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We 5tudy p10n-deuter0n 5catter1n9 1n the f1r5t ~r-N re50nance ener9y re910n, 1n a three-60dy m0de1 6a5ed 0n 
Faddeev•5 e4uat10n5. We d15cu55 the effect5 0f mu1t1p1e 5catter1n9, nuc1ear 61nd1n9, and v1rtua1 exc1tat10n 0f the 
tar9et, 0n the ener9y 6ehav10r 0f the cr055 5ect10n. 

7here 15 C0n51dera61e 1ntere5t 1n h0W a re50nance 
1n p10n-nUC1e0n (n-N) 5Catter1n9 15 m0d1f1ed When the 
nUC1e0n 15 an 1nteraCt1n9 part 0f  a nUC1eU5. W1th th15 
pr061em 1n m1nd, We have Ca1CU1ated p10n-deUter0n 
(n-d) e1a5t1C 5Catter1n9 f0r ener91e5 1n the re910n 0f  
the rr-N (3/2, 3/2) re50nance (A1236) U51n9 a three- 
60dy m0de1 0f  the react10n [ 1 ]. 7h15 a110w5 u5 t0 
exam1ne the effect5 0f dynam1ca1 exc1tat10n 0f  the 
tar9et, a5 we11 a5 0f mu1t1p1e 5catter1n9 and nuc1e0n 
m0t10n. 

0u r  meth0d 15 51m11ar t0 that u5ed 6y Hether1n9t0n 
and 5ch1ck [2] f0r K-d 5catter1n9, 6a5ed 0n Faddeev•5 
e4uat10n5. We a55ume a 5epara61e 5-wave N-N p0ten- 
t1a1 and a re50nat1n9 P-wave 7r-N 5catter1n9 amp11tude, 
wh1ch 15 5epara61e 1n m0mentum and ener9y. We 
reduce Faddeev•5 e4uat10n5 f0r each 7r-d part1a1 wave 
amp11tude, 9enera1121n9 the meth0d 0f ref. [ 1 ] t0 
1nc1ude 1nteract10n5 w1th re1at1ve L 4: 0, a5 re4u1red 
6y the P-wave rr-N 1nteract10n. We have ne91ected the 
5p1n dependence 0f the rr-N amp11tude 1n 0rder t0 
keep the 512e 0f  the ca1cu1at10n m0derate. 1t 15 1m- 
p0rtant t0 keep the P-wave feature 0f  the re50nance, 
h0wever, a5 we d15cu55 6e10w. 

0u r  7r-N P-wave amp11tude 15 

0k1t1,(e)1k•) = 3 k .  k•r(e) t;(k 2) v(k•) 2 (1) 

where 0(k 2) = (/32+k2)-1 and 

* W0rk 5upp0rted 1n part 6y the U.5. At0m1c Ener9y C0m- 
m15510n. 

** Pre5ent addre55: Fy51~k 1n5t1tutt, Un1ver51tetet 1 7r0nd- 
he1m-NLH7, N-7000 7r0ndhe1m, N0rway. 

k~ • 0(k2) / .1 (2) 

7he 1r m0menta (1n 1r-N c.m.) are k• and k 6ef0re and 
after 5catter1n9;/1 den0te5 the rr-N reduced ma55. 7he 
ener9y e ava11a61e t0 the rr-N 5y5tem depend5 0n the 
t0ta1 three-60dy ener9y E0r-d c.m.) and the m0men- 
tum p 0f  the ••5pectat0r•• nuc1e0n, thr0u9h 

-- e -  p 2  p2 (3) 
2M 2(m +M) 

where m, M are the p10n and ncu1e0n ma55e5, re5pec- 
t1ve1y. 7he re50nance ener9y 15 E R and k 2 = 29E R . 
(We u5e n0n-re1at1v15t1c expre5510n5 f0r ener91e5.) We 
f1x the parameter5 1n (1) and (2) 50 that the 0n-5he11 
amp11tude (1.e., w1th k 2 = 2~e = k •2) re5em61e5 the 
exper1menta1 n-N amp11tude a5 a funct10n 0f ener9y 
e (except f0r the ne91ect 0f  5p1n). We take E R = 
156.5 MeV, P = 120 MeV,/3 = 336.13 MeV/c; and X 
15 ch05en 50 that the amp11tude (1) reache5 the 
un1tary 11m1t f0r e = E R. 

