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Phase shifts for p-4He elastic scattering between 20 and 40 Mev™

o G,R,Piattner'
Physics Department, Uniye:sity of Basel; 4056 Basel, Switzerland
_A.D.Bacher+f and H.E.Conzett_'.
Lawrence Befkelef'Labbfatory; Uﬁiversity-of_California,

California 94720

ABSTRACT

A phase shift ahalysis of recent p~4He cross-section and"polarization
data has been performed between 20 and\AQ MeV proton laboratory
energy. A set of 'single energy results is presented, which shows
littlevscatter as a function of energy.bThe match between our
results and existing phase shift §ets below 20 and above 40 MéV'-
is excellent. The most striking feature of the phase shifts above
the inela§£ic threshold at 23.02 MeV is the déminance of |
absorption in the even partial waves. Tﬁere is weak eQidence

in the energy dependehce of the'ghase shifts for levels of 5Li
other than the well known 3/2+ second excited state. Tentative
assignments of spin and parity of such levels are discussed. An
R—matrix.pérametrization of tﬁe 2D3/é phase shift has been |
performed over the p-aHe resonance corfesponding‘tb the second
excited state of “Li, and improved level.paraﬁéters are

presented for this state.



I. INTRODUCTION

This paper is the second pért of a report on p-4He elastic
scattering between 20 énd 40 MeV. The first péper 1 describes
the experimental results, which'provide_an ac#Urate set of
polariiatibp and cross-section data. In thiS~se¢5nd paper‘we»

present the results of a phase-shift analysisf

Phase-shift analyses of'p-4He elastic scattering'are numereous
and quite reliable for the energy region below 20 MeV (refs. 2-4
and references therein). They reflect the abundance and high

precision of the available data.

 Above the inelastic threshold near 23 MeV, both the quantity and
qualityEOf e*perimental data 5’9 on p-AHe séattefing‘have,until

‘ recently been‘inferiOr to the,information évailable in-the‘lmNQ
enérgy’region. This has primarily beenvdue'to_the lack of intense
polarized beams. Analyées are further‘hamperedi,(l) by the
increasing impértence of higher partial waves, (2) by the need
to consider_COmplexArather than’real'phaSé shifts above the
inelastic threshold, and (3) by the'lack of detailed knowledgev
of inelastic processes leading to three or more partlcles in |

¢

the flnal state.

Though considerable effort has gone into-thé derivatibnvof

p- He phase.shifts above 20 MeV 6, 8 9- lo, thése'difficultiés

have lead to inconsistent and.contradictory'resdlts. In
particular it has not been,poséiﬁle to dédﬁce reliableiinformétidn

about the highly excited states bfvsLi from the analyses presented
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up to this time. Only the 3/2% second excited state near 16.7 MeV

excitation has been investigated with some precisionis’g,

The resqlfé présented in this paper show that our‘p—4He
polarization and cross-séction data above 20 MeV‘pioton
laboratory energy allbw a ¢ohsistént phase;shift-anaLYSis

to be performed, which permits'ét’leéét a qualitative.discussion
of thé propérties oflposéible states in 5Li above 18 Mev
excitation and also provides an imbroved parametrization of the

3/2% second excited state.

II. PHASE-SHIFT ANALYSIS

A. Formalism

 The'expressions linking the dbservéble quantitieé s (0)
(differential cross-sectiqn),VGT(totél inelastic ¢ross-section)
and p(C»'(polarization).in‘spin 1/2-spin zero eléstic scattering
fo.the»nuclearvphaSe shifts.are wellvknown_and have been givenv
repeatedly in the liferature (for'CY;and'p see refs. 14 and 16, for

Gy see ref. 8).

Apart from using relativistically correct expresSiohs for all
kinematical variables, we have also taken into account first
order relativistic corrections to the Coulomb-amplitdde according

to the method proposed by Foote et.al. léjin an analysis of

—+ - . ' . '
W -p elastic scatterlng-;7. These .corrections are by no means
negligible in our energy range, sincé-ih‘Some'instances.they

amount to effects of 1-2% infthe observables.



B. Search Program

In order to find single-energy phaseeshift.solutions, a.gradien£;1
search routine Was used. As a measure of the quality of,fit, the
usual quantlty XL per datum point was. used 3, Which included
contrlbutlons due to the.. dlfferentlal cross-section (k&g), the

J polar1zat10n (k:p), and the total_1nelast1c_cross-section if

available;_

The only'uncommon feature'of(our searCh orogram c0nsis£ed‘in

an optlon to let both the polarlzatlon and the dlfferentlal cross-
section be renormallzed after each step along the gradient of )<2
The renornallzatlon-factors fp'and fe were calculated in such a
way, that after renormallzatlon the' quantlty M glven by

M- X; - (('—')+X;+(££;l\

Ste st /

- 7(2 X2 ‘.
was a minimum." In thls expre551on ) denotes the- quallty of
_f1t crlterlon per datum p01nt of the experlmental polarlzatlon
(crossesectlon) after renormallzatlon, and the quantity ;;fp( afg)

is the normalization uncertainty of the experimental polarization

(cross-section) angular distribution as given in ref. 1.

