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Statesof ’ ÍAs, excited through tíie ’ ’ G e(o, npy) reaction at £ „  =30 to 55 MeV, w ere sludied. 
Excitation functions, y -ray  angular distributions, y-y  coincideucos, and >-tim e distributlons 
v/ith respect to Uio beam bursts, w ere deterniined. U'hree excited states are identificd witJi 

. staies preViously observed wiíh thé (p, n) reaction. In addition, s ix ncw levels  are  iucor- 
porated iato tho level scheme. ' The decay pattcm of thcsc.levels is ratlier simple. The e.xis- 
te.uce o í two •;.-ray cascades showing tiuite s im ilar energy spaclnjs and possible spin se- 
quence J = 7 - * 6 — 5 - “ 4 which nia.irJy íeed tlie knowa 3" State at 183.0 keV State is  observed.
A  halí-U íe 7’,/2 = 2S±2 nSec oí a level at 259.2 k-cV was dcterniined. Tüis is  tlie State whose 
g  factor was previously assigned to a level at 273.8 keV.

NUCLEAR RÜACTIOÑ ’ =Ge(a,);/r)')’ '*As,í:„ = 30 ío  55 M eV; measured E y ,I^ ,y {9 ),' 
exc. íunot., y -y ,y - t  (nsec). ^^As deduced levels , J , n , T i / 2- Enriched Ge targets.

. Ce(Li) detectors.

I. KSTRODUCTÍON II. EXPERIMENTAL METHODS AND DATA /JVALYSIS

The odd-ocid nucleus ’ "‘As has been studied in the 
past by meaiis of the {p ,nr)  (Reís. 1-4 ), (^He,c7) 
(Reí. b), and {p,di (Reí. 6) rcactions. The most 
reccnt and comprehensive investigation is  that of 
Kimura' whu, írom  Uie measuremcnt oí conver­
sión electrons and cross sections determineci 
spins, ixiriüea, and y-ray mulíipolári-ties cor- 
responding to levels up to aboat 470 keV. The 
earlier work on ( “I I e , « )  and {p,cl) mostly con- 
Iribuled with spectroscopic; íactors and angular 
momentum transfer valúes. In addition, Chris- 
tianscn ct al." determined the lifetim e and g  factor 
of a level proposed at 273.8 keV. The identifica- 
tion of thi.5 leve l as well as another one at 14.9 
keV is at variance with other investigations.'’ "̂®

In Ibis pp.pcir we report the resuits of a study of 
íhc ’’^Ge{a,npy) reaction at A’  ̂= 30 to 55 MeV lead- 
ing to Itve ls  cf '"'As. As expected, this reaction 
popúlales new levels corresponding to spin valúes 
higher than those obser^-ed up to novv. The decay 
pattern oí these levels is rather simple and exhib- 
its interesiing ísatures like for instance the exis- 
tence of two y-ray cascades shov.’ing quite sim ilar 
energy spacings and possible spin sequences 
«7=7 — 6 -*- 5 — vhich mainly leed the known* 3' 
State at 183.0 keV. In turn these cascades are 
sin'.ilar to snoüier recently reponed in the neigh- 
boring isoíopc ’ -As.’  The present data also show 
that the factor and 1iíeíin''e previously assigr.ed 
lo  a lovel ai 273.8 keV corrcspond to a leve l at 
259:2 keV.

A 55 MeV á -partic le  bean?, obtained íron-: the 
Buenos A ires  synclirocyclotron and degraded to 
30 MeV in steps of 5 MeV, was used to bonibard 
a 5 mg oí enriched (82%) ’ ^Ge target bound to a 
thin M ylar foil.

In tlie present work the experimental Informa­
tion v.’as obtained through the measurement of (a) 
y -ray  excitation íunctions between 7?̂  = 30 and 55 
MeV, (b) y -y  coincidences, (c ) y-ray time d is tr i­
butions with respect to the beam pulse in the nsec 
range, and (d) y -ray angular distributions. Throe 
G e(L i) detectors were used througiiout the experi- 
ments. Two oí them were oí about 7% eíficiency 
and 2.4 keV resokition at the “̂ "Co lines. The third 
was an x-ray spectrometer oí about 700 eV at 122 
keV. The data were accumulated in a 4096-chan- 
nel niemory and the spectra were analyzcd -with 
the help of a light pen and small HP Com puter  using 
a program devcloped in this laboratory.' Energy 
and eíficiency calibi-ations were obtained using 
standard radioactive sources oí ' “''Eu and ‘^^Ba. ’̂ ‘” 
The y -ray  energies determined with the large 
detectors (£^,>100 keV) of all but (he weakest lines 
are estimated to bo accurate to within 0.2 keV, 
while ío r  E^< 100 kcV the x-ray deteclor was used 
and the energy accuracy was iiicreused to 0.05 keV. 
The erro rs  oí the y-ray  intensities range írom 
lO^c ío r  the strongest.lines co Stf/o for ilic weakest 
and''oí' low energy (.'í^<80 keV) lines. In the fo l- 
lowing we suminarize the most i elevant ini'orma- 
tion correspcnding to the dUícrent measui cménts.
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FIG. 1, Single r - ra y  spectrum from  the ’ ^Ge+a reaction at £^ = 35 M eV, obtained withi a large G e (L i) detector (upper 
part) and an x -ray  detector (lower part). The 7  rays assigned to '̂‘As are labeled with solid dots and the Unes originating 
in the target backing v/ith the letter C. Part of the intensity (40%) o f Uic 183.0 keV Une corresponds to the '®0(o:, np)'-^F 
reaction. • ■

