
MAGNETIC ANALYSIS OF REACTIONS LEADING TO 

EXCITED STATES IN Li6 AND Bll 

Thesis by 

David Eiben Groce 

In Partial Fulfillment of the Requirements 

For the Degree· of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena~ California 

1963 



ACKNOWLEDGMENTS 

The author is happy to express his thanks to all the faculty and 

technical staff of the Kellogg and Sloan Radiation Laboratories. In par

ticular, special thanks must go to Professor W. Whaling for his guid

ance and encouragement in this project and especially for his painstaking 

scrutiny of all the facets of this thesis. To Professor T. Lauritsen, 

special thanks are also due for the opportunity to first work with him in 

this laboratory and for the continued interest he has held in this work. 

Special gratitude goes to Mr. ~. McNally for help with many of the ex

perimental details and the long, all-night vigils. 

The magnetic spectrometer was not a one-man project. Credit 

must be given to Professors W. Whaling, T. Lauritsen, and R. W. 

Kavanagh for much of the initial design work. Mr. V. F. Ehrgott car

ried through on most of the mechanical design work from the basic ideas 

presented to him. Mr. A. Bacher made the ray-tracing box and took 

part in the ray-tracing measurements. Mr. J. McNally built the NMR 

magnetometer, without which the spectrometer would not have been such 

a precise instrument; he also made most of the magnetic field profile 

measurem.ents. 

It is a pleasure to give extra special thanks to my wife, Barbara, 

without whose encouragement, help, and breakfasts at 6:00 a.m. during 

all-night runs, this thesis would not have been completed. Special 

thanks go also to Mrs. V. J. Ondrasik for the rough-draft typing. 

Thanks for financial assistance go to Convair-Astronautics and 

General Atomics for fellowship grants during the course of this work, as 

well as to the Office of Naval Research and the United States Atomic En

ergy Commission for the actual support of this experiment. 



ABSTRACT 

A double-focusing magnetic spectrometer of 24-inch radius has 

· been installed at the California Institute of Technology for use with the 

ONR Tandem Van de Graaff accelerator. The design, alignment, and 

testing of this instrument is described, and the performance is com-

9 6>!< 
pared with the theoretical design predictions. A Be (p, a.)L~ reaction 

was investigated with this spectrometer. Excited states in Li
6 

were 

seen at 2. 19~. 3. 57-. 4. 50-, and 5. 36-Me V, confirming previous work. 

6>!< 8 
Intense alpha particle background from the breakup of Li , Be , and 

B~ 9 >!< limit the information that can be obtained from the alp~a particle 

spectrum. 
9 3 11>!< 10 11>!< 

The Be (He ,p)B and B (d, p)B ·reactions were used 

to investigate the excited states in B 
11 

All known states between 8. 9-

and 15. 0-Me V excitation were observed except for states at 11. 0- and 

14. 0-MeV excitation. In addition, two new states were found at .11. 27-

and 12 . .57-MeV excitation. It is believed that the 11. 27-MeV state has 

isotopic spin T = 1/2 a;nd that the 12. 57-MeV state has isotopic spin 

T = 3/2. 
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I. INTRODUCTION 

With the advent of the 10-MeV tandem accelerator at the Cali-

fornia Institute of Technology, additional auxiliary equipment had to 

be prepared. The design, testing, and alignment of a double-focusing 

magnetic spectrometer and its auxiliary equipment will be described in 

Section II of this thesis. The remaining parts of the thesis will be con-

cerned with two of the first experiments performed on this instrument. 

In these experiments , reactions leading to the highly excited states in 

B
11 

(Section III), and Li
6 

(Section IV), were investigated in hopes of 

obtaining new information about these two important light nuclei. 



-2-

II. MAGNETIC SPECTROMETER 

A. INTRODUCTION 

A 180°, 24-inch radius double-focusing magnetic spectrometer 

has been recently put in operation as a charged particle analyzer for 

use with the 12-MeV Office of Naval Research tandem Van de Graa££ 

accelerator. It is the purpose of this section to: 

(1) review the considerations that went into the design of this 

spectrometer, 

(2) describe the finished magnet and its associated apparatus, 

(3) evaluate the performance of this spectrometer as a lab ora-

tory instrument. 

The theory on which the design of this spectrometer is based 

has evolved from 1941 when Kerst and Serber first put forth the pro-

posal that charged particles can be focused in a non-uniform magnetic 

I 

field. In chrQnological order the development has been: . 

1941: Kerst and Serber 

Focusing in fieid of form: B=B (r/ro)-n 
0 

1946: Siegbahn and Svartho1m 

Double-focusing with n = ~; source and collector inside 

field 

1947: Shull and Dennison 

Expansion of field: 
(, r-r · r-r 2 ) 

B = B o \ - a.( roo ) + f) ( roo~ + ... 

First-order double-focusing for a. = 1 
2 ~ other coefficients 

a:11e free to vary 
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Second order focusing: f3 = 1/8 for r focusing 

f3 = 3/8 for z focusing 

194 7: Coggeshall 

Fringing field corrections for unifo~m field 

1949: Hintenberger 

Circular entrances for uniform field magnets 

1950: Judd 

First-order double-focusing properti.es for source and 

collector outside of field 

1950: Rosenblum 

Second-order double-focusing properties for source 

and collector outside of field 

1957: Judd and. Bludrn~n 

Consideration of third-order terms,. and fringing field 

1958 : Ikegami 

Second-order terms and circular entrances for non

uniform fields 

The design of this sp~ctrometer has been primarily based on the work 

of Ikegami (1958). 

Following the evolution of the theory of double-focusing,. there 

have been many spectrometers built which incorporate this concept: 

1946: Siegbahn and Svartholm 

Double-focusing; source an'Cl collector inside field; 

angle of deflection = '[2 1T 
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1950: Snyder~ Rubin:o- Fowler~ and Lauritsen 

.lOi-inch radiusj source and collector external to field; 

angle of deflection = 180° 

19 51: Li. Rubin, and Whaling 

16-inch radius; 180°; improved magnetic circuit 

1955: Rubin and Sachs 

12-inch radius; adjustable poles and pole edges for 

empirical adjustment of astigmatism a .. nd to minimize 

aberrations 

1956: Asaro and Perlman (as discussed by .Judd and Bludman) 

13. 8 -inch radius; 180°; field parameters adjusted to 

third-order including corrections for fringing field; 

a = i ~ f3 = 0. 209 

1961: Cohen, Cookson, andWankling 

24-inch r adius; adjustable poles; a = 0. 497, f3 = 0. 23 

Other instruments have been built, but they have been eithe r copies or 

scaled up versions of tlte above magnets. 