7he 5epara61e amp11tude (1) 15 51m11ar 1n f0rm t0 
that der1ved 6y Chew and L0w [3],  w1th a cut-0ff 
funct10n v(k2). 7he f0rm 15 n0t der1ved fr0m a 
5epara61e ~-N p0tent1a1; h0wever, 0ne c0u1d f1nd 
5uch a p0tent1a1 w1th a m0re 9enera1 ch01ce 0f  v(k2), 
a5 ha5 6een 5h0wn 6y Landau and 7a6ak1n [4]. 7he 
e.dependence 0f r(e) 1n (2) ha5 6een ch05en t0 
5at15fy the 0ff-5he11 un1tar1ty c0nd1t10n [5]. 

F0r the purp05e 0f  exam1n1n9 50me deta115 0f 
the the0ry, we have a150 c0n5tructed a f1ct1t10u5 
5.wave re50nant n-N amp11tude 0f the f0rm 
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(k1 t5(e)1k•) = 2per(e)  0(k 2) 0(k •2) (4) 

w1th r(e) a150 91ven 6y (2). 7he amp11tude5 (1) and (4) 
are 51mp1y re1ated 1n the f0rward d1rect10n, 0n 5he11: 

(kL tp(k2/21~)1k) = 3 (k1 t5(k2/21a)1k) . (5) 

We u5e Yama9uch1•5 f0rm [6] f0r the 5epara61e N-N 
p0tent1a1; th15 91ve5 a Hu1then wave funct10n f0r the 
deuter0n 9r0und 5tate. 

W1th the5e ch01ce5 0f 7r-N and N-N 1nteract10n5, the 
three-60dy e4uat10n may 6e reduced t0 c0up1ed 1n- 
te9ra1 e4uat10n5 [ 1 ,2] .  We 501ve the5e t0 06ta1n the 
part1a1 wave amp11tude5 r/1 wh1ch c0ntr16ute t0 the 
7r-d e1a5t1c 5catter1n9 amp11tude 

f ( 0 )  = - ~ (2/+ 1) Pj (c0501~/ (6) 
1 

where/a d 15 the rt-d reduced ma55. We may a150 wr1te 
each amp11tude 7/1 a5 a 5um 0f mu1t1p1e 5catter1n9 
amp11tude5, c0rre5p0nd1n9 t0 a 501ut10n 0f the 1nte9ra1 
e4uat10n5 6y 1terat10n: 

r71 = 17/(55) + r~1(95) + r/t(75 ) + ~71(~75~ ) + . . . .  (7) 

7he f1r5t three term5 den0te 51n91e, d0u61e, and tr1p1e 
5catter1n9 0f  the p10n, w1th0ut 1nteract10n5 0f  the 
nuc1e0n5, and repre5ent the 6e91n1n9 0f a mu1t1p1e 
5catter1n9 5er1e5 wh1ch c0nta1n5 n0 dynam1ca1 effect 
0f the tar9et. 7he term 1a6e11ed ••75•• repre5ent5 tw0 
rt-N c0111510n5 w1th an 1nterven1n9 N-N 1nteract10n; 

th15 15 the f1r5t term Wh1Ch C0nta1n5 the eXC1tat10n 
5pectrum 0f  the tar9et (deUter0n), wh1ch 15 m1551n9 
fr0m m05t mu1t1p1e 5Catter1n9 appr0x1mat10n5. 

NUmer1Ca1 re5U1t5 f0r the f0rward 5catter1n9 
amp11tude f (0)  are 115ted 1n ta61e 1, where the P and 
5 1a6e1 the P- and 5-waVe ~r-N re50n2nce m0de15. 
A1th0u9h the amp11tude f(.9) 15 f0rward peaked, th15 
15 1ar9e1y due t0 the r/1(55) term. EXC1Ud1n9 th15 
term the 5catter1n9 15 d0m1nated 6y 1 = 1 f0r the 
P-wave m0de1, and 6y 1 = 0 f0r the 5-wave m0de1. 
7he 5eparate c0ntr16ut10n5 0f the mu1t1p1e 5catter1n9 
term5 0 f (7 )  t0 r/1 are 111u5trated 1n f19, 1, f0r the 
P-wave re50nance m0de1. 