■ A. Excifation funcfiolis

In Fig. 1 the low energy y-ray spectrum obtained 
with the x-ray detector and the spectrum obtained 
with a large G e{L i) diode corresponding to i?„ = 35 
MeV are shown. The peaks assigned to ' ‘A s are 
indicated with solid dots. The most prominent 
peaks corresponding to ^^Se,'^As,’ ^As, and back- 
ground Unes from the target (denoted C) are also 
labeled. The peak at 183 keV is composite but 
could be well resolved with the small x-ray de­
tector. About 60% oí the intensity belongs to ’ ^̂ As 
while the rcst corresponds lo the re ­
action. Table I lists the > -ray energies and in- 
tensities at £^ = 35 MeV. The variation of the y -  
ray intensities with bombarding energy is shown 
in Fig. 2. The intensities íroni Iho d iífírea t runs 
were normalized using the pliotopeak area of the 
835 keV lino írom  the inelastic scatterí'.ig reaction

TAB LE  I. Energies, intensities, and angular corre la - 
Hon cpefficíents o f y rays from  the ''^Ge'(a,«/>>')” As r e ­
action at £ „  =35 M eV .

(keV)

55.95 70 -0 .15±0 .21
. 63.84 46 0.13d='0.13

76.21 85 0.25±0.10
79.28 37 0.02±0.09
88.58 12 , ■

153.0 9
183.0 100 •

201.2 54 -0.08±0 .14
211?6 33 -0.2íG±0.17
259 3
271.5 28 0.67±0.11

. * The computation with'bolh >1¡ and Af as free para- 
meters yieldeu very Lirge errors, v.'ith consistpnt 
with zero. Henee we quote Ihe results oí fittíng the data 
with A^ fíxed and cqual to zcro.
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FIO. 2. Excitation functions o f y rays assigncd to 
’ ^As. The y  intonsities w ere normalized to tlie intensity 
o f the transit'.on in the target nucleus arising
from  inelastic scattering.

on the target as standard, A comparison with the 
excitation functions corresponding to other reac- 
tions produced simultaneously, shows that the 
{a,np) process is easily distinguishable from  the 
others. The curves for the hitherto known-'^ y 
rays of energies of 76.2 and 271.5 keV v?ere used 
as a preliminary tool to identify the Qther y rays, 
later confirmed by coincidences.

B. 7-7 coincidences'

Different runs were carried out to determine 
coincidence spectra using either the x -ray or one 
large Ge(Li) detectors to observe the y rays se- 
lected as gates. A'conventional coincidence sys- 
tem váth a time resolution oí 100 nsec was used. 
The data were routed into four separate 1024- 
channel sections of the analyzer memory co r­
responding to equal wlndows sot on peaks and 
adequate background intervals. The net coinci-
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FIG. 3. y-y coincidences spectra obtalned by gating 
on the 76.2 and 211.6 keV Unes. The 9G.0 keV peak 
cornos from the 96.0-^213.8 keV cascade in ’ ^As and 
the 300 keV Une is due to the backscattering radiatlon 
from  tile araiihilation peak.

dence spectra for gates on the 76.2 and 211.6 keV 
peaks are shown in Fig. 3, and the results of these 
measurements are summarized in Table II.

■ C. Angular disfributions

y-ray  spectra were taken at angles of 75°, 90°, 
100°, 110°, 120°, and 133° with respect to the 
beam direction. The target was rolled into a cylin- 
drical shape of 3 mm in diameter. The G e(L i) di- 
ode was placed at 15 cm from  tlie target. The 
normalization of the spectra at different angies 
was obtained by fceding the output o f a pulser, 
triggered by signáis from  a monitor detector, into 
tlie pream plifier of the moving detector. Owing to 
the largfi erro rs  of the experimental valúes plús

TABLE  n. y-y coincidence intonsities from  the present experiment (intonsities corrceted  
with the detector effic iency are gíven in arbl^rary units).

