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Two{dimensional proton{proton (pp) and proton{proton{neutron (ppn ) 
oin
iden
e spe
tra

from d+d �! p+p+n+n four{body break{up are 
al
ulated. Quasifree s
attering (QFS) of protons

in the plane wave impulse approximation and �nal state intera
tion of neutron{proton pairs in the

Watson{Migdal approximation are taken into a

ount. Cal
ulations are in reasonable agreement

with the experimental data obtained at the deuteron beam energy E

0

= 46:7 MeV, proton angles

in the lab. system #

1

= #

2

= 38:75

Æ

; '

1

� '

2

= 180

Æ

and the neutron one #

n

= 0

Æ

whi
h are the

pp QFS kinemati
 
onditions. Contribution from the sequential d+d �! d

�

+d

�

�! p+ p+ n+ n

pro
ess is found to prevail in the double pp 
oin
iden
e spe
trum while only about the fourth part

of all events are from pp QFS. This 
on
lusion is supported by a dire
t 
omparison of the model

and measured ratios of triple ppn 
oin
iden
e events to the double pp ones.

Key words: deuteron, four{body, break{up, 46.7 MeV, quasi{free s
attering, �nal{state inter-

a
tion.
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I. INTRODUCTION

At present four{nu
leon (4N) systems be
ome a sub-

je
t of growing interest. With improved 
al
ulations,

they 
an be used to probe the nu
leon{nu
leon (NN)

intera
tion, in parti
ular many{nu
leon and o�{shell


omponents, or on{shell P intera
tion. 4N systems are

the simplest ones whi
h 
an be used for investigat-

ing neutron{neutron (nn) s
attering with 
harge parti-


le beams. Some years ago H. Kumpf proposed to use

quasifree s
attering (QFS) of neutrons in d+ d 
ollisions

for measuring nn s
attering parameters: the s
attering

length a

nn

and (mainly) the e�e
tive range r

nn

[1℄. In

this pro
ess the neutron from the in
ident deuteron s
at-

ters from the neutron in the target deuteron a

ording

to the binary kinemati
 relations while both of protons

remain with their initial momenta. For this reason it

is referred to as a double spe
tator pro
ess (DSP) [2℄

or two spe
tator quasifree s
attering (TSQFS) [3℄. I do

not know any investigation of that kind by now. There

are some publi
ations about sear
h of the proton{proton

(pp) QFS in the mirror

2

H(d; pp) rea
tion [2{5℄. Nat-

urally, su
h experiments allow to estimate main 
har-

a
teristi
s of the

2

H(d; nn) rea
tion, su
h as 
ross se
-

tions and ba
kground of nonQFS 
ontributions to spe
-

tra. Two{dimensional pp 
oin
iden
e spe
tra were mea-

sured at beam energies E

0

= 34:7 MeV [3℄, 50 MeV [4℄,

80 MeV [2℄ and 108 MeV [5℄. Besides deuteron{deuteron

(dd) QFS for the

3

He(

3

He; dd) rea
tion was investigated

at E

0

= 50 and 78 MeV [3℄ and proton{neutron (pn)


oin
iden
es were also obtained at E

0

= 108 MeV [5℄.

Shapes of measured spe
tra were in satisfa
tory agree-

ment with plane wave Born approximation 
al
ulations

[2℄ or plain wave impulse approximation (PWIA) ones

[3,5℄, but the ratio of 
ross se
tions N =

experiment

theory(PWIA)

is found to be larger for the

2

H(d; pp) rea
tion, than for

the

3

He(

3

He; dd) one at equal energies [3℄.

On the other hand, a 
ompeting pro
ess 
ould 
on-

tribute to the pp 
oin
iden
e spe
tra viz. the

2

H(d; d

�

)d

�

rea
tion or the so{
alled double �nal state intera
tion

(DFSI) [2℄ be
ause the kinemati
 
ondition of it is very


lose to that of the TSQFS. Simple kinemati
 
al
ula-

tions show, that at beam energy 50 MeV symmetri
 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 pro
ess respe
tively. Straight 
al
ulations also

show that angular and energy distributions of protons are

similar in these two pro
esses [6,7℄. The nn and pp FSI

in the

2

H(d; pp) rea
tion were found out in experiments

[8,9℄ and the DFSI pro
ess was identi�ed in 
omplete

experiment [10℄.

