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Two—dimensional proton—proton (pp) and proton—proton-neutron (ppn ) coincidence spectra
from d+d — p+p+n—+n four-body break—up are calculated. Quasifree scattering (QFS) of protons
in the plane wave impulse approximation and final state interaction of neutron—proton pairs in the
Watson—Migdal approximation are taken into account. Calculations are in reasonable agreement
with the experimental data obtained at the deuteron beam energy Ey = 46.7 MeV, proton angles
in the lab. system 191 = 9> = 38.75°, 1 — ¢ = 180° and the neutron one ¥, = 0° which are the
pp QFS kinematic conditions. Contribution from the sequential d +d — d* +d* — p+p+n+n
process is found to prevail in the double pp coincidence spectrum while only about the fourth part
of all events are from pp QFS. This conclusion is supported by a direct comparison of the model
and measured ratios of triple ppn coincidence events to the double pp ones.
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I. INTRODUCTION

At present four-nucleon (4N) systems become a sub-
ject of growing interest. With improved calculations,
they can be used to probe the nucleon—nucleon (NN)
interaction, in particular many-nucleon and off—shell
components, or on—shell P interaction. 4N systems are
the simplest ones which can be used for investigat-
ing neutron-neutron (nn) scattering with charge parti-
cle beams. Some years ago H. Kumpf proposed to use
quasifree scattering (QFS) of neutrons in d + d collisions
for measuring nn scattering parameters: the scattering
length anp, and (mainly) the effective range rp, [1]. In
this process the neutron from the incident deuteron scat-
ters from the neutron in the target deuteron according
to the binary kinematic relations while both of protons
remain with their initial momenta. For this reason it
is referred to as a double spectator process (DSP) [2]
or two spectator quasifree scattering (TSQFS) [3]. T do
not know any investigation of that kind by now. There
are some publications about search of the proton—proton
(pp) QFS in the mirror 2H(d, pp) reaction [2-5]. Nat-
urally, such experiments allow to estimate main char-
acteristics of the ?H(d, nn) reaction, such as cross sec-
tions and background of nonQFS contributions to spec-
tra. Two—dimensional pp coincidence spectra were mea-
sured at beam energies Fy = 34.7 MeV [3], 50 MeV [4],
80 MeV [2] and 108 MeV [5]. Besides deuteron—deuteron
(dd) QFS for the 3He(®He, dd) reaction was investigated
at Ey = 50 and 78 MeV [3] and proton—neutron (pn)
coincidences were also obtained at Ey = 108 MeV [5].
Shapes of measured spectra were in satisfactory agree-
ment with plane wave Born approximation calculations
[2] or plain wave impulse approximation (PWTA) ones
experiment

theory(PWTA)

[3,5], but the ratio of cross sections N =

is found to be larger for the 2H(d, pp) reaction, than for
the 3He(®He, dd) one at equal energies [3].

On the other hand, a competing process could con-
tribute to the pp coincidence spectra viz. the 2H(d, d*)d*
reaction or the so—called double final state interaction
(DFSI) [2] because the kinematic condition of it is very
close to that of the TSQFS. Simple kinematic calcula-
tions show, that at beam energy 50 MeV symmetric an-
gles and energies of protons emitted are 39 degrees and
10.3 MeV in the QFS and 42 degrees and 11.4 MeV in
the DFSI process respectively. Straight calculations also
show that angular and energy distributions of protons are
similar in these two processes [6,7]. The nn and pp FSI
in the 2H(d, pp) reaction were found out in experiments
[8,9] and the DFSI process was identified in complete
experiment [10].

Recently double pp and triple ppn coincidence spectra
were measured in conditions of pp TSQFS at beam en-
ergy Fp = 46.7 MeV [11]. This is an only observation of
the DSP in a complete experiment so far. The existence
of the TSQFS in the H(d, pp) reaction thus was proved
but contributions of different processes to spectra could
not be determined because of a very approximate model
used. Now a new attempt is undertaken to define more
precise contributions of various mechanisms by simulat-
ing pp and ppn coincidence spectra with account of the
np FSI and pp QFS and comparing them to the experi-
mental data [11]. PWIA and Watson—-Migdal models are
used in the calculations and effects of the target and de-
tector dimensions and resolutions are taken into account
as well.

II. EXPERIMENTAL DATA

A TiD target was bombarded with deuterons whose
energy at the target centre was 46.7 MeV. Charged par-
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ticles were detected by two AF — F counter telescopes
placed symmetrically to the beam. Angles of detected
particles ¥y = 95 = 38.75° correspond to the pp DSP
condition. Neutrons emitted along the beam direction
were detected using a plastic scintillator (10 cm wide
x10 cm high x 20 cm thick). The distance between the
target and the centre of the neutron detector was 1.3 m.
Other experimental details can be found in Ref. [11].
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Fig. 1. Two—dimensional pp coincidence spectrum. Beam
energy Fy = 46.7 MeV, angles of protons 91 = ¥, = 38.75°,
@Y1 — P2 = 180°.

