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A triton beani frc the Los Alamos 2.5 Mev electrostatic 

accelerator has been used in boiibardin lithium-6 and lithium-7 

target nuclei. Charged particles which result 1ron the interactions 

were detected with a proportional counter and. recorded by an 18- 

channel pulse height analyzer. 

The accelerator, target chamber, and proportional counter 

are described. 

Six interactions have been observed. 

(1) Li. + T -"- He5 + ie + 15.27 Mev 

(2) }ieS* + He + 12.6 Mev 

(3) 2He + n + 16.10 Mcv 

(it) + D + 0.99Mev 

(5) Li + T -.- He6 + He + 10.12 Mcv 

6* 
(6) He + He + 8.01 Mev 

Reactions (2) and. (6) indicate levels in He5 arid He6 of approximately 

2.7 Mev and 2.11 Mev, respectively. 

Energy dependence of alpha-particle yields representing 

reactions (i), (5), and (6) have been measured at 90° and. at 165° for 

triton energies varying by increments of 0.10 Mev from 0.62 to 2.29 

Mcv. For reactions (5) and 6) values for differential cross section 

have been calculated. At 90 , reactions (5) arid. (6) have maximum 

values of 2.6 and 8.1 millibarns, respectively. At 165°, the two 

reactions have nearly the same maximum o about li..l millibarns. The 

bombarding energy at which all four of these maxima occur is about 

1.85 iev. 



During bombardment of metallic lithium targets, oxygen and 
nitrogen contaminants in lithium were detected. As a consequence, 
targets of lithium-6 fluoride and lithium-7 fluoride were used in ob- 
serving the above reactions. The resulting incidental triton 
bombardment of 2xygen, nitrogen, and fluorine gave evidence for levels 
in C13, 010, F19, and Ne22. These are discussed. 
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CHARGED PPRTICLE OBSERVATIONS 

0F Li ± T REACTIONS 

INTRODUCTION 

Knowledge, which, in the long run, leads to an understand- 

ing of nuclear structure and forces, is enhanced by information 

gained from observing interactions of light nuclei. Occasionally, 

monoenergetic sources of charged particles or neutrons are dis- 

covered (in the form of high cross-section-resonances) in the course 

of such studies. These are often of iiediate practical importance. 

The observations to be described were planned as a pre- 

liminary survey of a relatively unexplored region of experimenta- 

tion -- the interactions of tritons with Li° and Li nuclei. The 

Los Piamos 2.5 Mcv electrostatic accelerator has been used to ac- 

celerate tritons to various energies between 0.62 and 2.28 Mev. 

Charged particles resulting from interactions of these tritons with 

the Li6 and Li7 nuclei have been observed at two angles: 900 and 

165° to the incident triton beam. 

Exoergic reactions which may occur with the residual nuclei 

in the ground state: 

(1) Li6 TBe9 + 17.67 Mev 

(2) 2He + n 16.10 

(3) Be8 n + 16.00 

() He5 + He4 ± 15.27 

(5) Lii' H + 0.99 

(6) Li8 + l 
+ 0.80 
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(7) Li7 + T-*Be-0 + 17.23 ev 

(8) Be9 + n + 10.142 

(9) He6 + He1 + 10.12 

(io) 2He1 + 2n + 8.86 

(11) Be8 + 2n + 8.76 

(12) HeS + He + n + 8.01 

(13) 2He5 + 7.26 

(masses and method used in determining these Q-values are 

discussed in APPENDIX III.) 

0f these, the reactions actually observed were (2), (14), 

(S), and (9). In (It) and (9), excited states were also observed for 

HeS and He6. 

Incidental to these observations, reactions resulting rrom 

triton bombardment of' nitrogen, orgen, and fluorine were also ob- 

served. They give evidence for excited states in C'3, N'5, &-, 

F19, and Ne22 and will be discussed in the chapter concerned with 

analysis of results. 





L. 

EOLJIPNT 

I. Description_of' the Electrostatic Accelerator 

The Van de Graaff accelerator which was used for this 

study has been described briefly by McKibben (20, pp.1-5). The sche- 

inatic elevation is shown in Figure 1. (Numbers appearing in paren- 

theses, in the following description of the accelerator, refer to 

Figure i.) 

This machine is one of a type described by Herb, Parkinson, 

and Kerst (12, pp.75-83) in 1937. The external envelope (20) is a 

cylindrical tank of 3/1l inch boiler plate 5 1/2 feet in diameter and 

15 feet long. This contains the high potential shell, charging belt 

assembly, and accelerating tube. During operation, the tank is filled 

with dry nitrogen gas at pressures ranging from 100 to 135 p.s.i., 

depending upon the voltages desired. 

A positive potential of from 0. to 2.7 Mev may be main- 

tamed on the cylindrical shell (lo) by spraying electrons from it 

upon a continuous woven cotton belt () (20 inches wide and about 

lt3. feet in perimeter) which passes over a grounded drive pulley at 

one end of the pressure vessel and a driven pulley inside and at the 

potential of the shell. A 7 1/2 horsepower electric motor (2) drives 

the belt such that in 1/10 second, the charge sprayed on it at one 

pulley is carried a distance of about 6 1/2 feet to the other pulley 

to be removed. A full-wave rectifier consisting of two kenotrons 

and an x-ray transformer (ii), whose primary voltage is controlled with 

a variac, provides a positive charging current of ,-0.5 milliamperes 
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at 30 to 50 kv. 

The accelerating tube (6) extends from the high poten- 

tial shell to ground potential at the other end of the tank. It 

consists of 29 cylindrical sections of porcelain 2 1,2 inches long, 

10 1/2 inches in diameter (outside) and about 7 1/8 inches in di- 

aineter (inside). These are cemented together having steel elec- 

trodes, 12 inches in diameter (outside) with 2 1/2 inch holes in 

their centers, placed between successive sections. The steel 

electrodes provide focussing for ions passing through the tube. 

The tube is held in compression against the end of the tank by 

two textolite tubes (7). 

Independent of the accelerating tube, the shell is 

supported from each end of the tank by two textolite tubes (3). 

A system of closely spaced hoops of steel tubing (5), which ex- 

tend from the shell to each end of the tank, enclose the support- 

ing textolites, the charging belt, and the accelerating tube. A 

system of corona points along the textolites and between the hoops 

produces a uniform potential gradient from the shell to ground at 

each end of' the tank. 

External parts attached to the accelerating tube include 

the magnet box (15), the electrostatic analyzer (16) and the target 

tube (18). These are all a part of the same vacuum system which is 

maintained at a pressure of about _6 millimeters of mercury when 

the machine is not in operation and at pressures of three to eight 

times this amount when triton or proton beams are produced. The 
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vacuum is produced by a DPI MCF-700 oil diffusion pump (13), two dif- 

fusiontype booster pumps (viB_iOO and VMB-7) and a forepunip arranged 

in series. When triton-enriched hydrogen gas flows down the tube, 

the forepump is excluded from the system and replaced by a pair of 

mercury-in-glass Toepler pumps operating in push-pull. These pump the 

gas into a collection tank from which it may be reclaimed and used 

again. 

When tritium-enriched hydrogen gas is allowed to flow into 

the Zinn-type ion source (9) (i, pp.28-30), which terminates the ac- 

celerating tube at the high potential end, some of the gas is ionized 

as it passes through the arc maintained within the ion source while 

the machine is in operation. Positive ions are drawn through a small 

aperture in the probe (an electrode maintained at about 5 kv negative). 

These are repelled by the charge on the shell and forced to move along 

the accelerating tube. As they pass the ground end of the tube and 

enter the magnet box, they are separated by the magnetic field ('-'u 

kilogauss) which is in the vertical plane. Ions in the mass-3 coni- 

+ + + o 
ponent (T , liD , or REH ) are deflected about 20 and move on to the 

target. Ions having a mass of 6 (TT or DDD) are deflected 11--° and 

pass through the electrostatic analyzer. Actually, the amount of deu- 

teriuni known to be present in the gases used and in the walls of the 

ion source and accelerating tube is so small that it will not be pre- 

sent in measurable amounts. Thus, one may observe as many as eight 

beams coming from the accelerating tube when tritium gas flows through 

the ion source. These beams are: niasses-1 (H+), 2 (rm+), 3 
(T+ and 
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gjj) t (+) 5 (+) 6 (t), i () and 9 (TPT). They are 

observed as fluorescent spots on a quartz plate at the outer edge of 

the magnet box. Reversing the current in the magnet coils (ii-1.) de- 

flects the beam$ onto the quartz plate. Relative strengths of these 

beams vary with the ccmposition of the gases used and with the vary- 

ing conditions existing in the arc from time to time. Generally, 

with the gas mixture described above, the most intense beams are 

those containing sses 1, 2, 3, Ii., and 6. The mass-6 beam is used 

to control the machine energy. 

The machine control system is described elsewhere (i, pp. 

1-5). it makes use of the mass-6 beam, mentioned above, by taking 

signals produced when the beam strikes two slightly overlapped plates 

placed beyond the electrostatic analyzer. These signals are relayed. 

to a difference ailifier and the resulting signal is fed to the grid 

of a gammatron tube located just outside the tank opposite the high 

voltage shell. The plate of this gammatron is attached to a corona 

needle bar which projects through the tank wall and is aimed at the 

shefl. Fluctuations in the energy of ions in the mass-6 beam are 

immediately reflected by a change in the grid potential of' the ganmia- 

tron . The latter changes the corona current flow, altering the shell 

potential to correct for the energy variation which was indicated. 

The machine energy desired is obtained by placing a specified poten- 

tial difference on the plates of the electrostatic analyzer, which 

deflects the beam through a fixed angle only when the energy of the 

beam is correct. 

Proton beam currents up to 50 microamperes have been 
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obtained with this machine as measured on 3/16 inch diameter targets 

located about nine feet from the grounded end of the accelerating tube. 

Energy fluctuations are less than 1.5 key (20, p.2). Beam currents 

are measured with a current integrator which has been described else- 

where (9, p.325-326). 



IT. Descriotion of the Target Chamber and the ProDortional Counter 

In making the initial plans for a study of the charged par- 

tides resulting from the interactions of tritons and lithium nuclei, 

several requirements for the target and detection apparatus were 

evolved. These may be outlined as follows: 

A. The target system must permit: 

1. Use of solid targets which can be adequately cooled 

2. Rapid interchange of different target materials 

3. Keeping taFgets in a vacuum or in an inert atmosphere 

i-i. Rotation of target surface to known angles with the 

collimated beam of bombarding particles 

5. Beam current measurements 

a. For targets which are opaque to the beam 

b. For targets which allow most of the beam to pass 

through 

6. Detection to be made at continuously variable angles 

(or at several fixed angles) to the incident triton 

beam 

B. The detection apparatus must be capable of: 

1. Recording pulses produced by protons, deuterons, 

and alpha particles 

2. Supplying information from which the energy, and 

possibly the nature, of a particle can be deduced. 

3. Detecting alpha particles ranging in energy from 

about 1 to 13 Mev 
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ii-. Having relatively low background counting rates. 

A scattering or target chamber and a proportional counter 

were designed and. built to satisfy these requirements. These are 

described and illustrated in lIA and 11Th 

lIA. The Target Chamber 

Effort which went into the design and construction of the 

target chamber proved to be well worthwhile when it was put into 

operation. It was found to be reasonably versatile and quite 

dependable. Numbers in parentheses, which are used in describing the 

chamber, refer to Figures 9, 10, and II. 

The main framework of the chamber, shown in Figure 9, is 

the cylindrical pill box of d.ural (1), around. the edge of which are 

located. the fixed-angle counter ports (2). In Figure 10, are indi- 

cated. the target holder (3) in the bottom plate and the liquid air 

trap (ì) in the top plate. The beam collimating tube and the Fara- 

day cage are also placed on the periphery at 180° and 0° positions, 

respectively. 

The target holder is shown in Figure 10. It has three 

major parts, a disk-topped cylinder (7), an aluminum rod (8) which 

slides within the cylinder and contains the target disk clamped ver- 

tically at its upper end, and an offset valve (9) which may be used 

to seal the upper end of the cylinder (after the target has been 

pulled down into the latter) . The bottom end of the aluminum rod is 

provided with a finned flange and taper pin key (io). This makes 
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nossible adequate cooling and positioning of the taret with respect 

to the target holder. Throughout the target chamber and. the counter. 

sliding, rotating, and most static vacuum seals are produced by ex- 

tensive use of neoprene "O"-rings which have been lubricated with 

silicone stop-cock grease. 

