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Collision damping in the p3He\d8N reaction near the threshold
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We present a simple quantum mechanical model exploiting the optical potential approach for the description
of collision damping in the reactionp3He→d8N near the threshold, which recently has been measured at
TRIUMF. The influence of the opend8N→NNN channel is taken into account. It leads to a suppression factor
of about 10 in thed8 survival probability. Applications of the method to other reactions are outlined.
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I. INTRODUCTION

In this paper we consider the inelastic final state inter
tion ~FSI! between the neutron and the hypotheticald8 reso-
nance with the quantum numbersT50, JP502 produced
near threshold in the reactionp3He→d8N. This resonance
has been suggested to explain the observed peculiar reso
celike behavior@6# of the pionic double charge exchang
~DCX! on nuclei,p11A→A81p2, ranging from 7Li to
93Nb at Tp'50 MeV ~see Refs.@1–3#, and references
therein!. Such aNN-decoupled dibaryon had been predict
by QCD-inspired models@4,5#. In a sequence of recent pa
pers this behavior for the DCX reaction, on Ca isotop
42,44,48Ca, was qualitatively reproduced by Nuseiratet al. @7#
and, for the medium and heavy nuclei, in the generali
seniority model, by Wu and Gibbs@8#. Still there is no con-
ventional model, which could reproduce these low-ene
phenomena consistently for all nuclei. An independent tes
the idea would be investigation of theppp2 invariant mass
spectrum in the double pion production,pp→ppp2p1,
since the quantum numbers of the resonance forbid str
coupling to np. Recent measurements at CELSIUS@9# do
not show evidence of the resonance at the predicted lev
contrast to data from ITEP taken at a higher proton ene
@10#. Thus the situation appears not yet fully settled. Anot
way of searching for thed8 resonance is DCX on helium
isotopes, whered8 should manifest itself as a threshold ph
nomenon. At energies around 100 MeV the total cross s
tion of the reaction4He(p1,p2) shows an excess over con
ventional calculations which could be ascribed to t
contribution of thed8 resonance@11#. At the same time, the
contribution of this resonance for both,4He(p1,p2) @11#
and 3He(p2,p1) @12#, occurred almost an order of magn
tude smaller than expected. The reason for the suppressi
the production cross sections near threshold can be due t
collision dampingd8N→NNN, and in the present paper w
study this hypothesis using a simple quantum mechan
model to describe the propagation of an unstable reson
0556-2813/2003/67~1!/015201~7!/$20.00 67 0152
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in the nuclear medium. Although singularities near produ
tion threshold always attracted much attention and are
scribed in many textbooks~see, e.g., Refs.@13,14#, and ref-
erences therein!, we are not aware of similar approaches
the final state interaction suggested before.

The paper is organized as follows. In the second sec
we present a simple quantum mechanical model exploi
the optical potential approach to account for the effect
collision damping. In the third section we estimate t
spreading width of thed8 in the nuclear medium, namely, th
virtual pion exchange contribution to the spreading is cal
lated in detail. In the next, fourth, section we give our n
merical estimates of collision damping and of thed8 survival
probability in the nuclear medium, and compare the latte
the experimental data. The fifth section contains our conc
sions and outlook.

II. A SIMPLE QUANTUM MECHANICAL MODEL

In this section we present a simple quantum mechan
model to describe the propagation of a resonance in
nuclear medium. As an example, we consider the behavio
the hypothetical resonanced8 which can contribute to the
pionic DCX on 3He.

Due to the very short interaction time of the pion with th
helium nucleus it is the sudden influence that is the app
priate mechanism for considering thep3He→d8N reaction
@15#. Thus thed8N system is created at the initial momen
t50, with the wave function of heliumcHe and then sepa-
rates with time as

cd8N~r ,t !5c~r2vt,0!5cHe~r2vt !, ~1!

with the velocity v defined by the energy excess over t
threshold«,

v5A2«

m
,
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wherem' 2
3 mN is the reduced mass of thed8N system.

If the potential in the effective Schro¨dinger equation for
the wave function~1! contains an imaginary part,

U~r !5U0~r !1 iU 1~r !, U1~r !,0, ~2!

then the probability to find the system in its initial stat
d8N, decreases with time approaching a finite limit with t
survival probability being simply

wsurv5
ucd8N~ t→`!u2

ucd8N~ t→`!uU150
2

. ~3!

Let us, for simplicity, consider the steplike form of the p
tential U1(r ),

U1~r !5H U15const, ur u<R1

0, ur u.R1 ,
~4!

where the potential strengthU1 can be related to the
elastic s-wave d8N zero-angle amplitude using the Bor
approximation:

ImF~0!'2
m

2pE U1~r !d3r 52
2

3
mR1

3U1 , ~5!

whereas, according to the optical theorem,

ImF~0!5
mv
4p

s tot'
mv
4p

s in . ~6!