Even today the magnetic spectrometer has many advantages 

over othe r types of charged particle detectors,including the newly de

veloped solid-state detectors. The solid-state detector~ in fact, has 

enhanced the usefulness of the spectrometer~ since a ·charged particle 

detector must be used at the f ocus of the spectrometer. The combina

tion of the two provides an energy determination in the solid-state de

tector simultaneously with the momentum resolution of the magnet. 
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The magnetic spectrometer has the highest resolution that is 

available. Moreove;r~ . it eliminates all particles not within the pre

scribed resolution limits from the particle detector, and thereby 

eliminates pileup at high counting rates. At the high excitation ener

gies in nuclei that are available with the tandem accele:rator, many 

decay channels are open. This means that there may be several dif

ferent reaction p:roducts with the same energy or dE/dx to be analyzed. 

The momentum Ineasurement by the magnet helps to distinguish these 

particles from each other in conjunction with the conventional detector. 

The spectrometer has an additional advantage in that the particle de

tecto:r is located several feet away from the target, so that the back

ground caused by gamma rays and neutrons is n egligible while main

taining the same efficiency for charged particles. Compa:red to the 

spectrograph, the spectrometer pe:rmits coincident detection of the 

analyzed pa:rticle and other :radiations. The 11live -time 11 data analysis 

is also a ve:ry desi:rable advantage of the spectrometer over the spectro

graph. 

B. DESIGN PARAMETERS AND GENERAL DESCRIPTION 

When a spectrometer was first considered for use with the tan

dem accele:rator, the:re were three specific areas it was felt that it 

should cover: 

(1) mediun:i energy and solid angle with high resolution, 

(2) large solid angle and low resolution, 

(3) high ene:rgy and low solid angle. ' 

Rather than having three separate magnets,. a compromise had to be 

made. 
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A radius of 24 inches was chosen since the most magnetically 

rigid particle expected was a 10-MeV triton (312 kilogauss-inches). 

Also, since the tandem b eam is 69 inches above the floor> a greater 

radius would necessitate laying the magnet on its side. 
0 A 180 angle 

of deflection was chosen since it was the largest angle obtainable if one 

wished to machine mirror parts at the same time. A large angle of 

deflection provides higher dispersion, plus shorter image-object dis-

tances than a smaller angle of deflection. 

The choice of aperture size represents a compromise between 

several conflicting criteria: 

( l) Aberrations in the focus are proportional to (R 
2 + z 2

) where 

R is the radial dimension of the aperture and Z is the di-

mension of the aperture p~rallel to the field. For minimum 

abe rrations> this implies R = Z . 

(2) The magnetic field B is approximately proportional to 

l\TI/ Z where NI are the ampere turns creating the field. 

For lower input powe r : 

Z small 

(3) The useful solid angle is not determined by the full area 

between the pOles since the field at the edges is reduced due 

to leakage of the field lines. If one assumes that this edge 

effect extends t gap width inward". the solid angle is pro-

portional to (R-Z) Z • . For the great est percentage of useful 

solid angle~ this implies 

Z = lR .2 
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(4) In most nuclear reactions the energy of the emitted particles 

varies rapidly with angle. For high resolution~ the angle in 

this d i rection should be kept small. In this case, 

Z small . 

However~ R also contributes some width (Section II. G.} 

at all angles except 90°; therefore 

R not 11 too11 large 

With the consideration of all these criteria, an aperture of R X Z = 

12. in. X 3. 5 in. (nom::.nal; 3 . 85 in. maximum and 3. 14 in. minimum} 

was chosen. This 9-perture would give a solid angle of 0. 0 15 steradians 

(if 9 3 I 4 inches are useful in the r direction and the object distance is 

26 inches). 

The image and object distances are related by Judd 1s (1950} 

first order form~.lla: 

- 1 ,---;;'· I - 1 \(:5 I . tan ( \t· 5 d r } + tan ( . 5 d r ) = 
" o o r.:> z o 

where d is the object distance and d is the r or z image dis-
a r~ z 

tance (angle of deflection= 180° and a= i). In choosing the object-
, 

image distances~ there are again several conflicting criteria to con-

sider : 

(1) It is desirable to have the detector assembly outside of the 

magnet coils because of space limitations . This means 

d > 7 inches. 
z, r 

If a scintillation crystal and a photo- multiplier are used as 

the detector {e. g . .:> to detect 20-Me V protons). the photo-

tube must be shielded from the magnetic field. If one 

wishes to avoid the use of a light- pipe, it is desirable to 
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locate the scintillator and photo-tube outside the stray field: 

d ~ 11 inches for B/B ~ 1 °/o 
r~- z o 

(2) The solid angle 0 is related to the objeCt distance d
0 

by 

Judd 1 s {1950) formula: 

O = ZR 
( 2 r 

2 + d 
2

) 
0 0 

where .. r 
0 

is the mean bending radius. Thus~ for a large 

solid angle: 

d · small . 
0 

(3) It is important to b e able to detect particles emi.tted at 

large b ackward angles. With the configuration used for the 

target chamber~ no ~ngle greate r than 155° is possible.. In 

order that the beam pipe clear the side of the magnet~ it 

follows that 

d ~ - tw tan(l55°) 
0 

where W = width of magnet. 

With a 3 1 I 2 inch slot cut into the side of the magnet~. and with d = 
0 

26. 2 inches, the fUll back angle of 155° could be realized. This sets 

the image distance at 9. 0 inches (2 inches beyond the coils, and w here 

B /B ,-.v 2°/o). However, the magnet support allows one to set d at 
0 0 

any value between 9. 0 inches and 26. 2 inches.· 

If one expands the magnetic field as Shull and Dennison (1947),. 

(1) 

a = i is required for double-focusing. For· a = i + € , the resulting 

astigmatism is 
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d - d "' 150 € • r z 

A small amount of astigmatism is not objectionable since a line de-

tector may be used at the r focus. A tolerance of + 0. 02 was placed 

on a. ; this limits the astigmatism to be less than 3 inches; the z width 

at the r focus would be less than 0. 2 inches. 

a. = o. 50 + o. 02 

To pick values for the remaining parameters, we must turn to 

the analysis of Ikegami (1958). He considers a :field of the form given 

by equation (1), but adds a circular entrance and exit to the field. This 

is similar to the. treatment by Hintenberger {1949) for uniform :fields. 

The aberration 6r in the r direction is given for a point source by: 

~ is 1;}le angle of the deviation of a ray from the mean .ray in the 

direction perpendicular to the field• 

® is the ail.gle of the deviation of a ray from the mean ray in 

the direction parallel to the field,. 

or is the displac·ement at the :focu·s of the. ray that leave.s. the 

target spot at angles ® and ~ with respect to the mean ray. 

