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Abstract

We study the channels which contribute to the (*He,t) reaction in
the region of excitation of the A resonance. We show that the shift of
the delta peak in nuclei is due to a collaboration of many processes:
delta excitation in the projectile, quasielastic collisions, virtual pion
absorption and coherent pion production.






1 Introduction

The (*He,t) reaction in nuclei in the region of the A excitation is rather com-
plex and there are many different channels which collaborate and sometimes
compete, in producing the observed experimental strength. As a consequence
it has resisted a simple theoretical interpretation.

An overall view of the (*He, t) process on proton, deuteron and '2C targets
1s shown in fig. 1. Some features are worth noting with respect to this figure.
The deuteron spectrum is clearly shifted towards higher ¢ energies with respect
to the spectrum for p targets. The peak is not much shifted but much strength
accumulates now at lower excitation energies. On the other hand at the high
side of the ¢ spectrum some strength accumulates which is clearly attributable
to quasielastic collisions of the type He n —— ¢ p and which do not occur with
the p targets. A smooth extrapolation of this part of the spectrum in the d
case below the A excitation peak also shows that the new strength of the d
excitation function with respect to the proton can not be attributed to these
quasielastic collisions. On the other hand the peak of the distribution in '2C is
clearly shifted toward higher ¢ energies and a considerable amount of strength
is also shifted. However, contrary to the case of the deuteron, the quasielastic
peak is so large that one immediately realizes that its extrapolation below the
apparent delta peak must have much to do with the strength of this peak.
Hence any serious attempt to explain the inclusive spectra shown in fig. 1
must take the quasielastic channels into consideration.

There are several recent theoretical and experimental developments on the
delta excitation with hadronic probes that have increased considerably our
understanding of these reactions. Exclusive experiments looking for detailed
channels {1}, [2] have brought valuable information to clarify the important
issues. The (*He,t) reaction on p has been nicely described in ref. [3] [4] [5]
although using different approaches.

The deuteron spectrum finds a simple interpretation by considering the
delta excitation in the projectile (DEP) in addition to the delta excitation in
the target (DET) [3] which was dominant in the reaction on the proton.

The idea of coherent pion production has also stimulated some work 61,
[71,{8], and it appears to be one of the important factors in the interpretation
of the shift of the peak position in nuclei. Experiments devoted to provide the
absolute cross sections for coherent pion production in nuclei are under way
and some preliminary results are already available in refs. [9], 110].

In this work we will address the inclusive (*He,t) reaction in nuclei. As
mentioned before, many channels are involved, apart from those already present
in the deuteron case. All theincoherent channels are considered simultaneously
using a Monte Carlo (MC) simulation procedure and the coherent channel,
calculated separately, is also incorporated to the model.

We will consider the following channels: quasielastic > HeN — tN col-
lisions; multistep quasielastic collision, for instance 3HeN —3 He(t)N fol-
lowed by *He(t)N — tN; two steps quasielastic with ®He(t) break up in the



intermediate states; virtual pion production followed by two (or three body)
pion absorption (the virtual pion is in practice substituted by the spin-isospin
effective interaction); incoherent inclusive 7+ and 7° production and coherent
pion production.

The model for the coherent T-production is based in the work of ref. [18]
where the cross section for coherent pion production in the *He +12 (¢ —, t+
"“C+7* was calculated. The A peak of the energy distribution is considerably
shifted with respect to the peak in the p(*He,t)A** reaction. The coherent
pions represent a sizeable fraction of all pions produced and are an essential
ingredient in the interpretation of the A peak in the inclusive (*He,t) reaction
in 12C. A

In the case of incoherent pion production we use the model for the elemen-
tary N(*He,t)Nr reaction in [3] and incorporate the medium effects. We also
consider the N(3He 3 He)Nr reaction based in the model of ref. [11], followed
bya’He+n — ¢t 4 p collision, or the N(t,t)N7 reaction preceded by a
"He +n — t + p collision. In the N(*HeHe)N7 (or N(t,t)Nr) reaction
the DEP mechanism is very important whereas the DET mechanism provides
a small contribution. Also, the shapes of the two mechanisms are completely
different and the peak of the DEP mechanism is shifted by about 140 MeV
towards higher energies of the outgoing *He with respect to the peak of the
DET mechanism. The cross section of this N(*He,3 He)Nr reaction is also
much larger than in the N(*He,t)N~ reaction [11].

