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Isochronous mass spectrometry has been applied to nedefamient>8Ni projectile fragments at the HIRFL-
CSR facility in Lanzhou, China. Masses of a series of sheeelT, = —3/2 nuclides including™Ti, 4°Cr, *°Fe,
and®3Ni have been measured with a precision of-280 keV. The new data enable for the first time to test the
isobaric multiplet mass equation (IMME) ihp-shell nuclei. We observe that the IMME is inconsistent with
the generally accepted quadratic form for the= 53, T = 3/2 quartet. We perform full space shell model
calculations and compare them with the new experimentaltses

PACS numbers: 21.10.Dr, 27.40.+z, 29.20.db

Isospin symmetry, a fundamental concept in nuclear andigating the validity of IMME. Reviews and compilations of
particle physics, allows to classify states with quantummau  existing data can be found in Refs. [3, 4].

bersT andT, in addition to, e.g., spid and parityrt. Within In the recent years, precision tests of IMME became possi-
the isospin formalism, protong) and neutrongn) are de- e que to access to accurate mass data coming mainly from
scribed as different charge states of the nucleon with t0tgbenning trap facilities. The tests were focused on thelight
isospin valueT = 1/2, but having the isospin projections of 35 region [5-15]. As a general trend, quadratic form stems
T(p) = —1/2 andTy(n) = +1/2, respectively. All states ina || with the data [3, 4], except for slight disagreements at
puclegs compqsed d@ protons and\ neutrons have the same a _g 9 32 and 33 [3-6, 12-16]. Several explanations for
isospin projectionl; = (N — Z)/2 but they can have differ- he cypic term in IMME have been suggested such as isospin
ent total isospil = [N —Z|/2,|N—Z|/2+1,... . States N qiying second-order Coulomb effects, or charge-dependen
isobaric nuclei with the sanie andJ™ that have very similar | ,clear forces [5, 16-18]. To our knowledge, no experimenta
structure and properties can be considered as members of alki< of IMME have been reportedfprshell up to now. The
isobaric multiplet. These isobaric analog states (IAS)are  ain reason for this is obviously the lack of accurate mass
ergetically degene_rate in t_he absence of any charge-depend yt4 on exotidy = —3/2, —1/2 nuclei. As noted in Ref. [17],
nucleon-nucleon interaction when the neutron-proton masgg correction to the quadratic form of IMME with the intro-
dlff(_arence_ is corrected for._ In ge_neral, there are sevem!l iy ction ofd(A,T)T2 in Eq. (1) is proportional t&Za (a be-
baric multiplets for a set of isobaric nuclei. ing the fine structure constant). Hence, the effects of isosp

Assuming the two-body nature for any charge-dependenyyixing and/or charge-dependent nuclear forces may be en-
effects and the Coulomb force between the nucleons,anced in heavy nuclei. We like to stress that an accurate tes
Wigner [1] as well as Weinberg and Treiman [2] noted thato¢ \mME in fp-shell is motivated not only by the fundamental
massesq, of the 2T +1 members of an isobaric multipletare ;nortance of isospin symmetry, but also by the requiresient
related by the isobaric multiplet mass equation (IMME): ¢ accurate mass predictions for the neutron-deficientaiucl
in this region, which in turn is essential, e.g., for undensk

_ 2
ME(AT,To) =a(AT)+bA T +cATT, (1) ing the astrophysicalp-process of nucleosynthesis [19].

where ME= (m— A-u)c? is the mass excess value amd, ¢ In this Letter, we report on the new mass measurements
are parameters depending on the atomic mass nufkbad  conducted at the Institute of Modern Physics in Lanzhou,
the total isospinT. Extra terms such adT2 or eT? can be  China. Masses of a series Bf= —3/2 nuclei have been de-
added to IMME in order to provide a measure of any devi-termined with high accuracy. In particular, the masseS i
ation from the quadratic form associated with isospin sym#°Cr, #°Fe and®®Ni nuclides enable us to perform the first ex-
metry. Numerous measurements have been performed invgserimental test of IMME in thd p-shell. We observe that for