The problem of separation of the elastic and inelastic part
the cross section in such kinds of reactions is a very su
one. One of the relevant worries concerns the possible br
ening of the ground state, so that a slight change in the r
nance position could have been erroneously ascribed to
inelastic part. Bearing in mind that, in general, such an eff
could lead to an overestimate of the damping in Eq.~6!, we
still do not expect it to change our estimates dramatica
Indeed, froma posteriori estimate@see Eq.~44! below# we
find the elastic part of the cross section to be an orde
magnitude smaller than the corresponding inelastic part,
thus it appears beyond the accuracy of the present pape

From Eqs.~5! and ~6! one finds

U152
3

8p

s inv

R1
3

. ~7!

Notice that we do not meet any constraints on the wa
length of the resonance since, in the Born approxim
tion, the zero-angle amplitude~5! does not depend on th
energy ofd8.

As a direct consequence of the Schro¨dinger equation one
has the probability conservation law at any moment in ti
in the form

d

dtEV
r~r ,t !d3r 1E

S
j ~r ,t !ds52E

V
U1~r !r~r ,t !d3r ,

~8!
01520
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where

r~r ,t !5ucd8N~r ,t !u2,

j ~r ,t !5
i

2m
cd8N~r ,t !¹cd8N

* ~r ,t !1c.c. ~9!

are the probability density and the probability flux throu
the corresponding surfaceS, respectively.

The term on the right hand side of Eq.~8! describes ab-
sorption of particles. In the absence of this term the den
of particles would evolve in space and time, according to
~1!, as

r0~r ,t !5ucd8N~r2vt,0!u25ucHe~r2vt !u25r0~r2vt,0!,
~10!

if quantum spreading of the initial wave packet is neglect
Equation~8! becomes especially simple if the size of th

wave packet, hereafter calledR2, is small compared to the
radius of the optical potential,R1. Indeed, one can split the
entire evolution time into two periods, 0<t<T and t.T,
whereT5R1 /v is the moment of time whend8 andN leave
the region of interaction. Then the solution to Eq.~8! reads

r~r ,t !5H r0~r ,t !e2Gt, t<T

r0~r ,t !e2GT, t.T,
~11!

with

G52uU1u. ~12!

Hence the survival probability is

wsurv5expS 2U1R1

v D5expS 2
3s in

4pR1
2D , ~13!

where we also used the relation~7!.
The opposite limit,R2!R1, leads to the expression sim

lar to Eq.~13! with R1 interchanged withR2:

wsurv5expS 2
3s in

4pR2
2D . ~14!

To see this let us consider the following anzatz for t
probability density:

r~r ,t !5r0~r ,t !w~ t !, ~15!

so that the survival probability defined above is justwsurv
5w(`). After integration over an infinitely large volumeV
~bounded by an infinitely remote surfaceS) in Eq. ~8! one
finds the following equation for the functionw(t):

d

dt
w~ t !52w~ t !E

V
2uU1~r !ur0~r2vt,0!d3r , w~0!51,

~16!

which can be easily solved with the result
1-2
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COLLISION DAMPING IN THE p3He→d8N REACTION . . . PHYSICAL REVIEW C67, 015201 ~2003!
w~ t !5expF2E
0

t

dt8E
V
2uU1~r !ur0~r2vt8,0!d3r G .

~17!

We further simplify our estimates and consider the st
like form for both functions,U1(r ) andr0(r ,t):

U1~r !52
s inv
2V1

Q~R12ur u!,

r0~r ,t !5
1

V2
Q~R22ur2vtu!, V1,25

4

3
pR1,2

3 . ~18!

For the two limiting cases,R1@R2 andR1!R2, the inte-
gral *2uU1ur0d3r entering Eq.~16! is

s inv
V1V2

E Q~R12ur u!Q~R22ur2vt8u!d3r

5
s inv
Vbig

Q~Rbig2vt8!, ~19!

where

Rbig5max$R1 ,R2%, Vbig5max$V1 ,V2%, ~20!

and we have neglected the edge phenomena.
Now the integral overt8 in Eq. ~17! can be done trivially,

which gives for the survival probability:

wsurv5expS 2
s inRbig

Vbig
D , ~21!

which coincides with Eqs.~13! and ~14!.
In the general case,R1;R2, the survival probability can

be presented as

wsurv5expF2
s inR̄

V̄
F~R1 /R2!G , R̄5AR1

21R2
2,

V̄5
4

3
pR̄3, ~22!

with F being a smooth function ofR1 /R2 , F(0)5F(`)
51.

