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in the energy range Ep=2‘3 to 3.0 MeV. Ekcitation functions for the

The 88Sr(p,y)89Y and 89Y(p,y)902r reactions have been investigated

transition to the ground state, with a total resolution of 2 keV, were

determined for each reaction over this energy region. Using thick targets

and both a single Ge(Li) detector and a Ge(Li) detector incorporated into

a.pair spectrometer, total summed spectra for the 7005keV.region were

obtained. The average total cross section of 88Sr(p,y0

)89

Y and 89Y(p,-yo)gozr

was 12 + 5ub and 17 * 7ub, respectively. These total summed spectra, which

repfeéent the total gamma-ray yield in this region,have been examined for

a possible dependence of the intensity on the J" of the final state.

The

data suggest such.a J-dependence hypothesis, but detailed-theoretical analysis

of the 88

Sr(p,y)ng reaction does not completely agree with experiment.

A spectrum from a Ge(Li) detector in coincidence with a NaI(TZ) detector

was accumulated for the 88Sr(p,y)89Y reaction. .The.decay scheme of the

states of 89Y up to an excitation energy of 3.621 MeV was determined and the

implicatibns about spins and parities are consistent with accepted assignments.

© *Work éupported in part by the U.S. Atomic Energy Commission and the -

University of Kansas General Research Fund.




1.  INTRODUCTION

It does not appear to be generally realized that it is poséible to
excite nucleil of'ANQO with protons of'Ep<3 MeV Qi£h sufficient croés
sections to allqw spectroséopic sﬁudieslby radiative caﬁtufé reactions.
It can be shown that gnless the proton width is smaller than.wl eV, the
inhibifionbdﬁe to the coulomb barrier (v8 MeV) should not matter so long
as oniy the proton and gamma-ray chaﬁnels-arg open. If the neutron CHannel'
is closed, the.only contribution to PT cén co@e from Pp ahd PY since other
chaqnelé are eithef'energetically férbidden or more severély inhiBited-by
the coﬁlomb barrier than the protons. The Weisskopf single-pérticle
gstimate of F¥l for.a lO‘MeV El transitioﬁ in 902?; beiiﬁstAnéé,-;s ~v1 keV.
Such a transition.corresponds to gamma—rayA' decay to' the ground state
following capture of 2.5 MeV protons by §9Y. ‘Thé Wigner limit2 for fhe
proton‘reduced width is &1 MeV and, since the s-wave penetrability is
about-10é33, Fp would al;o be 1 keV for.single-patticle-states. If we
aséume'that the states popﬁlated will have widths of 10_3 single—pafticle :
units, FT is 1 eV5 On fhié‘premise, the‘resoﬁance states should . be ﬁarrow
compared to any reagpnable target thickness an& the tﬁick—target;yield

<equation4 will applyf

ZHZXZ (2JR+1) FPOFY
€ (ZJT+1)(2JP+1) FT

Y =

e
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| This means thaF since Fp, FY anleT can all be as large a?jl eV,
the (2J+1) FﬁFY/Ff Poftion of Eq. (1) can also bé as large as i eV,
For-comparison, (2J+1) FPPY/PT = 40 eV5 for the‘scrong resonancelugl
Ep = 0.992 MeV in the 27A1(p,y)2831 reaction.l The possibility ;hat 7
-yields as large as 1/40 of the Al yield might be realized indicateé that
experiments on AV90 nuclei'wiph Ep<3 MeV should be feasible. :It_ié
not readily poésible to fesolve individual resonances, however, Bécause'
the expected average level spacing in 90Zr at 10 MeV excitation is
NLOO eV.6.ihe usual techniques of resbnance spectroscopy cannot be used,
therefore; to determine the spins and parities of tﬁe states of the
residual nucleusf

.ihe purpose of the present investigatibn is twofold:. 1) to establish
whether of not yields are sufficient to allow stu&ies of these nuciei,
and. if so, 2) to discover what techniques can be applied‘to determine
spinS'ahd‘parities. Recently, Mason gﬁ_gl.7 published some stgdies of
89Y(p,y)'QOZr for Ep = 2.6 to 19.0 MeV which show peak cross sections of
~100ub in the region below 3.0 MeV. Their intgrest, howevef, was in
the details of the'giant dipole résonance in 9~OZr,' rather than in the
~ spectroscopy of the low-lying states of that nucleus.

