E

: (5.7)

In Eq. 5.7, b is the impact parameter, r is the distance b et w een the cen ters of the

t w o in teracting ob jects, U(r ) is the p oten tial go v erning the in teraction of the t w o

ob jects, rmin is the separation b et w een the cen ters of the t w o p oin t-lik e ob jects at

the distance of closest approac h and the energy , E , is giv en b y

E =
1
2

mv2
1 ; (5.8)

where v1 is the v elo cit y of the pro jectile at r = 1 [63].

The pro jectile is assumed to mo v e a w a y from the target after the scattering ev en t

with momen tum equal to the inciden t momen tum, th us E(v1 ) = E(vincident ) . Eq.

5.7 is general for an y spherically symmetric p oten tial.

The p oten tial U(r ) is de�ned as

U(r ) = UCoulomb(r ) + Unuclear (r ): (5.9)

The Coulom b part of the p oten tial is repulsiv e and is giv en in Eq. 5.3. The n uclear
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part of the p oten tial is tak en to b e the real part of the optical mo del [64], and is

attractiv e:

Unuclear (r ) =
¡ V0

1 + e(r ¡ R)=a
: (5.10)

Here V0 is the depth of the optical mo del p oten tial, R = 1:2( 3p Ap + 3p At ) where A

p

and A

t

are the masses of the pro jectile and target resp ectiv ely , and a is a measure

of the di�useness of the n uclear surface. V

0

and a are parameters �t to exp erimen tal

data. There are v ery limited n ucleus-n ucleus scattering data a v ailable in the litera-

ture, and an exact determination or parametrization of V

0

is di�cult for an y giv en

pro jectile-target com bination. T ypically this is not a problem b ecause in head-on col-

lisions, the n uclear p oten tial do es not ha v e a large in�uence. Ho w ev er, the treatmen t

of p eripheral collisions dep ends strongly on the optical p oten tial. In the minim um,

a determination of V

0

is needed. A parametrization of V

0

based on energy and/or

n um b er of n ucleons remo v ed w ould su�ce, but unfortunately , suc h a parametrization

do es not presen tly exist.

In the w ork describ ed in the follo wing sections, V

0

w as determined with a folding

mo del calculation [65]. The mo del w as c hosen b ecause it repro duces exp erimen tal

scattering data for hea vy ions in the energy range of in terest. The folding calculation

yields the real part of the optical p oten tial ( V

0

) as a function of the in tern uclear

radius, the distance b et w een the cen ter of the pro jectile and target. The in tern uclear

radius w as calculated in the sim ulation co de, based on the relations b y Gosset et

al. [66]. F or

58
Ni at 160 Me V =n ucleon on a

9
Be target, Khoa calculated the optical

p oten tial for a three n ucleon remo v al reaction to b e V0 = 41 Me V whic h corresp onds

to a mean de�ection angle of µdef = 0:049. A renormalization of the real folded

p oten tial is usually assumed to accoun t for higher-order e�ects, with a renormalization

co e�cien t N = 1 § 0:2 m ultiplied b y the p oten tial. In the case of the

9
Be(

58
Ni,

55
Ni)

reaction, a normalization co e�cien t of 1.1 ( V0 = 45 Me V) w as sho wn to ha v e the b est

agreemen t with data.
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Figure 5.3: Spin p olarization as a function fragmen t momen tum p relativ e to the p eak

of the yield distribution p0 for the three neutron remo v al reaction

9
Be(

58
Ni,

55
Ni) (160

Me V =n ucleon). The red squares are the exp erimen tal data p oin ts and the grey band

represen ts the range of the Mon te Carlo sim ulation results within a 1 ¾ distribution.

The input parameters used in the sim ulation are giv en in T able 5.1.

5.1.3 Results of sim ulation

The spin p olarization measuremen t for the reaction

9
Be(

58
Ni,

55
Ni) at 160 Me V =n ucleon

(see Fig. 4.14) is sho wn along with sim ulation results in Figure 5.3. The parameters

used in the sim ulation are giv en in T able 5.1.

