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Abstract For the first time in an application to nuclear
astrophysics, a process induced by the unstable >He = (*He-
n) nucleus, the 3He+ He—> 2« reaction, has been studied
through the Trojan Horse Method (THM). For that purpose,
the quasi-free (QF) contribution of the 9Be(*He,aa)*He
reaction was selected at Espgge = 4 MeV incident energy.
The reaction was studied in a kinematically complete exper-
iment following a recent publication (Spitaleri et al. in Eur
Phys J A 56:18, 2020), where for the quasi free contribution
the momentum distribution between « and > He particle clus-
ter in the *Be nucleus in the ground state have been extracted.
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The angular distribution of the QF *He+>He— 2« reaction
was measured at 0., = 78°-115°. The energy dependence
of the differential cross section of the >He+’He— 2« vir-
tual reaction was extracted in the energy range E.,, = 0-650
keV. The total cross section obtained from the Trojan-horse
method was normalized to absolute cross sections from a the-
oretical calculation in the energy range E,, =300-620 keV.

1 Introduction

The investigation of nuclear reactions induced by an unbound
nucleus x,,,,; is important for nuclear physics in the future. It
could also be of interest to nuclear astrophysics if applied to
reactions induced on unstable nuclei. At present, the direct
investigation of a x,,,+ B nuclear reaction (with x,,,,;, as target
or projectile) is not feasible, the most viable method to experi-
mentally study the two-body reaction x,,,,+B — C+Disto
measure the inverse reaction. An alternative way to increase
the possibility of measuring the cross sections of this type of
nuclear reactions is to apply indirect methods. Those methods
have been developed in the last decades mainly for astrophys-
ical purpose, aiming to study nuclear reactions at very low
energies. Among these the Trojan Horse method (THM) [2—
14] can be considered as an attractive way to evaluate the bare
nucleus cross sections of rearrangement reactions induced by
unstable nuclei [15-18]. In this approach, the reaction A+B
— S+C+D with a spectator nucleus S is investigated instead
of the reaction x,,,+B — C+D (see the upper panel in Fig.
1). In particular, in a previous experiment [17], the THM has
already been applied to investigate the 8Be(d,«)°Li reaction,
induced by the unbound nucleus ®Be, at energies of astro-
physical interest by studying the quasi-free (QF) contribution
to the ZH(°Be,«a®Li)n reaction.

In the present work, the THM was used to extract the
cross section of the *He(®He,)*He reaction, by measuring
the QF contribution of the “Be(*He,xar)*He reaction. A pre-
liminary study of the reaction mechanisms involved in the
3He(°Be,ar)*He reaction has already been carried out, by
testing the presence of the QF contribution at energies com-
patible with the particular kinematic conditions suitable for
the application of the THM [1]. Furthermore, the >He—*He
inter-cluster momentum distribution in the °Be nucleus was
measured with different analysis methods. These prelimi-
nary investigations are the necessary conditions to study of
the “He(*He,)*He virtual reaction by applying the THM
(see Ref. [1]).

Moreover, the 9Be(3 He,otoz)4He reaction at beam energies
comparable to the height of the Coulomb barrier was exper-
imentally investigated by several authors showing a clear
evidence of a QF contribution at low incident energies from
2.5to 12 MeV [19-23], see Table 1 in Ref. [1]. In particular,
the a—a coincidence cross section for the Be(*He,a)*He

@ Springer

Eur. Phys. J. A (2021) 57:20
A S (a)
D
X Y >
EN
B
C
.\A
b
%Be o (b)
Oy
5He ) >
" o
3He
~ (XZ
~a

Fig. 1 Diagram describing the QF process for generic A+B— C+D+S
three body reaction is given in upper panel, while for the measured
9Be(*He,aar)*He reaction is given in lower panel. Particle x (°He) is
called “participant” to the process while S particle is called “spectator”
(ars) to the B+x — C+D (CHe+’He — o + o) virtual reaction

reaction at 4 MeV of the beam energy has been measured
showing that under some specific kinematic conditions the
primary reaction mechanism was a direct interaction between
the *He projectile and the He cluster in the target [19]. In
this case, as shown in Fig. 1b, the two «-particles emerge
after the QF pickup reaction, while the other cluster, again
an a-particle, acts as a spectator to the process («s).

To verify whether the contribution of the QF mechanism
was present in the low-energy range, the *Be(*He,acr)*He
reaction was studied at different energies (2.5, 2.7 and 2.8
MeV) [20,24]. Moreover, the excitation function of the three-
body cross section has been measured both at symmetric and
asymmetric detection geometries [19,20,24].

In a past experiment [21], the Treiman—Yang criterion [25]
was also applied to the “Be(*He,aer)*He reaction, offering
further evidence for the validity of the pole approximation in
the present case.

The aim of the present work is to determine the excita-
tion function and angular distributions of the SHe(®*He,«)*He
reaction at low energies in the center of mass system (0<
E.m. <620keV).

2 Basic features of the Quasi Free reaction mechanism

Before proceeding with the experimental details of the
present study, a brief presentation of the basic theory behind
the QF mechanism is given here, primary to provide a better
understanding of the reaction mechanisms that are involved
in the ?Be(®*He,ar)*He reaction at low energies.
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The theory of direct reactions is the background for the
study of QF processes [26,27]. The QF mechanism is already
well known as typical mechanism present in nuclear reac-
tions at high energies where the momentum transferred to
the detected o particles is of the order of hundreds MeV/c,
so the conditions of the Impulse Approximation (IA) is well
fulfilled [28,29]. Moreover, a high projectile energy implies
a small de Broglie wavelength and, consequently, allows the
projectile to “see” only one cluster and interact with it with
a negligible influence from the remaining part of the target
nucleon. The de Broglie wavelengths, see Table 1 in [1], are
significantly smaller than the inter-cluster distance confirm-
ing that the 4 MeV 3He beam provides a good probe of the
THM mechanism described by the simple diagram shown in
Fig. 1a [30,31].