The target holder receptacle, shown in Figure ii, is built 

into the bottom plate of the chamber. It contains an offset valve 

(12) for the opening into the chamber proper (13), an intermediate 

punrp-out space (i-) between the target holder and the chamber, and 

indices marked in degrees for positioning the target holder so that 

the target may be placed with its face at any known angle to the 

beam (up to 
9Q0 

each way from normai). A radially-compressed "O',-. 

ring seal (15), indicated in Figure lO, is made when the target 

holder is "plugged into' its receptacle. Rotation while in place 

and rapid interchange of target holders are made possible with this 

arrangement. The target cari be kept in a vacuum at all times, 

whether it be in the chamber or out. 

The target receptacle, shown in detail in Figure 11. is 

made in two parts, insulated from each other by a resistance greater 

than 200 megohms. The inner part (16) is in contact with the chamber 

while that containing the target holder (17) is insulated from 

ground. Within the chamber volume, a dural cylinder (i8) is placed 

concentric to the rod supporting the target. It extends to within 

about i '8 inch of top and bottom plates of the chamber and is sup- 

ported on insulated plugs (19) which are cemented to the inner face 
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of the target receptacle. There this cylinder is intersected by the 

horizontal plane in which the co1lin.ted beam lies, apertures (20) 

are provided at angles corresponding to those for the ports located 

on the chamber periphery. A lead ;ire (21) brought out through a 

kovar seal in the target receptacle permits placing this cylinder 

negative to ground (--300 volts) so that it may serve as an electron 

barrier surrounding the target. An accurate beam current measurement 

may thus be made directly between the target holder and ground, when 

the target is opaque to the beam. 

The Faraday cage (6), shown in detail in Figure 9, which 

is placed on the periphery of' the chamber at 0 was provided to permit 

one to make beam current measurements while targets not opaque to the 

beam were used. It consists of an insulated brass cup (22) in which 

the beam could be collected. An electron barrier electrode (23) is 

located just forward of the cup and insulated from it. The back of 

the cup (2h) is made of nickel gauze. The position of the beam ter- 

minating in the Faraday cage is indicated by the fluorescence it pro- 

duces in the quartz disk (25) which serves as a back plate to the 

cace. Preliminary alignment of the chamber in the target beam was 

a simple procedure when a target blank having a centrally-drilled 

1/8 inch hole through it (26) was placed normal to the beam and its 

image observed on the quartz window. 

In Figure 10 is shown the collimating tube (5), which is 

located diametrically opposite to the Faraday cage. It is a small 

dural tube into each end of which a beam-defining diaphragm is 
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placed. At that end, located within a cup-shaped connector (for 

attaching the chamber to the target tube of the electrostatic accel- 

erator) is a large tantalum disk (27) which stops most of the beam. 

The fraction of the beam which passes through the small aperture in 

this diaphragm is further reduced by a similar aperture in the 

tantalum plug (28) at the rear of the tube. The durai cap (29) over 

the target-end of the tube contains an aperture just slightly larger 

than those in the tantalum plugs. This is known as the scraping 

aperture and serves to remove from the collimated beam most of those 

particles which were scattered from the edges of the previous tanta- 

lum diaphragms. The result of this coil±mating arrangement is to 

define a beam spot 1/8 inch in diameter on the target disk. 

Incidental to the collimating process, the forward tanta- 

lum aperture is heated by the large fraction of the beam enerr 

dissipated in it. Circulating water is forced through the water 

jacket (30) which is placed around the durai tube and inediately 

behind the cup-shaped connector to carry heat away from this region. 

The counter ports (2), shown in Figures 9 and 10, are 

eleven assemblies. Each consists of a protruding nozzle, the inner 

end of which may be closed by an offset valve (31). The ports are 

located 300 apart from 15° to 165° on one side of the chamber and 

from 30° to 150° on the other side. 

A defining aperture is located in an aluminum plug forced 

into the outer end of each nozzle. Each of these apertures was 

milled 1/li- inch long (vertically) with a 1/8 inch end mill. As the 
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counter window lies next to this opening when the counter is placed on 

the nozzle, the solid angle (Figure 13) defined for the c:unter is 

approximately the same at each port. The difference in solid angle 

for the 900 and 1650 ports is not measurable with the counter when 

a standard source is placed at the target position, facing normal to 

the port in each case. As calculated from the measurable geometry, 

the solid angle is 14..36 0.25 x 1O steradians. 

The offset valves (31) at the ports permit each one to be 

closed and opened independently. A two stepped spacing collar (33) 

is placed around the shaft of each valve to allow it to be opened 

(and rotated out of the opening) or pulled closed and held closed 

against atmospheric pressure. The counter window valve assembly 

which is mounted on the end of the counter is provided with a pump- 

out line . Thus, one may move the counter from one angle to another 

without disrupting the vacuum in the chamber by closing the valve 

within the nozzle (and one which seals off the counter window), 

letting air into the intermediate region, removing the counter, 

placing it on the nozzle at the next desired angle, pumping out the 

intermediate region, and opening valves in the nozzle and in front 

of the counter window. This can be done within one minute. A 

description of the valve to the counter window will be given along 

with that for the counter itself in I. 



Figure 2. View from above Rear of Assembled Counter and Chamber 

o 
Chamber is shown removed from the accelerator with the counter in position at 90 H 

'-n 



Figure 3. Assembly of Counter and Chamber as Viewed from Below at 300 

Counter is at 900. Target holder rod. is shom in do.m position. The 7-valve manifold for 

the pimp-out system is shown in the upper part of the tripod support below the chamber. 
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Figure -i.. A View of the Chamber from ¿i-5° Below 

The Faraday cage is at left, the target tube connector and water cooling jacket at right, 
and the target holder receptacle in the center. The target holder is shown near the recep- 
tacle with the target clamped in place at the upper end of the rod, which is in the up 
position. The offset valves for holder and receptacle are shown opened. 
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Figure 5. The Chamber with Top Plate Removed 

The chamber is shom on a ring stand as viewed from above at 1500. The electron barrier 
sleeve surrounding the target is seen in the center of the chamber. The offset valve is 

open for the .5 port. Other ports are closed. 



Figure 6. The Inside of the Chamber as Viewed from the Top 

The collimator extends inward from upper left. The target is shown in position. Carbon 
which was deposited where the beam struck the target can be seen. For observations of 
reactions at 90°, the target was placed at an angle of 45° to the beam, hence the ellipti­
cal appearance of the carbon spot. Four spacing rods can be seen which serve to support 

......the centers of the top and bottom plates while the chamber is evacuated. \.0 



Figure 7. The Counter as Viewed from the Window-End 

The window valve is shown in place on the counter. It is 
closed. At the bottom is the built-in source holder. 



i'iLre u. it view w. trie tuttnter iruin .e.w'r 

Two sources are shown in the source holder. One is in place at the rear position recess, 
the other is in the dummy recess. Filling lead, valve and pressure gauge can be seen. 
The purifier is partially visible at the top of the photograph. 
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FIgure 9. Drawing of the Target Chamber 
ro 
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Figure 10. Drawing of Assembly of Chamber and Counter 
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Figure 12. Details of the Proportional Counter 
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The liquid-air trap (Lt), shown in Figure 10, is placed. 

directly over the target to minimize the presence of purno oil vapor 

in the region of the target. This precautiòn was made in the attempt 

to eliminate formation of carbon on the targets. However, a thin 

layer of carbon was found. on each of the targets following bombardment 

for several days. The trap is made of brass, except for the filling 

tubes which are stainless steel. The whole assembly has been nickel 

plated. to minimize effects of heat radiation. 

A manifold of seven valves was constructed for the pump-out 

vacuum system. Valves were made of tbO_rings on rods which could be 

pushed into or removed. from holes in the back plate of the manifold. 

Six of these were built into a comon cylindrical manifold. The 

seventh was made similarly but independent of the other six to provide 

a by-pass for a roughing pump. Operation of this system is quite sat- 

isfactory. With it, pump-out cycles have been effected quickly and 

with a minimum of hand motion. The manifold, which is equiDped with 

a thermocouple vacuum gauge, is visible below the target chamber in 

Figures 2 and 3. 

I. The Proportional Counter 

A gas-filled proportional counter (26, pp.72-100), (16, pp. 

3i-i--50) was designed w'nich can be used to indicate energies of alpha 

particles between 1.75 and. 13.0 Mev. These limits are imposed by 

properties of the counter window, the length of the counting volur.e 

and the nature and pressure of the filling gas, which was fixed during 

the present experiment. Numbers in parentheses, which are used in 
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describing the counter, refer to Flgiu'es 10, 11, and 12. 

As indicated in Figure 12, the counter envelope (3lj) is 

made of a 9 inch length of 1/16 inch w1 durai tubing, 2 3/8 inches 

inside diameter. The axial wire is 0.003 inch diameter stainless steel. 

A mica window (3g), 1.06 mg/cm2 over a S,'6 inc.h dianieter aperture is 

located 9/L6 inch below the wire in one end of the count. The 

counter is filled to a pressure of SO centimeters of mercury with 

a mixture of commercial argon and carbon óoxide in the proportions 

95% and , respectively. Taking into account the stopping power of 

the window and of the gas, a 1.7S Mev alpha particle will just enter 

the cciuriter and a 13 Mev alpha particle will just be stopped within 

the counting volume. Protons with energies in excess of 3 Mev will 

lose only part of their enerr in the counter. Since the design pro- 

vided for particles to enter at one end of the counter and pass through 

it parallel to the wire, lt was desirable to attempt to minimize any 

pulse-height distortion near the ends of the counter. Following rec- 

otrmiendations of Cockroft arid Curran (6, 1-t2), and those result.- 

ing from sorne experience acquired by others working at Los Alanos 

Laboratory, the ends of the counters (36) re made of semi-conducting 

disks of phenolic #91i2 having small field tubes (37), concentric with 

the wire, cemented in at their centers. The field tubes are maintained 

at potentials intermediate to those of the wire and cathode. The pur- 

pose of modifying the end of the counter in this way is to permit one 

to establish a potential gradient in the end which is very nearly the 

same as that found throuout the counting volume, thus eliminating 
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the cause for distortion of the radial counter field near the ends of 

the central wire. 

Immediately around the wire and concentric with it, guard 

tubes (38) are placed. These are maintained at the same potential as 

the wire but are by-passed to ground. Their purpose is to restrict 

the number of spurious pulses by minimizing the flow of leakage currents 

from the wire. A diagram of the counter cïrcuit is shom in Figure 111.. 

The mica window holder (39), Figure II, is a detackable cy- 

lindrical piece which projects from the back side of the window valve 

nssembly. It is sealed into the window recess in the phenolic end of 

the counter with 0't-rings. On the inside of the valve case, a steel 

vane ()-o) slides across an "0"-ring (1il) to seal the window against 

pressures outside the counter. The vane is operable with the external 

lever 2) shown in the illustrations. A small plunger valve (2+3) 

mounted on the case of the window valve is used when it is desired to 

pump out the ease of the window valve after placing the counter on a 

port nozzle of the chamber--before opening the window valve and the 

offset valve in the chamber port. 

In constructing the counter courponents, two adhesive sub- 

stances were used in making seals not formed by '0"-rings or solder. 

These are Gelva V-71 and Armstrong's adhesive2, grade A-1, mixed with 

1. Gelva V-7 is obtainable from Shawnigan Products Corporation, 
Empire State Building, New York 1, New York. 

2. Armstrong Products Co., Argonne Road, Warsaw, Indiana. 
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activator A. Gelva was used to cernent the mica window in place. In 

assembling electrodes surrounding the wire and sealing them into the 

phenolic disks, Armstrong's adhesive was used. (T} latter was used, 

also, to assemble the two parts of the target holder receptacle which 

was described earlier.) 

Attached to the rear of the counter (the end opposite that 

containing the mica windaw) is a small junction box (1), indicated 

in Figure 10, which contains the resistors and condensers shown in 

Figure 114. The junction box has a Los LLarnos Model 101 preamplifier 

(14g) attached to its rear face and a cable-connector, through which 

the counter voltage is supplied, mounted an its bottom edge. 

