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ABSTRACT 

The 'energy spectra of nuclear fraients produced by the interaction of 

5. 5-GeV protons with silver were determined at several laboratory angles by 

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

Individual isotopes of the elements from hydrogen to nitrogen were resolved. 

From oxygen to silicon the elements were determined withOut isotopic separation. 

For the case of the isotopes of He through. Be enough of the evaporation-like 

energy spectra were recorded so that it was possible' to perform integrations 

to obtain angular distributions and total cross sectioris. For elements above 

beryllium an experimental cutoff on the low-energy side precluded these 

integrations and only the high-energy portions of the spectra were recorded. 

The energy spectra of the neutron-deficient isotopes differ from the others 

in that the high- energy parts of the spectra are more pronounced and flatter, 

and the anguiar distributions are more forward peaked. . 

Somé'of the energy spectra were fitted with calculated curves based 

on the isotropic evaporation of fragments from an excited nucleus moving 

along the beam axis The apparent Coulomb barriers obtained from this analysis 

were about one half the nominal Coulomb barriers and.the apparent nuclear 



-iv- 	. 	 . 	IJCRL-19991 

temperatures fell in the 8-11. MeV range. However, no one temperature could 

fit the, entire energyrange and for the highest energy fragments observed at 

900 the apparent temperature rose to 20 MeV or higher. Erom the forward- 
4. 

backward shifts of the most probable energy it was deduced that the average 

velocity Of the moving system emitting Li and Be fragments is 0.008 c. 	 . . 

However, all, of the data are more forwardpeaked in intensity than can be 

explained by the simple two-step model. The energy analysis carried out on 

these new data is compared to those given in the literature for silver targets 

or emulsions bombarded with protons, cosmic rays, pions, kaons, and other 

particles. Comparisons are made of these results with those obtained in an 

earlier study of fragments from a uranium target. 	 . 
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I. INTRODUCTION 

ma recent study we described the application of silicon semiconductor 

detectors incorporated in a particle identifier system for the study of 

• 	 fragments resulting from the disintegration of uranium target nuclei bombarded 

• with 5.5-GeV protons. 1  The present study describes the results of a similar 

investigation of the fragments produced by a silver target bombarded with 

5.5-GeV protons. In a series of measurements with AE and E detectors of various 

thicknesses it was possible to identify individual isotopes of the elements 

hydrogen through nitrogen and to measure the energy spectra for the individual 

• 	isotopes at 5 angles to the beam. The energy distributions have Maxwellian 

shapes resembling evaporation spectra but because of an instrumental 10w-energy 

cutoff it was not possible to observe the maxima of the Maxwellian distributions 

for fragments heavier than beryllium. For fragments heavier than nitrogen it 

was not possible to obtain isotopic identification with the telescope containing 

the thinnest AE detector but individual elements up to silicon were resolved 

and the high-energy segments of the energy spectra were measured. 

Silver was chosen as the target in order to obtain data to compare 

with the fragment characteristics reported in many previous studies done by 

other methods. The nuclear emulsion technique has been most widely used 

because of the ease. of study of the.interaction of high-energy particles with 

AgBr in the emulsion. Inmost, studies the emulsion was used both as target 
• 	 2_li 

and detector. The bombarding particles have been cosmic rays, 	machine 

accelerated protons of 0.5 to 30 GeV,1239 	
5.4o-45 
 antiprotons , 36650  

K-mesons, 5153  and other projectiles. In some cases the emulsion has been 

16  used to detect fragments produced in an external target of metallic silver.  
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Fragments fromsilver have also been studied by techniques based on mass 

spectrometry 5  or on the measurement of the radioactivity of the fragments.55 2 

Each experimental method has certain advantages and shortcomings. 

Methods based on fragment radioactivity are limited in scope because they can 

	

be applied only to a small fraction of the products; but they do have great 
	

il 

sensitivity and specificity. They have been particularly valuable for exploring 

yield variations over many orders of magnitude as the energy of the bombarding 

particle is changed. In general, these techniques supply only yield data but 

some studies have been done in away.to extract information on fragment energy 

spectra and angular distributions. However, radioactivity-based methods 

provide no information concerning the other iarticles emitted in the nuclear 

interactions leading to the production of the isolated radioactive product. 

The nuclear emulsion technique has some strong disadvantses because of the 

labor involved in getting statistical accuracy on individual fragments, the 

difficulty of making a clean identification of the charge and mass of 

individual fragments from the characteristics of the tracks, and from uncer-

:tainty in the target nucleus. Because of the identification problem the great 

bulk of the published work has been done on 8Li, 8Be and 9B, which decay in 

such a way that an easily identified hammer track is produced. To be set 

against these disadvantages is the fact that the nuclear emulsion technique 

makes it possible to examine all the charged particles (mostly, protons and 

helium ions) coming from an individual nuclear disintegration (star) and to 

study the correlation of these other particles with the fragment. For example, 

it is possible to study the yield and energy spectrum of the identified frag- 

ment as a function of the number of gray, black, and sparse prongs in the star. 
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Such correlations provide a much deeper understanding of the underlying 

reaction mechaDism. The nuclear emulsion technique also provides the oppor-

tunity to study cases in which more than one franent is emitted in a single 

disintegration In the semiconductor technique as applied by ourselves, or 

by others, 6 ' 6  it has been possible to measure energy spectra with good 

statistics for a number of fragments each precisely identified by atomic number 

and mass number. All stable and radioactive species are measured--the only 

requirement is that the fragment be stable toward heavy particle emission. 

The method has the limitation of a low-energy cutoff that increases as.  the 

fragment charge increases. Furthermore, as applied in the study reported here, 

no additional information is obtained on the characteristics of other particles 

produced in the nuclear break-up giving rise to the observed fragment. 

Because conclusions from previous studies have been stated many times 

65-67 
in the references already cited and in several review articles 	it is not 

necessary to present them in detail here, but it maybe of some use to set 

down a short summary of the main deductions, particularly those which have 

relevance to the later d.iscussionof our own data. In the following text the 

word fragments refers to nuclei of charge 3 or higher. The usual nuclear 

emulsion terminology on track types will be followed: gray tracks are considered 

to be caused by cascade protons, black tracks are attributed to evaporated 

protons or helium ions, and sparse tracks are assigned to 71-mesons or other 
1 

particles of minimum ionization. The conclusions of previ-ous studies are: 

i) Fragment yield increases strongly with the energy of the bombarding 

protons from 100 MeV to about 2 GeV and then remains relatively constant up 

to 30 GeV We have summarized in Table I the bulk of the published data on 
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fragment yields for proton bombarding energies in the GeV range. 