Two—dimensional pp coincidence spectrum obtained is
shown in Fig. 1. Here it is depicted for protons of 4.5
MeV and upwards. A random coincidence background
and effects of 'H(d, pp) breakup from the light hydrogen
contamination in the target have been eliminated. Actu-
ally the amount of these impurities was much less than
1 per cent but that was enough to deform a spectrum
at proton energies in the vicinity of 6 MeV because of a
huge difference in the 'H(d, pp) and ?H(d, pp) cross sec-
tions. More than 30 thousand true pp coincidence events
Npp have been collected for this spectrum. Besides more
than one hundred triple ppn coincidence events Np,,
have been recorded in complete experiment. The ratio

Nppn /Npp = 0.0061 = 0.0007 has been obtained.

I111. THE MODEL

The differential cross sections of the four—particle
2H(d, pp) reaction are calculated by using the prescrip-
tion [6,12]:

d*o(Ey1, By, 01,02, 01, 2)

2 4
= ( Z) /p|F|25in79d79dg0,

where FEp, Ey are energies of protons, v = pp/2m is a
velocity of the deuteron in the beam, pg is a deuteron
momentum, m is the nucleon mass, p is a phase space
factor [12], ¥ and ¢ are angles of a relative neutron—
neutron momentum k,,, F' is a transition matrix ele-
ment. In calculations of the double coincidence spectrum
Npp(Eq, E9) an integration domain covers all possible di-
rections Ky, (i.e. within 4x), and for triple coincidence
Nppn (E1, E5) it is defined by a solid angle of the neutron
detector. Matrix element is approximated as a sum:

|FI” = eLlForl” + es|Fs|” + es] Fr” (2)

where Fgr is the pp QFS amplitude and Fg and F7 are
the FSI amplitudes for the 'Sy and 3S; np states respec-
tively, ¢; — c3 are free parameters. Here interference ef-
fects between QFS and FSI amplitudes can be neglected
because of completely different angular and energy dis-
tributions of neutrons. QFS amplitude is evaluated using

PWIA [3,13]:

2 dopy (kpp)
dQ

= o (3 k) o ke~ 257

with ppp = P14+ P2 and Ppn = Po — Ppp, Where p1, p2
are momenta of protons in the lab. system,

knn =V mEnna Enn = EO + Q - El E2 Z:Z
Q= —4449 MeV, k,, = w,

(k) = (271')_3/2/1/)(1‘)6_ikrd31‘

is a Fourier component of the deuteron wave function. It
is taken in the Hulthen form:

af(a+ ) e o —e=Fr

v(r) = 27 (a=B3)r

h*a? = mE,, E, = 2.2245 MeV, h*3% = mEg, Eg =
59.8 MeV. Calculations are carried out in the simple im-
pulse approximation (STA) with

af(a+ B)3
72(a2 + k2)2(B2 + k2)2

(k)" =

and in the modified one (MIA) [14] with

) 2
BginkR+ coskR

dQ1dQd B dE,
(1)
|
|1/)(]<7)|2 _afla+ ﬁ) —ar FSinkR+coskR
T 2o — 5)2 o + k2
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and the chosen cutoff parameter of the deuteron wave
function R = 4.6 fm. Keeping in mind that kp, is rather
moderate for S wave interaction to be used and rather
high for Coulomb terms to be neglected the cross section
of proton—proton elastic scattering is used in the form

[15]:

dopp (k) 1

1 bl
dQ k? 4+ (——+ %rppkz)z
Upp

with a,, = —7.813 fm and rp, = 2.78 fm [16].

Fg and Fr terms in (2) are calculated by using the
Watson—Migdal approximation:

|Fs|? = |Fis|” |Fas”,

where Fig and Fsg correspond to neutron—proton pairs
emitted on the left and to the right of the beam respec-
tively:

rp (K + K%
2(-& + $rppk? — ik)’

Fiays =

K= #(1 +4/1— ZTT":), hk = \/mEy,. The expressions
for Fr are similar. Parameters a,, and ry,, are equal
—23.748 fm and 2.75 fm for the 'Sy np state and 5.424
fm and 1.759 fm for the 357 one [16].
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Fig. 2. Simulated pp coincidence spectrum for the

*H(d, pp) reaction. STA.

