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1 • INTRODUCTION 

In ,this paper we present re~ults of an analysis of the anti­
deuteron breakup reaction and np elastic scattering extracted 
from it at 6.1 GeV/c per nucleon. 

The data have been obtained Ьу processing about 70 К pic­
tures of the 2m НВС "Ludmila" exposed to an RF·-separated anti­
deuteron beam : 11 with а 12.2 GeV/c momentum at the Serpukgov 
acce lerator·. Some details of the experiment are given in ref ~2( 

The possibility of reliaЬle registration of р -spectators 
is an important advantage as compared to pd experiments. More­
over, nowadays t nere exist very few data on pn elastic. scatter­
ing. Data between 1.8 and 5.5 GeV/c iЗ/ show somewhat d.istinct 
features from рр ones. So, an ·experimental study of ilp elastic 
scattering is also an important proЬlem. 

Questions concerning the event selection and cross section 
determinat ion of the reaction dp ... ppn- are discussed in the fol­
lowing section. The 4-momentum transfer ~quar~d distribution 
of the antideuteron breakup reaction is compared with simple 
Glauber calculations / 4/ (section 3). The extraction of np elas­
tic interactions is described in section 4 .. The results are 

. compared with pn and рр data at similar energies. 
Main conclusions of this paper are presented in the last 

section. 

- - -
2. DP ... PPN EVENТ SELECTION 

AND CROSS SECТION DETERМINATION 

)?'J' - .f I('~L 
As the hadron c e n t amination in the antideuteron beam was 

/ 2 / . 1 

- 40% , the events of the react1on 

dp ... ppn (1) 

were extracted Ьу the adopted 151 kineraatic program IIYDRA con­
ta~ning three mass hypotheses f~f . Ье~~ . p_articl; s: d, Р a nd тr-. 
Th1s led to а large number of amo 1·gu1t 1es ( -75 ,о of a ll tl1e 
events). Thus selec t i dg the eve~ts, we took into account а pos ­
siЬle pre sence of contamina t ion and, the passage of event s ( 1) 
through other channels, mainly ОС fit, 

dp ... ррММ. ( 2 ) "' .. -· - --
Cblo.i ,, .. . , .'::,•rJ1' \ 

~ ~ ~· .;· . . ~ :r. ~-\ · .· ; ::. • .,;;-u ~ad 
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The \С hypothesis 

11-р .... 11-Р 11° (3) 

was а main competitor for the reaction (1). 
About 93% of all amЬiguities in the reaction under study 

were the events having unresolved hypotheses (\) and (3). It 
should Ье str~,~~a that in our case there is no mixing with 
elastic interactions and coherent processes, whic~ is а common 
difficulty for target deuteron experiments because of а signi­
ficant difference in the laboratory rnomentum of negative se­
condaries in these channels. 
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Fig. l . The l aboratory momentum distriЪution of negative 
secondaries f or ambiguities dp ... ppn/11 -:-Р .... "-р11° (а) 3 

pur e dp .... ppn events (Ъ) and pure 11-р ... "-Р77° events (с). 

... 

In Fig. 1 is shown the Р1 а.ь distribution of negative par­
ticles for the events having the two unresolved hypotheses (1) 
and (3) (а), only the hypothesis (1) (Ь) and only the hypothe­
sis (3) ( с). One can see that the distribution of unresolved 
events is very similar to the hypothesis (\) with а maximum at 
Рьеаm/2. Vice versa, events (3) are concentrated in а large Plab 
re~ion. Moreover, it is known tl1at the cross section of the 
reaction 11 -р -+ 771>77° is (0.5+0.1) mb at 12 GeV/c 161. So, even 
though the beam contamination consists completely of 11- -те- " 
sons, we obtain that the 11-р ... "-р77° contarnination in the re­
action (1) does not exceed 0.8% taking into account pure events 
(3). The value of a~t~l mixing of the channels (1) and (2) 
can Ье e~~tfe d f rorn the missing mass~ distribution (fig.2a). 
Using the probability cut for 1С fit events, Р(х 2 ) ~ 0.5%, 
which was put in the kinematic program, only 0.6 ~~ of events 
f rom the overlapping r egion remained unresolved. 
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Fig. 2. а) ММ 2 distribution for 2-prong events dp .... р + х, 
Ъ) ММ 2 distriЪution j"or seZected events dp .... ppn-, с) Р(х2) 
distriЪution for seZected events dp .... ppn • 

