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Abstract: We observe the reaction dp ~ Pspec (p~r-)p in a bubble chamber exposure at 25 GeV/c 
incident deuteron momentum. The (pTr-) system with invariant mass below 2.0 GeV is inter- 
preted as neutron diffraction dissociation. The (prr-) mass spectra show little if any direct 
evidence of N* production. The decay angular distributions and the momentum transfer dis- 
tributions of the (pTr-) system suggest a smooth increase in contributions from higher partial 
waves (J t> 3) with increased mass or momentum transfer. A simple partial-wave analysis 
shows a Pll contribution below 1.3 GeV for small - t '  and a dominant D13 contribution 
elsewhere. Both the Pll and D13 amplitudes peak far below the N*(1470) and N*(1520) re- 
sonances. We also find evidence for the charge-exchange reaction np --, p(pTr-). In this pro- 
cess the (p~r-) system shows evidence for A°(1236) and N*(1520) production. 

1. Introduction 

We report on a study of the reaction 

dp --> ppTr-p (1) 

or, interpreting the neutron in the deuteron as free, 

np ~ pTr-p (2) 

at 25 GeV/c incident deuteron momentum in the Brookhaven National Laboratory 
80-inch hydrogen bubble chamber. The reason for our choice of a deuteron beam has 
been discussed elsewhere [1]. Viewed in the rest frame of the deuteron, this experi- 
ment is equivalent to 12.5 GeV/c protons on deuterium. 

In sect. 2 we discuss the experimental procedure and give the cross section for 
neutron dissociation into pTr-. The main features of the data are described in sects. 3 
and 4. In sect. 5 wo present a partial-wave analysis of the pTr- system and we make 
some concluding remarks in sect. 6. 

:~ Work supported in part by the US Atomic Energy Commission. 
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2. Experimental procedure 

The exposure consisted of 250 000 pictures in which all four prong events with a 
positive track of 1> 8 GeV/c and a proton of ~< 1 GeV/c were measured. The measurers 
imposed these cuts using an on-line three-point curvature measurement in one view, 
and the slow protons were identified through their predicted ionization from this 
measurement. Track reconstruction and kinematic fitting of the 27 000 events meas- 
ured were done by TVGP and SQUAW respectively. 2 754 events had a three or four 
constraint fit to (1). 

We identify the final state protons as follows: the spectator proton (Ps) is the 
slowest proton in the deuteron rest frame, the recoiling target proton (pp) is the 
slowest proton in the lab, and the proton from the neutron dissociation (Pn) is the 
remaining proton. Fig. 1 illustrates this identification in the lab frame and shows the 
momentum separation of the three protons. 

As evidence that our spectator identification is correct, we show in fig. 2 the Ps 
and Pn momenta in the deuteron rest frame. Since Ps is fast in the lab, we see spec- 
tators at all momenta in contrast to pd experiments which cannot see spectators be- 
low about 80 MeV/c. For Ps momenta less than 300 MeV/c, the distribution in fig. 2 
is in fair agreement with that expected from the square of the Hulth~n momentum- 
space wave function [2] with a = 45.5 MeV/c and/3 = 7a. A good agreement with 
the HulthCn distribution for Ps momenta less than 300 MeV/c is obtained using 
a = 57.0 MeV/c (not shown). The excess of events above 300 MeV/c may be partly 
due to double scattering, and we therefore restrict the Ps momentum to be less than 
300 MeV/c in the deuteron frame. This cut leaves a sample of 2 320 events. 

A Monte-Carlo simulation of the data indicates that we confuse the protons Ps 
and Pn about 3% of the time in this sample. This reflects the fact that it is very un- 
likely to have both  a fast spectator proton Ps and a slow proton Pn in the deuteron 
rest frame. The protons pp and Pn are well separated in the lab frame and rarely con- 
fused. 