In order to make a test of the effectiveness of the field 

tubes, a source holder (146), shown in Figure 12, was built into the 

counter In such a way that a collimated source of plutonium alpha 

particles could be placed at each of five positions along the length 

of the counter. The positions are located (a) in the middle of the 

counter length, (b) and (c) 2 1/8 inches each way from (a), and (a) 

and (e) about 0.080 inches in from each end of the counter volume. 

The source (147) is contained in a small iron plug which can be manipu- 

lated from outside the source holder with the aid of a small permanent 

magnet. The bottom face of the source holder is a glass plate which 

permits one to observe the source in any of the five positions. 

Preliminary operation of the counter indicated a continuous 

degradation, with time, of the counter resolution. It was assumed that 

the counter gas was being denatured from materials used in making the 
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counter. Consequently, a purifier (8), Figure 10, was added. This 

consists of a copper tube containing about 10 grams of calcium metal 

turnings, surrounded by a heating element and connected to the coun- 

ter near each end (L9) by small, flexible copter tubing. The tern- 

perature of the purifier was measured by a small thermocouple junc- 

tion which was silver-soldered to the purifier wall near the middle 

of its length. A 100-watt, 0 ohm per resistor (so) was used for 

the heating elerrent. During the month in which the experimental work 

was completed, the purifier temperature was maintained continuously 

at 22S° to 230° C. Apparently, this removed water but no CO2. 

The counter was supplied with voltage from a battery supply 

which can provide continuously variable voltage from 260 to 1O 

volts. A meter across this supply permits one to maintain lt at a 

constant potential and to know its value within %. 

The negative charge collected by the wire when an ionizing 

event occurs within the counting volume results in a pulse with magni- 

tude proportional to the number of ions produced in the counter gas. 

This pulse is amplified 100 times in the eamplifier before entering 

the Los Alamos Model 101A amplifier. In the latter, gain is set at 

any value from about 0 to 11,800. Pulses In the output of the amp- 

lifier enter the Los Alamos Model 180 18-channel pulse height analy- 

zer, described in section III, where they are sorted as to pulse 

heights and recorded on appropriate scalers. Undistorted output 

pulses from the amplifier have a maximum of ]16 volts. 

Three minor experiments were conducted to determine 
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conditions for best counter operation. Characteristics determined are: 

L Gas aiiplification as a function of counter voltage 

2. Field tube potentials at which a minimum of pulse height 

distortion occurs near the ends of the counter 

3. pulse height resolution of the counter. 

A sni-log plot of pulse height as a function of counter volt- 

age (using a plutonium alpha source in front of the counter windcr) was 

obtained (Figure iS) . From this curve ixie can estimate the voltage at 
which the multiplication is unity by locating the position of the re- 
gion in which one observes a minimum change in pulse height per unit 

voltage change. This appears at approdrnately 270 volts on the court- 

ter and at a pulse height of 26 volts. Thus, on the curve, the pulse 

height corresponding to 670 volts on the counter is -67g volts. This 

value is ..(26)2. Squaring the pulse height amounts to dcubling the 

multiplication. The counter potential used throughout the experient 
was 670 to 680 volts, giving a multiplication of two. 

Intermediate cylinder potentials are calculated as follows: 

Assume a radial field from the inner of two concentric cy- 

lindrical conductors. The electric intensity on a concentric cyliri- 

drical surface having intermediate radius r is givai by Gauss' Law as 

E = !TTqJ21Tr = 2qJr, where q is the charge per unit length. 

From this expression, one obtains the potential, since E 

= -dV/dr = 2Jr. This integrates to give V z -2q log r k. The con- 

stant is evaluated by assuming the cathode to be at zero potential. 
Then V0 = O = -2q log r + k, and k = 2q log r0. Using the additional 



subscripts w and. p to refer to wire and. field. tube, respectively, the 

ratio, R, of the potential of the field tube to that of the wire is 

given by 

R = vp/v = (-2q log r + 2q log r)/(_2q log r + 2q log r) 
= log (r ¡r )/log (r/r). 

The counter has the following dimensions, in inches: 

r = 1.185, r = 0.0015, and. r = 0.110. For the counter, 
e w p 

R = 0.356. 

To obtain R experimentally, the plutonium source bu1t into 

the counter was placed. at the two end positions and at the middle posi- 

tion. The field. tube potential at each end was varied., by the corre- 

sponding potentiometer indicated in Figure 1, until the average pulse 

height at that end was the sanie as the average pulse height at the 

middle position. Following these adjustments, voltages applied. to the 

field tubes were measured. At the forward., or window end of the coun- 

ter, R was found to equal 0.73)-i. while at the back end. of the counter, 

the value obtained for R was 0.355. 

This disparity between exoerimental and calculated values 

at the forward end is not understood. but may be the result of (a) dis- 

tortions resulting from actual configurations of the counter com- 

ponents at the end and (b) inaccurate deterniinations of the average 

pulse height for the source particles which enter the counter very 

close to the end. plate, and may have been inadequately co11iated.. 

Resolution of the counter was measured at the three inter- 

mediate positions for the source and. the counter when a source was 
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used. in place of the target, in the target chamber. As indicated in 

Figures 16 and 17, the resolution in the central half of the counter 

is about .1i% while that for the counter as a whole, if particles en- 

ter parallel to the wire, is about L-.i%. (Since different sources and 

collimation were used, for particles entering the counter parallel or 

normal to the wire, a rigid couarison of the values for resolution 

in the two cases is not justified.) 
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III. Description cf the 18-Channel Pulse Height Analyzer 

The Model 180 pulse height analyzer used in this experinient 

was built at the Los Alamos Laboratory by Mr. C. W. Johnstone. A sim- 

pulled diagram is shown in Figure 18. The analyzer receives a pulse 

(i) from the amplifier, sorts it as to relative pulse height (2) and 

produces a pulse (3) at the input to the appropriate decade scaler, 

where it is recorded. A gating circuit () is shown in the diagram. 

It vas used by placing the position switch to the coincidence posi- 

tion. At this setting, it serves to prevent a pulse which registers 

in the surplus from registering also as a pulse in one of the lower 

channels. The appearance of the pulses at various stages in the 

circuitry are indicated at the top of the diagram. Many of' the adjust- 

ments provided in the analyzer are not indicated. 

The shape of the pulse appearing between the condenser and 

resistor coupling successive univfbrator circuits is shown for the two 

cases where (5) the following stage does not trigger and (6) the fol- 

lowing stage triggers. The final pulse which is fed to a scaler re- 

sults when a following stage does not trigger. 

Channel widths of i voit, 2 volts, and 5 volts may be set 

with the channel width selector (7) which changes the window amplifier 

gain and makes corresponding adjustments in the resistance network. 

Widths are calibrated to 1% and stable to better than 2% over periods 

of several days. Channels are moved up or dowi the range of pulse 

amplitude by means of a helipot bias control (8) on the input to the 

window amplifier. 
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The shape of the pulses entering the window aniplifier may 

vary such that rise times from 0.1 to 15.0 microseconds can be toi- 

erated, provided that the top of the pulse is flat to 1% with a dura- 

tion of at least 0.25 microsecond. A 2 microsecond RC clipper was 

used in the input of the Model 101A amplifier. 

The analyzer permits one to make very rapid measurement of 

pulse heights. As used in this experiment, for most of the data ob- 

tamed, 2-volt channels were set on the analyzer and the bias was set 

as low as 13 volts and as high as 103 volts, covering a pulse height 

range between 13 and 139 volts. A change of gain in the Model 101A 

amplifier causes a similar change in resolution and range of the 

pulse heights covered by the analyzer. Channels 

in making resolution studies of the counter and in determining the 

pulse heights of the standard source alphas, from time to time. 

Linearity checks on the amplifier and pulse height analyzer 

were periodically made by members of the electronics oup who 

maintained this equipment. 
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IV. Description of the EvaDorator and the Targets 

When it was decided to use metallic lithium or lithium 

fluoride for targets, it was likewise decided that the target material 

should. be evaporated upon some good-conducting light metal, such as 

aluminum. Evaporated targets can be made with a quite uniform target 

thickness and with a good knowledge of the target composition. 

An evaporator, shown in Figure 19, was constructed which 

would permit evaporation of isotopic lithium- -either as metal or as 

fluoride--with a minimum of waste of the isotope during the evapora- 

tion. 

The container for the furnace and material to be evaporated 

is o. brase cup (i) with inside dimensions 2 1/2 inches deep and 2 1,2 

inches in diameter. This is connected to a short manifold (2), a 

liquid air trap (3) and a Princeton diffusion pump (11-). A roughing- 

pump by-pass is included in the manifold, which also contains vacuum 

gauges (5) and a needle-valve (6) permitting one to let air or special 

gases into the system. The pump may be isolated from the manifold, 

etc., by a large valve (7). Two filament leads (8) enter the cup 

through large kovar seals. The wall of the cup is water cooled. 

Into the open, upper end of the cup, the target-container 

is inserted and sealed with a radially-compressed 'TO'T-ring (9). The 

container is built around a large gate valve which consists of an ex- 

ternally operated steel vane (lo) that can be moved across an "OtT-ring 

(11) to seal the aperture. The target blank (12) is supported in a 

short cylindrical section above this valve in such a way that its face 



LI3 

lies in a horizontal plane, is centered directly above the crucible 

(13) holding the evaporating material, and is separated from it by 

about 1 1/2 inches. A cylindrical envelope topped by a 1 2 inch glass 

plate (i1i) surrounds the target disk. Several holes (15) in the sup- 

port for the inner cylinder provide for evacuation of the region sur- 

rounding the target blank. With this arrangement, the target disk 

may be sealed off after the evaporation and the target container may 

be removed easily from the evaporator. 

The material to be evaporated (16) is held in a small cru- 

cible of tantalum hich is supported in a central position below the 

top of the cup. This crucible is cylindrical with its mouth flaring 

out in a large cone. Having a wall thickness of i/61i. inch, the cy- 

lindrical section is inch outside diameter and 1/2 inch long. 

The filament (17) serving to heat the crucible by electron bombard- 

ment is a single loop of tungsten, partly enclosed by a tantalum 

shield (16), which is supported in a horizontal plane so that it sur- 

rounds the crucible near the middle of its cylindrical section. 

Operation of the evaporator is as follows: 

1. Target blank cleaned with alcohol and placed in con- 

tainer 

2. Material to be evaporated placed in crucible which 

is in position 

3. Target container set in place and enclosed volume 

evacuated to a pressure of ' 2 x lO millimeters of 

mercury 
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Figure 19. Dlagr8m of the Evaporator 



. Filament heated with a current 20 amperes at 6 

rolt s 

5. Crucible heated by making filament negative to it by 

i--' 1200 volts (current flow between filament and 

crucible is r1l.0 milliamperes at 1200 volts) 

6. Desired extent of evaporation is determined by ob- 

serving deposits upon glass plate of material pass- 

ing through holes in the target support 

7. High voltage and filament current are turned off and 

target container sealed by closing its valve 

8. Diffusion pun valve is closed and air is let into 

the evaporator 

9. Target container is removed from evaporator and 

placed in a dry box through which helium gas flows 

continuously 

10. Target is removed from container, placed in holder 

described in connection with the target chamber and 

is sealed off in the helium atmosphere--ready to be 

used in the target chamber 

Making targets is a process varying in length froa about 30 

to 90 minutes. Targets which were made in this way are: 

1. Normal lithium metal (92.61% Li7, 7.39% Li6), 

(28, p.S8) 

2. Lithium-7 metal (99.90 0.01% Li7) 

3. Lithium-7 fluoride (99.6% Li1F) 
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. Lithium-6 fluoride (9.3% L1F) 

5. Calcium-fluoride (normal CaF2). 

All of these targets were made on aluminum dIsks 1/2 inch in diameter 

and 0.030 inch thick. In add.ition, one 'transparent target of nor- 

mal lithium metal was made upon an aluminum foil 0.0002 inch thick 

which had been cemented with Gelva over the 3/16 inch hole in a cop- 

per washer. 

