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I shall'report largely on a recent total cross section experiment in

which we measured total cross sections of n mesons, K mesons, protons and

antiprotons on protons and deuterons at four momenta SO, 100, 150 and 200 GeV/c .

The experiment was carried out at Fermi National Accelerator Laboratory

using a "good geometry" transmission technique, the principle of which will

be first defined.

An identified beam of particles defined by a telescope is passed through

either a hydrogen, deuterium or dummy target and converges to a focus, at

which are situated counters to detect the transmitted particles. The relation-

ship between the number of incident ^articles N Q and the number of transmitted

particles N for full and empty targets are respectively

•-•„ exp [.-"pa-B- p ^ T }, (1)

and N1 = No« exp [ - B' - ̂  ] (2)

where a is the total cross section, p is the target density, L is the length

of the target, n is Avogadro's number and A is the atomic weight of the

target nuclei. B and B' represent the scattering effect of windows and

other materials in the beam and are assumed to be the same for the full and
I

empty targets. The term o " accounts for the loss due to decay of unstable
Pi C T
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incident particles such as TT mesons or K mesons where t is the distance

from the target to the transmission detectors and PycT i» the mean free

path for decay.

From (1) and <2), after some cancellation, the expression for the total

cross section is deduced as

8-} <3>
o

f / 8
o / o

Unfortunately, the detector for the transmitted particles N' or N is

of a finite size and also counts some forward scattered particles. What

is actually measured is the partial cross section, a., where no charged

particle is emitted within the t range subtended by the detector, i.e.

where ^ ' is the differential scattering cross section for the forward-

most particle emitted at a polar angle 9 which would correspond to |t| /p

if the scattering were elastic (p is the momentum of the incident beam).

It is then necessary to have a number (i) of detectors each subtending a

different t range and to measure the partial cross section a. as a function

of t.. Extrapolating a. to t = o yields the total cross section a™. Prior

to the extrapolation procedure corrections are normally applied for Coulomb

scattering and Coulomb-nuclear interference.

Figure 1 shows the experimental arrangement. Particles incident from

the left are defined by scintillation counters B., B,, B, and anti counters

2 3
K^ and Ag. The M^ beam ' line has a 118 foot long parallel section in which

are located the two gas differential Cerenkov counters. A quadrupole doublet

downstream from the parallel section is used to focus the beam to ah image

at the series of circular transmission counter* T. to T,,. lite two gas
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differential Cerenkov counters were set to identify two different types of !

incident particles, thus allowing two cross sections to be measured siraul- ]

taneously. A drawing of the Cerenkov counter is shown in Fig. 2. The j

counter proper is 10.97 meters in length but the radiator is extended out

to 15.24 meters as shown in the figure. It is generally filled with helium

to provide an index of refraction such that the desired particles, incident

from the left, emit Cerenkov light at 15 mr. The spherical mirror on the

downstream, end focusses the light to a ring linage at its focal plane, at a

distance of 10.38 meters. The separation of the ring images Is shown more

clearly in Fig. 3. At the focal plane is located a conical reflector with

an annular slit. Shown are rays of Cerenkov light incident from the right

emitted by particles of the "tuned" velocity "2"as well as slower "3" and

faster "1" particles. As can be seen at a glancing angle from the right,

light rays "2" pass through the'fcoincidence slit", whereas light rays "1"

and "3" strike the conical reflector and are directed to the "anticoincidence"

channel. Six RCA 8575 photomultipliers are used in the coincidence channel

and a similar number in the anticoincidence channel. The signals from

adjacent pairs of tubes in the coincidence channels are linearly mixed and

then a three-fold coincidence is demanded; the six anticoincidence signals

are added linearly and used in anticoincidence with the three-fold coincidence

signal to provide the final signal C. Pressure curves taken at 150 GeV/c

and 200 GeV/c in the positive beam are shown in figures 3 end U respectively.

