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techniques. Contamination problems>on1y permitted determining a ground
state cross section upper limit of SOInb/sr;

A simple mass relétion is derived, Similaf in approach to the Garvey-
Kelson method but taking more explicit account of shell effects. Compari-
son is made wifh the Garvey-Keléon relation, and predictions of masses and
of the stability of neutron-excess light nuciei aré giVen for both methods.
The modified mass relation is shown to often bettef'acﬁount fbr.highly
neutron-e&cess nuclei, including the values reported here for 25Ne and

43,45,46}\:.
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~ MASS MEASUREMENTS OF HIGHLY NEUTRON-EXCESS
NUCLET IN THE LIGHT ELEMENTS

Kenneth Hugh Wilcox

Lawrence Berkeley Laboratory .-
University of California =
Berkeley, California 94720 .

ABSTRACT
The 26Mg(7L'1,8B)25Ne reaction at 78.9 MeV was-usedvto measure the

25Ne (-2.18 + 0.10 MeV) and several 1owi1ying excited

Bar (31, 98 + 0.07 MeV), *Ar (-29.727 + 0.06

mass-excess of

states. Mass-excesses for
46

MeV), .and ~“CAr (-29.732 £ 0.07 MeV) were determined'from the
48Ca(a, Be)43 45Ar reactions at 77.7 MeV and the 4 Ca(6Li,8B)46Ar reac-
' 43 45

fion at 80.1 MeV. Several excited states of Ar and ‘Ar were observed.
These and the eXéited states of 25Ne are compared wlth theoretlcaJApre—
dictions.” Ground state differential cross sections éré'given'for all reac-
tioné, rangiﬁg from 0.1 to 1 ub/sr at forward ang1e§.v;Upper limits of about
1 to 25 ﬁb/ér were deterﬁined for the ground state cfbsé sections of the
.reactions 48 Ca(a ,8 ,10,11 )44 »42 41Cl and 48Ca( ,10 13C)42 398 at 110 MeV.

Recoil c01nc1dence techniques were used to measure the mass-excess
8,10

of the partiélé-unbound nucleus 10Li(33 83 0 25 MeV) by the Be( Be, B) L1

reaction at 121 MeV; the ground state cross sectlon was 30 nb/sr. The

14C(gBe B) B reactlon at 120 MeV was also 1nvest1gated using coincidence
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I. INTRODUCTION

Mass measurements of nuclei far from‘the region of R-stability are
interesting for several reasons. Most of these reasons can ultimately be -
reduced to a desire for basic knowledge about nuclear structure and forces.
A.pr1nc1pa1 empha51s here will be on the measurement of unknown masses as
a means of testing various mass prediction schemes; and thusvtheir under-
'lying models. Thereis a substantial divergence in.the predictions of some
models as we move to increasingly-large neutron excess:in the light elements.
One such important prediction is the onset of particle instability of
‘nuclei. | ' | | |

Valuable spectroscopic information may sometimes also be obtained
1n experiments produc1ng nuclei far from stability. - Due to the nature of
these experiments spins and parities of levels are hard to measure. Cer-
tain 1nformation about the location and spacing of levels may nevertheless
be acquired. VSince_calculated level spacings have a high degree of sensi-
tivity to the nature.of the two-body interaction used, knowledge of the
two-body interaction may be thereby gained:> | |

Until about four years ago, no masses were knownhfor TZ = (N;Z)VZ
. 25/2 nuclei through Z = 15. Since then ground state'maSSes in this region
have been determined for the T = 5/2 nuclei 115 ana 2o through

as well as for the more?highly neutron-rich nuclei 22O ang 28732

Na.

(Masses and references are given for all these nuclei in Table I, Sect. II)

This has already made it possible to show that a 51mple modified shell -
model mass fbrmula can predict the masses of.these T 5/2 nuclei signif-

_ 1cantly better than the widely- used Garvey-Kelson formalism. The modified

model also accounts better for the heavy argon 1sotopes43 45 46Ar,



reported here. A discussion of the model appears{invSection II..
Level schemes are known for even fewer highly neutron-excess nuclei with
.Zﬁéls.: Té=;2‘nuc1ei with several excited states_known'are 200, 24Ne, 28Mg,
and 32Si(summarized and treated theoretically in ref. 1). Only two
Tz>=5/2’nuc1ei”fit this category: ZSNe(féf. 2 and,thiévwork) and ngg
(ref. 3). Abéﬁe.z = 15, level schemes are known fbr:all Tz = 5/2 nuclei and
mény of highér néutron excess. The principal reasOn“for the paucity of
level data iﬁ the lighter-mass regioﬁ 1s that most Qf fhe limited number
of techniques afailable to produce nuclei in this regidh can not be used to -
measure excitéd.states. o _ _
The techﬁique employed in this work, describedbhn Section III is in-
beam particle identification using solid state detécto%s."One important
advantage is the ability to measure excited states in th¢ product nuclei.
Multiparticle transfer reactions must be used tQIﬁioduce‘nuclei far
from B-stabilify; due to the lack of stablevtarge; materials close to the
nuclei of intefest. Usually this requires heavy ion’(nqglei heavier than
o particles) beamé'and exit particles. Assbciated wiih;heavy ion experi-
ments is a-whplé éet of'characteristic experimental difficulties, notable
among thém beiﬁg iowvbeam intensities, high angular mbméntum transférs, and
relatively_ponf enéféy and mass'resélution. Multiparticle transfer reactions
tend to involvehsuch additional difficulties as low'érOSS»sections, highly
‘negative KQ'Valués,'and severe target contamination problems. Experimental
‘considerations §u¢ﬁ as these are discussed in Section{IiI.
Many of the éXperiments presented in this work involved the detection
of 8B exit particles. 8B is a particularly suitable heavy ion for particle

7

identification due to a number of reasons. Both B and 9B are particle-

'
< &}
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unbound, S0 8B should be well separated from neighboring reaction products
despite the spréading effect of Landau fluctuations in their energy loss.
8B has no pafti¢1e—bound:excited,states to complicate interpretation of
energy spectra dr to overlap with higher levels in}the residual nucleus.
And; finally, 8B is the 1ightest'particlé-bound, TZ é_-l nucleus, permit-
ting large ATZ'transfers and thus prodﬁction of nuclei;With large neutron
excess. : |

The éxperimental fesUlts are presented in Section IV. Measured mass-
excesses andilevel schemes are cdmpared with theory in”Section V.
I1. THEORY | | |

A.‘ The Calculation of Nuclear Masses

“Calculating nuclear masses directly from fundamental principies is

| not generally practical at présent. No_eXact theofy for the finite many-body

problem and nuCléon-nucleOh interaction exists. Soﬁé.éuccesses have been obtained
| by making assumptions based on an independentFpartiélé description of the
nucleus. The excellent results of thé shell model.caléﬁlations.of Cohen
and Kurath4 in the 1p shell are just such a case. HdWéver, these methqu
generally have a very restricted région of applicabilit&i In particular,

for nuclei faf_from the valley of B-stability either the necessary two-
body matrix eleménts-are unknown or the number of cdnfigﬁrations involved '

is too large for the caiculation to be realistic.5 éQnsequently; no
general expression for nuclear masses has been genefafed in this fashion.

| We must therefore adopt a less fundamental "view. A nuclear model is
used to determine the form of the functional dependence of mass on various
nuclear parameteigg Coefficients are then adjusted freely by fitting the

equation to the experimental data. The resulting equation is known as a
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semiempirical mass equation. Of course, some care must be exercised in

using such avproéedure. In order that local trends in experimental data,

- or even erreneous data, do not cause extrapolation efrors, it is important
to check whether the coefficients so determined seeﬁ7te contradict the
modelvor generally accepted notions of the nucleus.6

A someWhatvdifferent approach is also possible;’ Although nuclear
masses can'net'usually be'reliably calculated difectly; the differences
‘between closeiy adjacent masses may perhaps be undereteod from general |

physical considerations. The resulting expression' is often referred to

as a mass relatien to distinguish it from a mass eqﬁétion, which attempts to
calculate massesfdirectly. Mass relations are the'mere reliable of

the two approaches. A less global approach is.taken;;and the most

relevant known masses are used in predicting the desiredxum:lear masses.

i

B. Semiempirical Mass Methods

_ Three semiempirical approaches givenrthe widest.attention in recent
yeafs will be mentionedvhere. " They are the liquid.drep picture of the
 nucleus, the eheli mddel, and various npclidic masS'relé;ions emploYing
mass difference equations. Since the methods of maﬁf authors contain
‘elements from mefe than one of these descriptions (the”medels are not un-
related), their_éiassification into medels is to some ektent artificial
and nonunique. va | »

Liquid drop?é-AI the center of the liquid drop.ﬁodel (and its more
realistic generélization, the droplet model) is a'deseription of the nu-
cleus as a maefoscopic, incompressible nuclear liquid.drbp. Although
this model leads;to a smooth behavior fof the nuclear mass surface, a

number ofvrapid-deviatione or oscillations are experimentally observed.
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Single-particle effects are responsible for these fluétuations, which ariée
because the single-particle levels in the nucleus Are not smoothly distrib-
uted. The most important of these deviations is dﬁe to shell effects;
the next most>important is associated with nuclear'paifing.7

To account for these effects, a method often réferfed to as the
shell—correCtioﬁ approach has evolved.8 It is a macroscopic-microscopic

1 14 the smoothly-varying

synthesis 1argeiy developed by Strutinsky.
1iquid drop terms are appended, in somewhat érbitréry fashion, nuclear
pairing and shell effect terms. |

Many inVestigations have been made using the'correéted liquid drop
modei (LDM) to'ﬁredict masses. They differ in the methods used to deter-
mine the sheli‘and pairing correction terms (see ref. 12 for a discussion
of several mefhddS) and in the possible inclusion of additional, higher- |
order correctidns!t Comparisons of some of the more’sﬁCcessful of these
attempts, among themselves as well as with other typés of models, are

given, for example, by the papers'of Wingls’14

and Comay gg_glf.lz

The best fits to the eXperimental data tend tovhaVe é mean deviation -
of several hundred keV to 1 MeV. In the light nuclei, up through the
2s1d shell, fits are significantly worse, since singlé—particle effects
become very large. Overall results of the LDM in this région'of masses
are not as good as those obtained with some other models, such as thev
semiempirical Shell model and nuclidic mass relations. While much light
can be shed oﬁvhuclear structure by the LDM, it does not at present appear

to be the best tool for predicting masses of unknown -nuclei in the light

elements, our primary concern here.

Semiempirical shell model— The shell model is ah independent-particle



model. In'tnie model the sum of all the nuclear interactions is assumed
to create avpotential well within which each particle noves freely. Their
energies and wave‘functions are‘found by solving the corresponding one-

‘ partlcle problem with the potentlal determined on an. empirical basis.

| The best known attempt to calculate masses based on a semiempirical
shell model (and one of still very few such attempts) is the work by

Zeldes et alb 6 »15,16

They assumed that the reSidual:interaction varies
linearly w1th_the number of particles in the valenoe.shell. Configuration
interactionsan'iong subshells were included, thus all‘owing for deformation
energy. An eqnafion'of the many-parameter type reenlte_(parameters num-
bered in the hundreds), compared to the few-parameter (parameters numbered
in the tené)‘liquid drop equationa For nuclei beyond . the 1p shell, a

fit to known masses ‘gave a mean dev1at10n6 of 170 keV (although 51gn1f-
1cant1y'worse deviations occurred in the light nuclel), ‘much better than
any LDM fit has been able to produce; Much of the impfovement, however,

| should be ascfibed to the increased number of parametere;

Recently'the model has been extended17 to account’for new experimental
~ evidence. Lowest sen1or1ty (strong palrlng) requ1rements have been re-
laxed, and conf1gurat1on mixing among major shells has been allowed, among
other changes; The mean deviation of fit is comparable to that previously
found'and to thevéarvey-Kelson relations (describedvbeloW). However,
remedy has been at'least partially obtained for Several_previous deficiencies,
including strong discontinuities at shell boundaries, a'failure to pre-
serve magic numbers far from stability, and a systematic‘deviation from
several nuclei dlscovered in the interim. .

Predlctlons by this model in the light elements are not nearly as




successful as in the heavier elements. Strong charge-dependent nuclear
terms in the masé equation may be responsible.18 It is thus not clear
whether continued refinement will ever permit this particular model to be
very useful inithis mass region. |

General nuclidic mass relations — A well—knownigeneral nuclear mass
18,19

relation is'thg_Garvey—Kelson (GK) formalism, whiéh is also based
on an‘indepéndenf;particle model. A key assumption is,that single-particle
wave functions'aﬁd residual interactions are only slowiy—varying functions
of atomic number. Each single-particle level is four-fold degenerate
with respect to isospin conjugation and time reveréal, corresponding to
two protons and two neutrons in each level. o

_'Equations consisting of sums and differences of closely-neighboring
nuclei are constructed in such a way that all two-body interactions (mn,

np, and pp) cancel in the limit of slowiy—varying pbtéhtials. This can

be accomplished for all nuclei having N>Z except N=Z=odd. In their

‘general form,the equations may be expressed as recursion relations. Two

such independent general relations have been formulated, the transverse
and longitudinal equations. It has been shown18 that the equations are

consistent with several existing independent-particie'mddels. This rela-

. tively high degreé of model independence, stemming from the dearth of

assumptions; apparently accounts5 for the high degree'éf accuracy with
which the GK apprbéch reproduces the experimental data.{Further discussion
of this-topic_wiii be made later. | |

The utility of this modél in predicting the masses 6f unknown nuclei
with large neutron excess is very great. Each unknown mass can be ex-

pressed in terms of well-known masses in that general region of the chart
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of the nuclides.. .It should be noted, however,vthat'the;Same simplicity
which is responsible for the GK formalism being a powerful,mass-prediction
tool_also'renders it essentially useless as a source of information on

nuclear models.