theA =53 (T = 3/2) quartet IMME is inconsistent at a% [ ao0f S lps/en
confidence level with the generally accepted quadratic form '°4§_ sof Ol e
The experiment was conducted at the HIRFL-CSR accel- ‘ ;
erator complex. Its high-energy part consists of the syn- 103 =
chrotron CSRm, the fragment separator RIBLL2, and the E e
cooler-storage ring CSRe [20]. To produce short-liied=
—3/2 nuclei of interest, we used projectile fragmentation of S
463.36 MeV/u®®Ni primary beams in a-15 mm °Be pro-
duction target. At this energy, the reaction products emerg
from the target as bare nuclei, i.e. with no atomic electrons r
After in-flight separation with RIBLL2, the cocktail beam of 1 E
exotic nuclei within a B-acceptance of abott0.2% was in- 608 p7) ) 14 16 18 620
jected into CSRe. Both RIBLL2 and CSRe were set to a fixed Revolution Time (ns)
magnetic rigidity ofBp = 5.6770 Tm to allow for an opti-
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mal transmission of th&, = —3/2 nuclides centered around FIG. 1: The revolution time spectrum zoomed in the time wimdo
of 608 ns<t < 620 ns. The insert shows the well-resolved peaks

47 ; i
Mn. Other nuclides Wlthlr_1 the acceptance of the RIBITLZ- of 30516+ and5Cr2+ nuclei, which have very similan/q values.
CSRe system were transmitted and stored as well. Typicallyyciej with masses determined in this experiment and thee as
aboutten ions were stored simultaneously from each imjecti references are indicated with bold and italic letters, eetipely.
The masses of stored ions were measured employing the
Isochronous Mass Spectrometry (IMS) technique [21-23]. In
this technique, the ring is tuned into the isochronous ion-TABLE I: Experimental ME values obtained in this work and-val
optical mode such that the velocity spread of injected isns i ues from the updated atomic-mass evaluation AME'L1 [27]€ Th
compensated by their orbit lengths. As a result, the reigiut extrapolated values are indicated with symbol “#”. The d#uohs

. - . . 0 = MEcsre— MEawmE’11 are given in the last column. Also listed
times of the ion becomes a direct measure of its mass-oveg—re the numbers of identified iorl$, standard deviations; and

charge ratiom/q ( see Refs. [21-23] for details). FWHM values of the revolution time peaks (see Fig. 1). Theetat
To measure revolution times of stored ions, we used a timare converted in keV via FWHM 2.36-q- (a1 4 2a, -t +3a3-t2) - o,

ing detector [24], which is equipped with a i@/cn? carbon  whereay, a, andag are the free parameters of the calibration fit.

foil of 40 mmiin diameter installed inside CSRe aperture-SeCaAtom N o, FWHM MEcsre  MEave 11 5

ondary electrons were released from the foil at each passage (ps) (keV) (keV) (keV) (keV)

of every stored ions. The electrons were guided to a set oft ;75 50 580 —1569828) 15000363 —608364)

micro-channel plates (MCP), thus giving timing signalseTh 450+ 218 22 702 ~1951§35) —19403196)% —112(199)

latter were directly sampled using a digital oscilloscofer ~ 4%re 338 3.0 1026 —2475124) —24824149% 73(151)

each injection the recording time was set to 20€) which  53Nj 651 4.1 1488 —2963125) —29687298" 56(299)

corresponding te=320 revolutions of the ions. The periodic * see text and Ref. [31].

timing signals were used to determine the revolution time of

each ion. The revolution times of all ions form a revolution-

time spectrum. More details can be found in Ref. [23, 25]. peaks in this time range lie within 5 ps and the achieved
The resolving power of CSRe mass spectrometry is detemmass resolving power amountsrtg/Am = 180000. In order

mined by the instabilities of magnetic fields which causelsma to calibrate the spectrum, fourteen nuclides (see Fig. ) wi

shifts of the entire revolution time spectra measured fér di accurately known masses [27] were used to fit theig val-

ferent injections (see Ref. [25]). Compared to our previougies versus the revolution tinteby employing a third order

measurements [23, 25], the stability of the magnets has begrolynomial. The unknown mass values were determined by

improved significantly. Furthermore, the magnetic fields ofinterpolating the fit function to the corresponding tintes

