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The l’Li Neutron Halo Radius from Pion Double Charge Exchange

,\.C. Ilayes

Theoretical Division, Los .Alallms National Lahorator.v, Los .Alarnos, NJI1 87545

Abstract

\Ve have analyzed the pion double charge exchange data for the direct

population of the ground state of 11Li by the llB(T-, m+)” Li reaction and
find that the mcmurcd cross section determines L]IC rrns radius of the last

two neutrons in 11I-i to be 5 1+$: fnl. [t, is shown that the pion crom-eectiun.-.
falls off as the sixth power of the assumed neutron halo radius, so that a

radius greater khan about (3 fm is ruled out. Indeed, pion double charge is
found to act as an unusually wnsitiw prohc of the properties of this exotic

mwtron rich nucleus.

Recently, there have been a number of experiments strongly suggesting that

the neutron-rich nuckus “ Li cxl~ihits a ‘neutron halo’, in which the radius of the

last lwo mwtrons is several fmvni larger t]lan the radius of the ‘Ii core. ‘1’hr
rxislemw of lhe halo has been in ferrml frolll the anorndcms total rt~action cross-

srclicm on various light targd.s’, which is usually intcrprdml as arising from m

anollmlollsly lilrgf’ Illatlm ra(liu.1 for tlhc syskm. Irllrtlmllmrr, vmy llil~lUW 111o-

II IrIltIIm (Iistrikltions of the outgoing ~)Li2 aud Iwutron” frmgnwnts in (“ Li,!)l.i)

(li SS()(”iilti()ll (’xl) (’rinwllts confirm tile large ntwtmn ~il(liUH all(l sllplml’t thr idra

lhal it is in(lw(l the IilSl two mulLrm9 which are largely rwponsilk for the lIiLlOm

I Iowcvm,thc [uvwsary Inmlel dqmldmm’ illvolvcd in mtrad,ing tlw sim of tlm

Ilillo [rolll tlww cxpm-illwnb Iwtvm a [argc uncertainty ;1s to its nmgllitll(lf’, ancl

rwIIltH for 11I,i rmlgc frolll an total Iluui,r(jtl rtllN lmil(liUH’ 0[ 3,21 *O. 17 fill to a
Iwutrm halo wit]] a radidof 12 fnl. III Illlis lmpm I rqmrt on rrdclllati(]ns of

th(’ 1)( !X rros5-sM,io[l for the 11Il(m-, m+) rmwt,iml Wllit’h snow tllwt tllr rrrrllt,

l,Ahl 1)[” (Iil(,it+ c[tIi 1)(’ IIW(! h) Illitkt’ il V(sI”~ il( (“(lriih (ktmllillation of t]l(’ rmdilm

of IIIw1mvltr{jl] halo ill ill, ii

‘!’lIr 1)( ‘X crow -wv”tirm is (Idx’rlllimvl I)y tk wnvr fllllrtion~ of III(* rxchAIIgwl

l14*lltroll~ and prolmm, WI(I tllll S W(’14!I iMl il (Iirwt 1)1’()!?(’of tll(’ 11(’lltr’oll Ii{ll[l. Ill

11 1](~– ~ +)11 ]Ji ~(yl(’[,ioll will IN*~igllilit-allt (orImrl it.lllar, lhr rross-sw’tiol) for tllr ,

Ilwlwllrnl)lr) only if I k lramition dvlmitl.yo ol)tmilml frt)ll~ tlv’ (Wf’rlill) of tlw Wmv(’

flltlrti(ms ftw f.lw inillinl l)rolloll~” nlltl lill;d Imltrons, is Hizml)lrm ‘1’lIf*rf’i~ n vvrv

Iargu (Iilbrfvl(.t’ ill tlw l~ill~lin~ c.lwrgi(w ~Jf IIlw last, two (rNrhmIg(*Il) I~rIi~)IIH of 1111
;IIitl t II(I rxclIiIIlgf’~1 Iwlll.rolis IJf “ I,i, JIIIfl llw r~wllltillg dill’t’r-f’tlt4’ ill tlIr !411itl)(’ of



the radi~l wave functions in the two cases causes the I)CX cross-section to be

quite sensitive to size of the IIculron halo.