The angular distribution of Ps in the deuteron frame for events with Ps momen- 
tum less than 300 MeV/c is shown in fig. 3. The angular distribution agrees with the 
curve shown in fig. 3 which is that of an isotropic distribution modified by the M61- 
ler flux factor [3]. For the following analysis we therefore consider these 2 320 events 
as our final sample of the reaction 

np -~ PnTr-pp . (3) 

We find a cross section of 757 +- 52/~b for reaction (3) with Ps momentum less 
• . . J . 

than 300 MeV/c. This value includes corrections for the following effects: 
(a) Scanning ef f ic iency.  The scanning efficiency was determined to be 87.5% from 

a second scan of 30% of the film. This correction was applied to the entire 250 000 
pictures. 



J. W. Cooper et aL, Diffraction dissociation 261 

I000 

>o 
oJ  

0 
~ .  50D 
GO 
I,-- 
Z 
h i  

h i  

i i i i i i i 

LAB FRAME 

/ _ L _ - ~ - -  
25 GeV/c d ~ ~ - - " ' - - - - ~ P s  - . . . p .  

, /~P,  

0 4 8 12 16 

LAB MOMENTUM (Gev) 
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Fig. 3. The cosine of the angle between the spectator and the incident proton directions in the 
deuteron rest frame for events with Ps momentum < 300 MeV/c. The curve is the distribution 
expected in the spectator model, normalized to 2 320 events, and modified by the M611er flux 
factor. 

(b) Missed three prongs. We extrapolate the distribution of  do/dt'  versus - t '  to 
- t '  = 0, and find a 6% loss due to protons which are too short to be seen * 

(c) Glauber correction [4], [5]. A 6% correction is included for the loss o f  events 
when the neutron is shadowed by the proton in the deuteron. 

(d) Measurernentfailures. 4.5% of  the events were lost due to measurement fail- 
ures. 

(e) Slow proton scan bias. We estimate a 4% loss due to our requirement of  a pro- 
ton ~< 1 GeV/c. 

The 52/ab error in the cross section reflects an additional 3.5% error above statis- 
tics due to the uncertainty in making the Ps momentum cut at 300 MeV/c. Our cross 
section for reaction (3) can be compared to 818 + 75 #b found at 11.6 GeV/c (p on 
d) for the same reaction [6]. 

3 .  G e n e r a l  f e a t u r e s  

The square of  the four-momentum transfer t '  ( t '  = t -  tmin) from the target pro- 
ton to pp is shown in fig. 4. In the - t '  range of  0 . 0 2 - 0 . 5  GeV 2 this distr ibution can 
be adequately fit by an exponential  

do 
dr' - A e b t "  (4) 

in which A = 4.3 + 0.2 mb/GeV 2 and b = 6.0 + 0.2 GeV-2 . 'Ext rapola t ing  this fit  to 
- t '  = 0, we find we are missing approximately 140 events in the 0 - 0 . 0 2  GeV 2 - t '  
range. These are events in which pp is too short to be seen, and are the basis for our 
6% cross section correction in sect. 2. 

* This will be discussed in sect. 3. 
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Fig. 4. (a) Differential cross section da/dt' for all 2 320 events fitting reaction (3). t '  = t - t m i  n 
is the momentum transfer squared from the target proton to pp. The curve corresponds to an ex- 
ponential with slope 6 GeV - 2 .  (b) (open circles) dcr/dt' for the 502 charge exchange events se- 
lected by the MIM test. t '  is the momentum transfer squared from the incoming neutron to Pn" 

The invariant masses M(ppTr-) and M(PnZr- ) are shown in figs. 5a and 5b respec- 
tively. The experimental resolution in M(PnTr- ) varies linearly from 5 to 20 MeV in 
the 1 .2-1 .8  GeV mass region. The resolution in M(pprr-) varies from 5 to 10 MeV 
in the same region, The major feature of  the pnZr - spectrum is a large broad enhance. 
ment in the 1 .2-1 .6  GeV region characteristic of  a diffractive process. There is also 
some indication of  a small peak near 1.7 GeV, but no other evidence for resonant 
peaks in the diffractively produced pnlr - system. A similar lack of  resonance produc. 
tion has been noted with much higher statistics in n ~ plr- off  nuclear targets [7]. 

