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ABSTRACT

The study of nuclei far from beta

stability is hampered greatly

when the nuclide of interest decays in a manner identical to that of a

nuclide produced in greater yield in the same bombardment.

Attempts

to observe the protons associated with the decay of the A = 4n,

T =
z

-2 series of beta-delayed proton emitters failed because of the

large number of protons arising from the strong beta-delayed proton

decay of the A=4n+l, TZ =

problem is through the use of an on-line mass separator.

~3/2 nuclides,

One solution to this

Development

of the Berkeley helium-jet fed on-line mass scparator RAMA 1is

discussed as applied to studies of the A=4n, Tz

= -z nuclides.

RAMA, an acronym for Recoil Atom Mass Anaiyzer, has typical

efficiencies of 0.1% for ~75 elements
This efficiency permits decay studies

nuclei with production cross sections

and >1 pb for discrete energy charged

range on the normalized RAMA focal plare is :+10%.

efficiency is for a mass resolution of M/AM

with melting pints <2006°¢.
to be readily performed on
2500 ub for y-ray spectroscopy
particle spectroscopy. The mass

The quoted

~300.
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RAMA has been used to observe two members of the A=4n, TZ

. § . 20 L 24,
series of beta-delayed proton emitters, Mg and Si. Observa-
tion of beta-delayed protons from a mass—separated sample of
20Mg(tl/ ~95 ms) establishes the mass-excess of the lowest T=2
(0%) state in 2082 (13.42+.05 MeV), thereby completing the mass
twenty isospin quintet. A similar measurement of the decay of z 51
~100 ms) establishes the mass—excess of the lowest T=2 (0')

12
state in 2%A1 (5.9030.009 MeV). The mass 24 isospin quintet is

. 24 . .
incomplete because the mass of 51 remains unknown. In both cases,

excellent agreement is obtained using only the quadratic form of the

isobaric multiplet mass equation (IMME).



I. Introduction

Decay studies of both neutron deficient and neutron rich nuclei
become increasingly difficult the further one explores from the line
of p-stability. Conventional experimental techniques often are inade-
quate because competing reactions create a formidable background
interfering with the study of nuclei with low production cross sec-
tions. Ideally, one would like to develop a technique which would
yield a sample with a unique A and Z. Z identification has long been
accomplished by chemical separations, but even with the advent of some
fast chemistry techniques (Ko 74 and Ba 76) activities with half-liver
below 1 s still remain essentially impossible te study. Chemical
teshniques yield no mass identification, however, leading to experi-
mental designs which establish parent—daughter relationships in which
the daughter has been previously characterized. Most compound nuclear
reactions produce many isobars simultaneously, making mass separation
(A identification) necessary.

Since most of the undiscovered nuclides are expected to have half-
lives too short for off-line techniques, on-line mass analysis. is a
highly suitable approach for studying their decays. Many ingenious
approaches to the development of such technigues have been tried.
lsolope separator on-line (ISOL) systems have been developed to
utilize many different accelerators and reactors. 180L systems
coupled to nuclear reactors generally rely on neutron induced [ission
of uranium (Zi 79 and Wo 77a). The uranium is contained in a graphite

. . . o . . .
matrix maintained at ~2000°C which causes the more volatile fission

products to diffuse from the matrix into the ion source for extraction



and subsequent mass analysis. Another approach has been the utiliza-
tion of the large cross sections available in high energy proton
induced spallation reactions. For example, the ISOLDE group at CERN
develops only chemically selective ion sources to separate the oro-
ducts of interest from the many other elements which might be observed
for a given isobar. Intense sources of radioactive beams are often
produced of unique Z and A. Some types of elements studied to date
include the rare gases (Ha 77a), the alkali metals (Ha 77¢), and more
recently ytterbium isotopes (De 79). The GSl on-line separator at the
UNILAC uses very heavy ion induced reactions to produce very neutron
deficient nuclei (Ki 77 and Ro 77a). The integrated target—-ion source
is highly efficient (10-15%) for more volatile elements with half-
lives exceeding 1 s. These techniques have been primarily applied to
studies of neutron-deficient nuclei in the trans-tin region. A
similar ISOL system is employed at UNISOR (Sp 77) where studies have
concentrated on Xe, I, Bi, Pb, Tl, and Hg isotopes.

Two other techniques for mass separation r identification have
also been developed which are also generally chemically unselective.
One system used extensively by Robertson (Ro 77b) uses time-of-flight
mass identification foliowing decay by either neutrom, proton, or
alpha emission. The mass resolution for this technique is very good,
but no physical separation is obtained. Moreover, it is limited to
either beta~delayed particle decays, direct particle emission, or
alpha emissiva. The seconu technique, which is used at the BEMS-2
wu=line scparator at the JINR cyclotron (Ka 74), utilizes a gas jet to

traasport the activity to a catcher foil. The activity then diffuses



through the catcher foil which is maintained at very high tempecratures
(2500—300000) where it undergoes surface ionizsation and subsequent
acceleration into the mass separator.

We were interested in developing a general ecxperimental system
capable of mass analysis of radioactive species with hali-lives as
short as 50 ms and with simple application to a vast majority of the
chemical elements. Experiments of immediate intecrest were study of
the decay of the A = 4n, Tz = -2, series of nurlei; in general,
these nuclei decay via RB~delayed proton emission permitting accurate
measurement of the lowest T = 2 state in the TZ = -1 member oI an
isospin quintet. Complete isospin quintets would allow further test-
ing of the isobaric multiplet mass equation (IMME) first proposed by
Wigner (Wi 57) and tested extensively in isobaric quartets (Be 79).
If the production cross sections for these TZ = -2 nuclei are high
enough, further information could be gained about the absolute log

. . + + . .
values associated with the 0 =+ 0 pure Fermi decay Lo the iso-
baric analog state of the daughter. An early attempt by our group to
1 | - 40,.‘. .
observe the decay of the A = 4n, TZ = -2, nuclide T1i resulted in
a beta~delayed proton spectrum dominated by decays associated with the

. 41,,. 37 . . . .
welli-known Ti and Ca nuclides copiously produced in competing
reactions (Se 74). Clearly, mass separation is a necessity if the
P . 40,

ecays of nuclei such as Ti are to be »bserved.

Another area of interest is the study of nuclei near the 2=50
closed shell. These nuclei exhibit beta-delayed particle emission and
alpha-particle decay in addition to standard -y decay. Work in this

region can be done by difficult y-X-ray coincidence experiments such



as in the observation of 1%®sn (Va 78 and Bu 75). Clearly mass

analysis would simplify the experiments substantially.

The study of light beta emitters provides another area where mass
separation would prove invaluable. The observation and characteriza-
tion of the half~lives and B3-endpoints of interesting nuclei such as
210, 220, 19N, 27?, 3101, and others in this region are of
much current interest. Since these beta measurements are accomplished
by decomposing the beta continuum (which in general does not corres-—
pond to decay to a single state in the daughter), and without mass
separation, such a decomposition would be essentially impossible.

This brief introduction by no means exhausts the possibility of
interesting experiments that can be performed with an ISOL system nor
does it attempt to review the curreant status of the many existing and
planned ISOL systems. An excellent review of experiments currently
being pursued on 1S0L systems is presented by Hansen (Ha 79). It is
clear from this brief overview, however, that a chemically universal
system would be the most useful to pursue to the types of experiments
listed above. For this reason, we have developed the Berkeley on-line
mass scparator RAMA, an acronym for Recoil Atom Mass Analyzer. RAMA
is shown schematically in Fig. 1-1. RAMA couples the elegant helium-
jet recoil transport method (Ma 6%a) with mass spectrometry tech-
niques. The idea for such an ISOL system was originally proposed by

Nitschke (Ni 70).
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II. Theory

This chapter will delve into three primary areas: a brief excur-
sion into beta-delayed proton decay theory will be followed by two
theoretical justifications for studying the A=4n, TZ= -2 nuclel.
The latter will consist of pr2sentations of the isobaric multiplet
mass equation (IMME) and properties of the o*s0" pure Fermi beta
transitions generally observed in the ground state decay of the A=4n,
Tz= -2 nuclei.

A. Beta-delayed proton decay

Beta-delayed proton decay consists of two sequential yet distinct
decay processes; these are beta decay to the emitter followed by
proton decay to the daughter. Figure 2-1 shows the beta-delayed
proton decay of a 0%, (T=2) ground state as a subset of allowed beta
decays. The selection rules for allowed decays predict that the decay
from a (J71T) state to a (JWZ'T') state occurs only when
13-3"'<1, n=no, and |[T-T'/<l. Proton decay to the ground state of
daughisr from the isobaric analog state shown in Fig. 2-1
((J‘:T) (J'ﬂi T')) is isospin forbidden. Measurements of these decay
probabilities relative to isospin allowed decays provide a convenient
test of the isospin purity of the isobaric analog state. Beta decay
and proton decay will be discussed in general terms and in their

relation to the A=4n, TZ= ~2 series of beta-delayed proton emitters.

1) [p-decay theory

Nuclear beta-decay is but one manifestation of what is assumed to
he a universual weak interaction involving all elementary particles.

It must also be assumed that the weak interaction stems from the



interaction of hadronic and leptonic currents. The weak interaction
may well be mediated by a heavy vector boson in the same manner in
which the photon mediates electromagnetic currents. Even though such
an intermediate vector boson has not been observed, its postulation is
essential to clarify the properties of the weak interaction.

It is best to bcgin by writing a weak interaction Lagrangian
density between the appropriate currents and the vector boson as

(Bl 69)

(x) = glJA(X)wA(x> + gZQA(X)wA(X) + h.c., (heraitian (2-1)

weak conjugate)

where g and g, are coupling constants; J)(x) and Q\(x) are the
hadronic and leptonic currents respectively; W, (x) is the field opera-

tor for the intermediate vector boson; x = (xl,Kz,X3,x4 z

X,¥,2,1ct); A is a space-time index ranging in value from 1,...4., The
hadronic current may be further decumposed into strangeness conserving

and non-conserving components, thus

(2-2)

J, = as 50 . bJAAS”O

AS=0 : AS#0 ) . .
and JA may also be written as an octet representation

of SUg (Sc 66 and Ge 64). Under these conditions, JAAS =0 trans-

=1 o =
forms as a vector and JAAS * (JAAu 0 = J\AS L since no AS=2

decays have been observed) as a spinor in isospin space. Furthermore,

these currents have a pular vector and an axial vector character.

J AS=0 :

\ can thus be written as



=V, + A (2-3)

where V, is a polar vector operator and Al is an axial vector
operator. No further details of these currents will be given here,
but these rudiments are necessary to create a foundation for future
discussions.

Finally, we consider the current operator ZA' This operator
refers only to leptons (which do not experience the strong interac=-
tion) and thus, can be expressed in terms of field operators for the
electron (e) and the muon (u) and their corresponding neutrinos

(Ve’v-)' It should be noted that Qx(x) can be rewritten as

i
b

] e i

i (%) = + M(x -

5 (%) QA(X) Ll( ) (2-4)
which insures the experimentally observed separate conservation of
electron- and muon—-type leptons. The beta-decay interaction stems

from the interaction of this current with JQS_O

, which in the
approximation of large mass (mw) for the intermediate vector boson

(Le 60 and Ch 61), yields the following form for the effective 3-decay

Lagrangian density,

glg
(m )

w

AQ= %
> P00 hel) (2-5)

Lg(x) =

%
The operator EA(X) is rejated to the Hermitian conjugate operator

3¥ by



o e a gt (2-6)

where ny =1 for x = 1,2,3 and n, = ~1. 1In a similar manner the

Lagrangians responsible for muon decay and strangeness changing

leptonic decays are given by

g . 3
L (x) = (—2)2 (He® (%) + h.c.) (2-7
I m ATA
and
8,3 - B
Lo(x) = —2 (5160 270 + hiel). (2-8)
S (m )2 A A
w

Redefining the coupling constants to eliminate the dependence on

the mediation of these currents by a vector boson, we obtain

SE) 1 1
— = ——3G cos OC = G, (2.9a)
{m ) V2 /Z B
w
g, 2
(—2 = g (2-9b)
mw vy 2 o
218
_1_32 " G sin oc (2-9¢)
(mw) V2

where Oc is known as the Cabbibo angle which will be discussed in

more detail later.
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Initially we consider the beta-decay of a free nucleon (in reality

only the decay n -» p + e + ve is energentically allowed) whose

transition matrix element is given by

M- = pe'\jef ng(x)dA:,([n ) (2-10;

which in consideration of equation (2-3) can be rewritten as

M, - = - —Lic (plv, + A {n) 2(e,v)s{pre+y+n) (2-11)
i3 on B8 A A

where p,e,v,n are the four momenta for the particles indicated and
Hp + e + vV + n) represents conservation of momentum. If we assume
plane wave spinor functions for the electron and the neutrino (Bl 69),

o, can also be expressed in terms of a beta decay Hamiltonian as

W= (r) = == G_[ig L, (r) = g5 » L(X)] (2-12)

g 8
X /i— " 4 A

where L represents the contributions from the electron and neutrino
wave functions and ¢ 1s the Pauli spin operator. By redefining the
coupling constants such that Gv = vaB and GA = _gAGS the

usual polar and axial vector coupling constants, respectively, and by
replacing specific neutron and proton wave functions with an isospin
formulation, the beta decay Hamiltonian for botn negatron and positron

emission can be written as
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B - (2) = /;_ 146 L, (£) + 6,0-L(x) ] 1_ (2-13a)
I U - -
“‘,wk([‘) = -_‘/_—'2‘— ll(’v[‘h(r) + (.:Au L (I")| e (RS Y

where 7, are isospin raising and lowering operators given by

T, = T + iTy and Tzln>=%- T, )= —% for ) and | p)

neutron. and proton states, respectively. Since ’~decay generally
occurs ln more complex systems, this Hamiltonian must be generalized

to the many-body case as

W P (2-1)

.‘\
Ho- o= b Zh‘.c L (r.) +Go
Ve /2— v 4 1 A
=1

4 similar result ls obtained for positron decay.

