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A search has been made for excited states in ’He by investigating proton-induced reactions
on ®Li. The investigation consisted of two parts. In the first part, a kinematically incom-
plete experiment, the *He and a-particle continua from the ®Li(p, 3He) and ®Li(p, @) reactions
at an incident proton energy of 45.0 MeV have been studied for structure due to excited states
in ‘He and *He, respectively. The °He and a-particle spectra were measured from 15 to 90°
(lab) in steps of 5° using a AE-E detector telescope. The *He spectra exhibit clearly discern-
ible peaks due to the 20.2-MeV (0%, T'=0) and 21.4-MeV (0™, T =0) excited states in ‘He. In
the a-particle spectra no structure has been observed that could be interpreted as due to ex-
cited states in °He for excitation energies up to 17.5 MeV. An upper limit of 30 ub/sr could
be set for the excitation of states in *He having a width $1.0 MeV. Inthe second part, a kine-
matically complete experiment, a study has been made of the GLi(p, ad)p reaction at an inci-
dent proton energy of 45.0 MeV. This investigation was carried out to study final-state inter-
actions and, in particular, to search for a possible p-d final-state interaction corresponding
to a resonance in *He. Coincidence spectra from the 6Li(p, ad)p reaction were measured in
coplanar geometry with the @ -particle detector set at 50° (lab), while the deuteron~detector
telescope was moved in steps of 10° from =100 to —50° (lab), and with the a -particle detector
set at 30° (lab) and the deuteron-detector telescope at —100 and —80° (lab). The measured
coincidence spectra show a prominent p~« final-state interaction corresponding to the
ground state of °Li. No other strong p-o final-state interaction was observed. The coinci-
dence spectra do not exhibit a p-d final-state interaction corresponding to a T =% resonance
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in 3He of excitation between 5.5 and 20 MeV.
I. INTRODUCTION

Recently there has been considerable interest in
the possible existence of virtual states and/or res-
onances in the three-nucleon system. The experi-
mental and theoretical investigations received
strong impetus after Ajdacié et al.! reported on
the evidence for the existence of a trineutron
bound by about 1 MeV in the reaction *H(n,p)3n
at 14.4 MeV. Shortly thereafter, Kim ef al.? re-
ported on a study of the *He(p,p’) reaction at 30.2
MeV in which they found evidence for three states
in 3He with excitation energies of 8.2, 10.2, and
12.6 MeV having widths of about 0.9 MeV. The
same group also found evidence for the latter two
excited states in *He in a study of the °Li(p, @) re-
action,® again at an incident proton energy of 30.2
MeV. The experiments just mentioned have been
repeated with negative results by various experi-
mental groups. In addition a great number of oth-
er reactions have been examined for structure
which could be related to excited states in the
three-nucleon system (see Table I). More recent-
ly Williams et al.* measured continuum neutron
spectra from the *H(p, n) and 3He(p, n) reactions
at 30 and 50 MeV. The structure in these spectra
was interpreted as due to broad resonances in the
three-nucleon system. The observed excitation
energies (with respect to the ground state of *He)

3

and widths are £,=9.6+0.7, I'=5+1 MeV, and

E . =16+1, T'=9+1 MeV, respectively. The iso-
spin values which were assigned are T =3 for the
first resonance and T =3 for the second one. Sup-
porting evidence for a broad T =3 resonance in the
three-nucleon system comes also from a study of
the 3He (-, 7*)3%n double-charge-exchange reaction
by Sperinde ef al.® This reaction showed a reso-
nant behavior in the three-neutron system within
a few MeV of threshold (E,=2, I'=12 MeV). Itis
interesting to note that earlier Ohlsen, Stokes,
and Young® claimed to have found some evidence
for such a resonance at 1 to 1.5 MeV above thresh-
old in a study of the reaction *H(¢,3He)3#n at 22.3
MeV.

In a discussion about possible excited states of
the three-nucleon system a distinction should be
made between virtual states and resonant states.
If the three-nucleon system is thought to be com-
posed of a single nucleon ¢ and a two-nucleon sys-
tem d, then virtual and resonant states differ de-
cidedly in the nature of the energy dependence of
the phase shifts for c¢-d scattering.” A virtual
state is characterized by a strong increase in the
cross section for c-d scattering for decreasing
energy caused by an attractive interaction not
quite strong enough to form a bound state of the
c-d system. Resonant states of the c-d system
are excited states unstable against decay into

1771



™|

BRAY et al.

H.

K.

1772

AP 0'T =
UM G270 =(-92)