B is defined as the beam telescope signal B.B.B^A.A.. Diiiplayed are the

fractions of the beam detected as a function of Helium pressure. The typical

Cerenkov counter efficiency was of the order of 80 - 85%. The separation

between pions and kaons was adequate even at 200 GcV/c. The first
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differential Ccrcnkov counter was used to identify protons or antiprotons

and the second for pions and kaons sequentially. Backgrounds in particle

contamination were generally below 0.17.. The threshold gas Cerenkov counter

C- was used in anticoincidence at 50 GeV/c in the antiproton identification.

There was a small admixture of rauons and electrons identified as pions in

the pion beam by the gas differential Cerenkov counter and in the kaon beam

due to the kaon decays.

Electrons in the gas Cerenkov pion signal were identified by their

characteristic signal in a 22 radiation length lead glass Cerenkov counter

C situated downstream of the transmission counters. At 150 and 200 GeV/c,

the contamination was less than 0.1%, while at SO GeV/c the gas Cerenkov counter

could cleanly separate pions and electrons. At 100 GeV/c, the contamination depended

on the gas Cerenkov counter pressure setting; data taken for 100 GeV/c n* had a

contamination less than 0.1%, while for 100 GeV/c TT it was 0.1%. The correction

to the cross section was determined using a special electron run and checked with

runs where the cross section was measured with varying electron contaminations.

Muons, which were ~ 1% of the pions in the beam, were identified by

their ability to pass through 16 ft. of steel placed downstream of the

transmission counters. Measurements made with different amount of steel

showed that 16 ft. of steel caused a negligible loss of muons, but adequate

attenuation of pions. A ~ 0.57. correction to the pion cross sections was

necessary for particles produced by pions interacting in the steel, escaping

from its sides, but still giving a count in the muon scintillation counter;

the correction was determined using incident protons.

From these data, the number of muons in the pion beam at the hydrogen

target could be determined. In the case of kaons, this measurement was used

to determine the number of kaons at the hydrogen target which was less than

the number indicated by the gas Cerenkov counter due to decays between the

Cerenkov counter and target.
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The 10' long liquid hydrogen and deuterium target*, ahown tn fifiurc 6,

and an identical evacuated te-rgct were surrounded by a common outer Jacket

of liquid hydrogen fair temperature stability . By continuously monitoring

the vapor pressure in 'the outer jacket, the target temperature-, and therefore

the hydrogen and deuterium densities were determined ; density variations

were less than 0.07% throughout the experiment. For each run a weighted

average of the density for that run was used. Target lengths ware Measured

under operating conditions to ± .03K.

The transmission'througli the targets was mtasurcd by 12 scintillation

counters of different diameters, with 11 independent channels being fcraed

by coincidences between pairs of adjacent counters to minimize accidental

counts and tube noise. These counters were mounted together, satattcst

upstream, on a moveable cart and were positioned such that for each momentum

the counters accepted the same range of |t|, extending up to 0.008 (Cel'/c)

for the smallest channel and up to 0.08 (CeV/c) for the largest. This was

achieved by maintaining the distance between the target and the transmission

counters in feet equal to the momentum in GeV/c. The efficiencies of the

transmission counters were measured at frequent intervals throughout the

experiment using the two small counters c, and c~ placed behind them. Such

efficiencies were always greater than 99.8%.

For each momentum, the beam was tuned to give a final focus at the

transmission counters. Two sets of proportional wire chamber* FWC| and

PHC2 were in the incident beam separated by 100 feet, each set giving two

coordinates, and a matrix coincidence was aet up between appropriate wires

to ensure that each incident particle trajectory would pass through a 3/4

inch square at the transmission counters . This technique eliminates systematic
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effects In the extrapolation procedure fro* beam halo and possible beam

Instability. In addition, the electronic logic for these charters required

that one and only one particle register in each chamber. This, together

with large veto counters around the beam, eliminated possible fluctuations

due to accidentals. Cross sections were found to be stable to better than

0.2% for variations in bean flux fro* 5 x 10 to 2 x M r per pulse at which

flux data were normally taken. Proportional chambers PNC, on the transmission

counter cart were used i.. check that the beasi was correctly positioned and

focussed before data taking comaeneed.

