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Abstract: Proton total cross sections have been measured for the nuclei 'H, ?H, “He, °Be, C and O from
180 to 560 MeV (610 to 1170 MeV/c). The standard transmission technique was used with a
resulting total error of 1 9; to 2 %, Statistical errors were small (< 1 %) and the major contribution
to the final error comes from uncertainties in applying the correction for Coulomb-nuclear inter-
ference in elastic scattering at small angles. For “He, °Be, '2C and !°0 this experiment also gives
new information on the real part of the spin-independent forward scattering amplitude for proton-
nucleus elastic scattering. Total cross sections have been calculated using a Glauber model approach
and poor agreement with the data is obtained, even for deuterium.

NUCLEAR REACTIONS 'H, H, “He, °Be, C, O, E = 180-560 MeV; measured o(E).
Enriched and natural targets. Glauber model calculations.

1. Historical preamble

The experiment which we are about to describe has already been discussed at
-length in a thesis by one of the authors (P.S.) which was printed as a CERN report !).
Here we shall not go into great detail on the experimental technique nor on the anal-
ysis of the data, but we shall extend the discussion concerning the difficult problem
of the systematic errors. We have also added data on °Be which were not included
in the earlier report. A preliminary account of our proton-proton results has already
appeared 2) but aslight correction to the data was made after this letter was published,
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and so the valu_&é given in the CERN report ') were slightly different. Since that report
was completed, it has become apparent that the Livermore phase shifts were not
suitable for the Coulomb-nuclear interference in pp scattering. Now, in 1978,
recent phase shifts and dispersion relations agree much better, so we have re-done
~ the data analysis for the pp and pd total cross sections and so we present here a third
(and final) set of values.

2. Inu'(_)duction

Total cross sections have been of considerable use in many aspects of particle and
nuclear physics. In the cases of proton-proton and proton-nucleus scattering at a
few hundred MeV, the measurements are important as firm normalizations in phase-
shift or optical model analyses. The corfidence in total cross-section measurements
stems from the simple experimental technique which is used, i.e. the method of
counting the fraction of particles lost by scattering from a target. Accuracies of
much better than 19 can be achieved in certain circumstances, but for the case
under discussion we shall see that difficulties exist at the level of 1 % to 2 %,.

This experiment was undertaken because there existed a serious discrepancy in the
total cross-section data for the proton-proton interaction between 500 and 700 MeV.
There were many old results *~'*) which were fairly consistent although errors were
at times quite large (2 % to 20 %) and normally the Coulomb-nuclear interference
correction had not been made, even though it varies between 1 % and 7 %;. Then the
high precision data of Bugg et al. ') were published with a relative precision of
+0.1 % and an absolute precision of +0.3 % for most measurements, except for the
lowest energy points which had slightly larger, but still impressive errors; i.e. at
516 MeV (1111 MeV/c) an absolute error of +0.6 % and at 656 MeV (1289 MeV/c)
an absolute error of +0.4 %,. However these points were, respectively, 9 % and 4 9;
higher than the general trend of the previous data. Now an experiment by Abrams -
et al. '3) confirmed the pp total cross section of Bugg et al. at 2.2 GeV/c (3.0 GeV) to
within 0.3 %, [although there was an inconsistency in the pd total cross sections which
was attributed in part to the problems of determining the density of liquid
deuterium '#4)]. It thus seemed advisable to make a check of these lower energy pp
measurements. After the completion of our experiment these two data points of Bugg
et al. were withdrawn. We might also note that a similar problem exists at lower
energies where the pp total cross sections of Goloskie and Palmieri ') between 70
and 147 MeV have been confirmed at 144 MeV by Cox et al. ') and at 68 MeV by
Young and Johnston !7) but are in serious disagreement with the value of Wigan
" etal. %) at 98 MeV.

The classical phase-shift analy51s Livermore X [ref. 1%)] provided pp and np
phase shifts up to 450 MeV. More recently this traditions has been continued by
the group at the Virginia Polytechnic Institute (VPI) and there are now available
analyses to 500 MeV for both pp (VPI 1) 2°).and np (VPI 2) 2*) phase shifts. Total
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cross sections were not used in the original Livermore analyses but when our results
became available they were incorporated in the data bank and the published VPI
analyscs include our data, however the impact was minimal because of the large
number of other cross-section data already included.

- For all published analyses, the values of & = Ref{0°)/Imf{0°) disagreed with
dispersion relation calculations. Recent phase-shift analyses at both Saclay 22) and
-VPI 23) are fairly different from the older versions and in much better agreement
with dispersion relations and with each other. We have therefore used these new
and as yet unpublished solutions to correct our data for the difficult extrapolation
through the region of Coulomb-nuclear interference. The uncertamty in this correc-
tion remains as one of the largest errors.

We were also able to measure proton total cross sections for other light nuclei.
When we started our experiment, there were few accurate nucleon-deuteron cross
sections in our energy range, although new results for total nd cross sections from
the Princeton-Pennsylvania Accelerator (PPA) have since been published 24-25),

For the case of helium, no total cross-section data existed at a few hundred MeV
for either neutrons or protons and our proton data are still the only ones available.
For the nuclei beryllium, carbon and oxygen, there were many reasonable neutron
total cross sections but few proton measurements and it was felt that some new
proton measurements would make an interesting comparison with the neutron data,
as well as providing a valuable check on the way we made the Coulomb-nuclear
interference correction. Proton and neutron cross sections on I = 0 nuclei (*H, *He,
C, 0, etc.) should be equal if charge symmietry of nuclear forces is valid, except that
the Coulomb repulsion between the proton and the nucleus causes two effects: (i)
the reduction of the effective energy in the scattering; (ii) a distortion of the incoming

~ wave which reduces the cross section. These effects are small in our case but are
several percent and easily observed for = total cross sections near the (3, 3) reso-
nance 26:27). Now there are other tests of charge symmetry which are slightly more
sensitive and these have recently been reviewed by Henley 28). These tests show that
charge symmetry holds to about 1 %. However we shall show that our results will
provide useful supporting evidence at the level of about 5 9. :

We also attempted to measure the proton total cross sections for aluminium and
copper but the Coulomb associated corrections, especially the Coulomb-nuclear
interference correction, are so large that the results are not very valuable and so we
have not included those data. It is still possible, however, to measure the total reaction
cross sections in this energy region 2°) and this can then be combined with a measure- -
ment of the differential elastic scattering in a complete optical model analysis.