The study of the QF process is often performed in
the framework of the Plane Wave Impulse Approxima-
tion (PWIA) or the Distorted Wave Impulse Approximation
(DWIA), without spin-orbit dependent distortions. Under
these conditions, the three-body reaction cross section is pro-
portional to the cross section of the virtual two-body reaction:

d*o
d$2,dS2y,dEy,
(D

:|HOES

d
o (KF) - |¢(pag)|* - [—
O‘S ds2 3SHet He—a+a

where:

1 [j—_‘(’z]fl HOei;gHe_w o is the half-off-energy-shell (HOES)

differential cross section for the virtual *He+’He—
a1+a two body reaction at center of mass energy E.,,. It

can be expressed with the Post Form Prescription (PFP)
as [32]:

Ecm = Eotlaz - Q2h (2)

where Q»;, is the Q-value of the *He+>He— 1 +a binary
reaction and Eg 4, is the oy — a; relative energy in the
exit channel.

2. KF is a kinematic factor containing the final state phase
space factor. It depends on masses, momenta and angles
of the detected particles [19].

3. |q15(p,)ts)|2 is the momentum distribution of the specta-
tor arg. It is given in PWIA by the square of the Fourier
transform of the radial inter-cluster wave function. Since
the dominant configuration of the “He—"He partition in
Be is characterized by /=0, |¢( Pa5)|2 is centered at
[Pas |=0[22,33,34]. Any contribution from higher angular
momenta [ will correspond to a momentum distribution
that peaks at finite values of p. In the selected low-
momentum range for the analysis it can be neglected as
compared to the dominant / = 0 component considering
the uncertainties.

Psp 7

3He

PSDg 502

Fig. 2 Schematic drawing of the experimental setup adopted for the
study of the 9Be(*He,er)*He reaction

The region where the pole diagram (Fig. 1) is expected to be
dominant is fixed by the condition [31]:

0< Pag = KxS 3

where x5 is the wave number of bound state (x.S)

KxS = +/21(x5) B(xs) @

where 1 (ys) and By,s) are the reduced mass and the binding
energy of the x§ (°He—*He) cluster system in the A (°Be)
nucleus with respect to the breakup into *He and > He, respec-
tively (Fig. 1).

The validity conditions of the IA have been checked for
the 9Be(3 He,xa)*He reaction. Indeed, the de Broglie wave-
length of 0.46 fm has to be compared with the “Be nucleus
radius which is around 5 fm [24,28,29]. Furthermore, as
a pole approximation validity test, the Treiman—Yang (T-
Y) criterion [25,35] has been successfully applied to the
9Be(*He,aar)*He reaction at 2.8 MeV energy beam [21]. The
T=Y test, which has the advantage of being based only on
general principles of physics, regardless of nuclear reaction
models, has provided further confidence on the validity of the
pole approximation and therefore of the factorization applied
(Eg. (1)) to the three-body cross section of interest [21]. The
theoretical details of the T-Y criterion are briefly provided
in Sect. 5 of this work.

3 Experimental setup

The experiment was performed using the EN Tandem at the
Ruder Boskovic Institute in Zagreb. A 3He beam with an
energy of 4 MeV and with intensity of 7-10 nA was delivered
onto a *Be target, ~ 124 pg/cm? thick, evaporated on a thin
carbon foil, ~ 40 pg/cm? thick, placed at 90° with respect the
beam direction. The beam energy has been chosen in order to
maximize the QF contribution [22]. In addition, at this beam
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Table 1 The TH-nuclei used in the past for application of THM. Here
we report the cluster structures, the relative binding energies, the used
virtual particles and the application for specific reactions with the cor-

responding references. It is important to underline that the *Be nucleus
represents an interesting candidate to be used as “Trojan Horse nucleus”
for its versatile configuration

Nucleus “TH” Main cluster structure Binding energy (MeV) Virtual particle transferred 2-body reaction 3-body reaction References
d p-n 22 p TLi(p,)*He TLi(d,2a)n [36-38]
3He p-d 5.5 p Li(p,a)*He "Li(*He,20)*H [39]

6Li a-d 1.5 d HCLi,0)*He  °Li®Li,0 «)*He  [4,40,41]
3He p-d 5.5 d HCLi,«)*He  SLiCHe,x )'H  [41]

Li a-d 15 d 2H(d,*He)n ZH(°Li,*He n)*He [42]

3He d-p 5.5 d 2H(d,’He)n 2H(He He n)'H  [43]

oLj a-d 1.5 d 2H(d,*H)'H ZHOLi*H p)*He  [44]

3He d-p 5.5 d 2H(d,’H)'H 2H(He He n)'H  [43,44]
oL a-d 15 a 13C(a,n)'0 BC(Li,n'%0)*H  [45]

d p-n 22 n Tom, )*C  d(70.,2™C)p [46]

9Be n-8Be 2.5 8Be 8Be(d,) °Li  “Be(d, °Li)n [17]

9Be a-He 2.5 SHe SHe(*He,a)*He Be(*He,a)*He [pres. work].

energy two experimental data sets are available in the litera-
ture, useful for a data comparison and normalization [19,22].

The experimental setup consisted of four single-sided sil-
icon Position Sensitive Detectors (PSD), two 1000 wm and
two 500 pum thick, mounted in a co-planar geometry on both
sides of the beam direction covering a solid angle of 3.5 msr.
A sketch of the adopted setup is depicted in Fig. 2. The o—
a coincidences were measured by any pair of PSD’s placed
on opposite sides of the beam direction. A detailed descrip-
tion of the experimental setup with positions, distances, solid
angles and other characteristics of the used detectors can be
found in ref [14]. No particle identification technique was
used during the experiment, since the Q-value (19.9 MeV)
of the three-body reaction of interest is the largest among
the other possible three-body reactions occurring on carbon,
oxygen and other elements present in the target.

The energy calibration was performed using elastic and
inelastic scattering of the He at 4 MeV on a '"’Au tar-
get. Moreover, a three-peak o« source (P°Pu (5.157 MeV),
241 Am (5.486 MeV) and 2**Cm (5.805 MeV)) was employed.
The position calibration was performed using a grid with
18 equally spaced slits in front of each detector. An over-
all energy resolution of about 1% and angular resolution of
0.3°-0.5° was obtained. The beam spot size (~ 1.5 mm) and
energy spread were taken into account, as well as the energy
loss in the target and in the dead layers of the detectors.

