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ABSTRACT

In this third paper in a series in which the characteristics of nuclear

fragments produced in the interaction of 5 GeV protons with Ag and U targets were

studied by means of dE/dx-E measurements with semiconductor detector telescopes

new information was obtained on the energy spectra of light fragments. One

set of measurements on fragments from a Ag target involved the use of a two-

element telescope incorporating a L\E detector as thin as 16 llID. A new algorithm

for processing the L\E and E data to extract particle identification was developed

and the resulting particle spectra showed superior resolution for the elements

from Li(Z = 3) to S (Z = 16). Segments of the energy spectra of each of these

elements were measured at 20° and, for many of them, also at 45°, 90°, 135° and

160° to the beam direction. By use of 3-element telescopes and absorbers the

high energy part of the energy spectrum for isotopes of He, Li, Be, B, and C

ejected from Ag and U targets was measured at 20°. The measurements extended
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beyond 300. MeV for 6Li and 7Li and to 400 MeV for 7Be. .A distinct high-

energy component was found in these cases.

The suitability of nuclear evaporation as a description of the emission

of the low-energy fragments was, tested with two simple theoretical models, one

specif,ying isotropic fragment emission from a moving nucleus at a fixed nuclear

temperature and one specif,ying isotropic fragment emission from a set of moving

nuclei with a Maxwellian distribution of excitation energies and forward

momenta. The second could describe rather well all the 90° data, provided a

Coulomb barrier 0.4 that of the classical tangent spheres barrier was used.

However, the measured intensity in the forward direction was much higher

than predicted. Neither evaporation calculation was able to describe the highest

energy part of the spectra, and the conclusion was drawn that these particles

must be produced in the initial high-energy cascade.

"
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I. INTRODUCTION

Fragments ejected from complex nuclei during the course of reactions

induced by GeV protons can be studied with silicon semiconductor detectors

incorporated in a particle-identifier system. Comprehensive studies of the

characteristics of fragments ejected from uranium and Silver targets bombarded

by 5.5 GeV protons in the Bevatron have recently been published.l,2 ~$

results described in the present paper are supplementary to these previous

studies ap.d extend them in two ways.

First, in the case of the silver target stUdy2 the data have been

extended and impr.oved in the low energy region. For the reasons given in the

discus~ion of the cited papers,1,2 it is important .to determine the maximum

in tpe energy spectrum of each of the light elements, Li, Be, B, etc. ~is

maximum is determined by the effective Coulomb barrier felt by the fragment, and

it is one of the characteristic features of the fragment ejection process that

this effective Coulomb barrier is only 4o~50 percent as high as the barrier

obtained from. a tangent spheres calculation. In the previous work the experi-

mental low-energy cut off, which was fixed by the 20 micron thickness of the

~E silicon detector, ¥as so high that it exceeded the maXimum in the energy

spectrum for all fragments except He and Li. In the new study, a 16~ ~E

detector was used and, as a consequence, the turnover region of the energy

spectrum was defined for Li,. Be, and B. Measurements were made at 20°, 45°,

90°, 135°, and 160° to the beam. A special run was made at 20° to improve the

identification of elements up through Z = 18 (argon), and a section of the energy

spectra of these elem~nts was determined. No attempt was made to remeasure

the low energy spectra of fragments from uranium because the turnover regions

of the spectra were well defined for Li, Be, and B fragments in the original study.
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The second way in which the previous data were extended was in the

remeasurement of the ultra-high energy portion of the fragment spectra. One

of the interesting features of the previous work was the identification of Li

and Be fragments with energies extending out. to 160 MeV. In the new study

these high-energy fragments were restudied in order to establish beyond

question the emission of these ultra-high energy fragments and to measure the

energy spectrum out to even higher energies. For this purpose measurements

were made on fragments from uranium and silver targets with a three-element

semiconductor telescope with a total Si thickness of 1100 to 2200 microns

(257 to 513 mg/cm2 Si). Aluminum absorbers of thickness ranging up to 1..3g/cm2

were placed in front of the first detector. In those .experiments the energy

spectra of isotopes He through C were measured at 20° to the beam. In the

case of 6Li and 7Be the energy spectra were measured out. to 340 MeV and 420 MeV,

respectively.

Section II describes the experimental techniques for data taking and

reduction. Section III presents the results of the restudy of the low energy

portion of the energy spectra as well as a discussion of these results. The

high energy data are presented and discussed in Section IV. Section V summarizes

the main conclusions of the paper. Appendix A is devoted to a new method

of determining particle identity from .6Eand E detector.signals. Appendices B

and C cover mathematical details on two evaporation formulas used in the

analysis of the energy data.
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II. EXPERIMENTAL

Inasmuch as the experimental techniques were nearly the same as those

described in Ref. 1, they are presented here in shortened form except for

details of the detectors or for changes from the earlier methods.

A. Bombardment Arrangement at Bevatron

Thin targets of metallic Ag or U were placed in the center of a 36 inch

diametert~get chamber located in one of the external beam lines of the

Bevatron. This chamber could be isolated from the beam line by gate valves

in the upstream and downstream ports. A mechanica~ pump system was provided

for evacuation of the chamber to the 5-10 micron level, which was the normal

pressure for the beam line. It was necessary to achieve a bett~r vacuum for

,operation of the 2000~ E detectors used in the second part of the study because

bias voltages up to 1500 volts were needed. This better vacuum was obtained

by insta~ling 0.003 inch aluminum windows beyond the inlet and outlet valves

and by pumping the chamber volume with a cryogenic pump. With this arrangement

a much lower vacuum was maintained in the .chamber and no problems with

sparking or voltage breakdown occurred.

The silver target for the low energy experiments was prepared by

volatilization of metallic silver to make a uniform foil of 1.1 mgjcm20 This

was glued across a hole in a 0.00025 inch mylar sheet which in tlirnwasstretched

across a 3.5 x 6 inch hole in an aluminum frame. The target was positioned at

55° to the beam for fragment measurements made at 20°, 45°, and 900-. It was

placed at 135° for measurements at 135° and 160°. For measurements of fragments

of higher ene~gy silyerfoil targets with uniform thicknesses of 7 mgjcm2 and

26 mg/cm2 and a uranium foil target with a thickness of 27.5 mg/cm2 were used

in similar target frames.
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The external beam of 5.0 GeV energy was delivered in pulses of 800

to 1000 msec duration repeated every 6 seconds and containing about 8 x lOll

protons per pulse. The beam cross section at right angles to the beam integrated

over a period of hours was determined by radioautographs.to be roughly 1/2 inch

vertically by 1-1/2 inch horizontally. The cross section of the target foils

was somewhat larger.

The telescope of silicon semiconductor detectors. was mounted on an

aluminum block which in turn was clamped to a movable arm whose pivot point

was at the chamber center.

B. Detector and Electronic Details for Measurement of Low Energy Fragments

The telescope had two elements: a 16 ~ thick surface-barrier detector

used as the AE detector and a 194 ~ thick planar detector of phosphorus-diffused

Behind these there was aiso a 381 ~ thicksilicon used as the E detector.

planar detector of phosphorus diffUsed silicon used as the rejection detector

to eliminate the recording of high-energy fragments which were not stopped in

the E detector. Collimators with 5 x 7 mm openings cut into 0.125 inch copper

were placed in front of the ~E and the E detector. The distance between the

two collimators was 2.8 cm. (In the 3-elementtelescope described in Sec. II.C.

the collimators were positioned in front of the first and third detectors

and were separated by 2.1 cm.)

The electronic circuitry was identical with that illustrated in Fig. 1

of Ref. 2.
I

In brief, this' circuitry accomplished the following purposes.