The experiment was monitored on-line by a POP-IS computer. The three

targets were interchanged remotely at least once an hour, and a minimum of

four cycles of the targets were taken.
a

The data were corrected for single Coulomb scattering (< 0.17.) and Coulomb

nuclear interference (< 0.3%). For the latter, the ratio o of real to

imaginary parts of the forward scattering amplitude was obtained from

Bartebev et al. for pp and the predictions of Cheng et al. for pp, n*p

and K p. The value of p for neutrons was assumed to be the same *» tor protons.

A correction to the data was applied for the 3.652 measured HD contamination

la the liquid dejterium

The extrapolation to t • 0 of the partial cross sections was carried

out using the expression

e t - o T exp (Att • Bt t
2 + Ctt

3}

where Oj is the partial cross section measured by the i transmission

counter combination subtending a maximum t^, and a_ Is the total cross section,

tor all of the cross sections measured h*re, the Bt^ term was necessary,

u determined by a substantial reduction In the X 2 of the Cit when it was
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Included. For cross sections on protons, there was no change In the total cross

3 2

section when the Ct. tern was included nor was there any change in X t and so

C was set equal to zero; for deuteron cross sections, the Ct. term was

found to substantially improve the fit. The extrapolations were carried out

using the 3rd through 10th transmission counter combinations, covering

0.016 < |tj < 0.062. Using fewer counters changed the results by less than

- 0.1%, indicating negligible multiple Coulomb scattering and beam size effects

In the counters used for the extrapolation.

From the reproducibility of our data we quote a momentum dependent

uncertainty in the results for incident protons or antiprotons of + 0.157.

for those cross sections where the statistical error was smaller than this.

Momentum dependent uncertainties in the pion data are + 0.2%, mainly due to

uncertainties in the muon and electron contamination. For kaons they are

dominantly given by the statistical errors. The momentum independent scale

uncertainty for the absolute magnitude of the cross section, caused by

uncertainties in the form of the extrapolation and in the hydrogen and deuterium

densities and contaminations, is estimated to be ±0.57. for protons and ± 0.6%

for deuterons.

The results of the measurements with incident protons and antiprotons
12 22are listed in Table I and shown in Figure 7, together with previous data ' .

Agreement with other experiments in the same momentum range is within the

22
quoted scale errors, except for that of Gustavson et al. As the Incident

Momentum Increases from SO to 200 CeV/c the pp total cross section rises by 27..

The rise is consistent with the rise observed at the CERN ISR .

23
M.J. Longo recently emphasized that he is unaware of any reason why the

22
pp total cross section of Custavson ct al. should be Incorrect. At the sane
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time he raised a number of points which he claimed could account for our

pp total cross section to be too low. In figure 8 he shows our partial

cross section and our extrapolation to |t| - o. His argument Is that we

are extrapolating from too large a |t| value and are missing e part of the

forward cross section. Shown are the various extrapolations of Gustavson

22
et al. for different lower energy limits set on their calorimeter. Their

extrapolation at small |t| is much steeper and hence gives a substantially

larger cross section. I, personally, would be very surprized if there were

such a sharp break in our extrapolation at |tj » 0.01 (GeV/c) . During our

next run we shall extrapolate to very low values of |t| with the aid of the

FHC data, and we expect to resolve this matter.

The pp cross sections continue to fall with increasing momentum, but

the rate decreases markedly, and above ISO GeV/c there is very little variation.

Cross sections of p and p on deuterons show a momentum dependence similar

to those on protons. The p*d cross section is also nearly constant above ISO GeV/c.

Results of measurements with incident pions and kaons are shown in

Figures 9 and 10 together with previous fata
9'l0'lit~16'2t>~26, a n d a r e listed

in Table II.

Our n*p total cross section point at 50 GeV/c is substantially lower than

the data of Denisov et al. but in excellent agreement with recent data reported

by Apokin et al. It should be emphasised that in the latter experiment a

short hydrogen target was used, followed by an analysing magnet with the extra-

polation of partial cross sections carried out over a very narrow |c| range.