From the above considerations all events, having thehypothe­
sis (1) with Р(х2)~0.5~~ and Pla.b of negative secondary 
<8.2 GeV/c, were assumed to belong to the studied class ' and 
were taken with weight 1. The ММ 2 and Р(х2) distributions for 
events (1) thus selected are presented in fig.2b,c. The value 

--- с ' ~ , ~~ 
of (ММ 2) l/2 = (940 . 2+1.9) меV/с2 ccfirl'c'ides with the antineut-

. ron mass with а good-accuracy. 

Thus, 629 fitted events (1) were selected from 2428 2-prong 
dp .interactions. То determine the cross section of the reac­
tion dp -+ ppn-; the following corrections were introduced: 

(i) scanning efficiency of 2-prong events ( W8 = 1 .021), 
(ii) losses of the events with short steep proton tracks 

( w 8 (t) ;" 1 • 03 7) ' 
(iii) the total program processing efficiency ( W Р = 1. 242). 
The weights W o(t) ·were determined frorn the requirement of 

i ,sotropy of the azimuthal angle distributions of protons for 
various 4-momentum transfer intervals (fig.3~. Using all these 
corrections, the total number of weighted events (1) is equal 
to Nw(ap-+ ррП) = 834.:!:.33 and* q breakup (dp) = (10.4.:!:_0. 7) mb. 

3. T-DISTRIBUTION AND COtWARISON WITH GLAUBER ТНЕОRУ 

We compare the measured differential cross section of the 
reaction (1) with Glauber theory for spinless particles. Ас-

* We normalized our data to the dp inelastic cross section 
q in (dp) = qin (pd) = q tot (pd) - · q el (Pcl) = (39. 8+4. 1) mb 121 
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cording to 14/ , 

(~) = (~) - (~) 
d{l breakup- dfl sc d!l ef ' 

(4) 

wher'e (da/ d!l )
8
c is the total scattering cross section on deute­

ron without new particle production. The corre sponding formulae 
for expression (4) are given in the Appendix. 

For calculations, we have used three types of form fac­
tors / 7,8 / : 

а) exponential form factor ' (GAUSS): 

-+ - 33.7 q2 , 
S(q) = е (5) 

Ь) form factor obtained in 171 f rom the Bressel-Kerman deute­
ron wave function (ЛВВ): 

S(q) = О .698е - 64"6q
2
+ 0.339~ -l2 .Зq 2- Q.037e -l.S7q

2 
(б) 

с) "re lativi stic invariant" fnrm factor ("Rell"): 

S(Q) = 0.34e- 141q 2 + 0.58e-:-26.1q2+0.08e-15.5q2 (7) 

-
The elastic Np amplitude was parametrized in the standard 

form: 

f- (i{} 
Np • 

P·aNp . -Vtь-q2 
-~.:..- (1 + р _ ) е N , 

477 N 

where the quantities 

арр = 61.3 ± 0.8 mb а_ = 58.7± 1.0 mb 
np 

Р- = 0.0 Ь- = 12.6± 0.3 CGeV/c) 
р р 

(8) 

- 2 

were taken from the known рр and pn data at б. 1 GeV 1 с 19 •101 ,and 
v unknown quantity р n was assumed to Ье equal to Рр- • 

The measured di f ferential cross section of the reaction 
(1) is compared with theoretical predictions in fig.4. The 
curves correspond to formulae (А.2). The parameters fitted 

d . tVf.( ":' Л-» f ' f h м;: ,.и ь un er var1ous assumpt1ons о t е s1ope parameter n are",P,r.~-

sented in the ТаЬlе. As is seen, our statistics is in~f fi'­
cient t o draw а reliaЬle conclusion concerning the choice of 
f orm factor. 
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S(q) 