Calculations are carried out with the Monte—Carlo
method, in this case the angles ¥, ¢ and the position
of particles on the target and detector slits are taken as
random numbers. The results of Refs. [3] (table 1) and
[6] (Fig. 1) were used for checking the computer code.

IV. RESULTS

Simulated pp coincidence spectrum is shown in Fig. 2.
Only the first term in the sum (2) is taken into acount
and STA is used. Cross sections on the cut along the
FE1 = FE5 line are shown in Fig. 3 (a solid line). Tt is
easy to see that the theoretical curve is a bit shifted
from experimental points to lower energies. So there may
be something else in the spectrum, that is not taken
into account in calculations. Calculated cross sections
are multiplied by the factor ¢y = 0.2. It is four times
higher, than the value 0.049, obtained for dd QFS in the
3He(®He, dd)2p reaction at the beam energy of 50 MeV
[3] where pd FSI effects are not essential at all. STA and
MIA calculations without the target and detector dimen-
sions and resolutions taken into account are shown as
dashed and dotted lines. The ¢y factors are 0.2 and 1.0
respectively as well.
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Fig. 3. Simulated cross—sections for pp QFS (SIA) and the
data along the Ei = FE> line. Dashed and dotted lines are
the SIA and MIA calculations for dot geometry and ideal
resolution.

’H(d,ppn)
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Fig. 4. Simulated ppn coincidence spectrum for the

*H(d, ppn) reaction. SIA.
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Simulated two—dimensional ppn coincidence spectrum
is depicted in Fig. 4. It is difficult to compare it to
the experimental spectrum because of poor statistics
in the last one. On the other hand, total number of
ppn coincidence events can be used for the estima-
tion of the QFS effect in the pp coincidence spectrum.
Though of SIA does not reproduce absolute values of
cross sections at our energies [17] their relative depen-
dence on spectator momenta are consistent with exper-
imental ones [13,15]. Angular distribution of neutrons—
'spectators’ from 2H(d, ppn) reaction is strongly directed
forward.The function d(jé\sfﬁ) ~ GO Tene Y is a good ap-

proximation for a simulated angular distribution of neu-
trons at the angles ¥, < 20°. Likewise the Gaussian
. AN (Bo—En)® : -
function J7— ~ exp{—1In2=7"-} with E, = 23.4
MeV and H = 5.5 MeV is a good approximation for
a simulated neutron spectrum at ¢, = 0°. The average
efficiency 7 of the neutron detector is calculated with
the adapted Stanton code [18]. The ratio 77%& = 0.026
pp

quadruples the experimental value. This result can be in-
terpreted assuming that the QFS contribution to the pp
coincidence spectrum on Fig. 1 really exists but amounts
only to about a quarter of all the events.

*H(d,pp)
'S, np state DFSI

E, (MeV) Eq (MeV)

Fig. 5. Simulated pp coincidence spectrum. The Wat-
son-Migdal approximation for 'Sy np FSI.

*H(d,pp)
s, np state DFSI
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Fig. 6. Simulated pp coincidence spectrum. The Wat-
son-Migdal approximation for *S; np FSI.
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Fig. 7. Simulated pp coincidence spectrum with all three
amplitudes in the sum (2) taken into account. Fitting with
the least squares method.
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Fig. 8. Cuts of surfaces in Fig. 1 and 9 along the £ = F»
line. Dashed—dotted, dashed and dotted lines are for the pp
QFS (SIA), 'Sy and ®S; np FSI respectively and the solid

line is their total contribution.

The contribution from QFS to spectra can be esti-
mated differently by a direct fitting of a simulated pp
coincidence spectrum to the experimental one. The spec-
tra calculated for 'Sy and 3S; np FSI are shown in
Fig. 5 and 6. One can see that Fig. 2 and 5 are re-
ally similar so in fitting procedure as many experimen-
tal points must be used as possible to achieve the un-
ambiguous result. Strictly speaking nn FSI should be
also taken into account but it was not found out in fit-
ting so the effect of only three terms in the sum (2)
i1s discussed. Such a simulated spectrum with all the
three amplitudes in the sum (2) taken into account is
given in Fig. 7. The factors ¢; — ¢ are free parameters.
The fitting area in a plane Ey — Fs is bounded with
thresholds 7.8 MeV < Ej, Fs and four-body limit of the
d4+d — p+p+n+nreaction with the (J—value being equal
-4.449 MeV and contains m = 2694 elements of an exper-

imental matrix Njjer with the errors ANj ., and simu-
Nijew =Nijsim)>

lated one Njjsipm. The value x? = ﬁ > (JANizj)
iew

has appeared to be equal 1.51, and the ratio of contri-
butions from the various terms in (2) on this area is
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(0.20 &+ 0.04) : (0.65 &+ 0.07) : (0.15 & 0.03) in agree-
ment with the experimental value % Recalculated

