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The reactions "Fe{'He,'He)' Fe and "Ni{'He, 'He)"Ni have been observed at an incident a energy of 110 MeV.

The reaction Q values are found to be Q{ Fe) = —50.95 + 0.06 MeV and Q{' Ni) = —50.19 + 0.05 MeV. The
experiments provide the first observation and subsequent mass measurement of the proton-rich nuclei Fe and
"Ni.

NUCLEAR REACTIONS Fe{He, He) and ~ Ni(4He, He). Measured reaction
Q values and mass excesses of s Fe and +Ni.

The ('He, 'He) reaction has proven to be quite
useful for obtaining masses of proton-rich nuclei.
To date, such mass measurements have been con-
fined to T, =-2 nuclei withA&40. ' %'e report
here the first observation and consequent mass
measurement of the T, = -1 nuclei Fe and ' Ni
via the "Fe('He, 'He)"Fe and "Ni('He, 'He}"Ni
reactions. These masses extend our knowledge of
proton-rich nuclei in the f,~, shell and provide di-
rect tests of the mass formulas used to predict
the proton-rich limit of P stability. These masses
also allow a determination of the T =1 Coulomb
energies in bothA=50 and A=54.

The experiments were performed with energy
analyzed beams of 110-MeV n particles from the
Texas A 4 M University 88-inch cyclotron. 'He
spectra were obtained in the focal plane of an
Enge split-pole magnetic spectrograph at a labor-
atory scattering angle of 5'. The focal plane de-
tector consisted of a 10-cm single-mire gas pro-
portional counter backed by a 5-em@1-cmx600-
p, m Si solid-state detector. Particle identification
was performed by the three constraints (1}
(dE/dx}„„(2)gs;, and (3) time of flight relative
to the cyclotron rf signal. Particle position was
obtained by charge division performed by an on-
line computer. Pile-up rejection was used in con-
junction with the solid-state detector so that rel-
atively high count rates could be achieved without
significant loss of resolution. This detector sys-
tem has proven to be quite sensitive for low cross
section experiments (see e.g. , Ref. 2), especially
when the 'He particles are stopped in the solid-
state detector. Thus 0.125 mm of Kapton foil was
inserted as a degrader between the gas counter and
the Si detector to ensure that the 'He's mould stop.

The Fe and Ni targets were nominally 2-mg/cm'
rolled foils, isotopically enriched to 96.~ '4Fe
and 99.9% "Ni, respectively. Actual target thick-
nesses were obtained by weighing and by ' 'Am

n energy loss measurements, which agreed to

about 10%%uo. The n energy loss was determined both
before and after the experiments in order to check
for any change in the target composition due to
surf ace contamination.

The incident beam energy was determined via
the momentum matching technique' by using an

H2 beam of the same magnetic rigidity as the in-
cident n beam. Reaction products from "O(P, P)
"O(g.s. ) and "O(p, d) "O(g.s.) were observed si-
multaneously at a laboratory scattering angle of
20 . Thus the H2 beam was measured and corre-
spondingly the incident o. beam energy was deter-
mined to an uncertainty of 20 keg.
a elastic scattering from either the ' Fe or "Ni

targer provided an initial focal plane calibration.
The 'He magnetic rigidity was higher than that for
elastic c. particles, thus requiring a 4% magnetic
field shift. As an additional calibration, spectra
from "Fe('He, 'He)"Fe and "¹('He,'He) Ni were
obtained simultaneously with the 'He spectra. Al-
though the 'He energy corresponded to an excita-
ti.on of -8 MeV in Fe and 5 ¹i,, the spectra did
show definite structure. In a separate experi-
ment [but performed under the same conditions
as the original ('He, 'He) reactions] the struc-
tures, which could likely consist of multiple peak
excitations, were calibrated against the "C
('He, 'He)"C(g. s.) and ' Mg('He, 'He)"Mg (E, = 1.25,
3.31 MeV) reactions. During this calibration, the
spectrograph angle was checked by observing
"C('He, 'He')" C (E, =4.44 MeV}and p('He, 'He}p
simultaneously from a Formvar target. The angle
determination removed the calibration uncertain-
ty due to different kinematic shifts for the 'He' s
from the light (A=12) and heavy (A =54, 58) mass
targets. Calibrated 'He spectra from Fe and
"Ni are shown in Fig. 1.