( *9H, J10J 90UBPIA® ON Jrwr] xeddn 9z ‘ST 6°08 *9Hy(,4°d)oH,
ASIN 0'T = yIm
I *9H, I0J 90USPIAS ON ST°0 =31wr] xaddpn 9% ‘02 ‘LI 9°0¢ *9H(,F‘d)oH,
(ASIN 6°0=.1)
ASIN 9°3T PUB ‘(AP
6°0=.) 30T ‘g’8="7 (AP 3°0T="7)
z “x9H, I0J 90USPIAT Z2=(-ST)BP/OP 0¥7—0T 208 *x9Hy(,4‘d)oH,
A9 21>"F 1'0¥€°0=
q ‘x9H,; 10} 90USPIA® ON ] xeddn 0L—11 g'eg *9Hy(,4°d)oH,
AP CI>%7>¢ §%°0=
k] ‘%9, IO} 9OUSPIAD ON Jruar] xeddn 0S ‘Ge ‘Gg 0°83% *x9H(, 4 d)oH,
7 +Hg I0J 90UaPIAd ON aanydeo _u *xHe(2 “L&ﬁw
9 *Hg I0J 99USDIAS ON 02-8 6°3% *xH(,PH, ‘ 1)9H,
UOT}OBISIUT 97818 AP 1°9 03 1°g=T%
~TeUT}y UOSTONU~-99IY} woxy payexdejur
° I0] 90USPIA® ON 1¥%=(.8)0p/0p [ i44" Juu(d‘ uysH,
UOJINSULI} punoq
P J0J 90USPIAD ON qu 1 %0 61—¥%1 TIg(% ‘WIT,
(AP 21=1 ‘2=")
WoISAS ug UI 9OUBUOSDI
g pEOIQ B I0J 9OUSPIA 0%—GT 0%1 ug(,4°_1)oH,
A9 ¢°'T-T £q
punoqun UOIINSULI} B
9 I0J 90USpPIA® JBOM 02-8 62'3% ug(9H, ‘2)He
AW 771 03 6'9=T4g
woxy pajex3aur
b} UOIINSULI} JOJ 9OUSPIAD ON 0°2FS'€=(.0000/0pP 0 8°03 ug(dwH,
AP 0°9 03 ¢'g=T%
woxj pojexdajut
‘€ FOL=(-ST)BP/0P
q UOIINSULI} JOJ SOUSPIAS ON ‘9¥82=(.0)52/0P ST‘0 3°C1 ug(d‘wH,
2 UOJIINOULI) IO SOUSPIAD ON S'1Z ‘3’81 ‘T'%1 ug(d‘ WH,
AP T'9 03 4'g=T%
woxy pojexdsur
I UOIINSULI] JI0J SOUSPIAT SF3L=(.9)BP/0P 02—S 4t ug(d wH,
9ousIoyey SyIBWY (as/quu) (8op) (APIN) uorjorey
UOIP09S SSOID o3uex A3asus
Jernsuy JuapIoul

"W9YSAS UOSTONU-93IY} OY} JO 918)S PIIIOXa J[qIssod & SUIUIOOUOD 9oUSPIAS TejuewIIedXy ‘T ATIVL



1773

SEARCH FOR EXCITED STATES IN 3He

|

AP 02> *F>¢'S

00T ‘08="9 ‘08="g

“UOT}ORISIUT 9TBIS-TRUTY 00T="9 =06
JI0M JUSSDIT p-d¢ 10} 90USPIAS ON 05="g (1<54 d(po*d)I1,
S90UIPIOUT0D
AP §°3T>*A>6°¢ seroraed-om)
‘UoT10BISIUT 978)S~TBUI] orqrssod {re
¥2 p~-¢ 10} 90USPIAS ON 0T ‘6 0+p+F 11+ ¢
109]39 proysoIy}
I0 (AP #'31="3) %°H, uorjonpoad xp 103
b IO} 99uepIAe 9[qIssod uoIjouny UoIIBIIOX g (14 L1 dxp*d)H;
A AP $°C1 Hns ﬂo.muo.:vo.u& *P JI0J 08
d *9H, 10} 90USpIAY uor}ouny UOTIBIIOXH LL ‘08 e1—6 d(xp*d)H,
(%=1
o *OH, 10J 99USPIA® ON 6—¢ Hy(¢d)H,
(=1 ASI 6°0 =.I UIIM §0°0=
YIOM Ju9saId *9H, I0J 90USPIAD ON (g2) yury xeddn 06—ST 0'Sy *OH (0 )T
AP 9°3T ‘Z'01="%
€ ‘x9H, 10J 9OUSPIAL 0%—0T 2°08 *OH (0 ¢)T'T,
($=0 AN 6°0=1 UIM §°0=
54 *9H, I0J 90USPIA® ON (03) yrumy x0ddn §8—G1 0°03 *9H (0 g1,y
(AN G =1) ASIN
9'6 PuB (A9 6=.1)
AP 9T 78 Wo}sAs
9H Ul S90UBUOSA 09-2 S'6¥y
¥ peoaq 10§ 90USPIAT 0g—0T £°08 *9H (% d)H,
AP LT>%F>¢°8 IS/,WI0 o 0T XE =
u ‘x9H, I0J 90UaPIAd ON Jruary xeddn 09 003 *9H(,2°2)9H,
AW 0'T=1
YNM ST°0 ‘2°0 ‘%0 0'9g ‘0°2%
w *9H, IO} 90UIPIA® ON ‘g'0 syruay xaddn 0°02 ‘S'LT 47 *9H,(,0° D)oH,
APIN 08> "7
1 ‘xOH, JI0J 90USPIAd ON 21" 0 =9yl 1oddn Zh—g €S ‘v¥ *9H( ,PH, ‘OH)9H,
AP 0'T =T UM
€'0.= 1wy xoddn 0°¢%
b *9H 10} 90USPIA® ON 90 =rwI] xoddn S'LT 298 *9H(,4*d)oH,
Qouaxejey syaIBwoy (as/qur) (Sep) (APIN) uororey
UoT}09s8 SS0ID a8uex £3xsus
JemnSuy juapIou]

(ponuwguo)) 1 ATAV.L



™|

BRAY ¢t al.