This basis thus allows us to consider the 7 --decs- transition

P .
between two nuclear states (i) and {f). The relevant matrix element

M. ~ 1s given by
M. - =(f!HB—ii) (2-15)

where H,~ is given in equation (2~14). By a standard application of
t
perturbation theory, an expression for the hal{-1ife (t) of an allowed

beta-transition is obtained (Bl 66),
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where f is known as the statistical rate function. f depends upon the
charge Z of the decaying nucleus and the beta-endpoint energy (Eo)

and is given by the integral

E
o
I (Z,E) = f pE (1-:0—1-:)2 F(Z,E) dE (2~-17)
1
where F(Z,E) depends on the solutions of the Dirac equation for the

emitted electron. The maxtrix elements MA and MV are given for

generalized beta-decay by

M, = ()3 Tfi)o(i))n (2-18)
e Ty

and

wo= T P (2-19)
& T

M, is known as the Gamow-Teller or axial vector matrix element while
MV is known as the Ferml or vector matrix element., In the case of

pure isospin states, MV may be evaluated as

— P . - 1/2
M, = (T,Tzil ['ilT,TZ) = ((mfz)(TiTz + 1)1 (2-20)

. . . . 2 . . .
For impure 1sospin states where a” represents the isospin purity of

a state mixed with a second state of T' =T 1, Mé is given by

2 I, .o 2
Mv = {TVI+l) - 1z.fzg a . (2-21)
. i
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These results when considered together with the spatial transformation
properties of the two operators yield the known Fermi selection rules
of AJ =0, AT = no and the Gamow-Teller selection rules of [aJ(<li
(040), AT = no for allowed transitions. Forbidden transitions are
not relevant to further discussion, but are covered in detail by
Konopinski and Rose (Ko 65). Both allowed and forbidden transitions
may be classified according to their comparative haif-lives or log
ft's (see equation (2-16)) (Ra 73). Of particular interest are the
JN=O, AT = no, AT = 0 or superallowed transitions between members oI
an isospin multiplet. The special case of ot » 0" decay where

M, = 0 1is of particular interest and will be considered in greater

A

detail in Section C.

2). Proton emission from unbound levels

Proton emission from unbound levels is more clearly illustrated by
the generalized decay scheme for a member of the A=4n, TZ=-2 series
of beta delayed proton emitters shown in Fig. 2-1. The A{Z+2) ground
state undergoes beta—decay to wmany states in the daughter, inciudinyg
superallowed decay to the 07(T=2) excited state. This state may
then either y-decay or emit a proton with energy commensuratc with the
miss of the A-1(Z) nucleus (for decay to the ground state), Proton
decay to the ground state is generally isospin forbidden, and thus, a
small amount of isospin mixing 1s assumed from nearby O+ states.
The ground state of the A{Z+l) nucleus may also beta-decay to states
of the A{Z) nucleus, but direct proton decay to the A-1(Z-1) nucleus

from these states is generally encrgetically impossible.
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The probability for proton emission may be simply examined by
considering the transmission coefficient T for a proton of energy E

and angular momentum £(Ma 69b)

T = exp (f_ ﬁZm (v(r)-£) /2 dr) ) (2-22)

The potential V(r) is often represented by the simple potential

2
z,2,€e 2
1 i o RUALR (2-23)

Zmr

Vir) = V () + V () =
c £

where Vc(r) and Vﬂ(r) are the Coulomb and centrifugal barriers,

respectively. For the special case of an 2=0 proton, V(r) becomes

Ze2
v(r) = - (2-24)

Substituting this potential into (2-22) and evaiuating at the appro-

priate limits, we obtain

T = exp (:ééigmh) [cos—1 (%) L. (% - E;) 1/2] (2-25)

where b = %E— and R = T (1 + A1/3). This formula yicldd
. . -18
proton decay lifetimes of ~10 sec for ~3 MeV proton when A = 36,
Similar results may also be obtained by considering the proton

partial decay width Tp as a function of the proton penetrability PQ

and the proton reduced width Yg. These are related by (Ha 74)
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r o= 2 (2-26)

where PE is dependent upon both the Coulomb and centrifugal potential
barrier (see (2-23)) and g is the angular momentum of the emitted
proton and is frequently consistent with the lowest value of

which also obeys aAx = (-1)%.  The advantage of this

i -
19iI ¢ lmin

approach is that Pl may be calculated from the time reversed action,

p + A-1(z) » A(z+1), (2-27)

where the well known regular and irregular Coulomb wave functions, F_
X,
and G, may be utilized, These wave functions represent solutions to

the Schrodinger equation for a Coulomb potential which yields

= kR .
P, = = (2-23)
FE + Gl

where k is the wave number of the incident proton which is given by

the deBroglie relationship,

1/2
ko= % =2 = (ZEE) = 0,2187 QJE)I/zfm L (2-29)
B h 1

where Y is the reduced mass in AMU and E is the center of-mass proton
energy in MeV.

The primary disadvantage with equation (2-26) is in the calcula-
tion of YZ because of its dependence on a given nuclear model.

This disadvantage becomes transparent when 72 is reduced to
P
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2.2 2 (2-30)

2 . . . . X
where 97 1s the dimensionless reduced width whose estimates are
P

2. . ..
nuclear model dependent. Yw is termed the Wigner sum-rule limit

(La 58) and is given by (Ma 68)

a2
2= = BRT0 ey (2-31)
YR R

and represents the maximum allowable reduced width. Op repre-

sents the probability of finding a proton of a given nuclear configur-—
ation (e.g., appropriate nuclear shell) at the nuclear surface. It
should also be noted that proton decay to excited states in the
daughter may be treated in the same manner as decay to the ground
statc with further applications of equations (2-26) and (2-30).

B. Isobaric multiplet mass equation

0Of particular emphasis in this research is the study of the A=4n,
1= -2 series of beta-delayed proton emitters. A major experimental
advantage ariscs In studying beta—delayed proton emission because the
observation of discrete proton decay energies can easily be used to
relate separation energies of various nuclear states between different
nuciel, e.g., the separation energy between the mass of the ground
state of the A-1(Z) nucleus and the 07 (T=2) excited state in A(Z+1)
nucleus in Fig. 2-1. The example just stated represents a method by
weich the lowest T=2 state in the TZ= -1 member of an A=4n isospin
Gui.rot may be studied. Experimentally the only roadblocks to

completing an isospin quintet are often the measurement of the mass of
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OT(T=2)
A(Z+2)
ot (T=2) B+
p
STUT=V2)
A-1(Z)
ST (T=1)
., A(Z+1)
ST T2
A-1(Z-1) JT(T=1) +
+ proton ————— B

XBL 794 -11O
Fig. 2-1. Generalized beta-delayed proton decay scheme of an

A = 4n, TZ = ~2 nucleus.
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this state and the mass of the A(Z+2) ground state. Completion of a
quintet would allow futher testing of the remarkably successful
quadratic mass equation originally proposed by Wigner (Wi 57) relating
the 2T+l members of an isospin multiplet. This equation is known as
the isobaric multiplet mass equation (IMME).

The isobaric multiplet mass equation may be written as

M(A,T,T)) = a(A,T) + b(A,TIT_ + c(A,T)TZ (2-32)

where Tz is the z-component of the isospin and is represented by

_ N-Z -
T, = —= (2-33)

where N and Z are the number of neutrons and protons, respectively.

In the absence of charge dependent interactions, the isospin T is a
good quantum number and all the masses of an isospin multiplet are
degenerate. The interactions between protons are, however, charge
dependent and lead to an energy shift between me—bers of an isospin
multiplet and to isospin admixtures, This Coulomb interaction between
the protons of a nucleus can be written as the sum of an isoscalar, ar

isovector, and an isotensor operator. This may be expressed as (Ja 61

and Be 79)

(0 ) @ (2-34)
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First order perturbation theory permits us to calculate the major
contribution ot the Coulomb energies of all of the members of an
isospin multiplet.

In first order, the Coulomb cnergy is given by the expectation
value of HC for each member of the 2T+l degenerate eigenstates

iaTTZ) of the charge independent part of the Hamiltonian written as

A |
E (A, T,T ) (aTTZ,HC|aTTZ>
(2-35)

2

= i; Carr ju 9 jorT )
Pty Z C Z
k=0

where o represents all of the quantum numbers necessary to specify rne
space~spin part of the nuclear wave function. By a standard applica-—
tion of the Wigner-Eckart theorem, the T_ dependence of the expecta-

z

tion values of H, may be factored out as

(%3

T-T ;T kT oy ()
M(A,T,T, ) = (-1 T, 0 TZ> ik D
»=0
= & oo (1) _
B0XA,T) = T E (2-36)

s (312 - 1er+1)) E Pa,T)
Z C
with

+ (0), o miyg C0)r
ch (a,T) = (inhc( )\{xl) (2-37)
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Ec(l)(A,T) —(1(1+1))" /2 (aTEHc(l)jaT> {2-38)

)

]

e P, = aenernene) ey Pan (2-39)

Equation (2-36) is quadratic in T, and equations (2-37)-(2-39)
represent expressions for the scalar, vector, and tensor Coulomb
energies, respectively. These Coulomb energies are dependent only
upon A, T, and @, even though the explicit dependence on n 1s not
shown,

The masses of the members of an isospin multiplet are given by
M(A,T,T,) = 1/2(ntm)A + (m -m,) T,
+ 07T | 2T+ ¢ TTJH. JTTD
z o' 'z 21 z
+ EC(A,T,TZ) . (2-40)

Upon substituting equation (2-36) for Ec(A’T’Tz) and associating
all coefficients of (Tg), (Ti), and (Ti), the standard

IiHE in equation (2-32) is obtained with

a(a, T} = 1/2(m +nh)A+ CTT_ i 1T ) + E ‘O)(A,T)
n z 0 % c

~sDE, P, (2-41)
b(A,T) = (m -m ) ~ E (1)(A ) (2-42)
’ n c i
oy o (200,
c(A,1) = 3 (A, T . (2-43)



The operator H ic the charge independent part of the nuclear
Hamiltonian and thus independent of T while other small charge
z

dependent effects are contained within H, (e.g., electrostatic seli-

1
energy of the protons). These effects wiil not, however. change the
quadratic Tz-dependcnce of the isobaric multiplet mass equation
assuming they can be treated in first order perturbation theory and
are tensors of rank two or less in isospin space.

These latter assumptlons about the nature of Hl may be experi-
mentally checked. Second order perturbation theory generates terms

el ?

d(A,T)T; and c(A,T)T; which can be 1lmportant in goneral or
in particular cases in which one of the states of an iscospin multiplet
is particle unstable or only weakly bound while the other states are
bound; this latter situation arises for example in the mass nine (la
75) quartet.

The wavefunctions for the various members of an iszobaric muitipioct
should differ only by Tz(i.e,, they are simply related by the
operator T, introduced in section A.). These wavefunctions may be
changed greatly when nearby states with the same spin and parity, but
witi different isospin, mix with the state of interest,  Some manifcs-
tations of isospin mixing for both lsospin quartets and quintets is
shown in Fig. 2-2. The dashed lines in Fig. 2-2 represent the unper-—
turbed levels und the solid lines immediately above represent the
isospin mixed state. In quartets, mixing in the Tz=‘1/2 nucliel
primarily changes cTi while dTi remains small. In quintets,

however, unique 1sospin mixing by T=0 states into the ™=2 state in the

T, =0 member would make eTi*O (Be 79). Mixing of this T=0 state
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with nearby T=1 states would change cTZ and dTZ and to a
4 . . . _
lesser extent, eTz. Mixing in the T =+l nuclei gives similar
: z
results. It thus becomes imperative to locate the nearby T=0 state in
the T7=O member of the isospin quintet determine the AT=2 contribu-
. 4 . .
tion to eTZ. lo properly check for a nonzero quartic term
requires completed quintets. The only completed quintet to date is
. [ 8. . ) 5
mass vight {Be 79 and Ro 76), where C 1s unbound to prompt nucleon
emission; data on this quintet exhibit significant deviation from the
quadratic IMME. Since the previously mentioned mass nine systom 1s
tie only case in which deviation from the quadratic IMME has been
obscrved out of twenty completed quartets, clearly more completed
quintets are necessary to discover whether or not the mass eignt
system 1s indeed an anomaly. Completed quintets allow the unique
detormination of the coefficients a,b,c,d, and e of the perturbed IMME
as a function of the experimental masses; these are shown in
Fig. 2-3. The previous statement about the manifestation of isospin
mixing in the T =0 member due to T=0 admixtures may be seen in the
z
equations for d and e. Only by comparing the experimental results
with theoretical coefficients in equation (2-32) can information about
charge—-dependent nuclear forces be obtained. This especially applies
to second and higher order perturbations.

+ + . c.
C. 0 - 0 pure Fermi transitions

As mentioned in section A, nuclear beta-decay arises from the
interaction of the weak leptonic current and the strangeness conserv-
. 45=0 . . .
ing current J which by equation (2-3) could be decomposed into a

A

polar and an axial vector. These two currents mediate the Fermi aud
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Gamuw-Teller beta-decays, cespectively., We will primarily confine
ourselves to a discussion ol the special case of the O+ Cot pure
Ferini transitions, however, a brief description of Gamow-Teller
transitions is in order.