G a tc \ ^ 55.9 63.8 76.2 79.3 88.6 153.0 183.0 201.2 211.6 271.5

55.9 30 30 32 30
63.8 • • • 8 4 8 17 14
76.2 50 . . . 30 62 31
79.3 20 14 . . . 13 20

183.0 110 13 140 60 20 _ 4 * ‘ « 85 15
201.2 57 32 52 52 * * *. '
211.6 30 8 8 10 • • • 27
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the lacJí of data at large angles, the A ,  terni was 
neglected and the data were íitted to the íunction 
W^8)= 'l-i-A^P2(cosO). The results are given in 
column 3 of Table I. No valué is shown fo r the
183.0 keV line because it was, as mentioned abóve, 
unresolved íroni a contaminant line. A lso  the 
angular distribution fo r the 88.58, 153.0, and
259.2 keV Lines was not determined due lo the low 
intensity of these Unes. Most oí the lines appear 
almost isotropic showing an parameter con- 
sistent with dipole transitions, while the 271.5 
keV y ray ciearly exhibits a posicive anisotropy.

D. Timing

T q  investígate the existence o f isom eric states 
with lifetimes longer than a few nsec, the small 
x-ray. detector was used; and the time interval 
between its pulses and the synchrocyclotron radio- 
írequency was irecorded following the meüiod of 
Yamazaki and Ewan.^* The data were accumulated 
in 64 X 64 channel format in the analyzer memory 
spanning the energy range 40<£y< 100 keV. The 
system ’s time resolution was about 15 nsec and 
the slope of the prompt distribution W’as 5 nsec.
A ll the y rays with £^<100 keV assigned to ’̂ As 
exhibit a prompt distribution except.the 76.21 keV 
y ray. The.latter show's a halí-life  of 28±2 nsec 
in good agfeement with the valué of 26.8 ±0.5 nsec 
previously measured by Christiansen el al.~ These 
authors, however, associate the 76 keV y ray with 
a level dlfferent from that proposed in both 
Kimura’s'* and the present work.

III. CONSTRUCTION OF THE LEVEL SCHEME

From the single and coincidence intensities and 
energies presented in the previous section we ob- 
tain the level scheme shown in Fig. 4. On the 
basis of the level scheme obtained from  the 
strongest lines a search for additional v/eak cross- 
over transitions was made. Only a 259.2 keV y 
ray v/as found which could be only tentatively as- 
signed t o ’ ^As.

J83.0 and 271.5 keV levels. The strong 183.0 
keV y ray was shown by Kimura'* to be the ground 
State transition from  a level at this energy, in 
contrast with earlie r investigation's- in which the 
y ray was thought to popúlate a state at 14:9 keV. 
The spin-parity oí the 183.0 keV level is deter­
mined from  Kimura’s internal conversión mea- 
surcment and the analvsis of the (p,ny) yields 
using Hauser-Feshbach theory to be 3‘ . The spin 
and parity of the 271.5 keV leve l W'as also deter­
mined from the Kimura’s work to be tT = 4". Our 
angular distribution data are coftsistcnt v.’ith this 
Epin assignment. Our tinving measurements show 
that the haLf-life of tliis leve l is less than 5 nsec.

(7)-
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( 7 ) - ^
(6 ) -  i-/ -
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- / 595.S
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1-515.3
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—  163J0

33^^41
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F IG .'4. 'Level scheme fo r  ‘̂*As proposed in this work.

Taking iíito accoiint the branching ratio, the 271.5 
keV E2 transition must be of order of the single- 
particle,estím ate or faster. Assuming that the E2 
transition is not enhanced more than a factor of 
10, the 89 keV M I transition to the 3" state at 
183 keV is about 100 times hindered. This hin- 
drance has been observed in A/1 transitions in 
other neighboring odd-odd nuclei such as ’®Br. '̂  ̂ •