Both the 888r(p,y)89Y and‘89Y(p,y)902r reactions are aptiy suited
forlthis investigation: they have (p,n) thresholds abo&é 3 MeV; both have
(p,Y) Q-values sufficiently high to produce gamma transitions with énergies
‘higher than the contaminant lngp,ay)l6O gamma rays; and both targets
are easily produced. The natural abundance of 888r is 83%; it has the

largest Q-value for proton captufe of all the Sr isotopes. Thé{only



.
naturaily occuring.isqtope of Yttrium is 89Y. Further, the properties .
of the low-lying states of‘both 89Y‘and 90Zr-are well established.
Accurate energies and reliable spin‘;séignments are available for many
of these states, thus allowing>a check on the techniques used here.

The presently accepted level scheme for each nucleus”’

is dis§iayed in
Fig. 1. |

| Thin target and thick target excitationifunctions were measured for
both reactions, the former to study the details 6f the gxcitation functions
and the latter to obtain specira sﬁmmed (or "ave;aged") overAa wide energy
regién to remove loaal fluctuations in the yield.j These "averageﬁlspectra

'were obtained in the hope that the methods of Bollinger and Thomaslo for

treating average (n,y) spectra might be applicable to (p,y) specp;a;

A y-y coincidence speétrum was obtained for the 88Sr(p,y)89Y reaction.

2. TARGETS

8$Srf

The 888r targets were prepared by decomposing natural SrCO.3 (83% 
in vacuﬁm and depositing é thin layer‘of ﬁetallic Sr onto 0.013 cm thick
gold discs. A thin gold overiay was then évaporated oVer'the:Sr iayer
béfore removing it froﬁ‘the vacuum system. This overl;y pr¢v¢nted oxidation
of the Sr and reduced-buildup_of fluorine compounds during bomba:dmentAas
well as improving heat condﬁctioﬁ away from the beam spot. In like manner,
89Y targets were prepared from metallic Y (100% 89Y). Each_taréet Qas
placed onto a tantalum lined aluminum tube with gﬁe gold bécking of the
target serving as the vacuum seal. A stream of water was directed at the
backing to'prevené the target from being melted by beam current; of 8-15yua.

Using this teéhnique, targets were able to withéténd &ZOua of beam without

significant deteriorafion.
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Target thicknesses were determined by evaporating St (or Y) onto

a thin Al target simultaneously with the preparation of the Sr (or Y)
target and then measuring the shift in energy of the(2 Al(p,y)
resonance at Ep s 0.992 MeV®. The thickness of the gold'overlay was
-obtained.from another Al target that was masked during the evaporation
of the Sr (or Y) and uncovered prior to evaporation of the ‘gold overlay
The overlays were always ~1 keV thick Using standard range—energyA

tablesll the target thicknesses were determined to within 10%.

3.  EXCITATION FUNCTIONS
Excitation functions at 0°'were determinedefor §88r(p,yo)89¥ and

Y(p,y ) Zr from E. = 2.3 to. 3.0 MeV, with an overall energy resolution
of 2.keV. -Over small regions of energy the excitation functions were
repeated several times, resulting in a reproduction of the original data
points to within acceptable statistical deviation. A'23 by 10-cm NaI(Tl)
detector in conjunction with a single—channel analyzer was employed for
the 88Sr(p,yo) Y measurements. The ‘Y(p,yo) Zr<excitation,function
was neasured with a 15 cm3—coaxial—Ge(Li) detector and single-channel
analyzer. |
| The two (p,yo)“excitation'functions'are shown in Fig. 2. The data
in each case are very similar. The onset of violent'tIUCtuations in
the yield occurs at about the same energy in both cases (&2.4 MeV) and:
continues to the highest energies studied here. A comparison of our
results for 89Y(p,yo)902r with those of Mason gt_al.7 in thegenergyvrange
‘ Ep = 2.67 to 2.74 Mev results in excellent agreement. Outside this region
detailed comparison is‘not useful because the present resolution is con31derably

higher than that (25 keV) used by Mason et al al,
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In this energy region the ihtensity of gamma rays to theul.507—MeV
second-excited state and the 1.74S—MeV'third—excited state in 89Y were
measured using the lS—cm3 Gé(Li) detector for comparison to thé ground-
state yield. Over this region, thg excitation functions showed no
correlation in proton energy with each other, which is consistent with
thé.aSsUmptién that ;ﬁe peéks in the c;oss—section.are not due to isolated
resonances. | h

| The number of fluctuations in the excitation function appear to increase
: with'ene;gy. This implies that the states being excifed_ére not strongly
" overlapping because strongly overlapping resonénces give rise tq:fluctﬁations
(Ericson fluctuations) whose ayerage‘épaciﬂg does not change'with exCitafion
energy. vSince,‘in addition, the.states have §1 eV-widths,.an aﬁtocdrrelation
‘analysis of the excitation functions should reveal the oGerall resolution
(target thickness and beam spread) of the.experimeﬁfﬂ Such‘an‘analysis
indicated thaﬁ the overall energy resolution was 15 keV. for thé