Pulses from the ~E and E detectors were not accepted unless they were received

within a 50 nsec resolving time. If a pulse was simultaneously record~d in the
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E
j t detector the event was discarded.re ec A pile up rejector circuit inspected

the preamplifier output and excluded any events in which a second pulse was

received within an inspection period of 600 nsec. The output pulses from. the

main amplifiers were passed through single channel analyzers which accepted all

pulses above 1.5 MeV in the AE detector and 2 MeV in the E detector. Pulses

surviving these tests were accepted for digitizationby an analog-to-digital

converter interfaced to a PDP-8 Computer and were written on magnetic tape in

blocks of 128 events. These records were later processed at a larger computer

as discussed below. The surviving ~ and E pulses were also transmitted to a

Goulding-Landis particle identifier system3 for analog development of a particle

identifier signal which was sent to a pulse height analyzer for recording and

display. The on-line display of a histogram of the analog particle identifier

signal was used for monitoring and trouble-shooting purposes during the data-

taking portion of the experiment, but all data presented in this paper resulted

from off-line computer calculations with the original digitized pairs of l\E

and E pulse heights, as discussed in Appendix A and Sec. II.E. As discussed in

Ref. 1 precision pulsers were used for the energy calibration.

c. Detector and Electronic Details for Measurement of High Energy.Fragments

The three different 3-element telescopes used in this part of the experiment

are listed in Table I. The ~ and E
j

detectors were all manufactured of
re

phosphorus diffused silicon. The lOOO~ and 2000~ E detectors were silicon surface-

barrier detectors. The1500~ E detector was made of lithium drifted silicon.

It was our experience that lithium drifted detectors could be used only

for a short time (12 to 24 hours) in close proximity to the beam before radiation

damage effects, probably involving precipitation of lithium, caused deteriore.t..ioll
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of the detector signals, particularly the timing characteristics of the

signal. Data whose quality was seriously affected by these radiation damage

effects were discarded. The surface barrier detectors also suffered radiation

damage in this hostile environment, manifested mainly as a steady increase

in leakage currents which rose steadily from a few }lamps up to more than 50 }lamps

over several days of exposure. However, the energy and time characteristics of

the pulses were not seriously affected and the quality of the data remained good.

The electronic circuitry associated with the 3~element telescope was

identical with that displayed in Fig. 1 of Ref. 1 and fully discussed in that

paper. Coincidence requirements, pile up rejection, and pulse height

discrimination were in principle the same as those briefly mentioned in B

above. One change in the use of the pile up rejector circuitry was the

elimination of inspection of the E detector pulse because the long collection

times for ionization pulses in these thick detectors produced preamplifier

output pulses too slowly rising for the use in the pile up rejector. Also the

role of the analog particle~identifier system was more important for these

telescopes incorporating two ~E detectors. By analog circuitry a particle

identity pulse was generated from the ~E2 and the E = ~l +. E pulses and

compared with a second identity pulse generated from the~ and E inputs.

If the two identifications did not agree within a preset amount (in most cases

15%) the event was rejected and the ~E and E signals were not sent to the computer

for permanent recording. Not many events were rejected by this requirement

(< 10%) but the quality of isotopic resolution was improved. The final

particle identification was made off-line by use of the 8E2 and ~l sum as the

~E value in a calculation performed according to the method described in

Appendix A.
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The total thickness of silicon in the detector stacks listed in Table I
' I

is not sufficient for exploring the range of fragment energies of interest in

this study. We could have increased this thickness by using thicker ~ detectors

and thicker and more numerous E detectors, but this would have introduced
I

greater complexity in the electronic circuitry as well as special difficulties
i

with the coincidence timing, and with the corrections for the dead layers on

the extra detectors.
I

We decided instead to extend the measured energy range

by placing various thickness of absorber directly in front of the first

detector in the telescope. Four absorbers were machined of aluminum stock

with thickness 0.0052, 0.063, 0.1004, and 0.189 inches (35.7, 432, 690 and
I

1295 mg/ cm 2, relspecti vely ) .

These thicknesses were chosen after detailed calculation of the expected

energy losses fbr different particles in the absorber and in the detectors.
I .

computer progr~ called LAZY written by Dr. Creve MaPles4 was modified for

A

this purpose. In our version of the program the range relationships of P. G.

Steward5 were incorporated. These calculations helped greatly in the choice

of absorbers and detector thicknesses, energy thresholds for the detectors,

and other parameters in the experimental setup.

Consideration was given to the possibility that the thick aluminum

absorbers would cause multiple scattering of the fragments sufficiently great

to affect the intensity of measured fragments. However, the fact that the

absorber was mounted directly in front of the collimator attached to the front

of the first fill detector greatly reduces the change of loss by scattering and

even in the worst case, which is the scattering of Li by the 189 mil absorber,

a calculation showed that the effect is negligibly small « 1%).
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The possibility of an appreciable reaction of the fragments with the

aluminum absorber was also consideredo For a reaction cross section assumed

equal to the geometrical cross section for fragments above the Coulomb barrier,

it was estimated that 5 percent or less of the fragments reacted during passage

through the thickest absorber. This is within the experimental error for

measurement of fragment intensity.

Table I summarizes the specific combinations of telescope and absorbers

used to obtain the data discussed in Sec. IV.

The integrated beam through the target was measured with a monitor

telescope identical to that described in Refs. 1 and 2. The factors needed

to convert the ratio of counts in the fragment and monitor telescopes into

an absolute reaction cross section were obtained from these earlier studies.

The ultimate standard of intensity was the 7Be cross section determined by

radiochemistry as discussed in the appendix of Ref. 1. In the runs with the

Ag target and the 16 ~ ~ detector the energy windows. in the monitor telescope

were incorrectly set and the normalization was done in a more indirect manner;

the 7Be spectrum at 90° was normalized to the corresportding spectrum of Ref. 2

and the resulting normalization factor was applied to all data from these runs.

D. Reduction of ~E and E Data

Generation of Particle Spectra. The magnetic tapes with the event-by-

event record of ~E and E signal information were processed by the method

described in Appendix A. A computer program called PICAL was used.

Generation of Energy Spectra. The output tape of the PICAL program,

containing the summed data on PI vs ET in the form of a 1024 x 1024 matrix, was

used as input to another program (SAVEX) which performed the following functions.
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The data were sorted by PI win<ilows,which defined specific particles, and the
I

energy data for these selected particles were isolated. At this point the

energy scale was an arbitrary one set by the gains in the amplifiers and by

the analog-to-digital converter. The absolute energy scale for energy deposited

in the detectors was computed by'use of data taken with a calibrated pulser.The

fragment energies were then corrected as in Ref. 1 for the losses incurred in

escaping from the target and in passing through the thick aluminum absorbers.

correction was based on a powe~-law, range-energy relationship, R = aEb with

This

sets of parameters (a and b) fitted to different energy ranges as described

by Bichsel and Tschalaer.6 This correction was a major one in the case of the

thick absorber experiments and it was complicated by the fact that in the

process of working backward from the energy deposited in the detector to the

energy incident on the absorber it was necessary to use several sets of power

law parameters to cover the br9ad energy range. Cross checks were made between

the results of this procedure and the entirely independent method employed in

the above-mentioned LAZY program4 which depends on the range-energy method of

Stewart. 5 Agreement within a few MeV was found. In the case of element spectra

the range-energy relationship of the most prominent isotope was used. ~e

ambiguity in the correction caused by this procedure was negligible for all

low-energy results for lighter elements discussed in Sec. III. The uncertainty

in the correction was several MeV in the case of unseparated isotopes, such

as unresolved 9Be + lOBe, in the thick absorber data discussed in Sec. IV.

The intensity scale was converted to an absolute cross section scale

by multiplying the monitor telescope count by a calibration constant taken

from the previous work.l,2 The end result of the SAVEX program was a set of

printed tables of double differential cross section data and plotted curves

of the same data for selected fragments.
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III. RESULTS AND DISCUSSION OF LOW ENERGY DATA

A. Particle Spectra

Figure 1 shows the particle spectrum derived from data taken at 20°

to the beam with telescope 1 of Table I and analyzed according to the procedure

discussed in Appendix A. This run represents a data-taking period of ~ 50 hours,

the longest of any of the experiments. This length of time enabled us to obtain

significant statistical accuracy for the elements up through sulfur (element 16).

A comparison of this figure with Fig. 3 of Ref. 2 shows that better statistical

accuracy and better elemental resolution was achieved in the present study.

Beryllium-7 is well separated from 9,10Be but otherwise no isotopic resolution

is apparent; this is a consequence of the thinness of the ~E detector.

Spectra similar to Fig. 1 were generated from data taken at 45°, 90°,

135°, and 160° with good resolution of the elements Li through rIa. Figure 2

shows the 90° results which are typical of intensity levels for the low energy

measurements at these 5 angles (about 12 hours per run).

B. Energy Spectra

Figure 3 shows the energy data for the element lithium at 5 angles.

Data points from the present measurements are sums over 2 MeV energy intervals.