A v alue of A¯ = 0:885 w as used to extract p olarization for the

55
Ni analysis.

Calculation of A¯ as outlined in App endix A giv es t w o v alues, A¯ = +0 :885 or

A¯ = ¡ 0:747 dep ending on the sign of the mixing ratio ½, whic h is not exp erimen-

tally kno wn. The p olarization sim ulation predicts negativ e p olarization at the p eak

of the yield distribution. A p ositiv e v alue of A¯ is needed for the p olarization mea-

suremen t to ha v e the same sign as sim ulation. The sign of the Gamo w-T eller matrix

elemen t should b e determined to con�rm this assignmen t of A¯ . A negativ e spin

p olarization is exp ected for the three neutron remo v al reaction based on the previ-
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T able 5.1: Input parameters used in the Mon te Carlo sim ulation to mo del the spin

p olarization of the n ucleon remo v al reaction

9
Be(

58
Ni,

55
Ni), and the n ucleon pic kup

reactions

9
Be(

36
Ar,

37
K) and

9
Be(

36
S,

34
Al).

P arameter

9
Be(

58
Ni,

55
Ni)

9
Be(

36
Ar,

37
K)

9
Be(

36
S,

34
Al)

A, Z of pro jectile 58, 28 36, 18 36, 16

A, Z of target 9, 4 9, 4 9, 4

Inciden t energy (Me V =n ucleon) 160 150 77.5

Distance of closest approac h (fm) 5.47 5.44 5.40

Num b er of ev en ts 500000 500000 500000

Angular acceptance (deg) 2 § 2.5 2 § 2.5 2 § 1

Optical p oten tial (Me V) 45 29 32

Mean de�ection angle (rad) 0.014 -0.07 -0.49

ous considerations of conserv ation of linear momen tum. Recall that the de�nition of

p olarization is dep enden t on lz=jL j . jL j =
q

L2
x + L2

y + L2
z is a p ositiv e v alue and

lz = ¡ Xk y + Y kx . A t the p eak of the momen tum distribution, the fragmen t momen-

tum is zero, and th us ky = 0 . The fragmen ts accepted in to the A1900, as sho wn in

Fig. 3.2, had an x -comp onen t of linear momen tum that w as negativ e. Therefore, the

x -momen tum of the remo v ed n ucleons, kx is p ositiv e. As discussed ab o v e, Y < 0 for

non-uniform remo v al as sho wn in Fig. 2.2; therefore, lz and P m ust b e negativ e.

5.1.4 Extension to n ucleon pic kup reactions

A complete quan titativ e treatmen t of in termediate energy reactions is imp ortan t to

the success of the spin p olarization sim ulation co de. In addition to n ucleon remo v al

reactions, n ucleon pic kup reactions at in termediate energies pro vide a means for pro-

ducing spin p olarized n uclei a w a y from stabilit y . The spin p olarization mec hanism

for b oth n ucleon remo v al and pic kup reactions is b eliev ed the same. Therefore, the

sim ulation co de w as extended to include n ucleon pic kup, indep enden t of the e�orts

rep orted in Ref. [40].

The pic kup pro cess follo ws the observ ations of Souliotis et al. [39], in that the

pic k ed-up n ucleon has an a v erage momen tum equal to the F ermi momen tum (230

Me V =c), orien ted parallel to the b eam direction. The momen tum distribution for the
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one-neutron pic kup reaction

27
Al(

18
O,

19
O) at 80 Me V =n ucleon is shifted b elo w the

momen tum =n ucleon of the b eam, as observ ed in Ref. [39], in con trast to the observ ed

shift for n ucleon remo v al pro ducts. The sim ulated p osition of the cen troid agrees

with the calculation of Ref. [39], where a simple mo del based on momen tum conser-

v ation w as used (see Fig. 5.4). The agreemen t demonstrates that angular momen ta

considerations are emplo y ed correctly in the Mon te Carlo co de mo di�ed for n ucleon

pic kup.

The width of the momen tum distribution is observ ed exp erimen tally to b e small

(around 20 Me V =c), while it is calculated to b e zero. The ¾2
k from Goldhab er [60] is

¾2
k = ¾2

0
AP F (AP ¡ AP F )

AP ¡ 1
; (5.11)

where AP F = AF ¡ ¢ At is the mass of the pro jectile part of the �nal pro duct and

¢ At is the n um b er of n ucleons pic k ed up from the target. As discussed in section

5.1.1, the parameter ¾0 is the reduced width, and is related to the F ermi momen tum

of the n ucleon motion inside the pro jectile: ¾2
0 = p2

F ermi =5. Eq. 5.11 assumes that the

n ucleon is pic k ed up from the target with a �xed momen tum and direction, and the

pic k ed-up n ucleon mak es no con tribution to the width. Th us, for an y pure n ucleon

pic kup pro cess, AP = AP F and the parallel width is zero. T o mo del the exp erimen tal

observ ations of Ref. [39], a parallel width of ¾k = 20 Me V =c w as used. In addition to

the parallel width, V an Bibb er et al. [67] sho w ed that in hea vy-fragmen t studies in

the 100 Me V =n ucleon region, the pro jectile is sub ject to an orbital de�ection due to

its in teraction with the target n ucleus b efore fragmen tation tak es place. The orbital

de�ection giv es an additional disp ersion of the transv erse momen tum, as giv en in the

expression:

¾2
? = ¾2

1
AP F (AP ¡ AP F )

AP ¡ 1
+ ¾2

2
AP F (AP F ¡ 1)

AP (AP ¡ 1)
: (5.12)

The �rst term in Eq. 5.12 w as de�ned previously (Eq. 5.11, where ¾0 is replaced

b y ¾1), and the second term con tains ¾2
2 , the v ariance of the transv erse momen tum
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Figure 5.4: P arallel momen tum =n ucleon distribution calculated with the sim ulation

co de for the reaction

27
Al(

18
O,

19
O) at 80 Me V =n ucleon. The red squares are the

data [39] and the blac k line represen ts the sim ulation results. The arro w corresp onds

to the momen tum/n ucleon of the b eam. The sim ulated momen tum distribution has

b een scaled b y the ratio observ ed in Ref. [39] of exp erimen tal cen troid =calculated

cen troid (0.969 =0.978), in order to compare to the data.

of the pro jectile at the time of fragmen tation (200 Me V =c as used in Ref. [67]). A

comparison of the sim ulated momen tum distribution is sho wn in Fig. 5.4 with the

data tak en from Ref. [39].

The sim ulation results for one-n ucleon pic kup pro cesses discussed in the literature

are sho wn in Fig. 5.5 and 5.6. Souliotis et al. [39] used the �t ypical� F ermi momen tum

p
F ermi

=230 Me V =c in the momen tum distribution calculation. p
F ermi

w as calculated

here based on data tak en from Moniz et al. [68]. The p
F ermi

ranges from 170 Me V =c

for the ligh test targets to 260 Me V =c for hea vier targets. The results of the sim ulation

for a proton pic kup

9
Be(

36
Ar,

37
K)X, �rst observ ed b y Groh et al. [38], are giv en in

Fig. 5.5. The parameters of the sim ulation are listed in T able 5.1. The momen tum

matc hing conditions [69] for simple surface-to-surface pic kup are b est met for the

t w o data p oin ts on the high momen tum side of the yield distribution, where the

sim ulation agrees with the data. On the lo w momen tum side of the p eak of the

yield curv e, the pic k ed-up n ucleon has a momen tum less than the F ermi momen tum,
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and the momen tum matc hing conditions for direct pic kup are p o orly satis�ed. More

complex transfer mec hanisms are therefore required to describ e the p olarization on

the lo w momen tum side [38].
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Figure 5.5: P olarization as a function of fragmen t momen tum p relativ e to the pri-

mary b eam momen tum p0 for the one-proton pic kup reaction

9
Be(

36
Ar,

37
K) (150

Me V =n ucleon). The red squares are the exp erimen tal data p oin ts from Ref. [38] and

the grey band represen ts the range of sim ulation results within a 1¾ distribution.

The sim ulation co de w as also used to mo del data from a neutron pic kup reaction,

9
Be(

36
S,

34
Al) at 77.5 Me V =n ucleon obtained in Ref. [40], as sho wn in Fig. 5.6. Again,

the sim ulation parameters are giv en in T able 5.1. These data w ere repro duced b y an

indep enden t sim ulation of the n ucleon pic kup in Ref. [40], but required a scaling factor

of 0.25. No scaling factor w as applied in the results presen ted here to repro duce the

p olarization from neutron nor proton pic kup reactions.
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Figure 5.6: P olarization as a function of fragmen t momen tum p relativ e to the mo-

men tum at the p eak of the yield distribution p0 for the one-neutron pic kup reaction

9
Be(

36
S,

34
Al) (77.5 Me V =n ucleon). The red squares are the exp erimen tal data p oin ts

and the blue dashed line is the previous sim ulation result, b oth from Ref. [40]. The

grey band represen ts the range of the presen t sim ulation results within a 1¾ distribu-

tion.