$8Sr(p,yo)89Y data and A3 keV for the 89Y(p,yo)902r data.

4. COINCIDENCE SPECTRUM .
Be;ause of a discrepancy .between the observed and pfediéte& aﬁerage
yield to the 5/2+ étate at 2.221 MeV in 89Y (see Séc. S);fa.coincidence
spectrum was obtained for the 888r(p,y)89Y'reaction to vgrify‘thét spin
assignment. The Ge(Li) detector>and theiNaI(Tz) detector mentiéned-in
Sec. 3 were placed at 0° and 900, respectively, Pulses from the Ge(Li)
detector were stored in a 1024 channel analyzer when such pulses were in

coincidence (50 ns resolving time) with pulses from the NaI(T%) detector

which corresponded to Eyz6 MeV. A lead absorber of 3.6 g/cm2 was placed in
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frbnt'of the Ge(Li) detector. The absorber: served to attenuate the’
extrehely high flux of low-energy gamﬁa'rays and x-rays which otherwise
woold have swamped tHe detectors. The target was &70 keV thick to 3-MeV
protons and consisted of three alternating layers of Sr and Au. It showed
no;deterioration after 66 hoors of bombardment yithylZ;Sua of }*MeV protons.
. The coiqcidence”spectrum produced by 2.3 coul of 3.0—Mev protons
is shown in Fig. 3 and the decay scheme ootained from the data islshown
in‘figﬁ 4. The energy calibration for the spectrum was obtained by a’iineat
least—squares fit to the positions and energiles of the three most prominent
>11hes; the O.SltheV annihilatioo radiation; and the 1.507;MeV 2—0 transition

and 1:745-MeV.3-0 transition in 89

. of 89Y inferred from the energies of the observed transitions are shown

Y. 'The energies of the excited states

in Table'l.along with the aceepted'energies and expected J" of the.states.g
The energies are in excellent agreement with those giVen by thé "midstream"
analysis of Van Patters. Transitions from several of the states listed by
Van Patter, however, were not observed_inltois measurement; The half life

89Y is 16 sec.13. Accordingly, no.

of the 9/2+ first-excited state in
transition from this state would be observed in a coincidence measurement

of this type. We also fail to obserYe transitions from three states accepted
to have energies of 2,566-MeV, 2T622 MeV, aad 2.871 MeV, but siace these
states all have J>7/2, this is not surprising in light‘of-theAconclusions

of Sec. 5.

The second excited state at 1.5075MeV shows ao_branch to tﬁev9/2+ state,

which is consistent with the accepted 3/2  assignment for this level. The
1.745 MeV state shows a decay oniy to'the'groond state, whereas the Weisskopf .

estimate would - predict a 50% branch to the 1.507 MeV state. Becauserf the

absorber in front of the Ge(Li) detector, the detection efficiency of the



systgm.is ver§ low at this energy (O.ZQO.MeV) and we would not expect
to see such a transition. Hence, our data is not inconsistent with
a 5/2 assignment.

The‘2.221—MeV state shows a decay to the 9/2+ state but a branch -
that would bg exéécted to the 3/2 -1.507-MeV state is obscured'ﬁy the
double-escape peak prodﬁced by the transition froﬁ the l.745—MéV state
to the ground state. This decay to the 9/2+ state is consistent only

‘ ﬁith J25/2 for the 2.221-MeV state. Furthermore, a 5/2 assignmeﬁt is
ruled out since such an assignment would imply that decay to‘the 9/2+
state is via M2 radiation in preference to an EZ decay or Ml decay to
tﬁe groupdistate ofxseqona—excited sta;e, respectively.
‘The state at 2.530 MeV shows a decay to the 5/2-—1.745—MeV'stéte