The ppzr- spectrum displays a small enhancement near 1.25 GeV and possibly 
some structure at 1.5 GeV. This low-mass structure indicates that at least some of  
our events involve pion production at the proton vertex in the charge-exchange pro- 
cess 

np ~ pn(Ppn-)  ,, (5) 

rather than n e u t r o n  dissociation in the process 

np -~ (Pnrr- )pp.  (6) 

The diagrams shown in fig. 6 illustrate these two reactions. 
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Fig. 5. (a) Invaxiant mass of the ppTr- system. The shaded histogram is for events with 
M(pp~r-) < M(Pnrt-). (b) Invariant mass of the PnTr - system. The shaded histogram is for 
events with M(Pnn-) < M(pplr-). 

(a) Charge Exchange 

P ~ p ,  
X- rr- 

(b) Neutron Dissociation 

Fig. 6. (a) Charge exchange and (b) neutron dissociation diagrams contributing to the reaction 
np --* pplt-. 

The asymmetry between figs. 5a and b indicates the degree to which the reac- 
tions (5) and (6) can be separated at our energy. A more complete separation is ob- 
tained using the Minimum Invariant Mass (MIM) criterion of  Yekutieli et ah [8]. 
The MIM test differentiates events for which M(pprr-) <M(Pnr r -  ) (plotted in the 
shaded histogram of fig. 5a) from events for which M(PnTr- ) <M(ppr r - )  (plotted in 
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Fig. 7. Invariant mass of  the p_~r-v system for events with M(pp , r - )  < M(Pn*r-) .  The curve is 
the fit described in the text wfth two Breit-Wigner resonances and a background. 

the shaded histogram of fig. 5b). The 502 shaded events in fig. 5a would then be 
identified with the charge exchange reaction (5), while the remaining 1 818 shaded 
events in fig. 5b would correspond to neutron dissociation as in (6). 

While such a mass selection cannot be completely reliable (as noted in ref. [9]), it 
does clarify the low-mass structure in the ppn- spectrum. The mass plot in fig. 5a 
can now be described in terms of the A°(1236), an N* isobar with a peak near 
1.5 GeV, and phase space. A fit using a linear combination of two Breit-Wigner in- 
tensities plus a background term dominated by phase space at low masses and damp- 
ed by a polynomial at high masses gives the curve in fig. 7. The fitted Breit-Wigner 
resonance parameters and the cross sections for A ° and N* production correspond- 
ing to this curve are given in table 1. Evidence for A°(1236), N*(1520) and N*(1688) 
resonance production in the charge exchange reaction has been reported previously in 
pd [6, 8, 10], and in np [9, 11] experiments. We note that equal amounts ofA°(1236) 
( I= 3) production due to isovector exchange must appear in reactions (5) and (6), 
whereas one-fourth as much N*(1520) ( I= ~) production due to isovector exchange 
should appear in reaction (6) as in the charge-exchange reaction (5). 

The differential cross section da/dt' for the 502 charge exchange events selected 
by the MIM test is shown in fig. 4. In this case - t '  is the square of the four-momen- 
tum transfer from the incoming neutron to Pn" The distribution in fig. 4 is not well 
described by a simple exponential of type (4), as the slope b varies from 15 to 
4 GeV -2 in the - t '  range 0 - 0 . 6  GeV 2. 

The M(puZr- ) histogram is relatively unaffected by the MIM selection except for 
events in the high mass taft (see fig. 5b). The differential cross section do/dt' is also 
unchanged (not shown) except for a scale factor. An exponential fit of type (4) 
yields A = 3.6 -+ 0.2 mb/GeV 2 and b = 6.5 + 0.3 GeV -2. 
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Table 1 
Breit-Wigner resonance parameters and N* cross sections for the fit to the invariant mass plot 
M(pp~r-) (MIM selection) of fig. 7. The cross sections axe quoted for the reaction np ~ pn N* 
pnPp~r- and include a correction for the MIM cut. 

