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Very little is known experimentally on proton-proton elastic scattering in the energy range from
1.6 to 2.8 GeV for centre-of-mass angles between about 10 and 30 degrees. The differential cross
section data that do exist seem to fall systematically below the predictions of the SAID data anal-
ysis program. Measurements in this kinematical region are possible at the ANKE spectrometer,
which is situated inside the COSY-Jiilich storage ring. The fast proton scattered at small angles is
registered in the Forward Detection system and the slow recoil proton emerging at large angles is
measured by the Silicon Tracking Telescopes.

The ANKE collaboration and the COSY machine crew have jointly developed a very accurate
method for determining the absolute luminosity in an experiment at an internal target position.
The technique relies on measuring the energy losses due to the electromagnetic interactions of
the beam as it passes repeatedly through the thin target and measuring the shift of the revolution
frequency by studying the Schottky spectrum. This powerful technique allows to measure the
absolute differential cross section for elastic pp scattering with high precision.

First results from this experiment are presented in this contribution.
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1. Introduction

One of the major projects of the ANKE collaboration, submitted to the COSY PAC in 2005
and 2008 [[, 1], is to contribute to the understanding of the nucleon-nucleon (NN) interaction. NN
data are necessary ingredients, not only for the understanding of nuclear forces, but also for the
description of meson production and other nuclear reactions at intermediate energies. Therefore
any facility that can make a significant and new contribution to this knowledge should do so. This
was the underlying philosophy of the very successful COSY-EDDA collaboration [B].

The complete investigation of the NN interaction needs precise elastic scattering data as input
to a phase-shift analysis (PSA), from which the scattering amplitudes at fixed angles can then be
reconstructed. A full data set involves experiments with both beam and target particles polarised in
the initial state, as well as the determination of the polarisation of one of the final state nucleons [H].
Experiments of this type have been carried out for the pp system up to about 3.0 GeV [H]. The
well-known EDDA experiment at COSY has produced a very extensive and important data set of
pp — pp differential cross sections and the various single and multi—spin observables [B], allowing
the construction of reliable isospin I = 1 phase shifts up to at least 2 GeV [H].
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Figure 1: Left: Laboratory differential cross section for elastic proton-proton scattering at 2.65 GeV. The
ANKE points, shown by closed circles with bin widths, have systematic uncertainties of +12% [B]. The
curve is the SPO7 solution from the SAID analysis group [B] and the crosses are experimental data at
2.83 GeV taken from Ref. [H]. Right: Average ratio of experimental data on the pp elastic differential
cross section to the SAID predictions [H] for 10° < 6, < 30° for different energies.

Despite the enormous work undertaken there is still sizable piece of data missing above 1.0
GeV energy at small scattering angles. Unfortunately lack of data causes severe problems with the
small angle SAID predictions above 2.5 GeV. These data do not describe well either the ANKE or
other published data without introducing an overall scaling factor, but this merely shifts the problem
to the larger angle data. Basically, the shapes of the SAID predictions do not seem accurately to
reflect reality. As seen from the results shown in the left panel of Fig. [, our data fall about 25%
below the SAID predictions at 2.65 GeV and a similar disagreement is found with the results of
Ref. [A] at the slightly higher energy of 2.83 GeV. The variation of the discrepancy with energy is
illustrated in the right panel of Fig. [, which shows the ratio of experiment to the SAID prediction
averaged, where possible, over the angular range 10° < 8., < 30°. This proves that further precise
measurements are required at the upper end of the COSY range, which is also confirmed by the
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disclaimer in the recent SAID update, which states that ‘our solution should be considered at best
qualitative between 2.5 and 3 GeV’ [H].

Fortunately the ANKE spectrometer can provide precise measurement of cross-section and
spin observables in the energy range 1.0 to 2.8 GeV for centre-of-mass angles 5° < 6, < 30°.
One of the main ingredients in a precise cross—section measurement is the accurate determination
of luminosity. This can be achieved using the new method for independent and precise absolute
luminosity measurement at an internal experiments at COSY, which was jointly developed by the
ANKE collaboration and the COSY machine crew. The technique relies on measuring the energy
losses due to the electromagnetic interactions of the beam, as it repeatedly passes through the target,
by studying the shift of revolution frequency using the Schottky spectrum [R].

2. Experiment Setup

The COSY COoler SYnchrotron of the Forschungszentrum Jiilich is capable of accelerating
and storing protons and deuterons with momenta up to 3.7 GeV/c [[M]. The ANKE magnetic
spectrometer [[] is one of the internal experiments on one of the straight sections of COSY
ring. It is designed to study a wide variety of hadronic processes. The circulating beam hits the
cluster—jet target [[X] placed in front of the main spectrometer magnet D2 and ejectiles from the
interactions are detected in different detection systems of ANKE (see left panel of Fig. D).

Hodoscope

Figure 2: Left: Top view of the ANKE experimental set-up, showing the positions of the three dipole
magnets D1, D2, and D3. The hydrogen cluster jet injects target material vertically downwards. The forward
detector (FD) consists of three MWPCs and a hodoscope composed of three layers of scintillation counters.
Right: Picture of the silicon tracking telescope (STT), consisting of three silicon strip detector layers of
different thickness.