Other targets which were found useful durinß the experiment 

were made of the following: 

1. CuO layer on a copper disk 

2. a piece 01' fused quartz 

3. dehydrated deposits on aluminum disks of 

a. concentrated I'TaOH 

b. NHNO3 

c. IO3 

d. sodium azide, NaN3 

e. a mixture of gianidine, nii:C(im2)2, and Iafl3 

f. thiourea, NH2CSNH2 

.. ZrN3 layer on a zirconium disk 

5. normal lithium metal. 
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E)PERThNTAL PROCEDURE 

I. Triton Bombardment - Angles of Observation 

When the equipment for the Li + T charged-particle study 

was in readiness, the target chamber was attached to the target tube 

of the accelerator. A proton beam was produced and used to align 

the target and. chamber. This was done visually by centering the beam 

spot on the quartz back plate of the Faraday cage. Small additional 

adjustments were made to maximize the beam current measured in the 

cage. The counter was located on the 
9Q0 

port and a normal lithium 

metal target was placed in the proton beam, at an angle of 14-50 to it. 

For several days, measurements were made of the Li7(p,a) reaction at 

900 for protons having energies from 0.60 to 2.27 Mev. During this 

period, various counter pressures and voltages were tried and the 

counter gas purifier was added.. Also, different clippers in the amp- 

lifier were used. to detemine the effect of change of decay time upon 

the pulses entering the pulse heïght analyzer. 

Suitable adjustments and. modifications having been made, a 

beam of tritons was produced with the accelerator. The normal lithium 

metal target was used for preliminary observations. After making 

several runs at triton energies between 1 and 2 Mev, the transparent' 

lithium metal target was placed in the beam. While it was bombarded, 

beam currents measured were observed to be much smaller than for the 

solid target. This appears to have resulted from scattering of too 

large a fraction of the beam which diverged as it passed through the 



target. The current measured by the Faraday cage was thus only a 

small Percent of the beam striking the target. Since modifications 

in the design of the target electron-barrier and of the Faraday cage 

were indicated, it was decided to continue with solid targets for the 

present experiment. 

The metallic lithium-7 target was placed in the triton beam 

and sets of data were taken at triton energy increments of 0.103 Mev 

from 0.620 to 2.272 Mev with the counter at 90°. Occasionally, a 

plutonium alpha source was put into the target position with the beam 

off to provide a pulse height calibration point (plutonium decays by 

emitting 5.l4- Mev alpha particles). 

To make a survey of the alpha particles from Li" + T at one 

angle and one triton energy required at least three settings of the 

analyzer bias. Because of the time required for a coiplete set of data 

to be obtained at one angle, the study was limi.ted to two angles, 90° 

and 165°. 

The counter was relocated on the port at 165° and the target 

was turned normal to the resulting half-angle between beam and counter, 

7 l2° from normal to the beam. An analysis of the alpha groups ob- 

served at 1650 for a bombarding energy of ,-l.7 1.1ev showed that some 

contaminant was present in the target. Three alpha groups were indi- 

cated by peaks located in the upper half of the pulse heights measured. 

The outermost of these corresponds to alphas having energies of about 

6.5 11ev. 

The reaction producing alphas of highest energy from Li7 + T 
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is Li7(T,a)He°. At the angle and triton energy mentioned, this alpha 

should have an energy of about 1'..6 Mev. 1hile the data taken at 900 

showed the same three alpha groups, only a discrepancy in the energy 

scale was suspected, until the sets of data taken at 1650 were used 

to check the positions of the peaks. 0f the three peaks, the central 

one was found to agree with the energy of the alpha from Li7 + T, at 

both angles. Similarly the lowest energy peak, of those well resolved, 

corresponds at both angles to one produced by the alpha in the above 

reaction, when He6 remains in an excited state about 2 Mev above the 

ground state. This had been observed by others (23, p.316). 

The presence of oxygen or nitrogen contamination of the 

lithium-7 metal target was suspected, since lithium readily forms 

LLN and Li20. To determine this, targets containing oxygen and nitro- 

gen were used. (These have been described in the preceding section.) 

At higher triton energies, most of these targets gave significant 

peaks which would coincide with the higher and lowei energy peaks 

mentioned as coming from Lii' + T. 

Ari attempt was macle to produce a target layer of lithium-7 

metal which would have virtually no chance to form the oxide or nitride 

This target, likewise gave the same peaks as before, although the high- 

er-energy peak was comparably smaller than was observed when the first 

lithium-7 metal target was used. 

It seemed that further precautions would be necessary to pro- 

duce metallic lithium targets which .rere free from contaminants. Hence, 

the decision was made to use targets made of' lithium fluoride for 
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taking all the data. The fluoride of lithium can be handled in the 

air with little fear of producing oxides or nitrides. To provide in- 

formation permitting one to subtract from the data any contributions 

- 19 
resulting irom F + T reactions, a CaF2 target was made as well as 

Li7F and Li6F targets. In discussing the results, it will be pointed 

out that the probable fluorine content of these three targets is al- 

most identical. 

Employing the same energies as indicated before, complete 

sets of data were obtained at both 165° and 90° for triton bombard.- 

ment of LiTF, Li6F, CaF2, and CuO targets. Making runs of the order 

of 100 microcoulombs of tritons with 1/2 microampere of beam current, 

the data for four targets could be obtained at one triton energy and. 

one angle in about two hours. This required about 15 bias settings 

on the analyzer, since alphas from Li6F, CaF2 and CuO have enough 

energy to make necessary a fourth bias setting when any one of these 

three targets is being bombarded.. 



51 

II. Deteraination of Absolute Cross Sections 

Experimental measurements of nuclear interactions are 

usually of more value when the differential cross sections can be ob- 

tamed than when only relative yields can be determined. To perait 

one to calculate cross sections, one must be able to make measurements 

which provide the following iníormation: (a) number of bombarding 

particles per unit time, (b) nuiber of target nuclei, and (c) the 

combined geometry and efficiency of the detector (permitting one to 

biow the number of reactions which take place per unit time, per unit 

solid angle). 

The differential cross section, 
°e)' 

is defined as the 

effective area in square centimeters per unit solid, angle per target 

nucleus. It is given by the relation 

a(e) N1b llt 

where N is the number of reactions observed ner unit time er unit r - 

solid angle, Nb is the number of bombarding particles per unit time, 

and N is the number of target nuclei per square centimeter. 

In the procedure which lias been described, the number of ac- 

celerated particles per unit time is given by the current integrator. 

The geometry of the counter has been measured and its efficiency is 

assumed to be 100% for alpha particles with energies between '-'2 and 

13 1.1ev and for deuterons and protons with energies between -'l and li. 

11ev. There are often two or more methods which can be applied to de- 

termine the number of target nuclei. If the uniformity of the target 

layer is known to be good, one may weigh it and measure its area. If 
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the density of the element is known, the number of target atoms of the 

element per square centimeter may be calculated directly. A second 

method is based upon measurements of emitted Darticles when the target 

is bombarded. If a calibrated detector is used and the cross sections 

for the emitted particles are known, the absolute yield from the tar- 

get may be measured and the number of target atoms which this indicates 

may be calculated from the expression defining a(0). A variation of 

this method is to obtain a measure of the energy lost by the incident 

particles in giving a maximum yield from reactions which are knom to 

have very sharp resonances and abrupt thresholds. 

The targets which were used contain very thin layers of LiTF, 

Li6F and CaF2. It was believed that the most accurate way of determin- 

ing the number of target atoms in these thin targets is by one or both 

variations of the second method mentioned. The Li"(p,n)Be' reaction 

has a very abrut threshold, when observed at O, which occurs at 

1.882 Mev bombarding energy (10, p.308). As the proton energy is in- 

creased from just below the threshold, the neutron yield passes through 

a high value at the threshold, drops to a minimum at about 2 Mev then 

rises to a maximum in a resonance at about 2.3 Mev. The high neutron 

yield occurring at the threshold results from a geometrical effect. 

As the threshold for the reaction is reached, the neutrons 

which are emitted from the compound nucleus, Be8, have the velocity 

.. . . -. o . 

01 the center-of-mass and are emitted in the ioniard (o ) direction. 

As the bombarding energy is increased, the additional energy supplied 

by the protons appears in the reaction products so that the neutrons 



may have velocity components in directions other than forward. While 

the actual cross section for the reaction is increasing modestly with 

increasing proton ener, the neutron detector intercepts nearly all 

of the neutrons emitted at the threshold, then intercepts fewer of 

them as the cone within which the neutrons energe widens out with in- 

creasing bombarding enerr. 

One may util&ze the threshold of this reaction to indicate 

the ener loss for protons, with 2 Mev energy, in passing through 

a layer of Li7. If the layer is extremely thin, one would expect 

lithium atoms throughout the target depth to interact with the mci- 

dent protons at the threshold bombarding enerr. This would be de- 

tected. as an abrupt increase in yield at the threshold which would 

drop off with a small increase of bombarding energy. Similarly, if 

the target depth is such as to dissipate, say, O Key of the incident 

proton enerr before the deepest layer of nuclei are boribarded with 

protons of threshold energy, one would expect the threshold yield to 

increase more gradually with proton energy and reach a madmui at a 

bombarding energy .$0 iev above the threshold. 

The number of Li7 atoms per square centimeter in the LI7F 

target was obtained by the two variations of the second method just 

described. ccurate weighings of the target were not obtained. 

Protons were produced by the accelerator ar observa- 

tions were made of the Li7(p,n)Be7 reaction. The u7F target was 

placed at ¿O to the proton beam so that t. Droportiona]. o,,unter, 

located at 900, could be used concurrently to observe the L17(p,a)a 
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reaction. The neutron yield at 0° was measured. for proton energies 

ranging froi 1.869 to 2.127 Mev. Throughout the proton bombard.rnent, 

the neutron detector, a long counter (II, p.673-677), was located 

about i 1,2 meters from the target at O. 

The curve indicating data obtained for the Li7(p,n)BeT 

reaction is presented in Figure 20. The Li7F target indicates an 

effective thicimess of '-'70 Key for 2 Mev protons. The actual cal- 

culations which are used. to obtain a value for the number of Li7 atoms 

per square centimeter from this curve are shown in APPENDIX hIC. The 

apparent number of Li7 atoms in the LI7F target (placed at to the 

beam) detertLned to t 12% by this method is 1.21 x io19 atoms/cm2. 

An alternate determination of this number can be made from 

the threshold curve and a measurement of the counter geometry-efficien- 

cy factor. If one makes the reasonably good assumption that the long 

counter is equally sensitive to neutrons produced by a RaBe source 

and those arising from the Li7(p,n)Be7 reaction, the geometry-eff i- 

ciency factor can be obtained. To do this, a RaBe source whose flux 

is known to t 5% is placed in the target chamber where the target had 

been located. The number of counts per unit time which this source 

produces in the long counter is recorded. With this infortion, one 

obtains a value for the counts per emitted neutron. The 00 differen- 

tial cross section for Li7(p,n)Be7 has been reported as 2.5 x 102°cm2, 

+ J -l2, at a proton energy of 2 Mev (29, p.380). The method of deter- 

mining the number of target atoms from these values is shom in APPEN- 

DIX hIC. The value obtained for the apnarent number o± target atoms 
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O\ 
(target at Li.5 

) is i.. x io'9 atoms/cm2, t l5. 

The number which was used. in cross section calculations is 

an average of the two values obtained. It is 1.31 X 
,19 

atoms/cm2, 

with an error of t ltt.%, for the target at ).5° to the beam. 
p p 

The method of obtaining the number of Li0 atoms in the Li0F 

target and the number of F19 atoms in the CoF2 target is described in 

the section following RESULTS and. illustrated in APPENDIX hIC. The 

differential cross sections for reactions resulting from triton born- 

bard.ment of each of these targets are given to t 15% by the product 

of number of counts per microcoulomb and. the following corresponding 

factor: 

9O 

L± -- 2.71 x io29 cm2/steradian 

Li -- 2.78 lt H t 

(caF2)F19 -- 2.62 
ii 

-o 
105 

-29 2 
3.80 x lo cm /steradian 

3.92 
H lt 

3.68 
lt n 
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RESULTS 

I. Li" T Yie1s 

Curves shown in Figures 22 through 29 depict the data ob- 

tamed from Li1 T. The charged particle yield is plotted for counts 

per tnicrocoulomb as a function of pulse height. The pulse heint 

scale, originally recorded as pulse height analyzer volts, has been 

converted to indicate particle energy loss in the counter, in 1.1ev. A 

linear scale has been assumed in making this conversion. Actually, 

particles indicating less thanr.ì1.5 Mev in the counter have distorted 

energy values. The actual energies lost by these particles is -J5 to 

30% less than is indicated. No energy distortion was detected for 

pulses greater than 1.5 Mev. 