Glauber theory has been very successful in describing elastic scattering at small
angles for high energies. It is interesting to investigate the validity of this model at
lower energies where one would not expect the assumptions, which are made, to be
correct. Surprisingly the model still works for the scattering of 100 to 300 MeV
pions on nuclei. Very little has been done in nucleon-nucleus scattering at inter-
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mediate energies, since the theory becomes more complicated when spin effects have
to be considered. [Calculations have however been made using the Watson multile-
scattering optical potential °).] We have attempted to calculate the proton total
cross sections on *H, *He, C and O, with Glauber theory making the simplest possible
assumptions, and have then compared the calculations with our experimental data.
The comparison shows that nucleon-alpha scattering is the most problematical, and
that when that is understood the “3« and “‘4a’ nuclei of carbon and oxygen will be
understood as well. '

Forward dispersion relations (FDR) in nucleon-nucleus scattering provide a
powerful tool for exploring the unphysical region of such a system, provided that
experimental total cross-section data and real parts of the forward scattering
amplitude are available. In particular FDR at intermediate energies are sensitive to
meson exchange processes. Locher 3!) has performed an extension of a low-energy
FDR analysis on *He to intermediate energies using our helium data.

3. Experimental technique |
The experiment was carried out in the Proton Hall of the 600 MeV synchrocy-
clotron at CERN. The configuration of the beam transport is illustrated in fig. 1.
For most of the experiment we used a parasitic beam called the scattered out proton
beam which is available through the normal extraction channel when another user is
producing pions from an internal target. To obtain lower energies, a degrader of

" Fig. 1. Experimental lay-out at CERN SC.
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boron carbide (B,C) was used. It was chosen because of its low Z, high density

(2.5 g/cm®) and low residual activity (apart from the 20 min !'C which quickly
decays). For proton energies lower than 400 MeV, it was necessary to utilize the

 shared proton beam. This is a full energy beam (~ 590 MeV) which was degraded
and had an intensity which was kept at a few percent of the maximum available in
the normal extracted beam.

After the degrader, the proton beam was refocused (sometimes defocused) by two
quadrupole lenses, collimated in the shielding wall, analyzed in a 25° bending magnet
and then defined with two counters, A and B, in coincidence. These plastic scintil-
lation counters were 3 cm in diameter, 3 mm thick and placed 3 m apart.

TaBLE 1
' Target parameters
Element 'H H- “He ‘Be C O (H,0)

Target length / (cm) 75 35 75 5 5 8.7
Alfl (%) ) 0.2 03 02 -~ o0l 0.1 0.25
Thickness th (g/cm?) 53 59 9.3 9.3 9.2 8.7
Athjth (%) + 0.21 0.5 0.21 0.1 0.15 0.3
Absorption (%) at 200 MeV 7 10 13 14 12 12
Energy loss (MeV) at 200 MeV 52 25 37 4 38 40

All targets had absorptions ranging from 8 % to 15 %, the target-out absorption
being always about 1.5 9;; (details are given in table 1). The cryogenic targets (H,,
D, and He) consisted of metal cylinders, 16 cm in diameter, with 0.25 mm thick
mylar windows at both ends. Concentric copper cylinders with 15 cm diameter were
mounted inside the liquid, and prevented bubbles produced on the outer walls from

- traversing the useful portion of the target. Thermal screens at liquid-nitrogen
temperature surrounded- the target at half distances to the cryostat vessel; these
reduced the heat input considerably, resulting in an evaporation loss of liquid H,
and He of 0.1 litre/h and 1 litre/h, respectively.

Target densities were determined by measuring the vapour pressure of hydrogen
and helium immediately above the liquid, and converting it into densities by means
of tables 323 %). The temperature of liquid deuterium was measured with a hydrogen
gas thermometer, which was mounted inside the liquid, immediately above the target
container. The observed temperatures varied between 21.4 K and 22.3 K, depending
on whether the liquid hydrogen reservoir (20.4 K), the condenser of deuterium gas,
was completely full or almost empty.

The detection system consisted of seven circular transm1ss10n counters, S mm thick,
mounted on a trolley. The counters covered solid angles in the sequence 1, 2, 3, 4, 5,
7,9, the smallest and largest counters being 15 and 45 cm in diameter, réspectively.
The whole assembly could be displaced on rails along the beam line.
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The fast electronics consisted of standard NIM shapers and coincidence units and
a SEN 300 scaler system (100 MHz). The pulses from the NIM shapers were between
4 and 6 nsec long, giving a resolution time in the coincidence of about 10 nsec. For a
preselected number of monitor counts M = AB, all coincidences ABT;(i=1,...,7)
were recorded simultaneously. A small counter E at the very back of the transmission -
counter assembly in coincidence with the monitor M measured the efficiency
e = ABT,E/ABE in the centre of each counter T,. For data taking it never dropped
below 99.9 9. The accidental counts never exceeded 0.2 9 of the real coincidences.

Efficiencies and accidental rates are sensitive to the intensity and duty cycle of
the proton beam. The typical duty cycle of the proton beam was about 10 %; and
intensities of less than 1000 protons/sec in AB were used to obtain the highest
efficiency and the lowest accidental rate.

