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ABSTRACT 

It is proposed to measure the neutron-proton charge
exchange cross-section in an on-l ine counter experiment for 
four-momentum transfers between .002 and 1.0 (GeV/c)2. The 
experiment will be performed in an intense neutron beam with 
a continuous momentum spectrum; data will be taken simul
taneously for all momenta between 50 and 200 GeV/c. At a beam 
intensity of 1"07 neutrons/pulse, the true data-collection rate 
will be about .5 per pulse. Approximately 90,000 events will 
be obtained. The vector momenta of both outgoing particles 
are measured, resulting in a 3-constraint fit. The two-body 
topology allows a large rejection of background by the counter 
logic. 
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I. Introduction 

It is proposed to measure the neutron-proton charge-exchange cross

section for incident neutron momenta bet~een 50 and 200 GeV/c, and four

momentum transfers squared .002 (GeV/c)2 < lui < 1.0(GeV/~)2. 

The np charge-exchange cross-section from .5 to 19 GeV/c is char

acterized by a sharp peak at u = 0, with a width &Iu/ ~ .02 (GeV/c)2 = 
2 -2Mn ' rising from a slowly fall ing background of slope 4 - 6 (GeV/c) . 

The behavior is illustrated in Figure 1, ,which displays preliminary data 

from a recent experiment(l) performed by members of this group at 2 to 

12 GeV/c. Because of its width, the forward peak would seem to relate 

to pion exchange. However, the ampl itude for pure pion exchange is con

strained to vanish at u = O. Many models, both Regge and non-Regge, have 

been developed which are based on conspiracy or interference between the 

pion exchange amplitude and various poles or cuts. These models differ 

in their predictions about the dependence on incident momentum of the for

ward peak and the background slope. Naively, effects of pion exchange, 

falling as the square of the incident momentum, should dominate for small 

luI; p and A2 exchange, fall ing only as (liP), should dominate the cross

section for large lui. As the momentum is increased ~ might undergo 

qualitative changes~ The predictions of Williamson(2) (based on a Regge 

cut model(3)) are also shown in Figure 1. The forward peak which was rel

atively unchanged between .5 and 19 GeV/c is predicted to nearly disappear 

-2at 200 GeV/c. A wider peak with slope ~ 17 (GeV/c) is predicted. 

Heuristic arguments and extrapolations based on low energy data must 

be viewed with a great deal of skepticism. Nevertheless, they emphasize 

the importance of measuring np charge exchange over as wide a range of 
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incident momenta ~s possible. This, of course, is true for any charge

exchange reaction. However, np charge~exchange is the one most readily 

extended to high energies - - both beca~se of the extremely simple event 

. topology and because of the possibil ity of intense high energy neutron 

beams. This statement is underlined by the fact that it is the only 

charge-exchange reaction measured with reasonable statistics to the full 

energy of all existing machines (Serpukhov exclude:d). Finally, it is one 

of the very few reactions for which measurements can be made for momentum 

transfers as small as lui = .002 (GeV/c)2 for any incident momentum. 

Historically. np charge-exchange has proven to be one of the more 

fundamental and fruitful of all two-body reactions. There is every ex

pectation this would still be true at 200 GeV/c. 

I I. Experimental Method 

A. Plan of Attack. The experiment is performed in an intense beam 

(~ 107/pulse) of neutrons having a continuous energy spectrum which peaks 

near the end point of 200 GeV. Data are taken simultaneously over a wide 

band (50 - 200 GeV) of the spectrum; th~s helps to minimize systematic 

errors in the en~rgy dependence of the cross-section and to maximize the 

useful beam flux. Charge-exchange events are accumulated at the rate of 

approximately 0.5 per pulse. The direction and momentum of the fast for

ward outgoing proton are measured by a magnetic spectrometer, and the 

velocity and direction of the recoil neutron are measured by a bank of 

neutron scintillators. Events are processed by an on-l ine computer. 

