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Abstract :

Radioactive studies of light neutron rich exotic nuclei
have been performed on the LISE line at GANIL. These isotopes were
produced via projectile nuclear fragmentation of 60 MeV/nucleoanAr
on Be. Physical separation of the nucleides was achieved through the
Projectile Fragment Isotopic Separation (PFIS) method (magnetic analysis
and differential stopping power effects). At least 8 nuclei were
observed for the first time through B-y coincidence measurements IQUS.

3BP. 37P. 3551, 35Si. 24F. 17C. 220] as well as already known half-lives

2
. to provide a check of the procedure [JGP, 30Mg, 3"A1).

1‘Experiment perfarmed at the GANIL National Laboratory in Caen (France)
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I - INTROOUCTION

The production and study of exotic nuclei have been
continuuuslyvinvesfigated since many years from an experimental as
well as theoretical point of view. Recently this research field has
renewed the interest of experimentalists due to the availability now
or in the near future of high intensity heavy ion beams accelerated
at intermediate or relativistic energy. The projectile fragmentation
mechanism can then be used to produce exotic nuclei with the high
rates needed for radioactive studies (1}.

This paper reports on theoretical and experimental work
showing that the LISE spectrometer at GANIL is well suited for a
Ernjectile.fragment Esntupic Separation (PFIS). The half-1ife measure-
ments and B-y spectroscopies of neutron rich light nuclei obtained in
the first experiment demonstrate the efficiency of such a method.

In the following, section 2 briefly describes the
experimental set-up. The PFIS method and the calculated properties
of the LISE line are detailed in section 3. Then the results of an
experiment using the nuclear fragmentation of 60 NeV/nquAr ions‘on Be

are given in section 4.

II - EXPERIMENTAL SET-UP

The present experiment was performed on the LISE line

at GANIL. LISE is a doubly achramatic system, in angle and energy
cansisting of ten guadrupoles and two dipoles ; a schematic drawing is

shown in Fig. 1. Details about the LISE spectrometer can be found in

@ D4

Intermediate
facal plane

Fig. 1 : Schematic drawing of the LISE spectrometer at GANIL. D1 to

0‘IO

designate the quadrupoles. D1 and D2 designate the dipoles.
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Ref. 2. In the focal plane of the first dipole, adjustable~slits allow
one to limit the magnetic rigidity aécgpténcé;bf the line. For the
PFIS method. an energy degrader made of an aluminium wedge (with a
thickness ranging from 200 y to 1400 u) was placed behind the slits.
The interest of such a procedure is explained in the next section.
After transmission through the second dipole the selected projectile

fragments entered the counting area (see Fig. 2). These fragments were

Fig. 2
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DEGRADERS ™ Sketch of the experimental set-up
. ‘50 allowing the range selectiop and
SECONDARY 1 CATCHER the study of gamma spectroscopy
p=acshyy s . _..>l._ FOIL

in coincidence with beta decays.

SCINTILLATOR

discriminated according to their total ranges in aluminium using a set
of Al foils placed 1 m ahead of the detectors. Finally the selected
nuclel were stoﬁped in a catcher tape surruundéd by a beta plastic
scintillator and an ultra pure. high efficiency, high resolution
intrinsic germanium gamma detector. )

The radioactive nuclei were identified by their y
spectra measured in coincidence with their B.decay. Lifetime measurements
were carried out using pulsed beam. The length of the beam-off time
interval was chosen to be several times the presumed half-1life of the
studied nuclei. Each event was characterized in time by a clock during
beam~on as well as beam off cycles. In order to eliminate the built-up
of unwanted long periods, the tape was periodically moved during beam-on

cycles.
III - THE PFIS METHOD

III - 1 - Principle of the method

The method used to separate a definite nucleus of atomic
charge Z and atomic mass A among the large number of projectile
fragments (P.F.) formed in nuclear fragmentation consists in the
following steps

i} the first dipole provides a momentum selection and
allows the transmission of a fraction of the produced isotopes. Since

the reaction mechanism approximately conserves the velocity. this



selection  is mainly sensitive to the ratia ry s A/Z. Detailed calcula-

tions show that the target thickness plays a crucial role to optimize
the transmission yields [see section III-3).