For proton bombarding energies of 1 GeV or greater the yield 

variation for. fragments close to beta stability such as 18 F and 
24

Na varies 

59 in an interesting way with the atomic mass of the target 	For the lighter 

target elements up to about mass 100 the yield decreases withan increase in 

target mass, whereas for the heavier targets the trend reverses and there is 

an increase in fragment yield as the target mass increases. This has been 

interpreted as evidence for a change in the reaction mechanism leading to 

fragment formation. This feature is interesting for the case of silver because 

silver is near the minimum of the fragment yield versus target mass curve. 

Fragment yield increases with the complexity of the nuclear star: 

i.e., with the number of gray, black, and sparse prongs. 

65,67 The greatest yields occur for products near beta stability. 

This fact reduces the significance of conclusions drawn from a study of radio-

active fragments alone. 

In those cases in which the short black track of the residual 

nucleus can be identified it is strongly correlated in direction with the 

-  
direction of the fragment track, the angle 180 being favored. -• 

The fragment energy spectra have shapes resembling, at least 

roughly, the Maxwellian distribution expected for an evaporation process. 

Since this is such an important feature we comment more fully on it. 

Many authors have made the attempt to fit curves based on evaporation 

theory to their energy data. Some representative papers may be singled 

t6,22,35 for a discussion of this fitting. One common practice is to 

compare the data taken at all angles to the following simple formula taken 



ru 
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from LeCouteur's treatment of the Weisskopf evaporation theory 69 

p(E)E = -B exp(- E ; B) dE 	 (i) 

Here P(E)dE is the probability of emission of a fragment with disintegration 

energy E in the interval dE from a nucleus excited to a temperature T and 

characterized by a barrier B to the escapeof the fragment. To correct for 

recoil during the.escape of the fragment the disintegration energy E  is related 

to the observed energy Eby the equation, E = (i - m/M)E, where rn and M refer 

to the mass Of the fragment and the emitting  nucleus, respectively. This 

correction has often been ignored, but it is important If the experimental 

data are sufficiently extensive to define the energy spectrum at several angles 

it is possible to employ revised equations (see References 6, 22, 3, 35, and 

10, for example) which allow for the effect on the spectrum of the velocity, v, 

of the excited nucleus that emits the fragment. 

In Table II we summarize theT, B, and v parameters reported by repre-

sentative authors to describe fragment spectra from proton bombarded emulsions. 

8 
Most of these are for Li hammer tracks but there are some for Li, Be, B, C, 

and N identified by the track area method. A particularly complete set of 

data has been published by Stein 35 ' 39 for the case of 25-GeV proton bombardment. 

Additional data for emulsions bombarded with other types of particles are 

collected in Table III. 	 . 

In these tables the temperature parameter falls in the range of 

10-15 MeV which is regarded by many authors as a physically unreal value 

because if all nucleons in the nucleus were in fact raised to this energy the 

total nuclear excitation energy would exceed the total binding energy of the 



-6- 	 UCRL-19991 

nucleus. The Coulomb barrier parameter Bis universally found to be lover 

than would be estimated for the emission of the fragment from a silver nucleus, 

even when allowance is made for the reduction in nuclear charge of the parent 

nucleus by the loss of charged particles in the cascade step. Ideas'vhich have 

been advanced to account for this barrier lowering include the increase of the 

nuclear radius by nuclear expansion at high temperature, 71  the occurrence of 

large amplitude:surface vibrations, 72  and the formation of highly deformed 

nuclei. 73,1  

The moving system velocity parameter, v, falls in a range which seems 

reasonable although the value deduced from the analysis is somewhat higher 

than that expected on the basis of estimates from Monte Carlo calculations of 

the cascade step. 	There should also be a correspondence between this parameter 

and the forward-to-backward ratio for fragment 'emission. Most authors are 

successful in reconciling the two values obtained from the analysis of their 

data but a few report an inconsistency in this regard. This inconsistency is 

always in the direction of more forward peaking than expected. 

While it is true that this empirical curve fitting is successful for 

the main part of the energy spectrum, it is almost uniformly reported that it 

is not successful for the highest fragment emergies, particularly at forward 

angles. The excess of fragments at the higher energies may represent contribu-

tions from the cascade step but direct knock-out of nuclear clusters by the 

8-12 	 . incident particle is discounted 	as the mechanism of this contribution. 

Various hypotheses concerning the possible role of nuclear interactions by the 

cascade particles with nucleonic clusters in the nuclear surface have been 

formulated butno formal theory has been proposed for fragments heavier than 

helium ions. 
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It is an interesting fact also that, the fragment energy spectra do not 

vary much with prbto±i bombarding energy. Prfilov, Lozhkin, and Shamov 6  in 

their review of this point state that no appreciable change occurs in the proton 

energy range. .660 .MeV to 6.2 GeV. This is apparent' also from the entries in 

Table II. Thereare greater changes when mesons or antiprotons are substituted 

for protons (see Table III) but these changes are not as great as one might have 

expected. Stein36  reports that the fragment energy spectra in nuclear emulsions 

bombarded with .5-GeV antiprotons and with 25-GeV protons are quite similar. 

In Sec. IV at the end of this paper we present the results of a similar 

curve fitting to our own data, including comment,s on the agreement, or disagree-

ment with the values listed in Tabl.e II and on our interpretation of the meaning 

of the parameters. In Sec. II we describe our experimental methods and in Sec. 

III we present the results. . 

I 
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II. EXPERIMENTAL 

Thin targets of silver were placed in a 36-in diameter target chamber 

located in one of the 5.5-GeV external proton beams of the Bevatron.. Fragments 

ejected from the target were measured in a telescope of silicon semiconductor 

detectors. The electronic system associated with these detectors is shown in 

Fig. 1. It identified each fragment and produced output signals characteristic 

of the particle type and its energy. These signals were fed to an analog-to-

digital converter and then to a, small computer which produced histograms of 

the particle spectra and of the energy spectra of individual fragments. 

Complete. details of the electronic circuitry and identification techniques 

are given In Ref. 1. . 	. 

Self-supporting silver metal targets with thicknesses of 1.02, 7.111, and 

25 9 mg/cm2  were used All the foils were larger than the beam size, which was 

typically 1/2 in.wide by 3/8 in..high. In addition 1-mg/cm 2  target was mounted 

on a frame made of 0.0-025-in. Mylar. Beam pulses 0.8 sec long and containing. 

about 3 X 1011 protons occurred every six seconds. 

The fragment telescope consisted ofthree phosphorus-diffused or 

lithium-drifted silicon detectors with associated collimators mounted on an 

arm which could be positioned at any angle to the beam from 20
0  to 160° .. 