Re
ently double pp and triple ppn 
oin
iden
e spe
tra

were measured in 
onditions of pp TSQFS at beam en-

ergy E

0

= 46:7 MeV [11℄. This is an only observation of

the DSP in a 
omplete experiment so far. The existen
e

of the TSQFS in the

2

H(d; pp) rea
tion thus was proved

but 
ontributions of di�erent pro
esses to spe
tra 
ould

not be determined be
ause of a very approximate model

used. Now a new attempt is undertaken to de�ne more

pre
ise 
ontributions of various me
hanisms by simulat-

ing pp and ppn 
oin
iden
e spe
tra with a

ount of the

np FSI and pp QFS and 
omparing them to the experi-

mental data [11℄. PWIA and Watson{Migdal models are

used in the 
al
ulations and e�e
ts of the target and de-

te
tor dimensions and resolutions are taken into a

ount

as well.

II. EXPERIMENTAL DATA

A TiD target was bombarded with deuterons whose

energy at the target 
entre was 46.7 MeV. Charged par-
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B. STRUZHKO

ti
les were dete
ted by two �E � E 
ounter teles
opes

pla
ed symmetri
ally to the beam. Angles of dete
ted

parti
les #

1

= #

2

= 38:75

Æ


orrespond to the pp DSP


ondition. Neutrons emitted along the beam dire
tion

were dete
ted using a plasti
 s
intillator (10 
m wide

�10 
m high � 20 
m thi
k). The distan
e between the

target and the 
entre of the neutron dete
tor was 1:3 m.

Other experimental details 
an be found in Ref. [11℄.

Fig. 1. Two{dimensional pp 
oin
iden
e spe
trum. Beam

energy E

0

= 46:7 MeV, angles of protons #

1

= #

2

= 38:75

Æ

,

'

1

� '

2

= 180

Æ

.

Two{dimensional pp 
oin
iden
e spe
trum obtained is

shown in Fig. 1. Here it is depi
ted for protons of 4:5

MeV and upwards. A random 
oin
iden
e ba
kground

and e�e
ts of

1

H(d; pp) breakup from the light hydrogen


ontamination in the target have been eliminated. A
tu-

ally the amount of these impurities was mu
h less than

1 per 
ent but that was enough to deform a spe
trum

at proton energies in the vi
inity of 6 MeV be
ause of a

huge di�eren
e in the

1

H(d; pp) and

2

H(d; pp) 
ross se
-

tions. More than 30 thousand true pp 
oin
iden
e events

N

pp

have been 
olle
ted for this spe
trum. Besides more

than one hundred triple ppn 
oin
iden
e events N

ppn

have been re
orded in 
omplete experiment. The ratio

N

ppn

=N

pp

= 0:0061� 0:0007 has been obtained.

III. THE MODEL

The di�erential 
ross se
tions of the four{parti
le

2

H(d; pp) rea
tion are 
al
ulated by using the pres
rip-

tion [6,12℄:

d

4

�(E

1

; E

2

; #

1

; #

2

; '

1

; '

2

)

d


1

d


2

dE

1

dE

2

=

(2�)

4

v

Z

�jF j

2

sin#d#d';

(1)

where E

1

; E

2

are energies of protons, v = p

0

=2m is a

velo
ity of the deuteron in the beam, p

0

is a deuteron

momentum, m is the nu
leon mass, � is a phase spa
e

fa
tor [12℄, # and ' are angles of a relative neutron{

neutron momentum k

nn

, F is a transition matrix ele-

ment. In 
al
ulations of the double 
oin
iden
e spe
trum

N

pp

(E

1

; E

2

) an integration domain 
overs all possible di-

re
tions k

nn

(i.e. within 4�), and for triple 
oin
iden
e

N

ppn

(E

1

; E

2

) it is de�ned by a solid angle of the neutron

dete
tor. Matrix element is approximated as a sum:

jF j

2

= 


1

jF

QF

j

2

+ 


2

jF

S

j

2

+ 


3

jF

T

j

2

(2)

where F

QF

is the pp QFS amplitude and F

S

and F

T

are

the FSI amplitudes for the

1

S

0

and

3

S

1

np states respe
-

tively, 


1

� 


3

are free parameters. Here interferen
e ef-

fe
ts between QFS and FSI amplitudes 
an be negle
ted

be
ause of 
ompletely di�erent angular and energy dis-

tributions of neutrons. QFS amplitude is evaluated using

PWIA [3,13℄:

jF

QF

j

2

=

�

�

�

 

