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that at theвe energieв nuclear states are excited predominantly via 
one-step processes. We have used n-particle n-hole wa.ve functions 
which have been tested extensively in different fieldв 118- 201. Ав а 
resul t, we hвve concluded thв.t the normвlizвtion factorв вrе now 
much closer to unity, they increase approximately twice вs compвred 1 

to cвlculвtions with 1р~ shell-model wвve functions. 

2. The Reaction Mechвnism 

Following rer.121 1 we have вssuшed that for (f'JЛ) reactions at 
i ntermediate incident energies the reaction mecnan i em consists of 
one-step di rect transitions. Indeed, the explic i t calculation of mul
tistep reaction croes sectionв indicateв that в eingle-step process 
should dominate at forward an,lee when the excitation energy is leee 
than half the beam energy 122 • DouЬle scвttering becomes importвnt 
only for fвirly large energy tranefer.The effective proje.ct i le-tar
get-nucleon interaction can Ье approxi mated Ьу в free N-N mвtrix. 

We hвve uвed в parametrizвtion of Love вnd Frвney/23/of the t- mat
rix Ьу в sum of local Yukawa potentiвlв. The pвrвmetrizвtion ie based 
оп experimental phвee-shift datв for free N-N вcвttering. 

We hвve developed our own version of the DWIA progrвm Ьввеd on 
Mвdsen's formaliвm/241. А main advantage iв that thiв formaliвm al
lowв us to i ncorporate the 11 - pвrticle n - hole nucleвr wвve func 
tione. The program includeв an exact treвtmen t of knock-on exchange. 

Since t hose calculations were very time consuming, the computations 
r eported in thiв paper were made Ьу including the central and tenвor 
termв of the effective interвction only . The microвcopic вpin-orЬitвl 
interвction wав not included in our progrвm. However, i tв contributi
on ie known to Ье very small for trans itionв to the negative-pвrity 
statee/141. We hвve used the opticвl model parameterв determined Ьу 
Comfort and Квrр / 25/for 135 MeV pr otons elaвtically вcattered from 
!2с 

3. Shell-Model Wвve Functione of the А • 16 Nuclei 

The simplest part i cle-hole- (fpf),) - configurat i on-mixing model 
of the negative-par ity excitatione in А с 16 nucle i indeed deвcribee 

only the groee features of photoвbeorpt ion, jЧ -capture and electron
вnd hвdron-scattering reactione. In the present investigation we have 
ueed the n - pвrticle n -hole (11= o,:t ,2) model which has вlready 
m~nifee ted iteelf poe i t i vely in the muon cвpture 1181, rad i ative pi
on capture 1191 , and inelasitic neutrino-scattering 120/calculatione. 
In the present eection we ehall deecribe thie model. 
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In contraвt t o t he early aввumption of the cloвed р -вhell ,.. . 
/О> f or t he ground-etate wave function of () i t v10ry вооn hав 
become clear t hat t he 2~~ and ~tw admixtureв have to Ье conвi
dered ав well. An e в timation Ьу Brown and Green 1261 ehowв for the 
!Go ground вtate 

/0> fpfJ,(~iAJ) 

16% zo% 
2,o2h(2~w) 

22% 

~Р W, (f~w) 

~2~о 

I n accordance wi t h thie reвult we have performed ,a diag~nal1sat1on 
of а 44Х44 Hami ltonian matrix con8tructed onr the 8Ub8pace 'or all 

01itN and 2'/;(А) configuration8. Detail8 шау Ье found in ref / 27/ •. 
We recal1 that five c.m. 8puriouв 8tate8 have in faot been projec
ted out before di agonalizati on. То give а rough idea, we di8play he-
re few mo8t important termв ~ 2 -2 