K. H.

1774

.Aﬂoﬁ,muwﬂsaaoo ou.m>w.uﬂv UBLIPOQOIS ‘f ‘Y
pue .%@.H.mm ‘o'r .Q_mhmaqg?m 9p 'y .%Q.NQO ‘r .num.HUoE ‘T°'Y9 .hono‘mm ‘a .<>
"(896T) 962 ‘IITV 'SAUd "[oUN ‘UELIPOQO[S “f “Y PUE O[[9IqUIOL 'V L
"(696T) §LS ‘67 S10199T 'SAUd ‘TOALL ‘I ‘M PUE
‘ISUISI “H ‘H{SIBIUIMS 9P 'Y ‘UBLIPOGO[S “f " ‘IUIWSOY ‘D " ‘I9Yoeg 'Q 'Y,
*(G96T) 99 ‘ST saoy
=191 'A%y "sAyd ‘Tyod 'V ‘g pue ‘ean[DoN M p ‘Suom "D ‘UoSILPUY Q “f
*(9961) 219 ‘ZZ siopeT ‘sAyd ‘U0Sy00D 'V fy
*(1L6T) 99 ‘€ O a0y
'sfyd ‘ueyop I '€ PUB ‘SULL "T *D ‘BpRUED 'Y I ‘PIoOM I0p UBA D Py
*(0LBT) ZFST ‘T O "A0Y”
"SAYq ‘QrAoq[eA A pue ‘ydesop ') ‘sAI[IYA ‘D "D ‘UYOSIIM UOA ‘A ‘IOTIIN 'Vd
(L96T) TTIT
¢oﬁ< ‘SAYg "1onN ‘TU03ls9, f pue ‘neeurded 'y ‘se8ed 'y ‘aekely ‘g ‘Sniy ‘H
‘ugwxagung ‘p mo.:wawgow £ ‘BjOIIED ‘(q ‘9IATRJ 'S ‘P ‘UBIUOIR( ‘do
"(L96T) ¥S ‘H¥E SIONOT 'SAYJ ‘UELIBSX ‘Y ‘N PUB ‘O[z[ong ‘Y ‘T
‘BledyES 'S "W ‘PURY ‘H 'Y ‘AYIIBDOW 'S ‘P ‘I[OUUBID 'H ‘UOSOXI d "My
*(L96T)
16 “G¥¢ SI9Y9T 'sAyd ‘z3osog 'L ' pue ‘JueouIp A 'S ‘[ ‘IouUXBM Y

"(L96T) 60T ‘TOTV "SAYd ‘TonN ‘ofeaq
TWOL "V "L PU® “JOALL " M ‘NIBID P ' ‘993OIW O 'S "I ‘UBIIPOQO[S ‘L Y

08 °d
‘(696T ‘ofsjoy, ‘ueder *oog *sAyd °p o3 juewojddns) epeurRg ‘P Aq pojpe ‘aum
—ONAIS ADIJONN UO DOUDA[UOD [DUOUDULIIUL 2Y] JO SSUIPIII0AL TT ‘BGISA
‘M "L puB ‘sasQ ueA ‘H I ‘M ‘Sewog ‘d ‘snels ‘I ‘UOSpPIBYDIY ‘Y ‘f ‘WITI]

"0 "D ‘a83sI04 'H "H ‘SueyD D ‘D ‘Uos[IR) ‘J Y ‘WEYBIAY-IBg "y
*(L96T) 6%%T

mH SI99397T "AdY ‘sAYd ‘Ired 'd ‘£ pue ‘seuop ‘W ‘D ‘ISNOURIY ‘qQ Eﬂ
"(8961) 8LF ‘S80TV 'SAUJ "TonN

‘OTYOIBIDOI 'V "H PUB ‘uojsuyop 'Y 'V ‘uoisSurs ‘D ‘I ‘uostqreq 'y Sy
‘poysiigqndun ¢ Sneyg ‘I pue ‘ySng 'H ‘zexjaq ‘D ‘Auas) nal
(L96T) 9T ‘3BT

'008 "sfyq ‘wy ‘[Ing ‘YO0pped 'V ‘Y pue ‘uosueusqg ‘M ‘unsny ‘N 'Sg
“(696T) 79T ‘LLT

'49d 'sAYd ‘30017 "3 PUR ‘Ul ‘qqnID ‘I "M ‘UOS[NOD T “IIBYOUIN ‘D Y

*(996T) LLY ‘€Z sIopeT 'shyq ‘ SNE[S ‘] pue ‘sI8Q UeA ‘H ‘I ‘M
‘QraoreT g ‘Qroeply ‘A ‘sewog ‘d ‘9red ‘D omﬁhwo ‘I “QTAOY[OIUY ‘g,
'(896T) T ‘SITV 'sAUd '[onN ‘eSeUlION “H pue emexi(ng '3,
“(996T) TOL ‘LT SI039T
"a9y 'sAyd ‘pIe[[IM ‘g ‘H PUe ‘seuop ‘I ‘O ‘Ired ‘M ‘P ‘UOIUIOYL "L 'S,
“(L96T) 061 ‘8% OJUSWID OAONN
‘OTBJIA 'V PUB ‘TUIPUOIOA 'H ‘Iuozznb(] ‘Y ‘TUOXEIN ‘D ‘rurgosng mF
"(L96T) €69 ‘LOTV "sAud ‘[onN ‘oISSOY "J PUE UIMeqeq ‘I,

