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ABSTRACT 

We have measured the	 inclusive cross sections 

for the reaction p +	 d ~ p + X in the region
 

2, 2

0.14 <	 It I < 0.38 Gev 100 < s < 750 GeV and 

0.80 < x < 0.93 using the acceleration ramp and deu

terium gas jet target at Fermilab. These measurements 

are combined with our earlier measurements of 

p + p ~ p + X to obtain invariant cross sections for 

p + n + p + X. 
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In a recent experiment we have measured the inclusive 

cross sections for the reactions 

p + p -+ p + X (1 + 2 -+ 3 + X) (1) 

p + d -+ P + X (1 + 2 -+ 3 + X) (2) 

using the hydrogen and deuterium gas jet targets in the Fermilab 

main ring. The results of the pp -+ pX measurements were reported 

1
1

. ear l.er. In this letter we present cross sections for the 

reaction pd -+ pX and combine the two sets of measurements to 

obtain invariant cross sections for the reaction 

p + n -+ p + X (1 + 2 -+ 3 + X) (3) 

The variables we use are
 

2 2
 s = m + m + 2E (4)l 2 lm2 

t = m2
2 + m 2

- (5)3 2E 3m2 

x - 1 - Mx 2
/ s = (2E l E3 - 2PlP3 cos 8 3 + 2E 3m2 - m3

2)/s (6) 

2where s, t and M are the squares of the total center-of-massx 
energy, the four-momentum transfer and the mass of X respectively 

and 8 3 is the laboratory recoil angle of particle 3. Since we 

wish to compare our pd data to our pp data, it is convenient to 

use the nucleon rather than the deuteron mass for in Eqs. (4-6)m2 

to describe Reaction (2), i.e., we assume independent nucleon-

nucleon interactions, the second nucleon in the deuteron being a 

spectator. 

The recoil particles were detected and identified as protons 

in a spectrometer consisting of a series of scintillation counters 
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as described in Ref. 1. In addition, we detected elastically 

scattered deuterons in a small solid state detector at 85.50 from 

the beam direction. The beam-target luminosity was determined as 

in Ref. 1 using the pd elastic differential cross sections of 

Akimov et al. 
2 

and the total pd cross sections of Carroll et al. 3 

The pd ~ pX data are shown in Fig. 1. Only statistical 

errors to which we have added quadratically systematic errors of 

±3% are displayed. The uncertainty in the overall normalization is 

l±15% as for our earlier measurements of pp ~ px. However, since 

both reactions were studied with the same apparatus, the only 

difference being the gas used in the jet target, we estimate the 

relative error between the pp and pd data to be only ±4% due solely 

to uncertainties in the pp and pd elastic cross sections. 

~he cross sections for pd ~ pX look very similar to those 

lfor pp ~ px. They show a weak s dependence and an exponential t 

dependence of ~e6t. There is a minimum in the x distribution at 

x = 0.87 and the absolute value of the pd ~ pX cross section is 

about twice that of pp ~ pX. However, it should not be assumed 

from this similarity that the cross sections for pn ~ pX are the 

same as for pp ~ pX. The measured shapes of the pd inc~usive 

spectra in our kinematic region (x near 1, low Itl) are determined 

to a large extent by the Fermi motion of the target nucleons as 

well as the rescattering of the recoil particle off the spectator 

nucleon in the deuteron. 

To extract the pn ~ pX spectra we assume the impulse approx

'-" imation. In this approximation the proton and neutron in the 

deuteron are considered as independent particles in close proximity. 
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,,-.	 The closeness of the nucleons gives rise to a shadowing of 

one by the other, effectively lowering the luminosity of both 

relative to an equal number of free particles. We assume the 

decrease in luminosity for inclusive reacti0ns is the same as 

that for total cross sections, i.e., 0pd = 0pp + 0pn - 0 where 

~ 14 2 . h 2 
u =	0 ° n<r > W1t <r > = 31 mh. This is the cross sectionpn pp 

4
deficit of Glauber theory and amounts to a decrease of ~S% in 

the effective pd cross section over our energy range. 

The effect of the deuteron potential in the impulse approx

imation is to give the nucleons a center of mass momentum or 

Fermi motion. As a result of this our spectrometer will detect 

recoil protons originating from elastic scattering off the moving 

target proton. To estimate this effect we use the Hulthen wave 

functionS and measured pp elastic scattering cross sections 6 in a 

Monte Carlo program to simulate the pp elastic spectra as seen by 

our spectrometer. These spectra.are approximately gaussian around 

the elastic peak value of x which from defining Eq. (6) occurs at 

x = I - M 
2Is. The same Monte Carlo program is. used to smear the p 

inelastic pp ~ pX spectra for which we use a composite input of 

all available data7,8,9 in addition to our published measurements. l 

For both the pp elastic and inelastic cross sections mentioned 

above we use the forms for "free ll protons but modified by the 

deuteron form factor S(t) in order to exclude interactions which 

result in a deuteron in the final state which is not detected, i.e., 

for the pp differential cross sections we use do/dtfree [1 - S2(t)J. 

An additional feature of the Monte Carlo program is the 

inclusion of an estimate of the rescattering of the recoil protons 
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by the spectator neutron which has the effect of spreading the 

x distributions for those protons which interact. For this we 

assume that the neutron on average sits at an rms radius of 

131 rob and that the reaction is the same as for free np scattering. 