The abscissa scale is not constant in these figures while 

that for the ordinate values is. The latter may be interpreted as dif- 

. . . . 2 . . 

ferential cross section having units of cm steradian by obtaining the 

product of counts per inicrocoulomb and the corresponding factors indi- 

cated in the preceding section. Particle energy values outside and 

inside the counter are related by curves included in APPEIDIX I. 

o 
Detailed curves of data obtained at 90 and at 105 are 

shown for only three bonbarding energies. Small scale curves of all 

data are indicated to 2110w trends with changing triton energy. In the 

detailed curves, statistical errors are indicated by vertical lines. 

Absolute and relative errors in energy are estimated to be less tian 

0.150 Mev and 0.050 Mev, respectively. 
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II. Li + T Yields 

Charged particle measurements of the reactions produced by 

LI6 ± T were used in plotting the curves shom in Figures 30 through 

38. These figures have the same properties as those just described 

for Li1 + T. Figure 38 contains the information that was obtained 

.6 .'ï . o 
in observing he Li (t,d)Li reaction at 90 and low bomoardng 

energies. 
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III. T N,O, and F Yields 

The curves shown in Figures 39 through 1.6, which follow, 

are taken fron raw data obtained from triton bombardment of the tar- 

gets indicated. Except for that obtained from the CaF2 target, the 

data was not extensive and much of it was taken at only one bombard- 

ing energy and one angle. 

Errors in the energy values indicated are the same as was 

stated for Li7 + T data. Statistical errors are shown, also. 

e 
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DETERNINPTION 0F BACKGRUIDS PJD PJ\RTICLE EI'ThG]S 

I. Use of Data Obtained. From CaF2 ± T 

In the section preceding the results, the method was out- 

lined for obtaining the number of target atoms per square centimeter 

of Li1 in the Li7F target. This is also the number of F'9 atoms in 

the Li7F target. 

The approximate nunibers o± target atoms in the Li F target 

and the CaF2 target are obtained. by coirnaring the charged particle 

yields of these two with the Li7F target. The yields actually com- 

pared. are those assumed to be alphas from F19(t,a)&0 in the pulse 

height region of 107 to 139 volts. This region is beyond the maxi- 

ilium pulse heights one observes for alphas from tritons on Li' and on 

.6 . . 19. . . 

L . The yield rom tritons on F in this region appears to oc great 

enough that one may compare the three different targets with respect 

to .'luorine content. 

One set of curves for triton bombardment of Li°F, Li7F, and 

CaP2, (CuO, also) was obtained. at l65 and a bombarding energy of 

2.065 Mev. These curves are shown in Figure 21. The total counts re- 

corded in the region specified indicate that the actual nunbers of 

fluorine nuclei per square centimeter contained in the Li6F, LI7F, and 

CaF2 targets have ratios of 1.037, 1.000, and 1.067, respectively. 

These values permit one to calculate cross sections for re- 

. . . .7 .6 19 . 

actions involving Li , Li , and. F . They also make it possible to 

subtract fluorine-contributed yields from the data obtained with the 
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LI6F and LI7F targets. The presence of high Coulomb barriers (II, p. 

369) associated with the heavier nuclei makes it reasonable to assume 

that calcium (z2o) would probably not interact with tritons having 

energies less than.-' 2.3 Mev. However, no measurements were made to 

verify this assumption, experimentally. Yields from Li7 + T and 

Li6 + T were obtained by subtracting appropriate fractions of the cor- 

responding CaF2 yields from the LI7F and Li6F' data. The values used 

are: 

Li7 yield = Li7F yield - (0.937) CaF2 yield 

Li6 yield = Li6F yield - (0.972) C2 yield. 
These corrections for background seem to remove fluorine contributions 

from most of the original data. However, for bombarding energies of 

about 1.6 Mev, and higher, fluorine contributions in the high-energy 

pulse region are still observed in the data obtained from Li7F after 

the corrections are macle. The data obtained from Li7F and Li F tar- 

gets, plotted without making corrections for fluorine content, are 

illustrated in Figure 21. 

Il corrected data obtained for the higher bombarding en- 

ergies, ho1esu appear near the low energy end of the pulse height 

range. These result from subtracting CaP2 data from that obtained 

with the lithium fluoride targets. When the CaP2 target was used, 

data obtained indicates a high yield for a well resolved group in 

this pulse height region. Calculations indicate that the peak is 

caused by tritons scattered from the calcium nuclei in the CaF2 

target. 



II. Method of Determining Energies of Counter Pulses 

Interoretation of the pulse height data depends upon a 

reasonably precise determination of the energy scale for such data. 

In discussing the experimental procedure, the occasional use of a 

plutonium source was mentioned. This source, a thin deposit of plu- 

tonium oxide, Pu02, on an aluminum target llank, was inserted in the 

chanfoer facing the counter, in place of a target. The group of al- 

p1-ia pulses was observed and used to provide an energy reference 

point for the pulse heights recorded when the lithium targets were 

bombarded by tritons. From the counter window energy loss curve 

(APPENDIX I) one sees that the 5.111. Mev plutonium alphas would pro- 

duce a pulse height representing 11..63 Mev in the counter. 

Actuall', small shifts, with time, of the effective gain of 

the counter and amplifier combination were observed for various time 

intervals by noting the average pulse height value for alphas from the 

plutonium source. Because of the time lapse between taking pulse 

height data from targets and from the plutonium source, use of the 

source as an energy reference point is probably not uniformly ac- 

curate for all the data. 

This difficulty was avoided, for data obtained from Li7 + T, 

by using the alpha peak from Li(t,a)He6 to establish an energy refer- 

ence point, at corresponding angles and bombarding energies, for all 

the data. This peak was well resolved and the energy it represented 

was accurately calculated. References given by the plutonium alphas 

were used only to verify the positions of this alpha group at both 



angles and various energies. The calculated values for alphas from 

Li(t,)He° were within 0.050 Mev of values measi.red with refer- 

ence to the plutonium alpha group. 

In using the alphas from Li (t,cz)He as energy standards for 

pulses recorded when targets other than LI7F were bombarded, the errors 

resulting from gain shifts with time are to be expected. The energies 

in the counter for this alpha group were made by assuming that the ac- 

tual peak was produced. by alphas originating about half-way through 

the effective layer of Li'P on the target blank. APPENDIX II out- 

lines the assumptions and calculations pertaining to target energy 

losses of the incident tritons and the emitted alpha particles. 

A factor, consisting of calculated energy in the counter, 

for the alphas from Li'(t,)He6, divided by pulse height position in 

volts, was obtained for each bombarding energy at each of the two 

angles. The product of this factor and the pulse height position of 

another peak, is the average energy lost in the counter by particles 

producing the peak. This method was applied to all peaks (having sig- 

nificance) in the pulse height curves. 

Once the energies were determined, an examination of the 

possible reactions was made by calculating particle energies which 

would be produced in the counter and comparing these calculated values 

with those actually observed. 
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DISCUSSION AIT!) CONCLUSIOITS 

I. General Considerations o-f Nuclear Interactions 

When two nuclei are caused to interact, it is convenient to 

think of the reaction as occurring in at least two stages. First, the 

tiro nuclei combine to torni a compound nucleus (5, p.3hl-) . This is 

likely to exist for a short time in some excited state while the sur- 

plus energy, a combination of energies resulting from mass de'ect and 

from the kinetic energy of the bombarding particle, is distributed 

among all the nuclear particles. Next, depending upon the distribu- 

tion of this energy, the compound nucleus usually breaks up into to 

or more particles. Subsequent break-up or decay of these secondary 

particles may occur. 

1les which predict what may happen in any nuclear interac- 

tion require that "charge, nass number, energy, and momentum must 

E each] be conserved" (3, p.186). For special cases, then, one may 

calculate how the energy released in a reaction will be distributed. 

Methods for calculating particle energies as a function of bombarding 

energy and of observing angle have been discussed by many workers in 

this field (19, pp.276-281), (lo, pp.369-38l). One version of these 

methods, which is based upon the assumption that the compound nucleus 

breaks up into two particles, is outlined in APP1NDIX III. If three, 

or more, particles are produced in the break-up, the possible ener- 

gies which one of these may have will be given by all values between 

zero and a maximum. The maximum value can be calculated by assuming 



that, in effect, a two-body break-up occurs. The masses of all other 

particles produced in the reaction are lumped together, as one, in 

makIng this calculation. 

In discussing reactions from which two particles evolve, it 

is convenient to refer to the particle detected (usually the lighter 

of the two) as the emi.tted particle and the other as the residual or 

recoil nucleus (19, p.276). 

Most nuclei may exist in several energy states. The lowest 

of these is called the ground state, others are called excited states. 

If the excited states represent small additional amounts of kinetic 

energy above the ground. state, the nucleus usually decays to some 

lower state, or to the ground state, by emitting the energy equiva- 

lent to this change in the form of a 7-ray. These excited states are 

called bound states. If the nucleus exists in a higher state, for 

which the kinetic enerî is sufficient to permit particles to be 

emitted in the decay process, it is said to be in a virtual state. 

Bound states are most often observed in residual nuclei. 

The energy equivalent to that required to raise the residual nucleus 

to such a state is obtained from the mass defect energy, or Q. A 

corresponding reduction in the energy of the emitted particle is 

what one observes when this happens. 

Virtual states may be observed in compound nuclei. e- 

sonances in the energy dependence of yields of emitted particles give 

evidence of virtual states. The energy available to a compound nu- 

cleus at one of these resonances ïs the corresonding value of the 
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state. Procedures used to calculate bound and virtual states in 

nuclei are developed in APPENDIX III. Some nuclei have virtual ground 

states (i.e. they exist as such for finite periods of time and decay 

by particle emission). Light nuclei which have very brief mean life- 

times are 11e5 and Be8. When these are emitted from a compound 

nucleus, one observes only their decay products. 

If the direction of emission of the decay products is not 

independent of the direction of motion o the parent nucleus, it is 

likely that these secondary particles will 'be emitted forward or 

backward along the path traveled 'by the parent nucleus. It is pro- 

bable that this happens when He5 decays into a + n from its ground 

state and when Be3 decays into two alpha particles from some of its 

well knorn virtual levels (13, p.310). If the He5 emitted particle 

leaves its compound nucleus in the direction of a counter, the alpha 

particle produced by its decay should be observed to have one of 

two possible energies, depending upon whether its velocity adds to or 

subtracts from that of the parent He5 nucleus. Actually, it is un- 

likely that the direction of break-up of the decay products will be 

completely restricted to the forward and backward directions. Con- 

sequently, from a large number of monoenergetic He5 nuclei, one would 

expect to see alpha particles with all possible energies between some 

maxitmim and minimum values at which these alpha particles would be 

concentrated. 

A similar effect would be observed for Be° break-up if the 

same assumptions arc made. In this case, however, the loir energy 



alpha group consists of alphas emitted. toward the counter from parent 

Be8 nuclei which baîe been moving away from the counter. 

Data resultinß from charged. artic1e observations of nuclear 

reactions will, in general, have certain characteristics. It is con- 

venient to describe these in the Thrm which is most connon1y used, 

plots of naber of particles as a function of particle energy. 

1. In a two-particle disintegration, the observed Darticle 

will have one de-finite energy at one angle and bombarding energy . If 

the residual nucleus is reasonably stable, such a reaction gives rise 

to a well defined group of observed particles. Definition of this 

group suffers if residual nuclei are very unstable. 

2. Decay products from highly unstable emitted particles 

will produce a band of pulses covering the energies between some maxi- 

ITIUflI and. minimum values. These particles '.rill tend to peak at the 

maximum and minimum energies il' an asymmetric distribution of the 

secondary particles occurs. 

3. Disintegration into three, or more, particles will give 

rise to a band of energies for the same type of observed particle. 

These energies ectend from zero to a maximum value given for the ob- 

served particle when all other particles are emitted. together in the 

opposite direction. 

1.. Additional, lower energy groups of emitted particles 

from the same reaction give evidence of excited states in tile residual 

nucleus. 

5. Virtual levels in the compound nucleus produce 
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resonances in emitted. particle yield. These would be observed in 

data for which yield is a function of bombarding energy. 

These characteristics will be recognized in data which is 

discussed in the following sections. 
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II. Discussion and Summary of the Reactions from Li1 + T 

The Li7 + T reactions which have positive Q-values are 

listed on page 2. Of these, one expects to be able to identify only 

9. Li1(t,)He 

and. 13. Li7(t,11e5)11e5. 