4 Data analysis
The extraction of the *He+>He — 2« two-body cross section

via the THM follows a standard data analysis path that can
be summarized as follow:

@ Springer

Selection of the best suitable Trojan Horse nucleus.
Selection of the 9Be(3He,ozoz)4He, three-body channel.
Selection of the events from the QF reaction mechanism.
Validity tests of the selected data.

Evaluation of the differential three body cross section.
Extraction of the angular distribution of two-body virtual
do(Ecm)HOES/d.Q cross section.

7. Integration and normalization of data for the extraction
of the two body cross section of interest in absolute units.

N

These steps will be described in the following sections.

4.1 Selection of the Trojan Horse nucleus

Table 1 shows the main TH-nuclei used as sources of virtual
targets or projectiles in the past applications of the THM.
It is useful here to briefly recall that in the general case of
a reaction A(B, CD)S, the nucleus A is called a “Trojan
Horse nucleus” for the investigation of the x+B—C + D
virtual reaction if it can be described by a cluster structure
x+9).

Among the other TH-nuclei, it should be noted that the
9Be nucleus represents an interesting candidate thanks to
its pronounced cluster configurations (¥Be—n and YHe—*He)
[14]. This implies that it can be used as virtual source of «,
SHe, 8Be, or n. Therefore the ?Be nucleus can be considered
as TH-nucleus for reactions induced by unstable nuclei like
He (present work) or ®Be [17].

4.2 Selection of the “Be(*He,aa)*He three-body channel

It is well known that in a reaction with three particles in the
exit channel, two-dimensional plots between the energies of
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Fig. 3 Q-value spectrum obtained for coincidence events in the detec-
tors PSDj and PSD3. The sharp peak around 19 MeV contains only the
9Be(*He,aar)*He events. The arrow indicates the energy corresponding
to the theoretical Q-value. In the data analysis only the events between
the two red lines were taken into consideration. The background of the
data that cannot be associated with the *Be(*He,xt)*He reaction is neg-
ligible (~3%). The uncertainty associated with it is taken into account
in the calculation of the total uncertainties

any two of the emitted particles show their correlation in
terms of energy and momentum conservation. Thus, they
can be used to select the reaction channel of interest. In our
case, only two of the three emitted particles were detected,
leaving, in general, the system undetermined due to the
overlapping of different kinematic loci in the same phase-
space region. Those loci correspond to reactions of the 3He
beam with nuclei that constitute impurities in the targets,
producing different undetected particles. Thus, the afore-
mentioned procedure should not introduce ambiguities in the
present case, due to the high Q-value (19.004 MeV) of the
reaction of interest, much larger for than any other possible
reaction occurring on carbon backing or impurities in the
target.

Nonetheless, to avoid errors introduced by unknown
impurities in the target or beam, a further check based on
the mass identification [47] of the undetected spectator parti-
cle S was carried out. The applied procedure is given in more
details in [1]. Taking into account the energy and momentum
conservation laws and by considering an undetected particle
having mass number 4, the experimental Q-value spectrum
for the selected events was reconstructed: the corresponding
spectrum of events in detectors PSD1 and PSD3 is shown in
Fig. 3. This spectrum shows a prominent peak at ~19 MeV
in good agreement with the expected Q-value of 19.004 MeV
(marked by an arrow in Fig. 3). No evidence of contamination
events is present in the Q-value spectrum. Only events inside
the limits 18.75 MeV < (Q-value)<19.2 MeV were selected
for the subsequent data analysis.

A demonstration of the good channel selection is given in
Fig. 4, where the experimental kinematic locus for two coin-

141 _
— r pots_o
> i
%’ 12
5 10
w -

st °Be(3He,aa)*He

6; 0,1=]04| =75°£1°

I B B S I I B

6 7 8 9 10 11 12 13 14 15 16
E., [MeV]

Fig. 4 Example of two dimensional E, —E,, energy spectrum. Eg,
and E, stand for the energies of the particles measured in the detectors
PSD; and PSD3, respectively. The experimental kinematic locus Eg,—
Eq, (black points) at symmetric quasi-free angles 61 = 65| ~ 75° £ 1°
is depicted indicating a good agreement with the simulated one (red
points). The arrow marks the region where E,, = Ey, and py =0

cident o1 and «p detections is reported for a chosen angular
pair, namely 6psp, = |0psp;| = 75° = 1°. Here, the energy
detected in PSDj is given on the horizontal axis, while the
energy deposited in PSD3 is indicated on the vertical axis.
Experimental data are clearly distributed along an ellipse,
owing to events from the Be+’He reaction. The experi-
mental locus is compared with a simulated two-dimensional
spectrum (red points), which accounts for the energy loss
and the experimental and kinematic constraints. Good agree-
ment between the experimental and simulated kinematic loci
is found for all the angular couples, strongly confirming the
good selection of the three-body channel of interest.

In Fig. 4, the condition of py; = 0 (or Ey=0) corre-
sponds to a point with £, = E,,, since the two particles are
identical and detected at symmetric angles (at beam energy
of 4 MeV with E,, = E4, ~ 11.6 MeV).

In the following, the detected « particles from any of the
selected coincidences will be indicated with symbols o (par-
ticle detected in PSD1) and o (particle detected in PSD3),
while o g will stand for the undetected « particle.

4.3 Selection of events from the QF reaction mechanism

The next step in a TH analysis is the identification of different
reaction mechanisms with the same three « in the final state.
Indeed, for the application of the THM only the QF events
should be selected. In general, the selection of events related
to the QF mechanism is complicated by the presence of other
reaction mechanisms producing the same three particles in
the final state (Fig. 5), namely the sequential decay (SD) (Fig.
5a) and direct breakup (DB) (Fig. 5b).

@ Springer
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Fig. 5 Simplified diagrams for the main reaction mechanisms different
to the QF one (Fig. 1) in the three-body nuclear reactions. Diagram (a)
represents a two step process proceeding through the sequential decay
(SD) of an intermediate Be level. Diagram (b) represents a direct 3-«
breakup mechanism (DB)

N

A standard way to investigate the reaction mechanisms
is the study of the experimental momentum distribution
|¢(pas)|gxp [14,48]. Indeed, the shape of the experimental
momentum distribution of the inter-cluster motion of He
inside °Be is very sensitive to the reaction mechanism, so
its extraction and comparison with theoretical models is a
necessary test to confirm the applicability of the THM [1].