. Input,Data

Experlmental 1nformatlon on both dlfferentlal cross sectlon and

1
polarlzatlon was taken exclu51vely from our own recent measurements .

The ‘main reason for this preference lles in the superlor quallty

of our polarlzatlon data over older measurements obtained w1thout

€



the benefit of intense polarized protcn beams. As mentioned in
ref. 1, there are no serious discrepancies'between our data and
that of other authors.

&’

Our cross-section data are favored at this point,simply because
they have been taken simultaneously with the polarization data

and thus no energy differences exisf between the two. In addition,
fhe previously‘existing-cross-section data are quite sparse and in
most cases not drastically.better than our own. The absolute
normallzatlon Wthh is the pr1nc1pal uncertalnty of our data, does
not seem to be much more rellable for the older measurements 2,18- 21.
Thehavailable information on the total inelastic cross-section
G}-of 4He..for_protons is very sparse and partiy inconsistent.
Between'the'inelastic_threshold (d+3He) at 23.02 MeV and the

first three-body threshold (2p+t) near 24.9 MeV, G can be”obtained,
from the total cross- section'of the 3He(d,p)A'He reaction using
detalled balance. Unfortunately, the measurements of thls cross-

section 22-217

below the 2p+t threshold dlffer by as much as 30%
Though arguments can be put forward which tend to favour the data of
ref. 22, no strong constralnt on the 1maglnary parts of the p-4He
phase shifts can be obtalned below 25 MeV. We have used the data of |
ref. 22 as an input in the phase—shift searches. The weight of their
contributions to X 2 was chosen to equal that of two of our own

data points.



Above the lowest three -body threshold, the experimental”information
on Gy becomes even more Sparse. A lower limit can again be set via

3He(d,p) He data ?8,

detailed balance. from the At 28_MeV,,above

the 2p+t and‘p+n+3He thresholds, a value .of 14.7 + 1.6 mb has been
reported 29 for the total cross;section'leading to these two final
states. Tne only other measurements 3Q 3lvnear our energy range
have been performed well above all 1nelast1c thresholds at 53 and

55 MeV. Values for,(ﬁ,of 107.7 i 4.4 mb and 105 + 15 mb respectively

have been found at these energies.

Through fhese few experimental points a smooth curve for 6}(E)
was drawn.by hand. The values thus obtained were then used with
10% error bars as an input,for‘the'phase ahift searches. The
weight of their contributions to ){2=was chosenato equal.that of
two of our -own data points up to 30 MeV, and that of eight above

tbat energy.

D. Procedure

Single energy phaseushrft analyses were carried out starting at
20 MeV} As a starting set of phaee'shifts, values extrapolated

from the'energy—dependent set of'ref 3 were’used} After a solUtion

was found at one energy, the correspondlng best flt phase shlfts were .

taken as startlng values for a search on the data at the next

higher energy.



This procedure yielded satisfactory fits with seven parameters
(real s, p,.d;'and f—wave phase shifts) at the first fourbenergies
up to the ioelaetic_threshold.near 23 MeV. ‘Above this threshold,.
14 parametersf(complex s,p;d, and f-wave phaee_shifts) were used.
In this manner, a smoothly energy-deoendent'eet of phase'shifte was
obtained over‘the‘3/2+'resonance_correepondingito the second
excited state of 5Li. Above 24.5 MeV, theIQUality_of the fits
deteriorated gredually, until the oontinuous solution was lost at
30 MeV. |
Since g-wave are expected to become'importent above 30 MeV, the
scarch was extended to include_l8‘parameters‘(complex s,p,d,f, and
- g-wave phase shifts), starting at 26 MeV. The quality:of_the fits
was immediately improred and ho problems were encountered in
proceeding to 40 MeV. For the purpose-of'indentification, the
set of single-energy phase#ehift solutiohs found in this manner

wiil be called'set I.

At this stage, smooth curves were drawn by hand through the set I
rhase shifte as a.function of energy, and a second string of
single-energy searches (now including g-wavee at all energies)
“was undertaken from 20 to 40 MeV with the smoothed set I phase
shifts es starting points. This resulted.ih the set 1I single—
-energy solutions, which-not'cdly were more'smoothly dependent

on energy, but also gave adbetter overall'fft to the data.



Set IT was modified once more before arriving'at-the final results.
An R-matrix calculatlon was perforned to parametrlze the complex
‘2D3/2 phase shlft between 20 and 32 MeV in an attempt to extract
level parameters for the second exc1ted state of 5L1 The details
of this 1nvest1gat10n are given 1n section III In. the present
context we need only day, that a third strlng of 51ngle energy
searches was performed. Between 20 and 32 MeV, we started from

set 1I, but‘w;th the 2p 3/2 phase shift flxed at the values predicted
2

D3/2

parameters were initially set to values extrapolated from the

by theJRematrixvoalculation; At energies above 32 MeV the

R-matrix predictions at the lower energies. No problem was
encountered in finding slightry‘modified solutions (set III) at all

energies with little increase in X 2.

.'-Set 111 represents the flnal result of our phase -shift analy51s
of p—4He elastic scatterlng It is presented in sectlon IV and will

be discussed in sectlon V.

