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FOUR-BODY d+ d REACTION AT 46.7 MeV�B. StruzhkoInstitute for Nu
lear Resear
hes of the Ukrainian A
ademy of S
ien
eKyiv, Ukraine(Re
eived De
ember 31, 1998)Two-dimensional proton�proton (pp) and proton�proton�neutron (ppn)
oin
iden
e spe
tra from d + d rea
tion were 
al
ulated, taking into a

ountquasi free s
attering (QFS) of protons and �nal state intera
tion (FSI)of neutron�proton pairs. Deuteron beam energy E0 = 46:7 MeV, protonemission angles #1 = #2 = 38:75Æ, '1 � '2 = 180Æ and a neutron one#n = 0Æ are the pp QFS kinemati
 
onditions. The results are 
omparedto appropriate experimental data. Contribution from singlet deuteronsdisintegration seems to prevail in 
oin
iden
e spe
tra and about one fourthpart of all 
oin
iden
e events is from pp QFS.PACS numbers: 24.10.�i, 24.10.CnSome resear
hes of four-body d+d rea
tion are known at present [1�6℄. Itwas found that quasi free s
attering (QFS) and �nal state intera
tion (FSI)pro
esses are important. Neutron�neutron (nn) and proton�proton (pp) FSIe�e
ts were observed in experiments [1,2℄. QFS of protons was identi�ed inthe proton�proton�neutron (ppn) 
oin
iden
e spe
trum [6℄. The in
reasedyield of pp 
oin
iden
e events was noti
ed at energies of pp QFS as well [3�6℄. On the other hand, su
h interpretation of the double 
oin
iden
e spe
tra
annot be only possible be
ause np FSI pro
esses are allowed, moreoverproton angular and energy distributions from the 2H(d; d�)d� rea
tion aresimilar to those from pp QFS [7,8℄.In this work the attempt is undertaken to estimate the 
ontribution ofvarious me
hanisms, simulating pp and ppn 
oin
iden
e spe
tra taking intoa

ount the np FSI and pp QFS and 
omparing them with the experimentaldata [6℄. E�e
ts of the target and dete
tor dimensions and resolutions aretaken into a

ount. Beam energy E0 = 46:7 MeV and emission angles of� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1487)



1488 B. Struzhkoprotons #1 = #2 = 38:75Æ, '1 � '2 = 180Æ and a neutron one #n = 0Æ 
or-respond to the pp QFS kinemati
 
ondition. The di�erential 
ross se
tionsof the four-parti
le 2H(d; pp) rea
tion are 
al
ulated by using the pres
rip-tion [7℄: d4�(E1; E2; #1; '1; #2; '2)d
1d
2dE1dE2 = (2�)4v Z �jF j2 sin#d#d' : (1)E1 and E2 are energies of protons, v = p0=2m is a velo
ity of the deuteron inthe beam, p0 is a deuteron momentum, m is the nu
leon mass, � is a phasespa
e fa
tor [9℄, # and ' are angles of a relative neutron�neutron momentumknn. In 
al
ulations of the double 
oin
iden
e spe
trum Npp(E1; E2) anintegration domain 
overs all possible dire
tions knn (i.e. within of 4�), andfor threefold 
oin
iden
e Nppn it is de�ned by a solid angle of the neutrondete
tor. Transition matrix element is approximated as a sumjF j2 = 
1jFQFj2 + 
2jFSj2 + 
3jFTj2 : (2)FS and FT are the 1S0 and 3S1 np FSI amplitudes, FQF is the pp QFSamplitude evaluated in the plain wave impulse approximation (PWIA) [10℄:jFQFj2 = j (ppp=2� knn)j2j (knn � pnn=2)j2 d�pp(kpp)d
 :ppp = p1 + p2, p1; p2 are momenta of protons in the laboratory system,pnn = p0 � ppp, knn = pmEnn, Enn = E0 + Q � E1 � E2 � p2nn=4m,Q = �4:449 MeV, kpp = (p1 � p2)=2,  (k) is a Fourier 
omponent of thedeuteron wave fun
tion. It is taken in the Hulthen form : (r) = pab(a+ b)=2�a� b exp(�ar)� exp(�br)r ;h2a2 = mEa, Ea = 2:2245 MeV, h2b2 = mEb, Eb = 59:8 MeV. Cal
ulationsare 
arried out in the simple impulse approximation (SIA) [10, 11℄ and inthe modi�ed one (MIA) [12℄ with R = 4:6 fm 
hosen.Keeping in mind that kpp is rather moderate for S wave intera
tion tobe used and rather high for Coulomb terms to be negle
ted the 
ross se
tionof proton�proton elasti
 s
attering is 
al
ulated as [13℄:d�pp(k)d
 = 1k2 + (�1=a+ rk2=2)2with a = �7:813 fm and r = 2:78 fm [14℄.