A third reaction is 9a. Li(t,a)He, where He6 remains in an 

excited state ,ì 2 Mev above the ground. state (22, p.55). 

Reactions producing particles having a wide range of ener- 

gies are 13, above, and 

10. Li(t,2c)2n. 

According to Pepper, et al .(23, p.316) the cross section for reaction 

10 is much larger than those for 9 and. 9a. 

Figures 22 through 29 show the charged particle distributions 

.7 o ,-o . 

irom Li + T taken at 90 and. at 1o5 for bombarding energies Irom 

about 0.6 to 2.3 Mcv. 

In all of these figures, reactions 9 and 9a are observed. 

The alpha group representing reaction 9 gives pulses between ,-....i5.! 

and 6.0 Mev at 90° and.-.Jls..3 and 3.5 Mev at 165°. iUphas from reac- 

tion 9a appear as a group located from 1.2 to 1.5 Mev lower than those 

. . 6 + . 

from reaction 9. A level in He at 2.11 - 0.05 Mev is responsible for 

this group. 

The He6 ions produced in reaction 9 may help to form the 

group appearing at energies between 2.5 and 2.7 Mev in the 9O data. 

They are probably not observed at 165° where they would. be indicated 

by pulses of less than 1 'iev. 
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Reaction 13 Tould produce pulses between 0.2 and 1l..3 Mev at 

90° and'ì0 and 2.6 Mev at 165°. If grouping at the highest and low- 

est energies occurs, only the high energy alphas would be observed. 

These would appear between 3.8 and .3 Mev at 
9Q0 

and. between 2.1 and 

2.6 Mev at 165°. These groups, if they exist will appear with ener- 

gies slightly less than the alphas fron reaction 9a. The peak attri- 

buted to alphas from reaction 9a has an asymmetric shift toward the 

low energy side. This may be caused by alphas from break-up of He5 

nuclei produced from reaction 13. 

Most of the pulses produced by alpha particles from reaction 

10 would lie in the region between 1.5 and 3.0 Mev. The few alpha par- 

tides having the maximum energy available with this reaction would 

give pulses with about 0.5 Mev more energy than the corresponding al- 

pha groups from reaction 9a. The relatively large number of alphas 

having intermediate energies which one would expect to observe from 

this reaction may help to explain the numerous pulses generally ob- 

served in the 2 1.1ev region. 

The energy dependence of differential cross. sections for 

reactions 9 and 9a are shown in Figure 17. The resonances appearing 

in these curves are not well defined. The bombarding energies cor- 

responding to these resonances give indications of virtual states in 

Be10. From the Li(t,a)I1e° reaction, evidence is given for levels at 

,-.jl8.6 and 19.0 Iev. Values of 18.0, 18.5, and 19.0 Mev result from 

the data for Li(t,a)He6. The estimated errors in these values is 

less than 0.15 Mev. Similar levels indicated by an earlier 
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measurement of neutron yield from Li + T reactions (7, pp.100-101) 

were observed at 18.07 and 18.93 Mev. (These values, calculated on 

the basis of current iass values, differ from those stated in the 

reference.) 
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III. Discussion and. Suary of the Reactions from Li° + T 

The reactions from Li + T which have positive -va1ues are 

6 
listed on page 1. Some Li T reactions have been observed by others 

at a lower bombarding energy (2h-, pp.155-156). It is likely that one 

could identïfy clearly 

. Li°(t,c)He5 

and. 5. 
Li0(t,d)Li?. 

The protons from reaction 6, Li°(t,p)Li8, have energies too low to be 

5. . . . 
observed. A triird reaction, h-a, Li (t,a)IIe s possible, in which e 

remains momentarily in a level ,-....2.6 1.1ev (17, pp.559-560). 

Other reactions which may contribute alpha particles that 

would be observed are: 
6 

2. Li (t,a)n 

and. 3. 
LIU(t,Be8)n. 

Each of these would probably produce alpha particles having a band of 

energies. Reaction 3 would give rise to alpha particles having ener- 

cies .-.ì2 Mev or more only if Be8 remained in one of its virtual levels. 

The group of alpha particles representing reaction is ob- 

served in all the data plotted in Figures 30 through 37. At 90°, the 

group has values varying from about 8.1 to 8.6 Mev. Corresponding 

energies at 165° are about 6.8 to 5.7 Mev. This group is not always 

well defined, particularly in data taken at 90°. It is to be expected 

that the short mean lifetime of He5 would be reflected in the energy 

spread of these alphas. 

The alpha particles produced by break-up ol' He5 nuclei 



(reaction h-), those resulting from possible break-up of Be8 (reaction 

3), and those produced in the three-particle break-up (reaction 2) will 

all give rise to pulses having energies very near to the pulses re- 

1 
5 

suiting directly from the major group of alphas from Li(t,a)He 

These may help to obscure the main group. 

Alphas from reaction 2 will have mean energies between 2.0 

and 5.5 Mev. The maximum energies they may have is about 0.5 Mev 

higher than corresponding values for the major group of alphas from 

reaction 4 

The He5 nuclei from reaction - will produce groups of al- 

plias giving pulses between 2.7 and 7.7 Mev at 90° and between 0.8 

and 5.7 Mev at 165°. If these show tendencies to form peaks at the 

maximum and. minimum values, at 
9Q0, 

the maximum peak would occur be- 

tween 7.0 and 7.7 Mev and the minimum peak would appear between 2.7 

and 3.2 Mev. At 165°, corresponding values would be 5.7 to )..8 Mev 

and 1.6 to 0.8 Mev. The high energy groups would help to explain 

pulses filling in a region with about 1.5 Mev width just below the 

main alpha group. This is particularly noticeable at the higher born- 

barding energies. The low energy groups are probably present to the 

same degree. lIowever, neither low nor high energy groups are clearly 

defined. 

Levels in Be3 which would provide sufficient energy that 

alphas from it would be observed vary between 2.9 and 14.. 7 Mev (13, 

p.310). Levels at which Be3 is known to decay to two alphas are at 

9.8, 7.5, and 2.9 Mev. Alphas producing pulses as high as 9 Mev could 
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arise from this reaction 1±' Be8 decays to alphas directly from the 

higher levels, also. 

A level in He5 at 2.52 t 0.16 Mev would explain a pulse 

group at 6.6 to 6.7 Mev appearing in the 900 data (Figures 30, 31, 32, 

and 36). Data taken between 1.5 and 2.1 Mev, at 165°, has a sugges- 

tion of this group at I..3 to 14.5 .iev (Figure 37). 

Deuterons from reaction 5 could be detected with the coun- 

ter. However, deuteron energies are so low that these particles are 

not observed at 165°. The rapid increase in numbers of low-energy 

pulses (probably elastically scattered tritons) with increasing boni- 

barding energy made it necessary to raise the bias setting of the 18- 

channel analyzer as bombarding energy was increased. Consequently, 

the deuteron group could be observed only at the lower bombarding en- 

ergies, at 90°. This group is shown in Figure 38. From the data ob- 

tamed, the yield appears to increase uniformly with increasing born- 

barding energy. At a bombarding energy of 1.136 Mev, the estimated 

differential cross section for deuteron production at 90° is 21 t 2 

millibarns per steradian. 

In Figure 14.8, an attempt has been made to graph the approxi- 

mate yield of Li6(t,a)He by plotting the energy dependence of the 

magnitude of the alpha peak from this reaction. Virtual levels in Be9 

given by faint resonances in these curves are at 18.8 t 0.15 and 19.0 

t 0.15 Mev. At the highest bombarding energies (Figures 32 and 35) 

the areas under the alpha peaks at the two angles have been estimated 

with probable errors less then t 10%. Differential cross sections 
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Figure li.8. "Excitation Curves" of Li6(t,a)He at 900 and. 165° 
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given by these values are 5.5 and 3.4. rnilhi'oarns per steradian at 900 

and 165°, respectively, for Et = 2.272 Mev. 
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IV. Discussion and Summary of Yields from Triton Bombardment of N, 0, 

and. F. 

IVA. The N1(t,a)C13 Reaction -- Levels in C13 

The data shown in Figure 39 illustrates the yield one obtains 

from the triton bombardment of nitrogen. Only three runs were made 

which provided useful iní'ormation. All of these were observed at 1650. 

The guanidine plus sodium azide target îas bombarded with tritons bay- 

Ing 1.652 and 1.755 Mev incident energy. The target consisting of 

thiourea was also bombarded at the higher energy. 

Levels in C13 which are indicated by these groups bave been 

labeled. Additional possible levels which might account for the ir- 

regularities of the data have been calculated. All of the levels in 

c13 for which there is definite indication, as Te1l as those for which 

slight evidence exists, are listed in Table I along with approximate 

values and references for levels which have been observed by others. 

While making calculations for the levels assigned to C13, 

several possibilities were explored. All of these proved to be in- 

adecuate to explain the groups observed. Charged particles from the 

following reactions involving nuclei known or suspected to be in the 

targets would. not produce groups where these were observed. Reac- 

tions are: C12(t,)B, Cl2(t,p)C, 11a23(t,a)Ne22, s32(t,a)P31, 

Ii(t,p)N°, and N'(t,d)N5. Several others were considered 'rhich 

bave negative Q-values. Tritons scattered from target nuclei did not 

produce pulses comparable with those detected. 
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TPBLE I 

13 J. 13 
Levels in C , based on a-groups from the reaction I (t,a)c 

+ 
observed 

at 165° for E = 1.652 and 1.755 Mev. Absolute errors are r- 0.150 
Mev. 

Effective Observed Observa- Relative Published Leve1 

Q Level tions Intensity (.iev) 

(Mev) (1.1ev) used 

12.259 0 2 1.0 -- 

9.38 2.88 3 0.1 3.11* 

8.56 3.70 3 1.1 3.77* 

8.0 ¿4.3 1 - 

7.0 5.25 1 - 5.15* 

6.Ii. 5.9 1 - 5.87* 

6.1 6.2 1 - 

5.35 6.91 2 0.1 6.91* 

7.51 3 2.9 7.58 

8.08 3 2.0 8.02* 

3.22 9.0).i 3 5.7 8.814.* 

Note: Those Q-values indicated as being approximate are for levels 

implied. by doubtful evidence. 

*(27, p.3) The value for 3.77 Mev is described as a doublet combined 

with a level at 3.90 14ev. 

** Most of these levels are reported in the review article on levels 

of light nuclei (13, pp.321-331). 

This value results from the proton group giving a Q = -0.22 Mev 

for the B(a,p)C reaction reported by Frye and. Wiedenbeck (8, p.96l). 
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The table and curves illustrating the results of triton bom- 

bardment of nitrogen are self-explanatory. It may be instructive to 

point out, however, that a much discussed low intensity leve] in C13 

at r.ìO.8 Mev is not detectable in this data. A group responsible for 

this level would be found joining the ground state peak on its low- 

energy side. The poor resolution of the ground state peak would ob- 

scure such a group if its intensity is low. 

i. The ol6(T,)I5 Reaction -- Levels in and p'9 

The curves shown in Figure !.0 are results from the triton 

bombardment of the CuO target . The high Z-value of copper makes it 

unlikely that a reaction with copper was observed. However, the pile- 

up of tritons scattered from the copper nuclei made it impossible to 

observe the low pulse height region when this target was used. As a 

result, the knom levels in N'5 were not responsible for grous of 

pulses shom in the data. The lowest known level in N' is at 5.28 

Mev (13, pp.33S-3l.0). In general, the peaks noted when the copper 

oxide target was used. were also observed with the same relative in- 

tensities when all other targets containing ogen were used. To 

avoid confusion with other reactions resulting from different nu- 

dei in the target, however, the CuO target was considered to be 

the best. 

16 
Four main groups of pulses appear to result from O + T. 

The highest energy pulse group is the one given by alpha particles 

from 016(t,c)N'5, where N'5 is in its ground state. This peak is the 
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one first observed in the metallic lithium targets. Three other peaks 

may be seen near the low energy end. of the oulse height curves. As 

labeled in Figure LQ, these may indicate levels in at 14..2, 

and. Mev, respectively. The loTest of these is adequately ex- 

plained by assuming that the pulses are produced by protons from 

O (c,p)0 , wiiere O remains in a 2 Mev excited state to be men- 

tioned. in connection with triton bombard.ment of fluorine. 