N
11 

depends on the :field parameters a. and (3 .plus other fixed pa

rameters (angle of deflection; image and object distances),. but not on 

the radii o:£ the entrance or exit pole tips. M 11 11 on the other hand, 

does depend on these radii as well as on the other parameters. The 

aberrations due to N 
11 

and M
11 

are plotted versus (3 :for the design 

values o:f the other parameters in Figure 1. From the figure it is ob

vious tha~ the aberration due to N 11 is zero for (3 = 0. 34 • The 

ability to design pole pieces that would yield the desired value o:£ (3 is 
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very difficult and no commercial supplier would undertake to guarantee 

f3 to a high degree of precision. However~ the tolerance of f3 need 

~ot be as strict as the one on a, since at the e dges of the field 
r-r 

\--
0 I ~ 1 I 5 . Thus any uncertainty in f3 is only 1/5 as effective in 

r 
0 

changing the field from the 11 ideal shape 11 as the uncertainty in a. 7 and 

thus the tolerance on [3 may be five times as large: 

[3 = 0. 34 + 0 . l 0 . 

Having picked f3, the only other adjustable parameters left are 

the radii of the entrance and exit pole tips. For a [3 = 0. 34 and a pole 

tip radius of 14. 5 inches, M
11 

goes to zero. However, some empir

ical adjustment is de sir able to correct discrepancies that may de-

velop between the theory and the actual fabricated instrument. To 

achieve thi s , the pole tips we re made on separate removable pieces in 

such a manner that radii could be changed if necessary after testing 

the instl·ument (see Figure 3). The f ield parameters a. and f3 were 

to b e optimized at a field of 10 kilogauss. It was felt that with Armco 

iJ:on pole faces the effects of saturation would not distort the profile at 

lower fields. With 10 kilogauss at the mean orbit, the field at the inner 

radius is approximately 11 kilogauss. 

A..J. additional features desired was a removable slot in the rear 

to allow for the possibility of observations at angles near 180°. This 

requirement is dis cussed in Appendix 3. 

Since the California Institute ·of Technology does not have pro-

vision for machining and grinding of heavy steel pieces up to 8 feet in 

diameter, it was decided to seek an outside supplier. · Spectromagnetic 

Industries of Hayward, California was selected on the basis of bidding 
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and e:h.'J?erience. The specifications are given in Appendix L 

The general appearance of the magnet (see Figures 2 and 3) is 

that of hal£ of a cylinder 86 l I 4 inches in diameter and 38 3 I 4 inches 

thick. The kidney-shaped coils surround the pole pieces and lead to a 

current and water manifold on the top. Three adjustable studs, which 

support the rnagnet, a1·e located on t..'-l.e radial carriage which provides 

motion to and from the axis of rotation. The radial carriage rests on 

rolL :·s that are placed on top of ":.-.. -:.: ~-."lain support carriage. ·:.:·~-;.is sup

port ca~·riage is pivoted at the axis of rotation in a self-aligning thrust 

bearing and is supported above a circular track by two 12-inch diame

ter wheels. The track has been bolted and grouted to the floor. Addi

tional details will be presented in Section II. H. 

C. lvf.AGNET CURRENT ELECTRONICS 

The magnetic field is produced by thirty-two coils of six turns 

each.· These coils are made of 0. 467-inch square copper tubing with a 

0. 184-inch diamete r hole in the middle. These coils are connected in 

series such that the maximum .current of 800 amperes produces a 

magneto-motive force- of 150, 000 arnpere-turns. The total resistance 

is 0. 141 0 ; thus, the total power dissipated is 90 kilowatts at full load. 

Sixteen gallons per minute of cooling wate1· is provided to cool the mag

net. In the water cooling circuit, the thirty-two coils are connected in 

parallel by xneans of insulating hoses. A pressure drop of 50 poim.ds 

per square inch across the magnet produces a total flow of 16 gallons 

pe:r minute. At full load the temperature rise is 50°F. The current is 

fed to the magnet through six flexible welding cables from a 100-kW 

generator powered by a 100-horsepower induction motor. See Figure 4 
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for details .. 

The c u rrent to the magnet passes through an oil-filled, water-

cooled :1.·esistor. This resistor consists of seventy-four parallel 21-

inch lengths of No. 10 Manganin wire . Manganin was chosen because 

of its low t e mperature coefficient. 

The voltage drop across this resistm: is compare d with a volt

age supplied from a set of heate d m ercury reference cells. The dif-

ference signal is axnplified through a Brown chopper-amplifier and fed 

to a phase-sensitive rectifier which supplies the e xciting field for the 

amplidyne generator. The amplidyne supplies the exciting field for the 

100-kilowatt generator. The amplidyne output is also fed to aderiva-

tive feedback amplifier which prevent s rapid changes of the amplidyne 

output voltage . 

The current regulation (.6.I/I) was initially l/350 to l/2000. The 

trouble was traced to the fact that thi:cty-four of the Manganin wires in 

the regulation resistors were not solde:1.·ed into place. .After this was 

corrected, the r _egulation was l/3100 to 1/ 26,000 with .6.1 approximately 

a constant. 

Numerous ·safety devices are incorporated in the circuitry to 

protect the magnet, the M-G set, electronics, etc. ·These include (see 

Figure 4): 

(1) AC cu:crent overload, 

(2) DC current overload ( > 800 amperes), 
I 

(3) insufficient water for cooling (< 10 gallons/minute), 

(4) thermo-switches on" each coil (> 58°C), 

(5) reference cell heater not on, 

(6) operation of reversal switch with load on. 
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D. FIELD MEASUREMENTS 

Measurem.ents of the magnetic field profile were made to test its 

conforrnance to specifications and to permit the comparison of theory 

and performance. These measurements were made with a Hall emf 

generator (see, for example, Zingery 1961) with its temperature sta-

bilized to 0. l °C. The accuracy of these measurements was limited by 

the poor current regulation in the magnet due to the poorly constructed 

sensing resistor. 

The fringing field at the entrance to the magnet was measured in 

the plane z = 0 , pel·pendicular frorn the face of the m.agnet for several 

values of r (r = 21, 22, 23 3 24, 25, 25, and -27 inches). Each me as-

urement was referenced to a common point to minimize the uncertainty 

due to the poor current regulation. The result for r = r = 24 inches 
0 

is presented in Figure 5. This result was used to determine the path of 

the· mean J.·ay (r = r ) through the fringing field and thereby fix position 
0 

of the magnet with respect to the target position. The face of the magnet 

must be tipped backward 4. 8° from vertical and lowered 5/16 inch as 

shown in Figure 5. 
1 

After removing the r --z dependence of the field at various values 

of r , lines of constant field had approximately the radius of the curved 

entrance pole tip. This method is not very accurate, but at least it of-

fers some encouragement that the field strength follows the iron bound-

aries. 