Recently Janecke and Behrens have noted20 22 small sYStematic errors in

the CK fits superlmposed on the much 1arger random fluctuatlons Neglect of

the dependence of the residual neutron-proton interaction L, np on T, or A

(for the transverse and longltudlnal relations, respectlvely) is respon51b1e

Although small, these systematic deviations accumulate rapldly as one

extrapolates away from the region of B-stability, approx1mate1y as. AT to

the third or fourth power. 22

I__ is experlmentally observed to decrease with increasing A, to

np
-15,23

fluctuate, and to exhibit shell effects. Its dependence on TZ is

complicated and'hot fully umderstood. Because of the-neglect of this

I dependénce,'GK probably underestimates22

np masses for TZ >> 0,

In order'to,acc0unt for the Inp dependence Jénookevand Behrens have
developed a generaiized nuclidic mass relation (containing GK as a limiting

case) which coutéins a corrective term_for'Ihp. Sevoralfdifferent functional
dependencies of the term, extracted from various macroscopic and microscopic

25 for their ab111ty

models, have been 1nvest1gated by Janecke and Eynon
to reproduce the known masses. T Fits to the known masses could be greatly
improved by the:addltlon of this correction term. It was believed that
oredictive_vaiuo‘would also'iuprove somewhat, especioliy.for nuclei

~ far from the line of B-stability, if the I expreséionuused was substan-

np _
tially correct. (The reliability of predicting unknown nuclei far from

stability depends.entirely on the underlying physical'assumptions, and

Although apparently I, depends on |T,| Xather than Tz, supporting
the charge-symmetry prgperty of nuclel

fWhile Inp can be extracted from experimental data, it cannot be ussd

in the generalized-relation because it will reduce to an identity.

v




._a few restricted regions.

accurate reproduction of the known masses is by no means a sufficient

condition. For example, the transverse and longitudinal relations of cx18

fit the known masses equally well, but lead to strongly diverging pre-

dictions22 for N>>Z.) However," the authors cautionzs that, at least for
the present state of development, their corrected mass relations should

only be used for A>70. Below that, the dependence Of.Inp on shell model

configurations becomes too important.

Another'attempt to extend the'utility of the GK.méss relations was
made by Bassichis and Ali.26 A literal,interpretatioﬁ of GK was used to
relate varioﬁs'éxperimental deviations from GK. This information became
the basis for‘pfedicting unknown masses. It was shown that the large dis-
crepancies betweén experimehtal and predicted masses. of some light Té =5/2

nuclei were removed in this way.

C. Modified Shell Model Mass Relation

Descriptioh-of the mass relation— Goldstein. and Talmi27 developed

an early simple shell model approach to calculate nﬁﬁleér ground state
energies. No $pécific assumptions were made on the nafure of the two-
body interaction, except that it was constant over nuclei in which the
same shells were being filled. The energy of the closed shells of these
nuclei was also_c&nsidered constant, and equal to the binding energy of
the nucleus with no particles beyond the closed shells. Although initially

meeting with éomg-degree of success,27 the model has not been widely used

~ partly because of the lack, until very recently, of sufficient experi-

mental data in the light nuclei to determine the pafamefers in more than

Following their approaéh, the mass of a neutron-excess, doubly closed-
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shell nucleus Mo is related to that of a nucleus M(ﬂjmvj'n).with ﬁ
- additional protons in the j shell and n'additional;neﬁtrons in a higher
j' shell by_thé équation :..

My = M+ V™ Ve Ve, @

In this expfessiop V(ﬂjm) represents the kinetic énergy, ihteraCtion
with the closed_shells, and mutual interaction of the,m protons in shell
js V(vj'n) that of the n neutrons in shell j'; and V(jm,j'n) the interac-
tion between the protons and neutroné. B

Simplification is possible in Eq. (1) since the values of V(njm) and

V(vj'n) can each be expressed in terms of just three parametérs (as noted

below). However; as was indicated in the previous section, other config-
Uratioﬁs besides that of the simple shell model are generally important
in describing“fhe ground state wave function of a hﬁcleus! Some allowance
for such configuration mixing can be made by regarding V(ﬂjm) and‘V(vj'n)
as separate pafaméters for each value of m and n. iThis.is equivalent to
replacing Mo +_V(ﬂjm) + V(vj'n) by the sum of arbiﬁrérflpoint’functions
U(Z) and W(N) of the number of protons and neutrons, respectively. Fur-
thermore, if no odd-odd nuclei are considered, theﬁ V{jm;j'n) depends
only on an a&erége interaction potential V(jj') throﬁghvthe relationz8
V(jm,j'n) = mhiV{jj'). Hence, with the restfiction of ﬁo odd-odd nuclei
and rewriting M(njmvj'n) as M(Z,N), Eq; (1) is then equivalent to
CMEN) = U@) W)+ m VGSY) (m even) @
This mass equatibn can be generalized to include neufron—excess nuclei
from several configurations ﬂjivjk, though still with.the requirement
that the neutfop shell vjk lie higher than the proton shell ﬂji. ‘In this

more generalvcasé the mass M(Z,N) is given by what will’be called the
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modified shéll model mass relation (denoted M),

-~ M(Z,N) = U(Z) + WQN) + z; m.n, V(jijkj [m’ink even] .

B | s (3)
The m, and nk‘are the number of protons and neutrons in the shells ﬂji
and vjk, reSpectively, and the sum is overvthe'neutron—proton'
interaction parameters V(3. Jk) |

For comparlson in the simple shell model M(Z N) 15 given by

M(Z,N) —M +, Z V(J 1) +Z V(Jk k) + Z m T V(. Jk) [mnk even] .

(4)
Each function of the form V(jq),represents the interaction energy of q
identical nucleons and assumes minimum seniority can be expressed as

VGY = qe; + ala-1)a;/2 + [a/20by,

where [a/Z] is the integer less than or equal to q/é;vahd ej, aj, and

bj are three interaction parameters.28

Comparison with transverse relation-- Equation (3) is similar to the

‘Garvey=Kelson. transverse mass relationl® (denoted T), which can be

written in the'form

MEZN) = F(2) + 6N) + HQ), (5)

_where F, G, and H are arbitrary functions of the nuhber of protons,

neutrons, and nucleons, respectiVély.  Comparison with Eq. (3) shows
that the two methods differ mainly in their parameterization of the
residual neutrqn-proton interaction. In the method of Garvey et al.18

much of this interaction is given by the function H(A), while in Eq. (3)
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‘more explicit account is taken' of shell structure.By the term
:E:: “ﬁnkv(jijk)' Alsb, implicit in Eq. (5) is the assumption, men-
tighed previously, that Inp is independentvof Tz'

The differences in assumptions allow T to be more general than M,
bothviniprediéting masses of odd-odd nuclei and inybéing able to predict
masses farther from stability. In both cases preditfions are carried
out by determining the parameters of the maSé relations by a least-squares
fit to known masses. For Eq. (5), all known masse§ of N>Z nuclei can be
inciudéd (eXcept N = Z = odd), while for Eq. (3) only those which possess
configurations ﬂjivjk and which are not odd-odd can be:used. (AlthoUgh
not all knownknuciei need be used as input to Eq. (5), there are certain
minimum reqﬁirements. In particulaf, it is not possible to exclude all
odd-odd nuclei when predicting TZ = 1 nuclei if only TZ<T nuclei are
used as input, thus'making a direct comparison betweéﬁ-T and M difficult.)

As a means of comparing the results of the'modified mass relation
with the transverse mass relation iﬁ the light neutréanich nuclei, thé
‘masses.of th¢ Té = 5/2 nuclei in the sd shell haye'béen"predicted. Their
relative agreement with the experimental values is shown in Fig. 1. For
these nuclei the predicted values arising from T were taken from the cal-
culations of Thibault and'Klapischzg, which is an update of the Garvey

18

et al.” work to include more recent experimental masses. Input included

only known TZ<-2 nuclei. For the other predictionévawas used except for

21

the values for 0 and 23F, where Eq. (4) from the simple shell model

was employed, since insufficient masses are known for Eq. (3) to be used.

Only known non-odd-odd TZ< 2 nuclei, together with 29Na, with configura-

, md "~ were included

5/2¥93/2> and sy oud

tlons_“pl/ZVds/Z’ ﬂds/zvsl/z

.
(&)
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Figure 1. Two comparisons of the differences between experimental
and predicted mass-excesses for the Té:=5/2 nuclei in the 2sld
shell. Upper: Eq. (5), Garvey-Kelson transverse relation (T).
Lower: Eq.(S),nmdified'shell model mass relétion M), except

for ;10 and 23F (see text). E
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‘as input. (The mass of 2°Na is needed to determine the interaction
parameter V(ﬂds/zvds/z).) ..

As seenjin Fig. 1, considerably better agreement;was obtained with
the approach of this work than with the transverse mgSs'relation. Quan-
titatively the rms deviations between experiment'aﬁd &alculation are 260
keV and 620 keV, respectively (excluding the mass*of,zlo because of its
large error). A further comparison is‘affordéd using the simplé shell
model, Eq. (4), alone. This yields a rnﬁ deviatioﬁ{of 390 keV, illustrat;
ing the impbrtance of configuration mixing, which to Some extent is
allowed for in Eq. (3). |

Another example that cén be used as a means of comparing the predic-
tions of M and T with experimental data for large neutron;excess nuclei
is the heavy_grgdn isotopes. Better agreement is aisb'found using M,
as presented in Section V. |

Prediction of neutron-excess nuclei — Table I presénts predictions

of mass-excesSes,and one- ahd two-neutron binding energies of selected
neutron—excesévnuclei at or just beyond the 1imit$v§f cﬁrrént investi-
gation obtained with M, as well as through a recalculation with T. Ex-
perimental values are given when available; those nuclei only known to
be bound or ﬁnbound are indicated by the symbol "B or’”U". A complete
tabulation of fhe results is given in Ref. 30. |

Calculated T and M values in Table I arise from-a. least-squares
fitting program which employed with equal weight thé appropriate particle-
stable nucleiSI'withIﬂ>Z whose mass-excesses are known to < 200 keV;
those known with less accuracy were not used in these calculations and

are shown in the table enclosed in parentheses. All:knqwn nﬁclei(27l)




Table I. Comparisons with experiment of the predictions of

the transverse (T) and the modified (M) mass-equations.

Mass Excess’

Binding Energy

«© o

(MeViMeV) (MeV)
. 1 Neutron 2 Neutron
Experimental Calculated Experimental Calculated Experimental Calculated
Z N- EL A : T : M . o B & M : T M
2 6 HE 8 31.574.03% ©31.57  31.57 2.61 _ 2.17
2 7 HE 9 U = unbound  42.61 43.49 -2.97 -3.85 - .36
2 8 HE 10 U 51.00 52.34 - .32 - .78 -3.29 -4.62
3 7 L1 10 v, 33.25 - .21 3.84
3 8 LT 11 40.94+.08 40.94 41.14 .17 :
3 9 LI 12 U 52.94 -3.93 -3.55
3 10 LI 13 : 61.56 60.34 - .55 -4.48 -3.05
4 8 BE 12  25.03:.05° 25.02 24.75 3.22 3.72 _ :
4 9 BE 13 u 35.39 34.60 -2.31 -1.77 : .94 1.84
4 10 BE 14 B = bound 40.72 41.09% 2.74 1.58 a4 - .20
5 9 B 14 23.66 t.-oaé 23.66 : .98 5.86 '
5 10 B 15 B’ 28.75 29.89 2.97 3.9%7 2.66
5 11 B 16 U 37.97 -1.14 1.83
5 122 B 17 B . 44.36 43.62 1.67 .53 2.41
6 1 c 17 "B 21.27 20.86 .50 .90 4.75 5.34
6 12 Cc 18 B .- 25.50 . 24.57 3.84 4.36 4.34 5.27
6. 13 ¢ 19 B . 33047 32.41 .10 .24, 3.94 14.60
7 12 N 19 B 16,27 15.32 5.07 7.74 8.51
7 13 N 20 B .21.60 2.75 7.82
7 14 N 21 B 24.50 24.11 5.17 7.92 7.35
e Y,\l< '
8 13 0o 21 <9.3‘_“‘3 ) 8.74 8.39" 3.08 3.48° 10.80 11.09
+.2¢ ' ok ;
14 o 22 (11.57°C 9.42 9.35 7.39 7.11 10.47 10.59
15 0 23 B 15.48 - 15.40 2.01 2.02 9.40 9.13
16 0 24 B 19.70 19.44 3.85 4.04 5.87 6.06

{(continued)
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Table I (continued)

Mass Excess

Binding Energy

10.22

(MeViMeV) (MeV).
: ‘ . , 1 Neutron K 2 Neutron o
, S Experimental Calculated Experimental  Calculated Experimental Calculated
‘Z. N EL A - T T M T M . T M
9 14 F 23  3.36t.17° 3.40 3.36 7.54 12.74
9 15 F 24 B 8.04 3.44 10.89
9 16 F. 25 B 11.75 11.26 4.36 7.80 8.24
10 15 NE 25  -2.16 t.107 -1,95 -2,12 4.28 13,15
10 16 NE 26 B .17 - .27 5.95 6.23 9.89 10.43
10 17 'NE 27 - 6.52 6.58 1.73 1.21 7.68 7.44
11 15 NA 26  ~-6.90 t;ozb': 3 -6.94 5.62 14.63
11 16 NA 27  ~-5.62 +.062}’ -5.71 =5.73 6.79 12.41
11 17 nNa 28 -1.14 t.08°* -1,02 3.59 10.38
11 18 Na 29 2.65 +.100s1 2.32 2.66 4.28 7.87
11 19 NA 30 8.37 t.20P/1 8.50 2.35 6.63
11 20 #NA 31 (10.6 t.8)" 12.70 14.38 3.87 5.76 4.42
11 21 NA 32 (16.4 £1.1) 21.02 - .25 3.62
11 22 NA 33 B 26.90 " 2,19 1.94
11 23 NA 34 35.08 - .11 2.08
12. 17 MG 29 -10.751.'05k '710.70_ -10.75 3.80" C 12.31 '
18 MG 30 - B - 9.37 - -9.21. 6.75 6.54 o 10.56 10.42.
12 19 Mc 31 - =3.73 = 3.17 2.43 2,03 9.18 - .8,56
13 18 AL 31 -15.01¢.10% ~15.00 ~15.05 7.19 : 12,94 :
13 19 AL 32 B -11.14 4.21 11.50
©13 20 AL 33 B - 9.34 - 8.65 6.27 10.49 9.75
14 19 sI 33 -20.57 +.05" -20.71 -20.67 4.55 13.76
14 20  SI 34 B : =20.57 ~20.32 7.93" 7.72 12.77.  12.42,
14 21 sI .35 B -15.02 2.51 10.45
15 20 P 35 -24.94 +.08" -24,90 = =-24,81 8.46 14,74 -
15 21 P 36 B ~20.88 4.05 12.46
15 22 P 37 B -18.98 6.17

(continued)
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Table I (continued)

Mass Excess ' ' ' Binding Energy
+ : -
(MeViMeV) 1 Neutron IMeV) 2 Neutron
Experimental Calculated Experimental . Calculated Experimental Calculated = 3
Z N EL = A T : M ' - T M ©T ' M B
c
16 23 -8 39 B . -23.07 . -23.21 . 4.33 4.35 12.24  12.31
16 .24 S 40 B -22.50 -22.64 ' 7.50 7.51 11.83 11.85
16 25 S 41 -18.31 -18.42 ~ 3.88 3.85 ' 11.38 11.36 &
' ’ 2
17 24 cL 41 B ~27.43 - ~27.39 7.84 | 13.65 13.67
17 25 CL 42 B -24.68 5.32 | 13.16 | “~
. 17 26 CL 43 -23.64 -23.61 : 7.03 ' 12.35 12.36 '%é
' T
&l
* . A .
Assumed value, see text : : B

* %
Calculated using equation 4.

aJ. Cerny, N. A. Jelley, D. L. Hendrié, C. F. Maguire, J. Mahoney, D. K. Scott and R. B. Weisenmiller, Phys. Rev. Cl0,
2654 (1974). ' ' - . '

bRef;'34.a o o _ S o .
°H. H. Howard, R. H. Stokes and B. H. Erkkila, Phys. Rev. Lett. 27, 1086 (1971); G. C. Ball, J. G. Costa, W. G. Davies,
J. S. Forster, J. C. Hardy and A. B. McDonald, Phys. Lett. 49B, 33 (1974).

dG. C. Ball, J. G.'Costa, W. G. Davies, J. S. Forster, J. C. Hardy and A. B. McDonald, Phys. Rev. Lett. 31, 395 (1973).