The matrix element for Gamow-Teller beta decav is given in
cquation (2-18). The operator 2;'(i)u(i) 1s equivalent to A} and
arises from a description of partially conserved axial vector current
theory (PCAC). Partial conservation (as opposed to full conservation)
is necessitated by the experimental observation of pion decay. Total
conservation would require a stable plon. A more complete description
0i PCAC may be found in de Shalit and Fesibach (De 74). One of the
triuwmps of weak interaction theory is the prediction of the ratio of
the coupling constants GA/GV = -1.25 (see equation (2-13)). This
has been experimentally verified in the decay of the [ree neutron.
Considerations of many differcat nuclear beta~decays have demonstrated
a smaller effective value for G, (than that derived from GE>'
Wilkiuson obtains a v=2normalized value of (0.902 - 0.035)6A for
Cro (the effective axial vector coupling constant) (Wi 73b). An
attempt has been made to explain this quenching effect (Bl 75), but no
single mechanism satisfactorily explains all the observed changes in
GAe' Further details about this renormalization of the axial vector
coupling constant may be found elsewhere (Wi 74 and Bl 75).

1t hes been shown that G = GU (GV = G cos O, where O is the
Cabbibo angle) within experimental error bars. The value for G has

i
[

been determined frowm the decay of the muon
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(1.43563'0.00022) = 10 ¢ ery cm .

"

G

"when man discovers that two things between which he can see no

cuvious connection are in fact approsimately equal, he usualily assumes

Lt nature must, {or a private reason, have made them exactly equal.
¢ is so long ago that we became used to the idea that the eiectric

e

citar,vs of the electron and proton are identical that we no longer
: P &

acrvel b it; the universality of electric charge has become a law of

i.e., somcetning that we cannot understand” (Wi 72b). The

the nature,
cxiension of thils concept to tho ezquality G = G can oniy lead to the
N

pocttiation of a conserved vector curreat (CVC), i.e., that

Y]
)
—_— =0 (2-48)
As=0
whiv e vV, s the vector current part of J and the x, are space-

tiwe operatora. Gquation (2-47) is in complete analogy with the
siruation Ln electromagnetic theory, in which the electric current
opuerator is conserved and consequently the electromagnetic coupling
constant is not renormalized by strong interactions.

G method to check CVC in by stadying o bear beta decays in

wiich the Gamow-Teller mat . ciement is identically zero. This

reduces equation (2-16) to
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ft = e . (2-49)

Using equation (2-20) for pure isospin states to obtain a value for
My and combining this with a measurement of the half-life for a pure

Fermi transition would give a value for G The only pure Ferui

NS
transitions are 0 "= O‘tdecays. CVC suggests that all ft values

for decays with the same matrix element should have the same compara-
tive half-life (ft). Electromagnetic radiative corrections must, how-
ever, be included in the ft value before « comparison may be made.
This modified Ft value must be used to determine a value for GV.

To obtain this modified Ft value, we rewrite equation {(2-49)

(To 73) as
fr (1+8p) = —-,{—1—2— (2-50)
My |
.2 2 R .
witi GV = GV (1+MR) (2-51)
»: I"lv (1-§ {2-52)

whaere OR is termed the outer radiative correction, AR is t¢he inner
radiative correction, and Gc modifies the Fermi matrix element to

include Coulomb and nuclear charge-dependent forces. By defining Ft as

Fr = ft (l+6R> (1—6C). (2-53)
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we may simply relate this corrected value to Cv via

Ft = (2-53)

_r
Golm | 2Caen )
The inner radiative correction AR is not included in the definition

of Ft since it represents the collection of nucleus independent terms

whereas %R and 6C depend on the decaying nucleus (Ha 75).

Thesc radiative corrections arise from the interaction of the
decaying nucleon and the emitted positron with the external electro-
magnetic field, They may be expressed as a perturbation series in Zy
(u=e2/hc) (Be 69), where all terms z'&:", m<n, are present. Much
work has been done in calculating these corrections such as those of
order an determined by Jaus and Rasche (Ja 70). Other terms are
reviewed by Hardy and Towner (Ha 75). When all of these corrections
are applied to sixteen different superallowed Fermi beta-decays
between A=10 and A=54 (Ha 75) includiang both T,=-land T =0
nuclides as parents, a weilghted EE value of 3081.7+1.9 s is obtained.
All cxperimental data points are consistent with this value within the
known error bars. Subsequent remeasurements for several of the higher
mass nucleil from A=34 to A=50 (Wi 76) yield a weighted EE of
3084.5'1.9 s. sSince all these results consist of decays of only
T,= 0 and TZ= ~1 nuclei, clearly comparison with several Tz= -2
decays would be of great interest,

Carvf{ul measurements and calculations of these Ft values allow us

to check various weak interaction models. Cabbibo universality gives
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G =G cos U G cos O .
c c

Recalling that

] — N
¢ =6 (14 )7 1/2 (2-55)
v v R

shows that a measurement of O/ could yield information about.\R.

o
The most natural source of the Cabbibo angle is hyperon beta-decay
(Ro 74). When this value for&fc is compared with other measure-

ments, the nominal value

sin Uc = 0.229'0.003 or Ve T 0.231°0.0035 (2-567
is obtalned. This value for when raken together with the value

<

for G given in equation (2-47) yields a value of (2.09 : 0.i6)7 for

(Wi 76). Examination of /| permits us to wake certain compar:-

R

sons ana distinctioms. This value for 4, scis limits on the mass of
no

the intermediate vector boson {see section A) for different quark
modeis (Ha 75). These limits are ZOSHW§35 GeV for a model of four
quiras of integral charge and NQ>80 GeV for thvee coiored quartets.
11 we assume the Welnberg-Salam model 1is correct (We 74) where
Mw77&.6 GeV, then a value for the wean charge of the quarks making
up the nucleon may be obtained from.ﬁk (si 74). Combining this
result with deep inelastic neutrino and electron scattering gives
'

values for the effective charyes of the "up" and "down" quarks o:

Qu = 0.6770,05 and Qd = -0.33'0.18 (Wi 70). It should be noted



28

that incorporating Ag into other quark models gives results con-
sistent with known experimental observations.
+ + . .

Measurements of 0 - 0 pure Fermi nuclear beta-decays provide
a unique and elegant method for relating traditional low-energy
nuclear physics with particle physics via further testing of conserved
vector current theory. More precise determination of experimental
half-lives and an expansion of the data base to include decays of

Tz= ~2 nuclei would clearly be of great utility.



EFFECTS OF 1SOSPIN MIXING
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Fig., 2-2. Effects of Isospin nixing in quartets and quintets. XBL 796-183%
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IMME Coefficients for a Completed Quintet

M=a + bT, + cTS + dT,+ T,

a= Mg,

b= 1/12[8(M,~M,) = {M,~M_,)]

c= 1/24[16 (M, +M_)= (M, 5+M_,)-30Mo)
d=1/12[(M,;~M_) - 2(M, ~M_)]

e = 1/24 [BMg - 4(M_+ M_)+ (M, 7+ M_,)]

XBL 796-1840

Determination of the IMMF coefficients for a

Fipg. 2-3.
completed isospin quintet.
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111. Experimental—-RAMA

The description of RAMA may be conveniently divided into four
distinct parts: the gas-jet, the ion source, the beam transport
system, and the detection systems. Each of these topics will be dealt
with in terms of those techniques which have buen found to work well
in the RAMA system. The special problems associated with coupling a
2as jet to an lon source will be delineated in addition to problems
arising from transport of large beam current (~200 ,A). These four
main systems may be tied together by considering what happens to a
sample nucleus of interest. This radioactive nucleus is produced in a
bombardment, recoils from the target (see Fig. 1-1), stops in the
helium, attaches to an aerosol, and is subsequently swept through the
6 m long capillary tube away ifrom the region oi high background.
After exiting the capillary tube with approximately sonic velocity,
this aerosol passes through a 1.4 mm skimmer designed to eliminate
wost of the accompanylng helium. Then the aerosol enters the ion
source where it 1s broken up and the radiovactive atom icnized to the
+1 oxidation state in a gas supported arc discharge plasma. The ion
of interest (along with many others) is extracted from the ion source
by a 10.5 kV potential. This 10.5 keV particle is then transported
through the optics system and collected on the focal plane for decav
studies.

A. Helium-Jet
The gas-jet transport method has been studied extensively using

several carrier gases with many different additives (Ay 74, Wi 72a,
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Wo 77b, and Wi 74). No attempt will be madé here to review compre=-
hensively all of the helium—jet methods, only to give details of the
technique which has been proven to work for the RAMA system. The
helium~jet has been found to work with many additives (Wi 72a and

Wi 74) and indced requires them for efficient transport; experience
with the RAMA system 1s consistent with most of these earlier conclu-
sions. Successful transport of activity has been obtained using
acetone, carbon tetrachloride, benzene, methanol, water, ethylene
glycol, mechanical pump oil, sodium chloride, and in some cases, small
amounts of ailr. It is now known that these additivies or impurities
form large molecular weight clusters or aerosols ranging in size from
103—108 AMU (Ju 71). 1In the RAMA system formation of these

aerosols requires a sufficient quantity of ionizing radiation (Wi 71
and Wi 73a). In our system, this intense ionizing radiation 1is
created by passage of the cyclotron beam through the helium with an
adequate level of radiation being provided by ~1 ;.& »f 40 MeV
protons. This beam lntensity requirement has been observed to scale
roughly as (dE/dx)_1 for heavier projectiles (i.e., heavier
projectiles have a larger dE/dx and thus, less beam intensity is
required for adequate cluster formation).

An additional constraint is piaced upon the RAMA helium-jet which
is unimportant for most systems. Geometrical consideratiovus [od
coupling the helium-jet to an ion source dictated that most of the
wlesters exit the capillary tube in a small forward cone -2° open-—
¢ angie) (Go 72). This requirement for the exiting clusters re-

Loy
quires that the aerosols be very massive, 106-108 AMU. We have
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found that only three of the additives mentioned :bove appear best to
meet this criterion: ethylene glycol, mechanical pump oil, and sodium
chloride. The latter works well, but if one i nol extremely careful
in heating the sodium chloride to ~550-600°C, excess quantities of
sodium chloride tend to clog the capillary tube. Both of the other
additivies work well but ethylene glycol has traditionally been used
in our experiments because its vapor pressure curve exhibits large
vapor pressure changes with cmall temperature variations in the room
temperature region. This allows us to control its concentration more
easily.

Figure 3-1 is a photograph of the helium-jet target box (Sec 73b).
The water cooled entrance and exit windows are constructed of 2.29 ..m
pinhole-free Havar (Ha 73) foil and isolate tbe 1.3 atm of He from the
cyclotron and Faraday cup vacuum systems. The target (shown in
Fig. 1-1) is mounted on a movable target wheel directly in front of
the copper collection cylinder. A separate set of degrader foils may
be placed in front of the target to vary the bombarding cnorpy.
Nuclear reaction products recoil out of the target in a forward cone,
and arv thermalized in the helium. They attach to the high molecular
weight clusters and are then drawn toward the capillary opening (on
the far side in Fig. 3-1) and transported through the 1.0 mn ID 6 m
long capillary tube. The total transit time is ~200ms. (More
discussion of transit time may be found in Section F.)

Several perturbations may affect transport of these clusters
through the capillary tube. Generally, the helium is entrained in a

laminar flow with the interactions of the helium atoms serving to
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concentrate the heavy clusters in the center of the flow pattern
(An 66). These collisions accelerate the clusters until their axial
velocity approaches that of the helium atoms. Upon exiting the
capillary tube, these heavy clusters have attained sonic velocity
(105 cm s—l) and thus, considerable energy and moemntum (relative
to thermal molecules). Perturbations to this laminar flow which could
either partially or completely eliminate transport include blockages
and charge buildup. Blockages are the most detrimental to efficient
transport, with tubing kinks and particulate blockages {(e.g., ethyiene
zlycol droplets or sodium chloride crystals) being the principal
oifenders. <GCharge buildup might be a problem assoclated with the use
of capiilary tubes constructed from insulating materials and is
avoided in the RAMA system by using annealed stainless steel tubing.
Sonic expansion of a perfect gas expanding isentropically into a
vacuum may be treated either as a spherically symmetric flow or as a
cylindrically symmetric flow. For the latter, the shapc of the gas
jut becomes an elliptic paraboloid, and this leads to the simple

relationship (Zi 79)

2 (3-1)

wvhere FZ is the gi¢ - flow rate through a skimmer at a distance z and
FO is the flow rate at the exit of the capillary tube. Bl is a
coastant cepender only upon the nature of the gas (B1 is very large
Sor ligiht masses) wad s is the skimmer hole cross scctional area.

Simple experiment . (Zi 74) have shown that Equation(3-1) holds for our
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CBB 723-1572

Fig. 3-1. Photograph of the RAMA helium-jet box. The target
would normally be directly in front of the
collection cylinder.



36

helium-jet operating conditions. Now if we consider each cluster

molecule as an individual entity with no cluster~cluster interactions
. 3 . 11 14

(the ratio of helium atoms to clusters is 10 - 1077), the

clusters can be treated like a very heavy ideal gas. The mass

dependent B, values (see equation (3-1) for both helium and the

1
clusters are very different, with B1 for the clusters being very
small. This shows why most of the helium strikes the skimmer and is
pumped away while most of the clusters pass through the skimmer

unde flected.

Shockwave effects must also be considered in the design of a
skimmer (Zi 74). Particles exiting a nozzle with sonic velocity
create a shock wave which may be reflected from a solid object, and
thus, some interference would be expected. A conical shape for the
skimmer was originally explored to minimize the effects of this shock
wave. Our results concur with those of Schmeing, et al. (Sc 76) and
indicate that no appreciable differences exist between conical and
flat skimmers. This result is most easily rationalized in terms of
the large energy and momentum of each cluster in relation to shockwave
distortions in the vicinity of the skimmer orifice.