UOTJORIIIUT
91B]S-TBUI] UOSTONU
A ~991Yj} I0] 90USPIAS ON 91 2°'8¢ dg(oH, ‘oH,) I,
UOT}OBISIUL
9)B)S~-TBUT} UOS[ONU
n ~99aY3} 0] 9OUSPIAS ON G2—-9 44 de(u‘d)oH;
uorjorpaxd soeds aseyd Apoq
1 ~INOJ WOIJ UOTYRTAS( 8 6'%3 de(u‘d)on,
(AN G°0T =1) ASIN 6 3&
woIshs ¢dg ur eouruOSOI 052
p PBOIQ B I0J 90USPIAT 08—0T S°6% ‘8°08 de(u‘d)el,
AP 68°S
UOT}0BISIUT 03 0°¢ = T'g woay
9jB}S-TRUI UOSIONU PoteIdaIuL §T0F G 0=
s -9913} 10J 90USPIAS ON (c:€)B5p/0p W] aaddn 06—¢ (84" de(ud)oH,
UOT}0BIIIUL AP T'%=14"T="T*g woay
9JB)S-[BUI} UOSTONU pajeadeur ‘8T 0F
b -99JYj I0J 90USPIA® ON S00°0=(-03)52/0p 03 T'€1 de(ud)om,
EBLER EYE Sy IBWaY (s /qu) (Sop) (A9TN) uorj0B9YyY
. UOI}09S SS0ID o8uex £3aous
Tem3uy JUOPIOU]

(ponuzguop) 1 ATAVL



3 SEARCH FOR EXCITED STATES IN ®He 1775

particles c¢ and d. For a virtual state one express-
es the scattering phase shift 6 analogous to the nu-
cleon-nucleon system, in terms of the scattering
length a and effective range 7»,, by

kcoté:-—;llw%rokz R

where & is the wave number for the relative mo-
tion of the c-d pair. For the nucleon-deuteron sys-
tem, neglecting Coulomb effects, an effective-
range expansion of this form can only be applied

to s-wave scattering in the spin state with total
spin 3 (4S state). It has been shown® that for s-
wave scattering in the spin state with total spin 3
(2S state) the scattering phase shift should be ex-
pressed as

kcotd=A/(1+BR?)+C +DE* |

due to the existence of a pole at a negative energy
[E=-(m?/2p)(1/B)].

The phase shift for resonance scattering can be
written

6= 50+tan~l[r‘/(Eo "E)} ’

where E, and T" are the energy and the width of the
resonance, E is the energy of the relative motion
of the c¢-d pair, and §, is the phase shift for poten-
tial scattering. According to Baz’, Gol’danskii,
and Zel’dovich,” the lifetime of excited states of
the c-d system can be expressed in terms of the
scattering phase shift 6 by

T(E) = u/h k)R +db/dE)

500 -
-
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FIG. 1. Center-of-mass angular distribution for the
81i(p, *He)*He(g.s.) reaction at 45.0 MeV. The circles
and triangles indicate whether the observed particle was
a 3He particle or an @ particle.

where p denotes the reduced mass of the c-d sys-
tem and R is a reasonable approximation to the
range of interaction. As pointed out by Wigner,®
causality imposes a lower limit on the derivative
of the scattering phase shift with energy; i.e.,
dé/dk>-R. Consequently, for virtual *S states
one obtains for the lifetime in the limit of small
energies |a|k <1:

T~ (2u/FR)R -a) .

Similarly, for virtual 2S states one gets for the
lifetime, again in the limit of small energies,

T~Q2u/Ek)R +1/(A+C)].

In order for an excited state to have a definite
physical meaning, its lifetime should be much
greater than the transit time of the incident parti-
cle through the region of interaction. Thus, for
the case of a relatively long-lived virtual state of
the intermediate nucleus, one must have —~a>R.
For R =3 F the condition is —a>> 3 F. Furthermore,
such a long-lived virtual state can only be formed
for small relative energies of the interacting par-
ticles: k<«1/|al, or for the nucleon-deuteron sys-
tem (E <4 MeV for k<3 F1).

The experimental values®!® for the neutron-deu-
teron scattering lengths are “a,_;, =6.11+0.06 F
and 2a,_,=-1/(A+C)=0.12£0.07 F. The values
for the proton-deuteron scattering lengths, which
can be deduced only from a phase-shift analysis
of p-d elastic scattering, are *a,_,=11.973:3 F and
%a,_4=1.0+£0.5 F. The other parameters of the ef-
fective-range expansions are discussed in Ref. 8.
From these values one can conclude that low-en-
ergy nucleon-deuteron scattering is predominantly
determined by the *S amplitudes. Thus, the anom-
alous behavior of % cotd for the 2S state does not
lead to a pronounced threshold effect. Experimen-
tally it has been demonstrated*?*? that a strong “S
nucleon-deuteron final-state interaction is not ob-
served.

For scattering through a resonance, the lifetime
of the intermediate nucleus is given by

~2uR+g_h: 2
TRk T (E-E)2+T%

T(E)

It is assumed that the nonresonant part of the
phase shift (6,) changes only slowly with energy
and thus d&,/dk ~0. Choosing E =E,, one gets

T(E,) ~2uR /i K+ 2k/T .

Similar reasoning gives the condition 7Z/T' > pR/7ik
for the existence of a resonant state. Accordingly,
for excitation energies in *He up to 20 MeV, the
width T of the resonant state should satisfy the
condition '« 13 MeV. Therefore the T =3 reso-
nances with widths I'~10 MeV, for which evidence
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has been claimed by Williams ef al.* and Sperinde
et al.,® poorly fit the condition given above. Simi-
lar remarks apply to the 7T = 3 resonance observed
by Williams et al.*

The present experiment was designed to look for
relatively narrow (I's1MeV) T =3 excited states
in ®He. In particular, it was felt desirable to ex-
tend the range of excitation energies in 3He to high-
er energies than previously studied. The investi-
gation consisted of two parts. In the first, a kine-
matically incomplete experiment, a study has been
made of the °Li(p,%He) and °Li(p, @) reactions at
an incident proton energy of 45.0 MeV. The 3He-
and a-particle continua were examined for struc-
ture which could be interpreted as due to excited
states in *He and ®He, respectively. . The experi-
mental details are given in Sec. II A, while the re-
sults are discussed in Sec. II B. In the second
part of the investigation a study has been made of
the SLi(p, ad)p reaction at an incident proton en-
ergy of 45.0 MeV in a kinematically complete ex-