Although ANKE contains several detection possibilities only those relevant to current mea-
surements are shown in Fig. . The forward detector (FD) system consists of three multi-wire
chambers for track and momentum reconstruction and two layers of a scintillation hodoscopes for
energy—loss determinations and triggering [[3]. The silicon tracking telescope (STT), is placed
close to the target inside the vacuum chamber, is comprised of three layers of double—sided micro—
structured silicon strip detectors (right panel of Fig. @l). Measuring the energy loss in the individual
layers allows the identification of stopped particles by the AE/E method. The STT, which has
self-triggering capabilities, allows one to extend the angular acceptance down to 0., ~ 5°, where
the FD has no coverage.
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The experiment was performed using the unpolarised proton beam at eight different energies
17,=1.0,1.6,1.8,2.0,2.2,2.4,2.6,2.8 GeV interacting with a hydrogen cluster—jet target. The pp
elastic reaction was identified by the detection of one of the scattered protons in either the FD or
in the STT, as well as by the detection of both protons simultaneously. The last option allows a
valuable cross-check between these two detection systems and significantly improves the accuracy
and reliability of the measurements [[[4]. The FD acceptance covers the angular range 10° < 0., <
30° in the centre-of-mass system. The STT alone can detect protons with an energy higher than 2.5
MeV, which defines the minimum acceptance angle as 6, = 5°. Momentum reconstruction with
the STT is only possible if the particle is stopped in the third layer. With the current setup of the
STT (70um, 300um, and Smm) protons with kinetic energies up to 35 MeV can be stopped, which
corresponds to around 20° in the the centre-of-mass system.

The frequency shift measurement of the coasting uncooled proton beam was done with the
existing Schottky pick-up and the spectrum analyzer of the stochastic cooling system operated on
harmonic number 1000 [[E]. The statistical distribution of the particles in the beam is at the origin
of the Schottky noise. This gives a rise to the current fluctuations which induce a voltage signal at
a beam pick-up. The Fourier analysis of the voltage signal, i.e. of the random current fluctuations,
by a spectrum analyzer delivers frequency distributions around the harmonics of the revolution
frequency. During the 300 s cycles, the Schottky distribution were recorded in every 10 s with the
189 ms sweep time of the analyzer, meaning effectively instantaneous spectra. The mean frequency
of the beam was determined from the centroid of the distribution, after subtracting the background
noise.

3. Luminosity Determination

In order to extract the cross section for any physical reaction, the absolute value of the lumi-
nosity must be determined. Luminosity L relates the cross section ¢ of a given physical process to
its corresponding event rate R:

R=Lxo 3.1

This shows that, apart from a precise measurement of the reaction, it is necessary to determine
the luminosity with high accuracy, which is a process-independent quantity and is completely de-
termined by the number of beam and target particles L = np - ny. The measurement of the beam
intensity (np) is a routine procedure for any accelerator and is performed via the high precision
Beam Current Transformer (BCT) devices. For the current experiment, the BCT signal was intro-
duced directly in the data stream and recorded together with the detector information, providing
the actual beam intensity at any given moment. Concerning the target density ny, as was already
mentioned it is determined via the measurement of the beam revolution frequency shift caused by
the electromagnetic interaction of the beam and target particles. It should be mentioned that this
procedure is only valid if the coasting beam is used without cooling. Details of this method are
discussed in Ref. [B], this provides the following formula for the target density determination:

C(1+y\1 1 Tdf
nT_< Y >77(dE/dx)mf02 dt (3.2)




Absolute measurement of the cross section for pp elastic scattering David Chiladze

Here T and fj are the initial values of the frequency and energy of the beam, and y = (1 — [32)*1/ 2
is the Lorentz factor. All three parameters are precisely measured for every experiment at COSY.
The stopping power dE /dx and mass m of the target atoms are well known and can be easily
obtained !. Therefore in order to deduce the absolute values for the target density it is necessary
to determine so-called frequency-slip parameter 1) and the beam revolution frequency shift d f /dt
during the data taking.
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Figure 3: Left and Right: Variation of the mean revolution frequency with the field strength in the bending
magnets in parts per thousand for 1.0 and 2.0 GeV beam energy respectively. The slope of the fitted straight
line yields the value of the momentum compaction factor & from which the 1) parameter is obtained. Centre:
Frequency-slip parameter 1 as a function of the energy of proton and deuteron beams. The experimental
points are the results of ANKE measurements during diverse beam runs. These are compared with curves
corresponding to the predictions of COSY lattice calculations. The shaded area shows the region with
|n| < 0.05 where the error in the energy-loss technique is unacceptably high.