From previous ('He, 'He) measurements, the
cross sections to "Fe and ' Ni were expected to
be quite low. Therefore, the experiments were
optimized to obtain enough events to be identi-
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FIG. 2. He spectra as a function of Q value.
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FIG. 1. He spectra obtained at the He magnetic field.

fiable as a peak in a 48-h experiment. Beam cur-
rents on target were typically 1.5 p A, with&5%
pulse pile-up rejection losses. The spectrograph
was operated with a 2.3-msr solid angle corre-
sponding to an integration from 3.5' to 6.5' in 6).

The target thicknesses were chosen to provide
sensitivities to peak cross sections &-,' nb/sr.

The resulting 'He spectra are shown in Fig. 2.
We assume that the peaks in the two spectra are
due to the ' Fe and "Ni (4He, 'He) reactions
Background due to light contaminants such as ' C
and "0can be eliminated because their ground
state Q values are more negative than the "Fe
and "Ni Q values. Other Fe and Ni isotopes
could produce background, however. In the Fe
spectrum there are such background events that
we attribute to the 3.$/0 of other Fe isotopes. It
is unlikely that the peaks are background since
they would represent large (15-20 nb/sr) cross
sections to discrete states in the continuum.

Laboratory cross sections for the "Fe and "Ni
ground states, averaged over the spectrograph
solid angle, are - nb/sr at 8J„=5; with up to
50)o uncertainties due to statistics, beam inte-
gration, and vertical efficiency in the spectro-
graph focal plane.

Beam energy, focal plane calibration, scatter-
ing angle, and target thicknesses determined the
Q-value scales shown in Fig. 2. The resulting
Q values and mass excesses (all in MeV) are
Q("Fe) =-50..95+0.06, M(SOFe) =-34.48+0.06 and
Q("Ni) = -50.19+0.05, M("Ni) =-39.21 +0.05, with
the mass results based on a 'He mass excess of
31.601+0.013 MeV. ' Mass uncertainties are
dominated by centroid statistical uncertainty in
both cases, although background in the "Fe spec-
trum contributes an additional uncertainty in that
mass determination. The centroid uncertainties,
including background, are 35-keV "Ni and 50-keV
"Fe. The other significant uncertainties are the
'He mass —13 keV, and the focal plane calibration—18 keV. Uncertainties associated with target
thickness, beam energy, and scattering angle are

TABLE I. Properties of Fe and 5 Ni. All entries are in MeV.

Nuclide Expt.
Mass excess

Garvey and Kelson ~ Coulomb energy ~ip ~2p

Coulomb
energy

50Fe -34.48 +0.06
-39.21 +0.05

-34.50
39.27

-34.472 +0.013
-39.296 +0.013

4.16 6.24 8.93 +0.06
3.85 5.46 9.58 +0.05

Reference 7.
Reference 8.



MASS MEASUREMENTS OF THE PROTON-RICH NUCLEI ' Fe. . .

small since either the "Fe('He, 'He)"Fe or "Ni
('He, 'He)"Ni reactions are used to calibrate the
focal plane. The spectra in Fig. 2 indicate pos-
sible excited states in both nuclei, but an ap-
parent excited state in "Ni is cut off by the edge
of the detector active region. In "Fe we definitely
observe an excited state at E„=0.81~0.08 MeV

(Q =-51.00+0.06 MeV).
The new masses are compared with the sym-

metric Qarvey-Kelson mass predictions' and a
recent Coulomb energy prediction' in Table I.
In both eases the predictions are nearly the same
and are in good agreement with the experimental
results. Also included in the table are the T =1
Coulomb energies. These new results are based
on T =1 assignments for the ground states of the
T, =0 nuclei "Mn and "Co.' Finally, the separa-

tion energies for 1 and 2 proton decays are in-
cluded in the table to show that both nuclei are
particle stable.

The new masses allow for reasonable estimates
of the P decay properties of "Fe and "Ni. The
end point energies for the positron decays are
E,("Fe)=7.12 +0.06 MeV and E,("Ni) = 7.77+0.05
MeV. These energies are somewhat greater than
the proton separation energies in "Mn (4.53 MeV)
and "Co (4.36 MeV) and hence both "Fe and "Ni
could be delayed proton emitters. However, such
decays would not be competitive with the fast
superallowed 0'-O' P transition. Assuming 100 /q

branching ratios for the superallowed decays,
and also an ft of 3090 sec, ' the predicted half-
lives would be t, y, ("Fe)= 200 ms and t, y, ("Ni)
=140 ms.
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