TABLE II. Center-of-mass differential cross sec-
tions for the ®Li(p, He)'He(g.s.) reaction at 45.0 MeV.

do
Ocom. <d9> c.m. Error Observed
(deg) (ub sr~1) (%) particle
20.1 102.4 5.1 SHe
26.7 60.1 5.6 *He
33.3 46.9 6.2 SHe
39.9 57.8 5.9 SHe
46.3 86.2 5.5 SHe
52.7 108.3 5.3 *He
59.1 100.6 6.1 SHe
63.1 89.6 5.4 a
65.3 85.6 5.3 *He
68.2 73.0 5.6 o
71.3 64.6 5.5 SHe
73.5 55.0 5.7 a
77.3 45.0 5.3 *He
79.0 41.5 5.4 a
83.1 31.0 5.3 SHe
84.8 29.1 5.4 @
88.8 35.9 6.1 SHe
90.7 36.0 5.4 a
94.3 48.8 5.3 ‘He
96.9 58.6 5.4 a
99.7 66.3 5.4 SHe
103.2 101.2 5.5 a
109.6 139.8 5.4 o
110.0 145.5 5.5 *He
116.3 165.3 5.4 o
123.0 164.4 6.0 o
129.9 153.4 5.5 o
136.9 124.9 5.7 o
143.9 136.3 5.4 a
151.0 208.7 5.6 o
158.2 331.6 5.7 a

periment. Here a search was made for a possible
proton-deuteron final-state interaction which
would correspond to a T = 3 resonance in He. The
experimental details are given in Sec. HI A, while
the results are discussed in Sec. III B. Finally,

Sec. IV contains concluding remarks.

II. KINEMATICALLY INCOMPLETE
EXPERIMENT °Li(p, o)

A. Experimental Arrangements and Procedure

A momentum-analyzed proton beam from the
University of Manitoba sector-focused cyclotron
was used to bombard self-supporting targets en-
riched in ®Li to 99.6% and with thicknesses in the
range of 1-3 mgem™2 The incident proton beam
had an energy of 45.0+0.15 MeV, while its energy
spread was estimated to be 200-keV full width at
half maximum (FWHM). A description of the scat-
tering chamber has been given previously.!® The
lithium targets were prepared using an evaporation
method. The target thicknesses were determined
by weighing and by energy-loss measurements of
« particles from ?**Am and ThC sources.

The reaction products were observed with a
AE-E detector telescope consisting of a 100-p-
thick surface-barrier detector (AE), and a 3-mm-
thick lithium-drifted silicon detector (E). A solid-
angle-defining collimator (copper, 0.156 in. thick),
with an aperture 0.125 in. wide by 0.313 in. high,
was placed in front of the detector telescope at a
distance of 12.00 in. from the scattering-chamber
center. An antiscattering baffle was located half-
way between the solid-angle-defining collimator
and the scattering-chamber center. Spectra for
3He and o particles were observed from 15 to 90°
(1ab) in steps of 5° using, in conjunction with the
detector telescope, a particle identifier and con-
ventional electronics. The analog pulses corre-
sponding to 3He and « particles were fed into the
analog to digital converters (ADC’s) of a Nuclear
Data pulse-height analyzer and of a PDP-9 com-
puter, respectively.

As discussed previously,'® no collimation of the
incident beam was done after the energy-analyzing
slits in the vault area. To monitor the direction
of the beam incident on the target, two monitor
counters with identical geometry were utilized.
The proton beam was collected in a Faraday cup
and integrated using a current integrator.

B. Results and Discussion

The observed He- and a-particle spectra show,
besides broad continua, a number of peaks of
which the most prominent is the particle group
from the ®Li(p,%He)*He(g.s.) reaction. The center-
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FIG. 2. Energy spectra of the SLi(p, °He) and ®Li(p, @) reactions at 15.0 (lab) using 45.0-MeV protons.

of-mass angular distribution for this reaction is
shown in Fig. 1. The backward angle part of the
angular distribution was obtained by observing the
o particles emitted in the forward hemisphere.
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The center-of-mass differential cross sections
and associated relative errors are given in Table
II. The relative errors were obtained from the
statistical error in the number of counts, the un-
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FIG. 3. Energy spectra of the *Li(p, *He) and ®Li(p, @) reactions at 25.0 (lab) using 45.0-MeV protons.
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certainty in the dead-time correction, and the un-
certainty in the relative normalization of the data
taken with different targets. In addition there was
an uncertainty in the setting of the detector angles
(£0.1°) and an uncertainty in the energy of the in-
cident proton beam (150 keV) for the various ser-
ies of measurements. The uncertainty in the beam
collection and charge integration was estimated to
be 1%, while the uncertainty in the determination
of the solid angle was 1.5%. The error due to tar-
get nonuniformity and thickness determination was
approximately 10%. Thus, the uncertainty in the
absolute scale of measurements is estimated to be
10%.