0ne  1ntere5t1n9 re5u1t 15 the p10n m0mentum (1n 
rr-d c.m.) at wh1Ch Ref (0 )  = 0; th15 may 6e C0n51dered 
a def1n1t10n 0f  the ••re50nanCe•• f0r 7r-d 5Catter1n9. 
7h15 m0mentum 15 5119ht1y 6e10w 215 MeV/C 1n 0ur 
ca1cu1at10n5. F0r a free nuc1e0n at re5t (1n d C.m.) 
the re50nant m0mentum W0U1d 6e 205 MeV/c (1n 
1r-d c.m.). A5 can 6e 5een fr0m ta61e 1 and f19. 1, 
th15 upward 5h1ft 15 a deta11ed re5u1t5 0f 5evera1 d1ffer- 
ent effect5: 

a) 7he p0tent1a1 that 61nd5 the nuc1e0n t0 the 
tar9et 1ncrea5e5 the rr ener9y at wh1ch the rr-N amp11- 
tude re50nate5. 7h15 15 apparent fr0m the 55 term 
1n f (0) ,  wh1ch re50nate5 5119ht1y a60ve 215 MeV/c. 
7h15 15 an effect 0f  keep1n9 the fu11 three-60dy k1ne- 
mat1c5 0f the pr061em, wh1ch f0rce5 the amp11tude 
(1) 0ff-ener9y-5he11 (1;2 :/= 2~e). 1n c0ntra5t t0 keep1n9 

7a61e 1 
F0rward amp11tude5 (1n fm.) f0r 1r-d e1a5t1c 5catter1n9, f0r the three ~r-N re50nance m0de15: P, 5, and ••5••, at var10u5 c.m. m0menta. 
7he c0ntr16ut10n5 0f the f1r5t few mu1t1p1e 5eatter1n9 term5 (7) and the t0ta1 va1ue5 are 1nc1uded. 

term 

M0mentum and m0de1 55 D5 ••75•• 75 70ta1 

170 MeV/c 
P 3.693 + 2.1081 0.065 + 0.7261 -0.229 - 0.2471 -0.145 + 0.4901 2.957 + 2.6831 
5 1.066 + 0.6501 -0.120 + 0.0651 -0.020 - 0.0391 0.000 - 0.0331 0.951 + 0.6521 

••5•• 3.199+ 1.9491 -1.083 + 0.5881 -0.180 - 0.3491 0.011 - 0.8811 •2.160+ 1.9711 

215 MeV/c 
P 0.290 + 6.1591 -1.066 - 0.2521 0.440- 0.1021 -0.134 - 0.9121 -0.048 + 5.3481 
5 0.041 + 1.9091 -0.033 - 0.2601 0.088 - 0.0091 0.028 + 0.0981 0.065 + 1.7331 

••5•• 0.122+ 5.7281 -0.294 - 2.3431 0.789 - 0.0841 0.760 + 2.6331 0.343 +4.1021 

230 MeV/c 
P -1.419 + 5.3421 -0.605 - 0.6541 0.336 + 0.1351 0.483 - 0.5701 -1.324 +4.6911 
5 -0.490 + 1.6571 0.097 - 0.1981 0.065 + 0.0361 -0.047 + 0.0731 -0.402+ 1.5321 

••5•• -1.470+4.9711 0.870 - 1.7811 0.588 + 0.3231 -1.267 + 1.9831 -0.681 + 3.8471 
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rrd ~ r rd  1m .rh [ 10-~(MeV/c)-2] 

.~ = 1 +0.50.7• 
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1, 0 

L Re ,r/, [10-4(MeV/c) "= ] 

F19. 1. D1a9ram 0f the 1 = 1 part1a1 wave amp11tude 1"/1 f0r rr-d 
e1a5t1c 5catter1n9 1n the P-wave rr-N re50nance m0de1, f0r the 
c.m. m0menta 170, 215 and 230 Mev/c. 7he mu1t1p1e 
5catter1n9 c0ntr16ut10n5 are: 55-5011d 11ne, D5-da5h-d0t, ••75••- 
10n9 da5h, 75.5h0rt da5h; end 0f d0tted 11ne 91ve5 t0ta141. 

