Lawrence Berkeley National Laboratory
Recent Work

Title
MASSES OF LIGHT NUCLEI FAR FROM STABILITY

Permalink
https://escholarship.org/uc/item/7c64z4hg

Author
Cerny, Joseph.

Publication Date
1971-09-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7c64z4h8
https://escholarship.org
http://www.cdlib.org/

iy

P

Invited paper, Fourth International Conference
on Atomic Masses and Fundamental Constants,

LBL-234
The National Physical Laboratory, Teddington,

' Preprint
England, Sept. 6-10, 1971 : Co

| sEp 40

MASSES OF LIGHT NUCLEI FAR FROM STABILITY

Joseph Cerny

September 1971

AEC Contract No. W-7405-eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
~ which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545 | |
\— ‘ B

51

LAWRENCE RADIATION LABORATORY ,
[ UNIVERSITY of CALIFORNIA BERKELEY =

T7€Z“’"IE[rI



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



v

o %
MASSES OF LIGHT NUCLEI FAR FROM STABILITY

by

Joseph Cerny
Department of Chemistry and Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720, USA

1. Introductlon
In thls review I would like to indicate the progress that has

- been made in mass determinations of light nuclei far from the valley

of beta-stability. Generally, high-isospin nuclei of mass 5 < A < 40

‘will be covered which have been studied by in~beam multi-neutron

transfer reactions induced by conventional projectiles and heavy
ions, as well as through fragmentation resctions initiated by GeV
protons. Recent attempts to utilize heavy-ion transfer reactlons
for accurate mass measurements of various nuclides through the f7/2
shell are also summarized.

Many accurate masses are now known for T, =(N-2)/2=-3/2 nuclei
from. "B to 37Ca and these results can be compared to various theo-
retlcalkmass relations. The available data. on these neutron-
deficient nuclides are used to evaluate the mass predictions of

. ‘Kelson and Garvey (1) as well as to test the isobaric multiplet mass
equation’ (51nce these T, = ~3/2 nuclides complete 1sosp1n quartets).

On ‘the- neutron-excess side of stability, considerable progress has

. been’ made in establishing additional neutron-rich, nucleon-stable
"~ isotopes, though relatively few accurate masses are known. Figure o
"1 presents an overview of the current situation in the elements i

through sulfur by indicating all nuclei known to be nucleon stable
as well as the predicted limits of stability from the nuclldlc mass
relationship of Garvey, Kelson and co-workers (1,2).

~ In the following discussion only nuclei which are at least
three neutrons lighter than (or three neutrons heavier than) the.
lightest (heaviest) stable isotope of each element will be con-
sidered. This in general means that complex multi-nucleon transfer

.reactions are required to produce the nuclei of interest. - With

this basis, then, those particular neutron-excess nuclides whose mas-
ses can be accurately measured by simple charge-exchange reactlons

on neutron-rich targets [e.g., 18y via 18O(‘b He) (3) or 25Na via
2®Mg(7Li, Be) (4)] will also be omitted.

2. Neutron-Deficient Light Nuclel

Table I (5-10) presents a summary of the known neutron-deficient
nuclei which meet the restrictions noted above. As yet no nuclei
with T, = -2 or greater have been characterized. The results of all
the various mass measurements on both nucleon-stable and -unstable
nuclei are included in the table; a weighted average is also shown.

A general approach employed for accurate mass-measurements of
neutron-deficient nuclei has been to utilize the (%He,%He) and
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TABLE I