,lt a pion energy of T.=164 NleV, t lw E)CX rmction is (Ionlinated hy Iwo sd-

qllontial single charge exchang~’s. \\:t’ Ilavc pcrfornml calculations of the DCX re-

action Ilsing finite range distorted waves and a closure approximation for the inlcr-

nmlia.te states. ‘l’he c.alculatiollal trclllliqm’ has already been A-mrihed clsewl,~’rcs.

‘rhOnuclear structure illpllt was t’xprt=ssml in tcrll~ of SIICI1Ilmlel two-bmly dc]lsity

I]latrix elelnents dmivcd froln a p-shell calculation~. In a p-shell Inoclel llLi~.,. is
dmcrilmd as a single p:l/2 proton with tile neutrons forming a closed sIwII. The

lllagnetic moment is then just the Schmidt p:j/2 vallle, 2.7!1 pn, which is in rea-
sonable agreenmnt with the nmasurcd value of :3.667/In, The wave function for
11~ ~.,., obtained by diagonalizing the Cohen- Kurath (S-16 )2BME dfectivt= inter-

action, reproduces the ground state magnetic and quadruple moments rmsonahly
WY’]I,

In calculating the DCX reaction Lhe mls radius of the last two neutrons in 11Li

( R2n) was varied in ort!er to determine the value giving the best representation o?
the data4. This was doiie by adjusting the size 0[ the Woods- Saxm~ well Ilsed to

obtain the singk partick wave Illnctiolw, while Iwepillg the binding energy of tk
11[,i [Irlltroi]s lixr.d at 200 hev. ‘1’IM: rllis radi~ls of tlm two protons on which the

reaction prorvmls wiu Iu’ld fixed ;lt 2.015 fill. a value suggested hy the difference ill
11D protons werr tmull(l I)y 11 hlf’Vmcharge radius I. M.wccn 11II and ‘)l.i. TIM’

As the volume in which the exchangwl ilcutrons are i,o I)r found increases the
cross srctim dw(mcs sint r the r:’aclioli only II{M significant strmgth when the

overlap of tllc WiiVC fllnction of t!le fiilitl neutrom with tlw initiml protons is largr,

[n tlw Iilllitl as ttw radius of the two Iilial nmtrons lmmlm w~ry Iargr, it is tlw

initial wave function almr which COlIljrOlHthe vol IIIIIc mm which the rraction talm
place, Wlltm tl)is lilllitil]g sit[lation is IU-WIIC(I tl]e shapr of tllc transition (I(msit.y

no longer rhaqp fm(l tlw rrow soctioll wtalc~ M the invmw w)lu me squnrml or

ilS I /1{~,,. ‘1’11(:rrslllts of tll(’ (“ill(’llliltioll itl(’ !illoWll ill I;igllrv I for a rilllgC Of 1’111!4

ril(lii row’rillg t!l(w? t]lat llilV(’ 1)( ’(’11 sllggrsh’(1 in I Ilc iitvr;ltllrr. W(* Ilot(’ Ll]iit it

ri-u!ills of 12 fl]l, ;M Hllgg(wtml I)y AIItw rf ;l/,;’, wolll(l illll)ly il rross wrtion :1or(br~
of Illilgllitll(l(’ sllmlkr 111;111tlliit (J INWrVfVl,

W(’ mtilimtwl [11(’Illltx’rlainty ill IIIV rnlrlllittwl cross sm’tiol~s frm]l ~ystmlmtir
stll{!iiw of 1111(.I(vII’sl, rlwl,tlrv ;lII(I 1)(!,S for nuclei ill this Illn.wl rrgiml. ‘1’11(”11s’ of

1)-HII(*IIwavv fllllt)l.ions Itlay IN’ too” ITSII ,rtilw’, Imrlirlll; lrly ill tllr rmw of tll(” 11I,i

1111(-11~11*wlluro [Ii-llmltr(jll clllslwihg is illllmrtnlll,, ‘1’11(’flfwril)tim d a (Ii-11(’lltr(m

clllst(’r Ntntr ill ii Il;u’lln)lli(’ osrillnlltlr sI1(III [il[)d(’1 li;lsi~ wt)IllIl rwl~lirf’ n Inrpy Illlllti

Ild {’illt’llliLlli( Jll. ‘1’11(’ill(’lll~ioll t)f sl.id.tw (d’ Vf’ry Iligll f’x(’itntioll is Im(wmry ill orth’r