For each element and energy, transmission experiments were performed for two
different distances between target centre and transmission counter array. This
allowed us to cover the full interval of interest:

0001 < [t| < 0.01 (GeV/c)>.

It also provided a cross check for systematic effects in the partial cross sections when
different transmission counters covered the same solid angle Q.

Many tests were carried out in order to identify possible systematic errors. In
particular, careful attention was given to any change of background absorption
between target “in”* and “out” measurements. To investigate this, we doubled this
background absorption by inserting additional material in the beam line, in one
case between counter B and the target, and in another test immediately in front of
the transmission counters. Any systematic change in partial cross sections fell
within statistical errors and therefore was negligible.

However, the background absorption, being different for each transmission
counter T,, depends on the kinetic energy of protons hitting the transmission counter
array, and can be different for target “in” and “out™ since the target itself causes an
energy change. A usual target “out” experiment was compared with a background
absorption obtained by degrading the proton beam in the SC machine hall with an
additional block .of material giving an energy loss equal to that of the target. We
found that the correction to the partial cross sections was negligible for the smallest
transmission counter, which was closest to the target, but increased towards the big
counters. This is probably due to the energy dependence of secondary reactions in
the counter array. A small correction (< 0.3 %) was applied.

As a simple method of deriving the mean energy of the proton beam, we used the
differential range curve technique. The mean kinetic energy of the proton beam is
found from the position of the stopping peak using range-energy tables and can be
determined to within +2 MeV. We used the range-energy tables of Serre *#) which
agree to within the claimed error with those of Janni *%) and of Barkas and Berger *¢).

In order to get an idea of possible systematic errors in the range-energy method,
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we perfofmed a floating-wire experiment in the bending magnet. A systematic
discrepancy of at most 3 MeV was observed between the floating-wire technique
and the range curves.

4. Data evaluation

As Coulomb and Coulomb-nuclear interference scattering cross sections are in-
finite at zero angle, corrections for these effects must be applied before making the
extrapolation to zero solid angle. Thus we correct all the measured partial cross
sections in the following way. The fraction of protons which were scattered outside
'~ the solid angle by single, plural and multiple Coulomb scattering was calculated
and the correction applied to each partial cross section ¢(£2). The Coulomb-nuclear
interference effect and the extrapolation to zero solid angle were treated differently
for the lightest nuclei (‘H and 2H) and for the complex nuclei (He, Be, C, O).

Now the cross section for the elastic scattering of protons off nuclei is given by

@)@l @@ o

(C = Coulomb, N = nuclear, I = interference), where

do .
(E)l = 2(Re f- Re fy+1m f. Im f},), (lb)
where fy, the nuclear amplitude is approximated by
fu= EaT(l — io)et?™ (lc) -
JN 4x > . : )
and f. is given by
fe= = o P [-iFOL (1d)

where nc = (Z/B) (€*/hc), by is the Bethe phase 1), and F(1) = exp(—LiR? l#]), the
form factor. Values of R and y? are listed in table 2. '

TABLE 2

Parameters used in correction of data for extrapolation

Target 'H 2H “He Be . 1c e
R (fm) 3 2.8Y) 1.67 %) 2.15 249 . 2.54
y? (GeV/c)? 27 60 70 . B4

*) The form factor in the pp data evaluation was neglected.
*) Franco and Glauber %4). .
) Frosch et al. 3).

9) Bethe 7!).
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Since f is essentially real, RefcRefy provides the dominant contribution to the
interference correction. This is true as long as the quantity « = Refy/Imf}, is bigger
than [0.02|. However, Refy is, at present, poorly known in the energy region we are
considering. Of course Im fy is known from the optical theorem. Now is is easy to
show that '

aa_TZ

Re f Re fy o @

The Z-dependence tells us that any structure in the Coulomb corrected partial
cross sections will be easier to detect in the heavier elements. Since we took partial
cross sections at many angles, we have effectively measured the integrated differential
elastic scattering cross sections throughout the Coulomb-nuclear interference region.
Because of the unique ¢ (or 6) dependence of the interference effect it is possible to
extract o from our data. Since the precision of the partial cross sections in this ex-
periment is limited to 0.3 % by statistical and systematic errors, it was possible to
extract « for only He, Be, C and O.

A similar discussion of Coulomb-nuclear interference effects has been made
recently by Cooper and Johnson ?2) but their methods are needed for rather extreme
cases where the effects are very large, thus they take as an example the scattering of
50 MeV pions off lead. For our case their method reduces to the present technique
of polynominal extrapolation.

Fig. 2 shows a typical example of the extrapolation technique.

Extrapolation for 0y, (p He) at 273 MeV

p*He cross - section (mb)

B 1 | 1 1 1
[¢04/] Q005 Q0
momertum transier squared [t| [Gevicy]

Fig. 2. Typical extrapolation for p*He data where o, is the experimental datum after it has been
corrected for single and multiple Coulomb scattering.
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Exirapolation for dy (pp) at 268 MeV

a: Coulomb correction
b: Coul- nuclear interference correction

solid angle @ (ms¥)
Fig. 3. Typical extrapolation for pp data.

For the analysis of the hydrogen and deuterium data we calculated the interference
term using the nucleon-nucleon phase shifts from the Saclay analyses 22), and a
typical extrapolation is shown in fig. 3.

- To illustrate the reason for the change in the Coulomb—nuclear interference
correction from the CERN report we show in fig. 4 the values of a given by several

phase-shift analyses as well as those from the dispersion relation- calculation of

Grein 37).