Table IV is a listing of the detector telescopes used in this work. The 

reason for the variety was that it was not possible to measure the entire 

energy spectrum with one counter telescope nor was it possible to achieve 

good particle identification for all fragments by use of a single choice of 	
p 

thicknesses for the AE and Edetectors. Itwas necessary to combine data from 

experiments made with two or more different combinations of detectors in order 
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to determine the energy spectra over a broad energy range A monitor telescope 

provided the necessary information for a normalization ofthé data from dif-

ferent experiments, as described in Ref. 1. The datawere corrected for the 

fraction of events rejected by the pile-up rejector and the fraction lost 

becauseof computer dead time. The energy spectra were corrected also for 

absorption in the target, andthe dead layers of the 'counters.' 

Representative particle spectra from this experiment are shown in 

Fig. 2. Most of the speôtra in Fig. 2 were obtained with a telescope containing 

a 61-)Jm iE detector. The particle spectra for the telescopes utilizing a 20-pm 

E detector were not as good as those in Fig 2, but they allowed us to extend 

the measurements 'to lower energies for the isotopes of H, He, Li, Be, and B. 

Parts of the energy spectra always overlapped and in some cases where there was 

a discrepancy the 20-pm data were normalized to the ,data of the thicker telescope. 

Also, in the case of telescopes using a 3-mm or a 5-mm E counter, pile-up effects 

distorted the particle spectra and these results were normalized where they over-

lapped with data from thinner telescopes. Figure 3 shows a particle spectrum 

'from' a telescope with a 20-pm AE detector in which element resolution was achieved 

but individual isotopes were not separated. 

Examples of semi-logarithmic plots of data taken with three detector 

4 	6 	T  telescopes for the nuclides He, Li, and Be are shown in Fig 



IlL RESULTS 	 i 

The laboratory energy spectra determined in this study are shown in 

Figs. 5 through 11. For isotopes of H, He,Li and Be it was possible to measure 

enough of the spectrum to establish that all had the general appearance of a 

MaxwellianevaporatiOfl spectrum similar to that known from previous work on 

For these isotopes itwas possible to extrapolate yields to zero energy 

and to integrate the ctirves at each of the 5 angles studied in order toderive 

the angular distributions. These distributions were integrated 

in turn to obtain relative total formation cross sections These relative 

cross sections were normalized to obtain the absolute values listed in Table V.  

by assigning 17.14 ± 0.8 mb to the 1Be production cross section. This 

absolute value.was determined radiochemically, as described in the appendix 

of Ref. 1. 

For the hydrogen isotopes it was possible to observe the maxima of the 

curves at all angles although the data do not determine with precision the 

shift of this maximum with change in angle. Also, the hydrogen isotope spectra 

extend out only to 30- 140 MeV because at higher energies these particles pene-

trated the thickest detector telescopes used. 

In the case of helium and lithium, good data were obtained on the 

prominent isotopes 3He, 14He, 6L1, and TLi. The curves for the less prominent 

i 	
6 	8 	9

sotopes He, Li, and Li were more poorly defined particularly as to the 

exact location of the most probable energy. 

The data on 9Be and 10Be extend down just below the maxima of the 	 V. 

spectra, which made it possible to estimate the missing sections down to zero 

9 	
10 

energy. The Be and I Be data were of comparable quality at all angles but 
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the TBe data at 20°  and 1600  were less definite in the peak region because of 

some background effects in those particular runs. 

At boron the experimental low-energy cutoff is near or slightly above 

the maximum •in the energy spectrum so that we can only specify an upper limit 

for the most probable energy. For elements above boron only a section of the 

energy spectrum lying well above the turnover point could be studied. Hence, 

it was not possible to.extrapolate the curves to zero energy and to make the 

integrations.necessary to determine angular distributions and total yields. 

In this respect this study of fragments from silver was considerably restricted 

compared to our previous study of fragments from uranium1  in which we were 

able to define the region of the energy maximum for all products up through 

isotopes of àarbon. The reason for the difference is that, while the experi-

mental cutoffs are the same in the two experiments, the fragments from silver 

leave behind much lighter residual nuclei and therefore have greatly reduced 

energy from Coulomb repulsion. 

In the case of the Li and Be fragments from silver we call attention 

to the fact that the cross section increases at the more forward laboratory 

angles and that the positions of the maxima in the energy spectra move to 

slightly higher energies. This is the expected behavior for emission of 

fragments from an evaporating nucleus having a forward momentum component. 

This agà.i.n is in agreement with the literature reports on 8Li hammer tracks. 

It may also be remarked that the neutron-deficient isotopes have energy 

spectra with smaller slopes in the high-energy region than do heavier isotopes 

° of the sairte.elements. This is evident in Fig. 12 where all the curves at 90 

to the beam are displayed on. a single semilogarithmic plot. Here all the solid 
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curves show roughly the same slope at high energy but the broken curves which 

3 	6 	r 	8 	10 	10.11 
represent,the neuton-deficient isotopes of He, Li, Be, B, . B, 	C, and 	C 

are distinctly.flatter. Such a difference cOuld be explained by the supposition 

that neutron-deficient fragments are produced from nuclei which are excited to 

a higher nuclear temperature as a result of events with larger deposition 

energy in the fast nucleonic cascade. 

In Fig. 13 are displayed the segments., of the energy spectra measured 

for the elements carbon through silicon at three angles to' the beam. The, 

differential cross sections of the elements decrease with increase in atomic 

number, which is qualitatively different from the analogous data for an 

uranium target. 

In FIg. 114  are shown the laboratory angular distributions obtained by 

integrating those energy spectra which could be extrapolated to zero energy. 

All the angular' distributions are similar except'those for the hydrogen 

isotopes, for which the data do not extend into the high energy region. For 

3He, 9Be and 10Be 6mall corrections were made for the extrapolation to high 

energies. From these angular distributions the fraction of the, events in the 

forward and backward hemispheres were determined and the ratio was entered 

in Table V. The values for 3He and He are somewhat less than those for the 

other nuclides. The heavier isotopes of Li are somewhat more prominent in 

the forward direction than are the lighter isotopes although in this connection 

.8 	 9- the values for , Li and especially Li are much less well determined than those 

of the more abu.ndant 6Li and TLI. Our F/B value for 8Li agrees with the 

literature values quoted in Tables II and III for proton or cosmic ray induced 

stars. 	 ' 
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The angular distributions were integrated in order to obtain the total 

production cross sections shown in Table V. Some comments can be made about 

our cross section values 	Our value of 12.8 nib for 811 is considerably larger 

than. the literature values quoted in Table I, which fall in the3 to 6mb range 

for 2-GeV proton bombardments and 5 to 8mb for 6-9 GeV proton bombardment. 