The rest of the processes involved are described below.



2 Description of the Simulation Procedure

The *He nuclei are thrown with random impact parameter b, uniformly dis-

tributed in the circle !bi < bmaz, Where b4, is a distance beyond which there

1s no interaction between the incoming *He and the nuclear target. The *He

nuclei are then moved along the z-axis starting from a point —z,,,, such that
Zun ™ b7 =07,

The incoming *He is moved in steps of size §z and, in every step, we check
whether there is interaction with the nuclear target.

Assume that P, is the probability per unit length associated to the i — th
channel of interaction. The interval of length 6z is chosen such that Y, Péz
1s much smaller than the unity, (N is the number of interaction channels). A
random number z € [0,1] is generated.

There are two possibilities:

1) (Py+ P, = ...+ Px)6z < z < 1. Then, the *He has not interacted in
this step.

2) (Pr+..P_1)bz <z < (P, + ...+ P;)6z. In this case the 3He follows the
1 — th interaction channel, for instance collides quasielastically and changes
energy and direction.

This algorithm is iterated until either the ® He(t) is broken or gets out from
the target nucleus. When it is a tritium nucleus what gets out from the target
its energy and angle are stored.

At the end of the simulation the total and differential cross sections of the

(*He,t) reaction are evaluated. For instance the total cross section is given by
12

N
o = benar.FT (1)

Where N7 is the total number of beam particles thrown and N is the
number of events in which a tritium was emitted.

To evaluate the angular distributions we proceed in the following way: the
range of the scattering angle is divided in N, equal angular intervals (angular
channel). If u is the cosinus of the scattering angle of the outgoing tritium we
associate it to a discrete value, the medium point of the interval in which x is
included [12]:

1
B e = (k= 5)én -1 (2)
where
2 p+1
bp=—,k=1 3
S + [ i ] (3)

if ny tritiums are stored in the k — th angular channel, we have for the angular
distribution the following expressions
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For the energy or double differential distributions we proceed analogously.

3  Probabilities of the interaction channels

3.1 Quasielastic collisions

In the (*He,t) reaction on nuclei many quasielastic processes are involved:
- One step quasielastic collisions

‘He+n —t+p
- Multistep quasielastic collisions, for instance
1))He +n — t + p followed by t + N — t + N
i1))He + N —* He + N followed by 3He +n — t + p
In this model we consider simultaneously these processes including all of them
in the MC simulation code. For this purpose we need to know the total
cross sections and the angular and energy distributions of all those elementary
processes. We take this information directly from the experiment [13].

do

Using the available experimental data [13] we parametrize & as a function

of the Mandelstam variables s and ¢ for the following processes:

p+*He — p+> He
p+tt—p+t (5)

p+t—n+He

Using the parametrizations of %‘%(s, t) for the free processes we can evaluate

the probabilities for these channels inside a nucleus. As an example we will
show in detail the calculation for the case of the *He + n — t + p reaction.

The associated cross section for one neutron is given by

d")O' M da. 1 _ . B ,
—:_}—' = 2Y _ 6
dmm4ﬁmmmwgﬂmwwqm| (6)



where ¢ = py. — p;, M the nucleon mass, and 6 is the angle between ¢ and
Pp, see fig. 2. The sum in eq. (6) runs over the nuclear states occupied by
the neutrons of the '*C and 1L,,(q—— Dp) 1s the Fourier transform of the neutron
wave function in the state n, i.e.

