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In this paper we report the results of a counter ex
periment done in the Brookhaven AGS low energy separated 
beam in which the parti'al cross sections Tor pp charge 
exchange and neutral annihilation were measured at 20 mo~ 
menta from 300 to 1000 Mev/c. with a typical point-to-point 
precision of about 1%. The apparatus ,originally designed 
to study ~p + K0 n and modified somewhat for pp + nn, is 
shown in figure 1. The incident beam was defined by scin~ 
tillation counters M and s2 . Rejection of background 
mesons in the beam was accomplished by time ~ flight be
tween M and a counter s1 placed at the mass slit 5 meters 
in front of M, by a threshold Cererikov counter C, and by 
pulse height in M. Contamination of the p signal was al
ways less than 0.5%. A veto box consisting of counters 
A1 ••• A5 detected all reactions except those yielding neutral 
final states, while counter c1 .•. G5 detected gamma rays 
converted by approximately one rad~ation length of lead 
placed between the A and G counters. Because of the high 
multiplicity of gamma rays produced in neutral annihila
tions we estimate that these counters are 100% efficient 
for vetoing rieutral annihilations. The signature for a 
charge exchange reaction was an incident antiproton, 
<I>: ~1 .M.S2 .C,with no signal in either the A or G counters, 
<j>.A.G. while the neutral annihilation was measured by 
<j>.A- <j>.A.G. Empty target rates, typically 5% of full rates, 
were taken at each momentum. 

Monte Carlo calculations were made to correct the raw 
cross sections. For the charge exchange reaction the signi
ficant corrections were: 1) attenuation of the p beam 
through the 16-inch liquid hydrogen target (1.10 to 1.18), 
2) interaction of n or n in the hydrogen target or the AG 
veto box surrounding the target (1.24 to 1.46) 3) loss of 
p through the sides of the target by multiple scattering and 
shortening of path length due to curvature of the endcaps 
(1.01 to 1.05). Antinucleon cross sections in hydrogen for 
~he above corrections were obtained from th~ ~easured pp and 
pd cross sectio~s over this momentum range.t1 J Since there 
have been no measurements of the absorption cross sections for 
n in carbon, aluminum and lead at these momenta, extrapola
tions based on ~he optical model were made using data at 
higher momenta.t2) A visibility factor fv as introduced by 
Bricman et al(3) to represent the fraction of interactions . 
producing a detectable signal in a counter was assigned to the 
n and n interactions in lead and sc.intillator. For n int-er
actions in lead and SCintillatOI' and for n interactions in 
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scintillator we used f = 1; for n interactions in lead we 
adopted the parametrizXtion of Bricman where for our ener
gies 0 < f < 0.6, increasing approximately linearly with 
energy. The angular distributions for the charge exchange 
reaction required for the Monte Carlo calculatiomwere ob
tained from bubble chrunber experiments. The corrections 
were found tq be insensitive to reasonable variations in 
the assumed angular distributions. 

The first half of the experiment was done with an extra 
layer of lead and G counters physically surrounding most of 
the veto box but electronically unconnected. A comparison 
of the cross sections measured at the same momenta taken in 
the two runs show that they differ by"an amount varying from 
5% at the highest momentum to 12% at the lowest. The magni
tude and momentum dependence of the ratio of the two cross 
sections can be account~d for quantitatively by assigning 
a backscattering factorl3) fb = 1 for n interactions in the 
outer layers of lead and scintillator which send charged 
particles back into the electronically active elements. 
The first set of data was normalized to t~e second set via 
e. two parameter fit cr2/cr1 = • 985 + • 067p- where p is in 
Gev/c. 

The cross section pp ~ ~KL is also included in our 
signature for _the charge exchange reaction. However the 
reaction pp ~ KsKs with the identical c;r~~s section is 
mea~ured by bubble chamber experiments l to be less than 
10- of the charge exchange cross section at our energies 
and so is negligible. 

The beam momentum was established by time of flight 
and after correction for momentum loss in various elements 
of the apparatus was found to differ slightly from the 
nominal momentum, being 0.75% low at momenta below 850 Nev/c 
and changing linearly to 1.9% low at 1 Gev/c. At 500 Mev/c 
an additional check was afforded by the p range where the 
momentum was found to be 0.6% low. 

Figure 2 shows the corrected charge exchange cross 
section multiplied by the mean laboratory momentt~ as a 
function of this momentum. This quantity has approximately 
a constant value of 7 mb-Gev/c from 0.6 to 1.0 Gev/c. Errors 
shown are statistical only. We estimate the systematic 
uncertainty in overall normalization to be ±5%. Table I 
lists the cross sections at each momentum. At the highest 
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momenta our values agree withi) 5% with the Stony Brook
Wisconsin counter experiment<5 and at lower momenta with 
se~eral bubble chareber results(6,7) as shown in the figure. 
Below 600 M.ev/c crP falls smoothly toward lin threshold at 
100 Nev/c. The general shape of the momentum dependence of 
our results is in reasonabl{BJgreement with the calcula-
tions of Bryan· and Phillips although we are in absolute 
value some 50% higher. 