Our value of 17.4  nib for TBe determined by a radiochemical method is close to 

the value of 18.2 nib determined by Hudis and Tanaka for 3-GeV protons on silver.  

The simof our cross section values for TBe, 9Be and 10Be is 143 mb, which is 

in rough. agreement with the value of 30 mb reported by Gorichev, Lozhkin, and 

Perfilov for total Be (exclusive of 8Be) in the interaction of 6-GeV protons 

with AgBr in emulsions 

If we compare our cross sections with those determined in our earlier 

study of urnium'  we note that our total He, Li., and. Be yields are lower and 

are decreasing faster with increasing Z in the case of the silver target. 

This.is also evident in the element yields up to Si, as has already been 

pointed out. Also, both from the cross section data and from an examination 

of the particle spectra in those  cases where total yields were not obtained, 

it is clear that the yield distribution for isotopes of each element are 

narrower for the silver target case and that the peak of the yield distribution 

is very evidently 1/2 to 1 mass unit less neutron excess than in the case of 

uranium. 	 . 	 . 	. 	. 
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IV. DISCUSSION 

: A. Empirical Fitting to an Evaporation Expression 

It is useful at this point to attempt a fit of our energy spectra to 

an evaporation expression in order to determine how well the spectra can be 

described in this manner and to extract parameters which can be compared to 

those given in the lIterature for Li and a few other nuclides. In comparison 

to the previous studies we have the advantage of better statistics over a 

broader range of fraent energies, a clear identification of many more species 

than only 8Li, and a separation of the data into spectra at 5 angles with 

respect to the beam. On the other hand some of the important parameters, 

such as the center-of-mass velocity, are crucially dependent on the shape of 

the spectra in the region of the maxima near the effective Coulomb barrier and 

it is here that our data are least certain in several instances owing to the 

instrumental cutoff at low energy. 

We represented the energy spectrum in the moving system of the evaporating 

nucleus by the expression 

p(E) = 	 ( -kB)e 	
- kB)/T 	E > kB , 	 (2) 

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

• kBis the effective Coulomb barrier. Summation of several distributions 

calculated for values of k ranging from below and above an average value (k) 

by an amount A was included in order to reproduce the widths of the experi-

mental spectra. This factor A is not the uncertainty in k but the amount 
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of smearing of k needed to reproduce the width of the peaks Except for 

this smearing the expression (2) is identical with Eq. (i) given earlier. 

The factor T. has been removed from the denominator as it does not affect 

the shape of .:the spectra and we were interested only in the shapes. 

The nominal Coulomb barrier B was computed by a tangent spheres 

• 	estimate from the Z and A values of the fragment and the residual nucleus by 

use of a radius pareer of 1.44 Fermis. We estimated that 3T 6  was a rea-

sonable choice for the average emitting nucleus from a consideration of past 

discussions' 6  of the knock-on cascade step in the interaction of GeVprotons 

with a cOmplex nucleus like silver. The results are rather insensitive to 

this choice as verified by substituting 5Rh100  or 0Zr92  for the emitting 

• 	nucleus in test calculations. 

The energies of fragments of mass A were corrected for the recoil of 

the residual nucleus and related to a velocity V, in the moving system by the 

equation. . . . 

96-A E = mV2 	 (3) 

At 900  the laboratory energy, E, was taken equal to E  (96-A)/96. To calculate 

VL, the laboratory velocity, for the 200 and 1600  . spectra, the velocity of the 

moving system, v, was simply added to .and subtracted from V,. respectively. 

This is strictly true at 0 0  and 180°  , respectively, and is in error by 0 06(v/V) 

at our angles,which distorts the calculated spectra, but mainly below our 

low-energy cutoff. 	 . 	. . . 	. . 	. . 	. 

The laboratory cross sections were calculated from P(E) via the 

relationship: . 	 . 	. 	. . . 	. 	 . 
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2 
da 	p(E' 
dEd 	'. €dE (!) 

This is proportional to P(E)I7 / ( dVL/dv) The quantity dVL/dV would be 

equal to 1 in the absence of a correlation between V and v We used a correla-

tion of the form 

v-(v)_ 	v-(v) 	
() (v) 	 (v) 	' 

where the av'erage quantity (V) was taken to be the root-mean-square V obtained 

from the average energy (e), which is equal to (k) B + 2t for a Maxwellian 

distribution. A positive correlation factor n means that frsgments emerging 

from the moving system with more than average velocity are emitted from pareht 

nuclei having a.greater than average moving-system velocity. 

In the first stage of the analysis families of computer calculated 

curves were compared with the 900 spectra to determine "best" values of the 

parameters T, (k) , and A. It was found that more than one value of T was 

necessary. This fact in itself makes it questionable whether it is possible 

to extract meaningful parameters with this simple functional form. Perhaps 

the fact that 90% or so of the cross section falls in the peak region where.a 

single temperature value applies is justification for procàeding. The tempera-

ture values listed in Table VI gave a reasonably good fit around the maximum 

in the spectrum but there was a continuous change to higher temperatures above 

the maximum. In Table VI the temperature parameter, THE, gives the temperature 

which fits best at the highest portion of the spectrum recorded at 90°. 
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Our values of T for the lithium isotopes are considerably lower than 

the literature.values for Li, glven in Table II. As far as the effective 

Coulomb barrier is concerned we agree with the literature in finding that the 

values required to fit the data are substantially lower than the nominal 

Coulomb barriers obtained from tangent spheres The (k) values of 0 to 0.55 

listed in Table Vlagree with the values we obtained in the study of fragments 

from uranIum and our discussionin that paper' of the possible reasons for 

this striking'ph'enomenon can apply as well to the present results. Other 

authors who comment on possible explanations of this phenomenon are cited in the 

Introduction. However, our (k) B values are somewhat larger than the effective 

barrier values listed in Table II. This may be related to the fact that our 

values were determined from 90°  data whereas most of the literature values 

came from an analysis of data at all angles. Also in some of the studies in 

the literature no correctIon was made for the recoil sharing of thedisinte-

gration energy between fragment and its residue, if the data points are not 

corrected for this the fitted value of the effective barrier is lowered. 

• The experimental data at 200 and .1600 were used to determine a value for 

the velocity'of'the emitting systn. We computed sets of curves, for various values 

of v and n and compared'them to the data. The"selectidn of the v value was 

made on the basis of the shift of the position of the most probable energy from 

200 to 1600  and is dependent on the quality of the data in the peak portion 

of the spectrum The results are entered in Table VI The 3He and He spectra 

showed no shifts in the location of the peak from 20°  to 1600 	This corresponds 

to a low average velocity for the emitting nucleus and is in keeping with the 

ease of emission of such fragments from nuclei at all levels of excitation down 

to the lowest. 