"but there is no evidence.for any other transition. The accepted assignment
for this state is J" ;'7/2+ and hence a decay to the 0.909-MeV §/2+ state.
might be expected. The Welsskopf estimate gives, however,'lO_ijor the
expected branch, consistent wiph oﬁr findings. | |

Only one transition is seen from the 2.871-MeV, 2.882-MeV doublet

and that is. to the ground state. This is the de-excitation of the
2.882-MeV state as the 2.871-MeV state has J" = (7/2)+ and would not decay
td thé ground state, and furthermore, we do not expect the (7/2)+ state |
to be strongly fed (Sec. 5). The 3/2 stéte, however, woﬁld be expected.
‘to have additional transitions to the 3/2; and 5/2_ s&ates, but»sipcenb
the ground étate transition has ﬁwice the-energy or more thén thé other

o ] transitiong they sﬂould be too weak to be seen here even if the transition
matrix elements involved are equal. The same argument also applies to

the 3/2 stété at 3.068 MeV.



Decays to-fhe gréund state are also seen'ffom the 3.106-MeV and 3;138—MeV‘
states with no other branches observed. Since these are both 5/2  states,
the gréund state decay 1is E2 in charactéf and feasé;able competition might
bebeXpected by El decéylﬁo the 5/2+ state at 2.221 MeV, but.no such transitions‘
are observed hor dé we see.Ml transitions to the 1.507-Mev or 1.745-MeV states.
a The state obéervgd by us at 3.520 MeV is above the energy region
considered in the "midstream" analysis éf Vaﬂ Patter. It decayé thy.to J
the groﬁnd étate and hence it must have.JSS/Z and cannot be 5/2+.,.Picard
and Bassanilsobservéd a state at 3.49 MeV populated by £ =1 fransfer in
the 88Sr(3He,d):89Y feaction; If this state is the same Oné'observed'in this
e#periment; then the 3.520-MeV staﬁe is either i/2T or 3/27. -ﬁé also observe
a gamma-ray of 3.612 MeV that probabiy‘correspondé'to a transition between
the'ground Statg.and the étate at 3.61 MeV‘ébServed'in inelastic proton
scattering by SCott.gE_gl.;6. It proBably has Jg5/2 and~if is unlikely

that it is 5/2+.

5.  THICK-TARGET DATA

Figé. 5 and 6 display typical individuél spectra oﬁtained using a .
Ge(Li) detector at 0°, with thick'targets (&24 keV) of Sr.énd.Y, respéctively}
and a protoh beam energy of 3.0 MeV. For each'thick target, three"separate
sets of excitation functions'Wefe megsured in épergy increments of 20—30 keV,
or apprbkimately 25 sgeparate spectfa f&f each excitation fuﬁctioh.‘ In each
‘ 'cése, thé target thickness wag détermined-as discussed in Sec.l2 and_thé
energy sfépfsize chosen so that no continuum state would be excited in two

"Qifferentzdata points. Two of these excitation functions were measured
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3 Ge(Li) detector and a third with a 23—cm3 Ge(Li) detector

uéing the 15-cm
incorporated as the pentral crystal in a pair;spectrometer. -The‘détector
gffiéiency was determined using staﬂdar& soﬁrceé and the 27Al(p,y)2881
r‘eactiori5 at the 0.992 MeV resonance. Thevaverége tétal cross—sections
' thus obtained for the 885r(p,yo)89Y and-89Y(p;yb)9QZr'reactions wefe'*
12 i 5ub and 17 * 7ub, respectivély}' | »
The intensities of transitiéns to the other bound»stétes}averaged‘

bo§er the energy regioﬁ Ep = 2.3 to 3;0 MeV were also determined from these
sets of data and the results, normalized to the ground state iﬁtensity,
are shown in Table‘2. The intensities of eight of the transitions could ﬂot
be extfacted at some bombarding energies bééause of interference with '
the 19F(p,ay)l60 reaction. Because of this intefference the results obtained
for these eight states are due to only é'portion §f the pair—specﬁroﬁgter
data and have been normalized to the whole. The data from thg single.
Ge(Li) detector was only useful'in determining intensities for frénsitions
té the first few states in eaéh_nucleus. 'The.intensities obtained from
eacﬁ set agree with those from the other sets.to'within the accﬁracy of tﬁe
. experiment. No corrections have been made for.angular distributionslas
these are not known. The errors indicated 6n the intensities. in Table 2
contain contribu£ions from counting errors, Ge(Li) deﬁector efficiency errors,
and'forter—Thomas:fluctuationé in the proton widths;and the radiation widths
of the states excited in thé compound nucleus.