Within the momentum resolution of our experimen~ which 
is indicated at several momenta in figure 2, there is no 
evidence for narrow structure. In particular the{e is no 
enhancement near 475 Mev/c where Carroll et .al. (lJ have . 
reported an 1~~~ mb bump in the pp total cross section with 
a width of 9~3 !1ev. If it is assumed that the observed 
structure arises from a resonance in a pure spin and isospin 
state, then 

(1) 

vhere X = rNN;rT is the elasticity of the resonance (~x~l) 
and J is the spl.n. With fj.crT = 18 mb, this yields x(2J + .1-) ,..... 
1.56. J = 0 is thus excluded by unitarity. For the charge 
exchange cross section, assuming that there is no background 
in the same spin-parity state, the corresponding expression 
for the cross section enhancement is 

(2) 

A reasonable upper limit to the unobserved enhancement in the 
charge exchange cross section is 0.5 mb. This estimate assumes 
a width of 9 Mev and includes unfolding of our momentum reso
lution. From eq. 2 we then find x2(2J+l) < .086. For this 
to be consistent with the total cross section results the 
spin J of the resonance would have to assume an improbably 
large value of 14. Instead, in figure 2 we exhibit the en
hancement expected for J = 4, a value suggested from the Regge 
trajectory of p(765), A2 (1310), and g(l68o). This is a more 
plausible upper limit for J (with L = 3) in view of the 
partial width r-N = xrT - 1 Mev at a pp em momentum of only 
230 Mev/c. Wit~ this spin, to be consistent with our upper 
limit of 0.5 mb, the corresponding bump in the total cross 
section could be no higher thar..lO mb, some 2.6 standard deviations 
lower than quot·eu. Alternatively, since the charge exchange 
amplitude is Tc = l/2(T

0
-T1 ) the structure expected in charge 

exchange could be strongly suppressed if there were degenerate 
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or nearly degenerate resonances of the same ~ in both 
I = 1 and I = 0. Although this may seem an unlikely possi
bility, it is perhaps more consistent with the equal bumps 
observed in pp and pd total cross sections(l) than is the 
usual assumption of a pure I = 1 resonance. In fact such 
an approximate degeneracy of resonances is predicted for 
JP = 2- near {§~s mass by the NN potential model of Bog
danova et al. 

For J < 4 the assumption of negligible non-resonant 
background of the same spin-parity as the resonance becomes 
questionable. Abandoning this assumption, a resonant 
amplitude (£~i) and a non-resonant background (B = BR + iBI} 

wi21 interfere to yield a structure [x
2 

+ 2x (BI + £BR)]/ 
(£ + 1}. Here £ = 2(E -E}/f • Thus a negative BI will 
suppress the enhancemen~ and it sufficiently .large can even 
produce a dip at resonance; averaged over the resonance, BR 
will yield no net enhancement. None of the amplitudes of the 
Bryan-Phillips potential is of the correct magnitude and 
phase for large destructive interference to oc~ur, however 
detailed relia...J.ce shoalC. prcbab:!::r ~ot be placed on the model 
since the charge exchange amplitude is often a small differ
ence between two large isospin amplitudes. 

Since destructive interference in charge exchange will 
result in constructive interference in elastic scattering, we 
may deduce further limits on the resonance in the presence of 
this background complication if we also consider the evidence 
from PP clastic scattering. The bubble chamber data of Amaldi 
et al.\ 1 J are shown in fig. 3. No enhancement is apparent 
within rather large statistical uncertainty and we may place 
a reasonable upper limit of 4 mb for a possible elastic 
enhancement. Taking the background to be imaginary and de
composing it into isospin amplitudes B and B1 , B=l/2(B

0
±B1 ) 

for elastic and charge exchange respec~ively. With the 
resonance in I = 1 and with the aid of eq. 1 we may write for 
the elastic (~crE} and charge exchange (~crC) enhancements 

± B )] 
0 

(3) 

Thus (~crE + l!.crc)/~crT = x + 2B1 • Since 0 ~ B1 ~ 1 from u.>'li
tarity we have (~crE + ~crc)/~crr ~ x. Utilizing eq. 1 yields 
the condition 
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J ~ (~crT) · .- 1/2 (4) 
1T ,-x ( llaE + Llcrc) 

Taking Llcr = 18 +~ mb, LlcrE < 4 mb and Llcrc = 0 we conclude 
that J ~ '3~t· Thus such an interpretation cannot be ex
cluded on the basis of present experimental evidence al
though J = 1 seems unlikely. 