Mo(MeV) F(MeV) Cross section (~tb) 

A° (1236)  1231 +- 11 109 + 32 35 -+ 7 
- 25 

N*(1520)  1515 -+ 11 106 + 39 42-+ 10 
- 33 

The data therefore indicate that neutral isovector exchange contribution to the 
low-mass enhancement in fig. 5b is small (<  9%), and that the tail due to the charge- 
exchange contribution from reaction (5) is also small. Thus for M(PnTr- ) less than 
about 2.0 GeV we are looking primarily at isoscalar meson exchange and/or pome- 
ron exchange giving rise to diffraction dissociation of  neutrons into pTr-. The re- 
mainder of  the paper will deal with the pnTr - system in all 2 320 events fitting reac- 
tion (3) with Ps momentum less than 300 MeV/c (no MIM selection). 

The M(PnTr- ) mass spectra are shown for - t '  < 0.1 and - t '  > 0.1 GeV 2 in fig. 8. 
In both cases the main feature is the broad low-mass enhancement, but the central 
value of  this peak is shifted to a higher value for the higher - t '  region, A similar be- 
haviour has been seen in pd [8], K+d [12], and lr-d [13] experiments. We see no 
good evidence for increased resonance production near 1.5 and 1.7 GeV at high - t ' ,  
in contrast to the experiments mentioned. 

We have also examined the differential cross section do/dt' for different pnTr - 
mass regions. In each mass bin we fit the distribution to the exponential form (4), 
and in fig. 9 we show the resulting slope b. The slope is about 15 GeV -2  near thresh- 
old and decreases smoothly to around 5 GeV -2  near 1.6 GeV. Similar changes in 
slope with increasing p n -  mass have been reported in other experiments observing 
neutron diffraction dissociation [8, 11, 12, 13]. In fact this feature is common to 
most diffractive processes, and Miettinen and Piril~i [ 14] have shown that this cannot 
be explained as being simply due to kinematics in the context of  a Deck effect or of  
a multiperipheral model. 

In fig. 10 we present the differential cross section for four different regions of  
pnn-  mass to show the slope change discussed above and to show the change in the 
shape of the distributions. In the lowest mass bin there is a definite break in the slope 
at a - t '  of  about 0.25 GeV 2. For 1.3 <M(Pn l r -  ) < 1.45 GeV, there is no break, and 
a single exponential provides an excellent description of  the data. In the two higher 
mass bins there is a suggestion that the distributions flatten out at small - t ' .  It has 
been suggested by Kane [15] that this behaviour can be naturally described in terms 
of  s-channel helicity amplitudes where an amplitude of  net helicity flip n contains a 
t' dependence like Jn(RX/L~). In this picture our low mass bin in fig. 10 would have 
a large n = 0 contribution. In fact the differential cross section just above threshold 
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(M(PnTr-) < 1.2 GeV) shows the dip expected in a Jo description (see fig. 11). The 
1 .3-1.45 GeV region in fig. 10 would contain roughly equal amounts of  n = 0 and 
n = 1 amplitudes, and the decrease in slope near - t '  = 0 in the higher mass bins 
would imply the onset of  larger n > 0 contributions. 

4. Angular distributions 

Angular momentum information about the PnZr - system can be obtained from 
the decay angles of  the proton in the Gottfried-Jackson and helicity frames defined 
in the PnZr- c.m. In the Gottfi 'ied-Jackson frame the 2j axis is defined along the di- 
rection of  the neutron and the fij axis is perpendicular to the production plane 
03j = ~ .  In the helicity frame the ;~H axis is defined as opposite to the di- 
rection of  pp, and j3 a = 33j. The cosine of the polar angle cos 0j and the azimuthal 
angle t~j in the Gottfried-Jackson frame are shown in fig. 12. Cos O H and ~b H in the 
helicity frame are shown in fig. 13. 

The cos0j distribution for low-mass and low-momentum transfer (fig. 12a) is 
fairly isotropic but does peak towards cos0j = +1. The corresponding ~bj distribu- 
tion is definitely anisotropic. Since we expect both cos0j and Cj to be flat for a pure 
J = ~ state of  the PnTr - system, the simplest interpretation of the data would include 
the presence of  higher partial waves ( J  ~> 3). Comparing figs. 12(a) and (c), cos0j in 
the low - t '  range shows increasing forward and backward peaks with an increased 
forward-backward asymmetry for higher Pnlr-  mass. In the high - t '  range the distri- 
butions in the two mass regions are very similar to one another (figs. 12(b) and (d)). 
Comparing fig. 12(a) with (b) and (c) with (d), we again see a larger asymmetry 
peaked towards cos0j = +1 as - t '  increases in each mass range. This behaviour can 
be described in terms of  a smooth increase in contributions from higher partial 
waves with increased mass or momentum transfer. 