f1.1JI.s.~ с: О. i.U./0> +o.tS'!I/21'~ #;z > +tJ.LбJj(ft/,;12) (.fp~) J tli >-

Z. -L -.f -i -t . 
-0.12s/(1tl.s?2) (ff'з1z ,lpflг), fO> +().L.f6/(1tls-/zi42Xifl.&,.fl'~z),iP>+.,. 

For the negat i ve-pari ty exoitationв one ob8ervea that there are 

а lot of oonfigurat i ons in the3~~ band whioh should Ье adшixed to 
the L,PLI, ( .fAw ) states of th~ 8illlple model. For instanoe, one 
finds about 18003'/;w oonfiguration8 i n the subspaoe .f-T=f • He
re one clear ly needs to i ntroduoe воmе further reвtrict ion on t he 
Ьав iв . An analyв iв 1281 of the electron and muon excitationв of t he 
giant di pole reeonance hав вhown that the effect of .3р 31, subepace 
i 8 probaЬly unimpor tant . I n our calculation we have kept in the di 
agonalizat i on tho8e 2р21. ( :3hw ~ confi guratione whi ch are oo
up~ed moвt вtrongly (i.e., have а large nondia,on~l matrix element) 
with the Q{ie i c -.fp.LJ, componentв. In refs. 18 201 up t o 95 of such 
componentв have been t aken into account. The reвultв are the follo
wing: ( i ) t he amplitudeв have been 8lightly dimini8hed, namel y, 
Ьу ..v 2% for low-lying and Ьу . ,.., 7'1> fo r high-lying negat i ve-pari ty 
8tate8 , (ii) t he relative contributionв of the di fferent .ipf/, coЩ
ponentв were also вlightly changed. The .:Т-Т=f nucl ear 8tat es which 
carry the mai n вpectroвcopic 8trengt h are t herefore ba8i cally of the 
:fp f l. nat ure. The :5/iw admixtureв are al ways emaller t han 7 ~ . 
Centre-of-maвs epuriou8 contributionв oan 8t em in thiв oase f rom tbe 
~~GU 8ector onl y and are , in the pre8ent 8ituation, unimportant. 

The antieymmetrized DWIA tran8ition ampli t ude for the nucl eon-
-nucleuв вQattering свn Ье written а8 129/ ~) 

7iL =1JFa ·t/1ro.к, >~лstzr'- ro, iJ(1.-fizl/Aa>~ r;=;, , КJ> , . ( 1 > 

4 

where ~(r) are distorted wave8, /а> and /i> are the projectile 
8pin-iвospin wave funotionв, /А> and /8> ar e i ni t i al and final nuc
lear states, .the operator f (о, f.) allowв for the interaction of а 
projectile particle () w~ th а nucleu8 particle i ~ The 8econd t~rm 
in the ( 1 ) is re8ponsi_Ьle for the exchange in the nuc.leon- nucleuв 

soattering and oan Ье treated in terms of the DWIA i ncluding а non
local form factore/24/and nonlocal nuclear tranвition densitie8: 

f!SJ~~r: t:'')= (J: Т.. n 'Г" ~(f"o-/lJ'$( i;·'- r;,') ,JSJ(.. • '')7fLJ/(J. Т. 7= 
z;~~2 о, о 8 S У . ,.2,.'Z IJ1~ l,L ~~А 

t · ~ ~ ч~ 

, "t' !' ". t·t,~~i sjj . (2 > :f"-г~.! !JJtJz (-1) !z~,tJ/2 .R~?h (t;/Жnzlzlt{tOJS(Ji.IвJtJ~)~J. ~ ' 
ntttn2Jz crlZ t '1 '1 

where l<n!j(r) are radial .l!iingle-particle wave functionв and/{.!",Ja, ,kjJ 
is the · spectroвcopic amplitude1241. Correspondingly, the local 
nucl ear tran8ition densitie8 entering 1nto the direct tran8it1on 
amplitude8 can Ье written &81 . 

$f!tj, ~'О)=< .зв 78/IJГ Ь(Го_-~-; тfsj(i) 'L T(i) 11~_7;. ,. = 

f .. .... " <' "h!s .
1 

2 sfiJtlz!t J 
=: 'L У4тr' ~~~~ ( 4 о !o/lzo) l?.",?,i {г") l<nz ?J~ rroJ *'" 

JY/s~nl('z t; " ~ 1f 
where • $(~fs,J~i~) ~:Т, ~Та 1 

(3) 

-rlsim . . , т- (f 1,. ) v.fm.., .. /}1 s 
t 1 !. (L l) =L- m"sms~qm ::11.1. fr;·,l;) cr: (i), 
с, '1 ' mrms 'f ~ ms (4) 