(5) 

(б) 

(7) 

Fit reвuUв of the dp-+ ppn- differentia"l сrовв вection 
Ъу forrraдae (А. 2) !JJith variouв tурев of ground вtate 
antideuteron form factor 

-2 
Ь-= ь- ,= ь-Ь-р = 1 2 • б ( Ge v 1 с ) n р N 

b-{GeV/c)-2 x 2 /ND a(mb)- ь -2 x2 /ND а(mЬ) -{GeV/c) 
n N 

13. 8+1 . 0 17/12 8 •. 8+0.2 13 . ·2+0.4 lб/12 8.б+О.2 - -
20.2+4.4 48/12 9.8+0.5 14.б+О .4 51/12 10.2+0.3 -
2б.3+8.1 72 1 12 10. 3+0. б 15.3+0.5 
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Fig. 3. а) Azimutha"l ang"le distriЪution for 1<~f!o"'i'"l 
protonв from dp -+ ppn- events in the norma"l p"l(:l.ne_to 
the Ъеат "direction, Ы t --dependence of ыeight w8 averaged over azimutha"l ang "le 8. 
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4. ELASTIC np SCATTERING 

The elastic np interaction can Ье studied directly with the 
help of the_even_ts_qf reaction (1) containing an antiproton 
spectator: dp -.р pn: The proЬlem of spectator selection in 

. . s ;\. . 
the rea·ctlons w1th target deuteron breakup has been d1scussed 
in detail in / 3/ . As compared to these reactions, the use of an 
antideuteron beam allows us to select а rather large numЬer of 
elastic iii;> events since we are not limited Ьу р > 0.1 GeV/c. 
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Fig . 4. Differ ential сrовв 
section of the antideuter on 
br eakup reaction . The curves 
correspond to f op,mu lae (А . 2 ) 
ыith diff erent antideuteron 
form factor . lJ and SD r epr e­
sent contr i butions of douЫe 
scatter ing and interference 
termв~ reвpectively . 

Fig . 5 . Mo~entum and angle 
distributions of antipr o­
t ons (а~Ь) and ant ineutr ons 
(с~ d ) in the d r es t frame 
;"or dp ... р 

8
pn- events ex­

t racted Ьу method (а) 
(solid l ines ) and method 
({3) (do t ted lines) . Сю"'Vе 

in f ig . 5a r epr esents t he 
calculation using the Har­
tenhaus- Mor avscik ыаvе 
f unction 1 111 • 

....... 
р 

- (.L) 
---( }3) 

~ 

о 
cose 

Following ref. 131, we have used two different methods for 
the selection of elastic np events: 

6 

~~ 

а) All events with р(Р) < 0. 22 GeV/c and p(n) > 0. 25 GeV/c in 
the antideuteron rest frame have been selected; 

"{3) The events satisfying the condition R = w ii < 0 .15 
w-+ w-

oo n р 

have been se lected. Here W-(P~) = ( j ф(p)j 2dp ... with the wave 
function t/I(W taken from r~. 111. Р о 

We have selected 256 and 237 events with the help of the 
methods а) and {3), respectively. 

We have ~ecked our selection procedure comparing the momen­
tum and angular distributions of the spectator with the distri­
butions calculated from the deuteron wave functiotl111 (see 
fig . 5 ) . Not e tha t the spectator angular distribution should Ье 
isotropi~ when neglecting the effect of f lux factor and energy 

( - ) 1121 ь h . 1 dependence of uef np · • The agreement etween t eoret~ca 

predic tions and the data indicates correctneвs of our selec­
tion procedure . 

100 

а:: 
к::: 
tc:L 

'~ 
<:: 

0.1 

(J.) (/3} 

Fig . 6. 4~omentum transfer 
di stri bution of np e l astic 
evrmts extracted Ьу methods 
(а) and ( {3). 