The probability for an interaction was taken to be simply cr /4TI<r2> 
pn 

and the scattering angle was weighted by low energy np differential 

' 10cross sect 10n measurements. 

Summarizing, our final pn ~ pX cross sections were obtained in 

~he following manner: 1) Our pd ~ pX cross sections were multiplied 

by 1.05 to correct for the shadowing effect. 2) From the resulting 

cross sections we subtracted the pp ~ pp elastic and pp ~ pX inclu

sive cross sections both of which were Fermi smeared, corrected for 

coherent pd scattering (by including the deuteron form factor) and 

corrected for rescattering off the spectator neutron. A typical 

spectrum and the distributions from which it was derived is shown 

in Fig. 2. 

The final pn ~ pX spectra are plotted in Fig. 3. They con

tain the effects of Fermi motion and rescattering which have not 

been unfolded. The normalization errors have been calculated by 

taking into account the fact that the absolute uncertainties in the 

pp ~ pX and pd ~ pX data are correlated due to the use of the same 

apparatus for both measurements. This leads to overall normaliza

tion uncertainties for the pn ~ pX data of ±5.6, ±4.0, ±2.9 and 

±l.S mb/Gev2 at -t = 0.16, 0.20, 0.25 and 0.33 Gev2 respectively. 

The cross sections for the reaction pn ~ pX reported in this letter 
-r-, 

are approximately a factor three higher than those of a recent ISR 

l l measurement of the reaction pp ~ nX. 
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As can be seen from Fig. 3 the invariant cross section for 

pn ~ pX falls as x tends to 1 in contrast to that for pp ~ pX which 

rises above x = 0.88. Near x = 0.82 the ratio nip of the two 

2cross sections is about O.B at -t = 0.16 Gev and 0.6 at -t = 0.33 

GeV independently of s. This implies a stronger t dependence of 

the cross section for pn ~ pX (~eBt) than that of pp ~ px l (~e6t). 

Finally, at fixed x and t the pn ~ pX data show no significant 

energy dependence although a 20% drop between the two extreme 

energies is possible within errors. 

The study of the charge exchange reaction pp ~ nX (or equiva

lently pn ~ pX) near x = 1 provides valuable information on the non

diffractive component of the reaction pp ~ pX. The most popular 

phenomenological framework for discussing both reactions in our 

kinematic region has been the triple Regge formalism. It was first 

suggested by Bishari1 2 that pion exchange might be the dominant 

mechanism for the charqe exchange reaction. By extrapolating to 

the pion pole, Field and Fox1 3 estimate the contribution of the 

nnp and TITIR terms to the process pn ~ pX. They obtain 

(7) 

for the triple Regge couplings where k represents pomeron or reggeon 

exchange and ~2 = m 2 The total TIp cross section is taken to be
TI 

at (TIp) = a~(TIp) + a~(TIp)lls with a~(TIP) = 22 rob and a~(TIP} = 18 rob 

and the on mass shell couplinq g2 14TI = 2 g2 14TI is 30. For - TInp TIpp 

simplicity we neglect any off sheIl corrections by putting b = a 
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in Eg. (7) and in the triple Regge formula l 4 we use a (t) = 0.0 
tr 

+ t, ap(O) = land aR(O) = 0.5. Furthermore, in order to compare 

with the data, we modify the theoretical prediction by a Monte 

Carlo program to account for Fermi motion and rescattering which 

has t~e effect of raising the theoretical curves by ~IO% and ~30% 

at x = 0.82 and 0.92 respectively. The result, which is shown in 

Fig. 3 for the two extreme sand t values, is in reasonable agree

ment with the data. 

In conclusion, the results presented here strongly support 

the hypothesis that pion exchange plays an important role in the 

charge exchange reaction pn ~ pX. The TrTrP and TrTrR terms should 

be included in any analysis of the reaction pp ~ pX whi.ch otherwise 

~~	 will overestimate the other triple Regge contributions, mainly the 

RRP term. 

We wish to thank the members of the Internal Target Laboratory 

and the Accelerator Section for their help and cooperation. The 

advice and contributions of G. Cvijanovich, T. DeLillo, w. C. 

Harrison and B. Maglich are gratefully acknowledged. 
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Figure Captions 

Fig. 1 Inclusive cross sections for the reaction pd 4 pX. The 

variables s, t and x are defined as if the deuterium target 

consisted of free protons and neutrons (see text). Errors 

for the two intermediate 'energies are similar to those 

shown for the two extreme energies. 

Fig. 2 Sample extraction of pn 4 pX cross sections from pd 4 pX, 

pp 4 pX and pp 4 pp cross sections at s = 288 Gev2 and 

t = 2-0.20 GeV • 

....--. Fig. 3 Inclusive cross sections for the reaction pn 4 pX. The 

symbols representing s = 108, 285, 503 and 752 Gev
2 

are 

as defined in Fig. 1. The solid (s = 108 Gev2) and dashed 

(s = 752 Gev2) curves are the TITIP and TITIR contributions to 

the triple Regge formula. These theoretical curves have 

been modified to account for Fermi motion and rescattering 

effects which have not been unfolded from the data. 
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