Use of ethylene glycol with sufficient beam intensities to create
clusters generally gives good total transport efficiency; however, the
skimmer efficiency varies appreciably (~500%) with our system using a
1 cm axial distance for the skimmer (1.4 mm orifice) and employing a
1 om ID capillary tube. More reproducibility was observed when cold

nitrogen gas—cooled entrance and exit foils were added to increase the

b «m juntensity whicii could be tolerated on target. These initial
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helium-jet inconsistencies were tolerable in RAMA only in the study of
high-yield reactions. More details of later improvements developed to
increase system reliabili:y are given in Section 3-I,

B. Ion Source

The choice of an ion source for an ISOL system is not easily made
because of the great variety of sources which have been tried with
varying degrees of success. (See the recent review by Sidenius)

(si 78). For the RAMA system, a source was desired hich met the
following requirements:

a) acceptably efficient and chemically universail;

b) stable plaswa and other operating conditions;

¢) short hold-up times.

(A similar set of criteria was investigated by Kirchner and Roeckl
(Ki 75, Ki 87a, and Ki 76b) in choosing an appropriate lon source for
the GSI on-line¢ mass separator at the UNILAC.)

The type of ion source which appeared to best fit all of these
criteria and which could be coupled to the helium-jet was an early
"Sidenius-type hollow cathode ion source (Si 69). A schematic diagram
of the ion source and its holder is shown in Fig. 3-1. The capiliary
tube separates the target box pressure of 103 torr from the skimmer
box pressure of 10—1 torr while the large 25 cm diffusion pump
further reduces the operating pressure to 10—4 torr. A second
skimmer on the entrance to the ion source serves to maintain the
internal ilon source pressure at lO_1 torr. A 0.75 mm tantalum fila-
ment fieats the surroundings and acts as an electron source for the arc

discharge maintained between the anode cap (Ta) and the hollow cathode
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tubes (Ta). Extraction and acceleration of a beam occurs via the 10.5
kV potential between the plasma and the grounded steel extractor.
Steel was chosen for the extractor as well as the 1on source housing
in an attempt to utilize the large solenoid (crossed area in Fig. 3-2)
as a focusing element for the beam as it is being extracted. The
extracted beam immediately passes through the Einzel lens which is
used to focus the beam into the rest of the optics system.

Normal operating conditions for the hollow cathode ion source
consist of a helium supported arc heated by 330+30 W of arc power and
200220 VA of filmaent power as applied to the 0.75 mm tantalum fila-
ment. Its holdup time is ~5 ms at a typical operating temperature of
1800°C. The properties of this ion source have been investigated
extensively both with internally produced (off-line) beams and with
radioactivity generated by cyclotron bombardments. For certain cases,
such as on-line tests with the rare—earth alpha-particle emitter
151 . . o .

Dy (melting poiat = 1407°C), it appeared that the temperature
of the plasma surroundings needed to be significantly above the
melting point of the radivactive species, especially when the vapor
pressure of an element is very low at its melting point. Extraction
of dysprosium ions, for example, only became possible when the fila-
ment power was raised to 300 VA. However, the discussion below
centers on results determined at the lower filament power (and an
extraction potential of 10.5 kV).

Many additional properties of this ion source were defined by
i the very stable plasma which exists under the arc parameters

quoted above. The extracted ion current density 1s typically
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Fig. 3-2. Schematic diagram of the RAMA ion source region.
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300 mA/cm2 of He+l. Helium is used as the arc support gas because

earlier tests with argon and neon as the main support gas gave no
yield of Na+l. Tests with argon introduced as a very small impurity
in the helium support gas showed the ratio 40Ar+1/40Ar+2z100.

Tests with oxygen under similar conditions showed the O+/O;

ratio to be ~1000, These two tests demonstrated that, with a helium
arc, almost total dissociation of most molecules occurs, with ioniza-
tion confined primarily to the +1 charge state. Several on-line tests
with radioactivity using argon and neon as arc support gases indicated
that the charge exchange reaction He' + A - A" + He is the predo-
minant mode of ionization., Our ion source is operated in the anode
extraction mode (see Fig. 3-2), and very little activity is extracted
(S1%) after the input of radicactive atoms has stopped.

Surface ionization properties of the iom source must also be
considered. It was mentioned above that the plasma surroundings must
be maintained at a temperature significantly above the melting point.
If not, the surroundings behave as a cold~finger vacuum pump and tend
to trap the atoms of interest. Once trapped on the cathode surfaces,
any activity which ionizes on these surfaces and is subsequently
ejected with a positive charge cannot be accelerated into the plasma
which is very near the anode potential. Any activity which leaves the
anode cap with a positive charge can, however, return to the plasma
for extraction., This surface ionization phenomenon is indeed observed
with the very volatile and easily ionized alkali metals and will be

scussed in greater detail in Section 3-F.
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Coupling of an ion source to a beam transport system is necessar-
ily dependent upon the properties of the plasma and the extracted beam

characteristics., The latter is best characterized by the emittance

1
Q.

which, when measured for this source at the 50% beam level, was f{ou:
to be 120 mm-mrad for 4H0+l at 10.5 kev. This emittance was
obtained by using a traditional slotted plate technique, and scanned
with a scanning wire arrangement discussed in more detail later.

The plasma conditions are determined primarily by four para-
meters: temperature (Tn) and density (pn) of the neutrali atoms,
ion density (pi), and electron temperature (Te) (Si 69). The
efficiency of an ion source, defined as the ratlio of atoms lonized
compared to the number introduced, is given in terms of the above

parametlers as

Yquation (3-2) shows that for a particular type of lon source, tae
cemperature of the electrons and the ion density nced to be kept cs
nig. as possible. The electron temperature is governed by the arc
voliage (~230 Volts) while the ion density is primarily governed vy
the electron density (for a given density of neutral atoms). The
filament is the primary eleccron source and, therefore, the choice of
material is important. Originally filaments were constructed from
0.75mm tantalum wire, which lasted ~85 hrs at 200 VA (but which

evaporated rather quickly (~8 hrs) at filament powers of 300 VA).

Improved results were obtained with filaments constructed from cither
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0.50 mm or 0.75 mm tungsten. The tungsten filaments give operating
times of ~200 hrs at 200 VA (and ~50 hrs at 300 VA). To improve the
overall reliability of this ion source, the tantalum cathode and anode
plieces have been converted to molybdenum. Molybdenum was chosen
because of its greater structural strength and its nearly identical
coefficient of thermal expansion to that of tungsten.

The plasma is strongly affected by the solenoidal magnetic field
created by the current passing through the filament. This field is
significant (100-150 gauss) and does not permit the operation of the
source with helium as a support gas when the magnetic field is mono-
directional (DC filament supply) and unsuppressed. Although the addi-
tion of an external solenoid can make the effective field in the
plasma region zero, our solution has been even simpler. We use an AC
filmaent supply (60 Hz)., This ~ffectively extends the lifetime of
alectrons in the plasma which increases the electron density, and
thereby increases the efficiency. No resolution degradation is noted
duc to this type of operation. Changes in the arc conditions change
the observed resolution minimally while changing the magnetic field
dramatically worsens the resolution,

The ions are extracted from the ion source and accelerated to
their final energy of 10.5 keV by a simple conical grounded extractor
eilectrode placed at distances of 5-10 mm (variable). The extractor is
constructed from structural steel because it was hoped to use the
focusing solenoid shown in Figz. 3-2 to increase the amount of beam

cutput of the ion source. Tests with this solenoid succeeded only in
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extinguishing the arc and thus it was never used in actual experi-
ments. This ilon source, as coupled to the rest of the mass separator,
meets most of the criteria desired: a) chemically universal for ele-
ments with melting points below ZOOOOC; b) very stable plasma con-
ditions for long periods of time (days); c¢) short hold-up times
({5ms). The major drawback of this hollow cathode ion source is th~
low yield of elements whose melting points exceed 2000°C.  One

method to improve this efficiency would be to increase the electron

temperature and density.

1

The measured efficiency for the ion source of 0.1 - 0.2% taken

together with the ~10%Z efficiency for the rest of the system in
principle permits us to observe ~75% of all elements produced with
cross sections from 0.1 mb to 50 mb depending upon whether one is
observing discrete energy charged particle decays or doing beta or
gamma spectvoscopy. These cross section limits are derived by
considering the efficiencies in Table 3-1 (discussed further beiow) in
relation to typical counting rates necessary for different types of
experiments. The number of observable elements is based on the

o

relative number of volatile elements with melting points <2000 C.

C. Beam Transport

Several factors need to be considered in designing an appropriate
beam transport system for low energy beams. In the context of the
RAMA design, complications arise because of the large extracted He+l
currvents (100-200 A) which can give rise to detrimental space charge

effects with 10.5 keV beams. To eliminate the huge helium beam
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Table 3-1. RAMA efficiencies

20, 111, 1505, 211,
He~jet 20%2 60% 10%2 15%8
Skimmer 70% 60% 60% 70%
Ion Source 0'23Z 0.124 ~0.2% 0.2%
Magnetic Analysis® 502 50% 50% 50%
Overall 0.016% 0.02% 0.01% 0.01%

a) Not optimized.

b) Caluclated based on measured ion source emittance.
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current, a Wien filter (see Fig. 1-1) is employed. The Wien filter is
tuned for the mass of interest while deflecting the 4He+1 away
from the rest of the optics system.

In order to maximize the beam through the Wien filter, the beam is
focused by an Einzel lens (see Fig. 1-1) maintained at a potential
only slightly less (typically 9.5 kV) than the extraction potential
(10.5 kV). The Einzel lens voltage is critical in that it determines
the spot size through the Wien filter and, thus, the ultimate resolu-
tion. Before entering the Wien filter, the beam passes through a
drift tube. 1In this region stray helium beam collides with the tube
walls which eject electrons that mingle with the beam and effectively
reduce space charge blowup. A suitable tube size was determined by
measuring the 4OAr+l beam focused through the Wien filter as a
function of tube radius (these electrons are not transmitted through
the Wien filter.).

Although the Wien filter magnetic field is relatively inhomogen-—
eous with significant fringing fields, this does not cause a problem
since it is operated at a constant magnetic field (while tuning the
electric field). However, it was necessary to use an indirect method
to establish the effective magnetic field. This was accomplished by
determining the electric field needed to center the mass of interest
versus m—ll2 for several different beams. The slope of a plot of
results 1s equal to Beff \fzg, where E is the beam energy, so that
electric field settings could easily be calculated for any mass.

Sample RAMA calculations may be found in Appendix C. Another

requirement observed in later tests showed that the helium deflection
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angle needed to be between 4° and 12°. The 12° limit is

required to keep the helium beam from striking the electric field
plates of the Wien filter while the 4° limit is required to keep the
helium beam from entering the remainder of the transport system. The
resolution is dramatically worsened if these limits are exceeded.

The rest of the transport system (Fig. 1-1) was designed around a
desired mass resolution M/AM of ~200, a normal focal plane, a mass
range of *10%, and a double focus on the focal plane. The beam at the
center of the Wien filter is treated as the virtual source for the
optics. Calculations for this beam transport system were performed
using standard electromagnetic formalism (Se 75, Ba 66, Re 67, and
He 74). The first order calculations employ an electrostatic
quadrupole triplet system (whose first and third elements operate
together) to match the ilon source emittance to the acceptance of the
dipole analyzing magnet. (At low energies magnetic and clectrostatic
quadrupoles work equally well, but an electvostatic quadrupole may be
tuned independently of the ion mass, making it the preferred choice.)
Because of the availability of a surplus cyclotron beam bending
magnet, a 75.5° separatcr was designed.

A solution to the ion optics was obtained which transmitted 50% of
the ion source output (based on the measur.d eﬁittance) to the focal
plane at the desired resolution of M/AM ~200. A central ray of the
beam entering the dipole magnet is bent 75.5° and traverses entrance

[¢]

aud oxit edge angles of 0= By = 11 A double focus was

osialned on the focal plane with a small magnification in the x

(radial) direction (Mx~0.5) and a large magnification in the y
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(vertical) direction (My”l.Z). Such a large value for My poses no
problem so long as neither collector nor detector dimensions are
exceeded. A dispersion of 1.62 m was also calculated.

Second order calculations showed that second order aberrations
were non-negligible. The beam is cylindrically symmetric with a
divergence of ~30 mrad in both the x and y dimensions. This cylindri-
cal symmetry created a need for both an upstream sextupole (SXT 1) and
an entrance edge sextupole (there is no exit edge sextupole)} because a
gain in one dimension caused an equivalent loss in the other dimension
for a single sextupole system (see Fig. 1). If we denote the proper—

ties of a ray entering the dipole magnet with the vector nocation of

1
(x, x , y, y ) where x and y are displacements and x aud y
]

are angles, then we may write the central ray as (xo, X Yoo
o

¢ 1
i i : t>> x nd >> then the
yo). Since in our case x| o and vy >>y .,

most important second-order aberrations are represented by terms in
] Ll

which X, and Y, appear. The upstream sextupole and the

entrance edge sextupole serve to ninimize the largest secoid order

matrix elements, namely the coefficients of the (xé)2 and

2

L3
terms.
(yo)

To minimize the effects of the fringing field from the dipole
magnet and to insure a well defined entrance edge sextupole, field
clamps were installed. Field maps of the dipole magnet were obtained
by a standard computerized mapping procedure (Do 72), providing a
determination of the effective field boundary which was then used as

input for the final optics calculation. The field maps also showed

that the homogeneity of the magnet was sufficient to make shimming



unnecessary. The second order calculations also showed that the focal
plane angle was rc_ated 61° to the ion trajectories which was deemed
to be inconveniently steep. A downstream sextupole (SXT 2) was there-
fore incorporated to rotate the *10% mass range focal plane normal to
the beam (or z) d rection.

