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MEASUREMENT OF T, = ——', MASSES AND THE ISOBARIC MUI. TIPI.ET MASS EQUATION. *
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Precise measurements of the masses of C, 0, and Mg have been made using a
magnetic spectrograph. The results are used to test the isobaric multiplet mass equa-
tion.

One of few simply calculable model-indepen-
dent expressions in nuclear physics is the iso-
baric multiplet mass equation,

M(P, T, T )=~(P, T)+&(P, T)T' +&(P T)T '

where P represents all necessary quantum num-

bers in addition to the isospin. The derivation of
this equation txeats charge-dependent forces as
a first-order perturbation to a charge-indepen-
dent nuclear Hamiltonian. "

Testing the validity of this equation requires
knowing the masses of all members of at least
isospin T=-,' quartets. At present the members
of eight such multiplets (A = 7 through 37) have
been measured and reported, "but until recently
the experimental uncertainties associated with
the T~ = -& masses have been substantially larg-
er than those of the other multiplet members.

Two recent measurements" of the 'C mass

excess to a precision +4 keV have been reported,
and this uncertainty is commensurate with that
of other members of the A = 9, T = ~ quax tet +5
keV. Application of the mass equation to this
quartet indicates that a term in T~' with a coef-
ficient of 9.2 + 3.7 keV may be added to the mass
equation, at least for A = 9. It is of importance
then to measure other of the T~ = ——', masses

th l p i t l t ty t ly
to check the general precision of the quadratic
mass equation but also to see if the occuxrence
of cubic terms persists in the other multiplets.

This Letter reports the measurement of the
masses of 'C, "O, and "Mg using ('He, 'He) re-
actioQS on Cq Oq aQd Mg~ respectively. The
He beam from the sector-focused Michigan

State University cyclotron was used at various
energle8 between 68 aQd 70 MeV and the He re-
action products were detected in an Enge split-
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Table I. Reaction Q values and mass excesses for the Tz=-2 nuclei C, 0, and Mg.
~ 9 13 21

Element Reaction
Q Value

(MeV)
Mass excess

(MeV)

Mass excess
previously reported

(MeV)

'c
13p

Mg

"C{'He, 'He) 'C
"O('He, 'He) "O

4Mg (~He He) Mg

-31.578 + 0.008
-30.506 +0.013
-27.512 +0.018

28.911+ 0.009
23.103 +0.014
10.912 +0.018

28.906 +0.004
23.11 +0.070
10.95 + 0.120

~See Ref. 4.
See Ref. 3.

See Ref. 2.

pole magnetic spectrograph. The spectrograph
compensates for the energy spread due to the
reaction kinematics and thus allows a large-sol-
id-angle (1.2-msr) entrance aperture to be used.
This is a definite advantage as the cross sections
for the ('He, 'He) reactions are small (-1 p, b),
and they also decrease with increasing target
mass.

The magnetic rigidity of the particles was pre-
cisely calibrated for a particular orbital path in
the spectrograph from 280 to 470 kG in. with a
momentum-matching technique developed in this
laboratory. ' This technique requires, for ex-
ample, the simultaneous detection at the same
position on the focal plane of both protons and
deuterons from a pair of reactions such as "C(p,
P)"C and "C(P,d)"C. This condition is met at a
given laboratory scattering angle only for a
unique beam energy such that the magnetic rigidi-
ties of the outgoing protons and deuterons are
equal. For these reactions at a laboratory scat-
tering angle of 15.0, the momentum matching
yields E~ (beam) = 33.691 + 0.0022 MeV and Bp
(spectrograph) = 332.256 kG in. The 2.2-keV un-
certainty represents the limit of the accuracy in
determining the beam energy by this method and
reflects the uncertainty in the mass of "C. This
uncertainty, however, contributes only a small
amount of the error in the determination of the
absolute value of the masses presented below.