III. R-MATRIX PAR/METRIZATION OF THE 2D3/2 PHASE~SHIFT

- i, Motivation

Two R-matrix calculations concerned with the influence of the 3/27
second excited state in 5Li on p-4He elastic scattering haVe.been

published pre’vi’o'usl'ys"9

In order to understand why we have
reexamined this effect, it is 1nstruct1ve to ant101pate the flnal

result of our R-matrixAcalculatlon as presented in fig. 1.

®,



2D3/2)'and the absorption

In this figure,vthe-real phase dﬂi*Re(
parameter 7{— exp (-2 Im( D3/2)) “are shown. The solid lines
correSponc approx1mately to the emplrlcal phase shift parameters
(i e. to the set II values), whereas the dotted lines glve a fair
representatlon of the shape of a well behaved, 1solated resonance
The unusual feature of our emplrlcal 2D3/2 phase shlft lies 1n

the "cut-off" of resonance effects in the real part on the hlgh
energy 51de of the resonance. s;mllar, corresponding feature cah
1

be seen in our polarization data at the same energy, so that

there can be little doubt as to the existence of this»effect.

In both previous ihvestigations 8’9

of this resonance the authors
have‘oversimplified their R-matrix analysis by'oompletely
neglecting resonanpe—background interference. 4As we will show,

it is just this contribution which produces the peculiar resonance

shape, so that a more sophisticated R-matrix analysis of the

2133/2 phase shift is called for.

B:. Method

Our analysis is based strictly on the formaliSm as presented

35 and we w1ll use thelr notation in thls

by Lane and Thomas
section. We wiFl not attempt to 'list all the pertlnent formulae,
but will only try to explaln s1mp11fy1ng assumptlons For the :

details of the theory the reader is referred to ref. 35,
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In order to calculate the 2 3/2 phase. shlft from the assumed
properties of the 3/2 second excited state of 5L1 and of the
non- resonant background we have constructed the symmetric 3x3

3/2

(3-channel) R-matrix R with elements

=eXE Xc'

o ’
ce’ g, - E tRea (B} -

The entrance and exit channel indices ¢ and c¢' refer to the three

channels

(1) p‘+”4'He' ‘  (€=2,s . 1/2)

(2) d + 3He (@-—-o,s: - 3/2)
(3) d + SHe ~ (€=12, s =1/2 and 3/2)

36 +

behe quantlty EA' is the c. m;tcharécteristic-energy. of the 3/2
level in the p+ He channel. The quantlty 5 is the‘reduced width
amplitude of this level in channel ¢, and E’designates the

c.m. kinetic energy in the p+4He channel; The:non-resonapt.
background is represented by the paraﬁeterisgc,(E), which have
been chosen to depend linéarlf on,energy:_. |

RO

O (E) = RO, + (@O/aE) ( (E - 18.383) (2)

Thus Rcc‘

first 1nelastlc threshold.

(E) equals R o at 18.353 MeV, the c.m;;enErgy of the
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The matrix RY/2 was then inserted into egs. VII, 1.6a and 1.5

of ref. 35 and the collision matrix-élement‘Ulla/z, corresponding

to elastic scatterlng 1n the 2D3/2 p+ He channel, was calculated 37.

vFlnally, the real phase ¢ and the absorption parameter U

correspondlng to the com lex 2 R hase shift;were obtained from
| plex "Dy 5 P o

7 exp (21d + 2iw) = U£l3/2‘ : o (3)

where 03-'6"'- Gb , the dlfference between the Coulomb phase

shifts for g-— 2 and f O

The interaction radii acfwere,chosen as

2y 3.0 fm.(p+4He channel), . and

i

a, = ag = 5.0 fm (d+3He channels)Q

In ail threé channels the boundary condition BC on the internal
eigenfunctions (ref. 35, IV, 2) was chosen such-that the shift

L

factof s° was equal to zero at the_characteristic.energy EAv of

the 3/2" level:

5 -s.() . Sg(ék)zzvsc(éﬁ) B =0. (@)

This choice is discussed in detail in section_XII of ref.'35 and

implies that the observed resonance energy Eg of the 3/2+>lével

coincides with the characteristic energy E, .
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The following simplifications were made as compared to the most

general many-channel case:

(1)  Only three channels have been taken into acooont. We
have thus-dede no:distinction"betWeen’the two possible
channel spins of thend-wave_d+3He channel and have
\completely neglected breakup'channels,ewhich all have
thresholde in or near the energy ranée of interest. _
It'is_hoped that the influence of the neglected channels
can implicity‘be ebSOrbed into the three channels

considered_38.

(2) The background terms havée been chosen to depend linearly
" on energy. In order to reduce‘the number of parameters,_‘

the following additional assnmptions were made:
SN ,
- By3(E) = 9,(E) , R23( E) =0, R

SO that only R (E) 22(5), and R?Q(E)‘remain
1ndependent N set of. six parameters was’ thus taken to
vdescrlbe the non- resonant background The relatlons (5)
amount to (l) ascrlblng the same 1ntr1n51c amplltude
to non- resonant d-3He elastlc scatterlng in channels

- “with 61; O"and £ 2 and neglectlng tran51tlons between
tnem, and (2) ascrlblng the same 1ntr1n51c non-resonant
amplitude to the tran31t10ns p+ He —> d+ He» g 0)
~and p+4He-——é vd+vHeer.g= 2). Such 51mp11fy1ng

- assumptions are necessary to keep the number of

13(5) = RiQ(E) (5)

L



parameters in manageable proportions, but they are

admittedly quite. arbitrary and at best reasonable.