The 1 parameter can be determined using the following relation:

n=——a (3.3)

where a is a momentum—compaction factor that can be measured by studying the change of rev-
olution frequency due to a change in the magnetic field of the COSY bending magnets [R]. If the
changes are not very large there is a linear relationship between the relative revolution frequency
shift (Af/ fo) and the relative change in the field (AB/By) expressed in the following form:

iff - ag’: (34)
Dedicated cycles were developed to measure the revolution frequency of the beam while chang-
ing the magnetic field in the bending magnets by few parts per thousand. Results of this mea-
surement for 1.0 and 2.0 GeV energies are presented on Fig. B, from which the 1 parameter is
determined using the eq. (B3). Final values of frequency-slip parameter for these two energies
were 0.0611+0.0006 and —0.0700 £ 0.0006 respectively. It is seen that for large values of AB/Bj
and Af/ fy relationship is not linear anymore and requires higher order terms in eq. (34). Fortu-
nately this is only relevant if the frequency shift produced by the target is similarly large, which
was avoided by limiting the target density in the experiment. Such settings allow one to determine
momentum compaction-factor by fitting only the linear part of the AB/By versus Af/ fo relation.

I'The stopping power is available from the database of NIST-PML: http: //www.nist.gov/pml/data/star
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This is confirmed by the good agreement between current values of the 17 parameter and theoret-
ical calculations together with our previous measurements [B] (see central panel of Fig. B). It is
important to mention that the 17 parameter has opposite signs for these two energies, which means
that the observed frequency shift during the experiment will have different signs. Fig. B shows how
the Schottky spectra developed during the cycle. Distribution shifts to the lower values when for
positive 1) and it moves to the higher values when 7 is negative.
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Figure 4: Left: Schottky power spectra obtained during one 300 s cycle and scaled to harmonic number 1
for 1.0 and 2.0 GeV energy, (left and right column, respectively). Although the data were recorded every 10
seconds, for ease of presentation, only the results from every 70 s are shown, starting from top to bottom.
The mean frequencies are indicated by the vertical lines. Right: The BCT particle current np, and mean
revolution frequency f for a sample machine cycle.

For the final target density determination one has to consider that the observed frequency shift
is produced not only by the beam-target interaction but also by the residual gas in the COSY ring
and its contribution must be subtracted. The measurement of this systematic effect was performed
using the dedicated cycles where the ANKE cluster target was on but the beam was steered away
from it. This allows to measure frequency shift caused only by the residual gas in the same condi-
tion as it is during the normal data taking, which then can be subtracted from the total frequency
change (when beam hits the target). Doing background measurements with the target on are nec-
essary because the target produces additional background in the ANKE chamber, which cannot be
measured otherwise [B]. The frequency shift caused purely by the target can be presented in this

ary - _ (4 (4
<dt)target B (dt>t0tal (dt )bg (35)

d d
Where <f> is the observed frequency shift during the usual measurement and <f) is
total bg

way:

dt
the frequency shift produced by the residual gas of COSY ring plus the effect from the ANKE

cluster target. The right panel of Fig. B shows the typical picture of the BCT and revolution fre-
quency during the experiment. The target density is produced for each cycle and the corresponding
integrated luminosity determined. Numerical results for the cycles presented in Fig. B are listed in
table 0. The total accuracy in the luminosity determination is roughly 2%, which is mainly defined
by the error in the measurement of the 17 parameter.
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Cycle | df/dt | Target Density | Integrated Luminosity
1 0.152 | 2.75x 10"%cm ™2 1.67 x 1033cm™2

2 0.151 | 2.74 x 10"%cm™2 1.76 x 1033cm =2

3 0.154 | 2.79 x 10"4cm ™2 1.81 x 1033 cm ™2

4 0.149 | 2.70 x 10"4cm 2 1.68 x 1033 cm 2

Table 1: Results of the target density and luminosity measurements for several cycles.

4. Preliminary Results

After determining the luminosity it is possible to measure the differential cross-section of pp
elastic scattering. For the current work only the data from the forward detector system were anal-
ysed. This contains information only about the forward scattered fast particles. The identification
of the reaction can be done using the missing-mass technique. Fig. B (left panel) shows the missing-
mass distribution for 7, = 2.0 GeV for different angular bins. There is a clear peak on proton mass
with no or very little background, which is well separated from the parasitic processes. This pro-
vides a clean identification of the reaction. Preliminary results of the differential cross section
together with the SAID prediction is presented on the right panel of Fig. B. The data look very
promising, though in the current analysis there are several experimental factors, such as detector
efficiency, that are not yet considered. The work is in progress and the final results with total errors
of better than 5% are expected.
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Figure 5: Left: Spectrum of missing masses measured for the pp — pX reaction at 2.0 GeV for different
angular bins (13 — 14°, 20 — 21° and 27 — 28° from left to right). The proton peak can be cleanly separated
from contributions from the inelastic processes. Right: Preliminary laboratory differential cross section for
elastic proton-proton scattering at 2.0 GeV. The curve shows SAID 2007 prediction [H].

5. Conclusions

First analysis presented in this work shows that ANKE is capable to provide robust pp elastic
scattering data in the energy region 7, = 1.0 — 2.8 GeV for the angular range 6., =5 —30°.
Results of this measurement proves that the luminosity can be determined with an accuracy of
2 — 3% using the Schottky technique, which gives the possibility to measure pp differential cross—
sections roughly with 5% accuracy.
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