CSRe dipole magnets were constantly monitored which was In order to estimate possible systematic errors, we re-

used to identify time intervals of relatively constant matin =~ determined the ME values of each of the fourteen reference

fields. Different from the data analysis described in Ref][2 nuclides by calibrating the spectrum with the other thintee

the entire data, accumulated in a 5-days experiment, werguclides. The agreement between our re-determined ME val-

grouped according to these time intervals. In total 761 inues and the corresponding literature ones has been exam-

dependent sub-spectra were obtained. Each spectrum cortieed by calculating the normalizegtvalue, defined agn =

sponds to about 100 injections into CSRe. Taking the raativ /x2/n with n = 14 in our case, in the same way as in our

shifts between individual spectra into account, the 76% subprevious measurements [23, 25]. The obtaixge= 1.18 is

spectra were combined into a common revolution time specwithin the expected range af, = 1+ 0.19 at 1o confidence

trum. Figure 1 illustrates a part of this spectrum zoomed inlevel, indicating that no additional systematical erroaséito

a time window of 608 ns< t < 620 ns. The identification be considered. The ME values YiTi, 4°Cr, 4°Fe, and®Ni

of the peaks in the spectrum was done in the same way as thetermined in this work are listed in Table I.

Refs. [25, 26]. The standard deviations of the revolutiomet A low-lying isomeric state if°Cr (Ex = 107 keV, Ti2 >




TABLE II: Compilation of ME values for ground states (g.990-
baric analog states (IAS) and the corresponding excitaimrgies
(Ex) for A=41,45,49, and 53T = 3/2) quartets. Also listed arg,
for quadratic fits andl-coefficients for cubic fits (see text).

Atom T, ME(g.s) Ex (keV) ME(IAS)
(keV) (keV)

NI —3/2  —2963125)* 0 —2963125)
53Co —1/2 —426586(17) [27] 439319) [33] —3826619) [33]
S3Fe +1/2 —509467(17)[27] 425Q03) [32] —466967(34)
53Mn +3/2 —546890(6) [27] 0 —546890(6)
Quadratic fit:x, = 3.7

Cubic fit: d = 39(11)

PFe —3/2 —2475124)* 0 —2475124)
Mn —1/2 -3761524)[27] 480928) [33] —3280415) [33]
49Cr +1/2 -453332)[27] 47645)[32]  —405695)
v 4+3/2 —-479610(9) [27] 0 —479610(9)
Quadratic fit:x, = 1.5

Cubic fit: d = 13.2(89)

BCr -3/2 —1951535)* 0 —1951535)
v —1/2 —3188Q17) [27] 4791(19) [33] —270899) [33]
45Ti  +1/2 —390083(8) [27] 47237)[32]  —342857)
45Sc +3/2 —410704(6) [27] 0 —410704(6)
Quadratic fit:x, = 0.7

Cubic fit: d = 5.4(82)

TP —3/2 —1569828)* 0 —1569828)
41gc —1/2 —2864241(8)[27] 59373) [33] —227053) [33]
41Ca +1/2 —3513792(14) [27] 58192) [32]  —2932(2)
4K +3/2 —35559544(4) [27] 0 —35559544(4)

Quadratic fit:x, = 0.6
Cubic fit: d = —2.8(50)

** this work.

3

states are from this work and from Ref. [27]. The IAS ex-
citation energies in th&, = +1/2 nuclei are from compila-
tion [32]. The data for thd, = —1/2 nuclei were obtained

in Ref. [33] from measurements @gftdelayed protons of the
respectivel, = —3/2 nuclei. Please note, those listed in Ta-
ble 1, ME(IAS) and Ex values from Ref. [33], are updated
here taking into account the most recent ground-state masse
compiled in Ref. [27].