The field profile was measured by Spectromagnetic Industries. 

The results are shown in Figure 6 along with the pole piece profile (see 

also Table 1).· The data measured is in terms of the logarithmic 
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derivative: 

ro 8B 
- BTiT ar 

This measurement was made by a triple flip coil arrangement, and it 

readily gives a. and j3 at r = r (as shown in Table 2). The field 
0 

profile was measured at three fields -- 6, 10, and 12. 5 kilogauss-- and 

0 0 at three different places (the 85 and the two 45 ports). 

The field was also measured at r = r as a function of angle. 
0 

It proved to be constant to.±. 1/2000 to within four gap widths of the en

trances. A previously-measured mechanical runout in the gap width of 

O. 013 inches at the entrance has been removed with 0. 001-inch shims 

placed in a stair-step fashion. 

The field profile was remeasured after the magnet was installed 

0 at the California Institute of Technology at only the 85 port. With the 

Hall probe, the true field profile was measured at four different fields; 

3. 2, 6. 3, 8. 5, and 11. 3 kilogauss; with and without the stainless steel · 

vacuum box (see Section II. F..) in place. These results are also pre

sented in Figure 6. Notice the distortion of the profile due to saturation 

at 11. 3 kilogauss. Results of a le.ast squares analysis for :a. and f3 

over the useful range. of the profile are ·presented in Table 2. Little or 

no difference was caused by the presence of the vacuum box. 

E. BEAM HANDLING EQUIPMENT 

The apparatus used to deliver the beam from the tandem switch-

ing magnet to the target chamber is shown in Figure 3. Only a few 

points need be discussed, since the components are reasonably standard. 

The quadrupole lens is a standard, two-element magnetic lens 

(Enge 1959) obtained from High Voltage Engineering Corporation. The . 
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lens will focus the diverging beam into a spot on the target. With help 

of steering magnets, this beam can be made to go through both sets of 

beam defining slits1 thus, the maximum size of the beam spot and the 

direction in which the beam enters the target chamber are fixed. The 

beam is intercepted during unwanted periods by the beam chopper to 

save the targets and reduce background. The vacuum system is shown 

schematically in Figure 7, and the characteristics of its components are 

shown in Table 3. 

F. VACUUM BOX 

Several proposals were made for the vacuum chamber between 

the poles of the magnet: 

(1) Non-magnetic plates could be welded to the pole pieces to 

form a box in which the pole pieces compose two sides. 

This has the serious disadvantage that the welding will stress 

the pole pieces and tend to pull them together.. This dis

placement of the poles could distort the field considerably. 

(Z.) o-ring seals between the pole pieces and added side plates 

would be very difficult to achieve. Tlls seal would extend 

for 14 feet over surfaces that are not accessible for inspec

tion. By having the entrance and exit:poleYtips .re:tnovable, any 

vacuum seal would be uncertain. 

(3) 'A thin ... walled box with walls glued to the pole faces was 

considered. To obtain a reliable bond between two large 

metal surfaces would require curing at elevated tempera

tures. The box would be fragile and subject to damage dur

ing installation, and once installed it could not be removed. 
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(4) A heavy-walled box would overcome the objections men

tioned above, but would reduce the useful solid angle. To 

achieve the largest solid angle one must consider two con

flicting criteria. First, the thickness of the sides between 

the pole pieces will reduce the solid angle; therefore, they 

should be as thin as possible. Second, if these pieces are 

too thin, atmospheric pressure will deflect them inward 

further reducing the solid angle. It was determined that 

7 /32-inch thick stainless steel would have the smallest t9tal 

reduction of the solid angle (thickness plus deflection due to 

atmospheric pressure}. The final cross section is shown 

in Figure 8. 

The vacuum box was constructed out of 304L low carbon stainless 

steel. T.his type of steel has a very low tendency to form carbides and 

quasi-martensite at elevated temperatures {Scharschu, 1935), i.e., 

during welding. This is desirable to prevent formation of any residual 

magne_tic material in the weld. The field measurements previously men

tioned detected little or no effect on the field due to the welds. The box 

was welded in a heavy jig and stress relieved in a furnace before the jig 

was removed. 

Baffles to reduce the scattering of particles that strike the walls 

of the vacuum box were installed just outside the extreme stable orbits 

as shown in Figure 8. .The haffles are made by soft s 'oldering tabs of 

0. 016-inch thick phosphor-bronze to a long {64. 8 inches on the inside 

radius and 95. 2 inches on the outside) strip of phosphor-bro;nze; The 

strips were inserted inside the vacuum box and fastened at both ends 
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with screws. The strips are flexible for installation but rigig enough 

to be . supported in place by the screws at the ends. Phosphor-bronze 

was ch()sen because of its mechanical and magnetic properties. 

The path lengths from the target through the vacuum box to the 

detector are 

2. 53 meters for the inner orbit, 

2. 81 meters for the mean orbit, 

3. 13 meters for the outer orbit. 

These distances are needed in the calculation of flight time through the 

spectrometer for coincidence experiments. 

G. SPECTROMETER ENTRANCE SLITS 

Figure 9 shows the spectrometer entrance slit assembly. It is 

composed of four independently pivoted 0. 020-inch thick tantalum pieces. 

Using the coarse and fine adjustments, a slit may be reproducibly set 

by the slit angle reading. These readings may be converted to true 

degrees from the target center by means of Figur.e 10. Table 4 gives 

the numerical conversions for these readings. By independently setting 

each of tht: four slits,- a rectangle of any size may be positioned any

where in front of the spectrometer aperture. 

The slits were. initially set with an alignment telescope centered 

on the slit box. This, however, was not completely accurate in the case 

of the ! slits since the height is subject to the positioning of the magnet. 

After the spectrometer had been -aligned (see Section ll. H.) and all ap

paratus blstalled, the.zeros were established by means of the beam. 

With the spectrometer set at 0° .. the beam from the accelerator 

was allowed to pass through a pin hole of~ 0. 005 inches diameter at the 
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target position. For these measurements. neither the quadrupole lens 

nor the steering magnets were used. The beam was observed on a 

quartz plate at the image of the spectrometer. The f slits were indi-

vidually closed until the ·beam was cut of£. 0 The top slit read+ 0 50' at 

cuto££ (true angle + 0. 2°)J the bottom slit read- 1° 101 at cuto££ (true 
. 0 

angle - 0. 2 ). 