A part of the data from Ref. 2 was included in Fig. 3 to indicate the trend of

the energy spectra between 60 and 160 MeV at 5 angles. The dashed curves in

the figure represent an attempt to fit the ,shape of the spectra up to 35 MeV

to the predictions of a very simple evaporation expression taken from Refs. 1

and 2, which assumes a uniform nuclear temperature for the ensemble of evaporating

nuclei. A brief statement of this evaporation expression is given in Appendix B.

As in Ref. 2 families of curves were computed for a variety of parameter

choices and compared with the experimental data to arrive at the set of "best"
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values listed in Table II. Vaiues from Ref. 2 are also listed there.I The

differences in the two sets result from the fact that those from the present

work were chosen for the best fit of the data up to 35 MeV whereas those from

Ref. 2 were chosen for the best fit up to somewhat higher energy.

A similar presentationiof energy spectra and theoretical curves for

I

7Be, 9,10Be, boron, and carbon 'is given in Figs. 4 through 7. In all cases the

parameters used for the calculated (dashed) curves are those given in Table II.

I

Also, in al'l cases the data at ithe five angles are shown displaced for clarity
I .

by factors of 10 on the intens~ty scale. Figures 8 through 10 present data

on N, Ne, and Na.
I

Figure 11 is a composite of 200 data for the elements B through

I

!S.

The comparison of the data of Figs. 3-7 with the simple evaporation
I

expression (dashed curves) confirms the main conclusions of the earlier studies:

namely (1) an expression based ,on isotropic fragment emission from a moving

nucleus and a constant nuclear temperature can fit the 900 data near the

yield maximum, but (2) there is more forward peaking in the fragment emission

than can be explained even after correction for center-of-mass motion of the

emitting nucleus and (3) the effective Coulomb barrier is about 40-50 percent

of that calculated by a classical tangent spheres estimate.

C. Evaporation Spectra Based on a Maxwellian Distribution in Excitation Energy

In Refs. 1 and 2 it was difficult to fit the entire range of energy in the

measured energy spectra for Li,Be, .and B with the evaporation expression based

on constant nuclear temperature and it was noted that the changing slope of

the high energy portions of the spectrum could be interpreted to require a

I
steady increase in nuclear temperature to a value of 20 MeVor higher. It 1s
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reasonable to expect a range of excitation energies for the collect,ion of

struck nuclei from the conventional description of the initial high-energy

cascade. In principle, one might hope to determine the distributions in

excitation energy by examining the output from some detailed ,Monte-Carlo calcula-

tions of the high energy cascade of the type done by Chen et al..7 or Bertini et al.8

This can be done for proton bombarding energies of several hundred MeV but is

inexact for GeV protons because of incomplete information on inelastic collisions

for the proton-nucleon interactions needed as input for the cascade calculations.

Even with reliable input data the calculation is a major undertaking and has

not been done up to now except for pioneering attempts by Metropolis et ~.,9

and Bertini et al.8--
In the absence of a theoretica~ model, we decided it would be interesting

to explore the influence of an arbitrary distribution in excitation energy which

follows our intuition, as well as the preliminary.indications from the cascade

calculations, as to its form: namely, that it rise rapidly to some most

probable value and then decrease slowly Out to high values. A Maxwellian

distribution fits this description and was chosen for its many mathematical

advantages.

We programmed a new calculation, referred to asMAXVAP in the remainder

of this paper, in which the same formula as used in the above constant T model

was used for the evaporation of particles. This was taken from LeCouteur's

tre~tmentlO of the Weisskopf evaporation theory. The new feature introduced

in the MAXVAPcalculation was the incorporation of a Maxwellian excitation energy

distribution. Another important feature introduced in the MAXVAPcalculation

was the assumption that the velocity of the struck nucleus v was directly
*

proportional to excitation energy, E . The de4ails of this model are given
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in Appendix C. Although it is known from published calculations of the cascade

step that there is a distribution in atomic charge and mass number for excited

nuclei present at the end of the initial cascade step, we did not complicate

theMAXVAP program by introducing this additional distribution, but we selected

an average emitting'nucleus somewhat lower in Z and A than the target nucleus.

To facilitate comparison with the earlier work we used the same choices: namely

9~Tc as the emitting nucleus representative of the Ag target and 220Rn as

representative of the U target. The selection of 96Tc as the emitting nucleus

for aAg target is reasonable on the basis of the calculation of Bertini

8 100
et !!..of 3 GeV protons on Ru. In Refs. 1 and 2 it was stated that sample

calculations confirmed that the predicted properties of emitted fragments are

not sensitive to changes of several units in Z or A of the emitting nucleus. '

The results of the MAXVAP calculation are illustrated by the solid curves in

Figs. 3-100

There are only three input parameters in the calculation; the most

probable excitation energy, E *, the fraction of the nominal Coulomb barrier,
, m

k, needed to fit the maximum of the energy distribution, and the level density

parameter given by a = M/b, where M is the mass number and b is an adjustable

constant. In the constant temperature evaporation model. described in Appendix B

it is necessary to specifY two additional parameters; namely, the center of mass

velocity, v, and a parameter n which correlates v with V, the velocity of the

emitted fragment. In the MAXVAP model these parameters are unneeded because

of the assumption that center of mass velocity is proportional to excitation

energy.

Although there is no unique set of values for the three input parameters, a

reasonable set was found to reproduce more or less well the characteristics of
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the low-energy fragments from Ag. Generating families of curves to aid in

the selection of the "best" parameter was easier for MAXVAP than for the

5 parameter expression of Appendix Bo A k value of 0.4 gave the best fit on

the Coulomb barrier section of the spectrum and this value was relatively

insensitive to variations in the E * and level density parameters.m On the

other hand the calculated curves were quite dependent on the pairs of choices

of the last two parameters.
* .

If E was decreased, no change in the calculatedm

curve was found if the level density was decreased at the same time. Best

fits to the data were obtained with E * and level density pairs which correspondedm

to a nuclear temperature of about 11.5 MeV evaluated from the expression,

E * = aT2. The best fit of the 90° Li data were obtained with k = 0.4,m

E * = 400 MeV and a = 6 (b = 16) and these choices were used for all the curvesm

drawn in Figs. 3-10. In each figure the curves were normalized to the 90° data.

In Figs. 3 and 4 there is clear improvement in fitting the 90° data

for 6Li and 7Be over that obtained with the constant temperature formula

(dashed curves). This improvement is even more marked on the higher energy

part of the spectrum discussed in Sec. IV. However, theMAXVAP expression

shows the same defect as the constant temperature formula in its inability to

account for a pronounced favoring of forward emission of the fragments in the

center-of-mass system. No theoretical model now in the literature is able to

account quantitatively for this feature of high energy. reactions.

MAXVAP curves for Band C are not significantly better than the constant

temperature evaporation curves for the data shown in Figs. 6 and 7. We may

note also that the favoring of forward emission steadily decreases with Z until

at oxygen the agreement of the data points with the curves is equally good at

all 5 angles.,An error in beam monitoringduring the 135° experiment probably

accounts for the fact that the 135° data for all fragments are high.
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IV. RESULTS AND.DISCUSSION OF HIGH ENERGYDATA

A. Particle Identification

In the experiments performed with the detector telescopes and absorbers

described in Sec. II.C, only the fragments of lowest atomic n~ber had sufficient

range to penetrate the Al absorber and the two ~E detectors. Figure 12 shows

the particle spectrum obtained from the Ag target with telescope 2 (Table I)

and the 690 mg/cm2 Al absorber. Figure 13 shows the spectrum obtained from
2 .

the U target with telescope 4 and the 690 mg/cm Al absorber.