Extensive measurements of the beam properties on the RAMA focal
plane were perfor- od with internally produced 40Ar+ beams.
Figure 3-3 presents data on these properties as various optical ele-
ments are introduc>d. These scans were obtained on the center plane
of the detector bcx (see Fig. 1-1) with a simple scanning wire
arrangement connecied to an x-y recorder; this beam current was
measured as a function of either horizontal or vertical distance. The
resolution values .re all quoted at FW.!M (full width at one-tenth
maximum) and are « :lculated from the equation Res(i/M) = gw
where D is the dicpersion and w is the measured peak width at oue-
tenth maximum. The first curve in Fig. 3-3 shows that very little
beam was obtained shen no elements except the dipole magnets were
opecative. Turning on the quadrupole triplet and the Wien filter gave
a iarge increase 0 transmitted beam and a resolution of ~90. When
next the downstream sextupole was turned on (third scan in Fig. 3-3),
tihe focal plane wi . rotated to become normal to the z-axis with vir-
tually no effect ¢ the resolution is noted. The fourth curve in
Fig. 3-3 shows the dramatic improvement in resolution (to ~195) when
the upstream sextupole was turned on. This overall measured
resolution compares well with the calculated value of 190, Further

L -sts showed that the actual dispersion was 1.64 m {(calculated 1,62 m)
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for the central ray. This dispersion varied from 1.68 m on the high
mass side to 1,60 m on the low mass side of the :10% mass range of the
focal plane.

For general on-line beam tuning, the scanning wire arrangement is
not useful because its requires microamp current levels which are
often inconveniently high and requires special arc support gas mix-
tures. Therefore, a chaaneltr(: electron multiplier (CEM) was instal-
led on the center-line of the focal plane to permit tuning of the
optics at more realistic beams levels (say 100-50K Hz). Basically,
the channeltron electron multip ier produces an electron cascade for
each charged particle that strikes its detection cone, yielding a
current gain of 105-107; this current pulse is then collected on a
Faraday cup and measured by a picoammeter. This system allows us to
tune RAMA with the 4oAr gas ilmpurity contained in (he helium arc
support gas, and to a lesser extent, with the ubiquitous 39K. It
also permits the introduction of heavier, less volatile elements at a
sufficiently low level to avoid afiecting the op._ration of the ion
source. For example, tin can be introduced into the arc support gas
by passing it over the non-volatile liquid tetraethyl tin(IV) (BP
~182°¢), thereby providing a unique isotopic signature. .This
technique is very useful for calibra ing RAMA in situ after the system

has been operating for some time without disturbing the existing setup.

D. Detection Systems

Initial considerations in the design of a detector station were to
provide maximum versatility for the wide variety of experimental

arrangements anticipated. A detector bo: with a large number of ports
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was fabricated, necessitating large pumping capacities to maintain the
detector box base pressure of lxlO"6 torr. Because of the large
helium leak associated with the ion source, the normal operating
pressure 1is 3 x 10—6 torr.

To separate adjacent masses, a movable slit system was designed.
The slit width may be continuously adjusted from 0-20 mm about a
movable point in the x-direction of the 16 cm focal plane. Rolling
collimators attached to the slit arms keep activity from other masses
from reaching the detector systems. Although only one system is
normally employed in the center position, a secoud independent system
can be used for studying a second mass position. Once the radioactiv-
ity of interest passes through the slits, it is collected for decay
studies. One method of collection consists of stopping activity on a
thin (300 pg/cmz) aluminized polycarbonate foil mounted directly in
front of either a single solid state detector or a detector telescope
mounted on a movable arm. The actual detector mounts are electrically
isolated and may be thermoelectrically cooled to temperatures
approacning -40°¢.

The collec. on and detection method described above is not optimum
for decays involving heavy charged particle production because of the
iarge energy lose (50~500 keV) of protons and alphas as they pass
tnrough the collector foil and the resulting peak broadening. This
problem is overcome with a flipper wheel system shown schematically
along with an operational sequence in Fig. 3-4. The flipper wheel

arrangement permits only previously collected activity to be viewed by

the appropriate solid state detector system. Though the flipper wheel



180°
Rotary solenoid

52

TOP VIEW -2
L_d
Stop rod \
Polyclutch Detg;tor
Vacuum wall position
'
Clutch/broke 7 |
Vacuum feed through Separator
i beam
Stop by
solenoid -——-:lx ! . <:|
I Stop solenoid bar
\—Vone

XBL 793-87|

SEQUENCE OF EVENTS:

D
2)
3)

)

6)
7

CLUTCH/BRAKE ENERGIZED TO CONNECT ROTARY SOLENOID TO SHAFT.
ROTARY SOLENOID ACTUATED ROTATING SHAFT 180°,

STOP SOLENOID ENERGIZED AFTER SHAFT HAS ROTATED ~ 90° PULLING
STOP IN PATH OF STOP ROD.

AFTER TRAVELLING 180°, CLUTCH/BRAKE DE-ENERGIZES STOPPING
ROTATION AND ALLOWING ROTARY SOLENOID TO RELAX.

STOP ROD HITS STOP SOLENOID BAR AFTER TRAVELLING EXACTLY 180°.
STOP SOLENOID RELAXES.

POLYCLUTCH ALLOWS ROTATION ONLY IN ONE DIRECTION PREVENTING
BACK-SPIN WHEN STOP ROD HITS STOP SOLENOID BAR.

Fig. 3~4. Schematic diagram of the flipper wheel system, The
sequence of events involved with a single 180 rotation
is also listed.
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system is very fast, rotating and stopping in approximately 40 ms, its
stopping is inherently violent, creating a situation whereby only
1000~2000 flips are obtainable before some sort of realignment becowes
necessary. Thus, it is not readily adaptable for activities with
half~lives below 30 s. More reliability could easily be achieved by
increasing the rotation time.

E. Initial Tests with Radioactivity

Initial tests of the RAMA system were performed with the beta-
. . 20 - 24,
delayed alpha-particle emitter Na, produced via the Mg(p,amn)
reaction at 38 MeV, due to its easily identifiable alpha groups and
its short half-life of 446 ms. These tests included checking all of
the optics parameters relative to calculated values based on the

20, +1
e .

higner beam current scans of N Further tests of the RAMA

system were performed with the much heavier nuclide 21 ae

(tl/Z = 7.2h). This alpha-particle emitter was produced via the

209 _. . . .
Bi(%,2n) reaction at 27 MeV. A scan of the mass 211 region with

data from the alpha-particle decays of leAt and its daughter,
211Po, is shown in Fig. 3-5. The measured resolution of 205 was
consistent with the off-line mass scans, and indicated that RAMA could
be operated on a stable basis for many hours.

After these initial studies were completed, several more compre-
liensive tests were desired for the RAMA system. The light N = 84,85
rare-earth alpha-particle emitters, copiously produced in (HI, xn)
reactions, were chosen because of their relatively short half-lives

and their easily identifiable alpha groups. 1In addition, the mass of

a number of the shorter-lived ({1 min) rare-earth alpha-particle
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emitters had only been established by systematic relationships, with-

out any absolute verification. Initially, the well-known 150Dy and

151Dy isotopes were observed, produced in 142N (lzc,xn)lsé—ny

reactions at 78 MeV, as was 149Tbg produced in the 142Nd

lhlPr(12

d

(llB,An) reaction at 62 MeV and in the C,4n) reaction at

78 MeV. Then, the masses of many of the light short-lived N = 84,85

isotones were determined in a series of experiments involving bombard-

ments of 140Ce, 141Pr, 142Nd, and 144Sm targets with llB

16

1

2
1"C, 14N, and

O beams at various energies. These targets were
in the form of oxides and nitrates supported by either copper or
nickel backing foils. A typical alpha-particle spectrum collected on
the flipper wheel and measured with a large suriace barrier detector
is shown in Fig. 3-6 while Table 3-2 summarizes our result- _ompared
to the literature assignments (Ga 75). These results confirmed the
mass assignments of most of the short-liived rare-earth alpha-particle
emitters between holmium and ytterbium. Figure 3~7 presents a
spectrum which confirmed the masses of both the high-and low-spin
isomer of Bl such a confirmation has been independently made in
recent work by Hagberg, et al. (Ha 77a) at ISOLDE in which decay
studies of mass separated samples of ytterbium were observed in
addition to subsequent daughter decays.

A second experiment of inteiest was motivated by the assignment of
a 19 s beta-delayed proton activity to 111Te by Bogdanov et al.
(Bo 68a and Bo 68b) and to 10 by Macfarlane and Siivola (Ma 64).

Both of these assignments were initially based solely on excitation

function and cross bombardment data. Figure 3-8 shows that a proton
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Table 3-2 Rare-earth alpha-particle emitter mass confirmations.

Alpha Particle
t

Decay Energies (MeV) 1/2

Nuclide Z Observed? Literature Observed Literatureb
1497pg 65 3.95 3.95 4.07 +1.0h 4,1 =0.2h
151py 66 4.07 4,07 17.5 2 0.5 m 17.7 + 0.5m
150py 66 4.23 4.23 7.1 £ 0.7m 7.2 +0.lm
152y, (High Spin) 67 4,45 4.46 53 + 4s 52.3 : 0.5s
152y,(Low Spin) 67 4,38 4,38 2.0+ 0.5m 2.36 % 0.4m
151yo(High Spin) 67 4.51 4.52 36 2 s 35.6 =t 0.4s
151yo(Low Spin) 67 4.60 4.60 37+ 8 s 42 t b4g
153Ekr 68 4.68 4.67 35+ 2 s 36 * 2s
1525y 68 4,82 4,80 - 9.8 = 0.3s
154 pmm 69 5.02 5.04 - 3.0 ¢ 0.2s
155vp 70 5.19 5.21 - 1.65 * 0.15s
154yy 70 5.32 5.33 - 400 * 4,0ms

a) Typical errors are * (.03 MeV.

b) Ref. (Ga 75)
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spectrum obtained at the mass 111 position which coincides with that
previously observed for this 19 s activity, clearly assigning it to
the decay of 111Te; this result has been separately confirmed by

work reported from UNILAC (Ke 77 and Ro 77a). Further studies (Ki 77)
in this region have led to our observation of delayed protons from

102P lOZPd

109Te a 112 d(12C,5n) and

nd I produced by the
(lAN,An) reactioms, respectively; these results agree with similar
data reported by Kirchaer, et El.(ﬁa 77a). The study of these various
elements with vastliy different chemical properties and half-lives
demonstrates the versatility of RAMA. A summery of the overall ob-
served efficiencies for four of the activities mentioned above as a
function of their transmission through the various components of the
RAMA system may be found in Table 3~i.

¥. Changes 1n RAMA

The versatility of the on-line mass separator RAMA has already
been demonstrated. The basic systemn, however, had some features which
made its operation less than ideal. It was evident that the operating
conditions of the helium-jet system had not been totally optimized.
Further the 1on source was excessively long, making the acceptance of
the skimmed activity cone necessarily small, and the accelerating and
extracting potential could not be maintained above 11 kV without
breakdown of primary insulators. Since the overall efficiency of the
RAMA system was only ~0.01%, it was clearly of interest to improve the
operating conditlons.

One of the original objectives of the RAMA system was to study the

decay of the A = 4n, T, = -2 series of beta-delayed proton emicters
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utilizing the (3He,3n) reaction. In the search for “Ti by

Sextro, et al. (Se 74), only protons from the well-known beta~delayed

proton emitters 37Ca and 41

Ti produced in much higher yield in the
compet ing (3He,a2n) and (3He,2n) reactions were observed. Mass
separation was thus needed. The (SHe,Bn) reactions were expected to
have production cross sections such that effective observable cross
sections of lyb were of interest. Considerable improvement in total
yield was thus needed to make these studies possible. Though our
discussion will continue to use the search for these beta-delayed
proton emitters as an example, the atility to observz low yield, short
half-iife species is of general interst in the study of nuclei far
from stability.

Two areas were considered as obvious candidates for improvement,
the helium—~jet and the ion source. Figure 3-9 presents a schematic
diagram of the RAMA system with these changes. The first improvement
was the addition of a multiple capillary system with a cooled collec~
tion cylinder and nitrogen gas cooled entrance and exit windows. The
second major improvement was a total redesign of the ion source region
incluuing shortening the ion source by more tham a factor of two.

This section will center primarily on discussing these two improve-
ments in addition to a brief account of the new detector systems
developed for studies of the gquite short-lived (~100 ms) T,= -2

beta-delayed proton emitters.
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1. Multiple Capillary System

in a traditional one-capillary gas-—jet system, the total transport
yield for short-lived (t1/2(500 ms) and long-range (>1 cm) recoil
atoms is limited due to the large gas volume needed to stop the
recoils. Since many light nuclei far from stability have half-lives
in the 100 ms regime, improvements to increase the yield of short-
lived activities from the helium-jet system had to be considered. A
multiple capillary sy. tem was designed for both gas and solid targets
to decrease the active collection volume in the target- capillary
space as well as to increase the total target thickness for optimum
recoil production.

The proposed multiple capillary system for gas targets is shown
schematically in Fig. 3-10. 1In this case, the transport gas also
serves as the target medium. Nuclear reaction recoils are thermalized
in the collection cylinder, collected by a set of adjacent capillaries
spaced evenly in the side of this cylinder, and then sent to a junc-
tion. A single 6 m long stainless steel capillary transports the
activity from the junction to the skimmer-ion source region. The

total yield exiting from the helium—jet system is given by

~-fn2(t /ty )
YIELD Y = o' -N-AV_ e d'r1/2 (3-3)
where ty = the total delay time
t1/2 = halt-life of the activity of interecst

AVO = active collection volume per capillary

"N = number of capillary tubes
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o' = the effective cross section thermalized in AVO-
The total delay time 1s a sum of the effective sweep-out time of the
total collection volume N*V |, of the multiple capillary delay time,
o

and of the delay time in the main capillary tube. It 1s given by

N+*AV N-L
P Pt T (3-4)
Q v v

m o]

where Q@ = flow rate

iﬂ Z average capillary length in the multiple capillary system
i
;m S average yas velocity in the multiple capillary system =
2
7 D
4Q /N M
L % length of the main capillary

Vo = initial gas velocity in the main capillary

DM % diameter of a capillary in the multiple capillary.