We see that in our energy region the values of a,, from phase-shift analyses
have increased considerably with time. The Livermore analysis has the lowest value,
the published solution VPI 1 is intermediate and the latest unpublished solution
VPI 3 is highest, but now there is excellent agreement between this new analysis, the
Saclay analysis and the dispersion relation calculation of Grein. We note that the
recent analyses include many more experimental data, in particular the differential
cross-section measurements of proton-proton scattering at small angles made by
the Geneva group at CERN *®) and so the values of « should be much more reliable.
Less information is available for np scattering but we have assumed that the Livermore
np analysis is also low and have therefore used the only other avallable values, those
of Grein 37).

The nuclear scattering of a proton on a deuteron can be described to a good
approximation with multiple scattering theory, provided that the energy of the
- incident proton is high enough, i.e. the de Broglie wavelength 4 is small with respect
to the r.m.s. radius R of the deuteron. This condition is satisfied in our energy region

A~02 < R~ 28fm.
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Fig. 4. Values of a = Ref(0°)/Imf(0°) for nucleon-nucleon scattering at a few hundred MeV. Note that

the recent pp phase-shift analyses 22+2%) agree with the dispersion relation calculation of Grein 37), but

are significantly higher than the published VPL 2% and Livermore !%) analyses. We use the Saclay

analysis for the pp Coulomb-nuclear interference correction. Note that between 600 and 800 MeV
there are four Saclay solutions.

"In the very small angle scattering limit, the incident proton has a large impact
parameter and therefore essentially scatters from one nucleon only. According to
the impulse-approximation, the spin-independent single scattering pd amplitude is
the coherent sum of the Coulomb amplitude f. and the spin-independent proton-
proton and proton-neutron amplitude f,, and Jon Where £ still contams Coulomb
phases: ‘

9 = (et fop Ho)F (), ' .3

where H(#) is the deuteron form factor, which is assumed to be equal for f. and
Jop (fon), and which drops very fast with increasing |¢| because of the weak bmdlng
and the relatively large distance between the two nucleons in the deuteron.

In this approach f interferes with

Joa = JoptSow @
resulting in an interference cross section
do I |
(—) (pd) = 2Re (fef;)F2. (5)
dQe),

The amplitude f,,, also was obtained using Grein’s value for . «,, is given later
in table 4. _ .
We shall see that the interference correction dominates all other problems both
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in the statistical fitting of the various functions, but more important, in-the basic
formulation of the fitting procedure. This is true for all the nuclei herein described,
though the details of this interference correction are quite different for the three
cases, hydrogen, deuterium and light complex nuclei.

However we shall briefly discuss the other errors to illustrate the potential accuracy
of this type of experiment. Fairly minor contributions come from counting statistics
(0.2 %), stability of the efficiency of the scintillation counters (3-0.05 %), accidental
coincidences (40.1 %) uncertainties in the background correction (+0.15 %) and
target length (+0.2 %) (except for deuterium where we take +0.5 9 because of the
temperature uncertainty). The energy measurement when converted to an error in
the cross section is normally negligible (< 0.2 %), except for the energy region
between 400 and 600 MeV where it reaches +0.3 9 for the pd cross sectlons and
10.6 9 for the pp cross sections.

For the Coulomb-nuclear interference correction for the pp and pd case we shall
take the correction from the Saclay phase shifts. We shall assume that the error on
this correction is the difference between the cross sections obtained in our CERN
report ') (using the Livermore phase shifts) and the present values, i.e. 0.8 % de-
pending somewhat on the energy for the pp case and about 0.5 %, for the pd case.

For the nuclei “*He, °Be, C and O the error on the interference correction depends
on two factors; uncertainties in the parameters used in the analysis and statistical

_errors in the fitting procedure. We take thée following parameter unoertamtles

kinetic energy of proton: O0E = +2 MeV,
r.m.s. radius of the nucleus: 6R/R = +109%,
slope parameter in elastic cross section: oy = +20%.

We obtain the following systematic errors:

+0.13, at 200 MeV
1+0.07, at 550 MeV.

The statistical errors in the fitting procedure are typically as follows:

dor _ +0.6%, 5a={

Ot

= +(1to3)%, da = +(0.1 to 0.15).

T

5. Results and discussions

We present our results both numerically in tables 3 to 8 and graphically in figs. 5-11.
We include the data for the proton total cross sections on '*H, 2H, “He, °Be, C and O,
together with the ratio of the real to the imaginary part of the proton nucleus forward
scattering amplitude. Previous experimental data plotted in the figures have been

* taken from various compilations 3 *6~*°) as well as data missed by, or post-dating
: such compendJa [refs 16—18, 24, 25,40— 47)]
In fig. 6 [o(pd)] we have included only the most reoent data because they extend
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TABLE 3 |
Results for pp total cross sections

Lab ’ Lab or{(pDp) Statistical Total error

&

kinetic energy momentum (mb) error +é0 Aac,g )
(MeV) (MeV/e) _ +60., (mb) (mb) (mb)
179.0 607 24.20 0.12 0.24 1.65
267.5 757 23.85 0.10 023 0.90

3425 872 24.55 0.10 0.23 0.58 -
388.0 - 937 25.70 0.10 0.23 0.50
406.5 963 26.50 0.10 0.23 0.40
439.5 1009 2795 0.14 0.29 0.35
502.5 1093 31.25 0.15 0.34- 0.28
513.5 1108 3195 0.19 0.36 0.27
555.0 1162 3480 - 0.24 0.39 - 0.22

*) Aoy, the interference correction, i.c. the difference between the quoted value of oy and the value
obtained when no Coulomb-nuclear interference correction is made before extrapolation.

TAl_;LE 4

Results for pd total cross sections and the resulting Glauber correction together With the np cross section
) used in the calculation

Lab . Lab " oy(pd) Total error T Glauber
kinetic energy momentum (mb) + oo Oy : (m"b") correction *)
(MeV) (MeV/c) (mb) Ao (mb)
227 691 63.2 0.7 0.76 42.0 25415
275 769 60.8 0.7 0.54 38.6 1.5+1.5
348 880 59.9 0.7 0.26 34.0 —1.1+1.5
412 971 61.3 0.7 . 0.10 338 —0.7+1.5
422 985 61.3 07 0.09 33.8 —05+1.5
483 1067 64.6 0.7 0.05 34.0 —L1+1.5
560 1168 - 69.4 0.7 0.00 354 - 09+15

*) Error for the Glauber correction is dominated by discrepancies in o(np), see fig. 12.