Two levels thus attributed to are at 14..15 0.03 and. 

1 0.07 Mev. The lower of these aopears in only four observa- 

tions and at 165° only. The higher level appears in four observa- 

tions at 165° and. five at 90°. Both are visible in some of the data 

from other "oxygen targets. No other observers report levels in 

N'5 below ' 5.28 Mev except for one instance (15, pp.723-72k) in 

which a 7-ray from I (n,y) was observed to have aniergy of 

!t..li.9 Mev. This 7-ray WS adequately interpreted, however, as result- 

Ing from a two-step decay of from an excitation energy of 10.82 

Mev to a level at 6.32 Mev in i. Some indication has been re- 

ported of a level JI4- Mcv in the mirror nucleus, O(13, p.3l). 

An excitation curve for 010(t,a)ff15 is shorn in Figure )9. 

The resonances which appear are for the conound nucleus, F From 

the data, virtual states of F19 are indicated at the energies 12.6, 

12.9, and. 13.25 Mev with estimated. errors less than t 0.15 Mev. Pub- 

lished values (13, pp.353-351i-) of and. 13.2 Mev are given. The 

12.9 Mev level has not been reported, thus far. 
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IVC. The Reactions F19(t,a)OlS ano. 
16 18* 15 

O (t,p)O - Levels in O 

22 
and Ne 

The triton bombardent of a CaF2 target between triton ener- 

gies of 1.032 and 2.272 Mev gave 90° and 165° observations, shown in 

Figures lii through 1.6, of the charged particles resulting from T. 

The possibility that pulses were produced by protons, deu- 

terons, scattered tritons, etc., was investigated. Reactions which 

have positive Q-values are F19(t,He6)010, F19(t,d)F20, and 

Of these, only the reaction yielding protons could produce charged par- 

tides in the counter with energies which may have been recorded. All 

the protons from this reaction would have energies higher than they 

could dissipate in the counter gas. (The highest proton pulse the 

counter would indicate is r's3.2 Mev.) No groups appear having ener- 

. . , 19 21 
gies 3 Mev, as one nigit expect from F (t,p)F . The enerr groups 

which appear are attributed to F19(t,a)Olß, indicating numerous ex- 

cited states in O . No levels in ol have been reported heretofore. 

These levels are listed in Table II. Energies indicated are believed 

to be in error by less than 0.150 Mev. The relative certainty of 

each level is indicated by listing the number of sets of data curves 

that show the group attributed to it. Those observed in ..--'lO or 

fewer sets of data are probably vcry weak or transitory. The grout 

which is most obvious is that which appears to result from a Mev 

level in o18. The peai representing this group is well resolved in 

nearly all the data. The approximate area under this peak has been 

interiretcd as the differential cross section and plotted to give the 
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TJBLE II 

1 . 19 1 
Levels in O , based on a-groups from the reaction F (t,a)0 ob- 

served at 900 and 165° for AEt = 0.103 Mev from 1.033 to 2.272 Mev. 

O. Energy Number of 0. Energy 
(iIev) Level Observations (14ev) Level 

(Mev) (Mev) 

11.81 0 - 6Ji.3 5.58 

10.11 1.70 3 5.95 5.86 

9.82 1.99 1. 5.14. 6.37 

9.57 2.30 9 5.02 6.79 

9.08 2.73 11. l}..77 7.0)4 

8.83 2.98 2 i.53 7.28 

8.Ii.9 3.32 19 3.97 7.81i. 

8.22 3.59 21 3.67 8.iL 

7.96 3.85 12 3.2k- 8.57 

739 25 2.86 8.95 

7.13 Ii..68 1 2.58 9.23 

6.o 5.11 iB 2.20 9.61 

Number of 
Observations 

2 

2)i- 

5 

21L 

lo 

19 

2i- 

i6 

16 

8 

i 
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excitation curves shown in Figure 50. 

Resonances which appear were averaged to give values of 22.6, 

23.0, and 23.2 Mev for virtual states in Ne22, which is produced by 

F19 + T with a Q-value of 21.Ii.26 Mev. No previously published values 

for levels in Ne22 have energies as high as these. 

18 
The ground state for O does not appear In the data. Since 

the Q for this reaction is 11.81 Mev, the alpha particles resulting in 

the break-up have sufficient energy to produce a pulse just beyond the 

region recorded. None of the data was taken ïith reduced gain set- 

tings on the amplifier, hence, one has an indication of this ground 

state group only from the pulses recorded in the surplus channel. 

These indicate a relatively low intensity group for the bombarding 

energies used. 

In the foregoing section (IVB), the pulse group which one 

could interpret as a level oÍ' r.J3.6 14ev in may have been produced 

by protons instead of alpha particles. If one assumes that the level 

at 1.99 Mev in o18 is responsible for the proton group from 

Ql6(t)01a with a C-value of 1.69 Mev, this group is well explained. 

The standard deviation of experimental energy values from those cal- 

culated is t 0.076 Mev, 1f one assumes that the pulse-group observed 

is from protons, whereas a standard deviation of t 0.125 Mev results 

from the assumption that the group is alpha particles from 

016(ta)F15* It is teumting to believe that the 3.6 Mev level in 

F15 is not indicated but that the 1.99 Mev level in 
18 

is substan- 

tiated by this data. 
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Figure 50. Excitation Curves of F19(t,a)018 at 90 and 165° 
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APPENDIX I 

Relation of Particle Energies Inside and Outside the Counter 

From Bennett's work on the stopping power of mica (i, p.ìi.26) 

one may obtain an approximate stopping power value for various ener- 

gies. A sanmle of mica used for the counter window measured 3.718 

O.O51. cm2 and weighed 3.930 t 0.020 milligrams. This gives a value 

+ / 2 . 
,- / 

2 
of 1.057 - O.O1 mg; cm . A nominal value of 1.Oo mg1 cm was used in 

the calculations. 

By dividing the thickness of the mica window by the stopping 

power values from the curve mentioned above, one obtains the centi- 

meters air equivalent for the mica window as a function of a-particles 

energy. Values obtained are: 

Da (iev) Air Equivalent (cru) 

1.0 .67 

1.5 .69 

2.0 .70 

2.5 .71 

3.0 .72 

3.5 .72 

1.O .73 

.73 

Da (.iev) Air Equivalent (cm) 

5.0 .73 

6.o .71. 

7.0 .7)4. 

8.0 

9.0 .714. 

10.0 .75 

11.0 .75 

12.0 .75 

Using Bethe's range-energy curves (li., Figs. 1-2), one may 

subtract the corresponding air equivalent from the range of a's for 

each of these energies. The new energies are obtained from the 
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resulting range values. 

The energies of a-particles inside the counter which corres- 

pond. to a-energies outside the counter have been plotted in Figure 51. 

A similar curve for rotons was prepared from Bethets range- 

energy curves (1., Fig. 3) by assuming that the serie window stopping 

power values were applicable to protons having velocities correspond- 

ing to those of the a-particles. This curve is shmm in Figure 52. 

The triton window-correction curve (Figure 53) was made from 

the same data as was used for protons. In this case one uses Bethe's 

curves in conjunction with the following relation: 

The range of a triton having energy Et be three times 

the range of a proton having energy Et/3, (9, p.271). 

Curves were not drawn for deuterons and for He -particles. 

In calculations where these particles were considered, the energies 

in the counter were determined, in similar fashion as for tritons, 

for the individual particle energies which were computed. (For deu- 

terons , the range of a deuteron with energy Ea, will be twice the 

range of a proton with energy E/2. For He6-particles with energy E, 

their range will be 1.5 times the range of a's having energy 0.67 E.) 



Figure 51. Ea Insïde Counter as a Function of E Outside Counter 



Figure 52. E Inside Counter as a Function of 
ED 

Outside Counter 



Figure 53. Et Inside 
Counter as a Function of Et Outside Counter 
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APPETIDIX II 

Energy Losses of Particles in the Targets 

A. Appearance of Beam Spot 

With reference to Figure 5i- (a), one sees that 

T = d sin a 

a = T sin (O-a) = (cI'sin a) sin (e-a). 

Thus, if G = 2, a = d. By setting the counter at an angle to the 

beam which is always tvice the angle made by the plane of the target 

to the bean, the target spot will appear to the counter as a circular 

disk with the same diameter as the incident beati. 

o 
In taking data, when the counter was placed at 90 to the 

beam, the target plane was placed at li.5° to the beam. With the coun- 

,-o -. , o 
ter at lo5 , the plane ai trie target was placed at o2.5 

B. Angle ai' Divergence, 0 

tions: 

Again, from Figure 5 (a), one obtains the following rela- 

a'J = "(L-.J ) , 
SO that 

g= aL (a + f), and 

L-J= fL/(a + f). 

Then 0 = 2 tana f '2(L-P)J = 2 tana (a + f)'2L] 

for the geometry indicated, 

0 = 2 tana [0.250, 16] = 2 tana 0.0156 

= 2 (0.895°) 

= 1.79°. 
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C. Relations Betreen Actual and Apparent Target Thicknesses 

By imposing the condition that O = 2a, one observes from 

Figure 5h. (b), that 

t/t' = sin a, or 

t = t' sin a. 

The only measurement of the aDparent thickness of the LiTF 

o 
target was t-fade or a = 15 . Hence, 

t = 0.707 t5Q) 

The apparent target thic1ess for a = 82.5° is given by 

- J- I t(r25Q) - L. 

(5) 
sin h-5°/sin 82.5° 

= 0.713 tI(5O). 

D. Method of Determining the Air Equivalent of the Apparent Half- 

thickness of the LiTF Target 

Making use of Bethe's proton range-energy curves ()4., Fig. 3) 

and. the curve for the Li(,n)Be7 threshold (Figure 20) one may say 

that the Li7F target produces an enerr loss of (1.95l± 0.0015) - 

(1.8838 t 0.0002) Mev = 0.0676 t o.00i6 14ev for protons having a mean 

energy of 1.917 Mev. These protons have a range of 6.67 cm in air. 

Then the target is h-5° to the beam, the apparent air equiva- 

lent of half its thickness will be given as follows: 

Half energy loss = 0.0338 Mev 

Thus, residual energy = 1.917 - 0.03h. = 1.883 Mev 

Range corresponding = 6.o cm 

Loss in range = 6.6v - 6.50 = 0.17' cm, air equivalent. 
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When the target is placed. 82.5° to the beam, the half- 

energy loss will be about 0.713 times 0.0338, or 0.0211. isIev. 

Residual energy = 1.917 - 0.021!. = 1.893 Mev 

Range corresponding = 6.53 cm 

Loss in range = 6.67 - 6.53 = 0.11!. cm, air equivalent. 

E. Relation of Incident Triton Energy to Triton Energy at 

Apparent Ha1f-thic1iess of LiF Target 

Table III shows the values for triton energies at the 

apparent half-thickness of the target as compared with the incident 

triton energy. The values are obtained by subtracting the air equiva- 

lent values (above) from the range corresponding to each incident tri- 

ton energy - and obtaining the triton energy equivalent to the result- 

ing range. The range of tritons in air was obtained from Bethets pro- 

ton energy-range curves after multiplying the units of both coordinates 

by three. 

F. Relation of Emitted Particle Energy Outside Target to Emitted 

Particle Energy at Apparent Target Haif-thicìmess 

This information is obtained in the same manner as described 

in Section E. In this case, the alDha particle range-energy curves 

may be used directly. For each alpha particle energy value obtained 

as described in APPENDIX III, the energy may be determined for the par- 

ticle after it has passed through the half-thickness of the target. 



TABLE III 

Incident Triton Energy (Mev) 

0.620 

'7P - 

oc 
o2o 

.929 

1.033 

1.136 

1.239 

1. 32 

1. ii-16 

1.519 

1.652 

1.755 

1.859 

1.962 

2.065 

2.168 

2.272 

Triton Energy at Apparent 
Target Iia1f-thickness(.Iev) 

!f5° 82.5° 

0.)4.76 0.501. 