' ii) after the first dipole the selected ions undergo
a slowing down in a thick degrader and lose momentum differentially
according to their A and Z. This momentum loss is exploited by the
socond dipole to provide a second separation inside the subset of
rnuclei having A/i constant. This second selection is roughly sensitive
to the ratio r, = A2'5/21'S {ser section IXI-2}.

iii) finally at the exit of the second dipole, the
selected isotopes are stopped at different depths in aluminium absor-
pers.
The remarquable featuré of these selections~charéctefized

by the ratios r, and r, is that they depend neither on the beam energy
and nature nor in the tuning of the line or on the degrader's thickness
in the case of experiments performed at GANIL.(engrgies ranging from 20
ta 100 feV/u).. In fig. 3.represerting the part of the chart of the nuclides
on interest in the present experiment, is shown how these selections work.The
ions selected by the first dipole are }oﬁated on the straight lines
corresponding to several A/Z ratios (represented from 1.75 to 3}. The
ions selected by the second dipole are located on the'curves

corresponding to several A2'5/21'S

ratios (represented from 30 to
250). Each selection has a given width in the (N, Z) plane (locally

represented by the dotted lines) and the nuclei transmitted by the
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Fig. 3 : The two selections of the PFIS ‘method in the (N,Z} plane
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spectrometer are located in a (N, 7) domain such as represented hy
the . lightly hatched area. This domain often includes only one isotope

while in less favorable cases twa or three are included.

III -~ 2 - Basis of the calculations

‘The characteristic properties of the PFIS method are
derived from a few relations. The first one which plays a predominant
role is a simple empirical relationship giving the range of a nucleus
having an energy E :

(1) R = K(A/Z2) (E/A)Y
In this expression K and y are constants depending anly on the stopping
material. This relation was obtained by fitting the range-energy
tables of Hubert et al. (3). The interest of this analytic expression is
that it gives a simple formula ta express the energy of the ion aleng
its path in a stopping medium :
2 EyE = 1 - Ry

_where E, and E are the'energies per nuclean of the {A, Z) ion at the

d
depth d and at the entrance of the stopping medium respectively. The

classical (non relativistic) relationship between the magnetic rigidity
8p arnd the mass. charge and enerpy per nucleon gf the transmitted ion
is the following :

(3) Bp = 0.1438 (A/Z) V E/A

where Bp is exprimed in Tesla-meter. When combining equations 1 and 3
one may express the range as a function of A, Z and Bp only :

. (a) R = K*'(1/r,) (B0)*Y
with K' = K x (0.1438)7°Y and r, = A°Y1/2%V 72

2.5

In the case of aluminiumy = 1.75 and therefore T, = AS” 1.5

/77,

More complete studies are needed if ene wishes to
calculate the selection performances of the line, like the transmission
yield and emittance of the selected fragments and the mass resolution.
The target thickness./the shape and thickness of the degrader play
crucial raoles as we will see in the following. More details on the
thecretical calculations concerning the PFIS method are fully described
in Ref. 4.

III - 3 - Effect of the target thickness

Since the method is intended for exotic ruclei sepa-

ration, one seeks to use a target as thick as possible to increase
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fﬁércoahtihg rate. An increase of the target thickness enlarges the
energy distribution of the P.F. at the exit and may cantribute to an
increase of the mass acceptance. Conseguently it is of prime importance
to determine to which extent the increase in target thickness enhances
the counting rate and not only contributes to an increase in the mass
acceptance of the system.

In the target two processes broaden the energy spectrum
of the P.F. : '

i) the slowing-down process which gives different
energy lasses for the incident icn and the P.F.

ii} the nuclear reaction which induces an .almost
gaussian dispersion.

These two processes have a maximum effect for P.F.
observea far away from the incihentvion.

' The effect of the target thickness on the mass acceptance
of the first dipole is shown on.Fig. 4. The calculations have been
dane for the study of 37P in the fragmentation of an 4DAr beam at
60 MeV/u in Al targets, the magnetic rigidity acceptance being 1.7%.
In the case of a thick Al target {200 mg/cmZ) the transmittéd ions are
those inside the two outer boundary curves. For a thinner target the
transmitted ions are those inside the two inner boundary curves. Dne
can see that the thick target allows the transmission of P and ~°P

. 37, . R
along with P whereas only this last nuclide is transmitted in the

thin target case.

Fig. 4
A small part of the chart of the
nuclides is represented. Full dots
represent the stable isotopes,
triangles represent the isotopes
transmitted by the first dipole
when an Al thin target f1Dmg/cmz)

is used, open dots designate ‘the

isotopes transmitted in additien

to the triangles when a thick Al

target (ZDDmg/cmZ] is used.
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The target thickness optimizing the transmitted yield
of a given isotope is that which insures that all or part of the
energy spectrum of this fragment falls in the Bp acceptance of the
dipole. Oeteiled calculaticns about target thicknesses for P.F, having
ry = AZ = 2.5 like 37p,lead to the nurves represented in Fig., 5. The
curve (1) gives the optimum target thicknesses as a function of the
Z of the P.F. Two opposite evolutions are observed :

a) For the F.F. near the incident ion the optimum
target thickness tD decreases with Z, This behavior is well understood
as a conbined effect of i) the slowing-down process in the target
which enlarges the energy spectrum of light fragments for a given
target thickness, ii] the acceptance of the dipole which limits the
maximum acceptable target thickness.

