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be in reasonable agreement with the present
values, especially with the important Cl~
-Cl" mass difference.

(Research supported in part by the Office of Naval
Research under Contract No. Nonr-710(18).

~R. A. Damerow, R. R. Ries, and W. H. Johnson,
Jr. , Phys. Rev. 132, 1673 (1963).

2C. F. Giese and J. L. Benson, Phys. Rev. 110,
712 (1958).

3Lincoln G. Smith, Phys. Rev. 111, 1606 (1958).
4L. A. Konig, J. H. E. Mattauch, and A. H. Wap-

stra, Nucl. Phys. 31, 18 (1962).
5J. H. E. Mattauch, W. Thiele, and A. H. Wapstra,

to be published.
~R. C. Barber, R. L. Bishop, L. A. Cambey,

H. E. Duckworth, J. D. Macdougall, W. McLatchie,
J. H. Ormrod, and P. van Rookhuyzen, in Proceed-
ings of the International Conference on Nuclidic Masses,
II, Vienna, 1963, edited by W. H. Johnson (Springer-
Verlag, Vienna-New York, 1964), p. 393.

COMPLETION OF THE MASS-9 ISOBARIC QUARTET VIA THE THREE-NEUTRON
PICKUP REACTION C"(He', Hee)Ce 4

Joseph Cerny, Richard H. Pehl, Fred S. Goulding, and Donald A. Landis
Lawrence Radiation Laboratory and Department of Chemistry, University of California, Berkeley, California

(Received 19 November 1964)

Besides general interest in the existence of
highly neutron-deficient isotopes, considerable
immediate importance is attached to the ac-
curate measurement of masses of certain Tz
=-'; nuclei, e.g. C', mhich complete T =,'-
isobaric-spin quartets and provide a new test
of the charge independence of nuclear forces.
%e wish to report a nem nuclear reaction —that
of three-neutron pickup via (He', Hee) transi-
tions —permitting measurement of the mass
of C', which completes an isobaric quartet for
the first time.

The Berkeley 88-inch, variable-energy cy-
clotron was used for these experiments. After
energy analysis, alpha-particle (for the initial
setup) or Hee beams impinged on solid targets
centered in a 36-inch scattering chamber. A
50-mg/cm' dE/dx-180-mg/cm' E semiconduc-
tor counter telescope fed a new type of parti-
cle identifier. 3 Alpha particles of 70 MeV mere
used to set up the electronics through the re-
actions Mg"(He, Hee)Mg' and Mg' (He, Li )Na'
(the Li' energy spectra were later used to pro-
vide known reference points), and a typical par-
ticle-identifier spectrum for Mg" +He' is shown
in Fig. 1. Single-channel analyzers on the dE/
dx counter eliminated all He &46 MeV prior
to identification. Total-energy pulses for both
He' and Li' were fed into a Nuclear Data ana-
lyzer, each spectrum in a 1024-channel group,
and used to establish an energy scale. The lines
2-3 and 5-6 on Fig. 1 bounded the particle-iden-
tifier spectrum corresponding to the He and
Li' energy spectra, respectively. Energy spec-
tra of particles bounded by lines 1-2 and 3-4
mere also recorded in 1024-channel groups to
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FIG. 1. Particle-identifier spectra from 70-MeV
He on Mg 8 and 65-MeV Hee on C . Lines 1 through
6 represent discriminator settings as determined
from the Het+Mg e data. The spectrum for He
+C arises when all discriminators but number 1
are set.

prevent any possible loss of He ions. Good
agreement with the previous investigation of
the reaction Mg'e(He', Hee)Mg'e at 40 MeV was
found, and the cross sections were comparable
to those at the lower energy. An average He'
energy resolution of 190 keV full width at half
maximum was obtained.

Due to the large negative Q value (=-32 MeV)
of the reaction C"(He', He')C', a beam of 65-
MeV He~ ions mas used. However, to establish
the general properties of this three-neutron
pickup reaction, the reaction Mg"(He', He')Mg"
—involving known target and product nuclei —was
first investigated. This reaction was observed

726



VOLUME 1$, NUMBER 24 PHYSICAL RKVIKW LKTTKRS 14 DECEMBER 1964(

Table I. Differential cross sections for the tran-
sitions Mg 8(He~, Hes)Mg2~ (0.440 MeV) and
C~2(He, Hee)C (g. s. ). The absolute accuracy of
the cross sections should be +25%; statistical er-
rors are indicated.

Mg s(Hee, Hee)Mg2~

c.m. angle 0
(deg) Qb/sr)

C (Hea, He~)C9

c.m. angle
(deg) (p,b/sr)

16.2
24. 6
36.4

1.0+0.2
0.59+ 0. 14
0.50+0. 16

15.8
20. 7
20. 7
25. 7a
33.9

1.6+0.4
1.3+0.2
1.4+0. 3
1.3+0.2

0.23+0.07

aMylar targets were used at two angles to.attempt
a preliminary measurement of 0~3.

with the transition Mg (He, He )Mg' *(0.449
MeV) dominating the ground-state transition
at forward angles; the cross section of the for-
mer is presented in Table I. Carbon targets
were then bombarded and spectra recorded
from both C's(Hes, Hes)Cs and C' (He, Li )Bs.
Figure 1 also shows the identifier spectrum
from C"+ He . Single-channel analyzers were
reset to eliminate all He~ & 22+ MeV and He
&28 MeV from reaching the identifier. Mea-
surement of the I i' spectra in conjunction with
a pre-established pulser energy scale provided
the energy calibration for each run. Four- to
six-hour runs at an analyzed beam intensity
of I50 pA were required.