The cross sections for ff and K all show a rise with increasing momentum

(the TT'P rise is about 3.5 standard deviations).
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The cross sections for n d shewn in Fig. 9b are equal within our errors

as required by charge symmetry. Averaging the four momenta, we obtain

o(n-d)/o(n+d) - 1.0014 ± 0.0019. Using n* d and IT* p cross sections, the

9 99 9ft

parameter <r~ > in the Glauber-Wilkin ' shielding expression can be derived,

and is shown in Fig. 9C and In Table II. This parameter appears to be

constant over our momentum range, averaging 0.039 tub" . There has been

recent discussion as to whether this parameter is dependent upon the incident
29-31

particle, or whether a more complex formula should be used . Using the

work of Gorin et al. , our measured value of <r"S> would be scaled to 0.031 mb"1

for Incident protons. In view of the uncertainties in the method, we have

used a value of 0.035 mb~ with a systematic uncertainty of ±0.004 mb in

extracting pn and pn cross sections. He note that this systematic uncertainty

causes a ±1.5% scale uncertainty in the neutron cross sections, but does not

affect the momentum dependence. We note further that the cross sections on

neutrons, shown in Fig. 11 have a behavior with momentum similar to those on

protons. Agreement with the np total cross sections of Longo et al. is quite

reasonable.

-2 -1
We have used the value <r > • 0.039 mb in deriving the kaon cross

sections on neutrons shown in Fig. 12 and Table II; a momentum independent

uncertainty of ±0.77. is assigned to allow for uncertainties in this procedure.

The momentum dependence of the neutron cross sections Is also very similar

Co those on protons.

The antlparticle-particle cross section differences are shown in Fig. 13.

These differences are becoming smaller with increasing momentum, and can be.

fitted by the form As*" . Shown in Fig. 13 arc eyeball fits to all the data

and slopes o-l.
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If this form for cT(pp) -<JT(pp) is extrapolated to higher momentum, together

with the known Oj(pp), an estimate of oT(pp) at higher momenta can be obtained.

This procedure predicts a minimum in the antiproton-proton cross section at

about 200 GeV/c.

The cross section differences o^(pn) - oT(pn) and <*T(K"n) - aT(tf*n), which

are only slightly affected by the value of <r"2>, are shown in Fig.13 and

also show the same behavior as on protons.

34
We have applied the method of Bronzan et al., to derive the real parts

of forward scattering amplitudes. For protons, we find a real part in

10
agreement with the results of Bartenev et al,, while for pp the prediction

is for the real part to pass through zero near 80 GeV/c.

All of our total cross section data on protons and deuterons together with

all other available data are summarized in figures 14 and IS respectively.
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Figure Captions

Fig. 1 B.B-B.A. and A, are scintillation cot ters defining the incoming

beam. C^ and C 2 are gas differential Cerenkov counters situated

in the 118' long parallel section. C_ is a gas threshold Cerenkov

. counter situated in the converging section of the incident beam.

PHCĵ  and PWC2 are proportional chambers defining the incident

particles to the final focus at proportional chamber PWC^ and

transmission counters T. - T.,. E. and E, are scintillation counters

for beam tuning and efficiency measurements. C is a 22 radiation-

length-long lead glass Cerenkov counter to detect electrons and \i

is a scintillation counter situated behind 16' of steel to detect muons.

PWC-, T. - T.,, E_, E,, Ce, F. and u, axe mounted on a tnoveable cart.

The 10* long targets contain liquid hydrogen, liquid deuterium and vacuum.

Fig. 2 Gas differential Cerenkov counter.

Fig. 3 Enlargement of optics at focal plane of spherical mirror in gas

differential Cerenkov counter.

Fig. 4 Gas differential Cerenkov counter pressure curve at 150 GeV/c.

Fig. 5 Gas differential Cerenkov counter pressure curve at 200 GeV/c.

Fig. 6 Schematic of the liquid hydrogen-liquid deuterium-vacuum target.

Fig. 7 a) Total cross sections for protons and antiprotons on

protons. Data of other experiments are

from References 12 - 22.

b) Total cross sections for protons and antiprotons on deuterons.