 Masses of known T, = -3/2 nuclei far from stability
. Nucleon- ‘ R _ Mass-excess a ‘ Adopted
Nuclide stable .. Reaction Lab (MeV * keV) B Reference mass-excess
, (MeV % keV)
7B No - 198(%He, ®He) LBL-67 . ~27.9% %100 5 . 2T.9% * 100
° Yes 120(3ge, bHe) LBL-6}4" 28.99 * 70 5 ' 28.910 * 3P
- "Be(3He,n) CIT-67 28.916 * 5 5
" CIT-69 28.907 + L4 - 6
, 12¢(3He, SHe) MSU-T0 - 28.911 + 9 T ,
134 Yes 160 ( 3He, ®He) LBL-66 23.11 +.70 5 23.105 + 10
" LBL-TO 23.107 + 15 8 '
" MSU-TO . - 23.103 + 14 T o
17Ne Yes 4 180(*He,2n) BNL-6T - 16.47 + 250 5 16.479 = 49
: .  2%Ne(°He, ®He) LBL-T0 16.479 + 50 8 R
19%a No - ?*"Mg(p,°He)  LBL-69 12,97k £ 70 9 12.974 = 70
21Mg Yes 2%ve( 3He, SHe) LBL-68 " 10.889 £ Lo 8 10.908 * 16
: : " MSU-TO © - 10.912 + 18 7 ' o
23 Yes 2833 (p,He) LBL-69 6.766 * 80 9 6.766 + 80
2553 " Yes 2853 (*He, ®He ) LBL-T0  +  3.817 % 50 - 8 3.831 ¢ 12
_ B " MSU-T1 . 3.832 %12 10 S
37¢q Yes - *%Ca(’He,CHe) LBL-68 -13.23 + 50 5 £ 50

-13.23

-o=

&henever possible, reference is made to review articles.
b : .
See ref. 6.

cThese measurements assume that only the 2554 ground state is populated.
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(p,GHe)'reactlons. These reactlons possess high negative Q-values

(v ~2h-to -38 MeV) and low cross-sections (v 0.06 to 3 pb). Until

recently, most of thesge 1nvest1gat10ns were performed at Berkeley
using counter-telescope techniques; however, this past year &. group

‘at Michigan State University has begun similar measurements using a

magnetic spectrograph with a. p051t10n-sens1t1ve detector in the
focal plane (7).

Figure 2 presents the experlmental approach used in the
Berkeley measurements. Due to the low cross-sections for these
reactions, two four-counter semiconductor-telescope, particle-
identifier systems are employed. Basically, in each telescope two
partlcle-ldentlflcatlons of all events of interest are performed

and compared using signals from the two successive differential-

energy-loss detectors——denoted AE2 and AEL, respectlvely--and the
third E detector. (The fourth detector rejects any events
traversing the first three.) Further, to eliminate background due
to pile-up within a single beam burst, time-of-flight measurements
over the 51 cm flight path between the target and the AE2 counter
as well as subnanosecond pile-up detection using the signal from
this counter are utilized. Those events in each system which are
of interest are sent via an analog—to—digital‘converter,:multi—
plexer system to an on-line computer. Six parameters are recorded
for each event: AE2, AEl, E(total), particle identification, time-
of-flight and pile-up detection. The details of our set-up and '
calibration procedures are discussed elsewhere (see 8, 9 and
references therein). It appears that such an overall system is .
capable of studying highly endothermlc nuclear reactlons w1th cross-
sections as low as 10 nb/sr. '

" Figures 3 and L present °He energy spectra from the
2°Ne(3He,sHe)17Ne and 2851(3He ®He)?%si reactions (11) induced by
62.6 MeV- *He ions from the Berkeleg 88-inch cyclotron. In both
cases the (3He§ He) reactlons on "“C and 165 are also shown; since
the masses of °C and 130 are accurately known (particularly the
former--see Table I), these reactlons prov1de a valuable reference
standard. Both the reactions on 2°Ne and %%Si have cross—sectlons
~ 0.5 to 1 ub/sr. Transitions‘to several excited states of - "Ne
can be seen in Fig. 3. :

o Although the (3He,6He) reactlon can be used to study all the
members of the T, = ~3/2, A = kn+1 mass serles through the calcium
isotopes (and in fact only the 293 and *3Ar masses are presently
unknown), a different reaction is required to 1nvest1gate the com-
parable T, = =3/2, A = L4n+3 mass series (since only ’B and LN can
be reached via the above réaction). For this latter mass ser1es

the (p, He) reaction can be utilized, and Fig. 5 presents ®He energy
spectra from this reactlon induced by 5h T MeV grotons on several
targets (9). The (p,°He)’ react1on ,on 24%Mg and “%Si was used to
determine the masses of 19Na and 2%a1 given in Table I, while the
14N (p,%He)®C reaction was used as a callbratlon Cross sections at
forward angles for productlon of 9C Na, and 23A1 are 160, 120

and .60 nb/sr, respectively. ‘These measurements established 2371 as
the first nucleon-stable member of this mass series. No further
measurements of members of this Ty = —3/2 A= hn+3 mass series

have been reported, though,lsF 27p, 1Cl and °°K remain measurable
by this technique. ' '