III. VIRTUAL PION EXCHANGE CONTRIBUTION
TO THE SPREADING WIDTH OF THE d8 RESONANCE

IN THE NUCLEAR MEDIUM

In this section we estimate the spreading width of thed8
resonance in the nuclear medium. Let us start from the
tual pion contribution described by the diagram in Fig. 1.

As shown in Ref.@16#, at low energies there is only on
Lorenz invariant structure describing thed8NNp vertex and,
therefore, the amplitude of the decayd8→NNp can be writ-
ten as
01520
-

r-

Md8→NNp5
f

2mN
ū1Cg5~ i t2tW !ū2

TpW , ~23!

where u1,2 are bispinors andC5g2g0. The coupling con-
stant f can be expressed through theNNp decay widthG
5Gppp21Gnnp11Gnpp0 as

f 'A 128p2A2MG

3h0~M22mN2mp!2
AmN

mp
, ~24!

wheremN , mp , andM are the nucleon, pion, andd8 masses,
respectively,h0 being the enhancement factor due to theNN
FSI in this decay,h0'4 – 5. ForG'0.5 MeV ~as deduced
from the data on the DCX reactions to discrete levels@1#!
f '14.

The invariant matrix element of the processd8N
→NNN, when all initial and outgoing particles are on ma
shell, can be written in the form

M (0)5(
i jk

« i jkM i jk
(0)

5
f g

4mN
(
i jk

ūiCg5~t2tW !ū j
T « i jk

~P2pk!
22mp

2
ūkg5tWu,

(
i 51

3

pi
m5Pm1Qm, ~25!

where g is the pseudoscalarNNp coupling, g2/4p
'14.3,« i jk is the totally antisymmetrical tensor, and indic
i , j , andk51, 2, and 3 numerate the outgoing nucleons.
a result, the amplitudeM (0) is totally antisymmetric under
permutation of the final nucleons. See also Fig. 1 where
notations are explained.

The matrix elementM (0) contains three different contri
butions, hence, when squared, it produces three differen
agonal terms and three cross terms. After integration over
three-particle phase space all diagonal terms equally con
ute to the cross section. The same holds true for the c
terms. Hence, it is sufficient to consider only one diago
term squared~e.g.,$ i jk %5$123%) and one of the cross term
~e.g.,$ i jk %3$ i 8 j 8k8%5$123%3$321%).

The diagonal term$123% squared and averaged/summ
over spins and isospins of the initial/final nucleons is

FIG. 1. The diagram for the virtual pion exchange contributi
to the spreading width of thed8 resonance in the nuclear medium
1-3
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^uM 123
(0)u2&512

~ f g!2

mN
2 ~p1p21mN

2 !
~Pp32mN

2 !

@~P2p3!22mp
2 #2

.

~26!

Integration over the phase space is essentially simplifie
the initial particles are at rest, i.e.,Pm5(mN,0,0,0) andQm

5(M ,0,0,0), which means the limitv→0. In this limit s in
5sd8N→NNN}1/v, so that the products inv remains con-
stant. Thus, in this limit,

^uM 123
(0)u2&

524
~ f g!2

mN
~E32mN!

~M1mN!21mN
2 22~M1mN!E3

~mp
2 22mN

2 12mNE3!2
,

~27!

i.e., ^uM 123
(0)u2& depends only on the energy of one of t

nucleons,E3, which ranges betweenmN and

Emax5
~M1mN!223mN

2

2~M1mN!
. ~28!

Let us consider now the FSI between the nucleons in
relatives state. Since there are three identical nucleons in
exit channel, only two of them can be in the relatives wave
with the third one being in the relativep wave. It is easy to
see that the matrix elementM i jk

(0) ~nucleon numberk being
in the NNp vertex! is proportional to the three-momentu
upku, therefore, this nucleon is inp wave in the rest frame o
the initial d8 and N and, hence, inp wave relative to the
nucleonsi and j in the d8NNp vertex ~see Fig. 1!. At the
same time nucleons from thed8NNp vertex are in relatives
wave @16#. It means that only the FSI between the nucleo
in theNNp vertex is important. It can be taken into accou
by multiplying M i jk

(0) by cq(0), where cq(r ) is the con-
tinuum NN wave function@q'(pi2pj )/2# containing the
s-wave NN scattering amplitude, if thed8NNp vertex is
assumed to be pointlike:

Mi jk'M i jk
(0)S 11

R21

2as
212 iqi j

D , ~29!
01520
if

e
e

s
t

whereR'0.8 fm @16#, as is the 1S scattering length, andqi j
is the three-momentum of either nucleon,i or j, in their
center-of-mass frame,

qi j 5A1

4
@~M1mN!21mN

2 22Ek~M1mN!#2mN
2 .