-18- 	 UCRL-19991 

The values for Li and TLi. are rather well determined within the limits, stated. 

9 	7 while the data for 8 Li, Li, and Be. provide only a rough indication of v. 

For TBe it is clear that the velocity is greater than the 0.006 c value measured 

for the heavier isotopes but the 200 data in this case were not clear cut and 

a better value was not established. However, we have a real discrepancy with 

the values listed in Table II. Our values are substantially lower than the 

literature values exceptthat we do have agreement with seeralof Stein's 

values. 35  

Attempts to determine values of the correlation parameter, n, defined 

by Eq. (5) were only partially successful. In the case of the 3He and He 

spectra it became clear that no combination of i, v, and n could explain the 

increase in. the high-energy parts of the spectra in going from 1600 to 20 0 . 

The difficulty stems from the fact (seen clearly in Fig. 6) that the increase 

in the spectra between 1600 and 900  is much less than that between 90
0 
 and 20° , 

i.e. there is a much stronger probability of forward ejection of .energetic. 

3He and He than can be explained by any simple evaporation model. The 450  

and 20°  data may have a big contribution from the knock-on cascade step of 

the reaction 7  or from the pre-.-equilibrati.on evaporation. step. 75  The analysis 

of the 6Li and TLi data definitely indicated a need for an n value of 2 ±0.5, 

but even with this strong correlation the data in the high-energy parts of the 

spectra indicated a favoring of emission in the forward direction. The quality 

of the fit to the TLi data can be seen in Fig. 15. The beryllium data also 

indicated the need for a positive correlation of v and V .  and .a somewhat better 

0 	,- 	 - 
description of.  the 20

0  -90 -loO0  data could be obtained from the calculated 

curves, as shown in Fig. 16. 
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For the element spectra for carbon through silicon some correction of 

v and V is seen to be required just by an inspection of 'rig 13 	There is a 

change in slope between 20°  and .160°  whereas with no correlation,of v and V 

the slopes at high energy should be the same If we assume a moving system 

• velocity of 0.006 v/c the value of n which gives agreement with the data is 

about 1. Carbon, which can be taken as typic1 of the group is 

shown in Fig. 17. 	Over the limited range of experimental data the 

element spectra from carbon to silicon can be described by the evaporation 

model much better than the Li, Be, and B spectra. However, it cannot be 

determined from our data how good the fit is in the crucial peak region of 

the spectra. 

B. Comparison with Stein's Results 

One.ôf the most extensive previous studies of fraents from silveris 

the emulsion study carried out by Stein 3539  for 25-GeV protons. • It is to be 

expected that there will be differences in the results between 5.5-GeV and 

25-GeV proton energy but it is interesting nonetheless to compare the fragment 

characteristics found in the two studies See Table VII 

For the lithium isotopes the agreement is reasonably good if we compare 

values for E. T, V or (Ic) B, center-of-mass velocity, and F/B ratio. The 

main difference is the higher effective Coulomb barrier and F/B ratios found 

in the present study. Also Stein finds a slight shift to higher energy, which 

we do not see, for the most probable energy of Li and TLI compared to 8L1, 

but this is not a large disagreement. 	 • 
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In the beryllium isotopes ther, are larger differences. Stein reports 

most probable energies for TBe and 9Be of 37 and 13  MeV, respectively, whereas 

we report 22 to 20 MeV, respectively. On the other hand SteIn's value of 23 MeV 

for 8Be is in excellent agreement with our values for TBe and 9Be. There is 

a similar discrepancy in the boron data. We do not observe the turnover point 

in the spectrum but we can place the most probable energy, E at < 26 MeV for 

B and B whereas Stein reports a turnover at ' 4Q MeV and at 47 MeV, respec-

tively, for these isotopes. Also in our spectra for the unseparated isotopes 

of carbon and nitrogen we see no turnover down to carbon energies of 33 MeV 

and nitrogen energies of 38 MeV whereas Stein reports a turnover for 12c  at 

14 
5 MeV and one for N at 6 5 MeV. 

The trend of these results indicates that in those cases where the 

emulsion tiácks give a unique identification of the fragment (e.g 8Li and 8B 

identified by a hammer track), there is fairly good agreement between the two 

studies. On the other hand, for Be and higher Z elements, where the emulsion 

identification must be made by the track-area method, there are discrepancies 

which are in the direction to indicate that there is a considerable loss of 

events at the lower part of the spectrum. We have no experience with emulsion 

techniques so we cannot make a personal evaluation of the problem but we note 

)4 6,0 
that several authors have discussed 

5, 	the great difficulties in using the 

track-area method at the lower end of the energy scale. Stein was well aware 

of these difficulties and discussed them at length in his thesis, but was 

satisfied that his improvements in technique had pushed the method down to the 

energy ranges which he quoted in his final results. The discrepancies we have 

found here suggest there may be some remaining difficulties. However, we must 



-21- 	 UCRL-19991 

repeat that  ourresults are for 5.5-GeV protons while Stein's are for a 

25-GeV energy and there could be real differences in the fragment characteristics. 

C. Aplication of Pwo-SteD Model of High-Energy Reactions 

The evaporation analysis discussed in the Introduction and applied by 

us in Sec IVA is well known to be grossly oversimplified because a variety 

of nuclei of different charge, mass, and excitation are produced in the initial 

encounter of the target nucleus with.GeV particles.
74. 	One can still justify 

the analysis partly on the grounds that fragment emission is strongly dependent 

on nuclear excitation so that the observed franent energy spectra are repre-

sentative chiefly of the fragments formed only from the mosthighly excited 

nuclei remaining after the fast cascade .step. Nonetheless, a more proper way 

to compute the expected contribution of evaporation processes to the observed 

fragments is to start with the set of excited nuclei computed from a Morte Carlo 

calculation of the cascade step and to apply evaporation theory to each nucleus 

in this set. . Since the usual excitation is very high., several particles and/or 

fragments must be emitted before the nucleus is de-excited and thus a Monte 

Carlo technique is again an appropriate mathematical method for this complex 

problem. This approach to the prediction of the properties of nuclear evapora-

tion in high-eiergy reactions is discussed 	 76,77  where the problems, 

lithitations, and successes are outlined. Katcoff, Baker, and Porile16  carried 

through such an analysis to describe the properties of 8Li fragments ejected 

from Ag targets bombarded with 2-GeV protons Their calculation predicts that 

the peak in the energy spectrum should occur near 20 MeV for 8Li emitted at 

900 to the beam and that this peak energy should shift slightly higher and lower 
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for fragments emitted at forward andbackward angles. This result is in reasonable 

agreement.with the experimental data obtained by those authors and with the Li 

	

data obtained in the present study. 	 .. 