TAB.LE 5
Results for the p*He total cross sections

Lab Lab o Total error . v ;‘a -
kinetic energy momentum ( m{)) + bo, o+da (smoothed (mlt;)
(MeV) (MeV/c) S (mb) curve)
224 686 106.3 1.3 0.48+0.17 0.73 109
273 765 105.7 1.3 0.5240.18 0.52 106
345 . 875 106.8 1.1 0.294-0.16 0.30 107
413 ‘ 972 110.8 1.2 0.17+0.18 0.20 111
430 996 112.8 1.0 0.1610.16 " 018 113
491 1078 - 117.6 1.5 0.1410.24 0.10 117
563 1172 123.7 0.9 0.09+0.14 0.02 123
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TABLE 6
Results for the p?Be total cross sections

Lab " Lab o Total error
kinetic energy -momentum ( ml:) + b0 adtda
(MeV) MeV/c) (mb) .
225 668 . 235.7 .52 0.64+0.18
279 776 229.3 : 4.8 0.50+0.16
350 ' 883 2315 3.8 0.36+0.14
394 946 238.6 34 0.2840.13
445 1016 244 4 34 0.20+0.12
466 1045 248.0 3.1 0.17+0.10
518 1114 254.0 _ 2.6 0.13+0.10
557 1164 259.3 25 ' 0.11+0.09
TABLE 7

Results for the p'2C total cross sections

Lab Lab : Total error o o

kinetic energy momentum - ( :;{’) +d6; ~ atda (smoothed - (:J;) _
(MeV) MeV/e) (mb) : curve)
191 . 627 282 9 0.4440.19 0.78 305
223 684 275 12 0.35+0.29 0.65 290
277 772 283 4 0.501+0.11 0.46 281
306 817 288 6 047+0.19 0.38 284
348 880 286 6 0.2940.18 0.30 286
349 881 283.5 3 0.2140.09 0.30 286
372 - 914 297 45 0.3810.14 0.26 293
392 944 300.5 4 0.3910.12 0.22 : 295
41 101i 298 5 0.1140.14 0.16 299
453 1027 302 7 0.101+0.19 0.14 303
456 1031 301 7 0.09+0.14 0.14 304
467 . 1046 308 4 0.11+0.10 0.13 309
497 ) 1086 314 8 0.141+0.15 0.09 312
- 506 1098 313 4 0.06+0.09 0.08 . 314
. 518 1113 319 4.5 0.161+0.09 0.07 315
553 1159 323 10- 0.03+0.16 0.04 324
559 1167 327 6 0.1110.12 0.03 322
463 1041 301 8" 0.2110.14 0.13 299
502 1093 313 5% 0.06+0.09 0.09 318
550 1155 323 1% 0.00+0.16 0.04 . 324

*) Data measured with CH, target; evaluation similar to that for oxygen.

over larger energy ranges, and are of higher precision. In figs. 10 and 11 we distinguish
simply between the proton and neutron cross sections on carbon and oxygen in
order to get an impression of the validity of charge symmetry.
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TABLE 8

Results for the p'®O total cross sections

Lab Lab o Total error o g
kinetic energy momentum (mb) +do; atdx (smoothed (m{))
(MeV) (MeV/c¢) (mb) curve)
190 627 387 30 0.78+0.31 0.87 394
222 682 386 15 0.7440.21 0.67 380
276 770 360 7 0.50+0.12 0.46 357
348 880 367 6 0.36+0.12 0.30 364
392 943 377 6 0.2410.11 - 0.23 kyy)
442 1012 381 6 0.1240.11 0.16 383
516 1111 397 4 0.10+0.08 0.07 397
558 1165 411 7 0.0440.09 0.03 410

5.1. PROTON-PROTON DATA

In fig. 5 our pp total cross-section data are compared to other data as well to the
three phase-shift analyses VPI 1 [ref. 2], VPI 3 [ref. 2%)] and Saclay ?). The
agreement with the analyses is good, especially VPI 3. We have plotted the total
cross section extrapolated to zero solid angle. For low energies it is common to
quote the total elastic cross section for angles greater than a certain value, often 12°
as this angle is in the middle of the interference dip. For consistency in the diagram

p-p total cross-section (mb)

40l

' L
— VPI
—-VPI

T
]
3

e Saclay 1978

i

»
*@x@ar oo o

Chamberiain etal { 1954) ]
de Carvalho (1954)
Dzhelepov et al (%955}
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Longo et al {1959)(1962) —
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Cox et al (P67)
Wigan et al (1968)

Present experiment
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Fig. 5. Total cross-section data for PP compared to three recent phase-shift analyses. Note that the data of
Bugg er al. at 516 and 656 MeV (circled) have been withdrawn. The data of Wigan and Cox have been
.corrected to give the total cross section.
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( Optical model

we have therefore corrected the results of Cox et al. 1) at 144 MeV from 24.0 to
25.7 mb (+7 %) and the result of Wigan et al. 18) at 98 MeV from 28.5 to 30.8 mb
(+8 %). These corrections were estimated from-phase-shift analyses at nearby ener-
" gies, not the exact energies, and have an uncertainty of 1 or 2 %.