C. Results of R-Matrix Calculation

We first tried to obtain a fit to an empiri@él background phase
shift as détermined‘by drawing a sﬁoofh qur#é, neglecting'.
resonance effects, through the empifi?él values for the 2D3/2
parameters J and 7 . After a satisfactory}baquround phase shift
had been generated, a set of 3/27 level paramefers was included
in the calcuiation_and a Seafch waé pérformed-in an attempt to
reproduce‘the.complete 2D3/2 phasetshift. i good fit could be
obtained both on and off resonance.with litflé need for‘change.in
the backgfound paraméters determined»previousiy. Since rescnance
and background interfere quite’strongly; Such’a behaviouf seems
fb imply that the background has,reaspnable properties. This in

turn constitutes a strong 2 posteriori‘jﬁstificatioh of the

simplifyihgvéssumptions made.

On the average, thé resﬁlting ehergyndependeht'2D3/2>phése
shift agregd to better than_i-0.5° in 5 ahd-iv0.02 in_?' with
fhe empirical values between 14 and 32 MeV-(:ef.‘3 below 20 MeV,
set II above 20 MeV). The maximum diséfepéncies, occurihg right
on resonance at,23.3 MeV,‘wére_2.6° in-J_and 0.0é'ih Qv; After 
folding in £he experjmentai energy‘reéolution of our datév4o, this
discrepancy was reduced to an amount compatible with a_shift in
~ energy of the 23.29 MeV'empiricai phaSé shiftvby i'20'kev,ii.e.“

by less than the stéted uncertainty of the experiment 1. 
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.Since they are pért bf solution set I1I, the folded R-matrix
results for the 2D3/2 phaseféhiff areliabulated in téble»II along
with the empiriéal Qalues for the other partiai waves. The R-matrix
parameters used in the calculation are given in table I. In fig. 1, .
bbth {.and\qz are plotted as a function of energy. The solid \

lines are the result of our calculation for both level plus back-

grouﬁd, while the dashed lines show fhe Eackgrouhd only. The

double arrow marké the resonance eneféy. The dofted lines demonstrate
the’impbrtanCe of resonanée-background interference.'They Shbw

the resuli that one would predict.from our pafameters-as’listed

in.table I, if this interfereﬁce were completely néglécted, i;e.

l'of?refs;IS and 9. In contrast

if one were to use the method *
to bur_Célculétion; it is probably not possible'with'this method

to reproduce the strong 901thff“ effect that our data require.

Fig.,QHShOWS a comparison between the experimental data for the

total crdSs;séction G+ of the 3He(d,p)4He reaction 22 and the

valuesvcalculated from our R-métrix parameters. fi\gain the dashed
line indiCateé the calculated background contribution. The |
agreementwis exéellent, considering fhat fhere may be small
contributions from othei J-valﬁes than 3/2%, whicﬁ aré missing'bf
from our calculation. i slighf épbarent ehergy.shift_béfween |
experiment and calculatior is wellvwithin the_combined_ﬁncertainties'

1

in energy of our data ~ and those of ref, 22,
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The properties of the 3/2+ second excited state of 5Li.as

determined by our calculation are in qualitative agreement with

8 3Hé(d,p)4He_total cross-section

S

thoe deduced from a study ~ of the

~. and thoSg obtained in a simplified analysis ~ of p-4He’scattering
data. The reduced‘width of fhis staté'for decay into one of the
d+3Hé channelsbis approximately equal to the Wigner limit, whereas
the proton width is only about 1.5% of this limit. Consequently
this state is of almoét puré d*SHe character, similar to the more
cdnventignal nucleon-core single partiple staféé, and has been
calied a cluster state. According to,ourbfesults, it seems to have
-approximateiy’equal contributions from d+3He structureé with

! = 0 and ff: 2. It must be stated, though,uthat.our analysis
is not very sensitivé to the aséuméd width for deCaf into the ¢ = 2

channel.

IV. RESULT OF THE PHASE-SHIFT . NALYSIS

Y,

The numerical values of solution set III arejlisted in table II,
Alsolgiven there éré the corfesbondihg éalculatéd values for

the total’inelastic érbsé—sectiqn G; » the quantity }iQ per

datum péint for the differential cros§~section (X&?), the
polafizatién (Xﬁg),'and for both:observableébtogéther (ngp)..ln
~addition, the normalization”fagfo:svfé«_and fp as détermined by

the search routine ksee.section iI,B)_ére sHown.‘It should be
remembered, that these ndrmali2§tion factors'indicafe the amount by
which the eXperimental data haveﬂbeen éorrected_to give the ):2_

values listed in table II.