B. Energy Spectra for Lit Be, B and C

Energy data for 6Li and 7Li obtained in the runs with four di fferent

thicknesses of aluminum absorber are shown in Fig. 14. The solid lines show

the trend of the data and have no theoretical significance. In the case of

the Ag target data, these lines show the extension of the 20° data of Fig. 3,

wi th the difference that Fig. 3 includes all lithium isotopes't whereas Fig. 14

shows 6Li and 7Li contributions, separately. The dashed lines represent curves

computed by the MAXVAPcode for the following parameter choices: . Em* = 400 MeV,

k = 0.40 and a = 6.0 (b = 16). The curve is the same as that shown in Fig. 3, except

for a scale adjustment required by the fact that individual isotopes are

displayed in Fig. 14. The MAXVAPcurve lies below the 20° data at all energies

but has the same slope out to about 90 MeV. On the other hand, the constant

temperature evaporation expression of Appendix B generates a curve dropping

steeply away from the data in the 60-90 MeV region. Above 100, MeV, however,

there is a sharp break in the energy spectrum and the appearance of a distinct

high-energy "tail" which cannot be represented by the evaporation calculation

even with a maxwellian distribution of temperatures. If we examine the U target

data we notice the same sharp break in the spectrum above 100 MeV.
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Simi~ar comments may be made about the 7Be data which are plotted in

Fig. 15. In this figure we have included the low energy points for Ag near the

Coulomb barrier and a dashed curve showing the MAXVAP computation. For the Ag

data, the entire:range of energy from 10 to 140 MeV is reasonably well reproduced by

the evaporation calculation for an E * value of 400 MeV.m However, if the MAXVAP

calculation is normalized to the 90° data as shown in Fig. 4, the 20° data points

lie well above the calculated curve for 20°. Beyond 140 MeV there is a distinct

break in the spectr~ revealing a high energy tail extending, at least to 400 MeV.
I

We have considered the possibility that the high energy component in

the Li and Be spectra could be caused by some background or instrumental effect.I '

We believe the observed effect is real. A strong argument ,to support this is

that particle identification was made on those fragments after penetration of
I

the thick absorbers. In all the experiments particle identification spectra

similar to those shown in Figs. 12 and 13 were obtained and only the data

appearing in the well defined Li or 7Be peaks were selected for plotting. We

believe that the criteria set on the data are so stringent that there can be

no doubt of the reality of the high energy component extending up to 300 MeV

for Li and to 400 MeV for 7Be.

These high energy fragments cannot be described py any version of

evaporation theory we have considered so far. In all likelihood they are not

produced by evaporation but by some process occurring during the cascade. If

so,they should be very strongly peaked in the beam direction. We regret we

did not have sufficient beam time to make long runs at angles other than 20° in

order to determine whether the angular distribution of 200 to 400 MeV fragments

favors the forward direction much more strongly than that of fragments

of lower e~ergy,as known already from Refs. 1 and 2 and the present study.
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For the 7Be fragments from U targets the spectrum shape is remarkably

similar except for the shi.ft in the location of the turnover near the Coulomb

barrier. It is possible to generate a curve from theMAXVAP calculation which

tracks the data points out to about 120 MeV before the transition into the high

energy tail. However, the E * value necessary to achieve this agreement ism

greater than 2000 MeV when 220Rn is taken as a representative evaporating

nucleus. This is an unphysically high value for E * because the average valuem

of excitation would approach the bombarding energy and from all we know

about GeV proton interactions with uranium the average excitation must be

much lower than this. If we assume that 7Be is evaporated from a fission or

fragmentation product of Uwith about half the charge and mass of U, the E *m

value can be reduced to 500 MeV. However, then the high energy fragment distri-

bution would be isotropic in disagreement with the experimental fact.

We now consider the data for the heavier isotopes of Be shown in

Fig. 16 and for Band C shown in Figs. 17 and 18. Because of the lower yield

of these particles, a measurable number of them were observed only in the runs

with the thinnest of the 4 aluminum absorbers, and it was not possible to

determine whether the energy spectra of these fragments had high-energy components

(tails) similar, to those observed for 6Li, 7Li, and 7Be. A MAXVAP calculation

with an E * value of 400 MeV agrees roughly with the 9,lOBe data from Ag outm

to 140 MeV and with the B data out to 180 MeV. However, in the case of theU

target data, we encounter the same difficulty that the MAXVAP curve agrees with

the data only if a much higher value of E * is chosen, namely E * = 2000 MeV.m m

We compared our high-energy data on Be, B, and C.fragments from uranium

with those appearing in Ref. I in the energy region where they overlapped.
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and found our cross section to be a factor of 2 lower.ll On the other hand,

our cross section data on Li agree with the previously published data within

the experimental error of about 25 percent.

c. High Energy Data for He Isotopes

In Refs. 1 and 2 it was observed that the high energy part of the ~e

spectrum was flatter than that for 4He and that above a fragment energy of

3 . . 4 12
about 100 MeV the He Y1.eldwas greater than .thatqfHe. Alard has 'also

noted a high 3He/4He ratio in fragments from Al bombarded with 20 GeV protons

I
and in C, Al, Au targets bombarded with 600 MeV protons. P. ,

d S
. th13J.roue an ' m1.

measured high energy 3He produced in pt bombarded with 209 GeV protons.

In our own res,earch the measurement of He spectra was not a primary

goal and the detector telescopes were not optimum for this purpose. Nonetheless,

the He isotopes were clearly resolved in some of .the thick absorber experiments

(see Figs. 12 and 13) and a few points were 'determined in the high energy part

, 346
of the energy spectra at 20° for He, He, and He. Figure 19 shows the results

for the Ag target together with previous data from Ref. 20 Our 4He points do not join

smoothly with the Refo 2 data; our cross section is a factor of 2 lower in

the overlap region near 100 MeV. A discrepancy exists also in the 3He data

but it is somewhat less for this isotope. In the case ct'6He the overlap is

smooth within the experimental error. The dislocation of the points for 3He,

4He, and 6He in the Ag target run with the 690 mg/cm2 aluminum absorber convince

us there was a factor of 2 error in the monitoring or in the processing of the

data for that run. We adjusted these points downward as shown by the arrows,

and applied the same adjustment to the 6Li, 7Li, and 7Be data obtained in the same

run and displayed in Figs. 14 and 15.
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In the case of U we can report the following cross sections at 20°:

for 4He energies of 78, 100, and 135 MeV the cross sections are 600, 300, and

-1 .. ~l 6
125 llbMeV Sr , respectively. For He energies of 95, 117, and 160 MeV the

4
The He data of

-1 -1
cross sectionsare 20, 8, and 3.5 ~b MeV, Sr , respectively.

Ref. 1 extend to 120 MeV and at this energy the Ref. 1 crqss section is douQle the

one reported here. The 6He data in the two studies agree within 20 percent up to

120 MeV where the Ref. ~ data cut off.

The presence of a strong 3He contribution to the high energy He

spectrum is a striking and interesting phenomenon which is discussed in detail

by Alard12 in a thesis which reviews the literature on the observation of

energetic deuterons, tritons, and 3He in high energy reactions and the

exp1anations proposed for their production. Some theoretical papers propose

the direct creation of deuterons and mass-3 particles in the interaction of

the incident proton with a target nucleon,14 while others propose the formation

of these particles out of the cloud of cascade neutrons and protons when 2

or more of these are produced with small relative momenta. 15-17 Still others

apply new statistical thermodynamic concepts to the calculation of particle

production from a volume of hadrons strongly heated by the intranuclear cascade.12,18
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V. SUMMARY

This paper describes new experimental data on energy spectra of

identified fragments from Ag and U targets bombarded with 5.0 GeV protons.

It may be considered an extensiori of the work. described in 2 previous publica-

t" 1,21ons. For Ag targets, segments of the energy spectra of light elements up

to sodium were measured at 5 angles to the beam with a detector telescope

containing a 16 ~ ~E detector. For both Ag and U targets the high energy

part of the spectrum was measured at 20° to the beam for He, Li, Be, B, and

C fragments with telescopes including thicker detectors and absorbers.

Two evaporation models were tested to determine whether they could

explain the main features of the light element spectra, with the most severe

tests posed by the data on Li and Beo A simple evaporation expression based

on a fixed nuclear temperature for the evaporating nucleus can reproduce the

shape of the spectra only in the region of the maximum. This maximum defines

an effective Coulomb barrier. At the higher energy, particularly above 100 MeV

for Li and Be, the calculations in no way reproduce the 'slope of the data. A

modified evaporation calculation called MAXVAP which involves an arbitrary

Maxwellian distribution in excitation energy can reproduce the data rather

well out to about 100 MeV for Li and Be fragments from Ag with acceptable

choices of excitation energy and level density parameters.
*

(E = 400 MeV,m

a = 6.0). For fragments from U the MAXVAP calculations reproduces the 20° data

reasonably well out to the same energy but only by use of a most probable

excitation energy of 2 GeV which seems much too high, Or by use of a level

density parameter b ~ 80 which seems unreasonable.