The approximation stems from the approximation ;E (Da 73) and
v
)
from ignoring the very small delay time in the junction. If we assum
Ly<<0.01L and Dy~D (D is the diameter of the main capillary tube),

the delay time in the multiple capillary system is small and the total

delay time can be approximated by

1

=~ ~T 2 ”
i3 [ELD +NAVOI . (3-5)

t

An illustration of the yield as a function of capillaries and the
species half-life is given in Fig. 3-11. By substituting eithe.
measured quantities or reasonable estimates for all the parameters,

the curves for two different 6 m long capillary tubes (1.0 and
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1.4 mm ID) for two different half-lives are obtained. For very short-
lived activities, the increased production is offset by the increased
transport times associated with a multiple capillary system.

For example, the calculation for a | mm ID capillary show that the
yield for a ruclide with a 122 ms half-life (ZIMg) increases by a
factor of four when a single capillary is replaced by a ten-capillary
system. An overall increase of 10 results when the same ten-capillary
system feeds a 1.4 mm main capillary tube. These calculations were

experimentally checked with 2ONa and 21Mg produced in the 20Ne

(3He, p2n) and z

ONu (3Ho, 2n) reactions at a bombarding energy
of 40 MeV. The results were in good agreement with the curves given
in Fig. 3-11.

Considerations for a solid target system change to some degree
with each projectile~target combination because of the differing
range—energy behavior of the recoiling compound nuclei. Light ions
normally lose relatively little energy in traversing a target which is
one rucoil length thick making the effective bombarding energy the
same throughout, while heavy ions lose much greater amounts of energy
in craversing the system (target plus gas) crcating a substantial
bombarding energy gradient and often a dramatic cross section change.
These conditions were empirically optimized by maximizing the number
of targets which could be effectively utilized with the choice of an
overall 8-12 capillary system. The twelve-capillary, three target
system shown in Fig. 3-12 was thus constructed for light ion reactions
a2

such as would be needed for the A=4n, T2= -2 series studies of

radioactive nuclides. The four capillaries for each target provide
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collection from approximately one recoil range for compound nuclei
formed at the back of a target. This increase in the effective
collection volume for each target multipled by the three targets total
again yielded approximately a tenfold increase in yield. A second,
ten-capillary two-target system was constructed to accomodate target-—
. . . . . . . . 10
projectile combinations in which the projectile ranges from "B to
20 . . . . . 20, .

Ne. For incoming projectiles heavier than Ne, a ten capillary
system 1s used with a single target. The overall transport times for
all of these multiple capillary systems have been measured with the
Wi - - : 20, .

446 ms beta-delayed alpha-particle emitter Na by pulsing the

cyclotron on for 0.1 s and off for 3s. The observed tranported times

for ali of these target-capillary combinations are listed in Table 3-3.
As was mentioned in Section 3~A, the opening ang.e for the heuvy

o . . . .
to reach the plasma region of the ion

ciusters needs to be X2
source. Ethylene glycol has traditionally been used as our additive
for efficient transport for the RAMA helium-~jet because it most
cffectively met this small opening angle criterion. The results, how-
ever, were not as reproducible as might be desired. The transport
elficlency at low beam intensity has been observed to depend on the
becam current passing through the helium and in a manner scaling
approximately as I'dli/dx]—‘l for the different projectiles. The

general capability of handling increased beam on target was then
necessary to improve the transport efficiency as well as to increase
the actual production. Unfortunately for heavier projectiles, the

entrance and exit windows burst when too much beam was incident. To

allow a nominal beam trebling, double-windowed entrance and exit foil
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Table 3~3., Experimental Transport Times for Various Capillary Systems.

Transport Target System Main Capillary Transport
Gas Diameter (mm) Time (ms)

1. ilelium Single Capillary 1.0 200

2. $.C. Neon® cas M. C.D 1.0 260

3. Helium 2 Target M. C.© 1.0 520

4., Eelium 3 Target M. C.d 1.0 535

5. Helium Single 1.4 95

6. S. C. Neon Gas M. C. 1.4 170

7. Helium 2 Target M. C. 1.4 180

8. Helium 3 Target M. C. 1.4 200

5. C. Spark Chamber, M. C. Multiple Caplllary

5. C. Neon % .9 Ne + .1 He
b -

Gas M. C. 212 x 1.0 mm
¢

2 Target M. C. =5 x 1.0 mm each

3 Target M. C. =4 x 1.0 mm each
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systems were incorporated (see Fig. 3-9), in which cold nitrogen gas
is directed onto the windows, This process naturally cooled the
helium-jet region to temperatures near or below 0°Cc. This cooling
effect reduced the ethylene glycol concentration in the bombardment
region, nevertheless it was observed that the opening angle had been
reduced (i.e., the cluster size had apparently increased). Monitoring
the gas temperature and the temperature of the collection cylinder led
to implementing independent cooling of the collection cylinder bezause
if T g1 and T as differed greatly, a total extinction of yield was
noted. The optimum gas temperature for 3He+2 induced reactions
has been found to be —7ilOOC, and the cylinder temperature 1s main-~
tained within ten degrees of this value. Additional helium-jet

»

information may be found in Appendix A.

2, TIon Source Region

Two major goals in the redesign of the ion source were to decruvasc
the distance between the capillary exit and the plasma region and to
raise the acceleration potential to 18 kV (from the 11 kV limit
established earlier by the existing high voltage insulators). Given
the design criterion that the critical internal dimensions of our
hollow-cathode ion source must remain intact, a modified ion source
and its holder as shown in Fig. 3-13 were designed. This new ion
source is only 9 cm long, as compared with ~21 cm for the original.
Elimination of the focusing solenoid which was found to be ineffective
produced a higher geometry and provided better vacuum pumping in the

extraction region, thereby reducing scattering between the ions and
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spectator neutral molecules (or atoms). The extractor and Hinzel lens
assemblies of the original RAMA design were left unchanged.

. . - 40, +
Tests with internally produced 18 keV beams of Ar  and

zoNe+ showed that the system could be operated for long periods of
time with no apparent changes in beam characteristics. It was determ-
ined that the Einzel lens could be operated at a significantly lower
potential (12-13 kV) than the 18 kV extraction potential in con- trast
to results at 10.5 kV (in which the Einzel lens voltage was required
to be approximately .9 of the extraction voltage). As an example of
thie resolution obtainable with this improved ion source, a channeltron
clectron multiplier (CEM) scan of the stable tin isotopes between
masses 114 and 122 is shown in Fig. 3-14. The observed resolution at

full-width one-tenth maximum has increased to 304 (from 194). Sinc:

all of the optical parameters were found to scale by either

B
|18 _
[ 03T 1.31

NI v

|1
23]

for magnetic elements or _F (1.71) for electrostatic clements (seu
-

2L

Appenidix C), this increase in resolution can be attributed to a Lower-
ed ion source emittance, the reduced pressure in the extractor region,
and the reduced space charge effects at this beam energy.

Tests with radioactivity were also performed to determine the
effects of these changes on the actual throughput of the ion source.
The effects of increasing the extraction potential from 10.5 to 18 kV
were checked with the rare-earth alpha-particle emitter 153Er pro~
IAZNd(l6

duced in the 0,5n) reaction at 105 MeV; this effect was
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observed to be a factor of five. The total yield for 153Er increas~
ed by a factor of ten, implying that shortening the ion source gave a
factor of two. This factor of ten increase in yield for erbium has
been found to hold true for many elements. Table 3-4 lists typical
efficiencies for some examples of activities with vastly differing
chemical properties. Except for sodium, the typical overall
efficiency for RAMA is now ~0.1%. Additional information concerni ;
ion source operation may be found in Appendix B.

Extensive tests performed with the beta-delayed alpha-partic 2

2054 produced at 40 MeV by the 2ONe(3He,p2n) reaction

emitter
showed that the efficiency for sodium had increased a factor of
approximately one hundred, rather than the factor of ten not above.
This can be accounted for as foliows. Most of the plasma : rroundings
are at the cathode potential and the plasma is near the arv .de
potential, making acceleration of positive lons from most of the sur-
roundings into the plasma impossible. Any species, how er, collected
on the anode cap which could easily be surface ionize: could reenter

the plasma for extraction, and it is this effect whic.i is probably the
source of the additional sodium yield. Later tests vith cesium
activity gave even larger increases in yield, whic in consideration

of the even easler surface ionization of cesium : inforces this con-

clusion,
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Table 3-4. RAMA Efficiencies

20Na ZlMg 153151‘ 255i
He~Jet 70% 2672 50% 3222
Skimer 70% 70% 70% 70%
Ion Source and
Magnetic Analysis  2.0% 0.45% 0.4% 0.5%
Overall 1.9% 0.08% 0.12% 0.11%

a) Includes loss due to short half-life and a nominal 70% efficiency.
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3. Detection System Improvements

Due to the expected low yeilds on the RAMA focal plane for many of
the reaction products of interest, high soliid angle detector systems
are a necessity in increasing the overall efficiency. A high solid
angle system for charged particle detection (incorporating two detector

telescopes for reasons noted below) was developed as shown in

e

Fig. 3-15; this system possesses a det <tion efficiency of 38% of 4w
for higher energy particles. The o.iginal telescope used 300ug/cm2
Kimfoil catcher foils rather than the carbon foils shown. These thick
Kimfoils proved to degrade the energy of the protons (observed in
beta-delayed procton decay) and thus limit the measured peak width.

The present system with 2 x 25 ug/cm2 carbon foils was subsequently
incorporated. A standard electronics setup used with these telescopes
is shown schematically in Fig. 3-16.

A method to measure the half-life of very short-lived nuclides
(<200ms) was also needed, but any mechanical device to move the
activity is general fairly slow. Even the flipper wheels discussed in
Section 3-D with the ~40 ms flip times could not be operated on a 200
ms timescale without consistent mechanica! failure due to the violent
nature of such a rotation. However, introducing the double stack of
telescopes shown in Fig. 3-15 and the capability of fast vertical
switching of the beam permits two collection counting cycles whiie
losing almost no data. The RAMA beam can be flipped from an "up" to a

"down' position by reversing the polarity on the vertical deflection
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plates shown in Fig. 3-9. This polarity change 1is accomplished by a
fast driven vacuum tube system which has been tested at a 100 ps cycle
time cven though nominal flip sequences are on the order of 200 ms.
Since the resultant deflection on the focal plane is *2 cm from the
central plane, this deflection does not seriously affect the optical
properties. The technique was checked by remeasuring the half-life of
20 . .

Na. The observed value of 446 ms agrees well with previous

results,
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IV. EXPERIMENTAL RESULTS

A. 20Mg Decay

Detection of the decay of zoMg established the location of the
lowest T = 2 state in 20Na, thereby completing the second known
isospin quintet (Ro 76) but the first in which all members of the
multiplet are bound to isospin-allowed particle decay modes. zoMg
also represents the lightest nucleon-stable member of this A = 4n,

Tz = -2 series of beta-delayed proton emitters even though the rare
gas 324r has been previously characterized (Ra 77b). Completion of
the mass twenty quintet thus represents an effective test for a possi-

ble deviation from the quadratic isobaric multiplet mass equation

(IMME) as discussed in Section II:

M(A,T,Tz) = a(A,T) + b(A,T)Tz + C(A?T)Ti (4-1)

where the coefficients a, b, and ¢ are related to diagonal reduced

matrix elements of the charge dependent part of the nuclear

Hamiltonlan. As noted earlier, deviations from the quadratic form are
. .. 3 4

generally represented by additional terms d(A,T)T, and e(A,T)T,

wnose coefficients are related to off-diagonal matrix elements and can

be derived from second-order perturbation theory.

% jons from the 88-inch cyclotron of

intensity 2-7 uA were used to produce 2OMg nuclei via the 2ONe

Beams of 70 MeV “He®

(3He,3n) reaction. A schematic diagram of the cyclotron and beam
transport system is shown in Fig. 4-1. The target employed was spark

chamber gas (907 Ne and 10% He), which for these experiments
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intense 20Ne beam frem the target gas and to very high "background"
+ ] . 20

from the strong 3 —~delayed alpha-particle emitter ~ Na
(tl/Z = 446 ms). 20Na was copiously produced in the competing
20xe (BHe,pZH) reaction with resultant activities on the focal

. . 5, 20 .
plane in the ratio of (~107) Na 2,16 M2V alpha- particles per
(1) ZOMg proton. Even utilizing standard particle identification
teciniques (Go 64), complete removal of ZONa activity was not
possible due to real coincidences between positrons in the E counter
of the telescopes and alpha-particles of reduced energy due to the
foils (~1.0~1.5 MeV) in the AE counters. Those events in the
cross—hatched region at lower energies of the 2OMg spectrum in fact
possess the 2ONa half-life. It should be noted that the two peaks
attributed to the decay of ZOMg can not arise from the possible
beta-delayed proton decay of 2ONa since the maximum proton ene:'gy

. .20 .
available in " Na decay is 0.99 MeV.
The 4.16 and 3.95 MeV proton groups in Fig. 4-3(a) can be attri-
. . . - - - +

buted to the 1isospin-forbidden proton decay of the lowest O , T = 2

.20 .20 . L. .
state 1n Na. This Na state is fed via a pure Fermi (superal-
lowed) transition (0% - O+, T = 2) with a calculated log ft of
3.18. The measured half-life combined with the calculated log ft
value yields a branching ratio of 3+2% for the superallowed transi-

ZOMg is shown in

tion. A proposed partial decay scheme for
Fig. 4-3. The measured proton energy in the center of mass taken

, . 19 .
together with the Ne mass excess (Wa 77) yields a mass excess of

13.424.05 MeV for the lowest 07(T = 2) state in 2CNa,
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B. 2ASi Decay
. . 20
After the characterization of the decay of " Mg, the next member
of the A = 4n, Tz = -2 series of beta-delayed proton cmitters to be

studied was 2481. Unlike mass twenty, the determination of

cne

+ . :
0, T =2 state in 24Al does not, however, complete the quintet

because an accurate mass for 245i has not yet been determined.

