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DIRECT MASS MEASUREMENTS OF LIGHT’ NEUTRON-RICH
NUCLEI USING FAST RECOIL SPECTROMETERS

David J. Vieira, Jan M. Wouters, and the TOFI Collaboration
La Alarmx National Laboratory, Loe Alunoe, NM 87545

ABSTRACT

Extemive new masa measurement capabilities have ●volved with the de
velopment of recoil sp~trometers. Ln the 2=3-9 neutron-rich region alone, 12
neutron-rich nuclei have been determined for the first time by the fast-recoil
direct mu meuurement method. A recent experiment using the TOFI spec-
trometer illuntratee this technique. A systematic investigation of nuclei that
lie along or near the neutron+irip line haa provided a valuable fimt glimpse
into the nuclear structure of such nuclei, No ●violence for a large singl~particle
ener~ gap at N= 14 b deemed; however, ● change in the tw-neutron sepa-
ration energy trend “Ufound ●t N= 15. Th~ chnnge ie cornctly predicted by
shell model calculations, and ie interpreted In termo of the smaller 1s Ilz-ls ,/a
inter tition compared to that of the 0dgl@d6Ja neutron-neutron interaction.

INTRODUCTION

In the study of light exotic nuclei, the ground state maw ie often one of the
first pieca of quantitative information to be Ieuned ●bout ● “new” or previously
unobserved nucleus, Because the mase of a nucleu.e relkti the interplay of
nuclear and Coulomb forces, valuable insight ilito the nuclear structure of such
nuclei can be obtained from their measurement. In the present case, we seek
to ted and refine our undemtandin~ of nuclei that lie far from the valley of fl-
stability. Do th~ exotic nuclei have the same type of shell structure aa nuclei
that !ie claw to ~tability? Can the new regions of deformation being obeerved
in exotic nuclei be undemtood in tmxus of conventional models? And does the
nucleon-nucleon pairing energy decrease with increasing ‘repin, u recently
suggested by Vogel d cd.? 1 We can take the first otepa toward answering theee
and other integrating quatioru by mak”mg ● systematic Investigation of the
maaam of dxotic nuclei.

In this paper, w concentrate on the rn~ of light neutron-rich nuclei,
The current status of the masa aurkm in thlo region Aashown in Fig. 1, where
the shdlng of each square ahuwti the accuracy with which the mace of each
inotope haa b-n meaaured. Since the compilation of Wa tra and Audi,a sev-

reral new meaeurernen~ hava been parforn.ted (indicated y the darker shaded
squua in Fig. 1~. Of the 2’/ Isotopes whom masetw have been determined
for the !lmt t!me, 21 were meumred with fast recoil spectrometer. This new
technique relia on the direct rnaan measurement of fad reaction roductm. The

rmethod is not only fa@ (trmsit time -~1 p.eec) and ucurate a~/m = 10-
100 ppm; am= 10&l(KM2 keV, depending on production rates), but it aleo per-
miti the simultaneous
A and Z region. The
out in the light m-
followin~ papers

maw deter:minatlon of-many nuclel throughout an entire
fimt uxampla of much mauuremente have been curied
region; thae examplm are highlighted in this and the
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FIG. 1. A section of the chart of the nuclides showing the light mass region.
Stable nuclei are indicated by black squarea; nuclei whose masses have been
determined ue shaded according to their quoted accuracy (see Ref. 2) Eopen
squara indicate nuclei which hw~e b-n identified to be stable with respect
to prompt nucleon (t~nucleon) emission, but for which no msas hes been
reported; and X indicateu nuclei that are nucleon unstable. Recent mw mea-
surement are indicated by darker shaded squares (s- le~end].

The ‘ecoil sptrometer developments have been pioneered by two groups,
one working with the energy-la spectrometer (SPEG) ●t the Gr~d Acc41&ateu r
National d’Iom Lourda (GANtL) and the other using the ‘Time-of-Flight Is-

L]
chronous TOFI mpatrometer at the La Alamoe Memm Ph, sits Facility (LAMP F),
At CAN , pro stile fragmentation reactions are used to produce exotic nu-
clei, and a combinod velocity and magnetic ri~idity mawmrement in employed
to produce u deterxnhmtions. In contrut, LAMPF umu proton-induced
target fragmentation reactiona u ● source of neutron-rich nuclei and employs
a new type of time-of -tlight recoil spectrometer to axtraet m~ from a higL-
m.olution, ~tihmge determination. Both groups have made extemive
mewnananti throu~out the light-maaa neutron=rich region. We will rmtrict
our diocmion to th~ 2=3-9 neutron-rich region, whereaa the following paper
will concentrate on the Z= l@15 region.

