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n~p bremsstrahlung at 300 MeV/c
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Abstract. Cross sections are presented for the reaction z7p—- 7" py at \/E =1234 MeV.

1. Introduction

Several previous studies of the bremsstrahlung reaction, mp—zpy at incident pion
momenta of a few hundred MeV/c have been made with a view to improving our
understanding of the z—nucleon interaction in the region of the A(1236). There are at least
two areas in which the bremsstrahlung process is potentially able to yield information
relevant to this.

(i) If the bremsstrahlung takes place by ‘external emission’, i.e. by radiation from one
of the external lines in the graphs of figure 1(a), then the z—p interaction at the vertex is off-
shell, and the bremsstrahlung process may give information on the off-shell behaviour of
the pion—nucleon interaction.
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Figure 1. Processes which can contribute to 7—p bremsstrahlung; (a) ‘external emission’
graphs, and (b) ‘internal’ radiation from the A(1236).

(ii) Near the A(1236) itself, the graph shown in figure 1(b) is expected to contribute
significantly to the process. The contribution from this term will depend on the magnetic
moment of the A(1236), specifically for the A** in the case of n*p bremsstrahlung and the
A for 7~ p bremsstrahlung.

Several experiments were carried out in the 1970s by the UCLA group {1-5]. In their
earlier experiments {1-4] the incident pion energy was chosen above that of the A(1236)
and, in an attempt to observe the process in figure 1(b), an enhancement in the
bremsstrahlung yield was sought for photon energies such that the final 7—p system had
the energy of the A. No such effect was observed in any of their experiments. In later
experiments [5] an initial energy on the A(1236) was used. For most energies, both #* and
7~ beams were used in an attempt to isolate the effect of the A(1236); the SU(6) prediction
is that the A° should have zero magnetic moment while the A** has twice the proton
magnetic moment. Because of this, any effect of the A(1236) should be much more
pronounced for z*p than for n™p bremsstrahlung. Again, no evidence for the effect of the
A(1236) was found.

The situation regarding the theoretical understanding of the bremsstrahlung process is
not clear. The earliest attempts were based on the work of Low [6] which was applied to
the UCLA data by Sober et al [2]. They used only the first two terms in the expansion
derived by Low and referred to the model as the soft-photon approximation (spa). For low
photon energies, <40 MeV, the spA predicts a 1/k dependence of the cross section, in
reasonable agreement with the data. For higher photon energies, a sharp rise in yield,
predicted by the SPA, was not observed; however, the SPA is not expected to be valid at
these energies. Liou and Nutt [7] were able to fit #7p bremsstrahlung using a modified
version of the SPA.

Picciotto [8—10] has attempted to extract parameters related to the off-shell 7—N
interaction from bremsstrahlung data, and has obtained a reasonable fit to the 77 p results
of reference [1].

Attempts to deduce the A(1236) magnetic moment by calculating the contribution
from figure 1(b) were made by Kondratyuk and Ponomarev [11] and by Fischer and
Minkowski [12]. Both these calculations predicted a peak in the photon spectrum from
n*p bremsstrahlung, in contrast to the monotonic decrease observed experimentally. This
observation is in line with the situation noted above, that the A(1236) does not appear to
influence the bremsstrahlung in the expected way. In a later calculation, however, Pascual
and Tarrach [13] suggested that the observed monotonic photon spectrum could result
from a cancellation involving the contribution from the A(1236), and that the experimental
results can be understood if the A** has exactly the magnetic moment predicted by SU(6).
However, it seems that this theory could not simultaneously describe the #7p data.

A surprisingly good fit to both #* and #~ data was obtained by Nefkens and Sober
[14] using just the external emission graphs of figure 1(a) and taking only the first term
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Table 1. Summary of recent 7—p bremsstrahlung data.

pa(lab) (MeV)  T,(lab.) (MeV) \/E (MeV) n~pdata n*p data
442 324 1330 [4] [4]

412 298 1312 [2,3] [2,3]
384 269 1291 [4] [4]

301 192 1234 Present work —_—

271 165 1213 — {5]

from the formalism of Low [6]. This procedure, referred to as external emission dominance
(EED), gives good fits to both energy and angle dependence of the cross section. However,
it is not at all clear why such a simplified treatment should produce good fits, particularly
since the more complete treatment, the SPA, is less successful.