259.2 keV level. Up to now there is contradic- 
tory evidence fo r the existence of this level. 
Christiansen et al.^ propose a 76.3-182.6 keV y 
ray cascade and a 259 keV line 33 deexciting a 
leve l at 273.8 keV into the 14.9 keV state men­
tioned in tile preceding paragraph. They deter­
mined both a h a lí- life  of 26.8 ±0.5 nsec and a g  
factor equal to 0.809±0.010 for this leve l. From 
the ;f-factor measurement they deduced positive 
paritj' fo r  this State and from  the intensity of the 
neutrón feeding in the (p ,n )  reaction J=3  is in- 
ferred. Later Kimura"' placed a 76.2 keV y ray 
as depopulating a tentatively proposed 259.2 keV 
State into the 183.0 keV state. He did not observe • 
a 259.2 keV y ray and proposed J=4  for this state 
on the basis of the £1(A/1) multipolarity deter- 
mination fo r the 76.2 keV y ray and the low neu­
trón feeding* at ~260 keV. The 76^2-183.0 keV 
y -ray  cascade suggests that the 273.8 keV state 
of Christiansen eí al.^ and the 259.2 keV state oí 
Kimura'* are the same; the d ifíerence lying in the 
assumption by the form er authors of tlie existence 
oí a 14.9 keV state. Our data are in agreement 
with Kimura’ s as regard to the existence oí a 
leve l at 259.2 keV deexcited by a -76.2 koV y ray. 
On the other hand, our timing measurement yields
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a half-liíe  of 28±2 rtsec for the 76.2 keV line and 
a .T i/ j<  5'nsec fo r tho preceding 56 keV transition 
(F ig . 4). These facts indícate that: (a) The 76 keV 
y ray, observcd by Christiansen et al.,^ Kiniura,^ 
and US are the same; (b) the halí-life of ~27 nsec 
corresponds to the level deexcited by such y ray. 
Furthermore, the Q-valué analysis of Kimura 
shows fairly. conclusively that the 183 keV transi­
tion gocs to the.ground state and not to the 14.9. 
keV State as claimed by Christiansen et al., so 
that the level under discussion must lie at 259.2 
keV. The most likely spin assignment for this 
State is J=4. This is based on the íollowing: (a) 
The 76.2 keV y ray must have'dipole character 
because of the leve l’s half-liíe  and the intensity 
balance in and out of the 183.0 keV state.. [Other- 
w ise the correction for interna! conversión would 
imply 7j.(76.2)>7 (183.0)]. ' This is consistent with 
our angular distribution data and is also in agree- 
ment with Kimura’s internal conversión results.
(b) The branching ratio/(259.2)//(76.21) and the 
lack oí crossover transitions from upper staté's 
niaka the possibility J= 2 or 3 very unlikely. In 
addition any of these assignments would imply 
quite diíferent (o í the order oí 10 )̂ hindrance íac- , 
tors for the transitions depopulating the 259.2 
keV state. It is to be .noted that the argument . 
utilized by Christiansen et al.^ to propose J= 3 • 
instead of J=4 (i .e . , neutrón íeeding intensity into 
this level) reverses itselí if the level lies at 
~260 and not at ~274 keV. Furthermore tho as- 
sumption of positive parity implies an A/2 259.2 
keV_transition with a measured half-Uíe which 
agraes well with the single-particle estímate and 
systematics, and an £1 76.2 keV líne hlndered 10’ 
times which again is in agreement with hindrance 
valúes encountered throughout the Period ic Table 
ío r  £1 transitions. Thus we propose J ' = 4^*’ for 
the 259.2 keV State.

5J5.Í and 335.4 he V levels. These two levels 
have sim ilar decay modes, feeding the 4‘*' 259.2 
and 4" 271.5 keV states, respectively. The inten­
sity balance (due to the internal conversión co r­
rection), and the determined half-liíe  lim it oí 

rtsec for both indicate that the 55.9 and 
63.8 keV y rays are dipole transitions. The angu­
lar distribution of these two y rays.are essentially 
isotropic and henee consistent with the deduced 
dipole character. The nonobservation of any 
crossover transition into lower states suggest 
that their spi.i is J= 5, while considei'ation oí. 
usual hindrance íactors for A/1 and £1 transi­
tions, together with tho measured half-liíe  limit 
appear to favor no change of parity in either case. 
Henee, the spin-parities ./' = (5*) and (5 ') for the
315.1 and 335.4 keV levels are tentatively pro- 
pdsed. It should be noted that Fournier et al.'^

have observed a 5‘  or 6‘  leve l at 337 keV which 
could be identified with our 335.4 keV level.

Leve.ls above 500 ke V. Each oí these levels de- 
cays by a single transition. Because of the transi­
tion eñergies and the upper nsec lim it for 
these states (in ferred from  tlie measured ha lf-liíe  
of the 55.9 and 63.8 keV lines) they should deexcite 
through dipole radiation. This is also borne out 
by the angular distribution data and in the case oí 
the 79.3 keV line, the additional argument can be 
used that a quadrupole transition would imply a 
convel-sion coeífic ien t not consistent v/ith the in­
tensity balajice. Since crossover transitions are 
not observed, tlie most likely spin assignments 
for the 516.3 and 547.0 levels is J=6  and ío r  the . 
595.6 and 700.0 keV levels is t/= 7.