There are three kinematic constraints on each event: transverse 
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ruuHlt!ntum balanct!, copianarity, and opening angie. The small transverse 

components of the proton momentum must be measured very well, especially 

at small momentum transfer; their accuracy is I imited by the uncertainty 

in the proton direction. There is no constraint on the large longitu

dinal momentum component of the outgoing proton, which is used to deter

mine the unknown momentum of the incident neutron and need not be mea

sured with extreme accuracy. At high momentum transfer all equations of 

constraint are I imited by the uncertainty in the velocity and direction 

of the out-going neutron. This can be seen from Figure 4, which displays 

measurement errors as a function of momentum transfer. 

It should be noted that the topology 

(incident neutral) .... (forward charged) + (slow sideward neutral) + 

(nothing else) 

uniquely defines the np charge-exchange reaction, provided that (a) all 

outgoing particles are detected; (b) both outgoing particles come from 

the same event (rather than from an accidental coincidence); (c) the in

~ident particle is a neutron; (d) the target particle is a proton. The 

more securely these topological constraints can be enforced by tight 

counter logic; the smaller will be the background which the kinematic 

constraints are asked to reject. It is therefore very important to de

sign an anti-coincidence system with a high efficiency for rejecting ex

tra charged particles and y-rays to depress the dominant backgrounds of 

events which fail to satisfy conditions (a) and (b). 

B. Anticipated Difficulties. We believe that the major difficul

ties to be encountered during the experiment are contained i~ the follow

ing list. Some of the problems have been met and solved in our previous 
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charge-exchange work at 12 GeV/c but are included here for completeness. 

1) The detection of efficiency for the slow scattered neutron depends 

quite strongly on the neutron kinetic energy Tn' and thus directly on 

lui == 2MnTn; it must be known if systematic errors in the angular distri

but ion are to be avoided. For our previous experiment the counter'effi

ciency was cal ibrated as a function of energy and oias at a cyclotron, 

and a Monte Carlo program was written which gives satisfactory agreement 

with our efficiency measurements and those of other groups for a variety 

of scintillator geometries. 

2} In order to reach sm~ll values of lui, outgoing neutrons of very 

low energy must be detected. The low discriminator bias required in

vites a large counting rate (and hence accidentals) from room background. 

By careful shielding and by minimizing the volume of scintillator to be 

run at low bias we have been able to obtain cross-sections down to 

luI
I 

,= .002 (1 MeV neutrons). The ultimate 1imit was set by the large 

scattering cross-section for low energy neutrons escaping from the hy

drogen target; the target for NAL will be half as thick. 

3) Both the absolute flux and the spectral shape of the neutron beam 

must be measured in order to obtain the cross-section as a function of 

energy. This was done in our previous experiment by measuring the yield 

of forward elastic scattering in the same beam and using the optical the

orem and the known total cross-sections to extract the flux. Such an ap

proach is unnecessary at NAL, since the energy resolution of a total ab

sorption detector (calorimeter) of alternated layers of iron and scintil

lator is expected(4) to improve with energy, from 25% FWHM at 19 GeV/c 
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to better than 10% FWHM at 200 GeV/c, Such a detector could not operate 

at the high intensity (107/pulse) necessary for the charge-exchange ex

periment, so that one or more brief peri~ds of low intensity beam (104 

·to lOS/pulse) will be necessary for studies of spectral shape and cal i-

brat ion of a secondary -monitor which can operate at high rates, 

(4) The np charge-exchange signal may be as small as lub at 200 

GeV/c; it must be clearly separated from the background by the counter 

logic and the kinematic constraints, This problem is discussed in detail 

inSe c t i on I I I . 

C. Design of the Experiment. A plan view of the experiment is shown 

in Figure 2. A beam of ~107 neutrons/pulse is produced at an angle of 

0-3 mrad from a point source « 0.2" diameter) located about 1500 feet up

stream. After passing through a lead y-ray filter and a sweeping magnet 

it is collimated to a divergence of ± 2.8 x lO-Sradians, filling al" 

diameter spot as it impinges on the 411 long liquid hydrogen target. 