The theoretical situation, then, is unsatisfactory in that, although acceptable fits to
experiment have been obtained in a few cases, there is no overall picture that can fit data
for all momenta and both charge states. Further, the best fit seems to be provided by the
simplest model and it is curious that improvements to some models may result in a worse
fit. Recently, at least two groups have approached the problem again [15, 16] and one can
hope for further insight in the near future.

In the present paper, experimental results are presented for measurements of n7p
bremsstrahlung at a laboratory momentum of 301 MeV/c \/§= 1234 MeV. The data
complement those of the UCLA group in providing information near the A(1236); table 1
summarises the measurements taken by that group and in the present work. Our
experiments differed from those of the UCLA group in that the photons were not detected.
Instead, the final-state charged particles were observed and a kinematic reconstruction of
events identified emitted photons. The measurements were performed in parallel with a
study of e*e™ pairs from n~ p interactions [17].

2. Experimental method

The experiments were carried out with the Omicron spectrometer [18, 19] using a 7~ beam
provided by the CERN synchro-cyclotron. More detail can be found in the account of the
parallel e*e™ experiments [17]. Figure 2 shows the arrangement of chambers, target and
counters within the magnetic field which served to analyse the momenta of the ingoing
beam particles and of the charged secondaries. The magnet provided a region of
approximately uniform magnetic field in a 2 x 1 x 0.85 m? gap, with a central value of
0.5095 T for the present experiments. The field was surveyed to 0.1% accuracy and
parametrised in terms of coefficients of Legendre polynomials for subsequent use in
analysis programmes [20, 21]. The experimental procedure and a preliminary version of
the results have been described elsewhere [21].

The 301 MeV/c pion beam was obtained with 0° production by 600 MeV protons
incident on a 10 cm thick Be target. In order to obtain a useful beam intensity of about 10°
particles/s it was necessary to use a momentum band of 6% FwHM. The residual dispersion
and scattering in the detectors upstream of the target resulted in a beam spot of 48 mm
width and 40 mm height (FwHM). Measurements with gas Cerenkov counters and time-of-
flight techniques (see, e.g. Zavrtanik et al {22]) showed that the beam consists of 72% =™,
20% e~ and 8% u~. The beam momentum distribution shown in figure 3 was measured
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Figure 2. The arrangement of detectors and the target in the Omicron magnet.

50% during the experiments.
The following detectors, shown in figure 2, were used in the spectrometer.

(i) Scintillators S1 and S2 and a halo—veto counter, S3 to define the incident beam.
(ii)y Multiwire chambers C1-C4 to track beam particles to the target. Each chamber
had planes of vertical and horizontal wires of 1 mm pitch, and, in addition, C1 and C4 had

diagonal wires.

(iii) A multiwire chamber C40 with four planes (vertical, horizontal and two diagonal)

to detect secondary particles leaving the target.
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Figure 3. The beam momentum distribution.
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(iv) Six drift chambers JD1-3 and SD1-3, each with planes of vertical and horizontal
wires, to track secondary pions and protons respectively.

(v) Vertical and horizontal hodoscopes, JV, JH, SV and SH, behind the last drift
chamber in each secondary arm.
Some of the spaces between the chambers were filled with He bags. The detector assembly
was mounted on an aluminium plate which could be withdrawn from the magnet to enable
the chamber positions to be surveyed. Detailed descriptions of the chamber design have
been given elsewhere [17, 23, 24].

The trigger was defined by the scintillators as

S1,S24S3,JVAJHASVASH

where JV, JH, SV and SH indicate a signal in any element of the respective hodoscope
plane. This trigger therefore requires at least one charged particle in each arm. Since the
scintillators SH and SV were used to detect low-momentum protons, their discriminators
were set high enough to suppress, as far as possible, pulses from minimum-ionising
particles. In addition, a sample of beam triggers, defined by

S1,52,83

was also recorded.

Problems were encountered during the experiment with a high rate of spurious triggers
resulting from electrons in the beam. Electrons can produce showers that yield enough
secondary charged particles to trigger both hodoscopes. Two methods were used at
various times to overcome this problem.