II) givv ;k r(wlistir (I(w(’ril)ti(m of (IIC rt’l;ltivr lll~)tiljll w;iv(’ fllllrtit)l~. Wllilr tlw

1)1’01)1(’111is Illitigi}lf’(1 I)y t)llr Ilw’ of \’V(JO1lH-SilXoll” sillgl(”-l)~tl’l,i(’lf’ \v;\vf* flln(’1.iol)s,

;111(11)~1tl)l~ f’a(’t tflilt ollr 1~-!+llt’1111(’11141’ OIIH {UC strol]gly (’orrf’lnt(’(17, it(l(litiollnl

[’t}ll’I’lillitills ~’;III Iw il)tro(lll(ml I)y ill(.r(wsillg 111(’Illtjll(’1 Imsis l.t~ IIII(UAJWlslll’11 c)I’

l)i~ylwr vx(’itnliol)~ , all(l I. I!Iw(*Ilnvf” l)wtl NIItm’11 l{) ~ivo III) II) :1 fa[’ti)r [)f twt~ ill

( l)!’ i)[ ‘X {.I’OSH!41’(.{io:l:: tl(’t\W’(Sll iW)]l;ll’i(’ llllil]OK hfil[t’~, Ill I 114” 1)1’f”!tf’llf 11011 illlilltJ~



transition these elfects will be reduced l~y roughly {Z sillce two nucleon clustering

is important only in the linal (’1 Li) tva~’e t’urlction.

The second sol~rce ot’ possil]le error Iics il] tllc calculation of the distortions

of the pion. IVC can estimate tile accuracy of tile calculated distortions hy com-

paring with thr analog state transition ill l“l(”:. IJsing wmve fllnctior,s obtained hy

diagonalizing the sa]lle (’ohen-Kurath illtm-action we Iilld tha~ the data for the

14G(7r+, ir– )140 reaction are correctly reproduced around 20” hut are ovc’( mti -

malml by alllmst a factor of 2 at .5”. Tl!us Jve assign a factor of w error [rem

tjlle distortion. Tl]e cor’rcctions frolll Iluclear structllre and pion flynanlics Ilave

approximakly equal hut opposile t’ficct, with the former increasing and the Iatl,cr

decreasing the calculated cross section. (.~oll]l>ining tile two we estimate that tl]c

tile uncertainty il] the calculated cross sections has a one standard deviation error

of 40%. Allo\ving this uncertainty we conclude that the nwasured cross section

determines the ra(lius of the last two Ilulltrons in llLi to he ,5,1~~:~ fm.

We now turn to a comparison of tile pmscnt extracted radius with other de-

krminations. flcrtsch et itl. s find a matlcr radius of llLi to be 2.S46 fm and that
of ‘)[,i to I)e 2.224 fln lcadillg Lo au R2,, 0[ 4.72 fm, a t’alue consistent with tile

prment result.. 11’roIll [he l]culroll ra(lii of Tanihata et al.l determined from in-

teraction] cross section l]leas~[remcllts, assuming that the ‘Li core neutron radiils

rcmaius fixed at 2,:]9 [III, wc fiIId 1~1~to bc 4.!]1 fIII. ‘r!l~dissociation experiments

lCII(] to slIow a larger ra(]ius I)ut they are not incollsistmt with o[lr rcsu]t if we Ilse
a cluster IIKMIC1for tlm last two Ilmltlrot]s. ( ‘onsider a di-neutron Lollnrl to the OIJi

core and assul]w t]lat Llle lwo Ilrlltrolls are producml at, zero re]ative momeutll[n
in the (Iissociatiorl pr’occss. WP i[rll]lc’111(’llt(!(l this model I)y solving for t.l]c Imiil](l

state wave function of a particle with a t,wo-lluclcon Illass ill a Woods-Saxon po-
t(illtial Id(iillg the l)in(ling mlergy fixed al 1!NI kev, and varying the size O( the

well to allow the cl~oice of t]il~rrent r[]~s ra~!ii for t]w (]i-nc(ltron.