Other experiments indicate a similar picture but disagree in detail. In 7r-d inter- 
actions at 15 GeV/c [13] cos0j is fairly isotropic for low pTr- mass at both low and 
high values of  momentum transfer. Their cos0j distributions for high pTr- mass are 
very similar to ours. In neutron diffraction dissociation off  carbon at 2 0 - 3 0  GeV/c 
[16] a backward peak is seen for all masses and - t '  < 0.3 GeV 2 :~. 

Another view of  the angular momentum information the pnrr - system is provided 
by examining the mean values of  the spherical harmonics y/m as a function of  
M(Pnn-  ). The Gottfried-Jackson angles (0j ,  ~bj) of  the proton Pn are used to calcu- 
late (y/m). The (y/o) with 1 ~< 1 ~< 6 are shown for events with - t '  < 0.1 GeV 2, for 
events with - t '  > 0.1 GeV 2, and for all events in figs. 14, 15 and 16, respectively. In 
all cases the distributions start at a value near zero at threshold and rise to some posi- 
tive value at higher mass. This is the behaviour one expects if higher partial waves be- 
come more important  for higher masses. 

:~The experiment of ref. [16] only detects the rr- in the hemisphere we call -1 < cos0j < 0. 
Note they define 0 as the angle of the zr- instead of the proton. 
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(c) - t '  < 0. I GeV 2 and 1.4 < M(Pn~r-) < 1.8 GeV, and (d) - t '  > 0.I GeV ~ and 1.4 < M(PnTr-) 
< 1.8 GeV. 

In particular the ( y/o> for l/> 3 increase significantly near 1.7 GeV and suggest the 
strong onset of higher waves at that point. (Y[) and (Y~) show differences in behav- 
iour for low - t '  (figs. 14a, b) and high - t '  (figs. 15a, b) in that both distributions 
take on significantly larger values in the high - t '  region for masses below 1.5 GeV. 
As in the cos0j distributions (fig. 12), this indicates the dominance of J ~> ~ states 
for all but the lowest mass and momentum transfer region. The (y/o) values in 
figs. 14 and 15 are very similar to those observed by Lissauer et al. in K+d at 
12 GeV/c [12]. The (Yt °> values in fig. 16 (no t' cut) agree with those reported by 
Ansorge et al. in np at 5.5-8.0 GeV/c [9]. 

The real parts of ( y/m> for l <~ 3 and 1 ~< m ~< l are shown in fig. 17. ( YI 1) and 
< yl> show small but significant positive peaks near M(PnTr- ) = 1.35 GeV. (Y]) is al- 
so positive in this region, and both ( y l )  and (Y~) show some evidence for another 
peak near 1.9 GeV. Non-zero values of these moments have also been reported by 
Yekutieli et al. [8]. It is not clear if this behaviour could be explained by interfer- 
ence effects due to the presence of the small A°(1236) contribution in our sample. 

The imaginary parts of the (y/m) for m 4:0 (not shown) are consistent with zero 
for all mass and momentum transfer regions as expected from parity conservation. 
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5. Partial-wave analysis 

We have done a simple partial-wave analysis of  the < y/o> distributions in terms of  
a model containing only P11, D13, and F15 wave amplitudes, corresponding to 

5+  JP = ~+, 23--, ~ respectively. Specifically, we fix the mass dependence and phase of  
the F wave to be that of  a Breit-Wigner of  mass 1 688 MeV and width 130 MeV. The 
F-wave normalization is fixed by the number of  events observed in the 1.7 GeV re- 
gion in the mass plot. The D-wave phase is chosen as a Breit-Wigner of  mass 1 520 MeV 
and width 120 MeV, and the D-wave magnitude is left free as a parameter in each mass 
bin. The P-wave phase and magnitude are both free parameters in each bin. In each 
mass bin for M(PnTr- ) < 1.775 GeV we fit to the mass population and to the observ- 
ed values of  ( }'to> for 1 ~< 1 ~< 4. This analysis is patterned after the analysis o f  Lissauer 
et al. [12]. The <y/O> can be found in ref. [12] expressed in terms of  P, D, and F-wave 
amplitudes. 