~ We agree with most of the previous measurements of the pp total cross section
although many of them are 5 to 10 times less accurate. However we disagree with
the datum of Bugg et al. '2) at 516 MeV by about 2.1 mb (7 %) of which approximately
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0.45 mb is due to the difference in the interference correction. Bugg ef al. based their
correction on older versions of forward dispersion relations. We have preferred to
use a more phenomenological approach using phase-shift analyses but these two
methods now agree quite well. We note that Bugg has recently withdrawn the two
lowest energy points (516 and 656 MeV) because of some problems in the extra-
polation procedure 3%). The other points are still valid and are in excellent agree-
-ment with other high-energy experiments.

5.2. PROTON-DEUTERON DATA

In fig. 6 our pd data are presented together with the most recent measure-
ments '2-2%-44) of other nucleon-deuteron total cross sections in our energy region.
We note that there is excellent agreement between our results and the nd data of
Devlin et al. 2°). At higher energies however their data are about 1.2 mb lower than
the pd data of Bugg et al. 1?) but, as we have already noted, at 3 GeV/c the pd data
of Abrams !3) are also below the data of Bugg et al., by a similar amount. We have
performed some Glauber model calculations to attempt to fit the data and we shall
discuss these later with the other nuclei.

5.3. PROTON-NUCLEUS DATA

Because of its effect on the total cross section we shall discuss, first of all, our values
for «. We compare them in fig. 7 with the values of ayy from the dispersion relation
calculations of Grein and we see that the general trend of the points is followed quite
well. Because there is a considerable scatter amongst our points, especially below
300 MeV, it seemed wise to use a smoothed value of a. To anchor the curves at about
150 MeV we have used the optical model analyses of Schwandt 4®) together with the
analysis of small angle proton nucleus scattering by Cromer and Palmieri *°), later
improved by Jarvis *°) and again by Jarvis et al. *!). For completeness we also give
the results of optical model analyses of helium at higher energies 52 54). As there is
a significant trend for o to be smaller for heavier nuclei we have used two curves
below 300 MeV, the upper one for helium and the lower one for all the other elements.

Now in the Born approximation [see Schiff 3)]

3
a=Re_f(Oi)=V’l;=ﬁ, ©)
: Im f(0®) Wr} J;

where ¥ and W are the depths of the real and imaginary parts, respectively, of a
square well potential of radius r; J; and J; are the volume integrals of the real and
imaginary parts of the potential. We give in table 9 the results of these analyses and
it is clear that although relation (6) holds approximately at higher energies for
helium, around 150 M€V it is not adequate for our purposes and the value of o
must be calculated correctly. We note that some optical model analyses such as
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TABLE 9
Values of « from analyses of differential cross-section data

Proton energy _ Ref(0°) Jr
Author Element (MeV) o= W 7,
Cromer and Palmieri 4°) He 140 1.23
Be 140 0.90
C 140 . 0.92
Al 140 0.71
Schwandt %) Si 80 0.74 3.60
Si 135 0.85 1.83
. Si 155 0.93 2.10.
Schwandt *%) Ca 80 0.51 3.00
: Ca 135 - 0.68 1.76
Ca 160 0.72 1.6_7
Ca 181 0.78 1.70
Clark 54) ’ He 561 —-0.167 —0.193

He 1029 -0.279 ~0.286

that by Ingemarsson and Tibell °6) do not have a consistent trend for Je/Jy as a
function of nuclear mass, so some caution must be used.

It is important to remember that o can be of interest itself. Ray and Coker 37)
have investigated nucleon-nucleus scattering and they find that a is a good indicator.
Eckart and Weigel *®) have also. studied optical model potentials in this energy
- regionusingdispersion relations and the real part of the potential isagain problematic.
The total cross-section data are plotted in figs. 8-11 and compared to previous
. proton and neutron data. For helium there are no data at a few hundred MeV,
although we can note reasonable continuation to the neutron-helium data between
77 and 151 MeV [ref. **)]. The proton-helium total cross sections of Palmieri and
Goloskie *°) still seem a little low. .

For beryllium there is a slight discrepancy. As o{(nn) is about 10 mb less than
gr{(np) in our energy region, it is reasonable to expect that the total cross section for
neutrons on °Be should be a few mb lower than for p°Be. Our data agree well with
older proton measurements and are systematically a few mb above the old neutron
data. However the recent neutron data of Schimmerling e al. 4% *7) lie significantly
above our data (~ 10 mb) which is somewhat disconcerting. Because of this dis-
crepancy between the data, we strongly recommend a remeasurement of the neutron
cross sections. Note that fig. 2 of ref. #5) illustrates how this discrepancy between
Schimmerling et al. and older data is there for only Be, Cu and U, and not for the
other nine elements. We feel that this problem is well worth a reinvestigation becaus.
it reflects on the comparison we make for charge symmetry.

For carbon and oxygen our data agree with prevmus proton as well as neutron
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cross sections. It is interesting to note that the present proton data are as accurate
as the neutron data in this energy region even though a measurement of total neutron
cross sections is intrinsically easier.

5.4. CALCULATION OF oy BY GLAUBER THEORY

Multiple scattering theory has been applied extensively during the last few years
and successfully describes the structure of pion- or proton-nucleus differential cross
sections at high energies, in the limit of geometrical optics

kR > 1,
where R is the r.m.s. radius of the nucleus, and & is the beam momentum. Wilkin °°)
has investigated the low-energy region where the model would be expected to break
down. He performed calculations with pions of 100-300 MeV on isospin-zero
nuclei such as He, C, O; kR is then of the order of 2. Surprisingly, the model still
works reasonably well.

A somewhat different situation arises when scattering nucleons on nuclei. At
medium energies (150 to 1000 MeV or 550 to 1700 MeV/c), spin effects, which are '
usually neglected in the theory, are very important when calculating differential
cross sections at small scattering angles. However, it seems worthwhile to calculate
the forward scattering amplitude. The imaginary part is related by the optical
theorem to the total cross section and can be checked directly by experimental data.
The energy region above 1 GeV has been investigated by Franco °*) using Glauber
theory and he obtained very good agreement with experimental data. It is interesting
to note his calculation-of o which he finds to be closer to zero for heavier nuclei, in

- agreement with the data of Schwandt below 200 MeV [ref. *)].