Both evaporation models have difficulty in explaining the relative

intensities of the particle emission at the 5 angles studied. Even after
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correction for center-of-mass motion the data indicate a pronounced favoring

of forward emission. This favoring decreases with atomic number and seems to

disappear for oxygen and higher elements. Another curious feature, independent

of the chosen evaporation expression, is the fact that the effective Coulomb

barrier for fragment emission in these high energy reactions is only 40 to 50

percent that estimated from a simple tangent spheres model. 'An effect

contributing to this reduction in the Coulomb barrier is discussed by Moretto.25'

In the case of 6Li, 7Li, and 7Be the 200 data clearly ,reveal a high-

energy component which cannot be described by the MAXVAP calculation and must

represent fragments produced in some little understood way during the initial

high energy cascade. This statement applies to 6Li fragments measured in

this study between 120 and 320 MeV and 7Be fragments between 120 and 420 MeV.

The He isotope yields as measured out to ~ 160 MeV show 3He/4He ratio exceeding

1.0. This also is probably a consequence of the cascade step. Some suggestions

for possible mechanisms for production of very high energy light fragments which

have appeared in the literature, are cited, but not discussed.

In the process of.working up ~E x E data which included information on

many particles over wide energy ranges the necessity fora bet~er method of

extraction of particle identity arose and this need was met by the method

describedin AppendixA.
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APPENDIX A: NEW TREATMENT OF ~E/~ AND E DATA TO ACHIEVE
IMPROVED PARTICLE IDENTIFICATION

A. Previous Treatments

Semiconductor detector telescopes consisting of a thin transmission

detector to measure rate of energy loss (~E) and a thicker detector to measure

the residual energy E have seen widespread use in recent years for the

identification of charge and mass of the products of nuclear reactions. Several

methods of treating the ~E and E information to achieve this purpose have been

One method uses the relationship19 (E + ~E) x (~E) aAZ2 which is anapplied.

approximation to the Bethe-Block formula for the rate of energy loss of a

charged particle. Another3 is based on the empirical fact that the ranges

of light nuclei follow a power-low relationship of the form R = a Eb whereR

is the range of a particle of energy E, a is a constant which .is characteristic

of the particle and the exponent b is approximately equal to 1.6 but varies

somewhat with Z. For particles with energy in the range well described by

this power law it can be shown that the function (E + ~E)b - Eb = T/a, where

T is the thickness of the ~E detector and quantity T/a is a constant characteristic

of a specific particle. The calculation of this power law function can be done

by the analog circuitry designed originally by Goulding and Landis3 or it can be

done in a computer by manipulation of the digital record of the E and ~E pulse

heights. The latter offers the advantage that parameter b can be varied

until the best particle resolution is achieved.

The above treatments provide satisfactory resolution of the particle

spectrum for experiments in which the number of species and the range of

energies for each species are limited. However, in studies of high energy

reactions where a great number of different species, each covering a wide

energy range is present, the particle resolution is not completely satisfactory
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as is made evident in two dimensional plots of the particle identification

parameter versus tptal energy of the particle. Butler, Poskanzer, and Landis18

revised the treatment based on the power-law relationship and introduced an

improved algorithm of the form

[(~ \ Bt - (~)r/2 (A-I)

where the exponent m is not b but b - c~E/T. The second term is a correction on

b where C has a typical value of 0.05 in units of mg/cm2-MeV and T, as before,

is the ~E thickness in mg/cm2. The divisor k is set equal to 300 but its

exact value is not critical. This algorithm is applied by reading the ~E and

E information from magnetic tape and performing the alg~bra in a computer.

A range of choices of band c can be tried until the best particle resolution

is achieved.

This treatment of Butler, ~ ~.20 is a considerable improvement on

the other methods cited above for particle identification in a complex mixture.

We found it to be quite satisfactory for the analysis of the high energy data

in the present study. However, in the case. of the data taken with the 16~ ~E

detector, we found it was possible to get a more satisfactory resolution with

the method now to be described.

B. New Treatment

The Bethe-Block equation2l,22 can be written in the form

2 (ET) (~E)
MZ ~ ~n E + canst.

T
(A-2)
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It is customary to ignore the in ~ term, but we decided to retain it since

we observed the E vs ~ data to follow an exponential form (see Fig. 20).T '

We arbitrarily ignored the constant in the denominator and after several tests

of.Eq. (A-2) and'minor variants with our data we chose the following expres~~on

as our favored algorithm,

[(
E

) ( )

b

J

l/2

PI':: k T M.'
in ET 1024

, (A-3)

wherek = (in 1024 1/2109h ) (1024)0 This constant'and the divisor,i024 inA-3 are

normalization factors related to the fact that the input pulses were digitized

on a scale of 1024. The square root was taken so that the PI scale would be

linear in Z instead of Z2 and the exponent b was introduced to correct for

neglect of the constant in A-2. Generally, b has the value 1.0 for the

lightest elements (He, Li, Be) and increases exponentially with Z to a value

of about '10 for Z = 18. A fixed value of b results in good particle resolution

over a range of several elements.
Inclusion of the in ET term holds PI constant

over a wide range of ET and use of a variation inb provides uniform particle

resolution over a range of Z.

c. Procedure in Use of NeW Algorithm

For each run the tape record of digitized ~E and ET pulse heights on an

event-by-event basis was read into the computer and the data were summed into

a ET vs ~E matrix of dimensions 1024 x 1024. ,This matrix was written on a magnetic

tape which was used as the source tape for subsequent data manipulation.

was the most time consuming step in the whole process. (For 106 events

This

it required about 10 minutesof CDc-6600 central processor time.) In

the case of data from 3-element telescopes the two ~E values were summed. A
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sample result of the summation of the data in ET VS ~E.for.m is shown in

topographic map form in Fig. 20 but with the data compressed into a 128 x 128

matrix.

A computer program, PICAL, using the ~ vs M matrix as input, calculated

a PI value for each element in the matrix ~ing use of the expression (A-3)

and a preselected value of the exponent b. This proc edure converted the ~

vs ~E matrix into an ~ vs PI matrix.
The program generated a particle

. I

spectrum plot by projecting all data on to the PI axis. This process was repeated

for other values of the exponent b and the particle plots were inspected to

determine which values of b were pest for each section of the PI scale. A

final calculation was then made with different b values applied to different

regions of the data matrix and a final ET vs PI matrix and a final particle

spectrum were generated. Figure 21 illustrates the influence of the b parameter

on the particle resolution, including the use of multiple values of b in a final

processing of the datao Figures 1 and 2 are also examples of final particle

spectra obtained by use of multiple values of b. Figure 22 is a plot of the

final ET vs PI matrix in topographical map form.
Some details are lost in this

representation because the 1024 x 1024 scale was reduced to 128 x 128 in the

illustration. The success of the PI algorithm is measured by the straightness

of the ridges (i.e. no variation in PI with increase in ~.>.

By inspection of the final particle spectrum it was possible to

select PI channel numbers to isolate the energy data belonging to a specific

particle type. The use of such PI "windows" in the reduction of the energy

data is described in Sec. III.Eo
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APPENDIX B:
.*

CONSTANTTEMPERATUREEVAPORATIONEXPRESSION

The energy spectrum in the moving system of the evaporating nucleus

is represented by the expression

(k ) + ~

p(d = L (£-kB)e-(£-kB)/T. £ > kB
k=(k )~

(B-1)

where E is the disintegration energy, B is the nominal Coulomb barrier and

y~ is the effective Coulomb barrier. ~ is a small parameter which specifies

the spread in k.values caused by the fact that a variety of emitting nuclei are

involved. The energies of fragments of mass A emitted by a nucleus of

mass M were corrected for recoil of the residual nucleus and related to a

velocity V in the moving system by the equation

2
(1- A/M)E = 1/2 mV (B-2)

At 90° the laboratoryenergyE was taken equal to (1 ~ A/M)E. At the other

angles the laboratory frame velocity VL was corrected for the velocity of the

moving system v, which was typically about 0.006 times the speed of light.