For this purpose, according to the available data, this work
was preceded by the study of the QF reaction mechanism and
the related momentum distributions were measured through
different methods.

The experimental momentum distribution can be calcu-
lated via the formula:

2 Yield
exp (KF) - [(g_g)HOES]

& (Pars) | &)

SHe(CHe,a)*He

where the kinematic factor (KF) takes into account the angles
(B and 6y,) and energies (Ey,and E,,) of the detected o
and oy particles (Eq. (1)).

For particular kinematic conditions of the angular (A8, )
and energy ranges (AE.,,), the differential cross section

(6)

[dzamecm, AEcm)

HOES
dQdE ]

can be considered constant.

The momentum distribution [¢ (p) |g p canbe described
by the modulus square of the momentum-space wave func-
tion of the “*He->He relative motion. It is obtained from
the coordinate-space wave function by a Fourier transform.
Assuming a spherical Hankel function with / = 0 and imag-
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Fig. 6 Experimental momentum distribution as obtained in [14]. Fit
of extracted average experimental impulse distribution obtained by four
different experimental distributions measured with different methods:
energy sharing (¢ = 10%), angular correlation ( AFF vaHHAQW =€ =28.1%),
relative energy cut (¢ = 9.8%), momentum bins (¢ = 9.5%) reported
in Ref. [1]. The best fit curve is shown as a red solid line, having R, =
4.94+0.3 fm, a corresponding (FWHM)= (~)8248 MeV/c and reduced
%2 equal to ~ 2.4. The blue dotted lines mark the +10 confident bands
of the fit

inary argument ik, sr as the radial wave function for radii r
larger than a cut-off radius R and zero for r < R, we find

|6 (Purs) 2

B N [sin(kas R)  cos(kesR) ]2 o
W+ L ks s
with a normalization constant N, ko, = pog/h and the

bound-state wave number ks defined in Eq. (4). This form
gives a very good approximation to the momentum distri-
bution of a more realistic wave function with a Whittaker
function for the correct asymptotic radial dependence.

Figure 6 shows the fit (red line) of the average experimen-
tal impulse distribution while the dashed blue lines represent
the upper and lower ends of the fit, taking into account the
uncertainties on the measurements of the impulse distribu-
tions. The procedure adopted to select the QF events from
the experimental data is explained in detail in [1]. The con-
clusions drawn in [1] make us confident that a good selection
of the QF mechanism in the analyzed data was achieved.

4.4 Selection of the events for the "He(*He,«r)*He
investigation

After the selection of the events from the *Be+>He— 3«
reaction channel, the next step is to examine if, in the consid-
ered QF kinematic region, the contribution of the QF process
to the overall @-a coincidence yield was evident and well
separated from the other channels (Fig. 5).
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Table 2 Resonance label and level parameters of 8Be nucleus given by Tilley et al. [49]. The resonance energies E, of the $Be states populated
(in this work), spin-parities, natural widths I%,,,, and observed decay channels are given

Level n. E, (MeV) J7 I (keV) Decay channel
(1) 3.03£0.010 270 151£15 o
2) 11.3540.150 4750 ~3500 o
3) 16.626+0.003 2+ 0+1 10845 Yo
“4) 16.922+0.003 2+ 0+1 74+4 Yo
®) 19.23540.010 3%:(0) 227416 o
(6) 19.8640.05 450 700100 p.x
(7) 20.100 2+, 0 880420 n,p,o
®) 20.200 0*; 0 720120 o
(C)) 22.1£0.1 2+:0 270+70 n,p,d,«
(10) 22.640.1 (1,2)750 100£50 V.psa
> 14 S Table 2). The figure shows possible contributions from the
Eg 12E \\\\Q\ unresolved levels at energies of 16.6 MeV and 16.9 MeV
uj(’Q 101 (labeled as (3) and (4) in Table 2), from unresolved levels at
' 8= 19.2 MeV and 19.8 MeV (labeled as (5) and (6) in Table 2)
§ o 6F and from the unresolved levels at 20.1 MeV and 20.2 MeV
4= T (labeled as (7) and (8) in Table 2) while the label (1) refers
2 P to the level at 3.03 MeV in Be. The contribution from level
8 7005_ : B (2) is not visible due to its large width of about 3.5 MeV.
3 E t The red points in the lower part of Fig. 7 refer to the the
© 600;_ l l# +++ coincidence yield corresponding to the |pgg| < 40 MeV/c
5001 4 ‘i momentum range. This selection allow us to avoid the con-
400§_ ++ . tribution of sequential mechanism in the THM data. Only
E i #‘1’ + 2 data corresponding to this range are analyzed to extract the
300; @W@ . & cross section of the *He+>He— 2« reaction.
200% l 4% +
100 l W ¢ *
E i e sons: _%,.w”' R m".g P R : s e . .
U 7 18 19 20 21 2 5 Validity test of pole approximation: the
Eq, a,lMeV] Treiman-Yang Criterion

Fig. 7 Upper panel: Simulated Ey,«,, Eq,«  correlation plot for sym-
metrical QF angles |6y,| = [0,] = 75 & 1 (black lines). The red
horizontal line marks the 8 Be energy of 3.03 MeV. Lower panel: Exper-
imental coincidence yield for the «1-a2 particles (black points). The
blue labels and arrows (3)—(8) highlight the position of known excited
states of $Be as reported in Table 2, while the red label and arrow (1)
indicate the central position of the 3.03 MeV level of 8 Be. The red points
correspond to the events with po, < 40 MeV/c (see text for details)

The upper part of Fig. 7 shows the simulated kinematic
locus corresponding to the expected oj—» correlations, the
red line indicates the energy of the level (1) reported in the lit-
erature (see parameters level (1) in Table 2). The intersection
identifies the region in which the possible populated levels
could make a contribution that would constitute a background
for the data of interest.