.To determine the size of the Porter-Iﬁomas17 fluctuations, a statiétical
analysis was performed on each excitation function. The relative standard

deviation was n10% in all cases. If we assume that all contributions to
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the standard deviation are small éompared to the‘Porter-Thomas fluctuations
(the counting statistics, for instance, for the low-lying states were énly
2%), then an estimate can be made of the density of those states in the

A A 17
compound nucleus that contribute to the yield. For Porter-Thomas fluctuapions ,
<ar/r> = (2/n)1/? o )

where n is the'ndmber of stateé excited in the energy intervél considered.

To obtain an estimate of n from oﬁr data we replaée Af/P by‘thelrelatiQe
standard deviation of the yield. This will allow an order-of-magnitude
eétimate ofvthe density of states, and we find n§103/MeV. :The‘tﬁeoretical
densit&, calculatgd from thé formalism of-Gilbert'and'Camerons, is @lOa/MeV
for these nuéléi, but it is well khownls'tﬂat such theories suggest dénsities
that are ﬁuch too high for nuclei near cloSed.shells. |

J-Dependence

Recently, Bollinger and Thomas10 have reported that the gamma-ray

intensities, divided by Ei, of primary.tfansitions followigg low-energy. .
neutron. capture, averaged ovef many resonances; are determined.by tﬁe-spin
and parity of the final state. This comes aboutlbecause the predominantly
s-wave neutron cabture can lead to only those states in the compound
nucleus &hich have ﬁhe éame parity as the target groqnd state and a spin
1/2'unit largef or smaller‘than the target sb;n. If it is assumed that the
average gamma-ray transition rate for a decay is only governed by its
mﬁlti—polarity, then summing over the various possible paths to final

- : states of a particular J" will‘lead to vafiations in the intensity of

transitions to final states of different J'. The process.of éﬁmming over




many resonances tends'to démp 6uc variations in the 1nten$itonf
trénsitions due to nuclear structure effects, leaving the variations
as a functionhof multi—polarity alone. The de3crip;ion of this
procéés is very similar to a'HauseféFeshbach analysis.

In the present case, the sharp cutoff of partial Qaves with
>0 dqes not occur, buf calculations usiﬁg ;he opfical médei code
ANSPEC3.indicate that the aecrease'of the penetrability is quite

rapid; about a factor of three for each unit of angular momentum

‘increase. Hauser-Feshbach calculations indicate (see below and

table 3.)‘that a J-dependence should also occur in (p,Y) reactions
of the type studied here. The conditions are that the neutron

channel be closed .and all 6ther channels, except poland vy be weak.

.Since a J-dependence was expected, we examined our data for a dependence

of intensity on final state J".

-This J-dependence effect in (n,Yy) reactions is only apparent when the
intensities are reduced (divided by some power of EY) to remove phe'energy
dependence of the radiation widths. Bollinger and Thomas found that the .

J-dependence was most apparent when the gamma-ray intensities were reduced

by Es, This Ei dependence presumably arises (at least for El radiation).

because of the influence of the tail of the giant-dipole resonance in

‘the region of gamma-ray energies COnsideredi?. Since the single-particle
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model would predict an E3 dependencél fér the El width, we cannét, a priori,
. exgludg reduction by Ei. It should be no;ed‘tﬁat we assuméloniy El 
rédiation need be copsideréd and that contributions arising froﬁ other
multipolarities are insignificaﬂt in éomparison. Unfortunately, the only
| A justification for this assumption is the ex;reme—single-particle model.
Table 2 lists the intensities extracted from the data and these
intensities reduced By E3 and by Ei. A J-dependence is observed in'boﬁh
cases, But especially in 90Zr, the efféct is.most easily discerned when
thé data are reduced by Ei. Further discﬁssion will be limited to ;he