b) For the P.F. far away from the incident ion, ty
increases as Z decreases. But, in this case, tU does not represent
the effective target i.e. the thickness used for the production of the
transmitied ions. Indeed for these P.F. the nuclear energy spregding
is' sp large that even for thin targets the mamentum distribution cannot
be fully accepted. The optimum target thickness represents the thickness
giving the maximum effective target thickness te. In Fig. S, the
curve (2) represents the calculated te values as a function of the L'
Z of the P.F,

—————
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Fig. S : The target thickness is represented as a function of
the Z of the P.F. for A/Z = 2.5. The curve {1) gives
the optimum target thickness. The curve (2) gives the

effective target thickness [(see text).
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The conclusions from this study are thus :
1) The target thickness optimizing the transmitted yield of a given A2
isotope is function of A and Z.
Z2) The PFIS method has a maximum efficiency for the collection of
fragments having A and Z close to that of thz beam. This effect is

superimposed on the cross section influence.

II1 - 4 - Effect of the intermediate dr,rader

After the first dipole, the selected ions undergo a
slowing down in an Al degrader of thickness d located in the inter-
mediate focal plane pf the LISE spectrometer; The particules entering
the degrader at the abscissa x (Ox being the horizontal axis in the
facal plane and D the focal point) have a magnetic rigidity egual
to : ’ . ’

[5]~Bp1[x] = Bp, (1 + X/D;].
where D, is the dispersion of the fi;st dipole exprimed in cm/% Bp.
After the degrader the value Epz[x] is given by the following relation
deduced from Eqs. (2-3) of section III-2 :

"Bp, (x)/Bp, (x) = (1-atasrea) 2

The achromatism of the line is conserved if Bp1[x] and BpZ[x] are propar-
tional for all x values. This is not true in most general cases. But if
the shape d{x] of the degrader is such that d{x)/R{x) is independent of x
the achromatism of the line is conserved. This condition is fulfilled
with a Qedge-shaped degrader of the following type {deduced from Egs. 4-
5) :

(6) dtx) = d (1 +—;: R

This is a very simple formula where d, is a free scaling

pararctsr egual to the degrader’s thickness on the ugtical axis. D1
and ¥ are characteristics of the LISE 1ine and ot the slowing-down
process in the degrader's material respectively. The most striking
result is that the wedge shape allowing to canserve the achromatism

of the line is independent af the mass, charge and energy of the studied
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ians as well as the tuning of the lipne. The practical realization of
such a variable thickness is gfeatly eased if onz achieves it by the
bending of an homogeneous foil.

Let us now examine the influence of the intermediate
degrader on the mass resolution and the image size in the focal plane
of the second dipole. The minimum AA resulved is obtained when comparing
the distance between the images of two isotopes A2 and A+ AAZ with the
size of the image of the isotope AZ.In the simple case of an homogeneous
degrader,an increase of the degrader thickness increases the diameter of the
image while the mass resolution reaches only A/AA=14.A considerable improve-
ment is obtained if the degrader is wedge-shaped in order ta'cﬁnsefve the
ichromatism of the line. In this case the image size as well as the
mass resolution is directly correlated to the ratio dU/R of the
to the range R of the A, 1 nuclei at the exit

= 0.8 Bp1J.

degrader . thickness dU

of the first -dipole. Using dO/R'= 0.5 (corresponding to sz
it is calculdted that the image size .increases of only a fagtor’2 whereas
the mass resolution A/AA reaches 200.

As a conclusion of this paragraph, the preceding analysis
glves a precise description of the most suitable genhetry of tha
intermediate wedge-éhaped'degrader in order to conser&e the achromatism
of the line and to obtain the maximum maes resolution. Only an upper
value of the resolution is obtained. This estimate indicates that
the degrader’s thickness must be at least half tiie total range of
the ions at the exit of the first dipole when a mass resolution of

200 is desired.

IV - EXPERIMENTAL RESULTS
' The PFIS method has heen tested at LISE with an Ar beam

at 60 MeV/u. As the slowing-down process in thick material is anp essential
part of the method, the used range-energy relations were first checked.
A slight correction was then applied to better describe the experimental

ranges.