Ual§= ) = [ e Ty, () (7)
Using a harmonic oscillator model for these wave functions
4(13 . oy
Pis(r) = (ﬁ)l/ze 1/2 2}/;0(9)
8a® ..
bislr) = (37=) /e 2 Hin(Q) (®)
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we can evaluate analytically the eq. (6)

Using in eq. (7) the decomposition of the plane wave in spherical harmonics
we can write

Z\&n(i—ﬁp)\‘z = 47"{21120(‘1_13;)'*'4]121(‘;— ﬁp)} (9)

n

where

Lu(@) = [ rdri(ar) Bur) (10)

With R,(r) the radial part of the wave functions in eq. (8) and j(qr).the
Bessel function of order . Using the eq. A-7 in ref. [14] we get

2 "y _ a?
Lo(q) = (—-g)”ge e

4 2
Ila) = (ST 2qe=s 12 (1)
I
and then
! T o o2
Z/;]dcosmwn(q—pp)' =
16m3/2 4
= 5 {M(pp,q,0") + 3 N(pp, 9,0)} (12)
where

2
M(p) q, a2) = éaI)—q{e—(p_q)z/Clz _ e_(p+q)2/a }
2

2
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We take o = 0.37fm~2 for the 2.

In this approach we have not imposed the Pauli blocking in the outgoing nu-
cleon but we have checked that in the kinematjc conditions of the experiment
(particularly below the A peak) this correction is small. Finally, the probabil-
ity per unit length is obtained by multiplying the calculated cross section by
the density of neutrons.

Alternatively, one could use a simpler picture of the nucleus and assume
that the nucleons move in a local fermi sea. Then integrate over initial nucleons
—or take an average nucleon- do simple kinematics and exclude the events that
are forbidden by the Pauli blocking in the outgoing nucleon.

The probability of this reaction per unit length, needed in the Monte Carlo
simulation is obtained by multiplying eq. (6) by p(7)/4, with p(7) the density
of C and A4 its mass number.

3.2 Virtual pion absorption

One of the processes which contributes to the inclusive reaction (*He,t) on
nuclei is the virtual pion absorption. Its probability is proportional to the
imaginary part of the selfenergy diagrams of fig. 3, which account for the
reactions (*He,tNN) and (*He,t NNN) (absorption of the virtual pion by
two and three nucleons respectively). The double differential cross section
assoclated to the process depicted in fig. 3 is given by

dQU' xMHC 1 f 5
- = -2 7= d*ré(g")2(=)?
dE.dQ, I (%)3/ rila)2()
=2 oye_ Mo I II0b > . (14)
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where & = (k(’,l;) is the momentum of the incoming 3He, f is the tNN
coupling constant (f*/4r = 0.08) and u the pion mass. ImII**(q,p(7)) is
the imaginary part of the pion self-energy related to pion absorption [15] and
D(q) the pion propagator. In ref [15] the pion selfenergy, II, was evaluated
microscopically and the different sources of ImIl were separated. Each one of
these parts was associated to a physical channel, quasielastic or absorption.
Here, only the absorption part of II is considered. The same steps below
using the quasielastic part of the pion selfenergy account for the 3He + N —
t + N + 7 reaction. In the next section we discuss further details on this
channel.

If we split the pion selfenergy in s-wave and p-wave parts:

(g, p(7)) = W) (g, p(7)) + §*T1¥)(g, p(7)) 1)



and incorporate the medium corrections as in {15], we can write

dc _ My. 1 3 o f )
dEtsz =2 |E1 (27(')3 /d Tg(q )Z(E)QFHEJ(Q)
M, ImIg,p(7) oy o 16
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where F..(q), F,(q),C, and g’ are defined in [3]. U(q) is the Lindhard function[16]
that includes both the nucleon and delta contributions and Fr.+(q) is the
(*He,t) transition form factor [3].

For the pion selfenergy we use the results of ref. [15].The s-wave contribu-
tion is negligible for the pion momenta that we are interested in. At energies
of the pion around the A region, II{) is dominated by the A excitation, which
is proportional to the A propagator

1
G = — (19)
Vs =My + 1Ty — %,
where T, is the free A width with Pauli corrections and ¥ its selfenergy [151.
For the real part of the A selfenergy we take [15]

ReXy = —53p(7)/po[MeV] (20)
where p(7) is the nuclear density and p, the nuclear matter density (p =
0.17fm™?).