Figure 2 presents the energy spectrum of
C"(He', He')C'. At present only the ground-
state transition has been definitely observed
and its cross section is also given in Table I.
It is apparent that the cross sections for C' (He',
He )C and Mg" (He', He')Mg" ~(0.449 MeV) are
comparable and quite small, both peaking for-
ward and reaching about 1 pb/sr. The mass
excess of C on the C" scale was determined
to be 28.95+0.15 MeV; hence, as expected, '
C' is stable with respect to proton emission.
Sharper ener gy limits could not be set from
these data due to transient difficulties in main-
taining a constant He' beam energy.

%ithin the framework of charge independence
of nuclear forces, it can be shown'" that the
masses of an isobaric multiplet are related
by

M =a+bT +cT
g g

Measurement of the C' mass excess enables
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FIG. 2. An energy spectrum from C (He, Bee)C
at 12 deg. The dashed line at lower channels than
the CG(g. s. ) peak merely represents an average of
the scattered counts in this region.

us to make the initial check of this relation
since, previously, at most only three members
of an isobaric multiplet have been available.
The other three members of the mass-9, 7'
= q quartet are Li' (Tz =+~, mass excess 24.965
+ 0.020 MeV), ' Be' (Ts =+&, excitation of T = '-,

state 14.392 + 0.005 MeV), ' and B' (Ts = —2, ex-
citation of T = z state 14.668 + 0.016 MeV). '
Since the experimental error is greatest for
the C' mass, the coefficients were obtained
from the Li', Be, and B' states and used to
predict the mass excess of C' to be 29.00+ 0.08
MeV. Excellent agreement between this pre-
diction and the experimental mass is apparent.
In fact, though the mass equation has been ap-
plied'" to investigate certain relationships be-
tween different isospin multiplets within a giv-
en A, this is the most accurate check of the
equation for a specific mass number.

Unfortunately, as has been pointed out, ' this
quadratic mass relation is not an extremely
sensitive test of charge independence due to
the fact that such a relation would also hold
for charge-dependent forces, provided only
that they are two-body forces. Hence further
confirmation of this formula for T = ~~ quartets
or T =2 quintets, &' permitting an analysis of
the resulting 5 and c coefficients and their
change with mass number (see, for example,
Wilkinson" ), would appear to be a most fruit-
ful course to evaluate accurately any charge
dependence of nuclear forces.

As has been shown, the (He, He ) three-neu-
tron pickup reaction can be used to measure
the masses of the Tz = -~~ nuclei, so that exper-
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imental methods are now available to complete
many isobaric quartets. Most of the Tz =+&
masses are known, and the T = ~ states in the

T~ =+~ and -~ members can be readily located
through (P, He3) and (P, t) reactions on appro-
priate targets. "~' In addition, the observation
of this reaction offers promise that the fourth
and fifth members of the A = 4n, T = 2 quintets
can be measured. Taking the A = 16 system
as an example, at present T=2 states in the
Tz -+2 (C'8), Tz -+l (N' ), and Tz -0 (0' ) nu-
clei are known. " Next, one can hope to locate
T = 2 states in the Tz = -1 nucleus F" through
the reaction F"(He', He')F' analyzed in a man-
ner similar to that previously used for the Tz
=+1,0 isobars, since &T = ~3 is allowed in this
reaction. Lastly, if He is particle stable, "
the success of this three-neutron pickup reac-
tion makes it conceivable that the T =2 quintets
can be completed by obtaining the mass of the
Tz =+2 member via a four-neutron pickup re-
action, in this case Ne"(He~, He')Ne". The
alpha-particle energies which would be required
are well within the range of the new variable-
energy cyclotrons.
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An accurate mass might be determined through the
reaction 0 (He4, He8)O 4, for example.
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A cosmic-ray search, at a mountain altitude
of 8300 feet„has been made for the hypothet-
ical fractionally charged (&e) particle allowed
by the three-dimensional representation as
postulated by Gell-Mann' and Zweig, ' who called
them "quarks" and "aces, '* respectively. The
experiments at Brookhaven National Labora-
tory and CERN have shown that if a charge-
3e quark exists, its mass, Mq, is such that

M@ k2 BeV/e'. The sea-level cosmic-ray
search for 3e particles of Sunyar, Schwarzs-
child, and Connors' also yielded negative re-
sults.

A five-element, liquid-scintillator telescope
was employed as shown in Fig. 1. Each scin-
tillator had a nominal size of 18x18x2.5 in. ',
and was viewed by a 5-inch photomultiplier
tube. The area-solid-angle acceptance, A.,
of the apparatus was 327 cm'-sr. The last dy-
node signals of the five photomultiplier tubes
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FIG. 1. Arrangement of scintillation counters.
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