The 4-momentum ~ransfer 
squared distributions for elas­
tic np events are plotted in 
fig.б . The ·lines represent the 

fits Ьу the expression (~~) 
b- t = А е n in the region 

0 .10 ~-t ~ 0 . 30 (GeV / c) 2 • The 
fitted values of the slope ''" 
parameter ь_ ~o'inc ide, wi thin 

n 
errors, ~f both groups of _2 
eventtS> bn = (12.4.!.1.4 ) (GeV!::_J 
and Ь - = (1 3 • О+ 1 . 3) ( Ge V /с) ~ 

n -
As final results, we take an 
average value bii of ( 12. 7.!. 
+1.3) (GeV/c)-2 • This result 
is compared wi th otl1er pn 13 1 

and рр 1 131 data in f ig.7a. As an additional check of our selec­
t i on procedure, we extracted e lastic РР event s and obtained 
Ьр= (12 . 9.!.1.3) (GeV/c)-2 in agreenent with the world data at 
Plab = б GeV/c. 

Our value of Ь- as well as the value obtained at 1.8 GeV/c 
agree with the coPresponding slope values f orpp scattering but 
disagree with pn data at 5.55 GeV/c. It i s seen from fig.7a 
t~at the slope · parameters obtai ned for the reactions р±р and 
р- п at <t>"' -0.2 (GeV/c)2 (and also forK±p and 11 ± р) are 
well described Ьу the universal function / 13/: 

Ь + ( Ь' () ь- Р р, t) = ь ь (t) + ~ ±1! t 
pq 

+ 2а~ lnp (9) 

7 .. 
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aJ. ЬJ 

Fig.?. а) Energy dependence of the sZope parameter ь 
at <t> = -0.2 (GeV/c) 2 for np and pn eZastic scattering. 
Curves - fit of the рр and рр data Ъу expression. 
(9) 118~ ЬJ Energy dependence of ~Ь+ • SoZid Zine - fit 
of the р+р data Ъу expression (10) (q = 0.52±0.02). 
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Fig.B. Р1аь -~ерепdепсе of eZastic cross sections for 
РР ; pil and iip interactions. 

taking into account а powe~~f~w_, dependence of the slope para­
meter at low energy. From (9) it follows that the di.fference 
of the slope· parameters for the differential cross sections .. . 
of particle and antiparticle va:hishes as а power of laboratory 
momentum 

6ь- = ьh_ i> - ьь+р 
+ 

8 

= Const 
pq 

~ 

:"i-
(10) 

~-

where q = 0.52+0-t-02 for p±p'18(This difference is plotted in 
fig. 7Ь for the-p - p and p±n data as а function of laboratory 
momentum. The Ь values for the np data are taken from / 14, 15/. 
We see that our point as well as the point at 1.8 GeV/c lie on 
the line describing the р~р data. 

We have also esti mated the elastic cross section using opti­
cal theorem and assuming pure imaginary forward iip scattering 
amplitude: 

2 -
- и tot (np) 

uef. (np) = А: 
2 

= (13.9 ±1.5) mb, 
18тr~nc) ь; 

wher_: utot(np) = иtot (pn) = (58.7.:!:,1.0) mb was interpolated from 
the pn dataЛO/ (see fig.8). If we use the extrapolated value 
of uef(pn) = (15.0+2.1) mb/ lO I,then we get (l + p~) = 1.08+0.17, 
where р- = Re!... (0)7Im f _ (О). n -

n np np 

CONCLUSIONS 

We have done а first study of the antideuteron breakup reac­
tion dp -+PPn- at 12.2 GeV/c. The cross section of this reaction 
i s equal to (10.4+0. 7) mb. Тhis value agrees, within errors, 
with the theoretical prediction obtained in terms of Glauber 
formalism for spinless interacting particles. The differential 
cross section also agrees with tlle model prediction. · ·-· 

Elastic np scattering has been studied with the help of 
events selected from the channel (1). The slope parameter of 
the differential. cross section was determined iu the · regi on 
< t> .. -о. 2 (GeV / с ) 2, · ь - = (12-. 7+1. 3) CGeV /с)-:2. and · the' elas-

n - - · tic cross section was estimated to Ье uef (np) = (13.9.:_1 ;5) mb..: 
The values of Ьп and uef (rip) agree, within errors, with the рр 
data at similar energies .• 