. 3, +2 . . .
Again beams of 70 MeV “He ions of intensity 3-5 A were used to

24.. . 24 3 . -
produce Si via the Mg (“He,3n) reaction. The three-target
multiple capillary system (see Chapter III) was used in conjunction
with three, 1.2 mg/cm2 Mg targets to optimize the yield of the low
. . 24 .

cross scection and short-lived S1.

The mass separated ion beams of interest were implanted on a

2 ; . i ..
~50 ;ig/cm” carbon foil which replaced the thick aluminized polycar-
bonate collection foils used in the 20Mg experiments. The remainder
of the telescope geometry remained identical with the minimal obscrv-
able energy being approximately 1.5 MeV, even though the detection
efficiency decreased for protons of energy less tham ~3.0 MeV.
. 24 . L
Since Si also has J" = O+ and T = 2, it is expected to
Lt + .
undergo superallowed 2 decay to the 0 (T = 2) analog state in
2441 in addition to strong allowed transitions to lower-lying 1t
states, predicted by shell model calculations (Ro 73). The quadratic
IMME prediction and rhe proton binding energy In 24Al lead one to
cxpect ~3.9 MeV laboratory energy for the proton transition from the
23

analog state to the ground state of “"Mg. Calibration of the

detector telescope was accomplished by detecting the well-known
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beta-delayed proton cmitter 5Si (Se 73b), produced in much higher

yield in the ZAMg (3He,2n) reaction.

A proton spectrum arising from the decay of 220 ms “7Si 1s shown
in Fig. 4-4(b); the sroups at 4089:2 keV and 5403:2 keV provided con-
venient calibration points. These calibration energies were derived
foom the most recent value of the excitation energy of the lowest
T = 3/2 state in 25A1 (Ro 77c¢). FEvents in the shaded areas in both
spactra are duc to the simultaneous detection of a proton and its
preceding positron in this large solid angle telescope.

The proton spectrum arising from the decay of Si after bom-
bardment for 560 mC is shown in Fig. 4-4(a). Only one peak is evident
in the spectrum; it occurs at a laboratory energy of 3.9214°*0.009 MeV.
Possibie lower energy groups arising from positron decay to 1"
states were not observed, a result partly due to the low detection
efficiency of the detector telescope below 3.0 MeV. The background
appears to arise [rom {(n,p) reactions on silicon in the E detector
which pass through the AE detector. “The particle identification
spectrum 1or these cnevents covers a range encompassing low energy
ealectrons {or positrous) and high encrgy protons making complete
elimination of such events impossible. A half-life of IOszgms
was estimated for the observed peak by comparing the 2['Si focal

. . - 20 . 24 -
plane yield to the yields of “"Na (tl/2 = 446 ms), Al (2.07s),
2bmy g (129 ms), and gy (220 wms). Relative cross sections for
{l.osr nuclldes were estimated by using the OVERLAID ALICE code (Bl 76)
s weil an by the experimental cross section values for the

. 21, - 2
wem My case.  The observed cross section for 'S was
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~2 b compared with 150 uwb for 25Si (Es 71). The weak beta-delayed

alpha-particle emitter 2441 (Ho 79 and En 73) also served as a very
convenient monitor during the 2451 experiment. A spectrum of these
delayed alpha-particles is shown in Fig. 4-5. It should be noted that
the peak attributed to the decay of 243i can not arise from the
possible beta-delayed proton decay of 24A1 or 24mAl’ since the
maxlmum available proton energies in these latter decays are 2.1 and
2.4 MeV, respectively.

The proposed decay scheme for 243i is shown in Fig. 4-6, in
which the 3.914 MeV proton group is attributed to the isospin-

forbidden proton decay of the lowest O+, T = 2 state in 24Al.

24Al state has a calculat-

Since the superallowed transition to this
ed log ft of 3.18, allowed beta decay to other states near this
excitation energy of 5.955 MeV would lead to considerably lower inten-
sities in the proton spectrum. Taking the center of mass proton

23

energy together with the “"Mg mass excess (Wa 77), one obtains a

mass excess of 5.903:0.009 MeV for the O+(T = 2) analog state in

24 . .24

Al. Since fhe 51 ground state mass has not yet been measured,

a mass excess of 10.75:0.(16 Mev was predicted using the quadratic

IMME. The decay energy and estimated half-life combined with the
. . . +6

calculated log ft-value yield a branching ratio of 7_42f0r the

super—allowed beta transition.

C. IMME Comparisons

These mass measurements represent different degrees of tests for

the isobaric multiplet mass equation since the mass 20 quintet is now

‘olote bt the mass 24 quintet still lacks t»e mass of 24Si. The

I's
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mass values for all of the mass twenty isospin quintet are given in
Table 4-1 (Bl 67, Ku 67, Ad 69, and Mi 76). When these are used to
test the IMME whose coefficients also appear in Table 4~1, an excel-
lent fit (normalized x2 0.98) is obtained by using only the
quadratic form, reflecting the insignificance of charge dependent
mixing in the mass twenty i .ltiplet. This contrasts with the results
from the only other complete quintet (A=8) which clearly indicates a
non-guadratic form for the IMME (Ro 75, Ro 76, and Tr 76a). This
deviation has been discussed . terms of the strong Coulomb repulsion
associated with the particle—u .ound members in this quintet, in addi-
tion to the effect of isospin mixing in the TZ = 0 member of this
muitipiet (Ro 75 and Ro 76). On the other hand, in the A = 20
guiutet, all members aré stable toward isospin-aliowed particie
decay. As noted in Section Il, major isospin mixing would be expected
to show up in the e-coefficient; however, any observation of a non-—
zero quartic term would require much more accurate measurements of che
masses of most of the members in the multiplet. These results on the
mass twenty quintet with its narrow states, then, are in accord with
all but one of the numerous measurements on Isospin quartets (Be 79)
in showing excellent agreement with the simple quadratic mass equatiom
and no evidence for substantial charge dependent ~ffects.

The A = 24 isospin quintet is not complete since the ground state
mass of 24Si has not yet been measured. The experimental mass
values for the four known members of this quintet are given in
Table 4-2 (St 63, Ri 67, Os 78, and Mc 78). 1In addition, calculations

with a cubic form for this mass equation are preseated. Both sets of
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Table 4-1. Properties of the A=20 isobaric quintet and coefficients of

the IMMEZ.
Nuc leus TZ Mass Excess M Ex Reference
(MeV) (MeV)

2051y -2 17.57 (3) 0.0 (Tr 76b)

204a -1 13.42 (5) 6.57 (5) this work

20%e 0 9.6908 (23) 16.7325 (23) (Bl 67, Ku 67
Ad 69)

20 1 6.503 (3) 6.519 (3) (Mi 76)

20, 2 3.799 (8) 0.0 (Wa 77)

Prodicted coefficients (MeV) for the IMMES: M (TZ)=a+bTZ+cT§+dT%eTi

2
a b c d e X
9.0917 (22) -3.4372 (51) 0.2466 (33) 0 0 .98
9.6909 (23) -3.4347 (56) 0.2489 (39) 0.0022 (20) 0 .71
9.6908 (23) -3.4440 (74) 0.2588 (101) 0 ~-0.0025 (19) .33

9.6908 (23) -=3.463 (34) 0.278 (34) 0.005 {(3) -0.007 (9) -

a . . .
)Tne numbers in parentheses for the masses and the mass equation

coeificicnts represent the uncertainties in the least significant

IS
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Table 4-2 Properties of the A=24 isobaric quintet and coefficients of

the IMME.
Nucleus TZ Mass Excess Ex Roference
M (MeV) (MeV)
2hgg -2 10.750 (16) o DMME-Prediction
(quadratic)
2441 -1 5.903 (9) 5.955 (i0) This work
by 0 1.5016 (16)  15.432 (2) (Ri 67, Os 78, Mc 75)%
25a I -2.4473 (12) 5.9702 (9) (st 73)
2hxe 2 -5.949 (10) 0 (va 77)

Predicted coefficients for the IMME: M = a+bT,+cT2+dT3

a b c d v 2
1.5018 (15) -4.1742 (37) 0.2250 (34) - 0.13
1.5016 (16) -4.1743 (37) 0.2263 (48) -0.0009 (25) -

“The quoted value is the weighted mean of the results given in the
references.
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IMME coefficients show clearly the insignificance of the cubic term.
The value of a possible d-coefficient, -0.9%2.5 keV, is consistent
with zero, rellecting the absence of higher order charge dependent
cfrects. The small X2 = 0.13 arises becuuse all of the & = 24
masscs lie on the came line. (A more complete description of the
error analysis may be found in Appendix D). This result is in good
agreement with representative 4n+l quartet and all 4n quintet data
except mass 8 as noted earlier.

A comparison of some of the IMME d-coefficients in which four or
more mempbers of an isospin multiplet are known for both the A = 4n
quintet scries and the A = 4n+l quartet series is made in Table 4-3.
Only the mass 8 and mass 9 systems exhibit substantial deviations;
tuese have already been described by Coulomb repulsion associated with
pavticle unbound members nd Isospin mixing effects. Figure 4-7 is a
pnrapaical representatrion of the d and e coefficients for isospin
quintets with four or more known members.

Since isospin quintets with A = 24, 32, and 36 now have four known
membors cach, accurate measurements of the fifth members of the
muitiplets, although a difficult experimental task, would clearly be

{ substantial value. Accurate half-lives of all of these TZ = =2
nuzlei would also be useful to furthe:r check the absolute log ft
values associated with these 07 - O+, T = 2 pure Fermi decays.

Current statistics are wholly inadequate for this purpose, though, and
ol cither very long experiments or substantial RAMA

increases.
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Table 4-3. Comparison of IMME d-coefficients for some A=4n+l ancd A=4n

Nuclei.
T, = -3/2 Nuclei IMME - d-coefficient Reference
9¢c 5.8:1.6 (Ka 75)
13g -0.542.3 (Ke 78, Ha 71)
17Ne 4,845.6 (Ke 78, Es 70)
Zlyg 3.5 (Se 73a)
2553 2,3 (Se 73b)

T, = -2 Nuclet

Z,

8¢c # 5.6+2.2 (Ro 75, Ro 76, Tr 76a)
12¢ #= 011 (Ke 78)

16 e 8+5 (Ke 78)

20pmg -2.2%2.0 This w~rk
2hgi *M -0.9%2.5 This work
32pr "M 0.5%2.5 (Ha 77b)
36¢cq * -1.611.8 (Tr 77)

# < Unbound member
% = Incomplete quintet

M > Unmeasured mass of T, = -2 member of multiplet
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Fig. 4-7. OGraphical representation of IMME d and e coefficients for both
completed isospin quintets (light circles) and for isospin

quintets where only four members are considered (dark circles).
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V. CONCLUSIONS

It has beei; demonstrated that RAMA is generally chemically
universal. Ii the ion source temperature is significantly above the
melting point to eliminate vacuum pumping of the species of interest,
the efficiency for most of the elements is approximately constant
except for the alkali metals; the higher efficiency for these metals
can probably be explained by the easy surface ionizatlion of these
species., Table 5-1 lists the elements observed on the RAMA focal
plane as activity. This list shows the great versatility of RAMA but
is by no means exhaustive. Present ion source techniques should
permit observation of ~75 of the known eclements. Small improvements
in ion source technology should expand thi: capability to include 90
of the known elements.

Detection of the beta-delayed protons from the decays of two
members of the A=4n, TZ = -2 series, ZOMg and ?ASi, establish
RAMA as an effective instrument for studying activities with observ-
able cross-sections of 1 pyb and half-lives of 100 ms. This cross
section limit is only for experiments involving discrete energy
charged particle decay, whereas gamma or beta experiments with current
efficiencies would require production cross-sectlions of ~500 ;ib.

Measurements of the masses of the lowest T=2 (O+) states in both
0 24 ; . . . .

Na and = Al constitute major tests of the isobaric multiplet

mass equation. These results are consistent with the quadratic form
of the IMME and indicate that completion of the mass 24 quintet (which

24, . .
lacks the mass of " 'Si} and the mass 36 quintet (which lacks the

+ .
0" (T=2) state in 36K) would be quite useful, since these two
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Table 5~1. List of Radiocactivities Extracted from the RAMA Ion Source.

i. Na' 1. 1t
2. Mg' 12. Cs
3. sit 13. Ba"
4. a1t l4. Th'
5. P 15. py©
6. & 16. Ho'
7. In” 17. Exr’
3 Sn+ 18. Tm
y. sbT 19. Yb'
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quintets should be easily completed (based on target considerations).
Observation of the decay of 36Ca would also serve as a necessary
prelude to the possible discovery of the first particle stable

Tz = -5/2 nuclide, 35Ca. Present statistics on the decays of the
A=4n, Tz = -2 nuclides are insufficient to permit comparisons of
absolute log ft values as outlined in Section II. This information

would clearly be valuable in further clarifying ‘Cabbibo universality

in its relation to high energy physics.
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Appendix A. RAMA Helium-Jet Additional Information

The helium~ et technique has been discussed extensively in Section
111 in terms of what techniques have been found to work well on RAMA.
In this appendix, a few additional tips will be tiven on the 'black
magic" necessary for succesaful transport of radiocactivity.