Then the @ slits were each set at+ 0° 30' (true angle 0. 066°), 

and the magnet was rotated to locate the angles at which the spot on the 

quartz was cut of£. The track readings were - 0. 28° and - 0. 10° at cut 

off. The window observed with the protractor is larger than the setting 

of the slits by the size of the beam spot. The center of this window de-

fined by the El slits corresponds to an angle that differs from the fidu

cial mark on the protractor by - 0. 19°. The 8 slits were each set at 

0 0 
+ 0 15 1 ; the beam now carne through centered at - 0. 20 on the pro-

tractor. The spectrometer is capable of being set reproducibly to 3 

minutes. 

. 0 
At all angles except 90 , the width of the aperture in the t :dire<:• 

tion contributes to the width in the e · directic;>n. as .shO'Wniti Figure 11 and 

tabulated in Table 5. A knowledge of this i~ important when calculating 

the kinematic broadening of a line. 

H. INITIAL ALIGNMENT 

Before the magnet could be aligned into proper position, a certain 

. amount of preparation and modification of the support was necessary. 

The central self-aligning thrust bearing was fixed ilito place at 

a hole through the floor on the north 20° targetleg as shown in Figure 

12. The circular track was centeredabout the bearing with a runout on 
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the protractor scale of + 0. 003 inches and bolted into place a distance of 

one inch above the floor. Its height from the floor was adjusted within 

+. 005 inches with a sensitive level referenced to the center bearing. 

Embeco grout was tapped into place under the track. After the grout 

had cured, the vertical runout of the track is shown in Figure 13. The 

increased runout of.± 0. 015 inches was apparently caused by forcing the 

grout under the track unevenly; this ru'nout was enough to demand a 

modification to the support carriage. 

- The supports ·for the two 12-inch diameter _wheels were modified 

as shown in Figure 12 to allow the support carriage to be raised or 

lowered with respect to the wheels. The fineness of the adjustment is 

such that one turn of the adjustment screw changes the height by 0. 040 

inches. Twenty-second (2011 ) level vials were installed on each side of 

the magnet on lines parallel to the axles of the wheels. These levels in 

·conjunction with the variable wheel supports enable one to ·correct the 

effects of the vertical runout of the track. 

When the level bubbles are. centered, the support carriage and 

consequently the magnet has the same orientation with respect to the 

central bearing, independent of the rotational angle. · The central bear

ing is assumed fixed, but calculations indicate that the floor will settle 

a maximum of 0. 050 inches over a long period of time. This motion 

can be compensated by lowering the beam entrance slits or by raising 

the magnet on its carriage. Figure 13 shows the effects of the uneven 

track on the positioning of the target chamber with and without the cor

rection available with thelevelsand variable wheel supports. 

Shimming and remachining of several parts helped to flatten out 
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the critical surfaces of the carriages which were . received in a severely 

warped condition. These places are indicated in Figure 12.. 

From the fringing field measurement, the orientation of the mag

net was determined, i.e. • to be tipped back 4. 8° and lowered 5/16 inch 

with respect to the beam line (69 inches from the floor). The height was 

set with a transit referenced to fixed bench marks on the walls of the 

target room. The backward tip was set with an adjustable incline level 

0 
to "..:. 8 0 + 0. 08 . The magnet wa <:. D .:;:-;; perpendicular and square to a 

plumb line running through the center of the support bearing to within 

+ l /64 inch. The design value of 26. 211 for the object distance could not 

be realized because the magnet hit the rear of the support carriage at 

25 49/64 inches. This was the value adopted for d
0

• The jack screws 

were sealed to prevent any unauthorized movement. 

The vacuum box was positioned between the poles by loosening the 

bolts that hold the magnet together while pushing the pieces apart with 

three pusher bolts. A gap of 1/4 inch was all the clearance necessary 

to allow for easy placement of the ' vacuum box. The box was so posi-· 

tioned that the entrance face was vertical. This positioning. ~as asym

metrical with respect to the magnet (4. 8° at the entrance and 5. 2° at the 

exit) but did no harm. Additional information will be presented in Section 

U.K. 

I. RAY TRACING 

The technique.s for the measurement of the ion optic properti es 

of magnetic device.s have evolved into ~very accurate method. The 

evolution has been: . 
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1946: Siegbahn and Svartholm 

Radioactive deposit on screen as source; film at the 

image position. 

1950: Snyder, Rubin, Fow ler, and Lauritsen 

AC magnet at the obje ct position; beam size and position 

observed on a quartz at the image. 

1951: Crane 

Lambertson 

Stretched current-carrying _wire to simulate particle · 

trajectories. 

1960: Alvarez, Brown, Panof sky, and Rockhold 

Deflection magnet and beam as point source with a quartz , 

at the image to find the emerging beam spot. 

1961: Westermark 

Radioactive source retarded and advanced by potential to 

give dispersion on film at the image. 

1961: Walicki and Knudson 

Deflection magnet as point source with slit and quartz to 

find emerging beam ax~s; dispersion measurement by 

varying magnet field for fixed beam momentum. 

The technique used on this spectrometer was that of Walicki and 

Knudson (1961). 

An auxiliary bending magnet with 4 3/8-inch diameter poles 

spaced !'1/16 inch apart was placed at the target position, as shown in 

Figure 14. A 'piece of l I 2 X l-inch copper wave guide connected with 
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bellows formed the vacuum link through the auxiliary magnet from the 

beam pipe to the spectrometer entrance slits. 

By this time, a proton nuclear magnetic resonance magnetome

ter had been installed to measure the spectrometer field. The inhomo~ 

geneous portion of the field was cancelled out by using four direct

current compensating coils as described by Vincent, King, and Rowles 

(1959). This magnetometer,with two different probe heads, covers the 

range of magnetic fields from approximately 2 kilogauss to 10 kilo

gauss. The locations for these are shown in Figure 8. Outside of this 

range, a controlled-temperature Hall emf generator is used (Zingery, 

1961). 

In order to locate the emerging beam at the image, a box was 

constructed that incorporated two slits and a quartz plate. The r slit 

was a horizontal slit formed from two pieces of tantalum, 0. 020 inch 

apart, located 8. 54 inches from the magnet exit, as shown in Figure 15. 

Its position relative to the top of the box could be measured to 0. 00 2 · 

inches with a height gauge. The z slit was a vertical slit located 7. 90 

inches from the pole ends. An 1 /8-inch thick quartz plate, 6 X 1 inch, 

was located 14. 92 inches from the exit. The position of the beam spot 

on the quartz could be measured relative to the top of the box with a · 

depth gauge to better than+ 1/64 inch. 