The double differential laboratory cross sections were calculated from p(E) by

use of the relation

2a (J E dE
aEan= p(s) '£ dE

(B-3)

*
See Ref. 1 for more complete description.
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which is proportional to p(E:hti7'E / (dVL/dV). A positive correlation between

V and v was. introduced to fit the data. It allows for the fact that fragments

which are em~tted from a struck nucleus moving with greater than average velocity

will be ejected with greater than average velocity in.the moving system. The

correlation takes the form

v-<v)
(v) = n V - <V)

< V }

where the average quantity < V) was taken to be the root mean square V obtained

from the average energy < £ ) , which is equal to < k )B+ 2T for a Maxwellian

distribution.
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APPENDIX C: AN EVAPORATION CALCULATION. BASED ON A MAXWELLIAN
DISTRIBUTION IN EXCITATION ENERGY

A new expression for calculation of fragment evaporation spectra was

devised in an effort to allow for the fact that fragmentemissionin nuclear

reactions induced by GeV protons occurs from nuclei with a wide distribution

in excitation energy. In the absence of clear theoretical guidance on the

form of this distribution, a Maxwellian distribution of excitation energies

was chosen, as mentioned in the main text Sec. III.C. In addition, the forward

momentum of the emitting nucleus and the appropriate kinematics were included

in a more straightforward way than in the calculation described in Appendix B.

This new calculation, called MAXVAP, was developed as follows.

The forward momentum of the emitting nucleus was calcula.ted for each

value of excitation energy by the expression

* *
p,,/P. = E /E

..L,-L 1nc max , (C-l)

obtained from Monte Carlo7 calculations and some experimental studies.23 The

maximum incident momentum, P. ,was determined from the incident energy of thelnc

bombarding proton by relativistic expressions. The maximum excitation energy,

*
E , was set equal to the incident energy minus the small amount associated with themax .

forward momentum of the hypothetical compound nucleus. The velocity of the emitting

nucleus, commonly referred to as v, can then be calculated by the expression:

* 2EO 1/2
v =E (T + 1) (1 + At)/McAt (C-2)

where E* is the excitation energy, EO is the rest mass of the proton, 'T is the

incident proton energy, At is the mass of the target nucleus, M is the mass of
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the emitting nucleus, and c is th~ ve~ocity of light. For a given set of

*
conditions, v = const x E .

We assumed. an isotropic distribution of the' evaporated fragments

in the center of mass system. To compare the predictions with our experimental

results, we transformed the predicted energy distributions into the laboratory

system by means of the non-relativistic relationship24

2 2. 2 1/2V = v cos 8 +,(V - v S1n 8)c (C-3)

where V is the velocity of the emitted particle at an angle 8 in the

laboratory system, and Vc is the velocity of the particle in

the center of mass system. V is given by V2 = 2E/A where E is the

measured energy for the particle of mass A. V is obtained from V 2 = 2E /Ac c c

where E is the energy of the particle in the center of mass system.c However,

this center of mass energy must be corrected for the recoil of the emitting

nucleus to obtain the true disintegration energy, E. The final expression for

2 "

(

M-A
)V is then V = "2E -MA .c c It is then possible to calculate E in terms of

measured or calculable quantities by rearranging Eq. C-3to give:

MA 22. 2
E = ~I.. .\ [(V - v co s 8) + v s1n 8] (c-4)

The correction for the transformation of the angular distribution from the

," 24
center of mass to the laboratory system was calculated by

aL(8) v2
a (0) = V (v

2 2. 2
8)
1/2c - v S1nc c

- v2
- 2 2
(V - v cos 8)(V + v - 2Vv cos 8)

(c-s)
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which is again in terms of known quantities.

To recapitulate, the new calculation starts ,with the same LeCouteur

formulalO for evaporation of particles as used in the constant T model,

( )
E-kB

(
E-kB

)PEdE = ~ exp - -:r- dEIT
(c-6)

The Maxwellian excitation energy distribution (C-7), in which E * is the most
, m

*
probable excitation energy, was folded into c-6 by summing over E for each value

of E

* * * *
peE ) = E exp (-E IE )

, m (C-7)

*
In addition the velocity of the struck nucleus, v, was made proportional to E .

The resulting expression is:

[

, *

J

* E~B' E
P(E,E) = a(E-kB)exp-( * 1/2)+ --.

(E la) Em

(C-B)

where' E* = aT2 and a is the level density parameter given by M/b. By calculating

the value of E from Eq. c-4 at each value of E, we obtained an expression for

*
the emission probability in terms of E and E . The laboratory cross section

was then calculated by the expression:

da2-ex:
dEcill

*
E
max
\' * aLeS)
L P(E,E) a--c

( C-9)

*
E =1

The upper limit on this summation represents a truncation of the high end of

*
the Maxwellian energy distribution, which is not serious unless very high Em

values are used.
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Table I. Detector Telescope and Absorber Characteristics
====-=

Detector thicknesses () Al abs'orber
Target

Telescope thickness element
E2 E. E E 21 reJ (mg/cm )

1 - 16 SE 194 381 a Ag

2 100 61 1000SE 381 35.7 U, Ag

2 " " " " 432 Ag

3 100 61 1524 (Si(Li) 381 432 U

3 " " " " 1295 U'

4 135 96 2000 SE 381 690 U, Ag

4 " " " " 1295 Ag

SE = surface barrier.



RBP"

, 29

29

0.40 0.05 11.0 1.5 0.0055B

~lB

this work

11.0 2.0 .

C this work 33 0.40 0~05 11.5 2 0.0055

t
HBP denotesRef. 2.

~.'
'1
0\0\
LA)

Table II. Evaporation Curve Fitting Parameters

Source of B,
(k >

Temperature Moving system
Fragment

.t
' Coulomb /).

T (Mev)
.-- - n ---

veloci ty(v >7GData barrier
(MeV)

Li this work 19 0.40 0.05 9.0. 1.0 0.0055.

6L. 71. RBP 19 0.45 0.1 11 2.0 0.008,

7Be this work 24 0.40 0.05 .12.0 1.5 0.0055

RBP 24 0.5 0.2 11 2.0 0.008

I
LA)

9 , lOBe 24 . 0.40
VI

this work . 0.05 10.0 1.5 0.0055 I

9B lOB HBP 24 -0.45 105 2.0 0.006e, e --
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FIGURE CAPTIONS

Fig. 1. Spectrum of elements ejected at 20° to beam direction in bombardment

of Ag target with 5.0 GeV protons. Fragments'measured with 16 }lmf1E

detector and 194 }lIDE detector. Particle spectrum generated from hE and

E pulse heights by the technique described in Appendix A.

Fig. 2. Spectrum of elements ejected at 90° to beam direction in bombardment

of silver target with 5.0 GeV protons.

Fig. 3. Energy spectra at 5 angles for lithium fragments ejected from Ag

target. Vertical scale shift by factor 10 at each angle. Squares represent

data from this study, dots represent data from Ref. 2. (Onlya'portion

of the data from Ref. 2 are shown.) Dashed curve represents fitted

curve calculated from simple evaporation theory (Appendix B) with fixed

nuclear temperature normalized to 90° data. Solid curves represent fitted

curves from evaporation code MAXVAP (Appendix C) incorporating Maxwellian

distribution of. excitation energies, also normalized to 90° data.

E * = 400 MeV, k = 0.4 and a = 6 in MAXVAP calculation.m

Fig. 4. Energy spectra at 5 angles for 1Be ejected from Ag targets. See

caption of Fig. 3 for meaning of curves.

Fig. 5.

9 10
Energy spectra at 5 angles for' 'Be fragments ejected from Ag targets.

See caption of Fig. 3 for meaning of curves.

Fig. 6. Energy spectra at 5 angles for.B fragments ejected fromAg targets.

See caption of Fig. 3 for meaning of curves.

Fig. 1. Energy spectra at 5 angles for C fragments ejected from Ag targets.

See Fig. 3 for meaning of curves.

Fig. 8. Energy spectra at 5 angles for N fragments ejected from Ag targets.

Vertical scale shift by factor 10 at each angle. Solid lines represent

evaporation expression MAXVAP.
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Fi g. 9. Energy spectra at 5 angles for Ne fragments ejected from Ag targets.

Vert fcal scale shift by factor 10 at each angle. Solid lines represent

evaporation expression MAXVAP.

. Fig. 10. Energy-spectra at 5 angles for NEt.fragments ejected from Ag targets.

Vertical sCEt.leshift by factor 10 at each ELngle. Solid lines represent

evaporation' expression MAXVAP.

Fig. 11. Energy spectra for elements from B through S ejected from Ag target

at 200 to the 5 GeV proton beam di~ection.

Fig. 12. Particle spectrum of fra.gments ejected at 200 to be,am direction in

bombardment of'Ag target with 5.0 GeV protons. Fragments penetrating AI

absorber (690 mg/cm2) were meEt.sured with 3-element'telescope (see Table I).

The particle spectrum was generated from the 6E andE pulse information

by the,technique discussed in Appendix A.