IV - 1 - Experimental check of the PFIS method

The check of the magnetic rigidity determinations has been
done with already known isotopes. In all cases the maximum counting rate
was nrecisely ohserved for the "a priori” theoretical values. As an example
the production of BUmg will be presented. This nucleus was unambiguously
identified by mass spectrometry by Oetraz et el (5)., The y spectrum observed
in coincidence with the 8 decay of 3DMg is shown in Fig. Ba. The Bp, and Bp,
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values were the theoretical ones calculated with a Be target thickness of

190 mg/cm2 and an intermediate Al deprader of about 180 mg/cmz.In thls fifg

» BOMg a)
500- '
2 3OMg
=z E .
3 300 3,
©
00, 3g; O s
NI |
e | A | e L
500 1000 1500
ENERGY (keV)
30Mg b)
5001
% i
30
3 3001 Mg
o
U -1
30
Al- .
100 33
oy J 1 | , l' S Lo
500 1000 1500
ENERGY (keV)
Fig. 6 : Two gamma spectra recorded for two different (Bp1, 8921

tuning for the observation of

BDMg

\ the 2 prominent peaks at 243 and 443 keV are thase of BUME. The decrease af

these lines givas

a half-1ife of (335 * 40lms in agreement with the

30
previous determinaiion (325 + 30)ms. The line at 1263 keV belongs to Al
33
the daughter of BUNg. In this spectrum the contaminant is essentially Si.
30
- The presence of this nucleus is understandable as 335i and ~ Mg have

almost identical r

2 values and are thus not discriminated by Epz. This

contamination can be reduced by changing the magnetic rigidity of the

first dipole. Inde

ed the T, value of 3351 is only 5% lawer than the T,
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value of 3Uﬂg. Using a Bp1 value 2% hggher than the theoretical optimum
value decreases thg counting rate of Si by more than a factor 10 whereas -
it decreases only by 20% for 3DNg as it ié shown in Fig. 6b.
The influence of the sz tuning is much more critical than
that of Bp1 if one wishes to transmit a given isotope. On Fig. 7 is plotted
the evolution of the counting rate of 3OHg as.a function of sz for a given
Be, value. This curve allows us firstly to check the correspondance between
the tuning paramsters and secondly to get the experimental mass resclution
in the focal plane. In this case the FWHM of the distribution in sz is
0.9%.Tiiis corresponds to @ total size of v 2 cm in the focel plane and a

mass resolution close to 100.

¥  a— T T T
EY
5 - 30 . ig., 7
= . //’ \\\ My Fig
w = . s . T The counting rate of the 243 kel
E sk / 4 y-ray of 30Mg is represented !
o F ’ . 1 as a function of the tuning of
R T 1 the second dipole g
=z
3 L o J . ;
8 / .
- B a ’ - \
0 ""1/ 1 1 1 1 e ) T
o218 219 220 221 222 223
sz (Txm )

IV-2 - New spectroscopic measurements

In the presented experiment, n=utron rich nuclei have been
produced and studied. The decay curve associated to each Yy recorded in
coincidence with B has been obtained as well as their precise energy and
relative intensity. From these results, information on the decay scheme

. of the studied isotope and in some cases on the level scheme of its

daughter are deduced.
This experiment is still under analysis and some results pbtain-

ed up to now are given in Table 1. In this table the newly studied isotopes
are listed together with the most prominent unambiguously detected y rays.
The measured half-1life is given only when it represents a first measurement.

The decay curves are presented i. Fig. 8.
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COUNT RATES (arb, units)

Isot Detected B-decay
ope Y-ray energies Half-life
(keV) S
40g 312 + 2 7.6 1 2.5
646 * 1
37y 752 ¢ 1 2.3+ 0.2
1582 + 1
38 1293 ¢ 1 .20 % .15
245 & 1
35q; 395 ¢ 1 .80 & .15
36gs 175 % 1 .40 ¢ 1
28 1882 + 1 .33 ¢+ .1
22, 640 £ 1
T T v T T T ™7 ]
.
I {‘\\} .
\*
10p \{\ -
[ 405 ]
—— e ]
10 20 30
100 4
T ]
[0 — ]
h\\+\ T 3T
bt~y ¢
\+\ +\*\¢ ]
4 ~ S~ 35
10k \ 38, Si .
F f\ \‘f’ ]
i 24 + 1
F ol \ae,.
Si
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i 2 3
TIME (s.)
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Table 1
B decav half-life of newly
studied neutron rich isotopes
and y-ray energles detected

in B-y coincidence ineasurements.