(@) A threshold gas-Cerenkov counter was inserted in the beam, before S1, to veto
electrons; and

(i) Since the secondary particles generated by electron-induced showers lie close to the
median plane of the spectrometer, events were rejected if only the median-plane elements of
the hodoscopes JH and SH were triggered. This ‘central-plane veto’ provided a substantial
reduction in electron-induced triggers while losing only 129 of genuine triggers.

A sample of triggers was recorded in which the central-plane veto was not imposed.

For each valid trigger, data from all detectors were read via a Camac interface into a
HP21MX on-line computer. From this computer, data were written to tape for subsequent
analysis using the 3081 D-ATLAS 10 computers at the Rutherford Appleton Laboratory.
Several target-empty runs were interspersed in the data taking. Also, some cosmic-ray runs
were taken with the beam counters removed from the trigger, to provide alignment and
efficiency calibration for the drift chambers and hodoscopes.

3. Track analysis

For each arm (beam, proton and secondary pion) separately, hits in wire and drift
chambers were associated into tracks by a pattern recognition technique. This track-
finding process was found to be reasonably reliable except when two or more beam tracks
were present, in which case the procedure was sometimes unable to sort the hits correctly
into separate tracks. To avoid possible errors from this, all events with more than one
beam track were rejected, giving a 15% loss of good beam tracks.
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After the track finding, a least-squares fit to the hit coordinates on each track was then
made using the full magnetic field map. For each track, the fitted momentum and position
at the target boundary were recorded along with the goodness-of-fit parameter (y2).

In the third stage of the analysis, a vertex fit was performed. Each track was
represented by its parameters at the target boundary and a vertex position was determined
by a least-squares fit to these parameters, making due allowance for energy loss in the
target.

The performance of the analysis chain was monitored by a simulation programme in
which Monte-Carlo generated events were subjected to the same analysis procedures as
described above for data events, The analysis of simulated events was used to determine
the acceptance of the apparatus as well as to check the efficiency of the analysis procedure.
To ensure that the simulation programme gave an accurate value of the acceptance, the
effects of scattering by chamber and target materials were included in the programme as
was the possibility of pion decay. Also, since the acceptance depends on the interaction
point in the target, Monte-Carlo events were generated starting from parameters of actual
beam tracks, deduced by fitting tracks from the beam sample trigger.

The following inefficiencies and losses were found in the analysis procedure.

(i) Events with multiple secondaries that could not be reconstructed, a loss of 3.7%.

(i) 15% of good events lost by the ¥* cut (see § 4). The uncertainty in the number of
genuine events lost was estimated from the shape of the probability distributions to be 20%
of that number. Thus the correction factor is 0.85 + 0.03.

(iii) Faulty tape buffers written by the on-line system lost 2% of events.

(iv) The efficiency of the hodoscopes was determined from analysis of cosmic-ray
tracks. A trigger was set up in which cosmic rays were identified by drift chambers placed
close to the hodoscopes. By observing the fraction of such tracks that triggered the
hodoscopes, the combined hodoscope efficiency was found to be (0.905 + 0.010).
Corrections for these were made in the evaluation of the cross sections.

The incident pion flux was measured during the experiment by scaling the beam
triggers, S14S24S3 and correcting this for the following factors.

(i) The beam composition. As mentioned in § 2, the beam consists of 0.20e~, 0.08 u~
and 0.72 n~. Several determinations of this have been made (see, e.g. reference [22]), and
in addition, those runs in the present experiment in which a Cerenkov counter was used in
the beam provide a further measurement of the electron component. The error is estimated
from the reproducibility of the various measurements giving a pion component of
0.72 + 0.03. Due allowance was made for the Cerenkov counter for those runs in which it
was used in the trigger.

(it) The beam track-finding and fitting efficiency, a correction of 0.74. Losses at this
stage are due mainly to chamber inefficiencies and noise hits. The fluctuation from run to
run is about +0.05. This is just outside statistics and probably represents the variation in
chamber efficiency due to changes in the incident beam flux. As a precaution to allow for
any possible differences between fitted and unfitted beam tracks, this error has been
doubled, giving a correction of 0.74 + 0.10.