APPENDIX 

In the case of spin-independent interaction one can write 
the differential cross section of dp -+ ppn as 141: 

(~) 
d{} bre&kup 

= (~) 
ctn sc 

du 2 q -+ 2 ::\ 2 
- (-) . D = (1-S (-)}(l!_@l + I C(ЧJI ) + 

d{}er. 2 n Р 

+ 2Ref_ ((i} f~((i> (S(V- S2( q )) _]_Im\f~(qj · f[S(q'- q) -S( q).S(q')] х 
n р 2 rrk n 2 2 

х f- (q' + i
2

·). f- (_i - q'). d( 2) q' + f!.((i} · f[ S(q' + _i)- sci) · S(q')] х 
n р 2 р 2 2 . 
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.... . -+ 

( .... , q) ( q .... ,) (2) .... ,, 1 f[S(.... ....,1 ( .... 1 S( .... ")) х r- q +- . t-- - q d q + q·- q -s q • q х 
n ·2 Р 2 (2rr k ) 2 

... -+ .... ... 

х r _(q' + · q2 ) • r -<~- q') . t!.(q" + .)i) . rц.3_ _:q") d<2> q'. d <2> q" (А. 1) 
n р 2 n ~ 2 р 2 ' 

where S(V is the form factor of an antideuteron ground state. 
То а small-angle scattering approxirnation which is true in our 
case 

k ", ~ 
d{} rr 

dи 

dt 
t2 

and ч 2 =-t + -М2 
' 4 

- t. 

For maximal simplification of the expression (A.I) we use the 
following approximations~ -в 1 q2 

а) the form factor S(qJ = I. С1 е ,. with 
1 

which is rather general and convenient for 

normalization I.C 1=l, 
i 

an integration ех-
pression; .... 

Ь) the ampli tudes r-- (q) are supposed to Ье purely imagina­
ry at · our energies (fo

0r Р рр this fact is known from experimental. 
data /9/ ), and exponential parametrization is used 

f -(q) _ . kиN - llz b-q2 
N -1-.---е N 

4rr 

i 

с) the parameters Ь_ and b_,are assumed to Ье close so that 
n р 

! 1 ) -+ .... , 1 ехр - - (Ь -- Ь- q. q "' l 2 n р 

(see, for example, ref. 1121 ) • 

Using these approximations, we get the formulae convenient 
for practical purposes: 

(~) =S+SD+D, (А.2) 
dt breakup 

where S and D are the contributions of single and douЬle scat­
tering processes, respectively, and SD is the interference term: 

b-t b-t 
S = - 1-! (и~ е 0 + и3.е Р ) • 

16 rr n Р ' 
1 . .. 2 v-t ~ьn+ьptt - 2 v-t 

[1-S (-)] + 2и-и-е [S(v-t) -S <-
2 

)]1, 
2 n Р 

(А.2а) 

1 1 1 
иiiир S(b-+ Ь~ t '2' Ь-t '2'Ь- t 

SD =-- е 0 Р (и _е n + и _е Р ) х 
32712 n Р 

10 

' С . !ехр[ В1 (hи+ Ьр) t]-S (v- 't )1 
1 4(2В 1 +Ь_+Ь_) 2 

x i.--- n .2 
(2В . +Ь- + Ь_) 

(А. 2Ь) 

1 n р 

2 2 1 с с иiiиl) -7<Ь-+!Ч t 1 1 2 
D = --e 4 0 Р !I. -[I. ] 1. 

256713 : .i (Ь-+Ь~(4В 1 +Ь-+ Ь ~ i (2В.+ Ь-+ Ь-) 
n р n Р 1 - n Р (А . 2с) 

In the calculations we used the known results: 

оо -рх2 . 1 с 2 
f хе . I

0
(cx) dx =- ехр(--), 

о 2р 4р 

where I0 (cx) is а zero-order Bessel function of purely imaginary 
argument. Eqs.(A.2a-c) were used for fitting the experimental 
(du/dt) distribution with Ьп as а free parameter. 