The small number of other *He- and a-particle
peaks appearing in the spectra were identified us-
ing two methods: (1) the kinematic energy change
of the peaks with angle, and (2) direct comparison
of the spectra with those obtained by bombarding
targets that contained C, N, and O, but no Li. The
main contaminants were "Li present in the target
material and *°0 introduced during the fabrication
and handling of the target foil. Representative
spectra obtained at 15.0, 25.0, 39.4, and 60.0°
(lab) are shown in Figs. 2-5. In the figures, the

K. H. BRAY et al.

[ o

%He spectra are shown on the left side while the
a-particle spectra are shown on the right side.
The uncertainty in the energy calibration of the
spectra was about +150 keV. The figures contain
a listing of the various peaks identified and the
various breakup thresholds. Note that some o -
particle counts were inadvertently introduced in
the 3He spectra due to particle misidentification.
The ®He spectra show peaks due to the 20.2-MeV
(0", T=0), the 21.,4-MeV (17, T =0), and possibly
the 22.4-MeV (27, T =0) excited states of *He.!*
The differential cross sections for the ®Li(p, 3He)-
‘He(20.2-MeV) reaction were extracted from the
3He spectra by means of a peak-fitting routine.
The center-of-mass angular distribution for this
reaction is shown in Fig. 6. The data points at the
extreme forward angles were obtained by Cerny,
Detraz, and Pehl®® at 43.7 MeV. The center-of-
mass differential cross sections are given in Ta-
ble III together with the statistical errors.
Analyses ofelectron scattering experiments have
shown!® that °Li has a large root-mean-square
charge radius and a very diffuse surface as com-
pared to other p-shell nuclei. These facts along
with the results of variational calculations!’ pro-
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FIG. 4. Energy spectra of the ®Li(p, *He) and ®Li(p, ) reactions at 39.4 (lab) using 45.0~MeV protons.
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FIG. 5. Energy spectra of the ®Li(p, °He) and ®Li(p, @) reactions at 60.0 (lab) using 45.0-MeV protons.

vide supporting evidence for a weakly bound (B.E.
=1.47 MeV) a-d cluster configuration for the
ground state of ®Li. The angular distribution for
the °Li(p,%He)*He(g.s.) reaction shows strong back-

50
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5 * present work
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FIG. 6. Center-of-mass angular distributions for the
8Li(p, °He)'He(20.2-MeV) reaction at 45.0 MeV. Also in-
cluded in the figure are data obtained by Cerny, Detraz,
and Pehl at 43.7 MeV (Ref. 15).

ward peaking. In a direct-reaction framework
several processes may contribute to the particular
final state; e.g., the pickup of a n-p pair from

Li by the incident proton; or the heavy-particle
knockout of an o cluster together with capture of
the incident proton by the two remaining nucleons.
Apparently, in the °Li(p,3He)*He(g.s.) reaction the
latter process dominates, which is consistent with
the above observation.

One can also notice a strong similarity between
the angular distributions in the forward hemisphere
for the ®Li(p,®He)*He(g.s.) and ®Li(p,3He)*He(20.2-
MeV) reactions, as might be expected because
both reactions involve states of the residual nucle-
us which are characterized by J"=0". A corre-
sponding similarity is noticeable in a comparison
of the "Li(p, a)*He(g.s) reaction at 30.2 MeV 18
with the "Li(p, @)*He(20.2-MeV) reaction at 9.0
MeV.®

In the a-particle spectra no clearly discernible
structure has been observed that could be inter-
preted as due to T = 3 excited states in *He for ex-
citation energies up to 17.5 MeV. In order to find
an upper limit for the excitation of such states in
SHe the o -particle spectra were analyzed using a
computer code which automatically identifies the
peaks in complex spectra.?® The upper limits
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TABLE III. Center-of-mass differential cross sec-~
tions for the ®Li(p, He)*He(20.2-MeV) reaction at 45.0
MeV.

i)

Ocom. aQ/ . m. Error
(deg) (ub sr=?) (%)
22.0 10.9 20
29.3 4.1 36
36.5 3.4 38
43.7 4.7 40
50.7 6.7 39
54,2 4.9 22
57.7 6.2 8
64.5 4.1 27
71.2 4.1 30
7.7 3.8 33
84.1 2.5 48
90.3 2.3 42
96.3 3.2 35

which could be set on the differential cross sec-
tion for the excitation of states in ®*He having a
width <1 MeV are 20, 30, and 20 pbsr~! at 15.0,
25.0, and 39.4° (lab), respectively. The structure
in the spectra near the lower level threshold are
the result of particle misidentification due to
noise in the E detector. A marked feature in the
a-particle spectra is the change in slope of the
continuum around an excitation energy of 17.5
MeV (see Figs. 2 and 3). The spectra are a com-
bination of three- and four-body continua due to
the °Li(p, a)pd and °Li(p, @) ppn reactions, re-
spectively. With 45.0-MeV incident protons, or-
bital angular momenta up to /=4 are involved in
the breakup reactions. Conservation of angular
momentum will cause the three- and four-body
final states to consist of an intricate combination
of angular momentum states between the various
pairs of particles instead of a linear combination
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of simple three-body and four-body phase-space
distributions,'? in which one assumes I =0 through-
out. Thus, one cannot expect the continua to be
completely structureless.

1I. KINEMATICALLY COMPLETE
EXPERIMENT °Li(p, ad)p

A. Experimental Arrangements and Procedure

In this part of the investigation the °Li(p, ad)p
reaction was studied at 45.0 MeV using a similar
experimental setup to that described above. The
a-particle detector consisted of a 600-u -thick
partially depleted detector, while the deuteron
AE - E counter telescope consisted of a 200-u-
thick surface-barrier detector and a 5-mm-thick
lithium-drifted silicon detector. Copper collima-
tors (0.156 in. thick) with rectangular apertures
(0.200 in. wide by 0.500 in. high) positioned 4.50
in. from the scattering-chamber center deter-
mined the solid angle subtended by each of the de-
tectors. The o-particle detector and deuteron-
detector telescope were placed at opposite sides
of, and coplanar with, the incident beam. Mea-
surements were performed with the o-particle de-
tector set at 50° (lab), while the deuteron-detector
telescope was moved from -50 to -100° (lab) in
steps of 10°. Measurements were also made with
the a-particle detector set at 30° (lab) and the
deuteron-detector telescope at -80 and -100° (lab).