5.2 Magnetic Momen t of

55
Ni and the

56
Ni closed

shell

As giv en in section 4.5, the magnetic momen t of

55
Ni w as deduced as

¹ (55
Ni ) = ( ¡ 0:976§ 0:026)¹ N :

The new ¹ (

55
Ni) is compared b elo w to theoretical predictions. The starting p oin t for

the discussion is a simple single-particle w a v efunction, where ¹ is then corrected with

an e�ectiv e op erator. The discussion is then expanded to consider a more sophisticated

w a v efunction for the

55
Ni ground state.
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5.2.1 Single-particle w a v efunction and e�ectiv e g factors

The new ¹ (

55
Ni) w as �rst compared to the results of a calculation that used a simple

form of the w a v efunction, where

56
Ni w as assumed to b e an inert closed core. The

magnetic momen t op erator w as describ ed in Refs. [5, 6] as:

~¹
e�

= gl; e�

hli + gs;e�

hsi + gp;e�

h[Y2; s]i ; (5.13)

where gx; e�

= gx + ±gx , with x = l; s , or p, and gp denotes a tensor term. Here gx is

the free n ucleon g factor g
free

( gs = 5:586, gl = 1 for proton and gs = ¡ 3:826, gl = 0

for neutron) and ±gx the correction to it. s and l represen t spin and orbital angular

momen tum, resp ectiv ely . The results of the calculation for b oth a single proton (

55
Co)

and single neutron (

55
Ni) con�guration in the 1f 7=2 shell are sho wn in T able 5.2.

Details of the calculation and individual corrections can b e found in [5�7], and the

corrections w ere discussed in section 1.2.2. Starting from the single-particle v alues for

¹ (

55
Ni) and ¹ (

55
Co), the CP corrections o v ercorrect exp erimen tal v alues (see Fig.

5.7), but the MEC restore the theoretical prediction close to the exp erimen tal v alues.

The isobars and relativistic e�ects ha v e only small con tributions to the correction.

The simple theoretical mo del, lab eled as gp erturbation

e�

, repro duces the exp erimen tal

v alues for

55
Ni and the mirror partner

55
Co w ell, as sho wn in T able 5.2.

5.2.2 Shell mo del in full fp shell and g
free

Another theoretical approac h w as tak en using a complex w a v efunction in a shell

mo del calculation to gain more insigh t on the details of the

56
Ni core. The shell

mo del calculation w as p erformed in the full fp shell with the e�ectiv e in teraction

GXPF1 [4], where

40
Ca w as assumed to b e an inert closed core. Here, the

56
Ni

core is soft as the probabilit y of the lo w est order closed-shell ¼(1f 7=2)8º (1f 7=2)8

con�guration in the ground-state w a v efunction is » 60%. The magnetic momen t can b e

calculated from g
free

with a form of the magnetic momen t op erator ~¹ = gshsi + glhli . In
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T able 5.2: Con tributions to the calculated e�ectiv e magnetic momen t op erator for a

1f 7=2 neutron in

55
Ni and a 1f 7=2 proton in

55
Co.

Neutron 1f 7=2 (

55
Ni) Proton 1f 7=2 (

55
Co)

gl gs gp ¹ gl gs gp ¹

CP

a
0.185 1.933 3.339 1.744 -0.183 -2.188 -3.892 -1.905

MEC

b
-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

Relativistic 0.000 0.093 0.000 0.046 -0.024 -0.151 -0.040 -0.150

sum of all correc-

tions

-0.049 1.701 2.082 0.841 0.052 -1.935 -2.704 -0.990

single-particle

v alue

0.000 -3.826 0.000 -1.913 1.000 5.587 0.000 5.794

single-particle

v alue + correc-

tions

-0.049 -2.125 2.082 -1.072 1.052 3.652 -2.704 4.804

a
con tains b oth random phase appro ximation (RP A) and second-order e�ects

(CP(2nd)).

b
con tains meson exc hange corrections as w ell as a core-p olarization correction to the

t w o-b o dy MEC op erator (MEC-CP).
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Figure 5.7: Running sum of T o wner corrections to the single-particle magnetic momen t

for

55
Ni (blue diamonds) and

55
Co (pink squares).
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T able 5.3: Magnetic momen ts of

55
Ni,

55
Co and the isoscalar spin exp ectation v alues

of the mass A = 55 system.

¹ (

55
Ni) ¹ N ¹ (

55
Co) ¹ N h

P
¾zi

Exp erimen t ¡ 0:976§ 0:026 4:822§ 0:003 [25] 0:91§ 0:07
Single-particle v alue -1.913 5.792 1.00

gp erturbation

e�

-1.072 4.803 0.61

full fp g
free

-0.809 4.629 0.84

full fp gmomen ts

e�

-0.999 4.744 0.65

full fp gsd �t

e�

-1.071 4.926 0.94

full fp gsd �t

e�

without

isoscalar ±gsd �t

l term

-1.129 4.868 0.63

general, go o d agreemen t is realized b y this treatmen t for N » Z n uclei o v er the range

A = 47 ¡ 72. The shell mo del calculation giv es ¹ (

55
Ni)=-0.809 ¹ N with g

free

, whic h

is in fair agreemen t with the presen t result as compared with other ¹ calculations in