®Ref. 33.

£

D. R. Goosman and D. E. Alburger, Phys. Rev. Cl0O, 756 (1974).

9Ref. 2; D. R. Goosman, D. E. Alburger, and J. C. Hardy, Phys. Rev. C7, 1133 (1973).

(continued)



Table I (continued)

hg. R Flynn and J. D. Garrett, Phys. Rev. C9, 210 (1974).
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K .
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2<Z<235and 4 <N< 50 were used in obtaining the T values. Compared
to the recent calculation of Thibault and Klapisch,29 the ten known sd
shell, TZ > 5/2 nuclei given in Table I were the additional nuclei in-
cluded. For M the known non-odd-odd nuclei (74) with configurations

T3 /7VP1 /2> P3/2Vd5/55 ™y /7905 /90 Mg /pVSq 190Mdg pvds 95 TSy pvds0s

and ﬂdS/ZVf7/2 were employed Lack of sufficient known masses Tequired

22 nd 14Be. 21

assuming values for the mass-excesses of 0 an For "0 and

‘ 220 the Values from Eq. (4) were used. To determine the interaction
parameter V(np3/2vd5/2), the mass-excess of 14Be (known to be boundS%
was taken to equal 12Be + 2n = 41.09 MeV, close to the value obtained
with T of 40. 72 MeV.

In order to compare how well these two approaches account for known
1/2

b

masses, one can evaluate the rms deviation defined as[jz::A / (N-P)]
where the A are differences between the calculated and experimental
masses, and N and P are the number of known nuclei’ and parameters, re-
spectively. For nuclei with 2<Z<17T yields an rms deviation of 220
keV (N = 82, p - 66) and M yields 200 keV (N = 51, P = -36)_. Though these
values are veiy similar it does not necessarily follow that the predictive
validity of the‘two anproaches will be the same. (Compare the results in
Fig. 1.) |

Several comments on nuclei at or near the current limit of experi-
mental accessibility can be made from Table I. It'appears that the dif-
ferences between the T and M approaches observed in the sd shell for the
TZ 5/2 nuclel per51st to lighter nuclei, 51nce the predictions for 9He

13Be,lSB, and N differ by more than 750 keV. In_the sd shell the

reported-zzo mass-,excess33 is much less bound (by 2.1 MeV) than is calculated
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by either the.tfanSVBrse or the simple shell model mass relations. Since
the B-decay éﬁdeoint measurement employed by Artukh §£_g1,33 could pos-
sibly suffer from a systeﬁatic error in this.direétioﬁ; an additional
measurement of the mass-excess of 220 is bf great intérest. Similar con-

clusions apply'to 21O,'reported in the same paper,ss-for which the pre-

2

dictions of M, T, and Bassichis and Ali 6 (mentioned previously) are all

about 1 MeV moré'bound‘than the reported value.

Recent expefimental measurements of SlNa and 3ZNa-imply that these

34

nuclei are more tightly bound than predicted. Experimentally,” the

mass-excesses of 31Na aﬁd 32Na are 10.6 + 0.8 and 16.4 + 1.1 MeV, re-
spectively, Whiie the transverse mass relation prediéts'12.7 and 21.0
MeV. This effect for 3lNa is even more striking when compared with the

predicted mass-excess of 14.4 MeV arising from the modified mass rela-

34

tion. It has been pointed out™  that this behaviof-can be explained by

Hartree-Fock calculations which predict the sudden oﬁsét of a region
of deformation, in sharp contrast to the well—known‘sphérical nature at
neutron number 20 in the calcium region.

These mass—exéess calculations perndt_predicting which nuclei lie on
the edge of sfability. Limits yielded by this recaléulation with the

transverse relation differ from those of Ref. 29, which did not employ

any T, > 5/2 nuclei from the sd shell, in that a) “N, %0, *ug, a1,

48

and " Si are now predicted to be the last nucleon stable isotopes, com-. |

paredzg to 25N, 280, 42Mg, 45Ai,-and 46Si; and b) 28F, 29Ne,‘and 37Mg
are predicted to be the first unbound isotopés, compared29 to 30F, 31Ne,

and 4;Mg.' Results from the modified mass relation are less extensive

than those from the transverse relation, generally'not predicting the




edgé of stability. For the lighter nuclei 260 is caiculated by Eq. (3)
to be wnbound by 240 keV, predicting 240 as the last stabie oxygen.iso—
tope. ZgF ié";alculated to be unbound to Zn decay by 910 keV, compared
to the prediction of the transverse relation that it is bound by 770 keV.

Predictibn-of-proton—excéss nuclei-— Kelson and _Garvey35 have employed

relations based on the charge symmetry of nuclearvforCes to predict quite
successfully'the masses of proton-excess nuclei thrbﬁgh the titanium iso-
topes. ‘Since the results depend on the values used_fdr neutron-excess
nuclei, it Was‘deemed desirable to repeat their calculation. Appendix

I tabulates résults'fof mass-excesses and one-and two—proton binding
energies frdm_the recalculation of TZ = -2, -5/2, éhd -3 nuclei, employing
current known masses and predictions for neutron-e#;ess nuclei from the
transverse relation where necessary. Although many,masses change c0n-‘
siderabiy.invthié recalculation, the only revision36 in their predic-
tions of the oﬁSet-of nuclear instability is that SlAf is now expected

to be unbound; _
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III. EXPERIMENTAL TECHNIQUE

A. General Considerations

In order to investigate the’properties of a nucleus Y; a target X
is bombarded with projectiles a to initiate the nuclear reaction X(a,b)Y.
For all experiments cohsidered here, the standard teéhnique is employed
of identifying the exit partiéle b and measuring its_emission angle and
energy. It is_then a simple matter to deduce the idéntity of the resid-
ual nucleus Y from nucleonvéonservation, and its energy‘by means of two-
body kinematicsiﬁésed on energy and momentum COnSerVétion.'

Reactions producing new nuclei far from stability usually havé
quite low cross sections (less than 1 ub/sr), so that the desired par- .
ticles b are only a very small fraction of the total particle flux passing
through the détectors. With a counting rate of 104'e§enfs/sec (a reason-
able upperlliﬁif_set by electronic dead time and pulse pileup), only a
.féw events/sec'of less may be of interest. Fairly sophisticated electronic
and experimental procedures are then necessary. Invparticular, it 1is
important toiemplby double particle identification with a stringent com-
'parison between the two identifications, a technique td be disﬁussed in
Section III G. | u |

If the targét contains contaminants or if it is not monoisotopic,
it is necessary tb be able to tell when the exit'particle b was produced
by the reaction W(a,b)Z, for every W present to a significant degree.

If the level structure of Z is well known, as it usuéily is, this iden-
tification.isipossible provided that the energy 1evél§ are far enough
‘apart to permit good separation. Unfortunately, the reaction Q Vélues

for these interfering reactions are usually much less negative than the
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desired teactidn, so that their exit particle energies are higher. Thue
the ground state of Y often coincides in kinetic energy with a high exci--
tation regien,oftthe contaminant*, whose levels are’ then so close together
as to form a cOntinuous background. Furthermore, since the cross section
for the reactioh (a,b) is usually mueh higher on the contaminants than it
is on X, a vefy_small amount of a contaminant may account for most of the
b particles produced. The net effect of all this is that the levels due
to Y may be cdmpletely obscured by'the contaminant reaetions.

12C and 16O. Targets which oxidize

The most common contaminants are
rapidly, such as calcium, are particularly difficult; a good vacuum is al-
ways necessary. The worst contaminant, however, is usually 12C. Reactions

12C than

~ of interest almost invariably proceed a great deal more rapidly on
on any otherjlsotope present. Carbon is ub1qu1tous pump oil and other
organic vapofs in the vacuum system are cracked by the beam and a thin
1ayer of carbon tends to build up on the target durlng the course of an
experiment. L1qu1d nitrogen traps are use to reduce these organlcs but
removal is never complete. |

12

Fortunately, when the main target isotope is more massive than ~“C

and 160, it is possible to dvercome this contamination problem by going
to larger detection angles. Due to kinematic effects, the particle energy
decreases more fapidly with increasing angle forllighter'targets. Beyond
a certain angie,vthe peaks due to levels of Y are of higher energy than

the contaminants and no longer obscured. A stiff price must be paid,

*Henceforth the term "contaminant' will be con51dered to include not
onlY isotopes originating in target manufacture or bombardment (such
2C and '%0), but also other isotopes of the same element (*°Ca in
L"’Ca target) and other constituents of a nonelemental target (81 in
SlO used as an oxygen target)
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however, since the cross sections for these multiparticle transfers also
tend to drop off rapidly with increasing angle.

B. Recoil Techniques

Going to larger angles to avoid 12C contamination'is not possible

9 8,,10 12

in the Be( Be, B) Li reactlon because the target is 11ghter than ~°C,

‘nor in the 14 C( Be, B) B reaction because the angles ‘necessary are very
large, and the>cross section and particle energy become too low. Since
the exit particles b (8B in these cases) from target and contaminant can
not be distinguished, it is necessary to use more sephisticated experimental
‘techniques ahd also measure the recoiling residual nucleus.

The problem'of target contamination by 12C is particularly severe

for the 14C(gBe 8B)lSB experiment. Several percent'lzciis present in the

37

purest 14C materlal commerc1ally available,”’ and add1t1ona1 2¢ builds

up on the target surface throughout the experiment.' The detection system

needs to be very efficient in discriminating between,lsB and the 13B Te-

12,

coil from ~7C in order to reduce contamination effects to manageable levels.

This is d1ff1cu1t because mass, charge and energy, the factors determlnlng

how a particle behaves in a solid-state detector, are so similar for 13B

15

and "B in this experlment

The method ‘employed was to require a c01nc1dence between the 8B
nucleus detected in a 3-counter telescope and the recpillng 15B residual
nucleus, detected in another counter. Fig.‘2 shows'schematically the
“location of the detectors in- the scattering chamber. For a 8 detection
angle of 14 degrees in the lahoratory system and a Bevbeam energy of 120

15

MeV, 7B recoils'produced inthe ground state are predicted to be emitted

at 32 degrees and 13B ground state recoils at 39 degrees. 13B recoils




B
120 MeV
°Be beam

- XBL7410-4478

- Figure 2. Schematic drawing of 'scattering chamber showing orientation

‘of detectors and target for 15B experiment.
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15

of about 8.4 MeV excitation, however, are emitted at the same angle as B

ground state recoils. Lﬁckily, these 13B particles are unbound to neutron
emission by approximately 4.9 MeV, and Because theyvdecay in flight
(t, = 10722 sec), the 12

1
¢

B daughters may be deflected from their original

12B breakup cone

direction of travel. The opening angle of fhe resultant
is about 21 degrees. If the acceptance angle of the recoil detector is
much smaller than this,vmost of the 12y particles_will not be detected,
‘so the 8B partiéies corresponding to these recoilsiWill be rejected- It
was hoped that;iﬁ‘this way a sufficiently large fraction of the background
events arising'from contaminants could be eliminated.to enable observation

15B.

of
~ The 15B gfdund state recoils, althougﬁ not decaying in flight, are
also emitted»iﬁ a cone, of subStantially smaller opéning angle, due to
finite beam spbtvéize and 8B acceptance angle. Redﬁcing the recoil accep-
tance angle to‘eliminaté more 13B events will therefore, beyond a certain

point, also begin eliminating‘15

B events. This serious problem will be
further discussed in Section IV E. i

‘Since it wés foreseen that an appreciable fraétipn'of the 13B events
might not be eliﬁinated by the recoil detector if the l.SB detection effic-
iency was to be képt high, a further technique for background reduction
was introduced. Subnanosecond timing was done bet&éen the detected 8B
particle and its associated recoil nucleus. This is a measure of the
difference in time of flight from target to detector for the two particles,
. and should be different for every reaction. Expected time differences for:

the reactions on.14C and 12C are calculated in Section IV E.

In the 9Be(gBe,SB)loLi experiment, also, a recoil detection system
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Y

was used to reduce 12C contamination backgfound.’ However, two important

differences from the 15

B experiment dictated adopting a different approach.
The first.difference is that, unlike 15B, loLi is particle unbound

and decays into a 9Li plus a neutron, in our case with a breakup cone of

‘a few degrees opening angle. The angle depends on the breakup energy, and

10

thus the mass of Li, which was of course unknown at the time. (It

tufned out to be'about 9 degrees.) Although it couldvbe antiéipated‘that

10Li than for the 13B con-

the break-up eOne angle would be smaller for
taminant, itiWas very unlikely to be sufficiently sméller to allow adequate
discriminatien between the two particle types purely_by'geometric consid-
erations. v | “
The second:difference is that the rates of energy loss, dE/dx, of

the contaminantlénd desired recoils are no longer very similar. For ’

the 12B (about_QIMeV) dE/dx = 3.5 MeV/mg-cmz; for the 9‘Li (about 12 MeV)
dE/dx = 1.2-MeV/mg—cm2. It then becomes possible to differentiate between
the two by using.a 2-counter recoil telescope. (See.Section IIT G.)

If the first detector is about 11 um thick, the 123‘bartic1es from %C
reactions are completely stopped, while the gLi recoils from 9Be reactions
lose only'about ene third of their -incident energy iﬁ this detector. A

total separatien of the contaminants from the desired reaction is thereby

accomplished.

C. Heavy.Ien Considerations

All of the experiments diseussed here involved the detection of
heavy ions, and‘most of_them used heavy ion beams. This aggravates cer-
tain problems which are usually not -such serious considerations with light

.ions.
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The dE/dx of heavy ions can be very large, since at high energies é
(several MeVYnUCleon) it is proportional to MZZ/E 'Energy deposited in the l
target then results in a large energy spread for the ex1t partlcles espe-
cially for thick targets. Frequently an even larger contrlbutlon to the
energy spread comes from the rapid variation of part1c1e energy with detec-
tion angle dE/de (Particles are acceptediever a certain-angular range
due to finite beam spot size and angular acceptance of the detector geometry )
From kinematic considerations, when the exit partlcle and re51dua1 nucleus
have comparable mass, dE/de becomes qu1te large. Among the experlments
considered here the dE/de of 1 MeV/degree for the Be( Be, B) L1 Te-
action at 14° was the highest encountered.