The o particles and deuterons were detected in
fast-slow coincidence using a standard electronic
technique based upon leading-edge timing. The
timing signals were derived from pulses taken
from the 600-u-thick a-particle detector and the
200-u-thick AE detector. The time resolution
was about 15 nsec FWHM so that consecutive beam
bursts (35 nsec apart) were well separated. Deu-
teron selection was accomplished with a particle
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FIG. 7. Diagram of electronics used in coincidence measurements of deuterons and @ particles from the
Li(p, ad)p reaction.
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FIG. 8. « particle vs deuteron energy spectrum from
the *Li(p, ad)p reaction at 45.0 MeV with 6,=50 and 6,
==60 (lab).

identifier. The coincident analog signals together
with the proper gating signals were fed into the
ADC’s of the PDP-9 computer. The real-plus-
accidental- and accidental-coincidence spectra
were recorded simultaneously using the PDP-9
computer with time windows of 30 nsec each. For
some of the pairs of angles at which measure-
ments were made, the real-plus-accidental-co-
incidence spectra were also recorded using a
4096-channel analyzer. All spectra were record-
ed in 64X 64 arrays. After each measurement the
data were stored on magnetic tape for further off-
line analysis with an IBM 360-65 computer. A

block diagram of the electronics is shown in Fig. 7.

Since the experimental technique permitted the
detection of protons, deuterons, tritons, and 3He
particles in the o-particle detector, it was neces-
sary to consider- all possible reactions that could
produce a background near or on the locus of the
SLi(p, ad)p reaction. Most of the allowed reactions
have @ values that are much more negative than
that of the °Li(p, ad)p reaction (@ = -1.47 MeV).
Therefore the kinematic loci for the ®Li(p, 3Hed)d
and °Li(p, dd)*He reactions (@ = —19.83 MeV) do
not interfere with the kinematic locus of interest.
In addition, because deuterons with an energy
greater than 12 MeV penetrated the a-particle de-
tector, the kinematic locus from the Li(p, dd)*He
reaction was folded back from 12 MeV towards
the low-energy a-particle side. The same held
for the kinematic locus from the °Li(p, pd)*He re-
action, which was folded back from 9 MeV to-
wards the low-energy a-particle side. Therefore
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this locus crossed the kinematic locus of interest
at some angle pairs.

The pairs of angles selected minimized possible
enhancements due to quasifree scattering process-
es and due to a-particle~deuteron final-state in-
teractions corresponding to the known excited
states in °Li. However, the presence of enhance-
ments on the kinematical loci of the SLi(p, ad)p
reaction due to a proton-a-particle final-state in-
teraction could not be prevented.

B. Results and Discussion

An E, versus E, spectrum at 6,=50° and 6,=-60°
after subtraction of accidental coincidences is
shown in Fig. 8. The upper band in the spectrum
is due to the °Li(p, ad)p reaction, while the lower
band is due to the °Li(p,3Hed)d reaction. The a-d
coincidence spectra, projected on the a-particle
energy axis, for the six deuteron detector angles
-50, —-60, ~70, —80, —90, and —100° and with the
a-particle detector at 50° are shown in Fig. 9.

The dotted and dashed lines represent the posi-
tions of the ground, first, and second excited states
in °Li. The broken lines represent contours of
constant excitation in 3He, from 7.5 MeV at the

top of the figure to 30 MeV at the bottom. In these
projections the energy region of greatest interest
in 3He, namely, up to about 20-MeV excitation,
occurs towards the high-energy end of the spectra.
Any enhancement due to a p-d final-state interac-
tion is obscured by the p-a final-state interaction

3He* 10 / f
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and/or a phase-space enhancement. The spectra
show a strong p-a final-state interaction corre-
sponding to the ground state of Li. No other
strong enhancement is visible in these projections.
The o -d coincidence spectra projected on the a-
particle energy axis for 6,=-80 and —100° and 0,
=30° are shown in Fig. 10. Similar remarks can
be made with regard to the latter two spectra.

The a-d coincidence spectra projected on the
deuteron energy axis are shown in Figs. 11 and 12.
The spectra show that the threefold differential
cross section is to a large extent due to a p-o
final-state interaction. Sequential decay through
the ground state of °Li is responsible for the prom-
inent peaks present in the measured coincidence
spectra. Very little enhancement due to sequential
decay through the first excited state of °Li can be
expected, because of the large width of this state
('=3-5 MeV). There is little evidence in the co-
incidence spectra for enhancements due to the sec-
ond excited state in °Li, presumably because this
state has predominantly a d +3He cluster struc-
ture.?® It should be pointed out, however, that the
16.65-MeV (3, T =3) second excited state in °Li
is responsible for a pronounced fluctuation in the
excitation functions for p +*He elastic scattering
around an incident proton energy of 23 MeV.?2 The
a-d coincidence spectra show no enhancement,
which would indicate a relatively narrow p-d fi-
nal-state interaction corresponding to a T =3 res-
onance in *He for the range of excitation energies
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FIG. 10. The legend is the same as for Fig. 9, except 64,=30° and 6,=-80 and —~100° (lab).
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5.5 to 20 MeV.