IV. DISCUSSION

The {a ,np) reaction studied in the present work 
shows mueh more selectivity in populating states 
in ■'^As thán those reactions previously used to 
investígate ihis nucleus.. The decay scheme ob- 
tained here is rather sim ple and only a íraction of 
the observed levels v/ere seen in ea rlie r  works, 
most of which made use oí. the {p,n) reaction at 
low energy., In addition to selectivity, the {a ,np )  
reaction should íávor high spins because o í the 
large angular momentum carried in by the pro jec- 
t i le . , However, the highest spin proposed ih this 
work (J=7 ) is  small compared to those usually ob- 
tained with {a ,xn) reactions in heavíer even-even 
nuclei. Both results, the degrce oí selectivity and 
the amount oí máximum angular momentum pro­
posed here are in agreement v/ith what has already 
been reported before in studies of nuclei in this 
región oí the Period ic Table.’' It is to be noted, 
however, that the possibility oí observing higher 
energy levels was hampered in the present work 
by the lack of statistics ín the high energy part of 
our coincidence spectra. Longer runs using a 
megachannel system would be desirable to deter­
mine with higher accuracy to what degree is there 
a significant d iííerence with heavíer evén-even 
nuclei in this regard.

A  particularly interesting feature of the leve l 
scheme obtained in this work is the appearance 
of two groups of levels of very  s im ilar spacing 
and possibly equal spin sequence which decay into . 
the ground and 3" 183.0 keV states. The lowest 
members oí these two groups are the 4 '*’ state 
at 259.2 keV and 4" at 271.5 keV as discussed in 

. the preceding section. The ncxt states up have 
possibly spin J’  = (5*) and (5‘ ). The fact that the 
t^vo sequences oí levels with proposed spins 

. J=4 , 5, and 6 lie  at such a s im ilar excitation en­
ergy, is remarkable and suggests that they cor-
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respond to opposite paritics. It is also worthwhile 
pointing out that a v e ry s im ila r  "band”  has been 
observed in '^As. • In this nucleus a 4" state lies 
at 309.8 keV, which is mainly fed by a (6 ')-5 -4  
cascade with energy spacings o í 200.1 and 53.0 •

keV, respectively, showing an interesting paral- 
le lism  with ''■'As. No simple description of these 
bands can be proposed.here. Npnetheless, the 
regularity exhibited by these groups oí leve ls  is 
intriguing and stimulates íurther study.
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C ientíficas y Técnicas.

‘ E. Finckh, U. Jahnke, B. Schrelber, and A . W cidinger, 
Nucí. Phys. A144, G7 (1970).

^J. Christiansen, H. E. Mahnke, E. Recknagel, D. R ie- 
g e l, and W. Witthuhn, Nucí. Tliys. A l 64, 367 (1971).

’ S. Mordechai, A . A . Jaffc, D. N ir, and M. Paul, Nucí.
Phys. A208, 410 (1973).

‘ k . Kimura, Nucí. Phys. A213¿ 61 (1973).
*B. Rosner, S. Mordcchai, and D. J. Pullen, Nucí. Phys.

A206, 76 (1973).
®R. Poum icr, T . H. Hsu, J. Kroon, B. H ird, and G. C.

Ball, Nucí. Phys. A ISS , 632 (1972).
’ M . a . J. M ariscotti, M. Behar, A . File%ác'h, G. García 

Bermúdez, A . M. Hernández, and C. Kohan, Nucí.

Phys. Á260. 109 a976).
*R. Pcc>i\er, Licenciatura thesis, Univ. o f Buenos A ire s , 

1975; (unpublished).
*G. Aubin, J. B arrctte, M. B arrettc , and S. Monaro, 

Nucí. Insírum .M etliods 76, 93 (1969); L . L . R iedinger, 
N. R. Johnson, and J. II. Hamilton, Phys. Rev. C 2,
2358 (1970).

*°G. M urray, R. L. Graham, and J. S. G eiger, Nucí.' 
Phys’. M , 353 (1965); H. E. Bosch, A . J. H averfleld ,
E. Szichman, and S. M . Abecasis, Nucí. Phys. A108, 

.209 (1968).
“ T . Yamazaki and G. T . Ewan, Nucí. Instrum. Methods’ 

.101 (1968). ■
Ixjde, W. Pebara, H. Ohlsson, and E. Roeckl, Z. 

Phys. 260, 253 (1973).