TOFI MEASUREMENTS IN THE 2=s-9 REGION

To illustrate th- me-uremenb, we will briefly describe a recmlt axpe:i-
mant using the TOFI spectrometer (me Ref. 4 for more details).

A schematic of the TOFI spectrometer and iti usociatsd transport line is
shown in Fig. 2. Luge yields of exotic nuclei are produced in the scattering
chamber when LAMPF’o l–mA, 80&MeV proton beam otriku a l-mg/cm2
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FIG. 2. Schematic of

‘BtTh target. Some

the TOFI spectrometer and ita aaaociated iransport line.

of the re~tion products recoiling out of the target are
captured by a eecondary beam transport line. 6 Because proton-induced target
fragmentation ia not strongly angle dependent at this energy, the transport line
has been conveniently located at -W) degr~ to the primary beam.

The trmsport line consisb of four electromagnetic quadruple triplets and
a small, separated~tor mass-to-c}.uge INter. A collimator in located at the
intermediate focus poeition (approximate halfway through the l“me), where a
maw-to-charge dispereed image of the illuminated target spot is produced.
Here the high rmte of uninter-ting ions with masa--harge ratioa (M/Q) of
<2.0 ue grea?ly reduced to ●void count rate probleme in the spectrometer. Ln
the s-end half of the truisport line, the veiocitiu of th~ recoils ue meaaured
over ● path length of -10 m by thin-foil, s~ondmy~letron, microcharmel-

L)
plate MCP intemified, f-t-timing detectorae located both just downstream
from t e M Q collimator and ●t the entr~ce of the spectrometer.

The s~trometer has been designed to be isochronoun so that the flight
time of ions passing through the system provida ● precise meaaure of the mass-
t~huge ratio. 7 FouI’ identical dipole magneti are arran ed ao that ions of

!a puticular m~-to-charge rstio, but of lower (or higher velocity than the
sekted mean velocity, tah ● shorter (or longer) path length through the sys-
tem in such a way that the same overall !Nght time multi. In aclditicm, the
spectrometer u on+to+me im-ing uld nondispersiva overall so that smal!-
uea, fwt-tim’hg dotutom can be ueed whilo a reasonably large solid an Ie and
momentum-to-charge acceptance (fl = 2.5 mm and 6(p/Q) (p Q) = 4%) are

(d!maintained. Th* fourfold unit+eli symmetry of the system ●a to small tim-
ing Aermtiom that rault in high msss-tihuge molution for ● wide range
of M/Q spala without using ray-tracing techniqua. In this experiment where
the spectrometer wu eet for ● moment~m-~harge of 210 MeV c/Q, a tim-

ding r-lution of -180 P (FWHM) wu obtained bet-wean two MC fast-timing
det-tors (one located at the entrance and the other at the exit of the spec-
trometer). For a typical flight time of ~500 M, a relative time resolution-and
consequently reams-to-charge r~lution-of JT/T = 6( M/Q)/ (M/Q) = 3.6 x
10–4 waa obtained. This performance wu limited by the faat-timing detec-
tom and their associated electronics and not by the intrinsic resolution of the
spect rometar.

)-



Mama are extracted from the me=ured mass-ttiharge (timeof-flight)
spdra that have been gated according to atomic number and charge state (see
Fig. 3). The atomic number waa determined from me~urements of the ion’s
velocity and stopping power; the charge state waa obtained from the memured
vekity, total energy, and mzus-ttiharge ratio. In the pruent experiment,
the stop ing powe: and total energy were measured in a AE (20-pm) - E

Y(72&pm silicon detector telescope pmitioned immediately downstream from
the MCP detector st the exit of TOFI. To further reduce the efkta of isobaric
cross-contamination, the mw resolution of TOFI waa used to directly resolve
“iaobaro.