Fig. 13. Particle'spectrum of f'ragments ejected at'200 to beam in bombardment

of U target with 5.0 GeV protons. Fragments penetrating AI absorber

(690 mg/cm2) were measured with 3-element telescope (see Table I). The

particle spectrum was generated from the 8E and E pulse informationby the

technique discussed in Appendix A.

Fig. 14. High-energy part of energy spectrum of 6Li and 1Li fragments ejected

at 200 to the protonbeam. The 4 sets of points refer to messurements

with different aluminum absorbers in front of first ~E detector (35. 1, 432,

, '2

690, and 1295 mg/ cm , respectively). The U target.'data points for the 35. 7 mg

absorber are plotted 20% low. ' The solid curves were sketched in to represent

the smoothed trend of the data. The dashed lines represent the same MAXVAP

curves calculated for Ag as the one for 200 shown in Fig. 3, adjusted for
I

6Li and 7Li isotopic composition.
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Fig. 15. High energy part of energy sp.ectrum. for 7Be fragments ejected at

20° to the proton beam. Lowest energy set of Ag points are reproduced

from Fig. 4. The other sets of points came from.measurements with 4

different aluminum absorbers in fr9n~ of detector te~escope. Solid

curves represent smoothed trend of data. Dashed line is the MAXVAP curve

calculated for Ag for 20° reproduced from Fig. 4. The.aO-140 MeV.

points for U are plotted 20% low.

Fig. 16.
9 10 . .

Energy spectrum of ' Be fragments ejected.at 20° to the proton

beam. Lower energy set of points reproducedfrom Fig. 5 (Ag target). Higher

energy sets o'fdata taken with 3-e1ement telescopes with 35.7 mg/~m2 Al

absorber in front. U data plotted 20% low. Dashed curve represents

calculat~on based on evaporation oode MAXVAP. This curve is the same as

shown in Fig.. 5 for 20°.

Fig. 17. Energy spectrum of B fragments ejected at 20° to the proton beam.

See caption of Fig. 16 for further details.

Fig. 18. Energy spectrum of C fragments ejected at 20° to the proton beam.

See caption of Fig. 16 for further details.

Energy distributions at 20° to the beam for 3He, 4He, and 6He ejectedFig.: 19.

from a Ag target. Solid curves represents data from Ref. 2.. Squaresand

triangles show new data.

Fig. 20. Topographical display of particle total energy ET versus~E for

particles emitted at 90° to beam from Ag target. ~E data taken with 16 ~

silicon detector.
Display based on 128 x 128 grid, whereas ET versus ~

data used in final analysis were stored in a 1024 x 1024 matrix. The data

can be representedby an equationof the form ~ = k x exp (-~E).
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Fig. 21. Particle spectra generated by the PICAL program using algorithm (A-5).

In the upper curves the exponent b was set at 1.0, 1.5, and 2.0, respectively.

In the bottom curve the above range of b values were used in the particle

section in @ich.1;hey produced the best resolution.

Fig. 22. ToPOgraphica.ldisplay of ~ versus PI. Data are the same as those in

Fig. 2°. PI was calculated with algorithm (A-5 ) with the same b parameter

range as given in Fig. 21.

. I



105

104
(])
c:
c:
0 .

-B I03
~

(])a.
102(/)+-

c:
::3

0 I
U 10

N
Ag target

20°
Puiser.

I't No Mg
! \ A .Ao-

AI} . .
Pu1 ser

Ar

.0

10 0 80 160 240 320 400
Channel number

480 560 640

XBL 728- 3836

Fig. 1

-. .-.. -.- -.. .-. ---0.' .. .. ,,0 ,.,.

f
.;:-
a
I

~
1
0\
0\
W

.. ... .'0' ... 0 .. m.- ..



Q)
c
c
0 .3
-5 10
~
Q)a.

2
(/) 10+-
C
::s

0 I
(.) .10

105

104

10°
0

I
~
.......
I

PuIser
Ag target

90°

S'.O 160 320 400 4S0 560
Channel number

1"40 640 SOO

X B L..728 - 37 12

Fig. 2
&;
t"1I
0\0\
W



104

103

- 102
~

CJ)

I
> 10 I
Q)

;:Eo

:ri 10°
::i.. °

° -I 0- I

q
~ I0- 2
'U
........

b 10-4
N

'U

10-5

-42- LBL-663

- MAXVAP
0_-.Constant
. T =9.0
cThis work

-.!J:! B P
0 40 . 80

Energy

120

( MeV)

160 200

XBL728-3833

Fig. 3



.,02

~ 10'
I

~
~ 10°" .

.c
4 10-1
~ .

~ 10-2
"0
........

b 10-3
N
'"C

10-4

10-5
0

-43- LBL-663

---

20 8040

Energy

60

( MeV)

100

XBL 728-3705

Fig. 4



103

102

10'-
(/)
I

~ 10°
~
.......

~ 10-1
:t

""--""

~ 10-2
W
"0 .

10-3

Nb
"0

10-4

10-5
0

- MAXVAP
--- Constant

T =1 0.0

20

-44- LBL-663

40

Ene rg y

60

( MeV)

80 100

XBL 728-3703

Fig. 5



-45- LBL-663

103

-

102

~ 10'
-tf)
I

~ 10°
~
.........

.c

:l

~
u

, ~. 10-3
.........

b
N

U

XBL72B-3713

Fig. 6



103

...46- LBL-663

~ 10'
I

>
~ 10°
..........

..0 .

~IO-'

~
-c 10-2
W
"'0

10-3b
N
-c

102
/

I '

c
~~""'"'-'" "

. 'I!J,~.. 200~ ~"m...-.
~I!JI!J~~~ r!/!J

. . ---.;." .I'
. . .. :..-1-_-45°xIO-

r
f

''----,-
/'

I!f

~. ~ ~. I!J I!J ,. , 900XI
.

0-2 .
I ~~-~ ''''... 1!J"1

--~ .~:... -'--<!!I l'.I
--"'~rm "'..."'''J-,..~;p-::..'-

"! ~I!J~ . .', ' ...../~--_:.--

~
-

",

' ' ~~M!J .

,

'..

"

"'

..

'

,

1350XI0-3

.

"'

,

"""'''''''''''''''// "", '~~

~
!!J .

I!J, I!J.

- MAXVAP ... ~~. ~,--"."",,,p. ._~"--- .
--- Constont ~~ I!J~:~~' ~OOX 10-4 "I ~1t-,!!f.!I . --T = I I. 5 " I!J I!J .

~ (!) I%J,

60

Energy (MeV)
XBL728-3704

Fig. 7



-47- LBL-663

0 40 80

Energy (MeV)

Fig. 8

mm . -I
~"!I~~45°x 10

I!I I!I~I!I
I!I I!I I!I

I!I900 x 10-2

120

XBL 728-3696

160

102
.

101

-
10-0....

(/)
I
>
(1)

10-1
"
.c
:l 10-2'-""

10-3"C

l.LJ
'''C
"

Nb
"C

10.5



-48- LBL-663

0 40 80 120 160

Energy. (MeV)
XBL 728-3695

Fig. 9

102

IQI

- .-0

tn 10
I

>
Q) 101

........

..c
=1-

.-2- 10

10-3"0
W
"0
........

Nb
"t:J



102

101

- -0
:n 10.
I

>
Q) .-1
~ 10."-
.c
.=1--2

1 . 10

.q
"'C
I.JJ

"'C"-
b

N

"'C

10-3

10-5

r.'.,

0 40

-49- LBL-663

,
~

I!J .