Flg. 8
The B-decay half-life data i
from this exoeriment along with

their best fit curves




Comparisons between predictions and experiment for the
half-life of nuclei lying far away from the stable ones provide
good tests of the validity of the types of thearetical
formelations ;nd assummptions involved. The theoretical half-life
predictions of Tahkahashi et al. (6), Klapor et al (7} and Wildenthal
et al. (B) are compared to the measured ones in Fig. 9 for nuclei

studied in this expefiment as well as in refs. 9-12,

Theoretical vaes from
TP JSoth o Takchashi et al Fig. 9
e /e
0 Q Klapdor et al Ratio of experimental and
£ . [0 widenthat et ol 1 predicted 8 decay half-live:
r t . 1 exp,_th :
[ ? S ' Q A T1/2/T1/2. The experimental
- H : ? qu i 1 values are from this work
I ¢ E ¢ ;§ * E ) and refs. (9-12). *
' i éx bl
TRl B 4
F al o P e : ]
. r o ': H é ]
: LR ? ]
L ! . H q
1 H H
. L ] t B
6 ‘
; H
- H i —
°"; ' ' E
; 3
1 N=20 ]
T o F ats P s ]
I|7 2l 22 24 32 3536 3637 38 40
=l 1. 1 - 11 J— | 1

Isotope  mass number

On the overall the measured half-lives lie between the calculated valuss.
No systematic deviations are observed as it was the case in the Cr ta

Cu region {13). The mass domain presented in this fig. 9 cavers the tran-
sitional region with the neutron shell closure at N = 20. One can notice
that despite the fact that the microscopic celeulations of Klapdor ot al.
certainly are improvements over the nold gross theory of f decay. the
reliability of such a model is stil) limited. With repards ta the
calculations of Wildenthal et al. for the sd nuclei, the agreement with
7

experimental half-1ife values is auite pood as there is only a factor 2

between the values in the less favorable cases.
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Fig. 10 and 11 give examples of Y spectrum recorded in

36

coincidence with the 8 decay of “ P the last known isaotope and 37P.

\
3 .
" 4x107 4
hals
=
3
O ) 5 1 1
3 2
107 rau T T B
N LA, 1 ] 1 Iy l
T — T T T -1
1000 2000. 3000

ENERGY (keV)

Fig. 10 : Gamma spectrum recarded in coincidence with the beta

decay af 35P.

In Fig. 10 pesks numbered (1) belong to 35F’. peaks numbered
(2) belong to the contaminant 345i. The decay of 35F’ ta levels of 365
was studied by Hill et al. (13). They only observed the three most prominent
Y rays on this figure. Compared to the results of Hill et al. ten new

lines are observed. A more complete decay scheme of 35? and possible new

35, ' :
S levels are currently under analysis.

The vy spectrum recorded in coincidence with the B decay
of 37P is shown in Fig. 11. Three y lines have been attributed to
37,
Py, = (646.5 + 0.S)keV. Y, = (752 & 1keV), Y, = (1585 £ 1)keV.

The contaminant nuclei at the 1 to 5% level are “°P and °S. The half-life

7 l
3 p 3
310°-
210°4 .
37
P
10 1 39
S
37P 595 39
5
_r—d~i———l—d¢~_J | Y 1 tiJ
SRA—— eSS
S00 1000 1500

ENERGY (keV)
Fig.*11 : Gamma spectrum recorded in coincidence with the beta decay of 3,
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was measured to be T1/2 = 2.3 + 0.2s for the three lines. The transitions
Y, and Y, correspond to the feeding to the already known first excited
states of °’S. The transition Y, does not it with the known levels

of 375. The anélysis of y ray energies and intensities gives

strong indication of a new 375 level.

In the case of the B decay of 38

P one line has been unam-
biguously idenéified. This 1293 keV vy ray corresponds to the transition.
between the first known excited states of 3BS and the ground state. The
measured half-life is (700 £ 150)ms,

Detailed B-yv spectroscopic studies on the nuclei presented

in Table 1 will be published later.

V - CONCLUSION

The method exposed here allows us to use the LISE
spectrometer as an isotopic separator by the adjunction of an inter-
mediate energy degrader. This key part of the device has to be shaped
in thickness in order to preserve the achromatism of the line. A striking
result is that this condition is fulfilled for ions as different
as 37F'-and 15C with the same shape-of degrader. The theoretical
mass resolution is close to 200 whereas the messured one reaches about
100. A neutron rich nuclei preoduction experiment, still under analysis
has been completed recently with an B0 NEV/U4UAF beam at GANIL. Several
previously unknown half-lives have been obtained as well as B-y
spectruécopic information. These Tresults demonstrate the possibilities
of such a method. Future studies on the 8 decay of exotic nuclei are
planned with heavier beams like Kr ions. In this case further impro-
vements in the realization of the degrader are aimed at to provide a

better mass resolution.
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