'&,",, .. "' /) о v .. 'V .11 

.}'!.f. (lj,lj }:L. (CJЛ1tCzf112/ftnl')/l (lj)fD (/j'.J. 
L 'Z ntm2 ct"'L &ztn,z 

If one use8 the harmonic-oвcillator wave functionв to repreвent the 
t r ansition den8it1e8 it iв convenient t o write: 

lsi т ~ vft/ , 2 · z Z/ 
ip!. '(Г",10')=(Го1К) (fD'/~) rА+8(Го /~) +C(!Q/~ )-1-.Ь(ГоГо'IR2 ) / _. 
'J ~ (5) 

.. екр(- ((Гo/lt) 2+ (r;/ /R /)/2) 

fsj т· z ' / 2/ ( б>-~ 1 (t;,)=(Г./K)(Ct+-C2(Гoi~)+(Гo!R) ')ехр - (Гq/R.) j , 

where 1.. 1s the o8cillator radius, tlj equal8 f ( ()) , i f ~· iв odd 
(even ). The coeffi cient 4,~1 (1 ~, tf, C2 and С3 for t he tranвi tion 
con8idered i n thiв paper are pre8ented in ТаЬlе8 1 and 2 ; the oвcil
la t or radiuв R i 8 equal to 1.67 f m f or t he8e вtate8. 
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4. Discusвion of Results 

The DWIA calculations for the negative-parity вtates are compa
red in Figs. 1-5 with the measured angular distributionв at 135.2 
lleV 114/. The norшalization factors #= O"e.-/G""t~ required to make 
the DWIA calculations to agree in magnitude with the ogserved croвs 
вections are given in ТаЫе 3. 

In the uвual fpl~ вhell-model the 4- state containв в atret
ched configuration (1Тt/~1'2, -.1/';~z) and the transi tion to the 4- sta
te is dominated Ьу the isovector tensor terш in the effective N-N 
interaction. 

1' 

160lp n J1б 
. rF,Ep• 135: M•V 

\N·O.SO icorrl 

ю·1LJ ·~ ,' , - Е• ' N·0 .31\1p1h} 

:;; r " . ·Б.37М.V 
:;, 
§. 

~ 

162 

1.0 2р qltm·• 1 З.Ь 

о 10 20 30 '0 5Ь бО E>c.m. ldeg } 

Fig. 1. 

Comparison of t he measured an
gular distribution 114/ at 
135 lleV for transition to the 
4-( ~*. 6.37 lleV) state in the 
reaction ~~~(р,п} ~~F • The 

DWIA calculatio~ is based on 
effective N-N interaotion of 
Love and Franey 123/and the op
tical model paraшeters of Com
fort and Karp/251. The dashed 
curve is calculated with the 
stretched particle-hole 
( Yls/2 , 'lp;~ ) configuration 
and the full line with the cor
related wave functions /1 8- 201. 
The norшalization factors N are 
shotm in figure. 

The calculated сrовв sections (Fig. 1) agree well with the measured 
angular distributions, but the norшalization factor equals 0.31 as 
hав been found in 1141. Alшost the ваше norшalization (0.44, Rer./17/) 
is required for the ( i?' , е: ) excitation of this state. If 
t he шultiparticle-шultihole configurations are 1ncluded in the ahell 
-model descr1pt1on of the ini tial and final вtates, the А! factor is 
enhanced about twice rel,t i ve to t he /pl~ case and becoaes equal 
to 0.56. Note that the angular distri butions are not sensitive at 
вmall angles to шultiparticle-multihole configurations. Very siшilar 
results for the excitation of 4- level have been obtained 1n rar./30/. 

• 
6 
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Ав is вееn from Figs. ~ 
and 3, the ~alcula~ed сrовв sec
t i ons for two 2-states with the 
exc itati~n energi es 0.4 and . 7.6 
lleV are fitted well except f he 
angular distribution for the sta
te 0.4 lleV which has а shoulder 
near 35°, and t he theoretical 
cross· sectionв is underestimated 
in this angular regi on . Тhе nor.
mal i zation factor N increases 
from 0.47 (0.24) up to 0.78(0.42) 
for the ,stat e with ~~ 0.4 lleV 
(7.6 lleV) due to the correlati
ons i ncluded f n the wave funct i 
onв. The вhoulder · near 35° for 
the state at 0.4 lleV can Ье ex
plained, i f one аввuшев 11 4{ьаt 
this trane i t i on is an unresol
ved t ransition conвist ing of 
two stateв1 one of t hem 1s the 
2- state at 0.4 lleV and the se
cond is the 3- state at 0.7 lleV. 