In the lower part of the Fig. 7 the experimental coinci-
dence yield for the a1-a particles is reported (black points).
The arrows indicate the energy position of the sequential
contributions through the ®Be excited states (as reported in

In general, due to uncertainties that can be introduced by
the presence of other mechanisms involved in the three-body
reaction, in the application of IA it is important to provide
some critical test of the pole approximation by a prelimi-
nary experiment. In the major part of the reactions studied
through THM, these tests consisted of a comparison between
the angular distribution and/or the excitation function mea-
sured with direct methods, with the ones obtained with TH
reactions. The comparison takes place at low energies, but in
an energy range in which significant effects due to electronic
screening are not expected [50,51].

The peculiarity of the reaction >He+’He — 2 consists
in the presence of an unbound particle in the input channel.
This means that the tests mentioned before are not applicable
since they assume direct data that are not possible to measure
in this case [21].

In the past, the role of the pole mechanism has been inves-
tigated in detail and attempts have been made to find sensi-
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Fig. 8 Representation of the particle momenta before and after the
9Be(PHe,o; an)as nuclear reaction in the “anti-laboratory” system (in
the p3y, = 0 frame). Given that it proceeds through the QF reaction
mechanism, O7y is the angle between the o plane and the 8 plane [21]

T T T T T . .
P.s|=(0-60) MeV/c
% AL |Bas |
2
i’\ — -
g7 3
-3 - e
s 2F . e .
N I
o ]
£
ol v
2 80 100 140 180
eT*V

Fig. 9 Treiman—Yang angular distribution in arbitrary units (continu-
ous lines) for the 0-60 MeV/c p, range after subtraction of the esti-
mated contributions from sequential mechanism. The dashed lines indi-
cate limits considering the total uncertainties [21]

tive criteria able to establish its relative importance. One of
those criteria is the study of the distribution with respect to
the Treiman-Yang angle; this criterion, first pointed out by
S.B. Treiman and C.N. Yang [25], states that under given
conditions such a distribution should be isotropic, confirm-
ing that the pole mechanism is dominant in the reaction.

The Treiman—Yang (T-Y) criterion is the only method for
identifying the pole mechanism which is independent on the
specific form of the virtual process [21,25,31]. Indeed, Eq.
(1) for the pole graph represented in Fig. 1 has the remarkable
characteristic that the reaction amplitude is factorized, i.e.,
it can be written as the product of two amplitudes and a
propagator, and depends on only three variables instead of
five of the general case. Hence, in the PWIA as well in the
DWIA (without spin orbit dependent distortion) the three-
body reaction cross section is proportional to the cross section
of the virtual two-body reaction, as expressed by Eq. (1).

Inversely, according to the T-Y criterion, the reaction
amplitude of the QF reaction, should be invariant under rota-
tion by an angle 67_y, called T-Y angle of the plane defined
by the momenta of detected particles around the sum of
these momenta, in a reference frame in which either the pro-
jectile or target is at rest (anti-laboratory system) (Fig. 8)
[21,25,31,35].
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Fig. 10 Black circles represent the *He+°Be coincidence yield for the
angular range 67.5° < 6y, = |6y, | < 83° projected on the Ey ¢ axis
(a) and Ey,q axis (b). Red circles represent the same data selected with
acutin pyg <40 MeV/c

In the case [21], the T-Y criterion was applied to the
QF contribution towards the 9Be(3He,ozoz)4He reaction, in
order to to study the pole approximation (factorization of the
three-body cross section). The data obtained (Fig. 9) are in
agreement with the prediction of the pole approximation. In
particular, for an angular momentum / = 0 the angular dis-
tribution of T-Y is isotropic (Fig. 9) [21]. Since the validity
of the pole approximation, under QF kinematic conditions,
has been verified through the T-Y criterion at beam energy of
2.8 MeV (ref. [21]) lower than the one of the present work (4
MeV), we can confidently assume that the test is also usable
to validate the factorization of the three-body cross section
in the final state of the binary reaction "He+ He — 2a.

6 Results

6.1 The excitation function of the three body
9Be(3 He,ao)*He reaction at 6, = 90°

The ai-as (panel a) and ar-as (panel b) coincidence
yields of the 3He+’Be— 3« reaction are shown in Fig. 10
(black points). The same excitation functions corresponding
to the pyg < 40 MeV/c momentum range are depicted in red.
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Those plots show that the selection of a restricted momen-
tum range in the spectator particle allows us to remove the
main part of the contributions by the sequential decay via
levels (1) and (2) by the correlations o1 — s and oy — oeg in
the analyzed data.

As mentioned before, only data reported with the red
points were considered for the extraction of the >He+>He—
o + o cross section. This result is in perfect agreement with
previous works [19,22].

The next step of data analysis is to investigate the excita-
tion function of the QF process in the 9Be(*He,a«)*He reac-
tion. Hence, the cross section measured at po, = 0£5MeV/c
(for or-particles emitted at 90° in the center-of-mass system)
divided by the corresponding KF, was plotted as function
of excitation energy of 8Be (Fig. 11a), following the PWIA
prescription:

|:d0(Ecmv Ocm (= 900)):| -
ds2 3He+5He—2a
d’o 29-1
“[KF - |¢p(pag = 0)|7] ()]

d20,d R4, Ey,

where |¢ (pos = 0) |2 is the maximum of the momentum dis-

tribution calculated for coincidence at 0& . |90{2 | QF angular
pairs at Ej,p = 4 MeV incident energy (see Ref. [1]).

As expected, the excitation function of the QF process
shows a resonant behavior peaked at ~ 21.2 MeV of exci-
tation energy in 8Be. To cross check our result, the trend of
three-body cross sections as function of energy was com-
pared to the one present in the literature [22] (see Fig. 11b).

Contrary to other available data, all the points in this work
were obtained from a single experiment. In the case of pre-
vious data available in the literature, the excitation function
was measured through a series of experiments with beam
energies between 2 and 13 MeV at symmetrical angles which
should correspond to the QF contribution [20-24]. It is worth
noticing that the two results are in good agreement, within
the experimental uncertainties, despite the differences in the
methods of measurement. Indeed, in the present case we have
obtained comparable results using only one beam energy (4
MeV) and covering a wide angular range, thanks to the use of
PSD detector, while previously the excitation functions were
obtained by changing the beam energies (1.2-13 MeV).

This is the first time that an indirect excitation function is
measured through two different methods.