~30!

The Coulomb effects, which are important for very sm
invariant masses in thepp subsystem, can be neglected
the integrated cross section.

With the FSI taken into account, the diagonal term has
be replaced by

^uM 123
(0)u2&→^uM 123u2&5^uM 123

(0)u2&U11
R21

2as
212 iqi j

U2

.

~31!

Finally, the summary contribution of all diagonal terms
the differential cross section is

dsdiag5
3

~2p!5

1

3!

1

4mNMv
^uM 123u2&

3
d3p1

2E1

d3p2

2E2

d3p3

2E3
d4~Q1P2p12p22p3!,

~32!

where 3! accounts for the three identical particles in the fi
state.

As already mentioned, in the limitv→0 the integration
over the phase space is simplified since there is no ang
dependence, and

E ^uM 123u2&
d3p1

2E1

d3p2

2E2

d3p3

2E3
d4~Q1P2p12p22p3!

5p2E ^uM 123u2&dE2dE3 . ~33!

Now let us consider contributions of the cross terms~e.g.,
$123%3$321%):
2^M 123
(0)M 321

(0)* 1M 321
(0)M 123

(0)* &

523
~ f g!2

m2

~p2p3!~Pp12mN
2 !1~p1p2!~Pp32mN

2 !1mN
2 S P(

i
pi D 2~p1p3!~Pp21mN

2 !2mN
4

@~P2p3!22mp
2 #@~P2p1!22mp

2 #
. ~34!
1-4
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As v→0 this expression depends only on energies of
outgoing nucleons,

2^M 123
(0)M321

(0)* 1M 321
(0)M123

(0)* &

523
~ f g!2

m H ~E12mN!@E3~M1mN!2mN
2 #

1~E32mN!@E1~M1mN!2mN
2 #

2M F1

2
~M224mN

2 !2~M2E12E3!~M1mN!G J
3

1

@~P2p3!22mp
2 #@~P2p1!22mp

2 #
, ~35!

and the FSI can be taken into account in the way descr
above, so that eachM i jk

(0) has to be replaced byMi jk , as in
Eq. ~29!.

The integration over the three-particle phase space
similar to the integration performed in Eq.~33!, so that for
the total inelastic cross section one finds

s in5
4.5

v
mb, ~36!

where the contribution of the cross terms is positive and d
not exceed 15% whenv→0. The products inv is a smooth
function of the energy over the threshold,«, so that, e.g., for
«520 MeV ~which corresponds to the kinetic energy of t
nucleon of about 30 MeV in thed8 rest frame! the contribu-
tion of the diagonal terms is only 10% larger than forv
→0.

To proceed further we consider thed8 propagation in the
nuclear medium, which we assume to be infinite, for simp
ity. Then, similarly to Eq.~12!, one has for the spreadin
width,

Gs52uImUAu. ~37!

HereUA is the summary effective potential created by nuc
ons in the nuclear matter,

UA5(
i 51

N1

Ui'rAV1~U01 iU 1!, ~38!

where rA5 1
2 mp

3 is the density of the nuclear matter,N1

5rAV1 being the number of nucleons in the interaction
gion of the volumeV1. Using Eqs.~7! and ~37! one easily
finds

Gs52rAV1uU1u5rAs inv, ~39!

or, if the Pauli blocking factor,h'2.2, is taken into
account,1 then

1To estimate Pauli blocking in the reactiond8N→NNN we sim-
ply limit the phase space for the final nucleons by the constr
pN.PF , wherePF is the Fermi momentum.
01520
e

d

is

s

-

-

-

Gs5rA~s in /h!v. ~40!

With the help of the result~36! one can estimate the
spreading width to be about 7 MeV. Notice, however, th
the pion exchange~the diagram in Fig. 1! contributes only
30– 40 % of the observed spreading width in nuclei, i.
there must be an additional mechanism for the reac
d8N→NNN, the total spreading width being

Gs'10– 20 MeV. ~41!

Such a mechanism could be as exchange as discussed
Ref. @2#.

Now we can check how well the approximation of th
infinite nuclear medium works. To this end we have to ens
that the typical free-path length of thed8 due to collision
damping, Ld8;v/Gs , does not exceed the radius of th

nucleusRA ( 4
3 pRA

3rA[NA). For DCX to discrete levels this
condition is fulfilled since forGs given by Eq.~41! and v
;1/10, which corresponds to the energy«'3 MeV above
the threshold, both lengths appear to be of the same orde
magnitude, andLd8&RA .