On the other hand, these authors found that the shape of the calculated 

and experimental spectra agreed only roughly. The experimental spectra were 

broader and had more intensity in the low-energy part of the spectrum as well 

as in the high-energy portion well above the maximum. Furthermore, the experi-

mental angular distributions were more forward peaked than predicted by the 

calculation. 

	

15 	. Grigor'ev and co-authors did a similar detailed calculation of the 

predictions of the cascade-evaporation model for the case of 8Li produced by 

nuclear evaporation during the interaction of Ag targets with 660-MeV protons. 

The results of this calculation were compared with experimental data taken by 

the authors. In order to get agreement between theory and experiment it was 

necessary to use an effective Coulomb barrier which was 0.7the nominal barrier. 

These authors found gross discrepancies between theory and experiment on the 

shape of the spectra and angular distributions and concluded that it was impos-

sible to describe all the data on the.basis of a statistical decay of excited 

nuclei. 

The conclusions of, both these papers are in agreement with the dis-

cussion in Sec. •IVA of our attempts to fit our data with a very general evapora-

tion spectrum. We also see an excess of events in the high-energy region of the 

spectrum. We also are unable to select a set of evaporation parameters including 

a center-of-mass motion parameter which will. generate a satisfactory simultaneous 

representation of the energy spectra at 200,  90 0 , and 160 ° ; the discrepancy is 
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in the direátion to indicate a significant favoring of emission in the forward 

direction, as shown for example in Figs. 15 and 16. 
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Table I. 	Literature values of fra.ent yielda from Interaction of GeV 
protons with. 	i1ver target8 or with AgBr In emulsions. 

Proton 
Energy Target 

. 	. Ty 	ot' . Cro 	S.ction 
Freq. per 
Nuclear 

Lit. 

(GeV) . 	
. Frent . mbj Interactlontt . Ref. 

1.0 linul . 1 Iie .3140 ± 60 a 

2.0 emul. 1 He 960 ± 130 a 

3.0 emul. He 1160 ± 130 a 

1.0 Ag . 	He • 	. . 	. . b 

.1.9 Ag 6He . 	7 . 

2.85 Ag. 6He 12 . b. 

.0.93 emul. Li 135 ± 81 C 

6.2 	. emul. Li(NH > 8) 0.25 d 

0.95 emul. 8L1 1.1 ± M. e 

1.0 emui. 
8. 0.6 ± 0.2 a 

2.0 . 	emul. 8L1 6 

2.0 Ag 8 j 2.8 	± 1.0 . f 

2.0 emul. 8L1 3.0 ± 0.9 g 

3.0 emul. 8L1 . 	IL 	± 1 	. . a 

3.0 emul. 
8J4 	: 3.4 ± 0.6 g 

5•7 	. 	. .emui. 8L1(7 < N 	< 17) 	 . . 	0.0039 i 

5.7 . 8L1 (NH> 17) . . 	o.o68 I 
. 

5.7 èmul. 8L1(NH > 5) . . 	0.013 e . 

60 emul. 8L1 5.1 ± 1.2 g 

continuêd) 
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Table I. 	(Corftiued). 	. 	. . 

Proton . 	 . Type of . 
. 

Cro8s Section 
Freq. per 

. 	 .. Nuclear  
Lit. 

Energy Thrget -i 

Frauent 
. 

unbj . 	 TT. Ref. 
GeVj . . Interaction 

9. exnul. 8L1. 	8E 8 j 

9. emul. 8Li(NH> 8) . 	 . 0.02 k 

9. emui 8L1 5.0 ± 1.1 g 

9. emu-1. 8Li. 0.02 1 

19. 	• emul. 8Li • • 	 • 0.025 m 

2. • emul. 8Li(NH > 8) • 0.025 1 

2. 	• • 	 emul. L1, 9L1 1 	B • • 	 0.0101 m 

25. emul. • 	 L1, 9Li, 8B .• • 	 0.011 n 

8L1, 9L! o 25. • 	 • emul. 2.0 	• • 

28. 	• emul. • 	 8Li 	• 	• • • 	 0.014 p 

1.0 Ag 9L1 0.22 q 

.2.8 Ag. • • 	 1.05 	• 	• • 	 • q 

9 • emul.  • 	 O.O0O4 k 

0.66 emul. Zl 12 r 

.0.93 emul. Z > 4•. 	• 62 ± 11 	• • 	 • C 

9. 	• emul. Z4 	• 100 	• j 

2.0 einul. Be(except 8Be) • 23.3 ± 9.1 • 	 • g 

3.0 • 	 emul. •. 	Be(except 8Be) 19.6 ± 1.6 • 	 • 	 • g 

6.. emul. Be(except 8Be) 29.8 ± 9.8 g 

6.2 • 	 emul. Be . . 	 0.09 d 

• 	9. emul. Be(except 8Be) 26.1 ± 	3.6 	• g 

(continued) 



-31- ucL-19991 

Table I. (Continued) 

Proton Type of . 	 . Cross Se ction Freq. per Lit. 
Energy Target . 	 t • 	Frauent . 	 / mb)  

Nuclear Ref. 
GeVj . . 	 . . 	 . Interaction 

1.0 	• Ag 	• TBe • 	 .2.5 s 

• 	2.2 • 	 Ag ' Be • • 	 11.3 • 	 • t 

3.0 Ag TBe • 	
• 	 7.4 S 

3.0 • 	Ag 	• • 

7Be • 	 • 	 .12.1. • s 

30. Ag TBe 	. 18.2 t 

 . emul. . 	 8Be 8.2 ± 1.7 g 

 emul. 8Be 7.7 ± 1.3 g 

6. emul, 8Be 8.0 ± 1.8 g 

9 . • 	. emul. 8Be 10.4 ± 2.2 g 

. . 	 ernul. 	. B. 	. 5.5 ± 1.9 g 

 emul. B 8.3± 2.7 g 

6. emul. . 	 B 8.5 	± 3.4 . g 

6.2 emul. B .. 	 . 	 . 	 . 0.08 d 

9. emul. . 9.0 ± 1.5 

9. emul. 8B(NH > 8) . 0.0006 k 

24. . emul. 8B(ç > 8) 0.0014 1 

2.0 Ag C 2.0 ± 0.9 . g 

3. emul. . 	 C 	. 2.2 ± 	1.3 	. .. g 

(continued) 
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• Table I. (Continued) 

Proton Type of Cross Section Freq. per Lit. 
Energy Target t Fragment , 	 ., 

imbj 
Nuclear Ref. 