With the quadrupole lens off, the defining slits (see Figure 14) 

will produce a parallel bundle of particle rays from the tandem accelera

tor. The bundle of rays can be deflected up or down alongpaths which 

diverge from a point source by means of the cylindrically-symmetric 

all?'iliary magnetic · field~. Simple geometrical considerations show that 
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if the beam enters the auxiliary field radially it will also leave radially • 

. Thus, a point source can be generated one ray at a time. The spec

trometer slits can be used to determine the angle at which the ray 

enters the spectrometer. At the image of the spectrometer, the com• 

bination of the slit and quartz measurements will determine the axis of 

the emerging ray, as shown schematically in Figure 15. · With the as- · 

sumption of straight particle p~ths beyond the slit (B/B < 3°/o) , a 
0 . 

series of ray diagrams may be plotted. 

It is desirable to measure the ion optic properties of the spec-

trometer at several different fields; thus, the following beams. and 

nomblal fields. were chosen: 

2. 0-MeV protons - 3. 37 kilogauss 

2. 0-MeV et + 6. 71 kilogauss 

3. 0-MeV a+ 8. 22 kilogauss 

4. 5-MeV et+ - 10. 03 kilogauss 

5. 5-Mev a.+ 11. 13 kilogauss • 

The central ray at r = r was found by introducing a rod through 
0 

0 
the 85 port of the magnet, and by varying the magnetic field until the . 

image of the beam on the quartz plate showed the shadow of the tip. of 

the rod. Now with the spectrometer field set, the auxiliary magnet was 

varied to generate different rays. The entrance angle was measured, 

and resulting f~ci were determined and plotted as in Figures 16 and 17. 

After determining the focal point for a given field, the spectrome

ter field was changed by a known amount and the new focal point found; 
I . 

note that this has the same effect as leaving the field fixed and changing 

the incident beam tnomentum. In this way, the focal plane may be 

generated as shown in Figures 18, . 19, and 2.0. 
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With the auxiliary magnet off, or set to a fixed value, the spec-

trometer could be rotated about the target axis to locate the z foci as 

shown in Figure 21. 

The results from the ray tracing with the 14. 5-inch radius pole 

tips (Figures 16 and 18} were quite enlightening. · One can readily s .ee 

0 that the extreme rays (® - 5. 1 ) are deflected too much and thus inter-

sect off of the mean orbit towards smallel." values: of r • The obvious 

solution was to reduce the radius of the pole tips so that these rays 

would be in the full magnetic field for a shorter distance. Pole tips 

shims that reduced this radius to 9 i;nches were tried, producing the de-

sired effect. · With this encouragement, the removable pole tips were 

cut back to .a 9-inch ·radius (the smallest radius allowed by the 12-inch 

width of the pole pieces). The results for the 9·-inch radius pole tips 

are presented in Figures 17, 18, 19, and 20. Table 6 compares the 

focal points and diameters of the circles of least confusion for both the 

9-inch and 14. 5-inch radii. On the whole, the 14. 5-inch foci appear to 

have the smaller circles of confusion, but the maximum entrance angles . 

0 . 0 
obtained are only ..... 5. 1 compared with,..., 5. 8 obtained with the 9-inch 

radius. · Comparing · equal deflection angles, the 9-inch radius gives 

smaller aberrations than the 14. 5-inch radius • . The best focus was ob• 

tained at 10 kilogauss in accord with design specifications. 

The focal~planes are shown in Figures 18, 19, and ·zo. One can 

· calculate the tip of tp.ese planes from perpendicular to the mean orbit by · 

the approximate formulas given by Judd and Bludman (1957). The cal~ 

0 0 culated result of 57 disagrees with the measured result of 48 .±. 3 • 

This discrepancy may be due to the reason that Judd and Bludman 
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neglect the fringing field and consider only the case of equal image and 

object distanc-es. 

From the z foci shown in Figure 21 and summarized in Table 

6, it is apparent that there is approximately 1. 9 inches of displacement 

between the r and z foci. This is close to the value of Z. 06 inches 

calculated from the difference (a. - j) • This astigm.ation will not cause 

any undesirable effects, since the rays have only diverged less than O. 1 

inches by the time they reach the r focus •. 

as: 

The dispersion D of the spectrometer is defined by Judd ( 1950) 

6r/r · 
0 

D = o p/p ' 

where 6r is the distance a ray moves when its momentum p is changed 

by an amount 6p • The dispersion is quite important to know,. since it 

relates the momentum res~lution 6p/p to the detector slit size. Fig-

ure 22 shows a typical dispersion measurement along with the results 

at other fields. The dispersion shows a slow increase to 10 kilogauss 

with a fall off at higher fields. The predicted momentum and e;nergy 

resolutions for various detector slit sizes are shown in Table 7. Aber-

rations will reduce these somewhat, but this is not readily predictable 

since the measured circle of least confusion only sets an upper limit to 

the resolution. 

The saturation of the magnetic field is quite apparent in Figure 

17 at 11. 13 kilogauss. The inner (high field) rays are not deflected 

enough with respe'ct to the outer (low field) rays. Eyen though the focus 

is the best at 10 kilogauss (the optimized field), the· effects of the non

linearity of the iron already are apparent when one compares the 10-
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kilogauss focus with that of the 6. 7 or the 8. 2 kilogauss. 

The solid angle may be calculated from the m.axt:mum entrance 

angles. The value of 0. 014 steradians obtained is probably a little low 

since the extreme rays were taken to be the last ones before the inten-

sity on the quartz diminished. The uncertainty of where· the cutoff oc·• 

curred is s.uch that ·smaller values orth:e solid angle would be obtained. 

J.. TARGET CHAMBER 

The target chamber was based on the design used with the 16-

inch radius spectrometer. It is shown in Figure 23. It is possible to ro-

tate the body of the chamber (including the exit port to the spectrometer) 

with respect to the entrance beam pipe without breaking the vacuum seal. 

This allows -the spectrometer to be set at any angle to the beam from 

0 0 - 10 to+ 155 • The unique arrangement that allows such a motion con-

sists of a 3 /8-inch, 190°, slot milled into the side of a heavy wall tube. 

AroU:nd this slot an o-ring is glued*in a groov.e. Clock spring, o. 006-inch 

thick, is held against the 0-ring with a pressure pad. The amount of 

squeeze on the lubricated t 0-ring is only 0. 007 inch to reduce sliding 

friction. The entrance beam pipe,which is rigidly fixed to a solid sup-

port, is sealed with thin teflon to the clock spring. The entrance beam 

pipe stays stationary as the entire target chamber and spectrometer are 

rotated about the target center. 