The energy of the 'He beam for each run was
determined by elastic scattering from "C and
"O in the calibrated spectrograph described
above. The laboratory scattering angle for the
He-induced reactions was sensitively measured

with 'H('He, 'He)'H scattering. Particle detection
and identification for all reactions was made with
a 300-p, m position-sensitive silicon surface-bar-
rier detector on line with an XDS Sigma-7 com-
puter. Figure 1 shows typical position spectra
and experimental parameters for the reactions
"C('He, 'He)'C and "0('He, 'He) "O. Eight such
spectra were obtained for C, nine for "O, and
four for "Mg. A more detailed account of the
experimental procedures and their intrinsic un-
certainties will be reported later.

Table I lists the reactions, their measured Q
values and resulting mass excesses, as well as
the latest published values of these masses for
comparison. A principal source of error in the
data shown in this table is the uncertainty in the
energy loss in the targets. Other numerous con-
tributions to the uncertainties arise from sources
such as calibration of the spectrograph, statisti-
cal uncertainty in the centroids, scattering-angle
determination, etc. A detailed analysis of these
errors will be presented in a later paper.

Table II displays the coefficients a(P, T), b(P, T),
and c(P, T) of the quadratic mass equation ob-.
tained from a weighted least-squares fit of the

Table II. Empirically determined coefficients for the mass equation M=a+bTz+cTz using the latest Tz = 2 mass
excess values. ' The last column indicates the coefficient of a Tz term assuming the equation to have the form
M =a +5Tz +cTz +dTz o The coefficients were determined from a weighted least-squares fit, and the X, for the
fit with the quadratic equation is indicated.

Mass
aQ, T)
(MeV)

&(P, T)
(MeV)

c(P, T)
(MeV)

d(P, T)
(MeV)

9
13
21

26.343 +0.004
19.257 +0.0027
4.8987+0.0046

-1.3185 + 0.003
-2.1802 +0.0035
-3.6573 +0.005

0.266 +0.003
0.256 +0.003
0.240 +0.0048

4.0
0.002
1.28

0.0083 +0.0039
-0.0002 +0.0035
0.0057 +0.0051

'For mass excesses of Tz=2, -2, for 7'=2 multiplet members, see Table I i»ef. 2
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mass-9, -13, and -12 quartets using the T~= -~
masses measuxed here and the masses taken
from Ref. 2 fox' the T~ = &, 3, and -& members.
The value of X' was calculated from the equation

- M(calc)-M(expt)x'=. —
o„(expt)

20 I- X =4.5

The deviation of the data from the quadratic
fit is shown in Fig. 2. It is seen that the quadrat-
ic mass dependence px'edicts the mass values
within their measured errors for A = 13 and 21
and slightly misses two of the values for A = 9.

As has been pointed out, one may expect cubic
terms in the isobaric multiplet mass equation. to
arise from a more exact treatment of ehaxge-
dependent forces. Adding a term d(PT}Tz' to
the quadratic equation above and fitting to the
data as before, one obtained the values of d
presented in Table H. The uncertainty shown
for d is determined as much by the errors in the

T~ =
~ members of the quartet as by the present

values of the T~= -2 members although the lat-
ter actually have larger errors. Only the A = 9
quartet shows some justification for a cubic term.
If such a cubic term does indeed exist, its mag-
nitude has been estimated to be of the order of
e&~,~ where e is the coefficient of the quadratic
term, Z„ is the average charge of the isobaric
multiplet, and e is the fine-structure constant. '
For A= 9 this value is approximately 9 keg and
the value of d=8.3+3.9 keV obtained hex'e ls not
inconsistent with that estimate. Pursuing this
topic further, measurements of the masses from
2'Si to '7+a are in progress using the same ex-
perimental techniques presented hex e.

It is clear that measurements of improved ac-
curacy are required for all members of the iso-
baric multiplets if one hopes to use the mass
equation to obtain more definite conclusions con-
cerning the role of chaxge-dependent forces in
nuclei. In the meantime, in view of the present
results, one can use the quadratic isobaric mul-
tiplet mass equation to extrapolate to unknown

masses with a high degxee of confidence.
This work would not have been possible with-

out the continuing effort of the Michigan State
University cyclotron staff. We are also indebted
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I'IG. 2. Deviation of experimental T = 2 multiplet
members froID quadratic mass equation using the co-
efficients of Table H.

to Pxofessor R. Sherr for many stimulating dis-
cussions on the importance of testing the mass
equation.
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