Measured total cross sections as a function of energy E show a minimum around
300 MeV ; the rise towards high energies is due to the onset of pion production. We
have checked whether the theory is capable of reproducing the position of this
minimum as well as the general shape of 6(E) in H, He, C, and O.

With the simplest possible assumptions listed below, the total cross section is
given as a sum over A multiple scattering terms °2):

. A
ouB) = 2 [1+2 B ( )( o [27tr2[1+2r'2 Z(E)]]m
| xRe[1-i(BI" (1)

A(A-1) g% o : .
- 8
T e R AR ®
where A is the number of nucleons in the target nucleus. [The notation differs slightly

from that in ref. 62) in order not to mix the variables in this paper.]
The input quantity in the theory is the isospin averaged spin-independent nucleon-

= Ao —
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nucleon amplitude when one is calculating the scattering of nucleons on an isospin-
zero target:

Sun = A fppHfon) = 3 = D+1fT = 0), ®

which is approximated by an exponential in ¢:
S = %o(E)[ll—ia(E)]e""E’*" \ - 10,
where o(E) is the isospin averaged NN total cross section and
@ = ony = Re fip/Im fiun,

y? = slope parameter.

The target is considered to be a pure s-state nucleus, i.e. each nucleon has an
harmonic oscillator wave function in the s-state with respect to the c.m. of the
nucleus. Assuming no correlations between the nucleons, the density function of the-
scatterer A is factorizable:

1\
plry .. ’A) P("1) plry) = (F) CXP{ [ Z "2]} (11)
where r is related to the r.m.s. radius R of the nucleus by
= 2R? (12)

(R-values are listed in table 2).

Total cross sections on ?H, He, C and O in the energy range 1502000 MeV
(5502800 MeV/c) were computed with the following input data:

(i) Isospin-averaged total nucleon-nucleon cross-section or(NN): Fig. 12 shows the
actual experimental situation for nucleon-nucleon total cross-section data. For pp
scattering at low energies (< 400 MeV) we used the values obtained from the VPI
phase-shift analyses since they agree with our pp data. At higher energies we took
the precise and most recent Cambridge-Rutherford (CR) pp data of Bugg et al. 12).
For the np case we drew a smooth curve through the low-energy data of Measday
and Palmieri **). and the Princeton (PPA) np data 24:2%), The faint d'ip in the np-

cross section at 900 MeV is due to the minimum in o, (7= 0).

(i) any. As the calculation was performed before Grein’s results were available,
we used the “smoothed” curve a(E) in fig. 7 up to 600 MeV .and zero above. Now this
could be improved a little but as ayy influences only the higher-order terms in eq. (7).

~ we have not redone the calculations as the total cross-section calculation is not very
sensitive to a as long as |¢] is small with raspect tol:
example: oy(He) at 600 MeV,
a=0, or=1189mb,
la| = 0.3, &r = 120.2 mb.
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Fig. 12. Averaged total cross sections for nucleon-ntcleon scattering. These data are used in the Glauber
model calculation. )

(iii) Slope parameter y?: The slope parameter y* at zero momentum transfer has
been taken from phase shifts up to 450 MeV. At higher energies a mean y? ~ 0.3 fm?
fits experimental data compiled by Lasinski ez al. 6%) rather well.

The results of the calculations are plotted in figs. 6, 8, 10 and 11.

" o4(pd) (fig. 6): in this case formula (7) reduces simply to
. B 1 X 2 n -2
04 = 20— EO’ (l—a )m
Instead of using c.m. coordinates to locate the position of the nucleons in the nucleus,
the deuteron can be described with one coordinate only, the separation s of the two
nucleons. Assuming again a Gaussian-type density distribution in s, the parameter
r~2 in eq. (13) equals the expectation value of the inverse square separation 5%):
r2=«("%. '

13)
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At low energies the impulse approximation (IA) fits the data almost perfectly.
In any case, the double scattering correction is small (£ 2 %) because both y* and
o increase towards low energies and therefore suppress the second term.

Furthermore, the charge exchange contribution can easily be taken into account by
replacing o in the double scattering term by

2
OppOnp— HOup— 0y - : (14)
charge exchange term

It reduces this term by about 20 9 at 200 MeV, 6 % at 400 MeV, and has no effect at
560 MeV where 6,,, =

At high energies we are faced with the situation where the nd data from the PPA
group disagree by more than 1.5 % with the pd data measured by the CR group.
A recent measurement *3) of the pd total cross section at 3 GeV/c yields a result
which is lower than the CR set by 1.2 mb; thus we conclude that there may be a
systematic error of this amount in the CR data. The nd and pd cross sections should
be equal if charge symmetry is valid. We have varied the parameter {s~2) and found
that{s™2) = 0.2fm~2fits the CR data remarkably well. Itneeds avalue of 0.33 fm 2
in order to come closer to the PPA data. However, the over-all agreement in the whole
energy region is much worse. The correct value for the mean inverse square separation
{s~2) is still not known; it may vary between 0.2 and 0.4 fm~2 [refs. 12-65)].