To maintain high levels of cluster formation, high beam currents
are necessary. With heavy ion beams this creates a formidable problem
because of excessive energy losses in the entrance and exit foils.
This problem was overcome by using cold nitrogen gas as a window
coolant. The nitrogen flow must be directed on the center of the foil
to insure that the foils will not overheat when the beam is trebled,
the nominal increase over uncooled windows. Cooling the foils has a
secondary benefit; it reduces the ethylene glycol concentration which
effectively increases the cluster size. The condensation of ethylene
glycol on all of the target box surfaces often causes additional
cthylene glycol to be released into the system when the target box
warms. & ‘éareful monitoring of the gas temperature insures that this
problem does not arise with great frequency. This condensation of
ethylenc glycol occurs on all interlor surfaces, and thus makes
conversion to another additive difficult on a short timescale. This
contamination problem 1s especially important when an attempt is made
to use sodium chloride aerosols. The sodium chloride crystals mix
with ethylene glycol droplets which may clog the capillary system.

Acetone wili Jiush the c¢htylene glycol from the capillary tube, but

water is necessary to dissolve any salt deposits.
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1t is imperative to monitor not only the targel box temperatures,
but also the operating conditions (vapor pressure, etc.) for any
additive. The right set of conditions for one element may be totally
different for another element, The target-projectile combination must
also be considered as regards target melting poiat and projectile
energy loss in traversing various target box components. The changing
energy losses do not allow for easy quantization of the conditions
necessary for the formation of clusters, even though a minimum
quaintity of projectile energy loss in the helium is necessary for
eificient transport.

Transport of products exhibiting charged particle decays are
monitored with an annular counter which concentrically observes the
skimmer, Other pure 2-y cmitters are monitored by observing spot
sizues on an interceptor foil. This monitoring becoumes especially

important for very low count-rate experiments.
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Appendix B. RAMA Ion-Source-Additional Information

Some properties of the early Sidenius hollow-cathode ion source
used in the RAMA system were discussed in Section ITI. Since many:
particular nuances of common lon sourcery have not been explained nor
have they been promulgated in regards to the RAMA system, furthe. com-—
ments will be directed toward the new shortened version of the ion
source since the old system is no longer in use.

Initially the problem of ion source temperature will be address-
ed. In first order the operating temperature is controlled by the
construction material of the surroundings and the filament material.
The latter choice is important to control electron emission. Use of
molybdenum cathode tubes with copper cathode contacts gives a cold ion
source (~13000C internal temperature). 4 stable plasma at this low

Lemperature 1s possible only with 0.50 mm tungsten filaments. Elec~

Lron emission from largzr diameter tungsten filaments becomes compar—
abie only at elevated temperatures. One method of achieving higher
temperatures 1s by using larger f{ilaments operated at higher powers.
A scecond method for raising the operating temperature is by changing
the cathode tubes and contacts to tantalum and steel or stainless
steel, respectively. Changes to tungsten and graphite ion source
pieces should make 1t possible to further increase the operating
temperature,
A common problem with ion source operation is improper assembly.

LL 15 imperative Lhat the ion source be cleaned (preferably sand-

asten wn occasion) thoroughly, especially evaporated metals (e.g.,

molybdenum from the outer cathode tube to the anode slecve (see


http://Lh.it
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Fig. 3-13)). Such rigorous cleaning is necessary to reduce incidences
of arc-shorting characterized by the arc power being dissipated by the
series glow-coils. The 4.5-6 turns of the filament must be kept
cylindrically symmetric to avoid filament shorts. Some compression on
the filament is necessary to insure good electrical contact. The
boron nitride ancde cap insulator must fit tightly without cracking to
exte, u arc lifetimes. This s especially important because boron
nitride is isoelectronic to carbon and heating for extended periods to
temperatures in excess of 2000°C causes a slow transition to a con-
ducting form of boron nitride, shorting the arc. It is hoped that
converting to magnesium oxide in#ulators will eleminate this problem.
Typical operating conditions for the ion source are filai ¢
powers of 300-4%0 VA and arc powers of 400x50 Watts where the latter is
characterized by an arc potential of ~230 volts. For a given arc
support gas flow, the arc current may be increased by incresing the
filament power. 1f the filament current is too high, however, the
inducud soleroidal magnetic fieid reduces the iom current output.
tnitial heating of the ion source must be slow to avoid filament
breakage from thermal shock. A typical warmup time of 15 m achieves
the internal operating temperature of ~2200°¢ with very stable
plasma conditions. These conditions are generally sufficient to
ionize many of the elements as noted in Figure B. It should be noted
that even though guenerally a stable arc voltage and current indicate a
stabie plasma, this is not always the case. These plasma instabili-

ties manifest themselves as oscillations in the extraction voltage



108

(~50~100 Volts out of 18 kV) and may be cured by a small increase in
either the filament power or feed gas flow.

Calibration of RAMA and monitoring of the plasma conditions 1is
accomplished with the channeltron electron multiplier (CEM) mentioned
in Section IILI. Since the éEM is designed for rates varying from 100
Hz to 50 KHz, large beam currents (~1::A) easily saturate the CEM.

Beam levels measured at known high current masses (16,18,28) should be
ignored on a relative basis and probably should be avoided entirely.
Lisht mass calibracions are most easily accomplished at masses 20
(20N0+ and QOAr+2) and mass 40 (AOAr+) while the large

number of tin isotopes (see Fig. 3-15) provide convenient medium-heavy
mass calibrants. The tin is introduced as the non-volatile liquid
tetractayt tin (BD = 181°%¢) via the arc support gas. Tetraethyl tin
is cowmercially available from Alpha Ventron Corp. or may be easily

synthestzed by the foilowing reaction sequence:

e ether . . .
LynBDL+Mg LZHSMgBr (B-1)

cther

SnClQ(Anhydrons)+& CZHSMgBr Sn(C2H5)4. (B-2)

The use of such low vapor pressure additives provide convenlent mass

caiibrations without changing the plasma conditions.



Fipure Captions

Fig. B. List of the first one hundred elements with their melting and
boiling points and the type of ilon source necessary ior

cfficient throughput.
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] = Gas or 1liquid HEl - Cold (50-1000C)
[T = #warm (1000-1500C) [ = Hot (1500-1900C)
(] = very llot (1900-2300C) [ = Special Hot EHource only (>23000)

ELEMENT Z MP(C) BP(C) TYPE OF ION SOURCE
Hydrogen 1 -259 -252
Helium 2 -272 -268
Lithium 3 179 1317 .
Beryllium 4 1278 2970 3
Boren 5 2300 2550(s) 3
Carbon G 3550 4827 —
N1irojien 7 -210 -196
Oxvizen 8 -218 -183 =3
Fluarine ) -220 -188 | |
Noon 10 -249 -246 3
Sodiun 11 as 892
Mapnesium 12 €51 1107 . ]
Aluminum 13 GG 2167 —
Siiieon 14 1410 2350 —
Phosphorus 15 14 289 o]
Sutphur 16 115 444
Chilorine 17 -101 -35
Argron 18 -189 -186 [N
Totassivm 19 64 774
Cadeine 20 846 1487 —
Sceandium 21 1539 2727 I
Trianium 22 1675 3260 [ —
Vanadium 23 1890 3000 —
Chromium 24 1890 2482 —
dansanese 25 1244 2007 3
Iron 26 1535 3000 [—
oo 27 1495 2000 I
N 28 1453 2732 |

TR 29 1083 2595 [~
vinn 3n 119 67 o]




Gallium
Germanium
Arsenic
Sclenium
Bromine
Krypton
Rubidium
Strontium
Yttrium
Ziirconium
Niobium
Molybdenum
Technetium
Ruthenium
Rhodium
Palladium
Silver
Cadmium
Indium

Tin
Antimony
Tellurium
Todine
acnon
Cesium
Parium
ranthanum
Cerium
Prascodymium
Neodymium
Promethium
Samarium
Furopium
Gadolinium
Terbium
Dysprosium
Hotmiam

FErbium

Fig. B

31
32
33
341
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
ol
52
53
51
55
56
57
58
50
GO
61
62
63
64
G5
66
67
G8

111

30
937
613(3)
217

-7

-157

39
769
1195
1852
2468
2610
2200
2250
1966
1552

961

321

157

222

G30

450

114
-112

29

725

920

795

935
1024
1035
1072

826
1312
1356
1407
1461
1497

2403
2830
6G13(S)
685
59
-152
688
1384
2927
3578
4027

3900
3727
2027
2212

763
2000
2270
13890

a9n

181
-107

690
1140
3469
3463
3127
3027
2730
1900
1439
3000
2800
2G0n
2600
2900

i
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Thulium
Ytterbium
Lutetium
Hafnium
Tantalum
Tungsten
Rhenium
Osmium
Iridium
Platinum
Gold
Mercury
Thallium
Lead
Bismuth
Polonium
Astatine
Radon
Francium
Radium
Actinium
Thorium
Protactinium
Uranium
Neptunium
Plutonium
Amerieium
Curium
Boerac!ium
datifornium
finsteinium

Yermiam

rig., B.

a6
97
08
09
100

112

1545
824
1652
2150
2996
3410
3180
3000
2410
17G9
1063
-39
304
323
271

254

-71

700
1050
1700
1230
1132

6540

G40

>BH0
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Appendix €. Sample RAMA Calculations

In this appendix, a series of sample calculations are given. No
beam transport equations are illustrated because they are adequately
covered in many standard texts (see, for instance, (He 74)).

Wien Filter
As a charged particle passes through the Wien filter, it experi-

ences a net force F such that

2
F = E%— = gqv x B+ qF, (c-1)

and since the magnetic force and the electric force oppose one

another, Equation (C-1) may be rewritten as

1 - qVB =~ Qg _
x * (c-2)
mv
where B 1s the magnetic field, ¢ 1is the electric fieid, v is the

velocity of the particle with charge q and mass m, and R 1s the radius
of curvature for the emerging particle. Expressing R in terms of the

length of the Wien filter and the angle of divergence ) gives

1 sin O
1o (6-3)

which when substituted into equation (C-2) along with the enecrgy E of

the particle gives
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sin O _ vB-g¢
— = C-4
L " 2E ( )
or
‘0 0
£ =y3 - 2EsmY (c-5)
L
Under norma! operating conditions = 0° and Equation (C-5)

reduces to

€ = vB = 2E B, (Cc-6)
m

the form quoted in Section III.

Scaling of optics devices with mass and energy

The electrostatic quadrupole triplet and the vertical deflection

plates operate mass independently while the magnetic elements scale as

\ L

m
cal

for example the dipole magnet field for mass 40 scales from the mass

20 calibration numbers as

40 ey
y — Y- v -
Y40 T V20 V7o T 20 NVE MHz (c-7)

where v is the NMR frequency in MHz which is related to the magnetic
field by the constant 234.875 ,gauss/MHz (only for a hydrogen water

»¢obe).  As wentioned in Section IIL, the electrostatic elements scale
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lirearly with energy EZ/EI and the magnetic elements scale as

. 1/2
(hz/El) .

Calculation of the resolution

The resolution of the system may be determined by measuring the

width of a mass peak on the focal plane. It is given by the relation

D
Res = — (c-8)
2w
where D 15 the measured dispersion of 1.64 m.
Calculation of the distance between two masses
The distance (AS) between two adjacent masses 1s given by
Av
= - (c-9)
v
where v = 1/2 + Ay = - !, The dis 51
ere v / (vm vmtl) and Ay m " Vel The dispersion
was originally determined by measuring the frequency difference . for

a mass m at two points on the RAMA focal plane separated by a known

distance AS.
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Appeundix D. Error Analysis

Two standard error analysis methods have been developed to exhibit
. . 2
the goodness of a least squares polynomial fit, the ¥y~ - and the
F- tests (Be 69b). The XZ test consists of calculating XZ from

the definition

;.\'2 =z z %f[yi—y(xiﬂz (D-1)

1

where the y(xj) are the calculated values and the y, are the
\ 2 . .
measured values. The ¢ are the variances for each point con-
. . . . . 1 . . 2
siderad 1n the fit. Multiplying by = gives the normalized y
N
. 2 5

per degree of freedom. The normalized Y~ would approach one for a
perfect fit. This situation arises n the quadratic fit to tho mass
20 isospin quintet data.

. 2 . .

The ¥ test is somewhat ambiguous unless the form of the parent
- . . N N 2
function 1s known because the statistic ¥ measures not only the
discrepancy between the estimated function and the parent function,
but also the deviations between the data and the parent function
simuitancously. One such ambiguity may be seen in equation (D-1) by
examining the case where the data points coincide exactly with the
calcuiated function. The numerator is so small that reduction of the

. A . 2
var‘ance (or standard deviations) has little or effect on the ¥
va.ue. The mass 24 isospin quintet data presents such a case. To

check for the goodness of fit, the F-test is employed.
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The mathematical rigcrs of the F-test are given by Bevington
(Be 69b) and will not be detailed here. The form of the F~test of

interest here is the testing of an additional term. If we obtaia two

xz distributions for (n) and (n+l) terms, then

]

(D-2)

>
=

l"

N

x X

represents a measure of how much the additional term has improved the

value of the reduced chi-square. F‘ should be small if the fit has

not been improved significantly by adding the extra term. In the case
- .. 2 .
of the mass 24 data, addition of the cTZ term gives a large Fx

. - . 3 4 .
value while addition of either the dTZ or eTZ terms gives a

2%

very samall Fx value (if we assume a value for the mass of Si).
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