The direction of the outgoing forward proton is mea~ured to ± 2xlO- 5 

radians over a lever arm of 100 feet by a system of wire proportional 

chambers. Because of the high flux (~105 - 106/pulse) of charged parti
.. 

cles from the target and counters in the beam, ordinary spark chambers 

with time resolution ~10-6 sec would be subject to a large contamination 

of accidental tracks; the superior time resolution (~xlO-8s~c) of pro

portional chambers should el iminate this problem. Two conventional door

frame magnets, each 72" long with an aperture 24" x 10" and having 

a total J'Bdl of 2600 Kg-inches provide a bend of 10- 2 radian at 200 GeV/c. 

A 20-foot lever arm between the downstream pair of proportional chambers 

suffices to determine the momentum to ± 2%. The transverse momentum is 
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then known to ± 4 MeV/c at small lui (Figure 4). 

The direction of the inci~ent neutron must be known to an accuracy 

comparable to that of the outgoing proton, ---2xlO- 5 radians. Since the 

.incident neutron originates from a point source at a known distance its 

direction may be inferred from the radial position of the interaction 

in the target, found from extrapolating the proton track. 

The slow outgoing neutron is detected in one of 34 neutron scin

tillators (shown in Figure 3), which are arranged in three banks subtend

ing 1~1o of the total azimuth and have an energy-dependent efficiency of 

30 - 70%. The ve 1 oc ity of the neu t ron is mea sured by t Ime-of- f 1 I gh t, the 

azimuthal angle by noting which counter fired, and the production angle 

by measuring the relative time difference between the 1 ight pulses arriv

ing at the photomultipl iers at each end of the counter. The size, shape, 

and distance from the target of the counters in each bank are determined 

by the energy of the neutrons to be detected: counters for higher energy 

neutrons require a longer fl ight path for velocity resolution and a great

er thickness for efficient detection; those for low energy neutrons must 

have a minimum volume and a short time gate to reduce accidentals. The 

time-of-flight resolution is nearly constant at ± 4%. The angle resolu

tion depends on the counter bank (and hence on lui) and is shown in Fig

ure 4; it is typically ± 1° to ± 3°, 

It is very important for background rejection to eliminate with the 

counter logic most of the events having y-rays or more than one charged 

particle. The hydrogen target is therefore surrounded in all directions 

except those occupied by the outgoing protons by a sleeve and baffles 
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("hole counters") of scintillator, and in ali directions except those 

of the outgoing protons and neutrons by lead-scintillator sandwich count

ers which are ~ 95% efficient for y-rays. Extra charged particles in 

the path of the protons will be detected by sampl ing the ionization in 

four thin scintil lators spaced at intervals between the target and the 

magnet. The forward cone for y-rays will be closed by placing an addi

tiona1 y-ray veto counter downstream of the magnet and covering its 

aperture; protons are swept away by the magnet, and a small hole a1 lows 

the beam to pass through. If necessary, additional sandwich counters 

may also be placed behind the neutron counters and timed to reject prompt 

neutrals. 

All position information from the proportional chambers, neutron 

time-of-fl ight, pulse height, and counter tags will be interfaced to a 

computer suppl ied by the user, written on magnetic tape and analyzed be

tween beam pulses. A considerable amount of software already exists as 

a by-product.of our previous on-1 ine charge-exchange experiment. 

I I I. Background Estimate 
. 

The backgrounds rejected by the counter logic and·the kinematic 

constraints fall into .three classes: A) neutron-initiated events 

which simulate two-body topology; B) random coincidences between the 

neutron and proton arms; C) two-body events initiated by beam contami

nants. Our estimate of the first two classes will draw heavily on our 

experience at 12 GeV/c. 

A.Simu1ated Two-Body Events. It is difficult to estimate directly 

the number of neutron-induced events simulating the topology of np charge
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exchange, 5ince 5uch t:!Vt:!nL~ involve a failure of the anticoincidence 

system. I t is easier -- and we feel more bel ievable --- to extrapolate 

from our experience at 12 GeV/c than to construct a large and artificj~l 

Monte Carlo program. We make the fol lowing assumption: The anti

coincidence system and the proportional chambers are able to reject 

events with mUltiple charged prongs down to a level small compared with 

events ha~ing only one charged prong which proceeds forward with a moment

um greater than 30 GeV/c. We then assert that these high-momentum single-

prong events must have come from a process in which charge was exchanged. 