This chamber differE! from the one used on the 16-inch spectro• 

meter primarily in the size of the tubing used in the chamber wall. By 

increasing_the height and thickness, the reduction of the slot width due. 

* 

t 

L-11 0 cement (Caram Mfg. Co. , Monrovia, Calif. ) thinned with 
toluene. 

MixtUre of Molkote (MoSi.J Alpha Molykote Corp., Stamford, Conn. ) 
and diffusion pump. oU (e. g. , OctoU-S; Consolidated Vacuum Corp. , 
Rochester, N. Y. ). 
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to atmospheric pressure on both ends was eliminated. The exit port to 

the· spectrometer has been enlarged to accommodate thelarger acceptance 

angles. 

Though it would be desirable to have a larger diameter chamber, 

there are several factors that hinder this: 

(1) .The chamber walls would have to be thicker to withstand the 

increased pressure on the ends due to atmospheric pressure. 

(2.) The greater length of the 0-ring and clock spring would pro• 

duce more friction between them. 

(3) The exit port would have to be larger because of the di-

verging rays. 

The _target chamber is pumped from below through a 5-inch line 

to a 5 1/4-.inch diameter diffusion pump- cold trap combination. See. 

Figure 7 for a schematic representation of the vacuum system and 

Table 3 for the characteristics for each vacuum .component. 

An evaporation furnace is located below the · target center. It is 

also shown in Figure 2.3. Two different evaporations can be made with-

out opening the vacuum system. 

The target holder (a standard design to this laboratory) permits 

the vertical position of the target to be set to+ 1/64 inch and targe~ angle 

to be set to+ 0. 1 °.on a well-defined axis. The holder is insulated from 

ground in order to be able to integrate the total charge ·that falls upon 
o/ 

the target. "On the hC?lder are also located (see_ F:igure 2.3): 

(1) movable quartz viewer, 

(2.) Faraday cup for charge collection of beam that goes 

through the target, 

(3) auxiliary surface barrier detector. 
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The auxiliary detector is the only item that needs a few remarks. 

A commercial solid-state detector up to 1/4 inch in diameter is insu

lated from the target holder by a lucite ~upport located 1 1/8 inch from 

0 the target center. Its angular position can be set to.:!:. 0. 1 • The aux-

iliary detector is useful in three different ways: 

(1) monitor to supplement the current integrator and 

·measure target condition; 

(2) rapid surveys of the energy spectrum of the emitted 

particles; 

(3) coincidence workwlth1thlt particle analyzed by the 

spectrometer. 

I{. FINAL ALIGNMENT 

After the ray tracing had determined the image distance and 

optic properties, the target chamber and associated apparatus could be 

installed and aligned. Much of the following discussion will be i;n refer-

ence to the arrangement shown in Figure 12. 

The correct.position of the target chamber is such that its axis 

coincides with the vertical line running through the point of rotation of 

the spectrometer. Its height must also be set so that its center is 69 

inches from the floor. An "A frame", whose base is anchored to the 

support ca~riage; supports the chamber; two horizontal braces from the 

face of the magnet add extra rigidity to the top of the "A frame". A 

height adjustment shim between the "A frame" and the chamber deter

mines the final height of the chamber, as shown in Figure Z3. 
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In order to position the target chamber on axis, the following 

procedure was used. First, the axis of a Brunson alignment telescope 

was made to coincide with the axis of the chamber by means of a spe

cially ground holder. A set of quartz cross hairs were positioned at the 

center of the main support bearing so that they coincided with the axis of 

rotation. A pan filled with mercury was placed beneath these cross 

hairs on the cellar floor as shown in Figure 12. The quartz cross hairs 

anG. their reflection in the pool of mercury form a vertical line which 

passes through the center of the support bearing. By the placing of 

shims under the base of the "A frame 11 ~ the axis of the telescope was 

made to coincide with the axis of rotation (this is true only when both the 

quartz cross hairs and their image line up on the internal cross hairs of 

the telescope). The height of the chamber was measured with respect to 

the fixed bench marks on the target room wall. With this information, 

the height adjustment shim was ground down by an amount to put the 

chamber center at 69 inches from the floor. After the alignment was 

rechecked, the base of the 11A frame" and the horizontal support braces 

were fastened into place with taper pins. The collinearity of the two axes 

was rechecked .:tgain. The axis ofthe telescope was less than O. 003 inch 

from the quartz cross hairs, and less than 0. 004 inch from their image~ 

for all angles of the magnet on its track. A more. accurate direct meas

urement was made with a dial indicator on the side of the target chamber. 

The results shown in Figure 13 indicate that the chamber is concentric to 

the axis of rotation within 0. 001 inches when using the variable wheel 

supports and level vials. 

The beam-defining entrance slits show:n in. Figure 3 were made 
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independent of the target chamber position by means of the bellows shown 

in Figure 23. The beam entrance tube is subjected to a large torque 

when the spectrometer angle is changed. Even though it is fixed by a 

rigid horizontal arm, its position cannot be assured to remain fixed. 

The mechanical decoupling will assure that the entrance slits are not 

displaced by this torque. 

L. DETECTOR AND ASSOCIATED ELECTRONICS 

The detector assembly is i.dentical with the one used on the 16-

inch spectrometer. It· consists of an arrangement that allows slits of 

five different widths (or = l/2, 1/4, l/8, 1/16, and l/32 inch} and six 
c . 

different foils to be placed i~ front of the charged particle detector with-

out opening the vacuum. The resolution is a function of the slit size as 

given in Table 6. The foils are used to eliminate particle groups from 

the detector, or to identify particles by their characteristic energy loss 

in the foils. 

Either a Csi(Tl} crystal and a photomultiplier or a solid-state 

detector may be used. The solid-state detector has turned out to be 

more useful than the Csi for three reasons: 

(1) Higher energy resolution. 

(2) The effective thickness may be changed by changing the 

bias across the detector. This enables one to use it as 

a dE/ dx detector if need be, or to. separate groups 

that have the same energy and ridigity. An example of 

this is shown in Figure· 24 • . 

(3) The pUlses produced are prop?rtional to the energy of 

the particle. This allows a simultaneous measurement 
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of energy and momentum. See also Figure 24. 

The electronics used is standard. A typical set up is shown in 

Figure 25. The data is monitored on a "live time 11 basis from the 

scalers. However, the 400-channel analyzer printouts are usually 

brought out on paper tape to be reduced later by the Burroughs 220 com

puter. See Appendix 2 for details of the reduction program. 