The neutral annihilation cross section was derived from 
the difference between the neutral final state events (<f>.A) 
and the charge exchange events (¢.A.G). This cross section 
was multiplied by corrections 1) and 3) above. In addition 
Monte Carlo calculations were made to determine the number 
of neutron interactions in the lead and G counters which 
produce signals in G thereby simulating a neutral annihila
tion. Anti-neutron interactions do not contribute to this 
correction since we have assumed that n have a backscatter
ing visibility factor fb = 1 and so are removed by the charged 
veto. There is also an appreciable probability that one of 
the many gamma rays (tyPically there are about nine in a 
neutral annihilation event) will convert in the li~uid hy
drogen, alur;-.inum vaca~"D. ja~k(:t c!' A counters. A.lso there is 
a significant number of electrons and positrons produced from 
gamma conversion in lead which multiple-scatter back into 
the A counter, thereby vetoing the event. We measure the 
overall effect of gamma veto for neutral final states by 
stopping the p beam in the hydrogen target and normalizing 
our neutral final stat= branching fraction to that w~ic~ is 
measured for stopping pin hydrogen bubble chambers.lll) 
Taking this branching fraction to be 3.42 ± 0.26% gives a 
correction factor 2.92 for this effect. Finally we subtract 
a small (<2%) contribution from the reaction nnTI0 which from 
charge s~~try should be the same as ppTI0 , a cross section 
measured~l2J to be approximately 0.2 (P - 0.8) mb. where P is 
the p momentum in Gev/c. 

The corrected cross sections for neutral annihilation 
are listed in Table I and, multiplied by the lab momentum, 
are shown in figure 4. Again no structure is apparent in 
regions where resonances have been reported. We estimate 
the overall normalization uncertainty for these cross sec
tions to be ± 20%. The sum of our charge exchange and neutral 
annihilation cross sections agree well with the topological 
zero prong(crQss sections as measured in bubble chamber ex
periments. 10) Although ~uantitative statements cannot be 
made about the expected structure in this char.nel, the 18 mb 
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enhancement reported at 475 Mev/c represents about 10% of 
the total cross section, so one might have expected to find 
a corresponding fractional enhancement in this portion of 
the annihilation cross section, but diminished to about 5% 
due to our resolution. 

In conclusion, our lack of confirmatory evidence for an 
NN resonance at 1932 Mev can be,reconciled with the total 
cross section results a) if a high spin J >4 is assigned to 
the resonance, b) if it consists of approximately degenerate 
! = l and I = 0 resonances, or c) if a substm1tial imaginary 
non-resonant background of opposite isospin is present in the 
same JP. This experiment establishes an upper limit 
x2 (2J+l) < .086 for a single resonant state without back
ground. 

v 
• 
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TABLE I 
Cross Sections vs p Lab Momentum 

p Momentum Cross section (mb) 
(MeV/c) 

, RMS Charge Neutral 
Mean Resol. exchange annihil. 

323 68 15.89±0.31 

366 so 15.56±0.19 5.32±0.19 

4.08 38 14.62±0.13 4.54±0.13 

444 31 14.05±0.13 4.38±0.12 

475 27 13.55±0.10 3.89±0.09 

504 24 13.32±0.11 3.65±0.11 

532 22 12.67±0.09 3.59±0.08 

558 20 12.26±0.12 3.09±0.10 

583 18 11. 72±0.11 3.27±0.09 

608 17 11.33±0.11 3.07±0.09 

632 16 10.86±0.09 2.89±0.08 

655 16 10.47±0.11 2.88±0.09 

678 15 10.32±0.08 2.68±0.07 

723 14 9.61±0.07 2.63±0.07 

767 13 9.02±0.07 2.54±0.06 

810 13 8.64±0.09 2.35±0.08 

849 13 8.21±0.06 2.38±0.05 

888 12 7.83±0.08 2.44±0.08 

927 12 7.46±0.07 2.14±0.07 

965 12 7.34±0.05 2.26±0.05 
)I' 

~ 



.• 

0 0 '
~.;. 

,;:;~ I 

-9-

,;] u 

COUNTER ARRAY 

Fig. 1 Isometric projectile of the apparatus. G5 and its 
lead converter have 5" diameter holes thru which 
the·beam passes. 
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Fig. 2 Cross section for the reaction pp + nn multiplied 
by the laboratory momentum. The full points are 
from this experiment. The open circles are bubble 
chamber points of ref. 6 and 7 and crosses are from 
ref. 5. The dashed curve is a theoretical calcula
tion of Bryan and Phillips (ref. 8). The resonance 
curve at 475 Mev/c is calculated from the total cross 
section results of ref. 1 assuming J = 4, and is 
shown with and without our resolution folded in. 
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Fig. 3 Cross section for pp elastic scattering as measured 
by Amaldi et al. (ref. 10). The solid curve is 
drawn to guide the eye, while the dashed curve shows 
a 4 mb enhancement at 1932 Mev with a width of 9 Mev. 
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Fig. 4 Cross section for pp ~ neutral annihilation multi
plied by the laboratory momentum. 
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any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights . 
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