Consider a model in which projectile and target nucleons pass one 

another, either or both becoming "excited" and subsequently decaying into 

a nucleon plus pions. Unless charge is exchanged, decays coming from 

the excited "beam-like" particle will be peaked forward and contain an 
_. 

even number of charged particl Evidence that this assertion is val id 

comes from the fact that at 12 GeV/c, the rate of events in the proton 

arm which survived the veto by the (crude) a"nticoincidence system was 

only a factor of four higher than the charged flux expected from np charge

excha nge a lone .. 

If the main contributors to the singly-charged forward flux are 

(inelastic) charge-exchange reactions, such processes ought to decrease 

with incident momentum at least as fast as l/P, while np charge-exchange 

appears at most to falloff as (l/P) 1.5. (We neglect high-mass inelas

tic charge-exchange channels opening at higher energies. They will be 

el iminated by their high mUltiplicity and/or large transverse momentum.) 

We therefore predict that the ratio of inelastic background to charge

exchange signal should be increased by (200/12) 1.5-1.0 = 4.1 over its 
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value at 12 GeV/c, which was 2 - 5%. We have sharpened the resolution 

of our kinematic constraints by an over~11 f~ctor of four from that ex

periment; the improved anticoincidence system should provide an addi

-t ional large reject ion factor. 

B. Random Coincidences. The high intensity of the neutron beam 

will cause random coincidences between the neutron and proton arms, in

creasing the trigger rate. Moreover, those randoms which pass the kine

matic constraints can give rise to a false sharp forward peak: Since 

luI (neutron kinetic energy) 0: (time-of-f1 ight)-2, a flat time dis0: 

tribution will give ---dO' ~ lul-3. The random rate i~ proportional to thedu 


length of the time gate (~100 nsec) , to the neutron counter singles 


rate, and to the rate of proton arm events surviving veto by the anti 

coincidence system. By the arguments of the preceding section, the 1at

ter rate may be estimated by sca1 ing our observed rate at 12 GeV/c by 

the ratio of beam intensi~ies, sol id angles~ and by the inverse of the 

momentum. We obtain 250/pulse. 

The singles rates in the neutron counters arise primarily from 

beam-associated reactions occuring in the liquid hydrogen target or near

by surrounding material. General "room background" may be el iminated by 

suitable shielding. The main source of singles background in the 12 GeV/c 

experiment was interactions of the neutron beam halo in the dense ma

terials near the liquid hydrogen flask. A new beam coll imating system, 

coupled with a less massive target container and the proposed tighter 

anti-counter system, should drastically reduce both halo and the prob

abil ity for halo-induced events to go undetected. 
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About 10% of the random singles came from interactions in liquid 

hydrogen. These cannet be e1 iminated, a.nd must be scaled ~"Jith beam 

intensity (x20) and scintillator area (x2), yielding 6.4 x 104 counts/ 

'pulse in the neutron counters. 

Assuming a duty factor of 0.5, the derived random rate is 3.2/p'ulse 

or about 6 times the true event rate. Random rates 60 times the true 

rate will give a "post-analysis" background signal equal to the true 

signal in the lowest momentum transfer bin. 

C. Beam Contamination. Passing the beam through a lead filter and 

a sweeping magnet prior to colI imation will reduce the total flux of 

y-rays and charged particles to a negl igible level compared to the neu

tron flux, and a thin anticoincidence counter in the beam upstream of the 

hydrogen target will reject events initiated by the surviving charged 

particles. Above 50 GeV/c the anti-neutron flux should be vanishingly 

small, and the residual V-ray flux is harmless. However, the flux of KO l 

predicted by Hagedorn and Ranft(5) at 50 GeV/c is 17% of the neutron flux 

at that momentum. At lower momenta the ratio of KO l to neutron flux 

is even higher. The kinematic constraints are not able to separate KOlP 

+ 
~ K N from np charge-exchange. For this reason, provision will be made 

to include an 8-meter gas threshhold Cerenkov counter in the proton arm 

to study this potential source of background (see the Appendix). 