Ref. [4]. The observ ed agreemen t supp orts the softness of the

56
Ni core. Similar results

w ere obtained for the probabilit y of the ¼(1f 7=2)8º (1f 7=2)8
closed shell comp onen t

in the w a v efunction from a separate shell mo del calculation [31] that explained the

discrepancy b et w een the systematics of E(2+
1 ) and that of B(E2; 0+

1 ! 2+
1 ) for

56
Ni.

5.2.3 Shell mo del in full fp shell and g
e�

E�ectiv e n ucleon g factors, gmomen ts

e�

, ma y b e emplo y ed in the previously discussed

full fp shell mo del calculation for b etter agreemen t. The gmomen ts

e�

w ere deriv ed em-

pirically b y the least-square �t of the magnetic momen t op erator to exp erimen tal

¹ (

57¡ 65;67
Ni) and ¹ (

62¡ 68;70
Zn) [4]. The v alues gs

e�

= 0:9gs
free

, gl
e�

= 1:1 and -0.1 for

protons and neutrons, resp ectiv ely , w ere obtained. The resulting magnetic momen t,

¹ (

55
Ni)=-0.999 ¹ N , giv es go o d agreemen t with the exp erimen tal v alue. The results

of the theoretical calculations are summarized in T able 5.3. It is noted that all of the

theoretical calculations giv e go o d agreemen t with the exp erimen tal v alue, and within

the accuracy of n uclear structure mo dels, there is not a signi�can t di�erence b et w een

the result of the calculations for ¹ .
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5.2.4 Isoscalar spin exp ectation v alue at T = 1=2, A = 55

The kno wn v alue ¹ (

55
Co) = 4:822§ 0:003 ¹ N [25] w as com bined with the presen t

result for ¹ (

55
Ni) to extract h

P
¾zi for the mirror pair at A = 55 . Using Eq. (1.44),

DX
¾z

E
= 0:91§ 0:07

w as obtained. A p eculiar feature is noted in T able 5.3 b et w een calculated ¹ and h
P

¾zi

for A = 55 . The shell mo del calculation with g
free

reasonably repro duces the h
P

¾zi ,

although the agreemen t with ¹ is only fair. Ho w ev er, the calculation considering

gmomen ts

e�

giv es go o d agreemen t for ¹ , but do es not agree with exp erimen tal h
P

¾zi .

Suc h discrepancy w as already noted in the sd shell, and can b e explained b y examining

the iso v ector and isoscalar comp onen ts of the M1 op erator separately [70, 71]. The

magnetic momen t is dominated b y the iso v ector term due to the opp osite signs and

nearly equal magnitude of the neutron and proton magnetic momen ts, whereas h
P

¾zi

is an isoscalar quan tit y .

The e�ectiv e g factors for the A = 28 system obtained from a �t to isoscalar

magnetic momen ts, iso v ector momen ts, and M1 deca y matrix elemen ts [71], gsd �t

e�

,

w ere applied to matrix elemen ts for A = 55 calculated in Ref. [4] with the GXPF1

in teraction to see if a similar approac h w ould realize success in the fp shell. This

approac h assumes the hole con�guration in the 1 d5=2 shell for A = 28 is analogous to

that of 1 f 7=2 for A = 55 . E�ectiv e g factors for A = 28 w ere obtained as gsd �t

s = 4:76,

-3.25, gsd �t

l = 1:127, -0.089 and (g0
p)sd �t = 0:41, -0.35 for protons and neutrons,

resp ectiv ely ( g0
p = gp=

p
8¼). The calculated ¹ (

55
Ni)=-1.071 and h

P
¾zi = 0.935 with

gsd �t

e�

sho ws the b est agreemen t with the presen t result as summarized in T able 5.3.

h
P

¾zi is kno wn to b e quenc hed relativ e to the extreme single particle mo del. F ur-

ther, h
P

¾zi w as sho wn to b e quenc hed relativ e to the theoretical h
P

¾zi calculated

with g
free

[70] (dotted line in Fig. 5.8) at the b eginning (1 d5=2) and the end (1 d3=2)

of the A = 17 ¡ 39 region. It is also kno wn that the h
P

¾zi around A = 30 are rela-
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tiv ely w ell repro duced with g
free