Assuming the quadratic form of IMME (see Eq. (1)), the
fit results forA = 41,45, and 49 have reasonabyg val-
ues (see Table Il). A striking resuj}f, = 3.7 is obtained
for the A = 53, T = 3/2 isobaric multiplet. This corre-
sponds to a probability of 0.02% that the data can be de-
scribed by Eq. (1). Using very accurate data féfe and
53Mn, we have recalculated the ME(IAS) values 8Ni and
53Co. Since three values are needed to fit a parabolic func-
tion, we used in addition the mass 9Ni to determine the
value for®3Co, and vice versa. The corresponding results are
ME(3Ni)= —2939758) keV and ME>3Co)= —383449)
keV. Both values deviate bydfrom the values in Table II.
Therefore, we added a cubic tedit;” in Eq. (1) and derived
all four coefficients from the four ME values. In particular,
the b andd coefficients for thel = 3/2 states are given by
the difference$ = (9bs3—bs1)/8 andd = (bz1 —bs3)/2,
wherebyt o1, = [ME(A, T,—T;) —ME(A, T, T;)]/(2T;). When
b3’3 = b3,1 we haved = 0 andb = b3,3 = b3’1.

The obtained coefficients are given in Table Il and pre-
sented in Figure 2 together with recent precision testsén th
sd-shell nuclei [9-12]. For thé =53 (T = 3/2) quartet we
obtaind = 39(11) keV which deviates by 3&from zero thus
indicating a dramatic failure of the quadratic form of IMME.

80 us) has been reported in Ref. [30]. This isomer can not We note that no long-lived states are knowr?fvn [35].

be resolved in our spectra. Therefore, a dedicated analysEhus, assuming mirror symmetry which works well in nuclear
was conducted to account for a possible contamination by thétructure, no long-lived isomers are expecte@Ni and the
isomer. Details of the analysis and the error propagatidin wi measured ME value should correspond to the ground state. In
be reported elsewhere [31]. The outcome is to increase the unlikely case that an unknown isomer would exisEi,

uncertainty from 20 to 35 keV.

the ground-state ME value would inevitably be more nega-

Our ME(41Ti): —1569828) keV is in excellent agree- tive than the reported one, thus leading to a more pronounced
ment with ME*'Ti)= —1570Q100) keV recommended in breakdown of IMME, i.e., to an even largércoefficient.

the atomic-mass evaluation AME’03 [28]. However, it differ

Experimental and theoretichk 1, b33z andd coefficients

largely from ME*1Ti)= —1509Q360) keV measured in the for the case ofA = 53 are given in Table Ill. The theory is
storage ring ESR of GSI using the same IMS technique [29]based upon two isospin non-conserving (INC) Hamiltonians.
Compared to Ref. [29], we accumulated by a factor of 15The simplest one is that from thi,, model space consid-
larger counting statistics fdTi, achieved by a factor of 1.6 ered in [34], where théf7/2)2 two-body matrix elements for
higher mass resolving power, and, very essentially, we haviéhe proton-proton, neutron-neutron and proton-neutrter-in

used 14 well-known reference masses instead of 4.

actions were obtained from a fit to the isobaric displacement

To test the validity of the quadratic form of IMME, the en- energies in nuclei witth = 41 ~ 55. The rms deviation be-

ergies of four members of @ = 3/2 multiplet are required.
These are the mass values of the ground statd@s-6f+3/2
nuclei and the IAS energies of thg = £1/2 nuclei. Note,
that the spin and parity of thE = 3/2 IASs for A = 45,49,
and 53 ardd™ = 7/2 and forA = 41 they are)™ = 3/2".
With our new mass values, the data of fdue 3/2 isospin

tween experiment and theory was 12 keV. The results given in
Table Il are from Ref. [34]. The differenak= (b3 1 —b33)/2
can only come from isospin mixing, and in tfig, model it
is less than 1 keV, in disagreement with= 39(11) keV.

The second result is obtained for the f(th 5, f5/2, P32,
p1/2) (Pf) model space. The Hamiltonian is composed of

quartets atA = 41,45 49, and 53 are completed for the first the GPFX1A isospin conserving Hamiltonian [36—38] plus
time. All available experimental data for these multipletsthe Ormand-Brown (OB) isospin non-conserving Hamiltonian
are compiled in Table Il. The mass values for the ground39]. Details of the GPFX1A part and its applications to many
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60 T T T T T T T T enhanced effects of isospin mixing and/or charge-dependen
ig i T nuclear forces in thé p-shell, should be investigated.
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TABLE lIl: bz 1, b3 3 andd coefficients forA = 53.
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