90Zr, the reduced intensity.to the -

data reduced by Ei. Starﬁipg with
two'C+ states is the same and significantl& smaller than the reduced intensity
to the two-2+ states 'which are in turn equal to each other. It is to be |
‘expected that the reduced intensity to the 2+ sfatgs shbul& be lafgerl

because (assuming Elltransitions) the 2+ states may be fed ffom.l—,'Z_, and -
3~ states in the compound nucleus, whereas ohly the 1 states can contribute
to the transitions to the 0+ states. Althougﬁ there are no other - low-

lyiﬁg pairs of states in‘QQZr with the same spin and parity, the.reduced

. intensities‘to stateslof J>2 are smaller than the yields to 0+ and 2+

states assuming that neither the 3 state nor the'Q- state 'is receiving

most of the stfength to the 2.74 MéV dbubiet. This would be.expected

since exciting the rela;ive El states would require higher f%-values for

the incoming protdn, and this, of course, would mean a reduced penetrability,

and, in turn, a reduced contribution from these states. The situation
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.89, ‘ ' T . :
in 9Y is not as clear, because there are no pairs of states of the

same known J" that we can resolve. Assuming that the gamma—;ay sﬁfength

- function does not change signif;cantly betweeﬁ 87Y and 89Y, the reduced

_ ylelds to the respective ground stﬁtes can be compared énd ﬁhéyvére the
same. The reduced intensity to the 3/2  state at 1.507 MeV is'not'
significantly greater than tha; to the l/é_—ground state and'this is -
.reasonable since the difference can only result frbm El contributions

from 5/2+ states in the compound nucleué. These are not excited strongly
because d-wave proton penetrability is small compared to s-wave. Tﬁe
reduced intenéify_to the 5/2° state at 1.745 MeV is smaller- than thése_
mentioned previouély'and this can be.explainéd because here the l/2+.
states, &hich are formed by s-wave protons; are not contribhting to the
yield. 1If the yiel& to 9/2+ states is primiafly due to E1_radiation
following capture of f—waQe protoné, it should be éhali,las is the case
for ﬁhe intensity to-thé 0.909—MeV.state. The yields to the states at
.2.530 2.566'- and 2.622'MeV are very suspect.. fhese tfansition enérgies
oCcdr in a- region where 19F(p,qy)lGO contributions are present. if~tﬁe
yield to the unreéolved statéé at 2.8714 and 2;882"MeV'is due.solely to
the 3/2 state, and if we éssume it has negativevpafity, its reduced yie1d4'
shéuld equal the reduced yield £6 the 17507—MeV—3/2- state, which is the
~case. If the 3.068-MeV state is assumed tblhave‘negative parity, then;the
expected reduced‘yiéld to the triplet At 3.068 MeV, 3.106 Mev; and 3.138 MeV"’
should bé 2463, in excellent égreementlwith‘the ;bsered reduced yield.

It sh&uld be noted ;hat we are making no claim'of negative parity for the
two 3/2 states méntioned above. Since ﬁhere ére no known 3/2+ states for

. comparison, the reduced yield expected to 3/2+Astates'ié'unknown} It is true that



15
the theory discussed immediéteiy following shggestsva negative parity
. assignmént'fOrbthese 3/2 states, but since~the theory fails fo expiain
the yield té the‘5/2f state at 2.221 Mév, ittcannot be considereq reliable.

" The tbick';arget data for SSSr(é,})BgY.wés compared to the tﬁeofy

of Hauser and Feéhbach20 over the énergy'range Ep =>2.3 to 3.0 MeV. .The
ﬁfdton transmission coefficients wére calculated uéing thé program ANSPEC3 |
adapted for the University of”KaﬁSas GE 635.computer. The gamma-ray

T : o ) |
transmission coefficients were assumed to be given by

- @)

g
]

where c was a constanf and'm was chosen to 5e éithér 3 or 5.7 Sgarches

for a best fit were made fér both vaiues of m by‘ygrying the eﬁefgy—‘
dependent optiéal-model parameters.of Perey22_and the constanf ¢ in

Eq. (3) and comparing‘the Hauser-Feshbach résulté to the meaéufed intensity
ratios. Reasonabie fits could bg.obtained_fét some Qalue of ¢ fof gvery"

. set of potentials used'and for gamm#—ra&-stfengtﬁ depéndiﬁg on either

E3 or ES. The‘majdr difference between acceptable.fits was theoretical -

Y Y
cross sections differing by as-much as a factor of ﬁwo.