The sum of these two effects, dE/dx and dE/d6, leads to peorer energy
resolution, nsuaily a few hundred keV full width at half maximum (FWHM) .

Any attempts to improve the resolution by decreasing the target thickness | ‘ |

or angular acceptance must be paid for by a decrease 1n the already-low

countlng rate.

The large dE/dx dictates the further requ1rement of thin, unlfbrm
transmission detectors, which are difficult and expen31ve to make. Thinner
detectors also provide poorer particle resolution (See'Section III E).

Because of the highly negative Q values (about {20 to -40 MeV), a beam energy

near the higheétvobtainable (for a charge state produced in sufficiently
high yield by the ion source) was usually employed.: |

D. Cyclotron

The Berkeley 88-Inch Cyclotron is a variable-energy, sector-focused
cyclotron with a maximum energy in MeV for particles of charge Q and
mass A of 140‘Q2/A for heavy ions, and slightly lesa fer:alpha particles.

Beams of many elements up through krypton38-have been successfully accelerated.
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‘The alpha-beam experiments described below utilized a standard hot fila-
ment source.sg” Lithium and beryllium beams, developed for these experiments,
were prodUced:By a Penningonn Gauge (PIG) type soUrce38 with arc-heated
cathodes. o |
Since nobgase0us Li compounds are availablebfbr source material, a

solid must be used. LiF was fused into many small slits cut into a tan-
falum sleeve which was then inserted into the anode'chamber (see Fig. 3).
Heating by thezarc caused the LiF (boiling point = 1676°C) to slowly vap-
orize over a period of several hours, thus providing a continuous supply
of Li vapor for ionization and subsequent acceleration. To provide a
further supply.of_Li and thus increase the.beam inteﬁéities attainable,
lower cathode buttons were made by pressing a mixture of 40% LiF and 60%
finely powdeféd Ta by weight intb a Ta shell at 40,000 ib/inz.' Erosion
of the cathodes.by spUttering'throughout the life of the source thereby
provided additional slow Li release. Typical Source life was 4 hours of
200 namp (2+) of beam on target.' |

Y_The berYllium PIG source was similar to the iithium source, but
with solid Ta cathode buttons rather than doped ones and with no anode
sleeve. Instead; a small piece of Be metal about 3 mm square was mounted
opposite the'éktraction élit, just outside of the arc. " (Using a solid
slug rather thaﬁ mixing powdered Be into the cathode_bﬁttons minimized
the toxicity problems associated with handlihg Be.) YA massiVe support gas,
- such as Xe or Ar, introduced.Be into the arcvvia Sﬁuttering, where it .
was ionized by the arc and extracted by the puller. Sources typically

produced beam levels of 80 namp (3+) on target for 4 hours.
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~ E. Beam Transport and Experimental Area

The_éyclotron, beam transport system, and experimental area are
shown in Fig. 4. Beambenergy analysis ofvdE/E ~ 0.14% was provided by
the switching mégnet and analyzing slit, normally set at 1.5 mm Width.
Typical beam spot dimensions on target were 2 mm wide'by 2.5 mm high.
Detectors wére mounted about 12 cm frém the target on two independently?
mbvablé platfofm$ in the hbrizontal‘plane, one on-eithér side of the beam.
A tantalum housing shielded the detectors from scatféred beam and a 600
Gauss permanent'magnet in front of‘the collimator deflected 1ow-energy
electroﬁs produced by the beam in the target. In some of the experiments
the detectors were cooled to -20°C by a thermoelectric cooler to reduce
thermal noise. Absolute beam energies were measured with a high-precision
analyzing magnet40 (dE/E = 0.02%) in an adjacent exﬁerimental area not

illustrated in Fig. 4.

F. Targets

The‘26Mg target used in the 25Ne experiment was 3.99.4% isotopically-

8

" enriched self-supporting foil of thickness 150 ug/cmz.b_The 4 Ca targets,
also self—supporting, were 96.25% isotopically enriched_and of thickness
410-pg/cm23 T@’minimize oxidation they were made, trénsported, and stored
undef vacuum: Tﬁe 9Be target was a foil of either.680 (10Li experiment)
or 150 (15B experiment)'ug/cmZ. o

14 41,42

‘C targets were made using the apparatus shown in Fig. 5.

Methyl iodide vapor containing carbon enriched to 943 in 14C (the purest
commercially available37)»was introduced at low pressure into the vacuum
chamber. Molecules passing between the electrodes were cracked by a high

voltage (~ 1kV) radio frequency glow discharge. The carbon plated out
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onto two nickel discs, attached to the electrode féces, which had been
previously flashed with 100 to 200 ug/_cm2 of gold to strengthen the fin-
ished target. Foils were floated off the discs in water and mounted over
8 mm hbles in polyethylene frames. In this manner goid—backed targets

_ were produced’which contained (by'subsequent analysis) about 80 ug/cm2

'of'14c, 70 ug/ém2 of I, and an undétermined small amoﬁnt of H (from inéom-
plete cracking). Apparently the system introduCedvcbﬁsiderable contaminant
12C, betauséjfhe»approximafely 20 ug/cm2 of 12C content in the freshly-made
targets (determined by measuring a reactidn of known'cfoss secfion) was
considerably gfeater than the 5 ug/cmzlto be expected on the basis of

12

a 6% ~°C content,supposédly in the CHSI’sample.

14C methyi iodide is unstable at room temperétufe; and.decomposifion
is further catalyzed by‘impurities and by light. It3mﬁst be kept at liquid
nitrogen fempéréfures and in the dark. Even so, it_deérades sériously in
oniy a few days, soon becoming useless. There is also é serious stébility
problem with the finished targets, both from shelf 1ifé and especially from
beam bombardﬁentf In the belief that this was due to sublimation of tﬁe

jodine from the target, heaters were added to the electrodes to prevent

the iodine from building up during carbon deposition. Unfortunately, this

-t

reduced the reiiability of the target making process; already very difficul

to control, and was abandoned. (The. cost of 14

C dictates obtaining maxi-
mum possible reliability.) By building up several carbon layers by succes-
sive cracking steps, however, some targets of 300 to 450 ug/cm2 total

_Carbon thickness were produced'which were reasonably strong and durable.

G. . Detectors and Electronics

All experimehts employed the Goulding—Landis43’44 3-counter, double
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particle identification system. This system is based on the empirical
relationship‘that above a certain energy threshold>(which increases with
particle mass) the range of a nuclear particle in é detector is given by
. AEb; o

A is a constant characteristic of particle tybe, E isjfhe enefgy dropped
in ‘the detector, and b is a dimensionless number which varies very slowly
with particle type. For boron isotopes45 B is about 1.6. If the particle
passes through'a‘transmission detector (denoted AE) bfithickness T and

stops in a thicker (E) counter, it can be shown4

6 that -
T/A = (E + AE)? - E, |

where ‘AE'andu E ~are the energies deposited in the respective counters
and T/A is a constant characteristic of particle type.. T/A is generated
bby an analog circuit employing a logarithmicvelement; and b is optimized
at £he béginﬁing of each,experiment.;

If we now add a‘second transmission counter, AEz; as shown in
Fig. 6, two séparate determinations of particle type (A and B in Fig. 6)
can be made.'vShQQld the energy dfopped in one of the counters depart from
the normal range of Values’due to nonstatistical fluétuations (caused
for example by’coﬁnter nonuniformity, channeling, or blocking), the
ratio A/B will also depart from its normal range. Thus:by rejecting those
"bad'' events iﬁ_Which A/B varies by more than some chosen percentage from
the norm, we can substantially improve the particle idéntification and energy
resolution. Thé percentage is usﬁally made suffiéiéntly small to also
exclude the 1arge$t of the statistical fluctuations. Typically, some 20%

to 40% of the events were eliminated in this manner.

The AE and E detectors were backed by an anticoincidence detector
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Figure 6. Schematic illustration of the three-counter particle

" identifier, describing mode of operation..




to reject any events that passed entirely through the E counter. All |

AE and E counters were phosphorous-diffused silicon detectors made at
LBL except fof detectors 15 um or thinner, which were surface barrier
silicon deteqtbrs purchased from ORTEC, Incq.47 Reject counters were in
all cases 500 ym lithiﬁm—drifted,siliCon, made at LBL. All singles exper-
iments employéd‘two identifier telescopes of similar»thicknesses except
for the experiments leading to Cl and S isotopes,'whiéh used one thinner
telescope to detect carbon particies and one thicker.félescope for boron
isotopes. Coincidence experiments used only one three-counter telescope.

10Li experiment employed in addition a two-counter -single-identification

15

The
telescope for recoil detection, while for Bvdetection only a single
counter waé used. In both cases the recoil detectors were also backed
by reject couﬁtefé.

| The electronics will be diScussed,separately:fqr'the singles and

coincidence experiments.

Singles Electronics-—The signals from the detectors were ampli-

fied by charge-sensitive preamplifiers and transmifted-to the electronics
in the counting_area, shown in Fig. 7. Here the signals feed amplifiers
with matched géins and a pileup rejector (PUR) with SO‘nSec resolving

time which restricted events to one beam burst. Enérgy signals were
shaped by 800 nsec delay lines and restricted fo the ‘amplitude of interest
by single channel analyzer (SCA) windows. If a coiﬁéidence was detected
between all three detectors (resolving time = 40 nsec), with no event
in'the reject.counter and no subsequent or previoﬁs pérficle within

1 usec,the'signéis were stretched to 5 usec and sent to the particle
identifier (PI). The output of the PI passed thréughna 4-channel

router, where SCA windows could be set around as many as
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fouf*particle groups. - For these events of interest, the three

individual eﬁergy signals, total energy (ET = AE2 + AEl + E), PI and
routing signal were sent to a multiplexer and 4096-channel ADC, and thence
to an on-line PDP-5 computer. Periodic stability checks of the electronics
were obtained and linearity was established by utilizing a high-precision

212Pb source.

pulser, which had been calibrated by o particles from a
The beam energy was monitored with an NMR proBe of the magnetic field of
the switching magnet.

Coincidehce.Electronics-—-A block diagram of the electronics used
10

in the 1911 expériment is shown in Fig. 8.. (The region enclosed by dashed
lines is the same in Fig. 7 and Fig. 8). vacoincidenp events were detected
within a 1 usec resolving time in both the 8B and reéoil teiescopes, a
single‘particlebidentification was performed using the AE and E signals
from the recbii telescope. A time to amplitude converter (TAC) wés also
triggered which'genérated an output proportional to the difference between
the flight time of the two particles from target to detector. This pro-
duced a peak of about the width of one beam burst (15 nsec full width) for
true coincident‘événts, plus a series of smaller peaks separated by the
inter-beam burst time (125 nsec) arising from chance coincidences of par-
ticles from diffefent beam bursts. An SCA window was‘sét to accept par-
ticles from onIy‘the real coincidence peak plus one other (the latter to
determine the contribution of the chance coiﬁcidence’béckground to the
energy spectra).~v | | |

All three-counter telescope  events belonging to particle types of

interest were accepted whether or not they were in coincidence with a

recoil. When there was also a recoil coincidence and a TAC signal, the
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Li recoil-coincidence experiment.

Area enclosed by dashed lines is the same in Fig. 7 and this figure.
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event was routéd differently, and the PI and ET—signals for both telescopes -
plus the TACiSignal were Sent to the computer. In other cases only the
singles PI and ETi " were accepted.

A bléck diégram of the 15B-expériment electronics is shown in Fig. 9.
Both the AE2 énd recoil detectorsvwere equipped with dual'oﬁtput fast-
slow preampiifiefs. The slow output was used as the‘éhergy signal and
the fast output to derive a timing signal for time‘df fiight informafion.
Amplified fast signals had a rise time of about 1 té 4 nsec, depending on
the capacitanéé of the detector used. To’minimize time-walk, the timing -
signal was~générated by a constant fraction discriminator (CFD), whose
output is independent of pulse amplitude. ~Tﬁe 'AEZ ;timing'sigﬁal drove
the start of a TAC, and the recoil timing'signal, suitably delayed, provided
the stop. The TAC output signal is thus the difference in time of flight |
(ATOF) from target to detector between the exit partiCle.and its recoil.

As was done in the 10Li experiment, the parameters (PI, ET’ AE2 and
AEl in this caSe) for three—countér telescope eventsiweré always sent to
the computer. Ihiaddition, the E-recoil and ATOF signals were taken
when the event was a 8B with a recoil coincidence,'and.the event was then
routed differéntly. For typical cOunting rateé of 104 events/sec in the
AE2 counter, 1‘83 event/5 sec was identified, about 1% of these 8B events
with a recoil coincidence.

H. Data Acquisition and Analysis

Events were sent from the ADC to an on-line PDP-5 computer and
written on magnetic tape in unsorted form. The ET and PI parameters for
each event as it arrived were additionally sorted into arrays in memory

which could be viewed on an updating CRT screen.
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“The data were later sorted off-line and bad events eliminated by a
SCC—660’computer using the program CHAOS48. Gates were then set around
PI peaks and energy spectra projected out. Analysis of these energy spectra
was performedvWith the interactive, Gaussian peak~fi£ting program'DERTAG49.
Centroids, widths, and integrals were obtained for each peak. In most
cases the low lével density made it relatively straightiforward to decide
which energy'léVels in the final nucleus were popuiafed. To check level
assignments and determine excitation energies and Q values, the.CDC—7600

49 was used to calculate the reaction kinematics,

computer program LORNA
absorber losses and an energy scale from a least-squares fit to the

experimental points.
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IV. EXPERIMENTAL RESULTS

25Ne

A.
The ZGMg(7Li 8B)ZSNe reaction (Q ~ -22 MeV) was- initiated by a
78.9 MeV 7Li+_2 beam of average 1nten51ty approx1mately 100 nA on target.
Each detector telescope subtendlng a solid angle of 0 43 msr, consisted
of AEZ, AEl,_and E detectors of 15, 11, and 200 um thickness, respectively,
plus a rejeCt_detector. “
Fig. 10'pfeeents a particle identification spectrum showing almost
~ complete separation in the region of 8B. (This figuie also indicates that
a fewIlOC perficies were identified. However, the-Yield and Selectiﬁity
of the 26Mg(7L 10C)23F reaction were such that no 1nformat10n on 23F could
be obtained:iﬁ these experiments.) To further reduce possible background
in the 8B region,va two-dimensional analysis, AEZ ahd AE1 versus total
energy, was done off line. This corresponds to a check that the PI was
eptimally adjusfed and opefating properly. A small percentage of additional
events could be elimihated in this manner. B
An energy calibration for the 8 data was achired:by observing,
concurrently'with the 8B nuclei, 10B particles at elae % 10, 15, and 20°
from the reactioﬁ 26Mg(7Li,mB)23Ne. e lpB peaksffer:each Tun were
corrected to allow for slight electronics gain chengee and beam energy
shifts. Corrections were also made for projectile”aﬁd:exit particle
.energy losses in fhe target and in the detector dead 1éyers. In applying
the resultant'ealibration to the 8B events, all of the above corrections
| were made toveach'event individually. .