For the imaginary part of the A selfenergy we take [15]

. ImE_;:ImE"—i-]mili—s%lmﬁ‘?A (21)

where ImZ? is associated to the resonant part in the two body absorption
and /mZX is associated to the three body absorption. I's/2 and ImY¢ are
associated to the quasielastic channels. At lower excitation energies, non res-
onant terms in the pion selfenergy become important, and around excitation



energles close to the pion mass they provide a contribution to [Jat* about three
times larger than the A excitation contribution alone. This is important to
note because in the present process the contribution to the (*He,t) reaction
from virtual pion absorption peaks around excitation energies close to the
pion mass. Two factors are responsible for this feature: the (*He,t) transition
form factor and the fact that these virtual pions have an energy ¢ =~ m, but
a sizeable momentum ¢, unlike real pions which have zero momentum at this
energy, and I1'”) is proportional to g2

We should note that in the approaches of (4, 5, 8] virtual pion absorption
1s implicitly incorporated in terms of the imaginary part of the A selfenergy
in the medium used there, but only the part corresponding to A excitation,
le., the non resonant terms discussed above are not included.

The probability of this reaction per unit length, needed in the Monte Carlo
simulation, is given by eq.(16) omitting the d*r integration.

3.3 Pion production

In the (*He,t) reaction on nuclei several processes with w-production are in-
volved.

- One step m-production *He + N — ¢t + N + =
- Multistep 7-production, for instance

i)

3
He-N —{ Tyin

N —t4+ N+r

where we have a quasielastic collision followed by a 7 production process.
1i)

3
3He+N——>{tHe}+N+7r
+

N-—t+N

where we have a 7 production process followed by a quasielastic collision.
The model for the 7-production processes in the (*He, t) reaction, on pro-
tons and neutrons, is described in {3]. The nuclear medium corrections to
these channels are incorporated as discussed in the previous section. The =-
production processes in the (*He,® He) reaction, on protons and neutrons, are
studied in [11}. For the (t,t) reaction on protons or neutrons we take the



(*He," He) cross sections on neutrons or protons respectively. In both cases
the calculations include the A excitation in the target and A excitation in the
projectile mechanisms and the # — N s-wave interaction.

3.4 Intermediate excited states

We also consider processes with excited >He or ¢ as intermediate states, for
Instance

3 =
3He+N—_>{t,H°’ b+ N (22)

N —t+ N

We represent these diagrams in fig. 4.

To evaluate the double differential cross section for the process depicted
in fig. 4 we use a closure sum approximation, assuming an average value
for the energy of the different intermediate states, and we use the relation
between the transition amplitude and the differential cross section % for the
p+t— n+" He reaction. Then, we can relate the double differential cross
section for the process depicted in fig. 4 with ‘;—‘t’ for the p +t — n +% He
process:

do 8 kp} diq :

- d3 / 2 0 g 10

dE,dQ, WMH(,M,/ "] @m)yf@ )
1

n M. 2
I r"] I = I | 23
m(/;\ TTLL\(q )‘ E;{P k“ _ ql) — E;Ie — iImEHe“ ( )
do do
—(t = ]/Q—t: )2
UG =0 (5 (t = (g +4)%)
do do

where

q/l,) — k() _ q(l _ Et

§'=k-q-5 (24)
with (k' k) the momentum of the incoming *He.
For the imaginary part of the 3He" selfenergy of eq. (23) we take

1
Im EHC" = —iaHe—/\'pvrel (25)

10



where v, = ﬁ(k),p i1s the nuclear density and oy._n is the total cross
section for the N +* He — X reaction. Eq. (23) has been derived by
assuming a closure sum over all intermediate He, He" states and subtracting
the contribution of the intermediate state where one has the *He in its ground
state.