1бol p,n i16F, Ep ·135.2 M•V 

2·, Е"· 7. 6МоV 

N • 0.,21corr.} 
N • 0.24 11 p1h} 

1 
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Fig. 2. 

The di fferential croвs sections 
for tranв itions to the unresol
ved ·a tates at Е*,. 0.4 and 0.711eV 
compared wi th DWIA cslculations 
for th~ 2-s t ate. The dashed cur- . 
ve is calculated with the ~1~ 
shell-model wave functions 115/ 
and tbe full line wi th the cor
related ones / 18- 201. 

Fig. З . 

Coшparison of the meas ured · angu
lar distribution 114/for transi
tion to the s t ate at ~• 7.6KeV 
with DWIA calculations for the 
2- s t a t e . 
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Fig. 4. 

Coшpariвon of the experilllental 
angular distribution 114/for 
transitions to the unresolved 
states at .Е*. 0.4 and О. 7 lleV 
with DWIA celculations for the 
2-(daвhed curve) end 3-(dotted 
curve). All · calculationв have 
been шаdе with the correleted 
wave functionв. The full line 
is the suш 

jJ ==~.1•%r2;o.~t~'fevJ + 

- 1 
ю 1 +O..fii/I ($,- IJ.?HeV). 

Ю 20 30 Щ 50 ,60 0c.m ldeg 1 

The norшalization factor .N for this last вtate is 0.23 (0.68) 
without- (with) the correla~onв in the used tranвition densities. 
Coшparison of the шeaвured angular distribution at 135 lleV for the 
transitions to the unreвolved states at ~~ 0.4 lleV and 0.70 lleV 
with DWIA calculationв for the 2-state and 3- вtate are given in 
F1g. 4. The full curve represents the calculated croвs section 
Й .. 0.78 9 (2-, 0.4 lleV) + 0.689 ( 3-, О.~ lleV) with t~e 

correlated wave functionв. The excitations of both, 2 state and 3 
state have included approxiшately equel contributions froш the iso
vector tensor and central terш, ав iв noted in 1141. The 2-(7.6 MeV) 

16 16 * level in N hes 1 ts iвobar analogue in О at Е .. 20.4 lleV observed 
/31/ with Stнz).. 467 :t 156f'0

2 • fш2 • Beвides that the <• ,е') expe
riшent/31,32/ reveals in 160 а вtrong (В(Н2)• 338 :t 68f'0 ~ fш2 ) ex
citation at Е* .. 19.0 lleV. It has been suggeвted Ьу J peth et al. /33/ 

- Е'* that the вhell-шodel 2 вtate calculated at • 19.5 lleV corresponds 
to tbe вuш of two levels. Such an interpretation iв also вupported 
1191 Ьу the 16о ( тт: () data. One expects а siш1lar situetion in the 
16о (n ,р) 16и reection as well. Would such structure Ье observed 
it can provj de an explanation of the irregularly low value (0.42) of 
the norшalizat ion coefficient (вее taЬle 3 ) obtained when the 2-
(7.6 lleV) level alone iв coшpared with tbe вhell structure 

-L -.t 
,.., 0. 6/P3/z ,s~/Z /' + 0. 15/~1,t/s-1z?' 

8 

1 ~ 

j• 
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!'ig. 5 • 

Coшparison of tbe experiшen
tal data 114/for transitions 

101 

to the вtates at 9.4 апd 11.5 lleV ~ 

with DWIA calculationв!or tbe 1-state: 

iюо 

16
0IP,n1

16
F , Ер • 135,2MoV 

.~ 

1-, Е" . 115МсV 

In Pig. 5 we сошраrе the 
experiшental angular d1вtri
butionв with our calculationв 
for the two 1-вtвtев at 

~ tr·· 
*' Е• 9.4 and 11.5 lleV. Again, 

the effect of multiparticle
шultihole configurationa of 
tbe investigated вt,tes hав 