(GeV) Interaction 

6. emül. •C 2.7 	± 	1.8 • 

9. • 	 eniul. • C 2.6 ± 0.8 g 

3 • 	 Ag 1 C • 	 2.3 	• u 

10 Ag 
16 

C 0028 q. 

2.8 • 	 Ag .16 C 0.18 CI 

1.0 • 	 Ag 17N 0.163 	• q 

28 Ag 17 N 099 q 

10 Ag 18F 020 v 

18 
2.0 Ag 055 v 

3.0 • 	 Ag l8F 1.7 v 

15 Ag 18F 19 v 

18F 59 Ag 15 v 

 Ag 20Ne 6.5 w 

29. • 	 Ag • 	 • 	 0Ne • 	 15 w 

3. Ag 21Ne 6.5 w 

29. • 	 Ag Ne • 	 15 	• 	• w 

3. Ag 22Ne 6.1 	• 

29. Ag 22Ne  13.7 	• 

24  Ag Ne 0.02 t 

 Ag 24Ne 
• 	 0.09 	• t 

3• • 	 Ag 2Ne 0.1. 	• t 

(continued) 
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Table I. (Continued) 

• Proton Type of - t 
Cross Section 

Freq. per Lit. 
Nuclear Energy 

GeV 
Target Fragment mb) 11 	Ref. 

Interaction 

3 Ag 2 a 11 t 

3 Ag 22Na 114 h 

30 Ag 2 Na 22 t 

1.0 Ag 
24 0.30 v 

20 Ag 24N 14 V 

30 Ag 24N 27 v 

30 Ag 
24 21 t 

30 Ag 24 a  224 h 

45 Ag 24Na  41 V 

59 Ag 24Na 33 V 

30 Ag 24Na  41 h 

30 Ag 24Na  47 t 

The symbol NH in this co1imn refers to the total of gray and black tracks accom- 

panying the fragment as observed in the emulsion studies. 

The total cross section for nuclear interaction on Ag by GeV-energy protons is 

approximately 1200 nib 

aRef.  24 eRef. 	10 10 	Skjeggestad Thesis, Oslo (1965) 

bRef 62 Ref. 16 Ref. 26 

CRf 20, gRef. kRef 	28 

dRf 19 1 Ref 	6 1Ref 	29 
(continued) 
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• 	Table II. Selected literature vJ.uee of parameters describing franent energy 
• spectra froth. emulsions bombarded with high-energy protons. 

Most Effec- 

Frauent Proton Probable Temp,. tive Velocity 
Forward Ref. 

Eüergy Energy, E T Barrier v/c Backward 
(GeV) (Hell) (Nell) B 

(MeV) 

Li 9 18 12 3-5 0.01,3 1.4 	. a 

• 	8L1 9 '. 15 9 	. 5 0.017 b 

9 . 10 . 	 5 	. 0.015 1.7 c 

• 	 19 . 	 10 5 	. 0.015 1.65 d 

8 
• 	 Li 24 : 18 12 3-5 0.015 1.54 a 

8Lj 25 18 10 b 0.008 1.2 e 

• 	 ' 8Li 28 20: 10 10. .o.i)4 . 	 f 

6L1 25 20 16 4 0.007 1.2 e 

TLi 25. 23 16 4 0.007 1.2 e 

TBe . 	 25 . 	 37 	. 17 .15 0.0225 1.8 

8Be 	. 25 . 	 23. 	. 11 9 o.008 . 	 1.2 e 

9Be 25 43 17 15 0.020 . 	 1.8 e 

25 4o 	. 18 0.020 . 	 2.0 	. e 

25 47 	. 15 . 	 25 0.021 1.8 e 

25 45 14 26. 0.018 1.8 e 

12 
25 	. 

145 14 26 0.018 . 	 1.8 e 

25 	'. 60 14 37 0.019 1 e 

14 
25 65 1)4 37 0.018 e 

(continued) 
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Table III 	Franent enerr pammeters from emulsions exposed to cosmic rays, 
iT and K mesons, and antiprotons 

Most ec- 

Type of Bbsd- 	Fráent Probable Temp, tive  Velocity Foard Ref. 
ing Particle Energv, E C Barrier V/c Backward (MeV)P(Mev.) B 

(MeV) 

cosmic rays 8Li(NH = 7-35) 	18-20 11. 5 6 0 016 1. 5 a 

cosmic rays 8Li 9.5 5 

cosmic rays 8Be 44 19 25 b 

.5 GeV iT. Li . 11 8 . b 

4. 5 QJ ,( 8 
17 11 6 0 018 1.7 c 

Be 15 6 2.8 

17.2 GeV 7r 8L1 	. 8 7.. .0.010 2.0 d 

8Be 8 9 001 d 

1. 5 GeV C 8Li 7 10 0.01 1.7 e 

3 GeY i( 8Li - 	18 7 9 0.01 1.6 f 

5 GeV anti.p TLI 18 12.2 16 0.0055 . g 

8Li 13 13.9 17 0.0055 g 

9Be 27 16 17.8 0.0055 

5 GeV anti-p 8Li 19 11.2 5. 8 0.9 ± 0.1 h 

5 GeV anti-p 8Li(NH > 	7) 15 13. 9 17 0 0055 i 

(continued) 
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Table V. 	Total cross sections and forward-to-backward ratios for fragments 
from sj1ver irradiated by 5.5-GeV protons 

Fragment Cr 	(mb) F/B 

3990' 
 

IT  690' 

3He 3145b 
1.23 

4He 2030 1.16 

6He 192 136 

6L1 55 1.30 

TLi 69 1.38 

8L1 12.8 1.50 

Li 26 174 

TBe 174C 142 

9Be 15.4 1.39 

10Be 10.1 1.38 

allydrogen yielda refer only to that part of the spectrum lying below 28, 32, 

and 42 MeV for the isotopes lH 0 2H, and . 3 i, respectively. 

b1 	
the 3He case a correction of 8.8% was applied for the unmeasured .partof 

the spectrum lying above 90 MeV. 

CAbsolute value determined by radiochiistry (see appendix of Ref. 1); all other 

values in th1tab1e were normalized to this value. 
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Table VI. 	Parameters obtained from curve fitting 

Noniinal . Peak Moving Systn 
Nuclide 

Coulomb 
. 	(k 

Energy 
90 at 

T.  