[f we rmln]mre lhc recoil (Iist,rihlltiol) nleasurmf by Koha.yashi et A/, x with tll(’

tra[lsvrrse lnollmltflllll ol)lailld frorl) II1(J (li-[lmtroll waw f(lnction (Imcrilwd ah)w

tlI(’ rYIL+IIlt is it) I)asic iigrXItlII)(’I)i for’ (Iit,ll(’r of Lllr fi,4 or 6.2 fm cas(’s S]IOWII ir~ [:ig~lrc
tii~, Not(I tlIat if (1)(’ “l, i \v(Irc rm.oilil]g agoillst tw() ill(l(’])~]l(l(lnt 11(’~llrons tlI(* wi(llll

of Lll(’ 1)(’ak W’0111(1 1)(’ lli~l’1’OW(’l’ I)y 1/fi, W(I iilso sIIOW a (x)llll)arisol] wit]l tl~(~

IWIIIIS of Al)]l(’ (!(, ;+1. ‘) ill fig. 21) for 111{’;Lllglllilr (Ijslril)l{l,ioll of t,llt’ [Iclllro!ls

arising frotl) tlisso[’i;~tioll. I]{s(”;tlls(sof 1]1(* (Ii-11(’iltroll ahs~llIll)tjioIl 11S(’(1 al)ovc, car])

11(’1111’()[1 (’ill”l’i(% Ilillf of tll(’ Illolllf’lltlllll of tll(h “lJi so LliiIt tll(’r(’ SIIOIII(l 1)(’ a factor

,,f 2 lJ~.[w(v.iI III(. ~vi(ll,lls ()[ lII(J (Iistril)lltiolls ill I{(*f. 2 ;111(1t], wllilv if’ 111(’ 11(’lltroll~

\V(’,’{’ 1111(’or~(’l[it(”(l t 11($1’(’ WOIII(I 1)(” il fil(”tol” of fi. ‘1’11(’ ;lgl’f ’rlll{’111 is Il)ikl’gilli,lly

s,)t, is(ii(t or, v, (IX(’(ll)l for t IIC first I)i)illt, I liifll(’r iili(l NCIII(W!) I)c)il)t OIIt tllitt for {1

I’f ’liill)lf ’ f’xt, r;l(”tlioll ()( il 1110111(’111,11111 (Iist, ril)lltioll tilt’ (*11( ’1’gY/1111(”](’oll sllt)lli(l [’X(’[’(’(1

~d)() NlvV/11, a (x)l)(litioll I))(*t, il) r(’f 2 l)IItJ Il(lt ill r(’f. 3.
“]] I(t;l(ljllg (() tll(’ grolll)(lIll Sllllllll:lry, Iilll illlil ,ysis of 111(’1)(’,S rl’af’ti~)ll ~)11

Sl; lt(l 01 “ 11 I,i slI()\V:4 n);~t, III(I 11)(’;IsIII(YI (IOS9 s(v’lioll l)I;I((Js N strong Iilllit 011 111(’

si~(’ I)( tll(’ 1)(’1111011 lIillo III “lji: 1{),, = 5.1.tljj fll], I’or slllli(”iwlliy lNIg(I IIrIIlr OII

ri~(l ii III(* [Al(IIl; Il(I~l ~ross s(!(tiotl I;IIIs ,)11 as l/1{~,,, so tll;llf aII rtt Is ra{lills (or



the last two neutrons greater than about 6 fm is ruled out. t\’e emphasize that

this is not a rnodcl dependent statclllent, but can oe llndcrstood i,l ternls of

geometric arguments alone. Tile extracted radius is in agreement with results from
lhe irltcraction cross section nmasurcments*, and \vitl] IIartree-Fock calculations

which explicitly take account of the loose binding of the last neutrons. Agreement

with tile dissociation experiment of Ref. 2 (and to a lesser extent of ref. 3) is

achiel’ed if and only if ;ve assume that the last ttvo neutrons behave as a di -

neutron cluster.

This work was carriccf out in collaboration with Bill Gibbs, and was supported

by the U.S. Dept. of Energy.
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Figure 1. The angular distribution of the cross section for the

DCX reaction for several value of Rh. The insert

shows the comparison of the .5° cross se::;on (band

defi,md by the dotted hor~zontal lines) with the the-

oretical calculation (band defined by the solid lines).
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FigLlre 2. Comparison Of the modd dmribd in Iiw text WI h
the data of Ref. 2(a) am-i Ref. 3( h).