(i) A beam momentum cut of 270 < Pyeam < 330 MeV/c was applied to eliminate
scattered particles and wrongly associated hits. A fraction 0.91 + 0.01 survived this cut.

(iv) As mentioned above multiple beam tracks were excluded giving a correction of
0.85 £ 0.01.

(v) A fraction 0.79 of beam tracks intersected the target, determined by tracking fitted
beam tracks through the magnetic field.
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4. Results
Figure 4 shows the distribution of vertices in the target from both target-full and target-

empty runs. In the ‘target-empty’ runs, the target vessel in fact still contained gaseous
hydrogen at a temperature close to its boiling point. The target walls are clearly visible in
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Figure 4. Distribution of vertices in the vicinity of the target, (@) with the target full, (6) with
the target empty and (c) with the target full but for inelastic events only. The density of
vertices is represented by the size of the points. The coordinate 2’ is along the long axis of the
magnet.
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the target-empty distribution, and events in the fiducial volume shown were selected. The
event rate with target empty was 1.6% of that with the target full when normalised to the
same incident pion flux. This is reasonably consistent with the ratio of the densities of
gaseous and liquid hydrogen, and confirths that contamination from target-wall events is
negligible.

The most prolific process in the target is 7—p elastic scattering. Such events are only
just within the geometrical acceptance of the apparatus, a feature which gives rise to the
high density of vertices at the downstream end of the target, evident in figure 4(a). For the
same reason, elastically scattered particles are confined to the upstream ends of the drift
chambers. As a result of this, the range of 7—p opening angles is restricted to about
(108 + 3)°. This fact, together with the co-planarity requirement, enables elastic scatters to
be identified readily. Figure 4(c) shows the distribution of vertices for a sample of events in
which elastic scatters are excluded, which results in a more uniform distribution
throughout the fiducial volume.

Figure 5 shows a plot of the missing energy,

AE=E; +m,—(Ep + Ey)

where primed quantities refer to final-state variables, for a sample of elastic scatters. The
distribution has a FwHM of 23 MeV. This gives a measure of the energy resolution for
elastic scattering, which is limited in this experiment mainly by multiple scattering of the
secondary particles which results in errors in the momentum determination. By contrast
with elastic scatters, bremsstrahlung events are distributed more uniformly over the target
and the drift chambers.

Candidate bremsstrahlung events were then selected by imposing the fiducial volume
cut shown in figure 4 and also a cut on goodness of fit. For the latter, a combination of y2
cuts for the individual tracks and for the vertex fit was used. The combined effect was a
loss of 15% of good events. Bremsstrahlung events were then selected by plotting the

1000 - n-p elastic scaftering

500 -

Number of events

-20 0 20 40
Etinal “Einitia (MEV?

Figure 5. The distribution of missing energy for elastic scattering events. The density of
events is represented by the size of the points.
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missing energy, AE, against the missing momentum,

Ap=|p, —(pr +pp).

For bremsstrahlung events, AE=Ap. Figure 6 shows a scatter plot of AE and Ap for
those bremsstrahlung candidate events that satisfy the angular restrictions discussed
below. The events show a distinct clustering around the photon line. Figure 6 also shows
the lines on which pion production events,
7 ponpn’

will lie. The small number of events seen around this line may arise from this process.
However, no cross section can be extracted since the beam momentum is only just above
threshold for pion production; the low-energy protons can only reach the hodoscopes if the
production takes place in the downstream end of the target.

Two other types of event can contribute to figure 6. If, after an elastic scatter, the
outgoing pion or proton subsequently scatters off a proton or a heavier nucleus, energy
and momentum will be carried away by this nucleus. If the scattering is through a small
enough angle and is reasonably close to the first scattering vertex, the event may still pass
the vertex reconstruction. In this case, AE and Ap will be the energy and momentum of the
unobserved recoil nucleus. Thus AE < Ap and events will lie close to the Ap axis. Such

events can be seen clearly in figure 6. They do not contaminate the bremsstrahlung region
for AE > 50 MeV.
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Figure 6. Plot of missing energy against missing momentum.
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The remaining possible contaminant event is a n~p elastic scatter followed by a «
decay; again if this decay occurs sufficiently close to the scattering vertex the event may
pass the vertex reconstruction. In this case, AE and Ap are approximately the energy and
momentum of the decay neutrino. The probability of such a decay is rather low, but in any
case, these events do not contaminate the bremsstrahlung region because they mostly
result in forward-going neutrinos, whereas bremsstrahlung cross sections are given for
6, >90° (see below). For those decays for which 6, > 90° the neutrino energy is low and
the corresponding AE is less than 50 MeV.