0n1y the effect 0f  the 60und nuc1e0n k1net1c ener9y 
0n the 0n-ener9y.5he11 amp11tude [7], th15 c0ntr16ute5 
an upward 5h1ft t0 the re50nant m0mentum. 

6) 7he mu1t1p1e 5catter1n9 term5 (D5 +75 +...) c0n- 
tr16ute a d0wnward 5h1ft t0 the re50nant m0mentum, 
f0r the P-wave m0de1.7h1515 1n a9reement w1th 0ther 
m0de15 0f mu1t1p1e 5catter1n9 effect5 0n a P-wave 
re50nance [8]. 7he ••75•• term part1y cance15 th15 
5h1ft: 

c) 7he effect 0f  a) 15 1ar9er than 6), 91v1n9 a net 
upward 5h1ft 0f the re50nance 1n 0ur m0de1 f0r 7r-d 
e1a5t1c 5catter1n9. H0wever, f0r a tar9et w1th m0re 
nuc1e0n5 than the deuter0n, 0ne m19ht expect the 
mu1t1p1e 5catter1n9 effect5 0f 6) t0 d0m1nate, a5 1n 
ref. [8]. 7h15 w0u1d 6e c0n515tent w1th the d0wn- 
ward 5h1ft 0f the re50nant rr m0mentum (f0r wh1ch 
Re f(0)  = 0) 5een exper1menta11y [9, 10]. 

d) 1n c0ntra5t, f0r the 5-wave re50nance m0de1, 
the mu1t1p1e 5catter1n9 c0ntr16ute5 an upward 5h1ft 
t0 the re50nant m0mentum, enhanc1n9 the p0tent1a1 
effect a). 7h15 6ehav10r 15 51m11ar t0 that 0f K-  - d  
5catter1n9, 1n wh1ch the K -  - p  5y5tem ha5 an 5-wave 
re50nance 6e10w thre5h01d, wh1ch 15 m0ved up 60th 
6y the 61nd1n9 p0tent1a1 a) and the mu1t1p1e 5catter1n9 
effect5 [ 11 ]. 

We have 1ntr0duced an ••5•• m0de1, f0r wh1ch the 
7r-N 5catter1n9 amp11tude 15 taken t0 6e t,~,, = 3t 5 

where t 5 15 def1ned 1n (4). Fr0m (5) we 5ee that th15 
ch01ce 5et5 the f0rward, 0n-ener9y-5he11 amp11tude 
f0r th15 ••5•• m0de1 t0 6e 1dent1ca1 t0 that f0r the 
P-wave m0de1 a5 a funct10n 0f  e(= k2/2m). H0wever, 
the amp11tude5 w111 d1ffer a5 a funct10n 0f  an91e. 
7h15 pr0v1de5 a u5efu1 te5t 0f the a55umpt10n 0f 5ma11 
an91e 5catter1n9 0ften emp10yed 1n mu1t1p01e 5catter1n9 
the0ry (e.9. 6y 61au6er [12]), f0r wh1ch the5e tw0 
m0de15 5h0u1d 91ve 51m11ar re5u1t5 f0r 1r-d 5catter1n9. 
We 5ee fr0m the numer1ca1 re5u1t5 115ted 1n ta61e 1, 
that the ••5•• and P m0de15 d0 n0t 91ve the 5ame 7r-d 
5catter1n9, even 1n the f0rward d1rect10n. 7he5e re5u1t5 
are 1n c0ntra5t t0 the apparent1y 5ucce55fu1 app11cat10n 
0f th15 appr0x1mat10n t0 7r-12C e1a5t1c 5catter1n9 1n the 
5ame ener9y re910n [13]. 

We have a150 u5ed 0ur three-60dy m0de1 0f rr-d 
5catter1n9 t0 ca1cu1ate the amp11tude f0r the a650rpt10n 
react10n 7r++ d ~  p+p  f0r the 5ame ener91e5. We f1nd 
that the exc1ted deuter0n 5tate5 (1n the three-60dy 
channe1) make c0n51dera61e c0ntr16ut10n t0 th15 
pr0ce55 [1]. 

We are 9ratefu1 f0r u5efu1 c0mmun1cat10n5 w1th 
J. Hether1n9t0n and J. N061e. 
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