Lo
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In figs. 3 and,4; the p;4He‘phase shiftsvare shoWn“as.a function
of'energy-from 0-50 MeV. The solid?lines below 18 MeV represent
the energy-dependent set of phase shifts of ref. 3. The solid

line between 18 and 32 MeV for the 2D3/2'phase'shift is the result
of our R-matrix calculation. Otherwise, our phase shifts are shown

as open and full circles indicating § and 1 , respectively. Theh

\ triangles at 48 MeV represent the results of ref 14 To guide

. the eye, dashed llnes have been drawn through the 51ngle energy

values

In figs‘ 5 and.6 fits to the eiperimental'data'are shown at four

energles. The data points represent our unnormallzed experimental

data l. The calculated fits, renormallzed by l/f~ and l/fp are

plotted as solid llnes.

In fig. Z,,fits‘to the polarization across the_23;4 MeV resonance

“are shown. The full circles are our data 1. the solid lines

-~

4

represent the values calculated from.the,set of single;energy

phase shifts listed in table II. ‘ o

In fig. 8, the experlmental polarlzatlon excitation functlon at
(Jcm = 102.2 is compared with the values calculated from: our -
phase”shifts The broad-anomaly centered around 30 MeV 1s well

reploduced by the dashed llne,‘whlch ‘has been drawn through the

: calculated values In this flgure, the Open 01rcles are from |

ref. 9, vthe full c1rcles and squares represent our own . data, L

and the closed and open trlangles are from refs.-é and 7,

p reSpectwvely

~

S
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,V. DISCUSSION

In the folloWing discussion we will assume'that‘the phase‘shifts
as presented in. sectlon IV are a good approx1mat10n to the hypo-
thetical “true“ p-4He phase shlfts. We have not made any efforts
to find other solutlons, but as far as the real parts é.of our |
phase shifts are concerned, the_continuity from 0—50 MeV is a
convincing. argument for'this assumption. As is‘euident from the
'scatter‘of the values for the‘absorption_parametersq(see figs. 3'
and 4), they are less well determined by the data; While our
solution reproduoes the total'inelastio cross-section of 4He for
protons as well as it is known (see section II, C), more accurate
measurements of this quantlty would be of oreat help. ‘However,
.the very good ‘match between the trend of our parameters and the

14

1ndependently determined RHEL phase shlfts at 48 MeV gives

us additional confidence in our solutlon

One feature of our phase shifts, wh1ch is not entlrely satisfactory,
should be mentloned at this point. Below 26 MeV the absolute
cross~sectlons predicted from our final solutlon are on the average

9,18-21 we have

7-8% higher?than those determined experimentally
looked for phase Shlft solutlons whlch would requlre a less sizeable
renormallzatlon of the Cross- sectlon, but were unsuccessful This
is indeed ap unfortunate situation, and 51nce there are some |
1ncon51stenc1es 1n the data used for normallzatlon, we feel that
only a careful absolute cross sectlon measurement spannlng the

energy range from approx1mately 15-30 AeV can clear up the

dlscrepanC1es.
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Discussing the implications of our phase-shift. results for the
level structure of 5Ll, we should note that the weak anomaly
discovered in our polarlzatlon measurements around 30 MeV

(see fig. 8) is not connected with a partlcular feature of any -
one phase;shift parameter, but rather seems.to be:caUSed by tne

rapid onset of absorption above the inelastic threshold.

This result is in striking disagreement with a recent analysis 15

of p-4He elastic scattering data19 between 25 and 29 MeV, where
s s ' 2 | 2
rapid variations with energypof bothnthe 51/2 andvthe D5/2
phase shifts have been found and- are interpreted as conclusive
evidence for the ex1stence of two excited states around 20 MeV

in 2Li with 3" = 1/2% and 5/2".

We haye triedfto reproduce our own déta"l in that energy region
with phase shifts similar to those presented'in ref. 15, bUt.could
find no acceptable, quantitative'fits. On the other hand, our
smoothly energy‘dependent phase shifts seem to satisfactorily
reproduce the'data of ref.19 (shown there only in figures). We
therefore feel.that no excited levels of 5Ligabove the second
exoited state at 16.7 MeV have yet been unambiguously identified

via 2 study of the p+4He channel.

In a broader, less definite way we do agree, however, that:the-
influence of highly exoited states insti is probably seen'

in the p+4He channel The: most strlklng feature of our phase shlfts
is certalnly the domlnance of absorptlon in the even partlal
waves. .bsorptlon of protons from the p+ He channel is not

distributed between the partial waves in the way one would expect

.
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if simple potentiai scattering were dominant. fround 30 MeV
(corresponding to 22 MeV excitation in 5Li), absorption in the
JF = l/2+, 3/2+, 5/2+,-and 7/2 scatterlng states amounts to 85%
of the total'inelastic cross—sectlon. This behav1our can be
understood qualitatively, if it is assumed that at these energ1es
there exist in 5L1 very broad, overlapplng levels of positive |

parlty, which decay almost exclu51vely via the d+ He and/or

murtlpartlcle breakup channels.