In addition, in the present experiment the excitation func-
tion was extracted by selecting the angular pairs at the con-
dition pys < 40 MeV/c and 6., = 90° &+ 5°, while in the
case of the previous the angular pairs are obtained through
the condition of |E.,;,| < 0.5 MeV [22].

8
Q °Be(3He,a.a)*He
>% 6- t Este= 4 MeV
= %HE Ocm = 90°25°
%5 S 4 ; ¢

% 8 ;
SEL 5
5 2
T % ; (a)

9Be(3He,aa)*He

Espe = 2.2 - 13 MeV

0. =90°
{1

21 . (b)

(d*o/dQ,,dQ ,dE_,)/KF
[mb fm®/sr?]
+

A ]
AAA [ ]

0 T T T T T T T
19 20 21 22 23 24 25 26 27
Esg. [MeV]

Fig. 11 Excitation function of the three-body cross section at pyg
5 + 5 MeV/c divided by kinematic factor KF: a present work 6.,
90° &£ 5°; b data available in the literature for the same reaction (blue
squares [22], red triangles [23], green circle [19])

6.2 Differential cross section of the "He(*He,«)*He virtual
reaction.

Once the experimental momentum distribution |¢ (py S)|2 is
measured and the QF contribution data are selected, it is pos-
sible to extract the half-off-energy-shell (HOES) differential
Ccross section.

As already mentioned, the product (KF)-|¢ (Pey) |2 is pro-
vided by Monte Carlo simulation and following the PWIA,
the SHe+ He— o+« differential cross section is given by:

(13
<do(E))H OES o iosdEa ©)
dQ KF |¢(p0[5)|£xp

Again, KF takes into account masses, angles and momenta
of the &y and a particles and |¢ (pus) |2, , is given by the fit
previously described.

In Fig. 12 the experimental HOES cross section is shown
in the center-of-mass system in an energy range covered by
the experiment. The result is reported in arbitrary units. The
application of the THM assumes that the reaction is induced
inside the short-range nuclear field, and the penetration prob-
ability trough the Coulomb barrier (P;) has to be introduced
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Fig. 12 Deduced HOES differential cross section of the He+>He 1:5} by
reaction at [pyg| < 40 MeV/c in the center of mass system. The uncer- 35 . . . . .
tainties reported in figure are only statistical E .| 400<E,, <600 keV (c)
to obtain the absolute value of the cross section. Indeed, the 3]
HOES differential cross section is linked to the OES one
by the penetration factor of the Coulomb barrier [1,8,52] 21 __ {_ is b gmm—=—-
through the relation: 14
do(E)\ °FS do (E)\ " OFS %5 80 85 %0 95 100 105
_— - Po(k 10
( 10 ) X ( 10 > 0(kr), (10) 0., [degree]

with Py (kr) the penetrability of the Coulomb barrier for /=0,
given by

kr

= R+ Gy

Y

with Fy and G being regular and irregular Coulomb func-
tions for /=0, and k and r the wave number and the inter-
action radius for the >He->He system, respectively, where
r=ro([Asy, 13 + [Asy,1'/3) with rg = 1.2 fm

6.3 The angular distribution of the cross section

The penetrability factor that should be used to extract the
OES cross section of interest is related to the experimental
angular distribution. So, the next step of data analysis is the
extraction of the angular distributions.

The relevant angle in order to get the indirect angular dis-
tribution, i.e., the emission angle for the «-particle in the
o1-an center-of-mass system, can be calculated according to
the relation [53]:

(Vsge = Vsge) - (Vo — Vo)

|V3He - V5He||VOtl - VO(2|

6..m. = arccos (12)

where the vectors Vi ., Vs ., Vo, » Vo, are the velocities of the
projectile, target and of the two emitted «-particles respec-
tively. These quantities can be calculated from their corre-
sponding momenta in the lab system, where the momentum
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Fig. 13 Angular distributions of the TH-differential cross section in
arbitrary units at different energy ranges: a 0 keV < 200 keV, b 200
keV <400 keV and ¢ 400 keV < 600 keV

of the transferred particle is equal and opposite to that of the
a-spectator (QF assumption) [53].

The center-of-mass angular range covered in the present
experiment is 6., = 78° — 105°. In Fig. 13 the experimental
angular distributions are reported for different energy ranges
(a) OkeV <200keV, (b) 200 keV < 400 keV and (c) 400 keV
< 600 keV spanning the full «j—a» relative energy range.

Figure 13 clearly shows that the angular distribution for
the 3He(®He,)*He reaction is almost isotropic in the mea-
sured angular range. In a case like this, where the [ = 0
contribution is dominant, the differential cross section inte-
grated over the experimental 6., range differs from the total
cross section o (E) simply by a scaling factor (Wy) and the
total cross section can be calculated as:

o (E) = Wy - Potkr) - [o(E)]"H. (13)

The standard procedure for the TH data normalization
requires an excitation function of the binary reaction of inter-
est, in an energy region where the electron screening effect is
negligible [4,40,48]. In case of the SHe+’He — 20« reaction
induced by unbound nuclei, the only data available in the lit-
erature refers to the theoretical evaluation of the differential
cross section calculated via neutron transfer at 6., = 90°
[19]. Since the angular distribution of the differential cross
section (do/d$2)" ©FS has been shown to be constant (Fig.
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13), a comparison with a small energy range is sufficient for
the normalization of the TH cross section.

7 Theory

The THM can provide the excitation function of the cross
section of the He + 3He — *He + *He reaction, but not
in absolute units. Thus an appropriate scaling of the data is
needed. Since there are no data available from direct exper-
iments, only theoretical calculations can help to scale the
THM data to absolute units. In this work, we use a post-form
finite-range distorted-wave Born approximation to obtain the
required cross section. The major steps of this approach will
be presented in the following. More details can be found in
Ref. [54].