Table II (12-14) compares the measured mass-excesses of all
these T, = -3/2 nuclei to various theoretical predictions. First,
since these nuclides complete isospin quartets in which the other
three members are accurately known, one can investigate two aspects
of the isobaric multiplet mass equation (IMME) AM = a + b Tz + ¢ Tz . .
(This relation among the masses of an isobaric multlplet is derived
by treating any two-body charge-dependent forces as a first-order
perturbation to a charge-independent nuclear Hamiltonian. See, e.g., /
refs. 5, 12). One of these aspects is its predictive ability: in
- Table II are shown the predicted mass-excesses for these nuclides
obtained from using the known masses of the other three members of
the various quartets in the IMME. In general excellent first-order
agreement can be noted over the entire mass range, regardless of
whether the T, = -3/2 nuclide is nucleon-bound or -unbound. Such
results suggest that the IMME can be reliably used to predict - ‘the
masses of other undiscovered light, neutron-deficient isotopes.

Since the isobaric multiplet mass equation does so well, con-
siderable recent interest has been attached to determining at what
level and in which isobars significant deviations from this quad-
‘ratic form appear. ThlS deviation is normally parameterized by an
additional term d Tg % in the mass equation (it arises as the next
term in a second order perturbation treatment (see, e.g. ref. 15)).
Values for 4 for these isobars are also given in Table II. Apart
from the accurate non-zero value for the A=9 1sobar, all the values.
of d are essentially consistent with zero, including the equally
accurate result for A=13 (the uncertainty noted in footnote £ of
the table precludes taking the A=25 data to be of comparable impor-
tance). These results are in agreement with two recent theoretical
treatments (16,17), both of which find generally small values for

d (S 1 keV). At present, the A=9 result appears to be anomalous,
and experimental remeasurement as well as more theoretlcal work seem
necessary to clarify the situation. :

In addition, Table II also compares the experimental masses to
the predictions of Kelson and Garvey (1) which arise from a relation
based fundamentally on the charge symmetry of nuclear forces. One
in general finds excellent overall agreement between their pre-
dictions and experiment (by far the largest discrepancy occurs for
13O) Finally, the relevant masses are compared with those predicted
from a systematic study of Coulomb displacement energies in the
lds/p shell (1k); in this case extremely good agreement can be seen
between the predicted and experimental masses.

3. Neutron-Excess Light Nuclei ' - .
Table III (18-24) presents a,summary of the known nucleon-
stable, neutron-excess nuclei--which meet the restrictions noted in
the Introduction--along with their mode of production. All available W
mass—-excesses are tabulated; however, when only the nucleon-stability
of a series of isotopes has been established, then solely the
heaviest known neutron-stable isotope is listed (see also Fig. 1).
Although few accurate mass-excesses for very neutron-rich nuclei
are available (the 2 Mg measurement will be discussed in the next
section), the nucleon-stability of many such isotopes has been deter-
mined. The various approaches for investigating these latter nuclei
are indicated in Table III and its references, but a particular



TABLE II

- Experimental and predicted“maSSAexéesses of neutron-deficient nuclidee

o o

, = =3/2 Experimental - Ime® a Keleong_ . ds/p - shell
1 B R -
B o794 * 100 27.87 + 150 =11 £ 30
- 9¢ . 28.910 £ 3 . 28.956 % 228 8.0 £ 3.7% 28.88
35 23,105 *-10 é3.102vt 1 -0.5 + 2.9 23.52
YNe 16.479 + Lo 16.51% * .21 ' 5.8%8.9 16.63 : ‘
yg 12,974 £ 70 . e B e . 12.87 12,965 25
2g 10.908 £16 - °©  10.9%0 % 2k 5.3+ k4.9 10.79 10,916+ T
NS 6.766+80 . 6.699 * TT -11.2 + 18.5 6.1 ’ 6.743 £ 25
2563 ©3.83L 12 . . 3,796+ 17 . s.8%3.5 0 3.7 3.828 %8
7ca - -13.23 £ 50 - -13.198 * g1 5.3%17.3 . -13.17 |
Required data were taken from- refs 5, 8, and 12 insofar as possible. Also see ref. 13.
See ref. 1. ‘
®see ref. 1l.
dSee ref. 6.