To estimate the average value of the intermediate excited states energy,
we evaluate explicitly the form factors appearing in the calculations of the
differential cross section of the process depicted in fig. 4,

< PieleT T Y, >, < PaleT T iy, > (26)

where 7, and 1, are the wave functions of the >He in the ground state and
in the n excited state.

If we take a plane wave with momentum p for the wave function v,, we
can calculate analytically such form factors getting

< il gy > TP/ (27)
with the same a as in eq. (13). (Notice that the former expressions are

calculated in the framework where the 3He is at rest).

We take for p the value that maximizes the product of the two form factors,
getting

—

—

(¢ -9 (28)

P:§

In the lab frame, where the *He moves with momentum k, we can write
for the average energy of the excited states

_ 2 -
Ey,. = EEHE(I") + E\ (29)
where
Eno(k) =My, +k?
Ey(K)Ex + 1§ - )k
El = He(k)Ex +3(¢" = q) (30)
‘ MHe
with
T
En =VM2+[§(q’—q)P (31)

with M the nucleon mass. The process where we excite a t* instead of *He
would give us the same cross section as eq. (23) and is also included.

The probability of this reaction per unit length, needed in the Monte Carlo
simulation, is given by eq.(23) omitting the d°r integration.

11



3.5 *He or t breakup

To exclude the processes where the > He breaks, we need the total cross section
for the *He + N — X reaction, that we calculate using an eikonal approxi-
mation,

OHe-N($) = 2/ d*b[1 - e~ onn(on) [ dzp(!h)} (32)

where oy is the total NN cross section [17], s the Mandelstam variable of
the *He — N system y sn the one of the NN system and p the *He density.

For the t -+ N — X cross section we also take the eq. (32) due to the
1sospin symmetry. With this cross section we define a probability per unit
length of He o t breakup, P, = oy._n(5)p(r), with p(r) the '2C density. Then
if step 2) of section 2 happens to occur in the P, segment the event is dismissed
for the reaction. Recall, however, that the possibility of He(t) breakup and
recombination is explicitly considered in the former section.

3.6 Coherent pion production

The model for the coherent pion production is fully described in ref. [18]. We
will take the results from that reference and add them to the results for the
incoherent channels obtained in the simulation.

4 Results and Conclusions

In this section we present the results of the inclusive *C(*He, t) cross section
at Ty. = 2GeV and zero degrees (see fig. 5).

The curve labeled 8 is the total calculated cross section for the inclusive
"“C(*He,t) reaction. One can see that the shift in the apparent A peak is
reproduced.

The curve 7 represents the contribution of all the incoherent channels (dis-
cussed in the previous section) to the inclusive reaction. We can observe in
the figure that the sum of all the incoherent channels shifts considerably the
strength at higher ¢t energies, but the position of the peak is not much altered.

In the curve 6 we plot the contribution of the coherent pion production
channel to the inclusive reaction. The most interesting feature is that the
peak of the coherent pion production is considerably shifted (about 70 MeV)
with respect to the incoherent one. This feature is partly responsible for the
shift of the peak in the total inclusive (*He, t) cross section, collaborating with
the enhancement of the strength at high t energies produced by the incoherent
channels.

In the curve 5 we plot the contribution of the incoherent pion production
channel to the inclusive reaction. This curve includes all the multistep pro-
cesses such that the last step is a incoherent pion production. The model

12



for the m-production processes in the (*He,t) and (*He,” He) reactions in-
cludes the DET and DEP mechanisms, the 7-N s-wave interaction and also
the medium corrections. The incoherent pion production peaks at the same
position as the elementary (*He,t) reaction on the p, something confirmed
experimentally [2]. One should note that we do not follow the final state in-
teraction (FSI) of the pions or the nucleons produced. In the spirit of the MC
simulation which we use this FSI does not change the inclusive cross section,
but it redistributes the strength in different channels. For instance, some of
the pions of curve 5 would be absorbed and show up as 2N or 3N emission.
Hence this curve is not directly comparable with the exclusive experiments.