on the entire kinematically allowed area this ratio be-
comes (0.24 £ 0.04) : (0.61 + 0.06) : (0.15+ 0.03). Cal-
culated cross sections and experimental data on the cut
along the Ey = F» line are shown in Fig. 8. The dash—
dotted, dashed and dotted lines show the QFS compo-
nent and the FSI ones for 1Sy and 35, np states re-
spectively. The ratio of the corresponding contributions
to the total curve in a the range of [0-23.4] MeV is
(0.28 +0.05) : (0.60 £0.06) : (0.12+ 0.02).

A reasonable variation of the fitting area does not
change the results essentially. For example, on the fit-
ting area bounded with the thresholds 7.8 MeV < E;, Es
and the four-body limit with @ = —5.449 MeV (m =
2405), x? = 1.44 and the ratio becomes (0.22 £ 0.03) :
(0.58 £ 0.05) : (0.20 & 0.03) which is transformed into
(0.26 +0.04) : (0.53 £ 0.05) : (0.21 & 0.03) at the entire

allowed area.
V. SUMMARY

Experimental cross sections of the four-body d + d
break—up and their parametrization in a simple form are

presented which will facilitate a comparison of the data
with rigorous theoretical calculations when they are pos-
sible. The two—dimensional pp coincidence spectrum can
be reasonably fitted by an incoherent sum of the DSP
and DFSI contributions. The results of fitting confirm
that in an incomplete 2H(d, pp) experiments np FSI ef-
fects must be quite significant even at the angles of

NPP"

pp QFS. An independent approach viz. the ~2* ratio

gives consistent estimations of the QFS contributions to
pp coincidence spectra. This conclusion should be taken
into account in the projects of experimental studies of
nn QFS. Apparently complete experiments are prefer-
able because they allow to separate the process investi-
gated from the background and to compensate additional
expenses for obtaining the required statistics by a more
reliable theoretical interpretation of the data. Somebody
may say that PWIA and Watson-Migdal models are not
applicable because multiple scattering effects are impor-
tant. Nevertheless these models reproduce relative dis-
tributions of products in quite a satisfactory way even
at much lower energies and have been successfully used
up till now [19]. Actually, only relative distributions of
products calculated are used to draw our conclusions.

I am grateful to the computer center staff for com-
puter service and to my colleagues V. Pirnak and
O. Povoroznyk for their help in calculations.
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B3A€MOOIA B KIHMEBOMY CTAHI TA KBASIBIJIBHE PO3CISIHHS B
YOTUPUYACTUHKOBOMY KAHAJII PEAKIIII d + d TIPU EHEPITI 46.7 MeV
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PospaxoBano cekTpu 36iry mMpoayKTiB YOTUPUIACTUHKOBOTO KaHay peakii d+d — p+p+n—+n: nomsiitHoro
IpOTOH-TIpoTOH (pp) i morpifiHoro mporon-nporon-Helitpon (ppn). Teoperwuna Momens BpaxoBye KBa3iBlibHe
posciszaaa (KBP) pp B iMmynecHoMy HaG/IMKeHHI IUIOCKHX XBHJIb Ta B3a€MOIII0 B KiHIEBOMY craHi 060X mmap
HeliTpoH-TIpoTOH B Hab mkennl Barcoma—Mirmaaa. Pesyabratn y3romkyoThca 3 eKCIepUMeHTaIbHUMI JaHUMH,
OTpHUMAaHUMU IpH eHepril my4dka Ky = 46.7 MeB B kinemarumunux ymoBax KBP pp, axum BiamosBimaoTh Ky TH eMicii
npoToHiB B stabopaTopHiii cuctemi ¥, = 92 = 38.75°%, ¢1—¢2 = 180° ta Helitpona ¥, = 0°. BuasJeHo, mo b crekTpi
TTozTBIiiHOTO 36iry TIPOTOHIB MepeBaiKae BHECOK TOCIimoBHOTO mporiecy d+d — d*+d* — p+p+n-+n i aaure Gins
YBepTi BCIX MO MOXKHa BIIHECTH Ha PaXyHOK KBa3IBIJIBHOTO po3ciAHHA. [lell BUCHOBOK y3roKyeThCd TaKOoiK
31 CHIBBIAHOIIEHHAM MIXK KIJIBKICTIO TOMAIH morpiiiHoro it mompiiiHoro 36iry B eKCIlepUMeHTaJIbHUX Ta MOOEJIBHIX
CIEeKTpax.