Recent calculatlons with a reflned cluster model have indeed led
Heiss and Hackenbr01ch 42 to predict the existence in 5L1 of a
quartet of T = 1/2 states with ™ =12, _/2*, 5/2%, and 7/2%.
These states are calculated to be of almost pure d-wave d+3He
cnaracter and are 51tuated several MeV above the o+3He threshold.
Thelr nature 1s very similar to that of the 3/2 second excited

state of 5L1, whlch is also reproduced in these calculations 42’43.

Further experimental support for this theoretical prediction is
presented by Tanifuji and Yazaki 44; who report that the effective
potential between deuterons and 3He, neededvto describe elastic
scattering, is very much stronger in the even than in.the odd
parity states at antenergy'cOrresponding to 22 MeV excitation in

i

[.dditional ev1dence for positive parlty states in this energy
3 ( ,p) He

reaction. He reports that a state with J' = 5/2% near 20 MeV

range is found by Seiler 45,1n an ;nvestlgatlon of the

excitation and one with J" % 7/2+ near 22.5 MeV dominate this

process.



Our own inyestigation'of p&4HeeeIastic scattering is not.in
contradlctlon with the possible ex1stence of a 7/2 level.

In this scatterlng state we see an anomaly 1n the energy dependencef
of our phase shift ( 67/2) However to deduce the ex1stence ;
of a 7/2 level solely from ‘these very weak fluctuatlons ‘would not

PN

be Justlfled,

Turnlng now to ‘a dlscu551on of the odd partlal waves,'we flnd
that our p-wave phase shifts, whlch correSpond to J = 1/2 and
3/27, show some fluctuatlons agaln in. the absorptlve parts,
whlle the f-wave phases wlth = 5/2, and 7/2  are completelyT

w1thout structure

Empirical evidence for J" = 1/2° and 3/2” levels has been ob'tained‘

45 46, of d-SHe elastlc'

scattering 47, of itS'mirror.proceSS d-T elastlc scatterlng 48,

~ from studies of the He(d,p)éHe reaction

and'of'the “He(d, 2p)T and T(d,pn) T reactions g;vThe CIusterfmodeI
calculatlon by Helss and Hackenbr01ch 42 also generated such states
,and eyplalns them as nucleon +4He (0 flrst excited state) Cluster
structures, wnlch would decay malnly 1nto multlpartlcle breakup
channels. The coupllng to p+4He channels should be very weak j

L

’accordlng to thls model

If all this tentative evidence for hlghly excited states 1n-5Li
is taken at face value; then the follow1nq qualltatlve plcture*

of 5L1 (and mutatis mutandls of 5He) emerges from the ex1st1ng

experlmental 1nformatlon
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Ground and first excited states are pure single parficle states .
consisting of a p-wave.profon in the potenfial well of a closed
s-shell a-particle (which gives rise to the repulsive "hardsphere"

interaction evident in the p—4He s-wave phase shift).

Proton single particle states'with orbital anguléf_momenta €>1
will be situated somewhere above 30 MeV excitation, th‘their '
influence cﬁn be seen below that.ehergy_invthévgfadual rise of
the real parts:of thé d, £, and g-wavé p-4He phase shifts. Due
to their'high.excitéticn they are extremely broad and strongly
overlapping. The sign of the spin-orbit splitting of all these

states is in accordance with the sheil_model’ordering.

ﬂbove the first inelastic thresho;d,fnear 16;5‘Mev, a series

of broad d+3He'cluster states appears. The;firéf of these is the
3/2+ second:excited state, which has'been unambiguously identified.
Its relatively small width is only a consequence of its position
close to threshold. Its inherent character is that of a cluster
state with a reduced with close to the Wigner limit. Above 18 MeV

‘ ekcitation; a quartét of d-wave‘d+3He cluster states with

3% = 172%, 3/2%, 5/2%, and 7/2%, and a doublet of p+7He

cluster states with J" = 1/27 and 3/2° are predicted to exist 2,
Experimental evidence for all of these states is still

_inconclﬁsive, however, despite claims to the contrary 15,49

In our opinion, 2 phase-shift ahal&sis of the existing experimental
information‘on d—3He'elasti9‘scattering aﬁd.a.deﬁailed investigation
of multiparticlé-breakup_feactiohs sdch as»3He(d,2p)T éfe the two
most promising appréaches.to furthervstudy the levelAstrucﬁure of

the five nucleon system at high excitation.
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Figure Captions.

fig. 1

fig. 2

fig. 3

fig. 4

fig. 5

- data .

~

Thé 2D3/2 phase»éhift:in the yicinity'of.the‘3/2+

second excited state of SLi. The solid lines

represenf the result.of.an R—&éfrix calculatiqn, The
daﬁhédjlines show the bacgground contribution. The |
dotted-liﬁes.are‘obﬁained,;if resonance;backgrdund
intérference_is‘negléqﬁed; Thé doublelarfowvmaikS'
bthe\résonancé enérgy.

vCompafison of the calculated values fgr Gytot of -the
3Hé(d,p)4He reéction with the exﬁerimental datalof
ref. 22. The solid line fépresents the resﬁltvdf an

R-matrix Calculation.,The:dashed'line‘shows the back~

. ground ccntributionﬁy

s- and p-wave phase-shifts for p-4ﬁe elastic scattering.v

The solid lines below 18 MeV represédt the energy-
-dépendent_set of phase shifts of ref. 3. Open and
full circles are-ouf‘own~resUlt5_f6r the real parts<§
and the absorption parameter TL{ resPQQtiVely. The
triangles at 48 MeV indicate_the'resglts of ref. 14.
d;,f, ahd.g—Wéve_phaée shifts for §~4He_elastic
:SCatfering. See caption to fig. 3 forkeXplanétioﬁ

of symbols. | | | :

Cdmparison,at 24 and 26 MeV between our éxperimental

1 and the corfesponding/curves calculated from‘

_the phase shifts of table II.