, as sho wn in Fig. 5.8. Optim um M1 op erators w ere

determined semi-empirically for the sd shell n uclei based on the �t to the isoscalar

magnetic momen t deriv ed from the sum of the mirror magnetic momen ts [71]. This

pro cedure to determine the e�ectiv e M1 op erator can b e justi�ed since the e�ectiv e

op erator determined b y the magnetic momen ts ( gmomen ts

e�

) is dominated b y the large

spin iso v ector comp onen t [ gIVM1

s = ( gp
s ¡ gn

s )=2 = 4:706] and th us is not sensitiv e to

the small isoscalar comp onen ts, to whic h h
P

¾zi is sensitiv e. Corrections to g
free

w ere

determined for p ossible pairs of orbits in the sd shell [71]. The h
P

¾zi calculated with

the e�ectiv e op erator b etter repro duces the exp erimen tal result o v er the sd shell and

quan titativ ely reconciles the observ ed quenc hing (dashed line in Fig. 5.8). Similarly , in

the fp shell, the h
P

¾zi for the A = 41 and 43 mirror pairs at the b eginning of the fp

shell (1 f 7=2) are quenc hed relativ e to v alues calculated with g
free

. The presen t result

at A = 55 with single hole in the 1 f 7=2 shell is w ell repro duced b y the h
P

¾zi =0.84

calculated with g
free

and is close to the extreme single-particle v alue. The same trend

can b e seen in the sd shell at A = 27 (a hole con�guration in the 1 d5=2 shell), where

the h
P

¾zi is w ell explained b y the calculation with g
free

and restored close to the

single-particle v alue relativ e to neigh b oring h
P

¾zi .

The

56
Ni core could b e considered as a go o d core since h

P
¾zi for A = 55 is v ery

close to the single-particle v alue. Ho w ev er, if the

56
Ni core is soft as sho wn from the

satisfactory ¹ results from the shell mo del calculation with the GXPF1 in teraction,

then con�guration mixing should accoun t for the » 40% of the ground state w a v efunc-

tion not attributed to ¼(1f 7=2)8º (1f 7=2)8
. This con�guration mixing should app ear

as a deviation in h
P

¾zi from the single-particle v alue, whic h w as not observ ed. It

can b e sho wn from the h
P

¾zi =0.628 calculated without isoscalar correction to the

gsd �t

l , ±IS
l , that a con tribution from the large orbital angular momen tum ( f orbit)

to the gsd �t

l enhances the h
P

¾zi . The con tribution to h
P

¾zi from the large orbital

angular momen tum correction cancels the e�ect from con�guration mixing, supp ort-

ing the softness of the

56
Ni core and emphasizing the sensitivit y of h

P
¾zi to n uclear
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Figure 5.8: Isoscalar spin exp ectation v alue for T = 1=2 mirror n uclei. The blac k

diamonds represen t previous exp erimen tal data while the red square is the presen t

result. The blue solid line represen ts a shell mo del calculation with free n ucleon g-

factors. The pink dashed line is the Bro wn calculation [71] with e�ectiv e g-factors

that w ere obtained from a �t to the isoscalar magnetic momen t in the sd shell. The

blac k horizon tal lines are the single-particle v alues.

structure. Similar enhancemen t of h
P

¾zi due to ±IS
l w as found in Fig. 5 of Ref. [71]

for A = 39 . The enhancemen t ma y b e attributed to a large MEC con tribution to

±IS
l . Calculations b y Arima et al. [72] that included MEC corrections w ere found to

agree with the empirical v alue of ±IS
l . Ho w ev er, it is noted that the MEC dep ends

sensitiv ely on the c hoice of the meson-n ucleon coupling constan ts (see Ref. [6, 71])

and that calculations b y T o wner [6] do not sho w suc h enhancemen t, attributed to the

MEC b eing o�set b y the relativistic e�ect. The con tribution to h
P

¾zi from the ten-

sor term gsd �t

p is small as h
P

¾zi =0.94(0.87) is calculated with(without) the tensor

term. The go o d agreemen t b et w een the presen t result and the h
P

¾zi calculated with

gsd �t

e�

in the sd shell implies that a univ ersal op erator can b e applied to b oth the sd

and fp shells. Ho w ev er, for more detailed discussion, e�ectiv e M1 op erators of the fp

shell n uclei ha v e to b e determined from the mirror momen ts in the fp shell, for whic h

more exp erimen tal data are required.
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Figure 5.9: Nuclear g factors of mirror pairs plotted as the o dd proton n ucleus g factor

°p v ersus the o dd neutron n ucleus g factor °n , also kno wn as a Buc k-P erez plot. The

squares are the exp erimen tal data and the solid line is a linear �t to the data.

5.2.5 Buc k-P erez analysis

The ¹ (

55
Ni) result can also b e compared to the predictions made b y Buc k and P erez et

al. based on the systematic linear relationship b et w een ground state g factors and the

¯ -deca y transition strengths of mirror n uclei [11� 13], as in tro duced in section 1.3.2.