�

p

pp

2

� k

nn

�

�

�

�

2

�

�

�

 

�

k

nn

�

p

nn

2

�

�

�

�

2

d�

pp

(k

pp

)

d


with p

pp

= p

1

+ p

2

and p

nn

= p

0

� p

pp

, where p

1

; p

2

are momenta of protons in the lab. system,

k

nn

=

p

mE

nn

; E

nn

= E

0

+ Q�E

1

�E

2

�

p

2

nn

4m

;

Q = �4:449 MeV; k

pp

=

(p

1

� p

2

)

2

;

 (k) = (2�)

�3=2

Z

 (r)e

�ikr

d

3

r

is a Fourier 
omponent of the deuteron wave fun
tion. It

is taken in the Hulthen form:

 (r) =

r

��(�+ �)

2�

e

��r

� e

��r

(�� �)r

;

h

2

�

2

= mE

�

; E

�

= 2:2245 MeV, h

2

�

2

= mE

�

, E

�

=

59:8 MeV. Cal
ulations are 
arried out in the simple im-

pulse approximation (SIA) with

j (k)j

2

=

��(�+ �)

3

�

2

(�

2

+ k

2

)

2

(�

2

+ k

2

)

2

and in the modi�ed one (MIA) [14℄ with

j (k)j

2

=

��(�+ �)

�

2

(� � �)

2

�

�

�

�

�

e

��R

�

k

sin kR+ 
os kR

�

2

+ k

2

+ e

��R

�

k

sin kR+ 
os kR

�

2

+ k

2

�

�

�

�

�

2
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and the 
hosen 
uto� parameter of the deuteron wave

fun
tion R = 4:6 fm. Keeping in mind that k

pp

is rather

moderate for S wave intera
tion to be used and rather

high for Coulomb terms to be negle
ted the 
ross se
tion

of proton{proton elasti
 s
attering is used in the form

[15℄:

d�

pp

(k)

d


=

1

k

2

+ (�

1

a

pp

+

1

2

r

pp

k

2

)

2

;

with a

pp

= �7:813 fm and r

pp

= 2:78 fm [16℄.

F

S

and F

T

terms in (2) are 
al
ulated by using the

Watson{Migdal approximation:

jF

S

j

2

= jF

1S

j

2

jF

2S

j

2

;

where F

1S

and F

2S


orrespond to neutron{proton pairs

emitted on the left and to the right of the beam respe
-

tively:

F

1(2)S

=

r

np

(k

2

+ �

2

)

2(�

1

a

np

+

1

2

r

np

k

2

� ik)

;

� =

1

r

np

(1+

q

1�

2r

np

a

np

); hk =

p

mE

np

. The expressions

for F

T

are similar. Parameters a

np

and r

np

are equal

�23:748 fm and 2:75 fm for the

1

S

0

np state and 5:424

fm and 1:759 fm for the

3

S

1

one [16℄.

Fig. 2. Simulated pp 
oin
iden
e spe
trum for the

2

H(d; pp) rea
tion. SIA.

Cal
ulations are 
arried out with the Monte{Carlo

method, in this 
ase the angles #, ' and the position

of parti
les on the target and dete
tor slits are taken as

random numbers. The results of Refs. [3℄ (table 1) and

[6℄ (Fig. 1) were used for 
he
king the 
omputer 
ode.

IV. RESULTS

Simulated pp 
oin
iden
e spe
trum is shown in Fig. 2.

Only the �rst term in the sum (2) is taken into a
ount

and SIA is used. Cross se
tions on the 
ut along the

E

1

= E

2

line are shown in Fig. 3 (a solid line). It is

easy to see that the theoreti
al 
urve is a bit shifted

from experimental points to lower energies. So there may

be something else in the spe
trum, that is not taken

into a

ount in 
al
ulations. Cal
ulated 
ross se
tions

are multiplied by the fa
tor 


N

= 0:2. It is four times

higher, than the value 0.049, obtained for dd QFS in the

3

He(

3

He; dd)2p rea
tion at the beam energy of 50 MeV

[3℄ where pd FSI e�e
ts are not essential at all. SIA and

MIA 
al
ulations without the target and dete
tor dimen-

sions and resolutions taken into a

ount are shown as

dashed and dotted lines. The 


N

fa
tors are 0:2 and 1:0

respe
tively as well.