Two independent investigations were made of the reaction

26Mg(7Li)83)25Ne.' The 8B data collected at 10° during run 2 are shown
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Figure 10. Particle identification spectrum resultlng from bombardment

of 6Mg by 78.9 MeV 714,
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in.Fig. 11 (a). Fig. 11>(b) is a composite spéctrum of these same data
plus 15°data taken during both runs 1 and 2 and kinematically corrected
to 10°. In addition to the ground state, five excited_étates of *Ne can
be seen at excitation energies of 1.65 *+ 0.05, 2.03.t 0,05? 3.25 # 0.08,
4.05 + 0.08, aﬁd_4.7 + 0.1 MeV. .(Counts on the high—enérgy shoulder of
the 3.25-MeV peak are inconsistent with the observed-loB resolution of
~200 keV and are inconclusive evidencelfor an additiénal excited state.)
Reactions yielding 8B nuclei from possible 12C and“160 éontaminants were
not seen. Kinematic shifts (from 105 to 15°) of ali:the observed.peaks '
were only cbﬁsistent with reactions induced on 26Mg.

Cross sections for population of the ground state at 10° and 15°
were similar and were about 350'nb/sr. From the energy‘of the 8B ground
state peak, thé»Q value for the reaction 26Mg(7L1 8B)25Ne is found to be
-22.05 * O.iOVMeV, corresponding to a Mass excess for ZSNe of -2.18 + 0.10
MeV. This is in good agreement with the two previous eXperimehtal Tesults

0 and -2.2 £ 0.3 MeV by Kabachenko

of -1.96 + 0.30 MeV by Goosman et al.
gt_glfsl(see discussibn in ref. 50), both from B end—poiht measurements
arising in the decay of 25Ne. No previous measurements of the level

structure of “°Ne have been reported.

B. 43,45 46A
A.beam of 77.7 MEV o particles (~1 pA) was used to study the
: 48Ca(a, Be) Ar reaction (Q~-28 MeV) and the 48Ca(a 9Be) Ar reaction

@-21 MeV), which were measured concurrently. The 48Ca( Li 8B)46Ar

6

reaction (Q~-23 MeV) was initiated by an 80.1 MeV Li* beam (~100 nA).

For the detection of 7Be and 9Be nuclei the counter telescopes, each

subtending a solid angle of 0.43 msr, consisted of AE detectors of 59




00U 43072

&1

>

-47-
l ' T ' 1 T 1 T
() 24nesn 405 " 26Mg (7Li,8B)25Ne
5 N ( - 78.9'MeV .
'J‘ "~ Run 2A
CGgp=lo°
0} ar || 325 ~ Slab
. l l - 23Ne g.s. '
S l i _
> o |
VL
o M ~ ﬂ[ Ll m. Chv .04
S? & LS | ' 1 . | T 1
- 20Hb) N | i | Composite spectrum%
a ' Runs land 2
£ 151 I Olab=10 |
5 ' “19,000ucoul
o l o
© 1
O] o o
I R[L
”L-Hnr A2l Hjﬁlﬂ [
~ 52 54 56

Energy (MeV)

58

| XBL732-2297

Figure 11. (a) 8B energy spectrum of the 26Mg(7Li,8B)25Ne reaction

from run 2 at © =10°,

lab

(b) Composite 8g energy spectrum

including data of (a) plus data taken at elab =15° from runs
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and'36 um thickness and a 260'um E detector; for'the:(éLi,gﬁ) experiment
the two AE ‘detectors were 15 and 11. ym thick and the solidgangle sub-
tended was 0‘64:msr " The target was normal to the beam.

Fig. 12 shows PI spectra obtained with both the alpha and 6L1 beams
incident on a 48Ca target. The greater peak separatlonlln the former case
is due almost_entirelY'to the use of thicker'detectors.' This was possible
because the thicknesses were optimized for an element of lower Z. In

spite of the_poorer particle resolution with the 6Li--beam,8B separation

is good.

An energy calibration was obtained for the 7Be'spectra by recording

the 40Ca(a Be) Ar reaction populating the ground: state and levels at

1.410 and 2.796 MeV excitation in °/Ar, and the 28
‘to the ground state’and 1.614 MeV levels in stg. SpeCtra were collected

Sl(a, Be)ZSMg reaction

periodically throughout the experiment and included several angles between
18 and 45 degrees‘ 7Be nuclei were observed in both the ground state and
0.429 MeV first excited state. (All higher states are partlcle unbound

and will not be observed ) Adequate separation between these two levels

was obtained for the (a,7Be) reaction on 28Si,40Ca and 48Ca, although not

n 12C and 16Ovirnpurities, for which the dE/d® is.much higher.

Fig. 13 (a) shows a 7Be energy spectrum from 4"8Ca'measured at 32°.

12 16

C and “70 contaminants are indicated, as well

 Transitions arising from
o 45

as peaks (FWHM ~-250 keV) corresponding to the ground state of TAr and

to a level at 3. 25 MeV excitation. Spectra at Several angles between
28 and 45 degrees (see Fig. 13 (b)) were collected klnematlcally confirming

48 7

observation of the reaction "Ca(a, Be) Ar as well as enabling the region

UP to 5 MeV excitation to be seen. Over this angular range the cross
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Figure 13. (a) An energy spectrum from the reaction 48-C8((1,7Be)45AI’ at
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reaction on 12C and 16O fall below ~ 46 MeV. \
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section to the‘ground state of 4S.Ar varied between 1.4 and 0.5 ub/sr, and

transitiohs to levels an 1.66 + 0.05, 2.42  0.05, and 3.25 £ 0.07 MeV

excitation were identified. All states were seen at more than one angle.
For tﬁe gBé spéctra the 7Be energy calibratién wﬁs used as a primary

reference since it was well determined in the region of interest. Analysis

of ?Be energy spectra from 12C, SiO2 and 4OCa targets showed that the

ground state of the residual nucleus was always populéted. gBe has no

particle-bound excited states, so the ''shadow'" peak problem encountered

48

with the 7Be spectra is not present. A 9Be energy spectrum from ' Ca

at 28° is shown in Fig. 13 (c). Peaks are indicated corresponding to the

ground state.(do/d9'~ 100 nb/st) and excited states at 1.74 = 0.05, 2.55

©0.05, and 3.56 * 0.07 MeV excitation in Bar. These ahd‘a state at .

4.74 £ 0.10 MeV'wére all seen at more than one angle. (For a discussion

of the assignment of the ground state peak, see Section V.)

For the 48Ca(6Li,8B)46Ar data, an energy calibration.was obtained

by periodicaliy“collecting spectra from a carbon tafget, and from the

16, 6, . 8,,14

position of the ~“0('Li, B)” C ground state peak arising from slight ox-

48

idation of the ""Ca target. A 8p energy spectrum from *8ca at 15° is

shown in Fig. 14 (a). Identification of the peaks followed from compari-

son with spectra taken at 15°on 4OCa, 12C and SiO2 (as an oxygen target).

12

Spectra from C:and SiO2 are shown in Figs. 14 (b) and 14 (c), respectively.

(As was the case for the lighter targets, the level mpst strongly populated

in the 40

Ca(6Li,SB)38Ar reaction was the ground state.) Observed kinematic
shifts between 10° and 17° provided additional confirmation of peak assign-
ments. The cross.section to the ground state of 46Ar was found to be

~1 ub/sr at forward angles. No transitions to excited states of 46Ar
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on (a) 48Ca (6300 uC); (b) 12C, and; (c) 160; All are displayed
- with the same 8B energy scale.
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were observed; shell-model calculations52 predict the first excited state

" to be at ~2 MeV excitation.

45

Aﬁalysis”bf the data gave Q values for the formation of 43Ar, Ar

and *OAr of -21.17 + 0.07, -27.84 + 0.06, and -23.33 + 0.07 MeV, respec-

43ar = -31.98 + 0.07 MeV,

tively. These-cbrrespond to mass excesses of
43ar = -29.727 + 0.06 MeV, and *CAr = -29.732 * 0.07 MeV. Comparisons
~are made with'theory in Section V.

- C. énd’SvIsotopes

43’45’46Ar, we irradiated a

48Ca-target with a 110 MeV alpha beam and observed thevg’lo’llB and 10-13

44,42, 410 - 42739

Due to the successful observation of
. C
exit particles; which populate the residual nuclei S,
respectively..‘The masses of all these residual nuclei are unknown.€:Ground
state Q values for the reactionslvary from about -20 to -44 MeV:v B
'vThev AEZ% " AE1 and E counters were 48, 27 and 340 um thick, respec-

tively, for fhe boron telescope, and 29, 14 and 289 um for the carbon tele-
 §copé. Solidiéngles subtended were 0.17 and 0.43 msr, respectively. Boron
isotopes were measured aﬁ'10 and'SO degrees and carbon isotopes at 10 and v
SS,degrees. Beéh:intensities varied from about O.SFuA'at 10 degrees to -
2 yA at backward angles.

| Fig. 15 shows PI spectra of the boron isotopes obtained from the
thick telescope and of the carbon isotopes obfained,from_the thin tele-
scope. Particle separation is seen to be very good. |

The energy region of interest for 8B and 10,11

6

C at 10° was obscured
by the large contribution from 12C and 1 0 impurities on the target.
For the other reactions, the predicted position for formation of the Cl

or S isotope in its ground state fell higher in energy than contaminant
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Figure 15. Particle identification spectrum résulting from bombardment of 48Ca by 110 MeV o .
particles. (a) Boron isotopes seen in the thick detector telescope. (b) Carbon 1sotopes
seen in the thin detector telescope.
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contributions. Nevertheless, no positively-identifiable peaks were seen
for fofmatioﬁ‘of any of the C1 or S isotopes.

Energy.spectra of 10B exit particles at 10° and 30°, and of 8B par-

12C and 16O con-

42

ticles at 30°, are shown in Fig. 16. Peaks arising from

taminants are indicated, as well.as the expected positions of the "“Cl

44 He taken at 35° and

41,40,39

and " 'Cl ground states; Fig. 17 presents spectra of

of 12 S

C and 13C‘tvaken at 10°. Expected ground state positions of
residual nuclei are indicated. The other B and C spectra were similar but,
generéily spéaking, showed even less.

The veryvldw count level in the region of most of the Cl and S iso-
topes permitféd:the determination of strict‘upper limits for the cross
éections of thésefreactions populating the ground state. These cross
»Section limits are giﬁén to the nearest 5 nb/sr iﬁvTable II. The very
,'1argevanéuléf mdmentum mismétches involved'(5~8h’asﬁcalcu1ated
semi-classically, including the Coulomb potential) méy have contributed
tolextremely 1owvcross sections for many of these reactions. '

1_OL‘1 .

D.
A 121 MeV Be*> beam was used to initiate the_reaction 9Be(gBe,SB)loLi
Q~-34 MeV);‘ The 8B telescope, subtenging a solid angle of 0.3 msr,
" consisted of AE2, AEl, and E detectors of 53,'45,'aﬁd 210 um thick-
ness, reépectively, and was cooled to -20°C. The recdil,telescope contained
11 and 48 um AE and E counters, respectively, and subtended 15 msr. The
'dafa were obtaihed at a 8B detection angle of 14° an&ia recoil angle of
3% in the lab, and with the target rotated normal to the latter in order

to minimize the energy loss of the recoils in the térget. (Although this

does increase the target thickness for 8B exit particles, it does not
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Figure 16 Energy spectra of the *®Ca(a,'’B)*?Cl reaction (a) at 10
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Predicted ground state positions are indicated for *2Cl and “*Cl.

=}

S




-57-

110MeVa -
48C0__ (a, | |C)
Bigp = 35° 1
141,000 4C

pfeqf
4s5gs. «Inb/sr
g L )
66 = 70 74

48cq (a)2C) n
elobétoo

28,000 uC

préd.
- 40sg gs
2_.'988e g_s‘<?nb/sr

Counts ,

48cq (a,'3C)

10 =10° 7
28,000.C

R pred.

"Be gs. | 395 g.s. -
T | <5nb/sr

T R O Y

74 78 82
_Energy (MeV) - ‘xsusa-zvsl
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reaction.at 10°. Predicted ground state pdsi-tions are indicated
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Table II. Center-of-mass cross sections in nb/sr (given to nearest 5) for the a-induced

48

reactions on "°Ca at the laboratory angles indicated. First row gives residual

nucleus populated.
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significantly d§Creése their energy resolution,lwhiéh is heavily dominated
by angular aécéptance effects.) - Typical counting rates were 5000/sec in -
the 8B AE2 cduﬁter énd 50,000/sec in the recoil AE counter. Bipolar

- signal shaping in the recoil electronics enabled these rates to be main-
tained.withdﬁt éxcessive pulse pileup (< 4%).

Fig. 18 presents a particle identification spectfdm taken with the
9Be target. >The insert shows the 8B région on an éxpanded scale. (Note
that it contains‘a larger number of counts than the main figure.) Those
: ,events which_alsd had a recoil coincidence are shoWn éross—hatched. It
is seen that‘¥QB events -tailing into the 8B‘region are'totaliy eliminated
by this requirement. |

~ The sourcézof the small peak between the 8Bvand 1QB regions seen in
both parts of'Fig; 18 is not definitely established;‘ Thesevcounté have
an energy spectruﬁ with the same shape as the main 10B_peak. If some,lOB
pafticles stopped in the rear dead layer of the E deféctor or lost inéﬁf—
ficient energy  in thé aﬁticoincidence detector to tfigger its threshold,
their PI signals would be shifted downwards and mightvférm a noticeable
peak.~ Howevéf,'the energy spectrum of such a ﬁeak woﬁlavbe Very'restricted
in width and'not resemble the observed speétrum of the peak in question.
Similarly, ﬁulsé‘bileup from the simultaneous detectién;of two lighter
particles, a pheﬁomenon which Sometimes produces an.extra peak in a PI
spectrum, would be expected to produce an energy spectfum markedly dif-
fering from that observed. The extra peak thus appears to be some aber-
ration of the detection system or electronics which acts oﬁ a small ran-
dom sampling of ail 10B events.