In the curve 4 we plot the contribution of the virtual pion absorption
(multinucleon emission). This means that in this curve we include all the
contributions from multistep processes such that in the last step there is a
virtual pion absorption.

In the curve 1 we plot the contribution of the multistep processes such
that in the last step there is a quasielastic (*He,t) process. We call one step
quasielastic processesto these ones. The one step quasielastic processes fill the
region of very high t energy.

In the curve 2 we plot the contribution of the multistep processes such
that in the last step there is a quasielastic (¢,t) process. Before this last step a
(*He,t) reaction necessary took place. We call two step quasielastic processes
to these ones.

In the curve 3 we plot the contribution of the quasielastic processes with
intermediate He(t) break up. This means that in this curve we include all the
contributions from multistep processes such that in the last step there is a
He(t) break up followed by recombination to give a t.

The classification of events in fig. 5 is done, as we have discussed, in base
to the last step in the MC simulation. This means that, for instance, two
step processes in incoherent pion production where the pion is produced in
the first step are not included in curve 5, but would be counted in some other
curve. However, we have checked that these two step processes give a small
contribution and hence the association of curve 5 to pion production in any
step is already a very good approximation. The same can be said for other
channels.

One of the interesting findings in fig. 5is the fact that the contribution from
virtual pion absorption (requiring at least two nucleons) peaks at excitation
energies close to the pion mass. We commented on that in sect. 3.2 and gave
there qualitative reasons for it. It is very interesting to note that the shape of
this distribution is very similar to the 2p emission in the (*He,t) reaction on
the deuteron [2]. The experimental observation of a shift of the 2p emission
distribution in '*C to higher excitation energies [2] would find a qualitative
interpretation, to the light of the present results, in the fact that due to FSI
some of the real pions of curve 5 would be absorbed and the corresponding
strength of this process would peak at the same position of curve 5. The
proportion of this pion reabsorption obviously grows with the nuclear mass.

13



In summary, we have observed that the inclusive (* He, t) reaction in nuclei
1s a very involved process. We have tackled the reaction looking at all the
channels which can give a contribution to the inclusive cross section, and have
shown that many of them are partly responsible for the large shift of strength to
higher ¢ energies, as observed in the experiment. The coherent pion production
channel played an important role in the shift of the peak position.

While former analyses of the process have made emphasis on the delta
properties in the nuclear medium, we have shown that some of the peculiar
features of this reaction are not tied to the A nuclear dynamics, and quasielas-

tic scattering, non resonant pion absorption, etc... are also relevant to the
process.
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Figure Captions

Fig. 1:
Double differential cross section for (*He,t) on different target nuclei as a
function of the t kinetic energy. Data from ref. [19]

Fig. 2:
*He + N — t + N collision in the lab system.

Fig. 3:
? He-selfenergy diagrams associated to the two (a) and three (b) nucleons emis-
sion process with t as intermediate state.

Fig. 4:
Diagrammatic representation of the process (22) with an excited helium -
*He - as intermediate state.

Fig. 5:

Contributions to the cross section for the (*He,t) inclusive reaction on '2C.
(1) Quasielastic>He + N — ¢t + N.

(2) Two step quasielastic *He + N —3 He(t) + N followed by *He(t)+ N —
t+ N

)

) Incoherent pion production.

) Coherent pion production.

) Sum of incoherent processes 1-5. .

) Total: sum of coherent and incoherent processes.
ta from ref.[19]

)
)

16



0 /dEdQ) (mb /sy MeV)

d2

i ' 1'
(°*He,1)
2 GeV
0L 0° -
,zc
0.5L y
AN
p
. 1
1400 1600 1800 200
T: (MeV)



(d"
d?q) 1




(e
(q

°H

°H




\’\\E\




d’c/d0 dE (mb/sr MeV)

llllIIlllllllllllllllllllllllIIIIT'|III

AV]

-

-—-—-——
-— T —
. —

I'TrllllllllllllljllIlllllllIlllllllll

AR
-
o

—~
‘bl

-