,‘-{



fig. 6

fig. 7

fig. 8

. data

Comparison at 28 and 30 MeV between our_experimental' '
1 and the correspondingﬂcurveé calculated from

the phase shifts of table II.

Comparison of measured and calculated polarization
excitation functions across the 23.4 resonance corres-

ponding to the 3/2+13econd excited state of‘5Li. The

 solid lines have been drawn through the wvalues

calCulatéd erm our single-energy phase-shifts as

listed in table II.

Comparison between measured and calculated polarization

at Orm1= 102.2° across the broad anomaly near 30 MeV

!

- proton energy. Open circles are from ref. 3, full

1

circles and squares are our cwn data ~. The full and

open triangles represent data from'féfs; 6 and 7,

‘respectiVely.-The dashed line hasfbeén'drawn'through :

the values calculated from our single-energy phase

shift as listed_in table II.



second excited state of 5Li.

TABLE I. R-matrix paramnters a used in the analysis of the 3/2
Y L L e Y T L T e N L T ey T TT L LT T TP
sy 2 12 2 e a2 2 a2 2,04 2 2
B (L) CER R PO R Y A Y (62) 1957 (0)7/16))% 20 (6;)
23. 39, 16.68 MeV 122 keV 1580 keV® 1580 kev- 0.0149 0. 765d 0.7659 5 1.95
Mev R , oo o
o 100/, O " (4n® . 0 .m0 ' , .
Rip  (dR%/6E)y;  Ryp  (dR7/dE)j;  Rpy - (dRV/dE)y, ! %2 .33
/. : . '
0.468  0.008 Mev™l 0.132 0.006 Mev'l' 0.187 -0.023 Mev™l 3 m 5fm . - 5 fm
2 The indic~s 1, 2, and 3 refer to the channels p+ He (€= 0), d+ He(e = 0), and d+ 'He (€ = 2),.
| e

reSpectively
A o . o
b_-Proton lab; energy>1n[thé'p+4He channel.
€ The sign of this reduced width ampiitude is negative.

d 1n units of the‘Wiénér-limit.Sﬁz/QMa .

-0¢-
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Table II: Single-energy phase shift and related quanitities for p-4He elastic scattering between 20 and 40 MeV

iy - ———— e,

19.04 | 21.9 23.46 E:zz.n- {22.96 |  23.16 Mev - 23,29 Mev | 23.48 MeV
§ d d | 4 | 4 d 7 cf R d -.'7Z
Sy, 94.01°] 91.61%} 91.13°] %0 i5°190.12° | $0.48°  1.c00 | £9.73°  1.000 | 89.95°  1.000
“P3! 94.24% | 92.04%| 90.92°| 90.52°90.15° | 89.87° . 1.000 89.65°  0.992 | 89.567  0.9%4
Pl,z' 86.00° | 54.20%} 53.28° 53..0,50_ 52.95° | 53.01° 1000 | 53.35° 12000 53.10° 1.000
gy, 6.30°( 7.84%| 7.€7°] 7.90° 7.85° | 8.41°  1.000 8.66° 1.000 | 8.47°  1.000
| 4-67°] 6.77°] 8.17°) 9.46°111.10° | 15.36°  0.980 .| 19.40° 0.75 | 7.42°  0.636
i “Fan 1_.95"’ 2.63_"- 0 2.97°] 2.77°% 2.89° | 2.éo9 ~1.000 3.47°  0.995 | 3.63° 1'.060_'
“'5)'2 1.73°| 2.04° 2.26° -_2;160 2.17° | 1.94¢ _1‘.o‘oo ' ‘3;'24‘5 0.999 |. "2.85° ~ 0.995
“Ggpai 0.2 ! o,.-24°. 0.21°] 0.22°] 0.03° | 0.11°  1.000 0.58°  1.000 | 0.53°  L.ooo
767/2’ -0.¥% | 0.29° ,o".3A3° 0.33%} 0.15° | © 0,07° - 1.000 0.69°  1.000 0.79° .00
Ge o1 3smb Lo as2m | 53.9.ab
e | ro70| 1.043] 1201 1.093f 120 | o83 | "‘ 068 . ,i.x'.o‘e;z'
0.99 0.9% | 'o'.',‘9498 1000} 1.000 | 1.000 | 0.995 | 0.99%
X 0.39 .0.6‘.6_ 0.97 | 0.69 { 1.25 | 0.333) b 0.1 N 1.31
Xp | 0.43 | 0.3 | 1.21| c.86 {0.57 | - 0,62 B Y 7 R -
';‘h 0.41 | 0.49 1.09 . 0.77 0.9] . vo.73‘ | | | _.0.68' . - 'o.'94