No(gBe,8B) reactions are known which produce unambiguouély-assighable
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Figure 18. 'Pafticle identification spectrum resulting from the bombardment
of 9Be by 121 MeV 9Be. Insert shows the 8B region on an expanded

scale, with the events which had a recoil coincidence cross-hatched.
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states with sufficiently large cross sections to serve»as an energy cali-

bration for the 9Be(gBe‘SB)loLi data. The one- proton pleup reactlon ¢

10

(gBe, B), which could be expected to have a much hlgher cross section,

produces states .about 20 MeV higher in energy than.the 8B nuclei of inter-

est, much too far away to be useful for calibration purposes. A calibra-

tion was instead obtained by observing at 12° the 4O,Ca(6L 8B)38Ar reac-

38Ar and the

S ( Li, B)26Mg ground state reaction, 1n1t1ated with an 80 MeV 6L *2

‘tion to the ground and first excited (2.17 MeV) states”of
28
beam. These prev1ously-stud1ed53 reactions have reasonably-large CTross
sections.(s-loxub/sr) and populate discrete states with SB energies
between 65 and 71:MeV close to the 8B energy of 75 MeV from the

B ( Be 8B)10L1 ground state reaction at 14°. In addition' the 6Li beam
- at the 88-Inch Cyclotron has a higher average 1nten51ty and greater depend—
ability than the Be beam. | | v ~
Such a calibration procedure is possible becauee-80 MeV 6Li+2 and
120 MeV 9Be+3 have essentially the same magnetic rigidity and charge-to-
.. mass ratio‘Q/M,'and therefore the same cyclotron field’and frequeney and
beam tranapoft‘magnet currents. Nothing affecting beam,energy need be
changed in switching between these two beams (althoughjavvery small fre-
quency change ia'fequired because Q/M changes by abont'l part in 103).
Measuring the energy_of one of the two beams therefofe deternines qut as
precisely the energy of the other, by the‘relationship,that-beam energy-

is proportionai to QZ/M.',Thus 120 MeV 9Be+3, for example; corresponds to

79.907 Mev OLi*Z.

It was desirable to obtain an experimental point above the 8B energy

of 75 MeV in order to avoid the possibility of an extrapolation error in

10 12,9

determining the mass of ~°Li. The C("Be, B) B reaction was used for
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this purpose; since it was ﬁecessary to investigate this reactionianyway
in order to be able to identify any peaks that might arise from 12C_con—
famination of the 9Be target. | v

A% energy spectrﬁm from the 12C(gBe,SB)lsB reéction at 14 is
shown in Fig. 19 (a). ’Unfortunafely, the. ground state;pbpulation is too

low to be used for calibration purposes. There are two doublet states54

in 138 at 3.48“aﬁd 3.54 MeV, and 3.68 and 3.71 MeV'excitatioh, corresponding
to the region ofvfhe sharp peak at 81 MeV. It can not be said which
state or states are populated in this spectrum. A‘value was therefore
arbitrarily assumed midway between the extremes, and:an.uncertainty
assigned large:enough to encompass all four states. Because the 8B
energy.corresponding'to 1OLi ground state productioniis_closer to the
(6Li,8B) Calibrétion points than to the (gBe,8B) point, the uncertainty
in the 1OLi mass resulting from this assumption is mﬁch less than the un-
certainty in the 13B point itself. It is interesting-to’note that the 300
keV width observed for this peak is just whatIWOuldfbé expected from de-
tection geometryvébnsidérations for a single,vnarrow_state. This suggests
that only one‘of ﬁhe two doublets.is being populated to any significant
degree. :.‘ z‘ |

A spectrum bf all the 8B data from the 9Be taréet; representing 2750
uCoﬁl of Be beam_(fully stripped), is shown in Fig. 19 (c). The same data,
With the additional requirement that each event be in éoincidence with é
count in the recoil detéctor, are seen in Fig. 19 (b). With this require-
ment, elimination of the 10815 and of the 8B's'arising from 12C contamin-

ation is essentially complete, demonstrating the high.effectiveness of

the recoil teléscopg.technique. A comparison of spettra 19 (b) and 19 (c)
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Figure 19 Eﬁergy spectra of (a) the '?C(°Be,®B)'*B reaction; (b) the
- °Be(°Be,®B)*°Li reaction coincidence events, showing binding-energy
threshold of °Li + n; (c) the °Be(°Be,®B)!°Li reaction singles
events; and.(d) the recoil energy of the ?Be(°Be,®B)!°Li reaction
coincidence events. The events assigned to the iOLi'ground state
and their associated recoils are cross-hatched in parts (b) and

(d), respectively.
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. also indicatés'thatvthe efficiency for detecting the;gLi'decay products

1OLi grouﬁdfstate recoils was high.

of
~ As discussed in Section III E, coincident events were accepted

which had a ATOF signal (the difference in detection time between the
8B and its coincident recoil) in a region that encomﬁaséed the real peak
(thé particie and its coincidence occurring in the’saﬁe beam bursf) and one
chance coinéidenée peak (the particle and its recdil.in adjacent beam
bursts). A ATOF spectrum is shown in Fig. 20 for evenfs of all particle
types which had a recoil coincidence. Requiring thé.further restriction
that a OB event=ﬁust have a recoil coincidence, a111but three of the -
events in the chance coincidence peak for the entifeuexperiment were
eliminated, éhd they corresponded to 88 events wellioutside of the energy
region of intefest. Since the chance contfibutioh should be the same in
all ATOF 'peéks, we can reliably Conéiude that the chance contribution
to the_data‘in Fig. 19 (b) is negligible. The ATOF parameter of the
data in Fig. 19 (B) is shown cross-hatched in Fig.?Of

| A further indication that the data in Fig. 19 (b)rhave been torrectly
attributed to the‘gBe(gBe,SB)loLi reaction comes from the recoil PI spectrum.
Although isotoﬁe resolution is pobr, it is sufficiently good fo show that
all the events under consideration afe grouped together in roughly the
region that would be expected for 9Li nuclei. o

0Li ground state are cross-hatched in

The events éssigned to thé 1
Fig. 19 (5)-'The.width of this peak appears somewhat narrower than would
be expected for a single.unbound state on the basis of a neutron tunneling
calculation, although the statistics_are too poor to detérmine the width

definitively. A recoil energy spectrum of the coincidence data, with the
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Figure 20. A TAC spectrum showing the difference in flight time between
detected'particles and their coincident recoils. The real coincidence
peak is from particle and recoil in the same burst; the chance
coincidence peak is from recoils one beam burst later. Cross-hatcheéd

counts are_gB particles with a coincidence (the events in Fig. 19(b)).
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‘same events croés—hatched, is shown in Fig. 19 (d).i Again, the cross-
hétched events‘GCcur in the expected energy region. (It may be interesting
to note that as the 1OLi exCitation.energy increases,'so does its kinetic
energy..) o

The obsefved Q value for the 9Be(9Be,8B)10Li-grOUnd state reaction
based on Fig(_lQ and 5 recent confirming reinvestigation is -34.06 + 0.25 MeV,

10

corresponding to a mass excess for 1003 of 33.83 + 0.25 MeV. Li 1s thus

9

unbound to “Li plus a neutron by 0.80 MeV, compared to a prediction of 0.21

MeV umbound baséd”on the Garvey-Kelson method. This suggests the possibility
that we are acfﬁally observing a low-level excited Stéfe of 1OLi. Based
on particlerarticle, hole-hole theorems of the nu;leﬁs,,the low level
 structure of 10Li should be very similar tb that of IZB, which has one pro-
}ton hole in the P32 shell rather than one p3/2 particlef The first ex-
cited state of 125 s 0.953 MeV. Since ¥0Li is experimentally known®> to
be particle.unbouﬁd,'if the observed level Were.an eXCited state of loLi,
it would have to be at less than 0.80 MeV excitation, which is unlikely.
.The‘reactidn cross section to the ground staté of 10Li at 14° is
30 nb/sr c.m. _Thét the background is essentially-nonéxiStent in such a
low cross sectibn feaction demonstrates thé extreme effettiveﬁess of the
expefimenfal technique employed. o
The only pre'viously—published56 experimental feéuits on the direct mass
measurement of 19Li, also from this laboratory, used the same‘reéction
but a 1e$s—$ophisticated technique. Particle separation was very much
poorer, and the energy spectra had a high background. The ''possible

evidence" cited in that report for the observation of 10Li\should be con-

sidered as superseded by the present results.
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E. B

A.120 Me\‘/"_glj3e+3 beam (~ 100 nA_on target) waé used to initiate the
14C(gBe,sB)lsB feaction. Fig. 2 illustrates schematically the detection
setup, which consisted of a teiescopé of 55; 45, and‘230_um detectors'
(AE2, AE1, Ej,'and a recoil detector of 15 ym. The_8B;telescope was at
14° and subtended an angle of‘0.8° horizontallf by 1.9?1Vertica11y, for
a solid angle Qf10.4 msr. The recoil counter, positidned at 32°, had an
acceptance of é.4° horizontally by 5.6° vértically,:corfesponding to a
13‘msr solid angle. To allow detection of particles over an energy range
of 5 MeV excitétion in 15B, the acceptance of the réCoil‘detector in the
reaction plaﬁe was made larger than its vertical acceﬁténce.

Knowledgéibf the distribution of recoil particles corresponding to
the detected OB pgrticles is necessary in choosing the ¥ecoil detection
geometry. An accurate calculation is difficulf becéuéé of the many vari-
ables involved.':Fof‘a particle-stable recoil nucleus, such as 15g in
its ground stéte, thé distribution depends in a faifiyvstraightforward way
on the beam spot geometry (which can nbt be known pféciéely in advance)
and the.8B detection geometry. | |

The recbil distributionvis much more cbmplicated for 1B recoils
arising from reaCfions'on 12¢ nuclei in the target. This is because, at

15 3B nuclei

the angle at whith~ground state "B recoils are detectgd, the 1
.are emitted in particle-unbound excited states. (Refer to Section III B.)
The maximuh poésible opening angle of the resultant I?B decay-product cone
can be calCulatea by a vector sumation of the forward motion due to the

135 kinetic ehergy‘and the maximum deflection dué.to_thellsB breakup

energy. (A thfe¢¥body;calculation gave essentially the same results.)
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Both of these quantities vary for a given 13B emiésion angle. The
13B kinetic energy depends signifitantly on where in the‘target the reaction
occurred because the dE/dx in the target is large (abodt 5 MeV/mg-cmZ).
Available breekupienergy depends on which states in_thedlzB daughter are
populated Byithe decaying receil, information which is not known. Assum-
ing reasonable:velues for these variables, the 1ZB-maximum cone angle would
be about 21° for'”average" conditions. |

These considerations are appropriate for 13B recoils emitted at the

precise angle where 15

B ground state recoils are expected. However, an
angle of severalddegrees is subtended by the recoilideteCtor, and thus a
wide recoil energy‘and‘exeitation range can be observed. A considerable
variation of the maximum breakup cone angle-across the detector results.
There iéda,tendency for the recoil decay produefs to be preferen-

tially 1ocated_near the outer edge of the cone. (Projecting a spherical
breakup geometryrin the center of mass onto a two—dimensional detector in
the lab accounts -for this phenomenon.) This tendency, in cohjunction

with the fact that the 12

B breakup cone is much 1érger'than the recoil
collimator, makes it apparent that most of the 12B déﬁghters will fall
outside of the ehosen detection geometry, as desired. |

Recoil defection efficiency for Bound particles Wae tested with the
elastic scattering of 9Be from a 200 ug/cm2 12C target. With the 9Be
_ detection_aﬁg1e fixed, the percentage of detected elastically-scattered 9Be

nuclei which had a coincident 12

C recoil was measured at a series of recoil
detection angles. As expected, elastic recoils were detected over approx-
imately an 8° range of settings, corresponding to the'angular acceptance

of the recoil collimator. Over this 8° range the measﬁred efficiency
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was'flaﬁ at about 50%, and dropped sharply to zero‘on either side. The
principal loss of efficiency is due to the vertical acééptancé of the re-
coil countef being inadequate. (A Sufficieqtly large detector was not
available becaUse’the vertical dimension of the re¢011 distribution ié
very large.) The.éngle observed to be the center of thé recoil distribution
agfeed very Weli with the calculated value, indicating'fhat the detection
angles were properly calibrated. |

The use of a TAC to generate a ATOF. signal was discussed in.
Secfion IIT G. Pulser ATOF resolution was 150 psec. ATOF resolution

12Cvelasti’c_ scattering to be

for real particiesvwas measured by 9Be +

about 600 pséc. By measuring the scattéring at severél angles, calibra-

tions for theiATOF and recoil energy spectra weré simuifaneously producéd.
From noﬁrelativistit equatiéns of mdtion we find.that’thé flight‘

time for a partiéle of energy E and mass M is given byvz

a Jo
c V2E 2

where c is the speed of light and d is the flight path (15.3 cm for
the three—countef telescope and 5.5 cm fbr the recoilAdctector); For flight
paths this shoft,‘flight times are in the range of 3 to 6 nsec. Calcula-

tions of ATOF ineld 1.7 nsec for the reaction producing 15B in its ground

state. For 1°B of 8.4 MeV excitation (which comes at the same angle as

e 15

th B ground state prediction),' ATOFvva1Ues varyffrom 0.1 to 1.5 nsec,

depending on whether the neutron is emitted directly backward or forward,
respectively.> To this must be added the spreading effects of producing

13B in different excited states, and of recoil losses in the target.
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Fig. 21 presents a particle identification spectfum, showing very
good 8B,separatibn. A-8B_energy calibration was obtaiﬁed.by the (6Li,8B)

Treaction at 80 MeV. (Sée Section IV D.)~ Various'angles were measured
on lzc, Sioé‘and'4OCa targets to produce the ground states of 10Be, 26Mg,

14 38 12 4

Ar.  The amount of C'in (and on)‘the 1

by cbmparison between the 12C(gBe,loB)llB reaction measured'for a given

14

o and. C target was determined

integrated number of beam particles on the ~'C target and on a 12C target

14

of known thickness. Initially the ~'C target contained about 20 ug/cmz

12

of "“C and 80 ug/cm2 of 14C, but after a prolonged period of bombardmént

the 1

2C had built up to nearly 50 ug/cmz.

Fig. 22'(a) and 22 (b) show 8B energy spectra’from the 14C target;
collected for 7900 uCoul; part (a) contains all 8B events (singles and
coincidence), part (b) only those with a recoil coincidence. The reduc-
tion in counté'by édding the coincidence requiremenf i$ indeed striking.
Recoil events from reactions on 12C producing 13B near its ground state
will be elimiﬁatqd because the 13B angle is outSide the_range of recoil
acceptance. vEyents will begin to éppear as the 13B eXgitatidn eﬁergy in-
creases and the_lSB angle approaches the 15B_angle. ‘However, at about
this point 13B bécomes particle unbound, and as its excitation energy 1in-
creases‘its breakup cone angle rapidly becomes so largé_that nearly all

12B nuclei are not detected. Most events which are accepted should

12

the

therefore be niear the ~“B + n threshold, as is obéer&éd-in Fig. 22_(b).