Besides we can performa posterioricheck of the validity
of the approximations made in Sec. II. Namely, we can j
tify the Born approximation used in Eq.~5!:2

mR1
2uU0,1u'

h

4p

mNGs

rAR1
'

1

3
, ~42!

and the one used in Eq.~6! when the elastic part of the tota
cross section was neglected. Indeed, for the scattering of
steplike potential~2! one has

sel5
16

9
pm2R1

6~U0
21U1

2!, s in5
8

3
pR1

3U1

1

v
, ~43!

with the ratio

sel

s in
5

2

3
m2R1

3
U0

21U1
2

uU1u v'
h

9p

mN
2 Gs

rA
v'

1

10
, ~44!

where we putuU0u;uU1u and substituted the velocityv
;1/10.

IV. NUMERICAL ESTIMATES

In this section we present the results of numerical cal
lations using Eqs.~22! and ~40!, and the estimate Eq.~41!.
Thus for the survival probability one, finally, has

t 2Let us remind the reader that the Born approximation is valid
uU0,1u!1/(mR1

2).
1-5
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wsurv5expS 2
hR̄Gs

rAV̄v
D , ~45!

where we put the functionF(R1 /R2) equal to unity every-
where for the sake of simplicity.

In Fig. 2 we depict the survival probability~45! as a func-
tion of the excess energy of the initial pion over the thresh
for d8 production using for the spreading widthGs

520 MeV and for the radiusR̄ the values 1.4 fm and
1.6 fm, respectively. For the excess energy of 3 MeV ab
the threshold we find that only about 10% of a
created resonances survive, so that the suppression fac
of order ten. Finally, in Fig. 3, we give the ‘‘bare’’ tota
cross section of thed8 production in the reactionp3He
→d8N as well as the same cross section multiplied by
factor of the survival probability. We find our theoretical pr
dictions to comply reasonably well with the experimen
data given in Ref.@12# ~dots with error bars in Fig. 3!, where
already the effects of collision damping had been discus
briefly.

V. CONCLUSIONS AND OUTLOOK

Using an optical potential approach we have shown t
collision damping strongly decreases the survival probab
of d8 in presence of a nuclear medium. Even for3He it
reduces thed8 production cross section near threshold by
order of magnitude, thereby leading to a reasonable ag
ment with the data. Another way to approach the problem
collision damping of thed8 resonance near its productio
threshold would be a full coupled-channel treatment. T
requires the consideration of~at least! three channels
p3He, d8N, andNNN ~one could even neglect the vacuu
width of thed8 considering it as a stable particle!. However,
solving the coupled-channel problem requires a rather a
rate knowledge of many reaction amplitudes~with JP

51/22) involved in this problem. In principle, this

FIG. 2. Survival probabilitywsurv versus the excess of the pio

kinetic energy over the threshold~in MeV! for Gs520 MeV, R̄

51.6 fm ~curve 1!, andR̄51.4 fm ~curve 2!.
01520
d

e

r is

e

l
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would allow us to find the correction to thed8 production
amplitude by summing up all possible contributions to t
amplitude p3He→d8N including the routep3He→NNN
→d8N.

Let us note that such effects should equally renorma
the amplitude of thed8 formation in heavier nuclei. How-
ever, it is just this amplitude~deduced from DCX transitions
to discrete levels@1#! that was taken as an input to predict th
d8 production off 3He @17#. The difference between thes
phenomena is, therefore, due to different details of thed8
propagation following its initial production by the incomin
pion. In this respect it appears noteworthy to compare w
the situation ofL and S production in the reactionpp
→KNY near threshold, where the observed@18# surprisingly
small S production cross section is interpreted as being d
to pp→K1pS0→K1pL, i.e., a strong FSI betweenp and
S0, which transfersS0 immediately into the energetically
much more likelyL—a situation very similar to that o
d8N→NNN discussed above for the DCX on helium is
topes.
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FIG. 3. The cross section for thed8 production in the reaction
p3He→d8N ~in mbarn! versus the kinetic energy of the pionTp ~in
MeV!. Curve 1 gives the ‘‘bare’’ result, without the damping effe
taken into account~Ref. @17#!; curves 2 and 3 represent the sam
cross section multiplied by the survival probability, Eq.~45!,

for Gs520 MeV and R̄ taking the values 1.6 fm~curve 2! and
1.4 fm ~curve 3!. Experimental data~Ref. @12#! are shown by the
dots with error bars.
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