In the case of equal antinucleon-nucleon scattering ampli­
tude approximation 

1 
.... .... kиN' 2ьNt 

f_(q) = f_(q) = i-- е 
n Р 4rт 

Eqs.(A.2a-c) сап Ье rewritten as: 

и_g 
S- N b-t 

- ----е N 
871 

r1 + scv-t> - 2scv;t )J, 

из з С 1 В1 Ь-
SD = _ N 4 ЬN- t 1 ехр [ N . . 1 t -~-е t] g v-32rт2 • I. 4(81 + Ь-) - (-->! i . · N 2 

N ' 
(А.3) 

(Bi+b-) 1 

4 1 
и_ -b-t С С 

D == N е 2 N ! I. i _ [ I. i ] 2l . 
1024rт З i Ь (2В1 + Ь_) i (В 1 + Ь_ ) 

'N - N N 
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ВаТIОН• В.В. 11 дР• 
U8JDIS реакций DP ... PPN при 12 ГsВ/ с 11 ynpyroro 
NР-рассеини• nри 6 ГsВ/с __ , 

El-84-790 

_ В_р~боте nроаеден а~, РfаkЦИК Р4S!~• , ант.кцеnтрона 
dp ... ppn н аьrдепенноrо иs .,... ynpyroro 0 • pacce.RJIIOI nри ~~М­
пульсе б, 1 ГэВ/с на нуцоК. э.t..m•~т4JJ'taq,dt матеsтап попучен 
nри обработJСе -70 тыс. c:JIJDatotlc .n•~•on ~4U48PЬI "Лiодми.nа", 
облученной сепарированным П'J'QtOIC : a,*~·"oнoв с ~щ.сом 
12,2 ГэВ/с на ускорителе У-70 /серпуха./;~ ]J-.пкчие быстрого 
антиnро. тона-спектатора а пабораториQй сас~ nоз~~о !~е-

без систематических потерь 834 событli« ' peaJЩJUC dp ... ppn • 
еоответстаует сечеНИJО 1 1 О. 4+0, 71 мб. · J.\11NaepfЦЩIIanьlloe се-

, .· , .. (*" 1 dt) развала согласуетсЯ с расчетаМ ~. ,~»UOCax _ 
~~'ra;,t~aoa. дм аьrдепенного нз реакции . ... IIIIA уnругого ар­

определен параметр наклона "-i • /12~ 7.:!:,1,3/ (ГзВ/сr-2 
полное упругое сечение и~ бФ) • ~J3,9~1 , 5/ мб. Эти 
совпадают в пределах о~ок с рр-дакиыми при бпиз-• 

~. Проводится также сравнение с UМеiОIЦIЩИСЯ в пите-

в Лаборатории высоких знерrмА ОИЯИ. 

-;~кноrо института ядерных исспедований. Дубна 1984 

t.Мva a.v. et al. 
~1te Reaction DP-."PP!i at 12 GeV/c 

11'-tic Scattering at 6 GeV/c 

El-84-

Reaul~s of an analysis of the antideuteron breakup reac­
an4 iP elastic ~cattering extracted from it at 6.1 GeV/c 

nucleon are presented. Тhе data have been obtained from 
Х pictures of the 2m НВС "Ludmila11 exposed to an RF-sepa­

rated antideuteron beam at а 12.2 GeV/c momentum. Тhе cross 
section of t1te .... Йla-reactian equal to (10.4+0. 7) mЬ is in 
agreeшent vith Glauber predictions as well as-differential 
cros• section (drr/dt) breakup. Тhе slope parameter Ь0 .. 
• (12. 1_:!:) .3) (GeV/c) -а and the elastic cross section и J. (iip)= 
~ (13.9+1.5) ~ have been obtained for ip elastic interac­
tions. Тhе results are coшpared with iP and pn data. 

Тhе investigation has Ьееп performed at the Laboratory 
of High Energies 1 .JШR. 
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