15B ground state predictions from the transverse (T) and modified shell
model (M) mass equations are indicated.
Fig. 22 (c) presents for comparison a spectrum from a 12C target

taken so as to equalize the 13B yield from both targets. An enhancement -
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Figure 22. Energy spectra of (a) the '*C(°Be,®B)'°B reaction, singles
events; (b) the 1‘*C("*Be 88)!°B reaction, c01n01dence events; and
(c) the 12C(gBe ®B)'*B reaction, coincidence events. Indicated
are the threshold for breakup of '°B into '?B + n and the '°B ground
state positions predicted by M and T.
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15B region of Fig. 22 (b) is seen over what would be

-of counts in the
expected from comparison with Fig. 22 (c). If the 5 counts seen were
indeed due to'the forﬁation'of 15B ih its ground state;.they would corre-
spond to a maes~excessAof 29.64 + 0.21 MeV and avcross section of 120 nb/sr.
Mass-excess pfedictions are 28.75'MeV by the transverse relationship and
29.89 MeV by the modified shell model. |

The statistics are SUfficientiy low, however, that it is highly de-
sirable to have:additiohal confirming evidence before Saying that 153 has
been successfully observed. The recoil PI and energy.pafameters for the
five candidate events and for the 13B events seen in Fig. 22 (c) were in-
distinguishable. At the time the data in Fig. 22 were'accumulated, the
ATOF measurement technique had not yet been adopted.

It was.decided to reinvestigate the reaction with the addition of
the fast timing for time-of-flight information. Theemotivation was to
try to distiﬁguish betweeh.13B (detected as 12B) and lSB recoils in the
coincidence sﬁectrum, as well as to generate additional statistics for
é more conclueive aetermination of 15B. A special 25:um recoil detector
of wider area (7 X 10 mm) was made”’ to permit increesing the vertical
acceptance for improved 15B detection efficiency. The new angular accep-
tance was 7.0°eradia11y'(slight1y decreased from previously) by 10.0°
vertically,or a Sb% increase in solid anéle. Elasfic ecattering tests
showed the feceilbdeteCtion efficiency for bound particles to be about
160%, compared to the previous SO%. | |

The 8B energy spectravresulting from the reinvestigation (14,000
uCoul) are shown in Fig. 23, presented in the same fbfmat as Fig. 22.

13

B 6.42 MeV peak™>

Approximately 50% of the events in the region of the
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.Figure 23 Results of reinvestigation of the '“C(°Be,®B)’°B reaction,

presented in an identical format to Fig. 22.




had a recoil.coincidencei This is seemingly much higher than previously,
although the percentage in the initial inveStigétion isvdifficult to de-
termine- Thu5“13B~rejection is not nearly as complete. An additive effect
is the presence of more 13B efents in the singles spectrum, since the

amount of,1

2¢ on the target had approximately,doubled; as mentioned
earlier.
The shapes of Fig. 22 (a) and Fig. 23 (a) are noticeably different.

8y

Since_these spectra are independent of thevrecoil geometry, and the
detection_syetem was not changed, the spectra shouid'bervery similar.

- The observed dissimilarity may be due 1argeiy to differing target compo-
sitions. Fig.'ZZ (a) was produced with a freshly-made-14c target‘having
én appreciable iodine contamination (see Section IIi‘F); A substantial
decrease in iodinevcontent may have occurred befofe_Fig. 23 (a) wae proe
duced, due to sublimation inducedbby beam heating. The large increase in

12C contamination of the 14

C target is probably an evenilafger'factor con-
tributing to thevdissimilarity. Considerations such as.these cloud the
comparison of 12Bvr'ejection efficiencies made in the'pteVious paragraph'
~and complicate'the determination of an optimum.detection geometry.

In Fig. 23 (b) is seen a group of eleven counts‘in the sane.region
‘as the five possible 15B counts of Fig. 22 (b). Howevef, in this case
“they do not cofresoond to an enhancement above backgroond._ Based on the
Fig. 23 (c) comparison spectrum, we would eXpect aboutieixteen 12B back-
ground counts in this region. Thus, within statistice; the counte in the
predicted lsB region of Fig. 23 (b) are consistent with'being entirely due

to background. These eleven counts correspond to a cross section of

approximately 150 nb/sr, about the same as observed for the five candidate
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" counts in Fig,22 (b). This casts additional doubt on the observation of

15B in Fig. 22 (b), for a 1SB contribution of that size (five counts),

in conjunctien-With the amount of background seen in Fig. 23 (c), would
be expected to preduce twice as many counts in thevlsﬁ_region of Fig. 23 (b)
as are seen,l-';' | | |

The coincident events in the expected 15B region‘were again examined
in detail to see if they-differed.in any clear way from those known to be
due to the production of 13y particles; The recoil energy and ATOF

peaks were found to be so kinematically broadened that it was impossible

to differentiate between 15B and 12B on this basis.n;When a two-dimensional

plot of ATOF versus recoil energy was made for all eVents, a narrow and

well-defined band was produced. However, the bands Were'indistinguishable

2

for the 15B energy'region of both 1 C and 14C target~data.

Two conclusions are possible from these data. Either it is not
possible to differentiate between detected 15B and 12Btrecoils under these
experimental conditions, or else 15B was not produced;‘ In either case,

no conclusive evidence for the observation of 1SB wasyseen; An upper limit

14 9, 8,15

for the yield'of,the C("Be, B) "B ground state reagtion of about 50 nb/sr

can be set.

This eiperiment would probably be feasible with”detection'geometry

optimally deSigned'(to maximize the lSB/lzB ratio) and with:a much lower

12

percentage of ~“C in the target (a few percent at most, preferably 1% or

less, which is probably unattainable). Otherwise,‘some'method must be -
devised for differentiating between the 15B and 1ZByrecbils. One possi-.
bility is using a large-acceptance spectrometer to detect the recoil

particles, thus obtaining recoil mass resolution and better time-of-flight
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information.

Due to.the lew value for the cross section and the maghitu&e of the
contamination'problem, this is an extremely difficult experiment Unfor-
tunately, w1th present experlmental technlques there appear to be few
alternative reactlons. The maJor candidates appear. to be three- -proton

pickup on 18O, such as the ( L1 C) or (11 14

15

0) reactlons; double

N, such as the ( Be, C) or (180-18Ne) reactions; and -

four-neutron stripping on 11B such as the (180 14O) reactlon These

charge exchange on’

reactions all suffer from very serious problems of separatlng the exit
particle from adjacent i1sotopes of the same Z. Each reaction also has
at least one of the following major drawbacks: very highly negative Q

values, very large dE/de, and very low recoil kinetic energy. Thus the

15B may still'rest with successfully

solVing the cohtamination problems accompanying the - C( Be 8B)lSB reaction.

best chance for measuring the mass of
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V. COMPARISON WITH THEORY

A. Masses:
25Ne-— The. experimental mass-excess of -2.18 £ 0.10 MeV for 25Ne

can be compared with predicted values of -1.95 MeV.by the transverse re-

lation T and -2.12 MeV by the modified mass rélafidn M; as given in
Table I. This comparison has been previously illustrated in Fig. 1.
Agreement is seen to be much better with the modified_relation. o

43_46Ar-~ In Fig. 24 T and M predictions are compared with the
measured maéé;excesses of 43’45’45Ar, reported in.Sect. IV B. Also in-
59 44

cluded is a recent preliminary experimental result” for = Ar of

43-46) 1 from M are -31.76,

-32.27 + 0.04 MeV. Predicted values for
-32.32, -29.65, and -29.67 MeV, respectively,and from T are -31.83,
-32.60,'—29.81,.and -30.23 MeV. Overall agreement'with the modified re-

lation is Vefy good; agreement with the transverse relation is decidedly

‘1es$ SO.
10

corresponding fo_0.80 MeV unbound to neutron emissioﬁ. This is signif-
icantly less bound than the.transverse prediction of 0.21 MeV unbound,
but not unbelievably so. Since 10Li is an odd—odd'nﬁéleus, it can not
be'predicted by the modified mass relation. | |

Abramovich §3 §1:60 have observed.a-resonance_in>fhe 7Li(t,p)9Li

10Be.

reaction corresﬁonding to an excitation energy of abbut 21 MeV 1in
On the basis of its narrow width, they assigned it to.the T = 2 analogue
of the 10Li ground state, thereby deducing that'loLi is unbound by 0.062

£ 0.060 MeV.

Li-- The mass-excess of 10Li-was'measured'to-be 33.83 +0.25 MeV,
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Garvey-Kelson transverse relation (circles) and modified shell

model mass relation (squareé). ' » (
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B. Level Schemes

®ONe-- The low-lying structure of

25Ne has been calculated by Cole

gg_glgl as part of a larger study in the sd shell. Untruncated shell-

. model calculations were carried out using the proceduré of Whitehead,61

with partlcles'dlstrlbuted in the d5/2’ 51/2’ and_ds/zjlevels, restricted

only by the Pauli principle. The two-body interactioh_of Preedom and

62

Wildenthal was used.

- Fig. 25 show5 the results of this calculation éompared to the observed

levels, normalized to the ground states. (Cole gg_gl,l obtained a mass-

5

excess of -2.24 MeV for >Ne.) The calculated ground state spin of 1/2 +

agrees with the 1/2 + (3/2 +) measured by Goosman gg_gl,.so If the

assumption is made that the observed levels at 3.25 and 4.05 MeV are un-
resolved doublets (or that not all states were populated), then the
agreement with theory would be quite good indeed. .~

43,85, Large-basis shell-model calculations for

52,63

43

¥ar and 4

Ar
are available ffqm other authors. Gloeckner ég_gl,sz calculated
the levels in *°Ar up to 3.5 MeV, compared in Fig. 26 to the observed
"levels. Interaction parameters from a previoﬁs study64-among the lighter
Ar isotopes ﬁere used in conjunction with a (nds/z)_z-(vf7/2,vp3/2)
model space. . ! A' | '

Perhaps the most strikipng conclusion from Fig. 26vis the high selec-

48

fivity of the Ca(a,gBe)43Ai reaction. This selectivity can be under-

stood from the large angular momentum mismatch of the reaction, about>2
‘AL = 6h. Consequently, only high-spin states should be populated.
Indeed, wherever a level is experimentally observed, a‘high—spin state

is predicted to occur.
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A further-cOnseqﬁénce of this reasoning is that the 7/2 state pre-
dicted to iie_ét about 0.15 MeV should be more strpngly populated than
the nearby 5/2°'state, casting doubt on the assigﬁment of the highest-’
energy observed peak entirely to the ground'étate.-”Howevei, there is
uncertainty in the calculation of which state should fall lowest in
energy; vaaraye-gz_gl,63 have predicted the 7/2_ level to be the ground
state, as it is known to be65 in.41Ar. Wb have’therefdfe assumed66 on
the basis of“reéétion systematics that the highest;energy‘peak corre-
vsponds-predohinéntly to population of thé ground'stéte of 43Ar. The
comparison,.giVen in Fig..24, of the 43Ar ground-staté mass with either
of the'predictéd values reinforces this assumption. o

>2 can therefore be- used to understand

45

The model of Gloeckner et al.

Ar and heavier isotopes,
52,63

the 43.Ar dafé.»lHowever, it breaks down for
and has not beén used to describe those results.  BQ£ﬁ models,
nevertheless, do demonstrate a qualitative similarity between Bar and
39Ar,_as would be expected on the basis of simple particle-hole theorems.

Excited states should thus begin above about 1 MeV, consistent with

experiment.
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VI. CONCLUSION
Multiperticle transfer reactions involving heavy‘ions have been shown
to be a suitable tool for measuring the masses and excited states of -

light nuclei far from B-stability. Ground state masses were feported

for 25Ne, 43,4556 10

for 25Ne and

Ar, and

43’45Ar, and compared with theory. Very low ground state

Li. Several excited levels were also measured

cross section onper limits were set for 15B and for”severai highly
neutron-excess isotopes of Cl and S. .
| A recoil coincidence system has been developed which can partially
separate bound from umbound recoils when contamination probiems are
particularlylsevere. A modification involving recoil particle identi-
- fication wes introduced that is applicable when'the_recoiis from desired
~and contaminant reactions are of different Z. This technique proved to'
be very effectiVe. o
A simple modified shell model mass relation heS'beenvderived,'and
predictionsbpresented for the masses and particlefstability of neutron-
excess light nuclei, The fit to known'masses andfthe}predictive ability
of this model were compared with an updated recalculetion by the Garvey-
Kelson approath. The modified shell model was shown to better account
for the masSee'of many nuclei of high‘neutron-excess;-.Thus it is a use-
ful alternative‘to Garvey-Kelson for very neutron-rich light nuclei.
Many additional masses of interest could be meaeured by these tech-

niques. gHe, 13Be (both particle-unboond), 15

B, and-lgN are particularly
interesting because their masses as predicted by the modified relation
and by Garvey-Kelson differ by more than 750 keV. Experimental masses

for these nuclei would permit a more stringent testfand comparison of
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the two.modéls in the very light nuclei. Other desirable experiments

would include measuring the mass of 17¢ and reinvestigating 215 and .
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APPENDIX I =~

Preditfed-mass-excesses.and one- and two-protoﬁ_binding energies
(in MeV) ofbthe Tz = -2, -5/2, and -3 nuclei throﬁgh the titanium iso-
topes. The'method of Kelson and Garvey35 was em@id&ed (see discussion
at the end‘dffsect. IT C). In similar fashion to‘their work, the let-
ter in parentheées beside the nuclear species specifies the type of
information available on the neutron-excess isotopé uéed in the pre-
diction, with:D:or X signifying a nuclide whose mass is khown or
unkhown, respectively. For the latter, the mass‘bredicted by the

transverse mass relation (and listed in Table I) was'ésSumed.




TZ = -2
kxR kEFEXXE
NUC, Mass
g - BEXCESS

oC (D) 39.77
131 (x) 33,38
120 (0)  33.06
L4F (G) 33,37
L6NE(D) 24,67
18NAGD) 25,57
20MG(0) 17.40
22AL(0) 17,95
24SI(0) 10,75

26p (2) 11,19

288 (D) 4446

“BUCLID) - 4,89

SEAR(U)  «2,16

SHK (D) ~1,41.