The lowest T = 3/2 state in 19Ne has not been established.

fThese ‘results assume that only the 2581 ground state was populated in the 2881(3He 6He)2581 reactlon




TABLE ITI

Nucleon-stable, neutron-excess nuclides far from stabilify

s . Mass-excess b Garve
lide® . : . vey
Nuclide T, Reactlon Lab © (MeV * keV) _Ref ot 81.C
. ' g (MeV)
e 2 *ug( "He, 8He)22 . LBI-66 31.60 * 115 5 29.7
180, 2¢(n” ,aHe) JINR-66 - : ; 5
lipg - 5/2 2387 4 5.3 GeV p LBL-66 <u1.19 5 42,0
12pe 2 15n(p,k4p) t2Be . BNL-65 < 2834 5 . 25.0
15 - 5/2 238y + 5.3 GeV p - LBL-66 5 stable
- 16¢ : 2 4c(®H,p)tec AWRE-61 13.693 * 16 5 13.67
190 o T7/2 197pu + 3 GeV p PPA-TO ' ’ 18 33.7 €
2ly 7/2 232 4+ 174 MeV %2Ne JINR-TO S o 19 - stable
. 240 ’ . , Y " ' " . oo _ : . ‘ 19 ‘ - : ._n
25F : 7/2 | ‘ " " R " : ’. 19 S . " B
e 5/2  %lma + 180 MeV 22Ne JINR-T1 (-2.3 * 300)T 20 . -1.9.
26ne 3 ?32mh 4+ 17k Mev 2?Ne JINR-TO < 5.8 21 S =0.9.
27Na, - 5/2 238 4+ 24 GeV p CERN-68 ~7.0 £ 500 22 -6.6
3 lNa . 9/2 1" " CERN-69 » o E . 20 : . stable )
- g - 5/2 26Mg(1!B,%B)2%Mg AERE-T1 ' (-12.33 *+ 160)T 23 -12.56

®The heaviest known neutron—stablelisotope is tabulated. Lighter isotopes are listed cnly if their_mass-excess

has been determined.
: enever possible,- reference is made to review articles.
Csee ref. 2.
A 1imit is given only when the mass of the (l or 2)-neutron decay channel is- known
eSee ref. 2k. : fPrellmlnary values are enclosed in parentheses

-



new technique deserves mention. ‘Volkov and collaborators at Dubna.
(19}21) have recently identified eleven new neutron-rich isotopes
through multi-nucleon transfer reactions of heavy ions on thorium
targets; the reaction products were identified using a combined
magnetic analysis~counter-telescope detection system.

Also listed in Table III are the mass predictions of Garvey,
Kelson and collaborators (2) based on an independent-particle model;
where appropriate, either the expected neutron-stability or the

" predicted mass-excess of the various nuclides is given. In general,

excellent agreement between their prediction of nucleon-stability -
and experiment is observed (see also Table II of ref. 5). Hopefully,
it will soon be possible by the techniques of Volkov et al. (19,21)
and those of Klapisch et al. (22) to establish experimentally the
limits of neutron stability, at least in the elements through sodium,

. and thereby provide a severe test of this mass relationship. Addi-

tional accurate mass data for neutron~excess nuclei are required to
test their detailed predictions. Although generally good agreement
can be noted in Table III, the predicted mass of ®He is considerably
in error, and both 1175 and !° C, though observed to be nucleon stable,
were in fact predlcted to be unbound (2)

L. Future Prospects’

‘In this section I would like to indicate some useful exten51ons
of ‘present techniques for accurate mass measurements as well as to
mention a few of the newer approaches being attempted, particularly
those using heavy ions as projectiles.