Using the direct mw measurement approach, the centroid of each M/Q
line (determined by momenta analysia) is related to the maaa of that particular
species. The centroida of Iinea with known maaaea were used to calibrate the
system so that the maaaea of “unknown” lines could be determined. Small
corrections to each centroid were made to account for time-to-amplitude walk
and nonlinearities of the electronics. A typical calibration contained -80 known
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1TIG. 3. (a An ungated 7 spectrum collected in a 24-h period; (b) nnd (c ‘he

1
correspcm ing i4f/Q and Q spectra obtained for 2=9 selected eventi; (d the
rmulting 2=9 and Q=8 gated M/Q spectrum. T’h~ measured Z. Q, and /Q
redutions am 3. L%, 1%, and 3.6 x 10-4 (F WHM), respectively.
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masa-ttiharge lines. Table I shows final mwes determined from a weighted
average measurement of several runs (and different charge states where possible)
taken over ● 4-week data collection period. The quoted uncertainties result
from ● sum of statistical calibration, and systematic uncertainties; the latter
equaled -2% of the line (-17 keV/Q).

DISCUSSION

Figure 4 shown a comparison of all recent mass measurements in the 2=:?-9
neutron-rich region. There is excellent agr~rnent in all csaee except 14Bc and
22N were the measurements disagree at slightly beyond the one standard devi-

atio~ level. Refinements in the fast-recoil direct mw measurement technique
are indicated by both the reductiom in errom and the determination of addi-
tional neutron-rich nuclei with each successive experiment, Of the nuclei that
have been shown to be stable with reepect to prompt neutron (or tw-neutron)
emiaaion,12 only the maascm of leB, a2C, and asN remain to be meaaured.

In Fig. 5, the mm are plotted in terrna of the tw-neutron separation
energy, Sam, w neutron number. Th”u plot provida a convenient wsy of remov-
ing odd+ven neutron-pairirg energy effects so th~t other nuclear structure
featura, such m energy gapa in the single-particle levels or changea in nuclcu
deformation, stand out more clearly. Of particulu interast here iu the question
of ● subahell clamre ●t N= 14. If ● large energy gap between the neutron 0d51a
ud 1s1/2 energy levels did exist, a significant decrease in S2n vduee after N= 14
would be expected. However, for the neutron-rich isotopes of oxygen, fluorine,

TABLE I. Total number of observed events and determined maaa excesses
(errors given in parenthes-).

—. —-- —

No. Of J@g ~~~~

Az Events (P )
8 (MeV)

~ 168 43780’’(130) 40.78 (.12)
14fi 95 42600 (150) 39,74 (.14)
17B

106 46WI (180) 43.62 (.17)
19C 7a) 35180 (130) 32.77 (.12)
20 c 81 40360 (240) 37.60 (.22)
~oN 13,015 233W (130) 21678 (.lJ)
21N 2,733 26930 (210) 25.09 (.20)
~2N 110 34340 (250) 31.99 (,23)
230

949 15700 (150) 14.62 (.14)
240 61 NKDO (500) 18.6 (.5)
25F 3,311 12210 (150) 11.37 (.14)
28 F 363 19820 (210) 18.46 (,20)
27F 15 275(XI (700) 25.6 (.7)

—.

‘ Although nuclei with long-lived (r > 156-ne) isomeric stat- are rare
——

in thin region, ths population of an, ae yet unknown, i$omeric state in
one of thae isotopa cannot be excluded on the basis of thin data,
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FIG. 4. A comparison of r~ent maws measurement for 2=3-9 neutron-rich
nuclei. The weighted average masa exceae is given in MeV for each isotope;
errom are given in parentheses. The legend references are: Audi-Wapatra 86-
Ref. 8; SPEG 86- Ref. 9; SPEG 87- Ref. 10; TOFI 86- Ref. 11; and TOFI
87- Ref. 4 and this work.

and neon, no change in the San trend is found at N= 14, but rather at N=15!
What ia happenin in this region?