For - t '  < 0.1 GeV 2 we fit simultaneously the M(PnTr- ) spectrum of fig. 8a and 
the < Y/O> of  fig. 14 in each of  the fourteen 50 MeV mass bins below 1.775 GeV. The 
average X 2 probability for these fits is 37%. The partial-wave analysis shows that the 
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Fig. 18. Approximate shapes and sizes of the P] 1, D]3, and FlS wave contributions to the pn n -  
mass spectrum for (a) - t '  < 0.1 GeV 2 and (b) - t '  > 0.1 GeV 2. 

data can be described by the approximate P- and D-wave contributions shown in 
fig. 18a. The P-wave phase is determined by P-D interference in (Y~) and is found to 
be near 90 ° :~ in the 1.2-1.35 GeV region. The fits are insensitive to the P-wave phase 
elsewhere due to the small overlap of  the P and D amplitudes. The fits are also insen- 
sitive to our choice of  the D-wave phase. The average X 2 probability remains near 35% 
in fits with a Breit-Wigner D-wave phase of  larger width and lower central value, in fits 
with the phase equal to zero, and in fits with the phase as a free parameter. We do 
consistently find the P-wave phase to lead the D.wave phase by about 90 ° in the 
1.2-1.35 GeV region. 

We find a much smaller P-wave contribution than was reported in the K÷d experi- 
ment [12]. Over half of  our event population is accounted for by the D wave. The P 
and D wave shapes in fig. 18a are very similar to those observed in ref. [12]. The P 
wave peaks about 200 MeV below the accepted value of  the P l l  N*(1470) resonance. 
The D wave peaks at about 1420 MeV, also lower than the DI3 N*(1520), and the 
D wave state is much broader ( "  250 MeV) than the 105-150  MeV value found in 
phase-shift analyses [ 17]. 

if we now do the partial-wave analysis outlined above for the events with - t '  > 
0.1 GeV 2, we find that the data can be completely described by D and F waves alone 

:~ This value is determined relative to the D wave Breit-Wigner phase ¢ = tan-1 {3 r/(Mo-M)} 
with P = 120 MeV and M o = 1520 MeV. 
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(see fig. 18b). The average X 2 probabil i ty of  the fits in this case is 13%. The lack of  
a significant P wave for - t '  > 0.1 GeV 2 agrees with the results of  ref. [12] and with 
our interpretat ion of  the Gottfried-Jackson angular distributions in figs. 12a and 12c. 

6. Conclusions 

We have observed diffraction dissociation of  neutrons into pTr- in the reaction 
dp ~ ps(PnTr-)pp with a cross section of  about 0.76 mb. The pnZr- mass spectra 
show little if  any direct evidence of  N* production.  The distributions in t '(p ~ pp), 
and the angular distributions of  the proton Pn all suggest a smooth increase in con- 
tributions to the PnTr - system from higher partial waves ( J  ~> 3) with increased mass 
or momentum transfer. A simple partial-wave analysis in terms of  P11, D13, and F15 
amplitudes shows the D wave to be dominant with a small P-wave contr ibut ion for 
M(PnTr- ) < 1.3 GeV and - t '  < 0.1 GeV 2. Both the P- and D-wave amplitudes found 
in this analysis peak lower than the accepted P11 N*(1470) and D13 N*(1520) reso- 
nances. 

We also find evidence for the charge exchange reaction dp ~ psPn(PpTr-). In this 
case the ppTr- system shows evidence for production of  the 1236 and 1520 N* reso- 
nances with cross sections of  about 35/~b and 42 btb respectively. 

We thank the aternating-gradient synchrotron staff and the 80-inch bubble cham- 
ber staff at Brookhaven National Laboratory for their help in obtaining this exposure. 
We are particularly indebted to H. Foelsche for help in obtaining the deuteron beam. 
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