Other Glauber model calculations have been made by Devlin et al. 2°) and by
Alberi and Gregorio 8). To illustrate these calculations more clearly we use the
relation :
' Oy = 04yt 0,,— 40, ' (15)

where Ao is thus the shadow correction of Glauber, i.e. the second term in eq. (8).
In fig. 13 we illustrate our experimental values for Ao using our pd and pp cross
* sections together with np values taken from the literature 3:2%). Details are included
in table 4. We illustrate the calculation of Alberi and Gregorio which gives results
which are similar to our own and those of Devlin et al. We see that Ao is calculated
to be between 3 and 4 mb in our energy region whereas experimentally it is consistent
with zero. The Fermi motion of the target nucleons was not included in the original
calculations and this tends to fill in the dip in o7 at 300 MeV by about 1 mb and we
have given an indication of this correction in fig. 13 as well. There is still however a
discrepancy of 2 or 3 mb which remains unexplained.

o, (p*i', C, 0) (figs. 8, 10 and 11): The comparison of our Glauber model
- calculations with experimental data shows three important facts:

(i) The depths of the minima of the calculated total cross sections equal the ex-
perimental minimum values, which is remarkable since the multiple scattering correc-
tions compared to the impulse term (IA) are as large as 20-30 %,.

(ii) The multiple scattering terms shift the minimum of the NN total cross section,
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Fig. 13. Calculation of the Glauber shadow correction for the deuteron ie. o,y = 0,,+0,,—40. Cal-
culations are those of Alberi and Gregorio 5¢).

which is at 335 MeV, towards higher energies. This experimental minima, however,
are at lower energies (280-300 MeV) and disagree with the theory by 70-100 MeV.
The same theoretical approach predicts a shift towards lower energies for the n-
nucleon (3, 3) resonance in n-nucleus total cross sections ®7), which is observed
experimentally. :

(iii) The theoretical curve has roughly the correct shape as a function of energy,
and agrees fairly well at higher energies where any structure in NN total cross
sections disappears.

To try and understand the discrepancies we have considered the '2C and 90 -
nucleus to be composed of three or four a-particles, respectively, and have introduced
into the Glauber formalism a p*He amplitude similar to the expression (10). We used
our experimental ¢, and a-values for p*He, whereas y* ~ 1.05 fm® was taken
from differential cross section data. The results are given in figs. 10 and 11 and they
* reproduce the experimental data in '2C and 'O fairly well. Thus once p*He

scattering is properly understood it should be easy to encompass other nuclei. A '
more complete a-model calculation has been performed by Ahmad and Khan °®)
“for '2C and they obtained an even better agreement with our data. '

‘Since Glauber theory still works well at low energies (pd data, nm-nucleus data)
we discuss briefly various effects, not considered in the theory, which may explain
the energy shift of total cross-section minima 5°). We have not made any detailed
calculations. . _ :

Fermi motion: The NN total cross-section curve is rather symmetric around its
minimum, so the effect of Fermi motion on the 4o term in eq. (8) is that it just
smoothes the structure. However, as has been pointed out by Ahmad and Khan 68)
the parameter y can have an energy dependence so the effects of Fermi motion can
be quite complex. Other effects are; non-Gaussian form of the elementary NN
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amplitude; strong contribution of spin effects; kinematical problems; finite integra-
tion limits when integrating over the momentum transfer g; back-scattering; re-
scattering on the same nucleon; isospin 1 and 0 amplitudes have to enter the theory
explicitly since they differ considerably at low energies — the a-values get close to 1,
~ i.e. delicate cancellations of higher-order terms may happen; non-Gaussian single-
particle density in the nucleus (surface effects); correlations between nucleons in the
nucleus. '

It needs a detailed theoretical investigation in order to establish which effects .
contribute dominantly to the observed large energy shift. It could easily be that at
different energies different effects are dominant. We note that just such a study has
been made by Young and Wong for p*He elastic scattering °).

5.5. CHARGE SYMMETRY

A direct test of charge or isospin symmietry is possible by comparing proton and
neutron total cross sections on an isospin-zero target as a function of energy. Since
charge symmetry is believed to hold by 0.5% to-1% [ref. 28)] it needs rather high
precision data in order to be sensitive to such small differences. At present it is a
difficult task to measure proton total cross sections to an accuracy of better than
0.5 9, since the biggest uncertainties are still due to Coulomb and Coulomb-nuclear
interference corrections at least in the energy region of a few hundred MeV. When new
differential cross-section data become available, the situation may change. For
neutron total cross sections, more often the problem of statistics and systematic
errors in the apparatus of the order of 0.5-1 % become important.

With the actual precision of total cross sections on nuclei such as *C or 60 it is
only possible to conclude that charge symmetry is valid to about 6 %. However, our
data on the deuteron agree, within error, with the most recent PPA nd total cross
sections. Errors on these experiments are 1 %, and 0.4 %, respectively for the deuterium
cross section of which about half can be attributed to the nn and pp cross section.
Because of the large discrepancy of more than 1.5 9 at higher energies (probably
due to systematic errors in the experiments) it is again reasonable to claim only-
about a 5 9 confirmation of charge symmetry.

6. Conclusions

The experimental data presented here have filled in several lacunae in the
knowledge of total cross sections at intermediate energies, as well as arbitrating
between discrepant results. The proton-proton data are an important contribution
to the knowledge of the nucleon-nucleon interaction as they provide a dependable
normalization through this energy region. The proton-deuteron data are interesting
tests of Glauber theory as well as a good check on charge symmetry in nuclear forces
but some strong discrepancies exist. The experimental technique could easily provide
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more precise measurements and these would be quite valuable in the proton-deuteron
case. However further data on the elastic differential cross sections in neutron-
proton scattering would be needed to improve our confidence in the reliability of
the phase shifts to reproduce accurately the Coulomb-nuclear interference region.
For the pp case there is current interest in this problem %), but unfortunately data
on deuterium are not available.

The proton-nucleus data are a useful check on neutron total cross-section results
but the latter are considerably easier to obtain reliably. However we obtained, as a
by-product, values of a, the real to the imaginary part of the forward spin independént
scattering amplitude. They could be a valuable constraint on optical model calcu-
lations and our review of the existing analyses shows that not enough data exist for
small angle scattering with the result that there is some lack of sensitivity to the ratio
of the real to the imaginary part of the optical model potentials.
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