References as for Figure 7a.



Fig. 8 Extrapolation of p-p partial cross sections at 200 GeV/c.

Fig. 9 a) Total cross sections for IT on protons.

b) Total cross sections for n~ on deuterons.

c) Values of the parameter <r >.

Previous data are from References 9, 10, 14-J6, 24, 25.

Fig. 10 a) Total cross sections for K on protons.

b) Total cross sections for K~ on deuterons.

Previous data are from References 12, 14-16, 24, 25.

Fig. 11 Total cross sections for protons and antiprotons on neutrons.

Fig. 12 Total cross sections for K~ on neutrons.

Fig. 13 Results of this experiment, together with previous data for

total cross section differences:

a) \ (PP) -oT (PP). aT (K"p) -ffT (K
+ p)

V"" P> "°T (n+ P>

b) °T(P d) -CTT (p d), aT (K* d) -aT (K
+ d)

c) crT (p n ) - ^ (p n), aT (K~ n) -ffT (K
+ n)

References as for Figures 7, 9 and 10.

Fig. 14 Summary of cross sections on protons.

Fig. 15 Summary of cross sections on deuterons.



TABLE X

RESULTS OF THIS EXPERIMENT. CROSS SECTIONS IN MXMiXBARNS

°pp

cPd

°PP

ffpd

°pn

°pn

°PP " °PP

°pd " °pd

°pn " *pn

SO

38.14tO.O7

72.98+0.13

43.8610.11

82.2110.24

38.8610.16

43.69*0.30

5.7210.13

9.2310.28

4.8310.34

MOMENTUM (GeV/c)

100

38.39±0.06

73.1210.11

42.C4±0.09

79.3210.19

, 38.85+0.14

42.2210.23

3.6510.XI

6.2010.22

3.3710.27

150

38.6210.06

73.4610.11

41.7210.18

78.2410.35

39.0210.14

41.3210.44

3.1010.19

4.7810.37

2.3010.46

200

38.9010.06

73.8410.11

41.5410.29

78.7710.57

39.1810.14

42.0940.71

2.6410.30

4.9210.58

2.9110.72

Momentum independent
scale uncertainty

iO.5%

10.6%

iO.5% ..

iO.6%

il. 5%

11.5%



TABLE II

RESULTS OF THIS EXPERIMENT. CROSS SECTIONS IN MILLIBARNS

V p
0 ir-d

V p
F

V PXV F

°K-n

"K*d

°K+n

p p
XV u A Q

*V A n I)

<r"2> (mb"1)

24

45

23

45
20

38

19

18

35

18

0

2

3

1

0

50

.0110.06

.5110.12

.0710.06

.3310.12

.2510.11

.7610.15

.7510.18

.0310.09

.5510.16

.5610,18

.9410.07

.2310.13

.2110.20

.1810.25

2 3 .

4 5 .

2 3 .

4 5 .
2 0 .

3 9 .

1 9 .

1 8 .

3 6 .

18 .

0.

1 .

2 .

0.

.0380*0.0022 0

MOMENTUM (GeV/c)

100

9610.07

5010.12

2910.06

3910.12
4110.08

0110.12

8510.13

8510.08

7210.14

9910.15

6710.07

5710.10

,2810.16

.8610.19

.040510.

150

24.0710.06

45.7610.11

23.4610.06

45.7410.12

20.5710.09

39.3010.13

20.0110.14

19.3310.08

37.7110.14

19.5510.15

0.6110.07

1.2410.10

1.6010.17
0.46±0.21

0022 0.039610.

200

24.2810.06

46.2110.12

23.7310.09

46.2910.16

20,8410.09

39.8310.13

20.3010.15

19.8410.10

38.4410.17

19.8210.19

0.5510.09

1.0010.13

1.3310.19

0.4810.24

0022 0.038310.

Momentum indepen-
dent Scale
uncertainty

tO.5%

±0.6%

±0.5%

±0.6%

10.5%
±0.6%

40.7%

10.5%

10.6%

40.7%

0022'
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