On the neutron-deficient side of stability, two lines of
development are of interest: the determination of masses of nuclei
with Ty = -2 and greater below mass 40, and the measurement of '
masses of Z > N nuclei in the f7/2 shell, since almost nothing is
known concerning these latter nuclides above the titanium isotopes.
Of immediate value would be the determination of the masses of all
the Tz = -1/2 nuclides in the f7/2 shell. 'This would permit accurate
mass, predictions for many highly neutron-deficient nuclei in that
shell following the procedure used by Kelson and Garvey (1) in the
lighter nuclei.

Table IV (25-28) presents a’ few representatlve reactlons capable
of reaching these neutron—deflclent nuclel. 'Such multi-neutron
transfer reactions as (* He, 81e) and (°He,®He) can produce very
neutron-deficient nuclides, though at present only a limit can be
set for their yield. Hopefully, the inereasing use of large solid-.
angle magnetic sgectrometers will soon make these 1nvest1gat10ns
feasible. The *YCa(!2C,t)*’Mn (T, = -1/2) reaction has been suc-
cessfully observed (26), so that either similar heavy-ion transfer
reaction measurements, or extension of the (°3He,®He) and (p,°He)
studies discussed in Section 2, could determine the masses of all
the T, = ~1/2 nuclei in the f7/2 shell. In eddition, a recent
attempt to study the T, = -1 nuclide °°Fe is listed in the table.

Many masses of neutron-r1Ch isotopes are yet unknown. ‘Table IV
presénts two quite recent, potentlally general studies capable of
producing such nuclides. A four-neutron transfer '%0(!%0,'%0)2%0
reaction is under 1nvest1gat10n at Brookhaven, and measurements of
the three-neutron transfer (!!B,®B) reaction have’ been successfully
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TABLE IV

Recent in-beam transfer reactions employed in attempts to determine
accurate masses of light high-isospin nuclei far from stability

Nuclide Reaction u Eﬁ:am Q-velue  do/df Rer
: | S (Mev) (o)
(MeV) v _

(2%mg)® 24g(“He,®He)2%Mg 96 -61 < 0.025 25
49y | M0oe(120,4)4%Mn  27.5 -12 A~ 1.0 26
(50Fe)® “0ca(1%0,%He)Fe 65  -23 < 0.3 o7
(220)%P 18y(1%0,1%0)220 60 = -23 < 0.5 . 28
29g 26pg(11B,88)2%Mg  114.5 -18 - 3.6 23

®Reactions ‘leading to nuclides enclosed in parentheses can at present
only set upper llmlts for their productlon via this mechanlsm.

b22O is known to be nucleon stable. -

reported at Harwell. Flgure 6 presents an energy spectrum from the
(llB 8B)ngg reactlon due to Scott and collaborators (23)

Although these are only preliminary results, exploitation of this

reaction will give valuable mass information over much of the

nuclidic chart; such data will be extremely useful in verifying the

quantitative predictions . of various mass relations such as those

of Garvey et al. (2).
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(Captions): '
Fig. 1. DNucleon-stable nuclei through the sulfur isotopes. Unfilled
squares represent the predictions of Garvey, et al.

Fig. 2. An abbreviated diagram of the experimental layout for one
of the two similar detection systems employed in the Berkeley
megsurements. -

Fig. 3. The (3He,6He) reactlon induced by 62.6 MeV %He ions on both
a CO target and a Ne-CO2 mixture.

Fig. 4. The (%He,®He) reaction induded b¥'60.0‘and 62.6 MeV °He
ions on a self-supporting and a.'2C-backed Si0p target,
respectively. . ’

Fig. 5. The energy speétra from the‘(p,sHe) reaction on natural
silicon (top), 2"Mg (middle), and adenine (bottom). Each
block is one count and the block width is 80 keV. Data
from detection system 2 only are shown for the last two
targets, whlle data from both systems are comblned to
produce the Sl(p,sHe)zsAl spectrum

Fig. 6. Energy spectra from the 2° (11B 8B)ngg reaction. The top
spectrum shows the data at an angle of 10°, while the inset
is the spectrum at 9° with tighter gateés .around the 8y
region of the identifier spectrum. The bottom spectrum
shows the data from both angles klnematlcally compensated
to 10°.
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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 Atomic Energy Commission, 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.
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