4Table 3 shows a particular set éf‘thése p;edicted intensity ratios
comparedltb the meaéured‘valueé. ‘Thésé.théoretical results were obtained
using proton gran#missipnlgoefficieﬁts calculated with the- optical-model
par;metefs givén by_Perey22 and gaﬁma—fay créngmission coeffigién;s‘
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'calculated'ffom,thé expression  given by Bollinger . His expression is

o r- =2 x 107t A8/3.E5' S ' A (4)



l§.
where A is the atomic mass of the nucleus. The reéults obtained from the
HagéerfFeshbach'formalism using these particular transmission coefficients
‘were quite similar to those calculated from ofhef‘pérameters. Note'that
-'agreement is'qﬁite acceptable for the'3/2- state at 1.507 MeV and for the 5/2
state at 1.745 MeV. The theory also predicts a émall'yield to the 9/2%
staté'at 0.909 MeV as observed; zThe most disappointing feature is the
lack of agreement with the yield to the 5/2+ state at 2.221 MeV. The yield
of this state is difficult to extract from the data because'of_the presence
of gamma rays ffom the 19F(p,ay)l60 reaction. The extractéd yiéld,.however,
is several times smaller than that which the formaliSm-predictéu The facf
that only.14Z of thé'data is used.to»eyaluate the experimentél rafio may
mean that‘the discfeéancy is é>1ocal fluctuation and an averaée over a
larger range of proton eﬁgrgy would improve agreement with the theory.-

"It is also possible fo predict the shapes of the excitation functions
usingﬁthis férmélism. Thé_excitation functions generatéd by ‘the theory
do fit the data, but thé fluctuations of the individual experimental points
are-lérge-and thié~agreement is probabiy not significant.

The absolute cross section‘for 888r(p,y;)89Y was also calculated.
TheAtheogetical average value is 138ub -to be compared'with the experimental
' average vélﬁe‘of 12 + 5ub. It is known?4 that failure to account for width
fluctuations in Hauser—fésﬁbach’thédry wiil lead»tbicross séqtions,that

are too high.

6.  SUMMARY
The possibility of invéstigating nuclei of A§90 via (p,y) reactions,

‘'with protons of energy less than 3 MeV, is'not<onlyApossiblé, but relatively .
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easy. Eéch thick-target excitation”function was.ob;ained in about 18
héurs; the coincidence spectruﬁ in 66 hours. Aitﬁéﬁgh large yieids can
only be exéected when the neutton channel 18 closed, there are m25 nucleil
" in the maés region Av100 that meet this requirement and for most of
tgem very little data are présentiy available.

vThe data are consisfent Qith an‘Ei dependénce:on ;he gamma—ray_s;xeng:b—
fUnéfion but dependence on other powers 1s not completely ruled out. There
is eQéry indication in the reducéd &iélds that a J;aépendence>effect
is operating, but unt11 data is available for which it is certain that
Porter-Thomas fluctqa;ions are small, it wiil not be possiblé to adequately
test the validity of the Hauser-Feshbach théory for (p,v) reéctions in -

~this mass,region;
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. TABLE 1. The énergies of the excitéd states of 89Y as observed in the

. coincidence spectrum compéred:to the accepted energiles.

’ STATE T ACCEPTED ENERGY? OBSERVED ENERGY
(V) - (MeV)
GND - /27 0 B
1 : 9_/'.2+ _ - A' 0.909 - “ i»
2 | 3/2° o 1.507 ' 1.507°
3 - 5/27 1.745 1,745b
4 /2% - 2.221  2.222 + 0.002%
5 a2t a0 2.537 + 1004
6 .- 11/29 o 2.566 — |
7 e g2 o ==
8 ayt 2871 -
9 . 3/2 2;882 - : 2.889 + .005
10 3/2 3.068 3,070 £ 006
. s5/27 ©3.106 ~ 3.108  .006
12 s/ | 3.138 3,138+ .006
3498 ) 3.520.+.005
3.61¢ | 3.612 + .004
é) Ref..8.

b) Accepted ehergy used as,enefgy calibration standard.

c) Acceﬁted energy of first-excited state used in arriving at this value.

8

d) Observed in 8-Sr(:‘l}ie,d)ng, Ref. 15.

e) Observed in 89Y(p,p')SQY, Ref. 16. |



TABLE 2. Intensities from avefage spectra. - The yieldé are, in each case, normalized to the ground state‘yield

except for-86Sr(p;yo)87Y which is normalized,tp the 888; data.