Fig. 3. Simulated 
ross{se
tions for pp QFS (SIA) and the

data along the E

1

= E

2

line. Dashed and dotted lines are

the SIA and MIA 
al
ulations for dot geometry and ideal

resolution.

Fig. 4. Simulated ppn 
oin
iden
e spe
trum for the

2

H(d;ppn) rea
tion. SIA.
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Simulated two{dimensional ppn 
oin
iden
e spe
trum

is depi
ted in Fig. 4. It is diÆ
ult to 
ompare it to

the experimental spe
trum be
ause of poor statisti
s

in the last one. On the other hand, total number of

ppn 
oin
iden
e events 
an be used for the estima-

tion of the QFS e�e
t in the pp 
oin
iden
e spe
trum.

Though of SIA does not reprodu
e absolute values of


ross se
tions at our energies [17℄ their relative depen-

den
e on spe
tator momenta are 
onsistent with exper-

imental ones [13,15℄. Angular distribution of neutrons{

'spe
tators' from

2

H(d; ppn) rea
tion is strongly dire
ted

forward.The fun
tion

dN

d(
os #)

�

1

0:0019+sin

3

#

is a good ap-

proximation for a simulated angular distribution of neu-

trons at the angles #

n

< 20

Æ

. Likewise the Gaussian

fun
tion

dN

dE

n

� expf� ln 2

(E

0

�En)

2

H

2

g with E

0

= 23:4

MeV and H = 5:5 MeV is a good approximation for

a simulated neutron spe
trum at #

n

= 0

Æ

. The average

eÆ
ien
y � of the neutron dete
tor is 
al
ulated with

the adapted Stanton 
ode [18℄. The ratio

�N

ppn

N

pp

= 0:026

quadruples the experimental value. This result 
an be in-

terpreted assuming that the QFS 
ontribution to the pp


oin
iden
e spe
trum on Fig. 1 really exists but amounts

only to about a quarter of all the events.

Fig. 5. Simulated pp 
oin
iden
e spe
trum. The Wat-

son{Migdal approximation for

1

S

0

np FSI.

Fig. 6. Simulated pp 
oin
iden
e spe
trum. The Wat-

son{Migdal approximation for

3

S

1

np FSI.

Fig. 7. Simulated pp 
oin
iden
e spe
trum with all three

amplitudes in the sum (2) taken into a

ount. Fitting with

the least squares method.

Fig. 8. Cuts of surfa
es in Fig. 1 and 9 along the E

1

= E

2

line. Dashed{dotted, dashed and dotted lines are for the pp

QFS (SIA),

1

S

0

and

3

S

1

np FSI respe
tively and the solid

line is their total 
ontribution.

The 
ontribution from QFS to spe
tra 
an be esti-

mated di�erently by a dire
t �tting of a simulated pp


oin
iden
e spe
trum to the experimental one. The spe
-

tra 
al
ulated for

1

S

0

and

3

S

1

np FSI are shown in

Fig. 5 and 6. One 
an see that Fig. 2 and 5 are re-

ally similar so in �tting pro
edure as many experimen-

tal points must be used as possible to a
hieve the un-

ambiguous result. Stri
tly speaking nn FSI should be

also taken into a

ount but it was not found out in �t-

ting so the e�e
t of only three terms in the sum (2)

is dis
ussed. Su
h a simulated spe
trum with all the

three amplitudes in the sum (2) taken into a

ount is

given in Fig. 7. The fa
tors 


1

� 


3

are free parameters.

The �tting area in a plane E

1

� E

2

is bounded with

thresholds 7:8 MeV � E

1

; E

2

and four{body limit of the

d+d! p+p+n+n rea
tion with the Q{value being equal

-4.449 MeV and 
ontainsm = 2694 elements of an exper-

imental matrix N

ijex

with the errors �N

ijex

and simu-

lated one N

ijsim

. The value �

2

=

1

m�3

P

(N

ijex

�N

ijsim

)