IV. Rates 

The rate for np charge-exchange is estimated for both 0 mrad and 

3 mrad production angle neutron beams, using the formula 

events(q:I(p)NO: (p) ocr Eff
pulse ,\-, np 211 N 
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where I(P) is the neutron beam as a function of momentum, N the number 


2

of protons per cm in the target, (p)- the total np charge-exchange(Jnp 

.cross-section, ~~ the fractional azimuthal acceptance, and EtfN the mean 

neutron counter efficiency. 

The beam intensity may be derived from the formula of Hagedorn and 

12Ranft(5), using 3 x 10 protons interacting per pulse, projecting neu

trons onto a 1 inch diameter spot 1500 feet downstream of the production 

target. An attenuation factor of .5 is assumed due to lead in the beam. 

The calculated integral flux is 7.2 x 107 neutrons/pulse at 0 mrad, 

1.9 x 107 neutrons/pulse at 3 mrad. In order to be conservative in es

timating intensities which can be achieved and tolerated, the beams shown 

in Figure 5 and used in the calculations are normal ized to 1 x 107 neu

trons per pulse. 

N ~ 4.2 x 1023 protons/cm2 

Gnp(P) =(1.4 x 10-28cm2) (10/P) 1.5, derived from the 12 GeV/c 

np charge-exchange e~periment. 

ot5/2rr ::; O. 1 

0.5 

Using the above, we calculate the rates shown in Figure 5. The 

integral event rate in the momentum range 50 to 200 GeV/c is 0.5 events/ 

pulse for both 0 and 3 mrad beams. 

If the data are binned in 10 GeV/c bins, it would take 90,000 events 

to gather statistics per bin equivalent to each of the data curves shown 

in Figure 1. At 10,000 pulses/day, this would require 18 days of data 

taking. Tuning will require an additional 20 days, most of which could 

be spent under low or intermittent beam conditions. 

W N = 
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These time estimates are meant to be conservative, and are based 


in part on actual tuning and running time for the 12 GeV/c experiment. 


V. 	 Special Equiernent and Services 

A. 	 Furnished by the User: 

1) All scintillation counters (including neutron counters) and pro

portional chambers. 

2) An on-l ine computer system complete with interfacing and software. 

3) The neutron calorimeter for monitoring the beam flux and spectrum 

shape. 

B. 	 Furnished by NAL: 

1) Construction of the colI imator and channel for a high intensity 

neutral beam. The collaboration making this proposal would be will ing 

to devote one physicist full time to aid in the design and construction 

of such a beam. It would desire also to be a part of any effort involved 

in extraction of the neutrons and measurement of the momentum spectrum. 

2) A magnet of at least 1300 Kg-inches is needed for sweeping charged 

particles from the beam. The magnet could have a vertical and horizontal 

gap as small as 211 x 211. 

3) A 411 long x 2" diameter 1iquid hydrogen target. The vacuum jack

et must be designed to leave the minimum amount of material in the region 

of the beam halo (",,-,611 radius). 

4) Magnets totall ing 2600 Kg-inches of bending for momentum analysis. 

of the outgoing proton. The experiment is designed around two 72" 

doorframe magnets with a 1011 x 24'1 aperture. The requirements on field 

uniformity are not very severe; it should be flat to better than 15% 

over the useful aperture. 

5) 	 Construction of the bunker for shielding the neutron counters. 
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Appendix: KOp Charge Exchange 

Background rates for the reaction KOlP~K+N may be estimated under 

the assumption 0Kop ~ K+N = 0.5 0K _ KON = (3.3 x 10-29~m2) (10/P).- P 

The assumption checks within 30% at 3-5 GeV/c, the highest momenta for 

which K+N - KOp data exists. (6) 'K-P charge-exchange data exists to 

12 GeV/c. (6) Background from the KOlP reaction is estimated to be as 

high as 10-20% in the 40 to 60 GeV/c range, and so will have to be 

investigated. If in studying this background reaction the K+ signal 

proves to be clean, it would be possible to measure KOlP charge-exchange 

using the same equipment in a different geometry. The integral event 

rate pr~~icted for a 3 mrad beam is O.l/pulse in the 10 to 60 GeV/c 

range, normal ized to 107 neutrons/pulse. 
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