~~ , .I!J
I!JI!J .

~~~ I!J
I!Jm..m

m m

"

-',&:I ,
CJ III

°OG

°,ptJ-

80

Energy (MeV)

120 160

X BL 728-3698

Fig. 10



10-11

10-12

~50-

B'~.' .

CXIO-~ ~

OXI0-3

~ . ~
.

..

aoY~~0 0
~ ~~

.~~
4

'''' .
A

- 1#~'-.. .

FxI ' .. '''',...,~

' ..!.',:..,.. ..
-~.:.. '.. , ~~,, Q , , ,

0 -5 ,, ~ . '# ..:'::'
Ne x I

.

.

.

.

;++./-+ "+ .

.
.

...

...
* ++++++"++ +.-

+ +
6 '... ."

No x 10-

'--. )(~)IIC)( IC .

..
+:+ +..+: ++ +

IC~)( + +-H+IC ~ IC + +... +++

I()( ~IC'S? ~/ +: .
. """".. '*. ../"'.. ....

.,-, )( I( IC j(

""'.' , -. ..-:.. ..'.., . IC. IC IC
", . 'i'", ,.\!)(!) . .. .0, .. .....

'00\!). .. . .. .. ..\!)\!!\!)(!)(!)-\!) ...
000fb0!!J\!)C!)

Mg X 10-7

Alx 10-8

Si X 10-9

a .aa.aa.a..a.
a..a. (!)A(!)0

P X 10- 10

+

++ . (!)++ ..+. . .
+ AA. aa .
+++. . ... .+++ . A

\!)

I(K
KICK

IC I(
ICICIC

SXIO-" I(IC

'... ICICIC IC

... .. .

20 60 80

Energy

160100 120

( MeV)

14040

XBL729-4039

Fig. 11

LBL-663

102

10'

100

10-1

10-2

10-3

....
10-4&I)

I

>
CI>

10-5
........
LJ

::l 10-6-
"C

10-7
W
"C

.......

b 10-8
N

"C

10-9



Q)

c:
c:
0

~ 103
~

Q)

0..

~ 102
C
::J
0

U

101

1'00

105

104

-51-

3He 4He

Ag target

20°

LBL-663

PuIse r

40

6He

120 200 280

Channel number

Fig. 12

7Se,

9, lOSe

260 240

XBL 728-3708



Q)
c:
c:
0

...c:
0 3ul

10...

Q)
Q..

(/)

C 102
::J
0

U

105

104

10'

0

10 0 80

3He',. j~"THei' ! 1

I \ i i,
f

\,
,) \
\J \

I\.'
iJ

j
i

I
f. ~
,1'..;'...11'
i ""'1

160

\ 6He
I

\r\
J \

i
\

~''''''t

240

-52-

6 . 7L, Li
'{\,

;' \ f\
i \ I \

l v \ 8Li
I \/,

( \. !'
\,)

~i~J'1rl"/

320

Channel

Fig. 13

LBL-663

U target

20°

400 560480

number XBL728- 3707



-
"-

(f)
I

~ 10-2
~"
.D,
~-...

102
q
'U

W 101'U
"
b

C\I

-C 10°

102

101

10°

10 I

10-1

10-2

10-3
0

-53- LBL-663

, ,
I "

"
" ., '"" ",,,"

"
"

"
"

, , "
"

"
, "

,

.U. target
. I

[J Ag target x 10-

""", .
/ "

"
"

"
"

" ." "
"

"
"

"
"

"
"

"
"

"
"

. U target
[J Ag target x 10-I

40 240 32028080 120 160 200

(MeV)Energy

XBL728-3840

Fig. 14



--54-

"
"

EI

0
ro

IoN
I

I
I

I
I

I
I

I
I

I
I

I
I

I

II
I .

I

II

III
I

I

II
/

I
I

/
/

/
/

I
I
\
\.

Q) 0
mo

,... C\J

-~
OJ OJ
Q1c:J')
\ \-
0 0

~..,.

-c:J')
::J«
. 0

-
1
a
x

0 N rt')

0 0 '0 10 '0

( -AS-AaV\lIqrl) U P3 PI .D~p.

C\I

0

V,
0

0
0
~

0
<.0
r0

0
N
t<)

-
>

0 Q)
~ ~
N -
0
0
C\J

>.
~
\.......

Q)
C'

W0
<.0

0
N

0
ro

0
~

LBL-663

N
V
<X)
f()
I

<X)
N
"-
-.J
CD
X

Ir\
r-I

.
bD
erf
I%i

ii
;.



102.

-55- LBL-663

~ 101
I

>
.0)

~"
~ 10°
...........

q
"'0 -I
W 10"'0

"
b.

N

"'0 - 2
10

-3
10

0

9, 10Be
20°

....
..................

~~
moe- 1!\!Jrn...

-- ""'Wm....-I ,~
. , , ml!lt!J"

"
, ,

')
~~

~
.m.,

m~,-mm,
m~

m',
mI!I'-',-I!I

I!I

. U target

0 Ag target x 10-1

120

Energy (MeV).

Fig. 16

XBL728 - 3837



-
:n 10 1

~
:E
"'-

. ~ 10°-
~
"'0

W
"'0 10-1
"-
b

N

"'0

10-3..
0

-56-

B
20°,

,-, -111!1" ~
I!I~" ~

, "'1!Im" ~, ~I!I'"
" ." .,

',I!!
. ,~~

II,

I!!~,

I!!It>,
I!!I!!, ,

I!II!Im",
!!III"

. I!! I!!"'~I!I

at I!I ~

LBL-663

:

. -.....
.,

".
4ft. .-.'..

''''.
. "- .

.' .... . .,.. ..... . ... .tit .
" U target

.' I
c Ag target x 10- .

.

40 200 24080 '120 . 160

Energy (MeV).

Fig. 17

XBL 728-:-3834

!



102

10'

~ 10°I

~
~"
-'110-1""--

~
""0

W

~ 10-2
b

C\I
-0

10-3

10-4
0

"" "
" "

"'-', ""
" ""

, ", "" "
" """

" "", ", "" "", ", , , "", , "
," ,
" "

, "
" ,.

" , "
"

", "
"

"
.......

-57-

. U target
0 Ag target x 10-1

C
20°

....... .. ... .. .. ..
!!II!]

!!I"

!!I !!I

LBL-663

... ... .
.. ..

!!I"

" "

40 24080 120,160

Energy (MeV)

Fig. 18

200

XBL728 -3835



-58- LBL-663

-

0 20 40 60 80. 100 120.140
Energy (MeV)

160 180 200

~
V)

I
>
Q)

:E
"-

..J:1

- :l J02

~
"'C

lLJ I01"'C '
"-

Nb r ...4He,6He}ThiS work
. ~ .3He .

O'

10 ~- HBP

XBL729-4040

Fig. 19



LBL-663

-59-

l.t.J"

6E ~BL 728-3699

Fig. 20



\
'\
;l
(,

i\
i I .~

! \ (\ " ,\ ;i ,

" i I ~1\ " .\, " "

! \ :
"

\

, ! 11 \ ,i \ , \'

"

"''-'" 1\, it' \ ' ! I\: , , i \ (\ '" " "
0' \ \ !

,

i, ,1 \" '
,

' '! V"" Y~~
,

M

~
"'" I;'i !! \; ~I V " , '

,

'J~
'!

,

"

' ii"
I,.. " , . \, i~ I'' " ~. , ' " ;U'1 1--.1.--1, 1.~ : L -L.-1.-L. .L_.L 1 L.-L ,...k lJ._. -

10"T i1 I
I)

II't 'I I. 'II " I10 ~ Ii., h

E I \ 1

\ ' ,1-'

F r I ',' '\,,,\ '\. i~ " ,,'

103[
, 1\, ! 7"

" I \I '\ I
',

"
'/ ,~

"

'

"",

"

h
"

..

~"" "

1
,

\" ' I \ Ij I / \ I, II '1, " ,i

"

,

'

" ti ~ \1 ~

,'

~

~"'

\

'Y

"
"

"

',

I.
,

I

"

"'

"

"
"

"

,

\i

"""

."

""""""

,

,

',' i~.

,~""

" "

,

'

10' [ ! w ! '. "

jl" .,' '1 ~t , , " , ,0>, ~ I '~~.'~-~, , "

c:lO ,;:

(
.1 ,.1",-,--1.",-,--1-.,

b 2.00

c:

,1"",

','

~~- , "', ," O_J_.:..~-,.,_. ""'. '. . , !
' ~ l°"'f A !

"

' .', .

F ' i \ ~~ 10" 1

\'li
a. " F I (\ ,', t'\ ,iI.,

103

,

f
), I f 'v-~V~ \

",

1\ Ii'A
,

'

",

"

f\
,"

'

,

' "
f.F \) V ~V\t \/ \l~g 10 [ ! '~ ' ~U F I ,

10' i I -'--L-Jr- I ..
0 ~,

10~ I

105 !
e
;:

E

104 ~

103r

102~

10' ~

. 104

103

102

10'

100

-60- LBL-663

.. u l
, I

b ': I.00

b= I.50

Ag target
Pulser 90 0

N

Pulser

J
720 800 880

Channel number

X8l728-- 3841

Fig. 21



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.