The bremsstrahlung signal is shown more quantitatively in figure 7, in which the
distribution of (AE—Ap) is plotted for all events in figure 6 for which AE >40 MeV. The
background is clearly small. The FWHM of this distribution is 35 MeV. Also shown in figure
7 is the corresponding plot for simulated events, for which the FWHM is 27 MeV. These
values are reasonably consistent, and the slightly larger value found experimentally
presumably reflects the effects of minor chamber misalignments and other features not
included realistically in the simulation programme.

The bremsstrahlung cross section is a function of five independent variables; there are
two angles and a momentum each for the scattered pion, the proton and the gamma ray
and these are related by four kinematic constraints implied by four-momentum
conservation. For the present experiment the five independent variables chosen are the

100 [— Data
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0 L I J S RN SN S I L 1 L A }
-60 -30 0 30 60
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Number of events

500 |

-60

{AE-Ap) (MeV}
Figure 7. Distribution of (AE-Ap) for bremsstrahlung candidates and for simulated
bremsstrahlung events.
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three centre-of-mass gamma-ray variables, k, 6 and ¢} and the pion centre-of-mass angles

0¥ and ¢},
Although the experiment is sensitive to a wide range of gamma-ray variables, only a

limited angular range was covered for both the pion and the proton. For the pion, this
restricts the range of 65 and ¢F covered and the cross section quoted below is an average
over a finite angular range. Since the proton angles have not been chosen as independent

tob sr-Z Mev )

4% 0/(dQ 4R dk)

10

8% =90-120°
Pign side

Tp-Tp¥

300 MeV/c
EED predictions
($§q4:1,)
—————— (ol
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1 | 1 s R )
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*-150-180°
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u [ N
=k oLy e TN
60 80 100 120 60 80 100 120
k (MeV) k (MeV}

Figure 8. Bremsstrahlung cross sections from the present experiment, The cross sections,
energies and angles are in CM coordinates. Also shown are EED calculations for two possible
choices of the variables s and ¢.
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variables, the geometrical restrictions in this case give implicit constraints on the five
photon and pion parameters, and, in fact, restrict the particle solid angles to a rather small
fraction of 47 (<10% for each arm). Thus the quoted cross section can be defined as

dSO. 3 v d5o. dQ* . .dQ*
dQ¥ dQ dk magfj J dQ¥dQ¥dk “ ’

where the integrals are taken over the useful acceptance of the detectors which is defined
by the limits (angles in degrees)

10°< 8, < 66°

6, <45°

|02] < 37(1 + cos?36,)

9o — 180°| < 40(1 + 2 cos*36,)

where the range of (6,, ¢,) gives explicit limits on the integrals and that of (6,, ¢,) implicit
limits. The four limits are defined in equation (2) in laboratory coordinates since they can
be defined more precisely this way. The z axis is chosen along the direction of the incident
beam, and the x axis is in the median plane on the side of the pion detectors.

The limits on ¢, and ¢, are convenient algebraic approximations to the acceptance
limits of the detectors. However, the 8, and 6, limits are chosen within the geometrical
acceptance to exclude events close to the elastic region (g, ~ 50°, 8.~ 58°) since the tail
from the elastic region gives a substantial background to the bremsstrahlung data.

The following procedure was adopted for extracting cross sections. The angular range
was divided into six bins defined by &5 =90-120° 120-150°, 150-180° for ‘pion side’
(o <90° or ¥ >270° or ‘proton side’ (90° < ¢ < 270°). For each bin, a scatter plot
similar to figure 6 was made. In most cases, the background, assessed from the density of
events away from the photon line, was negligible or was small enough that it could be
estimated with confidence by assuming a constant background density across the plot.
After background subtraction, the events were sorted into 20 MeV bins and converted into
cross sections using the beam flux and efficiency factors described in § 3. The acceptance
was calculated by generating Monte-Carlo events and subjecting them to the same analysis
procedures and geometrical cuts as the data events. For ¥ < 90° the acceptance was too
small to extract cross sections.