. ) : : INTENSITIES I/E3 I/E5
- 'REACTION E (Mev) -~ - 3" % Data - (RELATIVE) (RELATIVE) (RELATIVE)
88 89, S e Vo ‘ ’ . : | 1
CSr(p,y)° Y 0.000 1/2] 100 1000 + 131 . 1000 + 131 1000 + 131
- . 0.909 . 9/27 100. 31+ 22 42 + 29 50 + 35
1.507 - 3/2° . 100 : 552 + 94 912 + 155 1275 + 217
1745 . 5/2] 100, 222 + 49 401 + 88 594 + 130
2.221 Sy W 173 + 112 374 + 242 627 + 407
2.530;.2.566 - 7/25 1142 14 ‘ 236 + 153 579 + 376 1057 + 686
; 2.622 : (9/2") 272 -~ 180 +99 458 + 252 859 + 473
, 2.871, 2.882 (71/2), 3/2 _ 302 . 256+ 78 730 + 219 1473 + 443
3.068, 3.106, 3.138 3/2,5/2, 5/2 558 412 + 103 1277 + 319 12702 + 675
865 (b, %7y 0.000 /27 100 600 + 168° 925 + 259 1236 + 346
8y6p,v%%: - 0.000 "o: 100 ~ 1000 +.131 11000 + 131 1000 + 131
. 1.761 0, ~ 100 ‘ 348 + 80 584 + 134 824.+ 190
2,186 - 2 100 - 598 + 144 1152 + 277 1786 .+ 427
2,319 5T o752 86 + 56 173 + 113 275 + 179 .
2.738,2.748. 43 1003 S 274 t 66 640 + 153 1128 + 271
‘ 3.077 - - 4y 15 41 + 41 109 '+ 109 205 + 205
3.31 2 48 © 301 £ 147 - 869 * 426 1762 *

862 -

-a) Yields taken from 3-crystal pair'spectrometer data only.

" b) Corrected for relative abdndancg.8§Sr/888r and normaliiéd_to 88§r(p,Y$)89Y,

07
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TABLE 3. Comparison of the experimental average intensities of gamma '

" rays (normalized to a ground state yield of 1000) from the 888r(p,y)89Y

reaction to the.predictiohs of Hauser-Feshbach theory}

Observed

. Predicted

E, J" Yield Yield
0.909 9/2" 31 £22 109
1.507 - 3/2° 552 94 686
1.745 5/2” 222 +49 355
2.221 o5/t 173 +112 487
2.530, 2.566  7/2%,11/2%) 236 1153 1142
2.622 9729 180- 99 37
2,871, 2.882 7/2)*, 3/2 256 +78 465, 336°
3.og8i3g;106, | 3/2,5/25 5/2° '412':163. 635, 524P

a) The sum of the expected yields for 7/2 and 11/2

b) The sum of the expected yields onthe assumption of poSitive-and~

negative parity, réspedtively, for the undetermined state.
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FIGURE CAPTIONS 4
.Figf l; . 'Presently acceptéd 1evei schemes for 89Y,aﬁd 9-OZr takep'
| from the data of Van Pattéﬁ kRef; 8) and Ball tRef. 9);::
 respectively. | - )
'Fig. 2. lExéitation functions for 88Sr(p,yo)ng and 89Y(§,y§)902r'
| | over thé'énergy region"Ep = 2.3 to 3.0 MeV.
Fig. 3. 888t(p,yy)89Y coincidence spectrum at Ep = 3.0 MeV. A
peak that is labeled as 4-1, fér examﬁie,.indicates a
transitién'from the fourth-excited state fo the first-
excited state. All transitions are full-energy transitions
unleés ofﬁerwise labeléd._ X-0 (p52) is the fwo—eSQape
peak of the transition frpm the 3.520-MeV level fo‘thef
ground state, and Y-0 (p-2) is the two—escabe peak of the
transition from the 3.612-MeV level to the grouhd stéte,
The two 197Au-peéks aré from‘the target_Badking. |
'AFig.‘4, Decay scheme of 89Y extracted ffom'the_coincidence data shown
in Fig. 3. The dashed‘leveis_are léveié reported in the
“midstream" analysis of Van Patter (Ref . 8)Vbut which were
unobserved in tﬁe coincidence spéctrum.

Fig. 3..;-888r(p;y)$9Y spectrum for Ep = 3,0 MeV. AA peak 1ébeled, for

example, as 0 (p-2) indicates the two-escape peak df'the gamma-—

.ray transition from the continuum to the ground stété.* Iﬁe

pgak at approximately channel 635 is frém'the 19F(p,ay)l60 reaction.
N '» Fig.'é.- ‘8?Y(p,Y)QOZ: spectrum for Ep =.3.0AMeV. The same labeling coqvention

is used in this figure as is used in Fig. 5.
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