2

�N

2

ijex

has appeared to be equal 1.51, and the ratio of 
ontri-

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

N

ppn

N

pp

. Re
al
ulated

on the entire kinemati
ally allowed area this ratio be-


omes (0:24 � 0:04) : (0:61 � 0:06) : (0:15� 0:03). Cal-


ulated 
ross se
tions and experimental data on the 
ut

along the E

1

= E

2

line are shown in Fig. 8. The dash{

dotted, dashed and dotted lines show the QFS 
ompo-

nent and the FSI ones for

1

S

0

and

3

S

1

np states re-

spe
tively. The ratio of the 
orresponding 
ontributions

to the total 
urve 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 �tting area does not


hange the results essentially. For example, on the �t-

ting area bounded with the thresholds 7:8 MeV � E

1

; E

2

and the four{body limit with Q = �5:449 MeV (m =

2405), �

2

= 1:44 and the ratio be
omes (0:22 � 0:03) :

(0:58 � 0:05) : (0:20 � 0:03) whi
h is transformed into

(0:26� 0:04) : (0:53� 0:05) : (0:21� 0:03) at the entire

allowed area.

V. SUMMARY

Experimental 
ross se
tions of the four{body d + d

break{up and their parametrization in a simple form are

presented whi
h will fa
ilitate a 
omparison of the data

with rigorous theoreti
al 
al
ulations when they are pos-

sible. The two{dimensional pp 
oin
iden
e spe
trum 
an

be reasonably �tted by an in
oherent sum of the DSP

and DFSI 
ontributions. The results of �tting 
on�rm

that in an in
omplete

2

H(d; pp) experiments np FSI ef-

fe
ts must be quite signi�
ant even at the angles of

pp QFS. An independent approa
h viz. the

N

ppn

N

pp

ratio

gives 
onsistent estimations of the QFS 
ontributions to

pp 
oin
iden
e spe
tra. This 
on
lusion should be taken

into a

ount in the proje
ts of experimental studies of

nn QFS. Apparently 
omplete experiments are prefer-

able be
ause they allow to separate the pro
ess investi-

gated from the ba
kground and to 
ompensate additional

expenses for obtaining the required statisti
s by a more

reliable theoreti
al interpretation of the data. Somebody

may say that PWIA and Watson{Migdal models are not

appli
able be
ause multiple s
attering e�e
ts are impor-

tant. Nevertheless these models reprodu
e relative dis-

tributions of produ
ts in quite a satisfa
tory way even

at mu
h lower energies and have been su

essfully used

up till now [19℄. A
tually, only relative distributions of

produ
ts 
al
ulated are used to draw our 
on
lusions.
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B. STRUZHKO

VZA�MOD�� V K�NCEVOMU STAN� TA KVAZ�V�L^NE ROZS��NN� V

QOTIRIQASTINKOVOMU KANAL� REAKC�Õ d+ d PRI ENER��Õ 46.7 MeV

B. Stru�ko

�nstitut �dernih dosl�d�en~ NAN UkraÝni

prosp. Nauki, 47, KiÝv{28, 03028, UkraÝna

E{mail: struzh�marion.iop.kiev.ua

Rozrahovano spektri zb�gu produkt�v qotiriqastinkovogo kanalu reak
�Ý d+d �! p+p+n+n: podv��nogo

proton{proton (pp) � potr��nogo proton{proton{ne�tron (ppn). Teoretiqna model~ vrahovu
 kvaz�v�l~ne

rozs��nn� (KVR) pp v �mpul~snomu nabli�enn� ploskih hvil~ ta vza
mod�� v k�n
evomu stan� oboh par

ne�tron{proton v nabli�enn� Vatsona{M��dala. Rezul~tati uzgod�u�t~s� z eksperimental~nimi danimi,

otrimanimi pri ener��Ý puqka E

0

= 46:7MeV v k�nematiqnih umovah KVR pp, �kim v�dpov�da�t~ kuti em�s�Ý

proton�v v laboratorn�� sistem� #

1

= #

2

= 38:75

Æ

; '

1

�'

2

= 180

Æ

ta ne�trona #

n

= 0

Æ

. Vi�vleno, wo v spektr�

podv��nogo zb�gu proton�v pereva�a
 vnesok posl�dovnogo pro
esu d+d �! d

�

+d

�

�! p+p+n+n � lixe b�l�

qvert� vs�h pod�� mo�na v�dnesti na rahunok kvaz�v�l~nogo rozs��nn�. Ce� visnovok uzgod�u
t~s� tako�

z� sp�vv�dnoxenn�m m�� k�l~k�st� pod�� potr��nogo � podv��nogo zb�gu v eksperimental~nih ta model~nih

spektrah.

436