The resulting cross sections are shown in figure 8 and table 2. The errors shown are
mainly statistical but in a few cases (primarily the data for 6;*=90-120°, pion side) the

2)

Table 2. 7™p bremsstrahlung cross sections at p, (lab.) =301 MeV/ec. Cross sections quoted
are d’c/dQ, dQ, dk in nb st™>MeV ™! in centre-of-mass coordinates for the geometry
described in the text.

o Pion side Proton side

k(MeV) % 90-120°  120-150° 150-180° 90-120° 120-150° 150-180°

40-60 54+33 37+16 28+09 26+16 27+£05 1.8%£05
60-80 3.7£20 27406 15+04 1.6+04 14103 1.1z03
80-100 27+0.8 1.3+02 1.11+0.24 0.64+0.10 0.45+0.25 0.65+0.18
100-120 22+03 0.95+0.12 0.69+0.17 0.61£0.23 0.35+0.12 0.15+0.08

120-140 1.07 £0.19 0.58 £0.09 0.20+0.13 0.9+0.5 0.38+0.16 0.20+0.09
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uncertainty in the shape of the background distribution contributes to the error. Systematic
errors due to uncertainties in the pion flux and in the efficiency of the analysis procedure,
discussed in § 3, are estimated at 15%, which is always smaller than the statistical errors.
The resuits represent a total of 808 bremsstrahlung events.

5. Discussion

The cross sections at all angles decrease with increasing energy, following roughly the 1/k
dependence for low photon energies, which is characteristic of bremsstrahlung cross
sections.

There is little point in presenting a comparison of the present results with published
theoretical models that have been applied to the UCLA data partly because, as discussed
in § 1, all of these models have proved unsatisfactory to some extent, and also because
theoretical work is currently in progress on further developments to these earlier
treatments. In fact, a recent calculation by Picciotto [25] has already shown how part of
the present data can be fitted reasonably by a modification to the procedure for
establishing gauge invariance in the calculation.

To establish a comparison with other data, however, calculations are shown in figure 8
of the predictions of the external emission dominance model [ 14]. This model, in which just
the first term of the Low expansion of the bremsstrahlung amplitude is taken, has little
theoretical justification, but nevertheless it has been found give a relatively good fit to
bremsstrahlung data in several cases (see § 1). If this is interpreted to indicate that
bremsstrahlung is always dominated by the lowest order in & and that higher-order terms
are overpredicted by most calculations, then it is of interest to see how universally the EED
model applies.

In the EED model, the bremsstrahlung cross section is given by

d’o _ et /s pok uy [ do
dQﬂ dQ}’ dk B 2(2727)3 p;r szz(\/g— k) + En’(Pn’ ‘k) “ dQ elastic'

Here, A* is given by

“"

VI L S A ]
pn’k pp'k pn"k pp”k

k is the photon four-momentum. The quantity (do/dQ)eagc is the 7z—p elastic scattering
cross section. The calculation requires the elastic cross section as a function of the Lorentz
invariants s and 7. For the bremsstrahlung case these can be defined in several ways. For
example, the values for the initial state energy and the pion momentum transfer,

So=(r + o)’
to=(pr—pr )
can be taken. Alternatively, average values can be used
§=3[(pn +pp)* + (P +1p)’]
1=3[(Dx —pr)* + (P —py)’]

The predictions for these two assumptions are shown by the full and broken curves
respectively in figure 8.
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Clearly, both prescriptions give at least a qualitative fit to the results, as was found in
the case of the UCLA data. There is no strong preference for either of the two
prescriptions for s and ¢ However, as discussed above, there is no real theoretical
Justification for the EED model. The relatively good fit found here is evidence for problems
in treating the higher terms in the Low expansion and, in agreement with the UCLA data,
is inconsistent with models that predict large enhancements for high-energy photons. It can
be hoped that the new approaches, for example by Picciotto and by the MIT group, will
result in better understanding of the bremsstrahlung process.
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