The He ground state is a resonance in the n — *He con-
tinuum that is described as a proper scattering state. Thus the
actual process in the theoretical calculation is the reaction

“He + n + He — °He + “He — “He + “He (14)

with three particles in the initial state. It is characterized by
two Jacobi momenta P4 and P35, for the relative motion of
the neutron with regard to *He and of the 3He nucleus with
regard to the He resonant state, respectively. In the final state
only the single momentum P44 of relative motion between
the two « particles appears. Denoting with Ji, J3, and Js
the total angular momenta of the neutron, 3He and *He, the
differential transition rate of the reaction (14) is given by

21 1

dw = Z
QA+ DB+ DRI+ D) M\ M3My; My M,
1 4f
d3P44 T 2 S E 15
Qnh)? |Tfi|” 8(E1a + E3s — Easa + Q) (15)

with the Q value

O=myg+my+m3—mg—my, (16)
the energies E;; = Pl%./(Zu,-j) with reduced masses pu;; =
m;m;/(m; +m;) and the usual summation over the angular
momentum projections M, M3, My; in the initial state and
Myy, M af in the final state. The T-matrix element 7'; con-
tains all the essential information on the reaction, see below,
and the § function guarantees energy conservation. The total
cross section as a function of the ¢m energy E3s in the >He-
SHe system is obtained from (15), after an integration over
all relative momenta P14 in the >He scattering continuum and
momenta P44 in the final state as

o(Ess) = 135 [ L P
3= ps | @nn)3
Haa/e35 Pag 1

T @2t Pys QI+ DQB+ DRI+ D)

d’ P
Z Z/ 44/(2 hl)43 |Tfl (17)

MiM3Mai MyM),

after multiplying with the flux factor 1/v3s = w35/ P35 and
assuming a fixed direction of P3s.

The T-matrix element for the transition can be written in
symbolic form without explicit angular momentum coupling
as

Tri = (@4@y x\y) Pag)|WID3057 Pra) i (P3s))  (18)

where @4, @4, and @3 are the intrinsic wave functions of the
clusters “He and 3He. The scattering wave functlons 1n the
initial and final state are given by distorted waves X (P35)

and X A (P44), respectively, with appropriate boundary con-
ditions. The wave function of the >He resonance is denoted
by
o (1) = duy (] (Pra) (19)
with the scattering wave function 1/;1 & ) of the neutron with
respect to the *He nucleus in the initial state. The transition
potential W in this approximation for 7'f; is simply the poten-
tial U4 that is used to find wl(:,) by solving the Schrodinger
equation of relative motion. The structure of the T-matrix
element (18) resembles the one that is used in the theory of
the THM [6]. The main difference is, however, that a transfer
reaction from the continuum to a bound state is considered
here, whereas the inverse transfer reaction from a bound state
to the continuum is used in the THM.

In the actual calculation of the T-matrix element, the intrin-
sic cluster wave function are represented by simple Gaussian
wave functions

3
Bj
®3(J3, M3) = Cyexp [—7 > (i — R3)2] Xsms  (20)
i=1

4
B
®4(Ja, Ma) = Caexp [—7“ > i R4)2] Xamy (1)
i=1

(and similarly for @,) with normalization constants

. TRE » —-1)2

SER
and

o [/ 9/243/2 -1z

= |(%) } 29

and spin functions y s, p, and xz, p, of *He and “He. The vec-
tors Ry = Z?:] r;/3and Ry = Z?:l r; /4 are the cm coor-
dinates of these nuclei and the constants B3 = 0.323 fm™2
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and B4 = 0.553 fm~2 are determined from their point rms
radii. The scattering wave functions X;;r) (P35), X‘H)(PM),

and wl(i_/) (P14) are expanded in partial waves including the
full angular momentum coupling. The radial wave functions
are discretized on a grid with mesh spacing 0.05 fm and
obtained by solving the corresponding radial Schrodinger
equations with potentials of Gaussian shape

2

re.

Vij(rij) = =V, exp <——R’; ) (24)
ij

with the two parameters depth Vi(l.o) and radius R;;.

For the n — *He scattering state only the JI = 3/2°
channel with orbital angular momentum /14 = 0 is con-
sidered. In order to reproduce the experimental resonance
energy £ = 0.735 MeV and width I" = 0.648 MeV [55],
the potential parameters are set to Vl(f‘) ) = 48.131 MeV and
Ri4 = 2.449 fm. In the final “He+*He system, all partial
waves with orbital angular momenta l44 = 0, 2,4, 6, 8 are
taken into account to achieve convergence. Here the potential
depth and width parameter are fitted to the 8Be ground state
with J7 = 0" at 91.84 keV above the “*He+*He threshold
and of the first excited state with J* = 27 at 3.122 MeV
above threshold [49]. This leads to V4(4?) = 50.777 MeV and
R4q = 2.227 tfm. With these values the resonance widths of
' (0%) =4.743 eV and I"(27) = 1.048 MeV are found that
are reasonably close to the experimental values of 5.57 eV
and 1.513 MeV [49] given that there are only two parameters.
In the 3He+He scattering system the channel with J35 = 0,
channel spin S35 = 1 and orbital angular momentum /35 = 1
is needed due to the constraints of angular momentum cou-
pling. Unfortunately, there are no experimental data available
to constrain the potential parameter in this channel. Since we
are again in the 8 Be system, a transformation of the *“He+*He
potential is used with an increased radius due to the more dif-
fuse surface and resonance structure of the *He+>He system.
With a standard value of R3s = 1.25 fm x 813 = 2.5 fm
one sets Vi = V'R},/R}, = 35.876 MeV assuming
identical volume integrals of the potentials. The numerical
integration over all single-nucleon coordinates in (18) sim-
plifies considerably because of the use of Gaussian potentials
and wave functions of the clusters and a dependence of the
transition potential W on only R4, the distance between the
neutron and the « particle. A two-dimensional integral in the
radial coordinates Ri4 and R35 remains. In the integration
over P14 in (17) energies E14 from O to 2.5 MeV are taken
into account to cover the full width of the resonance. Finally,
absolute values for the total cross section o of the reaction
SHe+3He — “He+ *He are obtained. The result is depicted
in Fig. 14 as a solid blue line.
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Fig. 14 Cross section of the "He 4+ *He — “He + *He reaction from
the THM experiment (red circles) and from theory (solid blue line).

7.1 Normalization of cross sections to absolute units

The unscaled cross sections of the He 4+ *He — “He + “He
reaction and uncertainties as obtained in the present THM
experiment are given in arbitrary units in columns six and
seven of Table 3, respectively. They are converted to actual
cross sections by normalizing them in the energy range 300—
600 keV to the theoretical cross sections, calculated in the
approach of the previous subsection. The conversion factor
has the value Wy=0.87. The results are given with uncertain-
ties in columns eight and nine of Table 3.