ю1 

1· , Е"· 9.4МсV 

N• Oб(corr. l 

N• 025(1p1h) 
' ' \ 

\ 
\ 

increased the norшalization ~ ', ~ 
factor froш 0.25 (0.42) up to ,о, . . . . '>'--
0.6 (0.6) for the 1- вtate at о s 10 15 20 25 зо 35 40 
~ Bcmldeg.l 

Е11• 9.4 (11.5) lleV. These excitationв are doшinated Ьу the isovec-
tor central coшponent of tbe N-N force. л • 

c'SJ Т: In Pig.6 we give the transition densities j' '(Г) for 1-
* (Е • 9.4 lleV) ~tate in coord}nate в расе, and in Pig. 1 - in the шо-

шеntuш врвсе (! -sJ,т(f.J==fJJ(,г)~ ~J,т(г)r2 t/r ). Daвhed and dot-daвhed 
curveв is tranвition density in the fpfh вhell-шodel Ьавiв, the 
full line takeв into account the correlationв. The calculationв with 
шanyparticle-шanyhole configurationв diшiniвheв tranвit ion denвitieв 

on the nuclear вurface and enricheв theш inвide the nucleuв. Accor
dingly, in the шошеntuш врасе transition densitieв with correlationв 
are decreaвed at low and increвsed at larger шошеntuш tranвferв. Ав 
а consequence we observe шodificationв in theoretical сrовв вectionв 
diвcussed вЬоvе. 

The calculated and шeaвured angular distributionв are generally 
in good agreeшent for all the analyвed negative-parity atateв veri
fying that ( ~ n) reactions at interшediate energieв proceed шainly 
via one-step direct tranвitions. The utilization of correlated wave 
functionв has diшiniвhed the abвolute value of the crosв вectionв 
about twice, exceeding nevertheleвв the experiшental one 1.3 to 
2.3 tiшев. It iв possiЬle to bring вeveral rеавоnв for explaining 
this defi cienc;y. Тhat can Ье contribution of the npnh coшponent 
of nuclear вtates, oшitted in the calculationв, the шediuш and other 
corrections to tьeAVAI interactionв, uncertaintieв of the optical 
paraшeterв, and во on. 
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Pig . 6. 
Transiti on density f or 1-

1 

~~. 9. 4 KeV state in coordina
t e spac~. Dashed and dot -dashed 
curves iв calculat i on i n ~f6 
bas i s, t he f ull l i ne is cal cula
tion wi th correlationв. 

5. Concl usion 

-о!. ' ' 11 \ 1 1 
о 1 2 

Fi g.7. 