.595 .620 

.700 .726 

.82L. .814.2 

.932 .951 

1.0)i 1.059 

1.153 1.170 

1.263 1.277 

1.366 1.380 

1.14.73 1.14.86 

1.580 1.592 

i.6314. 1.698 

1.791 1.302 

i.86 1.920 

2.001 2.012 

2.105 2.116 

2.215 2.225 
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a = diameter of target spot as it is defined for the 
counter (a b) 

b = axis of counter collirnatinß system 

d = diameter of collimated beam = 0.125 inch 
f = diameter of defining aperture to the counter = 0.125 

inch 

L = radial distance from center of target to f = 8.000 

i n c he s 

i = distance from center of target to focal point 

T = major axis of elliptical beam spot on target 

t = actual thickness of target material 
tt = apparent thickness of target material 

a = angle of plane of target to the axis of the beam 

e = angle of b to the axis of the beam 
(9 = maximum angle of divergence of particles entering 

the counter from the target spot 

Figure 54. Target-Counter Geometry Diagram 
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IPPENDIX III 

Eressions Used in Making Calculations 

A. Energies of Particles 

Masses of all nuclei considered are in the literature: (a) 

masses of neutron and all light nuclei, except He5, up through F2° 

(iS, p.517); (b) mass of He5 (lo, p.299); and (e) all other masses 

(2, pp.125-126). The energy equivalence of an atomic mass unit is 

also published (18, p.517). 

The Q-value, or energy released in a nuclear reaction, is 

obtainable from the above inforition. It is given as the enerr 

equivalent to the difference in total mass of the initial and final 

nuclei involved in the reaction. For exaniple, the reaction 

Li H -'He + He + Q. 

Ìasses are: Li1 = 7.018223 He6 = 6.O2O7Ii. 

H3 = 3.016997 He1 = .003873 

Sums are: 10.035220 1O.O2i.3)4-7 

Difference (Initial-Final) = + 0.010873 mass units 

(0.010873 mass units)(93l.152 Mev1'mass unit) = lO.l2 11ev. 

This method as used to obtain Q-values for all the reactions 

discussed in this thesis. 

Next, one may obtain the enerr for an emitted particle in 

the case of two-body break-up if the following considerations are made 

( references are to the diagrams in Figure 55): 

(a) Obtain velocity of the center-of-mass (y): 



E = 1, '2 y = -v"7m0 . Because momentum is con- 

served, m0v0 = (m0 + M0)v. 

Thus, y = (m0Ti7m0)/(m0 M0) 

= (m0 + M) (1) 

(b) Obtain energy available in the center-of-mass system. 

Er = Q + E - l,'2 ("0 I0)v2, since the energy available is 

given by the total energy diminished by the amount used to move the 

center-of-mass. By substituting for y from (i), one obtains 

E =Q+E -m. E (m M) r o o o o o 

=QME '(m +u) 00' 0 0 (2) 

(e) Obtain energy of emitted particle in the center-of-mass 

system (Eh). 

Conservation of energy provides that 

, '2 . 
le) 

E l 2 M1v1 + 1, 2 Mv2 

Conservation of momentum provides that 

I t t2 2*2, 
I.11v1 = M2v2 ; or V1 = M2v 

2 

. . . ,, '2. In tne energy equation, substituing ior V1 gives 

E l2 (Mv2)/I.i + 1/2 I.12v2. Then 
2 

2 1.E/M(M 

Since E2 = 1/2 i42v2, 

E = ME/(M 

= [M1./(M1 + 2][ Q M0 E0 ,(m0 + I.i)] (3) 

(d) Obtain energy of emitted particle in the laboratory 

system (E2). 

,. . J- '2 2 2 The law o cosines state6 ;ha V2 = y-2 + y _ 2v y2 cos O2 
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-.ihere reference is made to Figure 55b. Rearranging, 
'2 2 - 2 y y2 cos e2 - (y2 - y ) = O. 

The quadratic formula gives for a solution, 

V2 = 12 [2V 
2 

.2 By removing a factor of 2 and substtuting i - sin e2 for 

2 cos 2' one obtains 

V2 = V COS 02 
jT20 

The negative root 

gives results which violate physical laws, hence only the positive 

root is to be used. 

2 r-i-- 2 . and V2 (y cos 02 V'2 - V sin 

E2 = l2 M(v cos 02 V Sin 02) (ii.) 2 2 2 

In equation (1.), the value of y is given by equation (i) and 

V2 = 2 I q :(I 1 i.) + 2 M0IvE0/ 2(m0 ± M)( + ri2)]. 

(e) For the special case 02 = 
900, the value of E2 is 

simpler. Substitution of expressions for y and v2 in equation (Ii.) 

gives E2 = M2 v M Q iI(m0 IÇ -m01.12(M + 142)1 E (5) 
2 N1 ± ri2 L (r.i + I.12)(m0 .10)2 _j 

o 

This is a linear equation of the form E2 = A Q. + B E. 

For computation purposes, both equations (ir) and (5) were 

found to be sirrmle expressions to use. 

( f) The energy of a secondary particle produced in the 

break-up of the emitted particle may easily be found for the limiting 

cases in which the observed secondary particle continues in the direc- 

tion of the primary emitted particle, or in the opposite direction. 

Using the symbols defined in Figure 5 (b), 
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= M/2 cos 02 
- 2 12 
-v sin 

O21 
(6) 

where y is defined by equation (i), 

t + v1=v2 -V 

= 

where E2 is given by equation (li.), 

andV 

or e2 = 90 , is 

'2 2 
= (M/2)(v1 - V ). 

A simplification of equation (6), 

(7) 

Expressions (6) and (7) are used. in calculating maxini and 

minimum energies of alpha particles produced by break-up of 11e5 and 

Be8 nuclei. 

B. The Expression Used in Solving for Excited State Energies, E 

Reference is made to the notation and relationships used in 

the preceding Section, A. 

Since 

1/2 1Iv2 = 1/2 M2v + 1/2 M2v2 - Mvv2 C5 
2 ' and 

E = NQ/(M1 + M2) 10.E0/(i ) (rn0 + II), 
and since 1/2 112 V = E2 and V2 '22' a solution for Q is 
Q = (M1 + ri)E2 ("i r.)v2 it2] Ii2 COS e2 y -{ E2/M2) 

M 2 

- M0/(tii0 + 

For an excited state, one would obtain the same expressïon 

where Q* <. Q and E2*. E2. By subtracting the exoression for Q from 

that given for Q, one obtains 
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= E = 
+ M2)/M1 (E2 -E) 412 V COS e2( JÌM2 _-v/M2)] 

or E = (M, 
+ 2)/Iv 

_ij COS -u1)] (8) 

For the special case that 02 
9Q0 

E = 
(I.1 

+ I.I2)/M(E2 - Et). 

C. Determination of Cross Section 

In the discussion of proton bombardment of the LI7F target, 

the expression for the differential cross section is given as 

e(e) = 

For the charged particle measurements, Nr is gïven by the 

proportional counter, which is assumed to be 100% efficient for those 

particles passing through its window. The solid angle indicated in 

Figure 13 is 11..36 ± 0.25 x 1O steradians. 

grator. 

Nb is given directly in rnicrocoulombs by the current inte- 

Nt must be obtained from other measurements. As indicated 

in the text, the value for Nt was obtained for the Li7F target by 

measuring threshold. rise and by measuring yield of the Li7(p,n)Be7 

threshold.. With reference to the curve represented in Figure 20, 

one riy obtain the number of Li atoms per square centimeter in the 

Li7F target (placed at k5° to the proton beam) in the two ways which 

follow. 

(a) From the threshold rise - 

1. Variation in E between threshold and the first 
p 

maximum is 1.9511i. - 1.8838 = 0.0676 Mev. 
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2. Mean value for E is 1.917. Ranße of protons with 

this energy is (1., Fig. 3) 6.67 centimeters of air. 

3. Range for protons having energy 1.917 - 0.0676 = 

l.Bli.9 i'Iev is 6.30. 

1.. Difference in range corresponding to average ener- 

cy loss in the target ïs 6.67 - 6.30 = 0.37 centimeters of air, t 3. 
5. IIumber of "molecules of air" per cni3 of air is 

(6.023 X 1023 no1ecuies/mo1e)/(2.2i c 10 cni3/tnoie) = 2.689 x 1020 

niolecules/ctu3. In the "air ecuivalent target" one would find. 9.95 x 

1- . 3 10 molecules of air/cm 

6. Stopping power (19, p.272) of Li7F is about 1/2 

(0.50 + 1.15) = 0.825 times that of air, t 5%. The number of LI7F 

molecules in the target is(9.95 x l0 molecules/ciu2)/0.325 = 

19 I 2 
X 10 molecules/cm 

7. The apparent number of atoms of Lit(or of i') in 

this target is, therefore, 1.21 x io19 atoms/cni2, t i% ( for the tar- 

get placed at Ii.5° to the beam). The actual number is 0.36 x io19 

atom/cm2. 

(b) From neutron yield at E = 2 Mev - 

1. Definition of 
e(o) 

may be used to obtain the num- 

ber of target nuclei per cm2, for 

Nt = N/(e)Nb. 

2. Since the RaBe source used has a total flux of 

6.02 x neutrons/second, it may be assumed to emit I..75 x 10 neu- 

trons/sec/steradian. The long counter calibration indicated i.2.22 
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counts/second. Therefore, the long counter gave 8.81 x 1O counts! 

neutron/steraclian. 

3. Li7(D,n)Be7 yield at 2 1.1ev indicates 193 counts! 

icb. Therefore, 193/8.81 x 1O = 2.19 x neutrons/cb/steradian, 
+ 

-1 
- lOo, is the value for 

14. s 6.25 x 1012 proton/jj.cb. 

(o°) 
= 2.5 x io26 cin2/steradian, 12%, 

(29, p.390). 

6. Solving for ' then, one obtains 

= 1.li.O x lo19 atoms/cm2, t 15%. 

An average value of 1.31 x io19 atoms/cn2 of Lit', t 1It%, is used to 

detertilne the values for cross section of charged particle reactions 

from Li7 + T. 

From the curves indicated in Figure 21, one obtains the total 

number of counts/1O0icb from each target in the pulse height region 

107-139 volts. These are: 

CaF2 ........... l014. counts 

Li6F ........... 986 

LÍ7F ........... 951 

CuO ........... 17 

By considering CuO to give a background yield which is sub- 

tracted from the other three, one obtains the relative fluorine con- 

tent of the three targets: 
Li7F,'l.00O = Li6F/1.037 = c2/1.o67. 

The fluorine content of L±1F is taken to be (0.707) 1.31 x 1Q19 0.93 

X io19 atoms/cm2. TheretZ'e, the other targets contain 0.96 x io19 
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and 0.99 x io3-9 atoms/cm2 for Li6? and Ca.?2, respectively. In the 

case of LI6F, this number represents either Li6 or F19 atoms. 

For subtracting CaF2 yields from those of Li6F and Li7F, 

one finds that approximate "background" corrections will be given as 

follows: 

Li° yield = Li6? yield - 0.972 CaF2 yield 

Li7 yield = LIT? yield - 0.937 CaF2 yield. 

This must be done point-by-point. 

At 15°, the effective number of target atoms/cm2, ± i1%, is 

Li° = 1.36 x io19 

LI7 = 1.31 x io19 

Ca.?2 = 1.Ii.O x 
19 

(fluorine atoms). 

At 82.5°, the effective number of target atoms/cm2, * i1-%, 

is 

6 19 
Li = 0.968x10 

Li7 = 0.938 x io19 

Ca?2 = 0.999 x i&-9 (fluorine atoms). 

Since total counts/icb = a(@) (atoms/cm2)(tritons/tcb) 

X 
3-Q_14 

steradians), and since there are 6.25 x io12 tritons! 

cb, the differential cross section for reactions with Li6, Li7, or 

F19 observed at 90 or at 165° will be given by substituting the 

appropriate values in this expression: 

a(g) = (total counts/tcb)(i/no. of target atoms x 

cni2)(3.67 x lo_io icb/steradian x tritons). 
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m0 = mass of bombarding particle 

M0 " " target nucleus 
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' ?t 

recoil nucleus 

2 

r 

emitted. particle 

. 
and 14 are masses of secondary particles resulting 

from break-up of the emitted particle 

e is angle measured in the laboratory system 

q is angle measured in the center-of-mass system 

V = velocity of the center-of-mass 

V = velocity of the secondary emitted particle as 

measured with reference to its parent nucleus 

Velocities and energies measured in the center-of-mass 

system are primed. Velocities and energies 

measured in the laboratory system are unprimed. 

Figure 55. Diagram of' Reaction Mechanics 