©

#)value obtained without including forward most angle “cm = 21, 9°

%



Table J71: {cont'd)

i

23.56 Mev. | 23,70 MeV _  123.85 MeV | é3.98'M§v ", A24.5lvMeY _325.82 MeV
| ! \j' 4 | R / Jd X Jd 4 J o dj 2
%, 1 88.99% 1.000 | 89.07°  0.599 | 88.70° ©0.998.| 88.14° 0.992 | 87.86° 1.000 | $7.23° 0.951
-f7295@7 89.41%  0.997 '99.54° 1,000 | 89;15°.> 0.997 | 89.60° 1.000 | 82.63° 0.994 | 68.95° 0.932
Py, 52.35% oo | 52,68 1.000 52,670 11,000 52.10°  1.000 51.54° 1,000 | 51.06% 0.5
_ izbsﬁi | 8.549]._0;99§”‘ 9.00°  1.c00| 9.30° 0.595 ‘ 9;810}v 0.999 9.9o°_A 0.993 | 10.93°  0.9%9
- 203,é' 5.88° ‘Q.ggs; 5.44°  0.755 | 5.60° | 0,766 5.77°  0.800 6.180':_0,8]u 6.45¢  0.794
;f ?;7)é’f 3.11° l,OCOv 3.26°° 1.000 | 3.49° . 0.997 3629 0.999 | 3.97° 1.000 | 4.11° 0.983
%y 2.47° Y000 | 2.65° . 1.000| 2.99° 1.c00 | 3.08° 1,000 | 3.41° 1i000 | 3.60° 0.959
265)2 ;- 0.00° -1,900" 0.17° 0.998 | 0.39° _1.606," 0.41° ';.ooo 0.74° 1,000 0.73°  0.9¢7
2G5/2; 0.26° 1.000 .0.22°  1.000 \o.s;° 1.000. .;5.62° 1}000; 0.93° " 1.000 | 1.24° 0,686
o 0 | 4'§;4, b ., 3'/7.'8.;m'o a _35".6 b 31.7 mo 30,7 b 46.0 mb
EENEE 1.077 1.095 1.076 1.037 1.091 1.043
16 0.996 | ©0.997 , 0;997 _ 0.993 0.939
X 1;15 0.64 | o.sa-_' 0.29 3 0.36 0.37.
| X;_«: 0.15 0.50 0.65 ' Lo.8§ 0.52 .33
ponl 0.65 0.57 0.6l 0.54 0.64. 0,43
. k

-2¢
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Table II: (cont'd)
; j 28.13 Me\/ 20.43 MoV 32.17 Mgv 24.30 Mev .36.9.3 MeV 39.80 MV
I J 4 I 1 I 4 Sy | L
%zs"/zg 85.01° 0.995 | 83.06° 0.90 | 81..64° 0.¢35 | £0.24°  0.¢09 | 77 54 0.572 | 75.75°  0.842
;293,3& 84.06° 0.911 | 80.95° 0.967 | 72.66° 0.963 | 76.84° .61 | 73.55° 0.953 | 70.34° 0.94C
,%l/L‘ 48.35°  0.960 46.96%  o©.98¢ | 45.33° 0.953 | 44.13° 0.961 | 41.70° 0.932 | 39.45°% 1.0%C
(40,1 12.71°  ©6.95%0 ,i4'°33° 0.882 | 14.85° o.e6% | 15.01° o0.826 ) 17.61°  0.800 4 19.580°0 G.771
_203,2 6.73° 6.744__ 7.43° d._ms 8.35° 0.697 9.40° o.:675 10.57° "0.664 | 12.00%. 0.6%3
32#7/2 5.05° 0.997 | 6.67° 0.%0 | 7.93° 0.7 9.62° 0,966 | 11.47°  0.943 13.10° 0,017
52?‘5,2 4i50°  0.995 '6?‘.8;6°A 0.995 6.75°  0.992 7.90° 0.983 | 8.78° 0.$70 5.17°  _0.953
'2G9/2 1.01°  1.000 | 1.40° 1.000 | 2.09° 1.000 1.82° 0.998 | 2.03° 1.000 2,28°  0.992
§267/2! 1.28% 0;96?5 1.04° 0.975 | 1.13° 0.8 0.97° 03673 | 0.33° 0.567 0.7:°  6.5¢2 |

6¢ £5.7 mb | 78.7 mb 80.5 mb 39.9 mb 96.2 mb 106.1 mb

fr 1.068 0.990 0.597 0,996 1.001 1,000
' -f_‘,, ‘ 1.002 1.500 | o.<;_é9 1,000 1.000 1.0C0
, Xs - 0.52 0.9V 0.62 1.03 1.03 0.57
?_71; .45 0.5 0.0 0.55 105 1.65 |
X 0.50 0.73 0.76 0.79 1.04 0,27

o v i o A S 2 A b ¢ Ay st = s e saen ¢ 2w | v = o 0 g
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energyv Commission, nor any of their employees, nor

.any of their contractors, subcontractors; or their employees, makes

any warranty, express or implied, or assumes any legal liability or
responsibility . for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. . »
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