Tranвition dens i ty f or 1-
~~~ 9.4 KeV state i n шошеntuш 
врасе. The шeaning of curves 
i s the ваме as in f i g.6. 

The present work deшonstrates that prospects for а quantitative 
шicroscopic' understanding of interшediate-energy charge-exchange 
reactions are proшising. We have shown that the results . i!re sensiti..:. 
ve to the choice of nuclear densities. The realistic wave functions 
tested in different fields provide а satisfactory description of 
spin-isospin exci tations. It is possiЬl.e that the reшai'ning defici
enc1ea are due to inaccuracies in the two-nucleon effective inter
aotion whioh can entail шediuш corrections. These correctionв as 
has been shown /34 ,35/play an iшportant role in the isoscalar spin
independent central ooшponent of the N-5 effective interaction. 
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Paraшetera of the local transi~ion dens i ties (6 ) 
caloulat ed froш the .correlated wave functions 
described in text 

i~ft1ev) 

0.4 

0.1 

6.37 

7.6 

9.4 

11.5 

(!,s,J) 

(1 ,1 ,2) 

(3,1,2) 

(3,1,3) 

(3,0,3) 

(3,1,4) 

(1,1,2) 

(3,1,2) 

(1,1,1) 

(1,0,1) 

(1,1,1) 

(1,0,1) 

С'.{ 

0.02414 

о.о 

о.о 

о.о 

о.о 

-0.58400 

о.о 

0.15049 

0.35781 

-0.059267 

-0.06957 

ТаЫе 2 

cz 

-0.27984 

0.06735 

0.27518 

-0.23067 

-0.67106 

0.74533 

0.14779 

0 . 03899 

- 0.59996 

0 . 41442 

0.16633 

c.s 

-0.00004 

-0.00099 

-0.00072 

0 . 00008 

0.03020 

-0.03142 

-0 . 00508 

-0.00271 

0.02393 

-0.01828 

-0.00556 

Paraшeters of the nonlocal trans i t i on dens i ties (5) calculated frcш 
the correlated wave funct i ona descri bed in text 

J"" l(нev) r!,r,J) (", ~) А в с .ZJ 

2- 0.4 (1,1,2) (1 ,2) о.о о.о 0.73459 0.00181 

(2 '1) о.о :..о. 07772 о.о о.о 

(1 ,О) 0.01772-0.00361 -0.05366 0.00240 
(0, 1) 0.00784-'0.00522 о.о о.о 

(3,1,2) (1 ,2) -о.о • о.о 0.23205 -0.00309 
(2' 1 ) о.о -0.02150 о.о о.о 

ll 
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r 

~ 
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ТаЬlе 2 ~co~t~nued2 

1" Е*"(меv) 

3- 0.7 

4- 6.37 

2- 7.6 

1- 9.4 

1-: 11 .5 

(if;s,j) 

(3,1,3) 

(3,0,3) 

(3,1,4) 
i 

(1,1,2) 

(3,1,2) 

(1,1,1) 

(1,0,1) 

(1,1,1) 

(1,0,1) 

(!,,lz ) 

( 1 ,2) 
(2. 1 ) 
(1 ,2) 
(2. 1 ) 

(1 ,2) 
(2 ,1 ) 

( 1 ,2) 

(2. 1) 

(1 ,о) 
(0,1) 
( 1 ,2) 

(2. 1 ) 

( 1 ,2) 

(2. 1) 

(1 ,О) 

(0,1) 
( 1 • 2) 

(2 ,1 ) 

(1 ,О) 

(0.1 ) 

( 1 • 2) 

(2 ,1)" 

(1 ,О) 

(0,1) 
(1 • 2) 

(2 ,1 ) 

(1 ,о) 

(О, 1) 

. 

А iJ 

о.о о.о 

о.о -0.04056 
о.о о.о ' 

о.о 0.02087 

о.о о.о-

о.о 0.01009 

о.о о.о 

о.о 0.06535 
-2.11234 0.09799 
0.04210-0.02806 
о.о б.о 
о.о -0.00539 

о.о о.о . 

о.о 0.03486 
0.!)4082 -0.03441 

-0.00735 0.00490 
о.о о.о 

о.о -0.06738 
1.29417 -0.05344 

-о.О2576 0.01717 

о.о о.о 

о.о 0.09228 
-0.22749 0.00883 
0.01739 -о.О1159 
о.о 

о •. о 
-0.24304 
-0.00356 
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о.о 

0.02235 
0.01249 
0.00238 

: 

1 

~ 

0.90Q87 
о.о 

-0.74201 
о. о 

-2.10804 
о.о 

-0.85289 
о.о 

1 -45845 

,/) 

-0.00227 
о.о 

0.00025 
о.о 

0.09442 
о.о 

0.03258 
о.о 

-0.06533 
о.о о . о 

0.46744 -0.01588 
о.о о.о 

-о.41704 0.00230 
о.о о . о 

-о.37278 о.о2294 

о.о о.о 

0.91347 -0.03478 
о.о 

-0.89399 
о.о 

-1.02190 

о . о 

0.03563 
о.о 

0.04165 
о.о о.о 

0.15718 -0.00589 
о.о о.о 

-0.31017 0.00806 
о.о о.о 

0.16772 -0.00833 
о.о о.о 

... ,., ~·.:.' . 

' ;• :1 ~~ 

r;i"l • 

". 
~i • 

~ 

~ 

~" 
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" 

ТаЬlе ~ 
N ехр /1 ~J,eor ·• The normalization factors :\1 СГ 

~ 

J1Г 1:* (ll.eV) #(fpfJ.) ll(npnJ,) 

2- 0.4 0.47 0.78 
3-

k: 

0.7 " 0'.23 \1:.' 0.68 
4- J! ~~ ~ 6.37 '1 0.31 ().56 

7.6 "~ 0.24 0.42 2-:; ' jt' 

1- ' 9.4 0.25 0.60 
1- 11 .5 0.42 0.60 
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