The scaled THM cross section is shown in Fig. 14 in
comparison to the theoretical values in the energy range
E.n = 0 — 650 keV in the center-of mass system. Both
data sets show a similar energy dependence with a slightly
stronger rise of the THM data. A change of the r( parameter
in the penetrability factor (11) will modify the energy depen-
dence of the cross section. An increase from ro = 1.2 to
1.3 fm leads to a slightly slower increase of the cross section
with the energy E,, with a variation of about 7% from O to
500 keV. This is inside the uncertainty given in Table 3 and
invisible in Figure 14.

Nevertheless, this result confirms once more the power
of the THM to study nuclear reactions at very low energies
inaccessible to direct experiments, in this particular case with
an unstable (or unbound) nucleus in the initial state. More-
over, we would like to stress that the cross section extracted
through the THM method has the advantage of not contain-
ing significant contributions from electron screening effects
in the reaction °Be+>He. This is due to the high beam-energy
Epeam = 4 MeV compared to the beam energy (of the order
of few keV) at which these effects are expected.

In the presented THM experiment, only data in a limited
center-of-mass angular range were obtained. To reduce the
uncertainties, a measurement covering the full 4 range is
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Table 3 Energy in the center-of-mass system E,, event counts, sta-
tistical uncertainty, €y, , uncertainty related to the subtraction of the

tainty on the cross section in arbitrary units Ao (E,;,), cross section

in absolute units o (E,;,), total uncertainty in absolute units €,,,, the
Ao (Eem)

background €y, cross sections in arbitrary units o (E¢,), total uncer- relative S in %

Ecm [keV] counts €y (%) €7 (%) €0 (%) 0 (Ecm)(arb. units) Ao (Ecy) (arb. units) o (Ecp) (mb) Ao (Ecp) (mb) % (%)
37.5 108 10.4 12.42 16.19 7.4E-9 1.1E-9 1.33E-09 0.2E-9 15
62.5 118 10.9 13.57 17.38 1.89E-6 2.82E-7 3.40E-07 0.54E-07 16
87.5 117 10.81 13.45 17.26 2.92E-5 4.34E-6 5.26E-06 0.69E-06 13
112.5 118 10.86 13.57 17.38 1.63E-4 242E-5 2.93E-05 0.41E-05 14
137.5 125 11.18 14.37 18.21 5.95E4 8.74E-5 1.07E-04 0.14E-04 13
162.5 115 10.72 13.22 17.02 0.0016 2.45E4 2.88E-04 0.43E-04 15
187.5 131 11.44 15.06 18.92 0.0046 6.82E—4 8.28E-04 1.24E-04 15
212.5 104 10.20 11.96 15.72 0.0140 0.0021 2.52E-03 0.38E-03 15
237.5 104 10.20 11.96 15.72 0.0140 0.0021 2.52E-03 0.38E-03 15
262.5 114 10.67 13.11 16.91 0.0253 0.0038 4.55E-03 0.68E-03 15
287.5 113 10.63 13.0 16.8 0.0386 0.0058 6.95E-03 1,04E-03 15
312.5 91 9.5 10.46 14.16 0.0463 0.0073 8.33E-03 1.25E-03 15
337.5 101 10 11.61 15.36 0.0730 0.0112 1.31E-02 0,20E-02 15
362.5 69 9.3 7.935 11.49 0.0683 0.0115 1.23E-02 0.21E-02 17
387.5 100 10 11.5 12.2 0.1313 0.01967 2.36E-02 0.35E-03 15
412.5 69 8.3 7.9 11.48 0.1173 0.0012 2.11E-02 0.34E-02 16
437.5 80 8.9 9.2 12.8 0.1744 0.0282 3.14E-02 0.50E-02 16
462.5 80 8.9 9.2 12.83 0.22 0.0352 3.96E-02 0.673E-02 17
487.5 61 7.8 7.02 10.50 0.21 0.36 3.78E-02 0.64E-02 17
512.5 48 6.9 5.52 8.86 0.21 0.038 3.78E-02 0.68E-02 18
537.5 36 6 4.14 7.30 0.19 0.039 3.42E-02 0.68E-02 20
562.5 15 39 11.61 15.36 0.073 0.003 1.31E-02 0.36E-02 28
587.5 16 4 10.46 14.16 0.050 0.003 0.9E-02 0.25E-02 28
612.5 9 3 10.35 10.78 0.16 0.040 2.88E-02 1.01E-02 35

advisable, however, this will increase the required beam time
substantially and call for an improved detection setup.

8 Conclusions

The results of this work clearly point out that the THM can
be used to study nuclear reactions induced by an unbound
nucleus x,,,, when a suitable TH nucleus, characterized by
a strong cluster configuration containing X,,s, iS chosen.
Here, for the first time, the "He(*He,«)*He nuclear reaction
induced by the unbound nucleus SHe, important for nuclear
physics, was investigated from 650 keV down to the astro-
physical region. For this purpose the THM was applied to the
9Be(*He,aa)*He three-body QF process. The Treiman-Yang
Criterion, reported in the literature and previous research
[21], has supported the hypothesis of the three-body cross
section factorization (at 4 MeV beam energy ) [1]. After the
selection of events compatible with the QF mechanism, the
virtual two-body cross section has been calculated in arbi-
trary units at the energy range E., = 0 — 620 keV and

angular range 78° < 6, < 115°. In addition to this exper-
imental study, the cross section of the 5 He(3 He,ot)4He neu-
tron transfer reaction was calculated employing a finite-range
distorted-wave approximation with simple many-body wave
functions of the clusters. The result was used to normalize
the experimental data to absolute values. This will allow to
consider this reaction in network calculations of big bang
nucleosynthesis and r-process nucleosynthesis in a collap-
sar [56] which is a black-hole forming supernova and has
extremely high entropy and neutron-rich conditions where
the unstable nuclei like >He might play an important role.

Finally, it will be possible to study the effect of electron
screening on the cross section [50,51] at the lowest ener-
gies reached, a peculiar feature of the THM. In the present
THM experiment only data in a limited center-of-mass angu-
lar range were obtained.
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