The predicted v alues are ¹ (

55
Ni)=-0.872 § 0.081 ¹ N based on the dep endence of ft

v alues and ¹ (

55
Ni)=-0.945 § 0.039 ¹ N from the linear trend of exp erimen tal g factors.

Both predictions agree with the observ ed ¹ (

55
Ni)=-0.976 § 0.026 ¹ N , although the

predictions ha v e large errors.

The exp erimen tal g factors of the T = 1=2 mirror n uclei, including the new A =

55 v alue, are sho wn in Fig. 5.9. A linear �t w as p erformed and the new A = 55

v alue follo ws the linear trend w ell. The Buc k-P erez extrap olation is a v alid prediction

for fp shell n uclei with unkno wn magnetic momen ts, an imp ortan t to ol for future

measuremen ts.
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Chapter 6

Conclusions and Outlo ok

The magnetic momen t of the T = 1=2 55
Ni n ucleus w as measured for the �rst time

with the ¯ -NMR tec hnique. The

55
Ni ions w ere pro duced at NSCL from a 160

Me V =n ucleon

58
Ni b eam impinging on a Be target. The resulting secondary b eam

w as puri�ed using b oth the A1900 and RF fragmen t separators. A three neutron re-

mo v al reaction w as emplo y ed, yielding a n uclear p olarization of jP j » 2% at the p eak

of the momen tum distribution. An NMR resonance w as observ ed at 955 § 25 kHz,

with an external magnetic �eld of 0:4491§ 0:0005 T. The deduced magnetic momen t

w as j¹ (

55
Ni) j = (0 :976§ 0:026) ¹ N . The exp erimen tal result agreed with shell mo del

calculations with the GXPF1 in teraction in the full fp shell. Results of the shell mo del

calculation with free n ucleon g factors sho w ed reasonable agreemen t, while e�ectiv e

g factors obtained from an empirical �t to neigh b oring magnetic momen ts sho w ed

b etter agreemen t with exp erimen t. The presen t ¹ supp orts the softness of the

56
Ni

core.

The spin exp ectation v alue w as extracted together with the kno wn ¹ (

55
Co) as

h
P

¾zi = 0:91§ 0:07. The shell mo del calculation with free g factors sho w ed reason-

able agreemen t with h
P

¾zi while the e�ectiv e g factors from the empirical �t did

not. The e�ectiv e g factors determined b y isoscalar magnetic momen ts, iso v ector mo-

men ts, and M1 deca y matrix elemen ts in the sd shell com bined with A = 55 matrix

115



elemen ts are able to explain the presen t h
P

¾zi . The agreemen t implies that a univ er-

sal op erator can b e applied to b oth the sd and fp shells. Ho w ev er, for more detailed

discussion, e�ectiv e M1 op erators of the fp shell n uclei ha v e to b e determined from

the mirror momen ts in the fp shell, for whic h more exp erimen tal data are needed.

Con tin ued studies of magnetic momen ts of n uclei immediately outside of presumed

doubly-magic cores are imp ortan t in the ongoing in v estigation of the resilience of the

magic n um b ers a w a y from stabilit y . Mo ving further from stabilit y comes at a cost of

b oth spin p olarization and yield, and for the ¯ -NMR tec hnique the �gure of merit is

P2Y . The magnitude of spin p olarization is exp ected to decrease as more n ucleons

are remo v ed and =or pic k ed up. In addition, the cross sections b ecome lo w er for the

most exotic n uclei. Greater magnitudes of spin p olarization and greater yields are

necessary to optimize the �gure of merit P2Y for ¯ -NMR measuremen ts on n uclei

far from stabilit y . A laser p olarization b eam line is curren tly b eing implemen ted at

NSCL to pro vide p olarized b eams b y optical pumping. T ypically , the magnitude of

spin p olarization ac hiev ed via optical pumping is m uc h greater than that obtained

from fragmen tation reactions.