& noted in L f. 11, the spherical shell model calculations of Wildenthal
et al. 1s reproduce the Sam valua throughout the ad shell region very well,
with the notable ace tion of the deformed N=20 region. Based on the good

Iagreament found in t ● N=14-16 region [W Fig. 6) and by the fact that
the ground stata wave functionm are calculated to be relatively pure a simple
shell model “interpretation cf th~ observed Sam trend can be ●dvanced. First,
we point to the fact that no large decreame in Sam vdua u ebwrved in going
from N=14 to l$f=15. Thti indicata that no large ener

v
gap exinta between

the Od,/a ud 1s1/2 neutron levels, (In Ref 13, -l-Me energy gap between
thma hwelm is given, which is s typical ground state level spacing in these
light nuclei.) Second, the more ra id decreaaa in Sam valu- between N= 15

Jand IN=16 can b axphhmcl by the ifference in tho Odo/z-Odo/a and the lsl/a-
1s ,ta neutron-neu~ron interaction enargi- (the former N calculated to be nearly
twice as larw as that of the latter), for it is not until N=16 that no ds/a–
dnia interaction k involvad in tha -emova~ of two-neutrm.a. Thti providea a
qualitative interpretation of the change in the San trend observed at N= 15,

When thae mu measurement era compared to the psd shell model cal-
rulationa of Brown et al. ” (am Fig. 6), good agreement is found fcw the carbon
and nitrogen isotopes, but increasing deviations ~re m)td as one mown to

lighter nuc~ei. The theoretical under- estirna. tie., oi hi,~Jing found for ‘eI~7F
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FIG. S. Tw~neutron separation energy us neutron number for isotopes of
lithium to neon. Solid circles indicate nuclei that have been meaaured by faot
recoil spectrometers, and the open circles show data taken from Ref. 8. Error
barn are indicated where they are larger than the symbol size.

could be relatd to the oxuet of prolate deformation, aa observed for the N= 19-
20 isoton- of eodium and magrmium, but the mewurementa of ‘eJ30Ne are
needed to con!lrm thim interpretation.

In Fig. 7, compariwns to threeother approach- ue semn. The macroecopic-
rnicracopic modal of Tachibarm et al. 18 giv- reliable mum, except in the
N= 1S-17 region. This li.kmly mthxts ● deficiency in the micrmcopic part of
the calculation because for nuclei that lie cl- to stability (e.g., 2’Si), a rapid
decreua in binding occurs after N= 14; we do not obaeme this feature in the
caae of thesa neutron-rich nuclei. Thue, calculations that rely on the maesea of
nuclei Iyin clcme to stability wuld be

t 2
ected to underatimate the binding

enerc oft 4H axotic nuclei. Si.mi!u tren ue ●lso noted for the macrcmcopic-
micrtmcopic mod.ls of MNlar and Nix’e mnd M311er et aL~7 (not shown in Fig. 7)
and, to ● much mrmller extant, for the Iatd Garvey-Kelson maaa relationship
predictioru of JAnake and Mmn 1’ and the updated modifhcl -hell model
calculation of Wcmters d d.’ Finally, a eigniflcmt overmtimation of binding
iE evident for the Guvey-Kelson predictions for ‘°C ad a[~a2N. Thin can be
explained in ● mumer analogoue to the arguments ●bove, but in th”ie caae the
nuclei used by the m- relationship are at o? neu the deformed aONe region.
The increued binding afforded by thb deformation then Ieadn to a more bound

-7
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FIG. 6. T-neutron eepuation energy difference between shell model pr~
dictiom and th-

T
i.mentally de~rmined w neutron number, The solid

squ~ i.ndicata mlcu ●tiom of Raf. 13 and the open squ~ indicate Ref. 14.
lhor bars rep-t tho experimental uncertainty-.

mass rediction for N= 14, 15 isot.mm of carbon nnd nitr~en, which are ex-
pec J to be spherical in shspe.

CONCLUSION Ah’D OUTLOOK

1,11summary, the development of fast recoil epatrometem h- aigniflcuntly
advanced our mw mwuremant capabilitim for exotic Ii t nuclei. Some 12

Pinotopa have been determined for the tit time in the -=3--9 IIwtron-rich
r~ion done. This p~ h- lead to an improved U.ndamtanding of the
light maa surfsce. There is no evidence for a sukhell clcxmre ●t N= 14 in
these meam.rements; however, the indication of a weaker s 1121Y,/1 interaction
compu~ to that of the dgtl-deia neutron–neutron interaction is evident in

-H-
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FIG. 7. M- difference between theoretical prdiction.s of Ref. 15 (open
squ~aa) , Ref.

J
4 solid circles), and Ref. 16 (opan triangl~), and the mea-

WJA experirnen ramdti w neutron number, M in Fig. 6.

S2. trend and is supportd by shell model calculations. In the future, further
P~ cm ~ ~ti a f-t recoil spatrometara are ●pplied to the maas
measurement of haaviar nuclei.
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