S6CA(D)  «6.45
38SCILC)  =4,57

+UTI(0). -9.01

BINDING ENERGY

ip

'0;5
-3,21
o2

-2.56

2p

2,44
-1,92
-2.82
-1,22

-2.,09

T = =5/2
Qtt#itt*#;

NUC, “MASS

EXCLSS

L7NALX)  3de7g

19MG(X) 32463

21AL(X) 26062

23S1(0) 23029
25P (D) 1948
278 (D) 17.91
29CL(D) 1431
SIARLD) 11473
33K (D) 7.1

S5CAID) 473

57SC(D)  se81

$3911(D) 2¢19

BINDING ENERGY

ipP

.5053

23

‘T =le93

1,95
l.44
57
2456
45

vg,38

. 1.16

>'2097

hd

2P

-3.60
~1.43
.84
2.08
ees
46

~el8

TZ = -3
(222223334
NUCe ' wASS’
- EXCESS

;amé(x) VQQ.OB
20AL(X) “2+23
2281(X) 32.11
24P (X)  52.91
268 (X) 27425

28CLID) 27.98

30AR(X) <€1e65.

32K (X) <21.75

34CA(X) 14,03
_36SC(X) - 415.28

C 38TL(0) 10472

BINDING ENERGY ©

1P

-1400
-2431
179
-2.33
-e48
-2.78
- 05
-2.73

o7

~3e26

2p

 =4,483

-2'06

-e13

=58
=1.93
-2.21
c2.61
-2,28
-1,61

-2410

T =2459

- -68-
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APPENDIX II

Experimenfal ground-state cross sections of some low-cross section
multiparticle_transfer reactions areupresented. iny reactions with
IATZ|> 3/2 and do/dﬂ<10 ub/sr are included. er$§ sections are qupted
in the center,df mass, except for references d, i,”aﬁd 1, which do not

indicate the. frame of reference used.

e
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beam lab ..
projectile energy angle do/aq
AT, reaction ref. (MeV) (deg) (ub/sr)
l60(7Li,8B)l5c a 78.9 isvj, 2.1
26, , 25 . '
Mg( )" “Ne b 78.9 15 0.35
20 Tni, 290904 c 80 Tk 0.6
6o )3y ¢ 80 7h - o
- 3/2 7Li(7Li;zp)lzBe a ~30 30,' 2.9 |
9e(9pe,%8) 011 e 121 1l 0.030
Lo )Bs a 121 - .k 0.13
26Mg(llB,8B)29Mg 86 11 0.015
28Si(_- Cy3tss 86 11 0.08
eres Bre)oc g k.7 o1 0.16
e )N g 547 W1l 0.12
2855 ¢ )23a1 54.7 4.1 ~0.05
 8(3ke %) s h 50 1.1 0.56
+3/2 Mg )8B h 50 4.1 1.44
' Yo )2c i 68.5 10:5 2.8
-160( )130 3 65.3 0.76
20, 17 10.6
Ne( - )" 'Ne k 62.6 10 0.1
P e 55.9 1k 0.8k
28Si( )ZSSi 1 70 10 0.9 -
AOCa(" )37ca j 55.9 11.2° 0.175
12c(a,BHe)8c m 156 2 0.06
2 B )20 156 2 0.004
214 )2%yg 110.6 10 0.06




. _92_

References forvAppendix I1

a. K. H. WllCOX unpubllshed data
" b. Ref. 2; and this work.

c. J. Cerny, R. B. Weisenmiller, N. A. Jelley, K. H. Wilcox and G. J.
Wozniak, Phys. Letters 53B, 247 (1974) ; and R. B. Weisenmiller,

private communlcatlon

d. H. H. waard R. H. Stokes and B. H. Erkklla Phys Rev. Letters
27, 1086 (1971)

e. This work._
f. Ref. 3. -

g. J. Cerny;'R, A. Mendelson, Jr., G. J. szniak,'J} E. Esterl, and
J. C. Hardy, Phys. Rev. Letters 22, 612 (1969). '

h. R. L. McGrath J. Cerny, and E. Norbeck, Phys Rev Letters 19,
1442 (1967). '

‘ i. G. F. Trentelman, B. M. Preedom, and E.‘Kashy,vPhys. Rev. C6,
2205 (1971). ' '

j. -G. W. Butler, J. Cerny, S. W. Cosper, and R. L. McGrath Phys. Rev.
166, 1096 (1968). '

k. G. J. Wozniak, unpublished data. o
1. G. F. Trentelman and I. D. Proctor, Phys. Lettérs‘§§§) 570 (1971).

m. R. G. H. Rdbertson, S. Martin, W. R. Falk, D. Ingham, and A. Djaloeis,

Phys. Rev. Letters 32, 1207 (1974).

n. J. Cerny, N. A. Jelley, D. L. Hendrie,'C. F. Maguire, J. Mahoney,
D. K. Scott, and R. B. Weisenmiller, Phys. Rev. Cl0, 2654 (1974).

«
Co e




10.
11.
12.

13.

14,
15.
16.

REFERENCES

B. J. Cole, A. Watt, and R. R. Whitehead, J. Phys. (London) A 7,
1399 (1974).

K. H. Wilcox, N. A. Jelley, G. J. Wozniak, R. B. Weisenmiller, H. L.
Harney, and Joseph Cerny, Phys. Rev. Letters 30, 866 (1973).

D. K. Scott, B. G. Harvey, D. L. Hendrie, L. Kraus, C. F. Maguire,
J. Mahoney, Y. Terrien, and K. Yagi, Phys. Rev. Letters 33, 1343
(1974) . | | o

S. Cohen and D. Kurath, Nucl. Phys. 73, 1 (1965).
G. T. Garvey, Ann. Rev. Nucl. Sci. 19, 433 (1969).
N. Zeldes, Ark. Fys. 36, 361 (1967).

M. Bolsterli, E. O. Fiset, J. R. Nix, and J. L. Norton Phys Rev.
Gs, 1050 (1972). '

M. Brack, J. Damgaard, A. S. Jensen, H. C. Pauli, V. M. Strutinsky,
and C. Y. Wong, Rev. Mod. Phys. 44, 320 (1972).

V. M. Strutinsky, Yadern. Fiz. 3, 614 (1966) (transl: Soviet J.

" Nucl. Phys: 3, 449 (1966)).

V. M. Strutinsky, Nucl. Phys. A95, 420 (1967).
V. M. Strutinsky, Nucl. Phys. A122, 1 (1968).

E. Comay, S. Liran, J. Wagman, and N. Zeldes, beé. Int. Conf. Prop.

Nuclei Far from the Region of Beta-Stability, Leysin, 1970 (CERN,
1970), Vol. 1, p. 165. '

J. Wing, Proc 3rd Int. Conf. on Atomlc Masses, Wlnnlpeg, 1967 ed.
R. C. Barber (Univ. of Manitoba Press, 1967), p 194.

J. Wing, Nucl. Phys. A120, 369 (1968).
N. Zeldes, M. Gronau, and A. Lev, Nucl. Phys. 63, 1 (1965).

N. Zeldes, A. Grill, and A. Simievic, Mat. Fys Skr. Danske Vid.
Selsk. 3, No 5 (1967). '



17.

18.

19.
20.

21.

22.
23.
24,
25.
26.
27.
28.

29.
30.

31.

32.

-94-

S. Liran and N. Zeldes, Proc. Int. Conf. on Nucl. Phys., Munich,
1973, ed. J de Boer and H. J. Mang (North- Holland/Amerlcan Elsevier,

'Amsterdam .1973), Vol. 1, p. 322.

G. T.. Garvey, W J. Gerace, R. L. Jaffe, I. Talm1 and I. Kelson,
Rev. Mod. Phys 41, S1  (1969).

G. T. Garvey and I. Kelson, Phys. Rev. Letters 16, 197 (1966).

J. Jinecke and H. Behrens, Z. Phys. 256, 236 (1972).

J. Jénecke‘and H. Behrens, Proc. Int. Conf. on Nucl. Phys., Munich,
1973, ed. J. de Boer and H. J. Mang (North- Holland/Amerlcan Elsevier,
Amsterdam 1973), Vol. 1, p. 321. '

J. Jénecke and H. Behrens, Phys. Rev. C9, 1276' (1974).
M. K. Basu and D. Banerjee, Phys Rev. C3, 992 (1971).
J.'Janecke Phys. Rev. C6 467 (1972)

. Janecke and B. P. Eynon Nucl. Phys A243, 326 (1975)

J
W. H. Bassichis and S. S. Ali, Phys. Letpers §g§, 282 (1974).
S. Goldstein and I. Talmi, Phys. Rev. 105, 9953‘(1957) |

A.

de- Shallt and I. Talmi, Nuclear Shell Theory (Academic, New York,
1963). v

C. Thibault and R. Klapisch, Phys. Rev. C9, 793 (1974).

N. A. Jelley, J. Cerny, D. P. Stahel, and K. H. Wilcox, Lawrence

Berkeley Laboratory Report No. LBL-3414 (unpublished).

Masses were generally taken from A. H. Wapstra and N. B. Gove, Nucl.

- Data A9, 265 (1971). References to most new masses of interest are

given in Table I; a few other new or revised masses (for 34P, 388,

and 58Mn)-are cited in Ref. 30. In addition, in order to determine
all the parameters, it was necessary to use the mass of the particle-

unstable-nuclide 7He.

J. D. Bowman A. M. Poskanzer, R. G. Kortellng, and G. W. Butler,
Phys. Rev C9, 836 (1974). ‘




33.

34,

35.
36.

37.
38.

39,
40.

41.
42.
43.

44,

45.

00 V4307727

-95-

A. G. Artukh, G. F. Gridnev, V. L. Mikheev, V. V. Volkov, and
J. Wilczynski, Nucl. Phys. A192, 170 (1972).

R. Klapisch, C. Thibault, C. Rigaud, A. M. Poskanzer, L. Lessard,

and W. Reisdorf, Proc. Int. Conf. on Nucl. PhYs., Munich, 1973, ed.
J. de Boer and H. J. Mang (North-Holland/American Elsevier, Amster-
dam, 1973), Vol. 1, p. 325; and C. Thibault, R. Klapsich, C. Rigaud,
A. M. Poskanzer, R.Prieels, L. Lessard and W. Reisdorf, Phys. Rev.

Cl4 (to be published).

I. Kelsonvand G. T. Garvey, Phys. Letters 23, 689 (1966).

Fig. 16 in Ref. 32 presents those neutron-deficient nuclei expected

to lie on the edge of stability, based on minor updating of Ref. 35.

33 34
K and

to an error in the proof of Ref. 35.

~K-are incorrectly shown thereln32 as nucleon stable due

- Dhom Products, 11120 Compton, N. Nollywood CA 91603.

D. J. Clark, J. Stayaert J. Bowen, A. Carnelro ‘and D. Morris,
AIP Conf. Proc. No. 9, Cyclotrons--1972 (Proc. 6th Int. Cyclotron
Conf., Vancouver, 1972), ed. J. J. Burgerjon and A. Strathdee (AIP

N.Y. 1972) p. 265.

K. W. Ehlets, Nucl. Instr. and Meth. 18, 571 .(1962).

R. E. Hintz, F. B. Selph, W. S. Flood, B. G. Harvey, F. G. Resmini,
and E. A. McClatchie, Nucl. Instr. and Meth. 72, 61 (1969).

Leonard Ho, private commmication.

'J. L. Gallant, Nucl. Instr. and Meth. 102, 477 (1972).

F. S. Gouldlng, D. A. Landis, J. Cerny, and R. H Pehl, IEEE Trans.
Nucl. Sci. 13, 514 (1966)

J. Cerny, S. W. Cosper, G. W. Butler, H. Brunnader, R. L. McGrath,
and F. S. Goulding, Nucl. Instr. and Meth. 45, 337 (1966).

Approximate values for b are 1;6 for Li-B, 1.5 for C, 1.4 for Ne,
and 1.2 for Ar. Exact values depend (among other"things) on the



46.

47.
48.
49.
50.
51,

52.

53.
54.
55.

56.

- 57.
- 58.
59.

60.

-96-

thicknesses of the AE detectors used. Dr. A. M. Poskanzer, private

commmication.

F. S. Goulding, D. A. landis, J. Cerny, and R. H. Pehl, Nucl. Instr.

and Meth. 31, 1 (1964).
ORTEC, Inc., 100 Midland Rd., Oak Ridge, Tenn. 37830.
FORTRAN program CHAOS, provided by Dr. C. C. Maples .

C. C. Maples Lawrence Berkeley Laboratory Report No. LBL-253 (Ph.D.
- Thesis), Sept. 1971 (unpubllshed)

D. R. Goosman and D. E. Alburger, Phys. Rev. C7 1133 (1973).

A. P, Kabachenko, I. B. Kyznetzov, K. Sivek- V11ch1nka E. A. Skakun
and N. I. Tarantin,Joint Institute for Nuclear Research Dubna,
Report' No. D7-5769, 1971 (unpublished), p. 204 (transl: Brookhaven
National Laboratory Report No. BNL-tr-Sll'(unpdblishedD

D. H. Gloeckner, R. D. Lawson, and F. J. D. Serduke, Phys Rev.

C9, 2071 (1974)

R B. We1senm111er private communication (to be publlshed)
F. AJzenberg Selove, Nucl. Phys. Al52, 1 (1970)

J. D. Bowman A. M. Poskanzer, R. G. Kortellng, and G. W. Butler,
Phys. Rev. C9, 836 (1974).

J. Cerny, Proc. Int. Conf. Reactions between Complex Nuclei, Nash-
ville, 1974, ed. R. L. Robinson, F.K. McGowan, J. B. Ball, “and J.
H. Hamllton (North- Hblland/Amerlcan Elsevier, Amsterdam 1974),
Vol. 2 p. 483.

Made by Mr. Jack Walton, Lawrence Berkeley Laboratory
H. W.: WYborny, Nucl. Phys. A185, 669 (1972)

W. F. Steele G. M. Crawley, and S. Maripuu, M1ch1gan State
Univ. Cyclotron Laboratory Report No. MSUCL-98 (1973); and Phys.
Letters (to be published). :

S. N. Abramovich, B. Ya. Guzhovsky, A. G. ZvenigOrodsky, and

S. V. Trusillo, Izv. Akad. Nauk SSSR, Ser. Fiz.'éz, 1967 (1973).

Ly




<]
[

61.
62.
63.

64.

65.
66.

00w 04307 272

-97-

R. R. Whitehead, Nucl. Phys. A182, 290 (1972).
B. M. Preedom and B. H. Wildenthal, Phys. Rev. C6, 1633 (1972).

A. O. Evwaraye and'S,;Maripuﬁ, Bull. Am. Phys. Soc. 18, 577 (1973);
and private commmication. '

D. H. Gloeckner, R. D. Lawson, and F. J. D. Serduke, Phys. Rev. C7,
1913 (1973). - -

P. M. Endt and C. van der Leun, Nucl. Phys. A214, 1 (1973).

N. A. Jelley, K. H. Wilcox, R. B. Weisenmiller, G. J. Wozniak, and

Joseph Cerny, Phys. Rev. C9, 2067 (1974).



Fas

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