Four-Body d+ d Rea
tion at 46.7 MeV 1489FS and FT terms in (2) are 
al
ulated by using the Watson�Migdal ap-proximation: jFSj2 = jF1Sj2jF2Sj2 :F1S and F2S are for neutron�proton pairs emitted to the left and to the rightof a beam dire
tion,F1(2)S(k) = r(k2 + �2)2(�1=a + rk2=2� ik) ;� = 1 +p1� 2r=ar ; hk =pmEnp : (3)The expressions for FT2 are similar. Parameters a and r are equal -23.748and 2.75 fm for the 1S0 np state and 5.424 and 1.759 fm for 3S1 [14℄. As

Fig. 1. Two�dimensional pp 
oin
iden
e spe
trum [6℄we know, at our energies SIA does not reprodu
e absolute values of 
rossse
tions [15℄, but the relative distributions of spe
tator momenta are 
on-sistent with experimental ones [13℄, so it is possible to estimate the QFS
ontribution to the double pp 
oin
iden
e spe
trum from the threefold ppn
oin
iden
e one. The experimental pp 
oin
iden
e spe
trum is shown inthe Fig. 1. Cal
ulated 
ross se
tions and data on the 
ut along a diago-nal E1 = E2 are shown in Fig. 2. Only the �rst term in the sum (2) wastaken into a

ount. Cal
ulated 
ross se
tions are multiplied with a fa
tor
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norm = 0.2. SIA and MIA 
al
ulations without target and dete
tor dimen-sions and resolutions taken into a

ount are shown as dashed and dottedlines. Fa
tors 
norm are 0.2 and 1.0 respe
tively. Angular distribution ofneutrons � `spe
tators' from 2H(d; ppn) rea
tion is strongly dire
ted for-ward. Fun
tion dN=d(
os #) � 1=(0:0019 + sin3 #) is a good approximationfor angular distribution at angles �n < 20Æ. Equally Gaussian fun
tiondN=dEn � expf� ln 2(E0 �En)2=H2g is a good approximation for the neu-tron spe
trum at �n = 0Æ with E0 = 23:4 MeV and H = 5:5 MeV. Theaverage e�
ien
y � of the neutron dete
tor is 
al
ulated with the adaptedStanton 
ode [16℄. Cal
ulated ratio �Nppn=Npp = 0:026, that 4 times ex
eedsthe experimental value 0:0061 � 0:0007 [6℄. This result 
an be interpretedassuming that pp QFS 
ontribution to the pp 
oin
iden
e spe
trum in Fig. 1really exists but amounts only to about quarter of all events. By the waythe value 
norm=4 = 0.05 almost 
oin
ides with a fa
tor 0.049 obtained for3He(3He; dd)pp rea
tion at beam energy 50 MeV [10℄.

Fig. 2. Simulated 
ross se
tions for pp QFS and data along the diagonal E1 = E2 .Dashed and dotted lines are SIA and MIA 
al
ulations for dot geometry and idealresolution.Simulated spe
trum with all three amplitudes in the sum (2) taken intoa

ount is given in Fig. 3. The �tting area in a plane E1�E2 is bounded withthresholds E1; E2 = 7:8 MeV and four-body limit of the d+d! p+p+n+nrea
tion and 
ontains m = 2694 elements Nij exp of an experimental matrixwith errors dNij exp and simulated ones Nij sim. The value�2 = 1m� 3X (Nij exp �Nij sim)2dN2ij exp
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Fig. 3. Simulated pp 
oin
iden
e spe
trum with pp QFS and np FSI amplitudestaken into a

ount. Fitting with the least squares method.

Fig. 4. Cuts of surfa
es in Fig. 1 and 3 along a diagonal E1 = E2. Dashed�dotted, dashed and dotted lines are for the pp QFS (SIA), singlet and triplet npFSI respe
tively and solid line is their total 
ontribution.has appeared to be equal 1.5, and ratio of 
ontributions from the separateterms in (2) on this area is (0.20 � 0.04) : (0.65 � 0.07) : (0.15 � 0.03) inagreement with the value Nppn=Npp. Cal
ulated 
ross se
tions and data [6℄on the 
ut along E1 = E2 are shown in Fig. 4. The dash�dotted, dashed
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omponent and FSI ones for 1S0 and 3S1 npstates, respe
tively. So in an in
omplete 2H(d; pp) experiments FSI e�e
tsare rather essential even at angles of pp QFS. It should be taken into a

ountin interpretation of the data [3�6℄, and in the proje
ts of future experiments.I am grateful to the 
omputer 
enter sta� and my 
olleagues I. Dr-japa
henko, Val. Pirnak, Vit. Pirnak, O. Povoroznyk, A. Ustinov for help in
arrying out the investigation and preparing this manus
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