With the new ¹ (

55
Ni) result,

57
Cu remains the only n ucleus § 1 n ucleon a w a y

from

56
Ni with a magnetic momen t that do es not agree with shell mo del. This leads

to the question of whether the proton outside the 1 f 7=2 orbit is in some w a y a�ecting

the core. The magnetic momen ts of the T = 1=2 n uclei

45
23V 22,

47
24Cr 23,

49
25Mn 24,

51
26F e 25,

and

53
27Co 26 are imp ortan t measuremen ts that w ould pro vide insigh t on the Z = 28

shell closure. The magnetic momen ts of the mirror partners of

45
V,

49
Mn, and

51
F e

are kno wn (

45
Ti,

49
Cr, and

51
Mn, resp ectiv ely). Completion of the mirror pair w ould

allo w the spin exp ectation v alue for the A = 45; 49 and 51 systems to b e extracted,

and w ould pro vide imp ortan t information on shell ev olution in the fp shell. These

n uclei are di�cult to pro duce at ISOL facilities, due to the c hemistry in v olv ed in the

extraction. Pro duction of these p olarized n uclei via optical pumping at NSCL ma y

pro vide an a v en ue to access these di�cult transition metals.
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Finally , in this dissertation the systematics of only the isospin T = 1=2 mirror

n uclei ha v e b een discussed. Ho w ev er, there ha v e only b een �v e T = 3=2 mirror pairs

measured in the sd shell and none in the fp shell, and systematics ha v e y et to b e

established. The magnetic momen t of the hea viest b ound Tz = ¡ 3=2 fp shell n ucleus

55
Cu is another imp ortan t measuremen t that not only w ould con tribute to the T =

3=2 systematics, but w ould also pro vide imp ortan t information on the Z = 28 shell

closure, as

55
Cu is one proton ab o v e the 1 f 7=2 orbit. The magnetic momen ts of the

Cu isotop es hea vier than

57
Cu all agree with shell mo del. It is therefore necessary

to go further from stabilit y within the Cu isotopic c hain and determine whether the

Z = 28 shell closure is brok en.
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App endix A

¯ -deca y Asymmetry P arameter

Calculation

The ¯ -deca y asymmetry parameter, A¯ is giv en in Ref. [42] b y:

A¯ =
§j CAh¾ij 2¸ ¡ 2CACV h1ih¾i

p
J=(J + 1) ±JJ 0

jCV h1ij 2 + jCAh¾ij 2 (A.1)

where CV and CA are the v ector and axial-v ector coupling constan ts, h1i is the F ermi

matrix elemen t, and h¾i is the Gamo w-T eller matrix elemen t. The § refers to ¯ §

deca y , ±JJ 0 is the Kronec k er delta, and ¸ is de�ned b y

¸ =

8
>>>><

>>>>:

1 for J ! J 0= J ¡ 1

1=(J + 1) for J ! J 0= J

¡ J=(J + 1) for J ! J 0= J + 1:

(A.2)

T o simplify the expression A.1, the mixing ratio is de�ned as:

½=
CAh¾i
CV h1i

; (A.3)
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and A.1 simpli�es to

A¯ =
§ ½2¸ ¡ 2½

p
J=(J + 1) ±JJ 0

1 + ½2 : (A.4)

55
Ni ¯ +

deca ys to

55
Co ( 7=2¡ ! 7=2¡

). Therefore, ¸ = 1=(J + 1) = 2 =9 and for

T = 1=2 mirror ¯ deca ys h1i =1. The w orld a v erage for the ratio of coupling constan ts

CA=CV has b een exp erimen tally determined to b e ¡ 1:2699§ 0:0029 [73] from the

¯ -asymmetry parameter of the free neutron. ½then reduces to

½= ¡ 1:2699(29)h¾i : (A.5)

The absolute v alue of the Gamo w-T eller matrix elemen t, jh¾ij has b een exp erimen tally

determined for

55
Ni as sho wn in T able A.1.

T able A.1: Exp erimen tally determined v alues for the Gamo w-T eller matrix elemen t

jh¾ij .

B(GT) jh¾ij
Reusen et al. [74] 0:466§ 0:027 0:538§ 0:031a

Ä ystö et al. [58] 0:508§ 0:008
Hornshøk et al. [75] 0:613§ 0:017

W eigh ted mean 0:528§ 0:007

a
Extracted from B(GT) = ( CA=CV )2h¾i 2

.

F rom Eq. A.5,

½= § 0:671(9): (A.6)

Note that the sign of ½ is determined b y the sign of h¾i , whic h is not kno wn.

The sign of ½ has b een determined for sd shell T = 1=2 mirror ¯ deca ys based on

systematics in that shell. In the fp shell, only four mirror T = 1=2 ¯ deca ys ha v e

b een studied, including the A = 55 pair, and suc h systematics are not established.
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Solving Eq. A.4 for b oth p ositiv e and negativ e ½,

A¯ =
(2=9)½2 ¡ 2

p
7=9½

1 + ½2

=
(2=9)(§ 0:671)2 ¡ 2

p
7=9(§ 0:671)

1 + ( § 0:671)2

= ¡ 0:747§ 0:003 for + ½ (A.7)

= +0 :885§ 0:005 for - ½: (A.8)
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