IV. SUMMARY

In the present experiment, upper limits of 20,
30, and 20 pbsr-! on the differential cross sec-
tions for the excitation of a 7 =3 resonance in *He
with a width less than 1 MeV were deduced from
an analysis of the 15.0, 25.0, and 39.4° o -particle
continua of the °Li(p, o) reaction at 45.0 MeV. The
results of the present experiment are in qualita-
tive agreement with those obtained by Olsen and
Brown? in a similar investigation of the *Li(p, @)
reaction at an incident proton energy of 20.0 MeV.
From an analysis of their 20° a-particle spectrum
these authors deduced an upper limit of 300 pbsr~
for the differential cross section.

The results which were obtained in the kinema-
tically complete investigation of the ®Li(p, ad)p
reaction at 45.0 MeV are very similar to those ob-
tained by Valkovié et al.?* at incident proton ener-
gies of 9 and 10 MeV. These authors found that
sequential decay through the ground state of °Li
is relatively strong, as is the case in the present
experiment. Both experiments failed to exhibit a
bp-d final-state interaction corresponding to a T' =3
resonance in *He.

The results of the two experiments presented in
this paper, and of similar experiments, indicate
that, within the limitations imposed by the experi-
mental techniques used, relatively narrow 7T = 3
resonances in *He with a width <1 MeV do not ex-
ist. The absence of an unambiguous enhancement
due to a p-d final-state interaction is not so sur-
prising. Measurements of the excitation functions
for p-d elastic scattering in the energy range 4.5
to 11.4 MeV,?® from 6.7 to 7.5 and 10.3 to 11.3
MeV,%® did not reveal any anomalous deviation
from a smooth energy dependence. The p-d elas-
tic scattering differential-cross-section®” and po-
larization?® angular distributions show a monoton-
ic variation with energy. This smooth energy de-
pendence is reflected in the behavior of the com-
plex, unsplit phase shifts which were deduced in
a phase-shift analysis® of p-d elastic scattering
differential-cross-section angular distributions
for incident proton energies less than 80 MeV.
Argand plots of the real parts of the *P and 2P
phase shifts show that only the former is compat-
ible with a possible broad resonance in *He. It
should be noted that the unsplit *P and 2P phase
shifts actually represent averages over 3 and 2
phase shifts, respectively. The existence of
broad resonances in the three-nucleon system has
also been discussed by Ebenhoh ef al.?° From
their dispersion calculations for elastic p-d scat-
tering these authors claim to have found evidence

1
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FIG. 12. The legend is the same as for Fig. 11,

for a broad *P and ?P resonance. This evidence
of a 2P resonance is in disagreement with the re-
sults of the phase-shift analysis. Because of its
width a *P resonance in the nucleon-deuteron sys-
tem will go unnoticed in any coincidence measure-
ment such as of the ®Li(p, ad)p reaction. Studies
of the charge-exchange reactions *He(p,n)3p, 3H-
(p,n)2n, and 3He(w-, 7+)3n, in which only one of
the four particles in the final state is observed,
cannot unambiguously distinguish between angular

except 6, =30° and 6;=—80 and —100° (lab).

momentum effects which modify the phase-space
distribution and possible broad resonances in the
three-nucleon system. Thus a phase-shift analy-
sis in terms of complex split-phase shifts of elas-
tic nucleon-deuteron scattering and possibly a
study of the energy dependence of the capture
cross sections of protons or neutrons by deuterons
appear to be the most promising means to learn
about T =3 and T =3 resonances in the three-nucle-

on system.
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The process of absorption in K~-mesonic atoms is studied with special emphasis on the role
of the Y (1405) resonance. An effective {-matrix method is developed to incorporate the ef-
fects of the resonance. Detailed calculations of the absorption process, based on an indepen-
dent-particle model of the nucleus, were made for selected nuclei. The results of these cal-
culations are compared with available x-ray and emulsion data for moderate to heavy nuclei.

1. INTRODUCTION

While electron scattering experiments?! and the
study of muonic atoms? provide effective means
of acquiring detailed information on proton distri-
butions, simple probes of the neutron distribution
have yet to be found. The scattering of hadrons
off nuclei can be used to study nuclear structure
and average nuclear properties, but isolation of
the neutron distribution requires interpretation of
many types of experimental results. In the study
of pionic atoms,® absorption of protons and neu-
trons may be distinguished, but the absorption re-
quires two nucleons, resulting in a strong depen-
dence on nuclear correlations.

Although techniques for directly measuring the
entire neutron distribution in nuclei do not exist,
the study of K-mesonic atoms was proposed by
Wilkinson* as an effective probe of nucleon densi-
ties in the nuclear periphery. Calculations by
Jones?® indicated that the K meson would be large-

ly trapped in circular orbits during the electronic
cascade prior to absorption in the nuclear surface.
On the basis of the position of the K-meson—proton
overlap for these orbits, as shown for a typical
case in Fig. 1, the absorption of K mesons is ex-
pected to take place in the low-density region at
the nuclear surface. Unlike the absorption in 7-
mesonic atoms, absorption on single nucleons is
possible via the open inelastic channels

K 4p=Z%+77, Z0+7°, 27 +7* A +7°,

K +n—=2+7",Z "+, A+717, W)
which release sufficient energy to overcome even
the largest possible binding energies of the nucle-
on and K meson. Thus, with appropriate informa-
tion on the rates for these reactions, the nucleon
densities in the nuclear periphery, to a first ap-
proximation, are directly given by measurements
of absorption rates in K-mesonic atoms. Follow-
ing this initial description of the absorption pro-