(MeV) 
THE velocity 

Barrier B (MeV) ) /c 
(MeV) E (MeV) 

p 

3He 13.1 0.39 . 	114 8 13 < 0.003 

14He 13.14 0.55 13 6 13 < 0.003 

He . 	13.0 . 13 . 

19. 0.145 ± 0.1 17 11 19 0.008 ± 0.002 

TLi 19. 0.145 	± 0.1 . 	18 11 23 0.008 ± 0.002 

18. . 18 11 0.008 

TBe 214. 05 ± 0.2 22 . 	11. 21 0.008 ± 0.003 

9Be 214. 0.14.5 20 	. 13 	.. 

10Be 214. 	. 0.145 	. 21 11 13 0.006 ± 0.002 

8B 29. < 	214 13 15 

10B 29. . < 26 . 11 15 

11 
29. . 	< 26 11 15 

12 28. . <32 11 13 

13 B 	. . 	28. . 	. < 30 11 	. 13 

C 33.3 <33 17 

N 37. <38 13 

0 .ki. 	. 	. . 	. <143 12 	. 

F 	. . 	. <50 13 

Ne . 	. 	.. <52 . 13 

Na . . 	. 	. <56 13. 

Mg <614 114 

Al . 	. .. 	 ... <68 . 13 

Si <70 . 9 
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Table VII Comparison of franent energy characteristics (This work and Stein) 

Tnp 
• Effective . . 	 . Ref. 

Nuclide Most Barrier Velocity Backward PPresent 

e 
v/c .. work 

Energy (MeV) / (MeV) . SSteln 

6Li: 17 11 8.5 0.008 . 	 1.3 P 

6L1 2.0 16 . 0.007 • 	1.2 • 

7Li 18 11 8.5 0.008 1.38 p 

7Li 23 16 	. 0.007 1.2 S 

8Li 18 11 9 0.008 1.50 P 

8Lj 18 10 4 o.008 1.2 S. 

TBe . 	 • 	 22 ii • . 	 11 0.008 1.2 

TBe 37 17 15 0.022 1.8 S 

8Be • 	(undetected) . . . . 

8Be 23 11 9 o008 12 3 

9Be 11, 20 10 . 	 . 	11 1.39 	.. 

9Be • 	 143 17 15 0.020 1.8 S 

10Be •. 	21 11 	. •. 	11 0.006 1.38 • 	 . 

10 Be - 

. 
. S 

8B 	. •. 	 < 	24 13 . .. 	 . . 	 . 	 . 	 . 

8B 140 . 	 114 18 0.020 2.0 S 

(continued) 
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Table VII (continued) 

E 
Tp 

Effective Forward Ref. 
Nuclide Most Barrier Velocity P=Present 

Prob. ( 	) 
v/c .. work 

Energy (MeV) : 	(d&I •. 	 . 	. 	.. .SStein 

10B 	<26 11 p 

10B 147 15 25 0.021 1.8 S 

c 	(all 
isotopes) . 17 . 

14 
145 114 26 .0.018 1.8 S 

N 	(all 	< isotopeB) 33 13 . 	. . P 

114N 65 114 37 018 1 S 
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FIJRE CAPTIONS 

Fig 1 Simplified schematic diagram of the particle identification system 

with a single LE counter.  

Fig. 2. Representative particle spectra for fragments from silver as measured 

by a telescope with a 61-1im LE detector and 250-pm E detector except for 

part (a) which was measured with a 100-pm, 1500-pm LE-E detector telescope. 

Fig. 3. Spectrum of elents ejected from a 1.0 mg/cm 2  silver target and 

measured in a telescope with a 20-pm LEdetector. 

Fig. . Energy spectra for the isotopes He, 6Li, and TBe ejected from silver 

targets at 900  to the beam. For each isotope, data points from three 

measurements with different telescopes are shown. 

Fig. 5.  Energy spectra for hydrogen isotopes at 5 angles to the beam. Solid 

lines were drawn through the data points. Dashed line shows extrapolation 

to zero energy. 

Fig. 6. Energy spectra for helium isotopes at 5 angles to the beam. Solid 

lineavere drawn through the data points. Dashed line shows extrapolation 

to zero energy. 

Fig. 7. Energy spectra for lithium isotopes at 5 angles to the beam. Spectra 

0 i 0 	0 	0 	 0 	 0 
for 20 , i5 , 90 , 135 , and 160 appear in order with the 20 spectrum 

lying highest. Solid lines were drawn through the data points. Dashed 

lines show extrapolation to zero energy. 

Fig. 8. Energy spectra for beryllium isotopes at 5 angles to the beam. See 

caption for Fig. 7. 

Fig. 9. Silogarithm.ic energy spectra for boron isotopes at 5 angles to the beam. 

Spectra for 20 0 , 45 0 , 900 , 135 0 , and 1600  appear in order with the 20 0  spectrum 

lying highest. 
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Fig 10 Energy spectra for carbon isotopes at 5 angles to the beam See 

caption for Fig. 9. 

Fig 11 Energy spectra for nitrogen isotopes at 5 angles to the beam See 

caption for Fig 9 

Fig 12 Composite figure showing energy spectra of isotopes of H through N at 

900  to the beam. Curves are displaced by the scale factors listed at the 

uper right of the figure. 

Fig. 13. High energy portion of energy spectra for the e1ients C. through Si, 

measured at 3 angles to the beam with a telescope containing a 20-jim AE 

detector 
He, Li, and Be obtained 

Fig 114 LaboratorY angular distributions of isotopes of H. 
 

by integrtiofl of curves from Figs. 5-8. 

Fig. 15. Experimentaldata for TLi at 20 ° , 900 , and 1600  compared with theoreti- 

cal curves with the fcl1öing parameter choices: 
T 11, (k ) 0.5, v/c = 0.008, 

n = 2, A 
0.1. The curves were noia1iZed to the data at the peak of the 

900  data. Scales are displaced for the 20 0  and 160°  curves. 

Fig. 16. Experimental data for TBe at 20 ° , 90° , and 160 0  compared with theoreti- 

cal cuives with the following parameter choices: T = 11, (k ) 0.5, v/c = 0.008, 

n = 2, A
= 0.1. The curves were normaliZed to the data at the peak of the 

90°  data. Scalesare displaced for the 20
°  and 160 0  curves. 

Fig. iT. Experimental data for the element carbon at 20 ° , 90° , and 160° compared 

with theoreticalCurves based on the following paiameterS 
T = ii, (k > 0.5, 

v/c = 0.006, N = 1.0, and A
= 0.1. The curves were normalized to the data for 

90 0  only, which are represented.by solid dots 
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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. 
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