Coincidence detection of the magnetically-analyzed particle and 

one detected in the auxiliary detector employs the circuitry described by 

Pearson (1963 ). An additional delay must be given the pulse from the 

chamber, since the analyzed pulse requires approximately 

t = 202. 0 \j A/E ' nanoseconds 

to travel the distance from the target along the mean orbit to the de

tector, where A is the atomic weight and E is the energy in MeV. 

The extreme outer and inner orbits are app r oxi.mately 10 per cent longer 

and shorter respectively. This time difference·willlimit the time reso

lution of the coincidence. 

The design of a m1liti-detector array consisting of s:i.xteen solid

state detectors lying on focal plane is under way. It will use a Nuclear 

Data 1024-channel, two-dimensional analyzer in the 16 X 64 mode to 

accumulate data. 

M. MEASUREMENTS WITH RADIOACTIVE SOURCES 

A Thorium B radioactive source is prepared by collecting Theron 

gas recoils on the end of a polished stainless-steel rod in the manner 

described by Rutherford, et al. (1930). The decay scheme f or Theron 

is shown in Figure 26 along with a solid-state detector spectrum of the 

decay products of its daughter Thorium B (10. 64-hour half-life). Three 
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intense alpha particle groups result from the branching of Thorium C. 

According to Wapstra (1960) these energies are: 

ThC 1 --+ ThD : 8. 7841 +. 0028 MeV 

ThC 

ThC 

--+ ThO' (a. ) 
1 

__. ThC" (On) 

6. 0876 + . 0020 MeV 

6. 0485 + • 0020 MeV 

(intensity ratio a.
0

/a.
1 

= 2. 57+ 0. 01) 

A typical ThC 1 ;momentum spectrum is shown in Figure 27 and for 

ThC in Figure 28. Care must be used in preparing a source for cali-

bration purposes. If the collection time is more than a few half-lives, 

the observed peak is shifted to lower energies and broadened as shown 

in Figure 29. The reason for this is not readily apparent; it may be due 

to the collection of "dirt'' on the surface and/ or diffusion of the nuclei 

into the stainless steel. 

From a spectrum such as shown in Figure 27 • the magnetometer 

may be_ calibrated • . Accurate positioning of the source at the same spot 

the beam would hit a target is vital. If the positioning is off by e. inches, 

then the error in energy would be 

oE 
E 

2M 
= --n 

e 
r 

0 

where M is the magnification (0. 84) and D is the dispersion ("' 3, 8). 

The source width in the r direction, or , should be no greater than 
s 

or /M where or is the detector slit width (usual1y ,l/32 inch for the 
c c 

finest resolution). 

The observed line shape results from the folding together of: 

(1) The natural line shape plus any broadening due to 

energy losses in the stainless steel rod. The residual 

nucleus of ThB will have been driven into the stainless 
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steel by two successive 6-MeV a. recoils. The re-

sulting energy distribution should be nearly rec-

tangular plus a linear tail on the low energy side 

(Briggs, 193 2). 

or , the vertical dimension of the source~ reduced s 

by the ma.gnification factor, 0. 84. 

(3} Resolution shape of the spectrometer. This is com-

posed of the rectangle formed by the detector slit 

width and the aberrations of the spectrometer. The 

resolution has the general appearance of a rectangle 

with a low energy taiL that increases as the accept-

ance angle is increased. 

If the width of the natural line shape and recoil broadening is 

much less than either of or the combination of the other two shape 

widths, then the peak of the spectrum is taken to be the calibration point. 

If the natural line and recoil width is much greater than the combination 

of the other two, then half high point on the front edge of the spectrum is 

taken to be. the calibration point (Snyder, 1950). 

In actual practice, neither of the above criteria hold. For the 

line shown in Figure 27: 

width of or o. 0096 Mc/s, c 

width o£ Mor 
s o. 0080 Mc/s 1 

width of the a. 
line plus 
abbe rations : .....a. 011 Mc/s 

The natural width was deduced by extrapolating the triangular shape to 

the base line. The base line width should equal the sum of all the con-
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tributing widths. The true calibration point lies somewhere between the 

half height point and the peak. However, if one consistently picks on all 

spectra a given point, such as a peak, the error in doing so should be of 

second order. Therefore, ~sinprevious calibrations the peak was chosen 

to be the calibration point. 

From such a measurement the calibration constant K may be 

calculated from: 

K = 

E a. 

Ma. 

M p 

f = 

= 
= 
= 

E (M /M ) a. a. p 
E 

4£21i- a. ) 
\' ZM c 2 

a. 

energy of the observed 

mass of the a. particle 

mass of the proton 

observed frequency of the 

a. line 

calibration point 

Note that the cons.tant K (0. 011393 + 0. 000004) applies to protons. For . 

other particles, the e,nergy is given by 

E. ] 

2M.~z 
l 

as shown in Figure 30. 

The combination of the hysteresis of the spectrometer and that of 

the NMR magnetometer is shown in Figure 29 under extreme conditions. 

One curve was taken after bringing the field slowly from zero. The 

other curve was taken after the field had been at"' 15. 5 kilogauss for five 

minutes. Tre shift in the peak position is approximately 1/3000. The 

first curve could be reproduced within experimental accuracy after the 

field had been returned to zero. 

A measurement of the spectrometer aberrations was first at-
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tempted by measuring the counting rate of the ThC 1 peak as a function 

of the 2 slit angle. The results are shown in Figure 28. Each of the 

curves has a linear portion which then becomes constant at some value 

of 'P • The explanationfur general behavior of the curves is that aiter 

a certain value of ~ is reached, any additional particles that go into 

the spectrometer aperture are prevented by the aberrations from going 

through the detector slits. The difference between the behavior at the 

inner radii and the outer radii was not immediately understood. 

A second type of measurement was undertaken; the spectrum 

shape was measured for three different g? windows~ one at the center of 

the aperture and one each in the upper and lower portion of the aperture. 

The results are shown in Figure 31. These were quite disturbing. The 

spectrum from the upper third of the aperture was athigher frequency 

than the middle third. From the ray tracing measurements it is obvious 

that the aberrations shift the spectrum towards lower frequencies only 

(e. g.~ Figure 17). The results shown in Figure 31 can only be due to 

locating the detector slits 10. 0 inches from the magnet. After moving 

the detector slits 0. 5 inches towards the magnet (image distance = 9. 47 

+ 0. 02 inches), the previous measurements were repeated. The results 

presented in Figure 31 are now consistent with the ray tracing measure

ments. The reason for the behavior when removing the !P slits is also 

apparent. 1 The upper third of the aperture (low field region) has con

siderably worse aberrations than either of the other thirds; the spec

trum's full width at hal£ maximum (FWHM) is larger, and the spectrum 

has a larger low energy tail. The reason for this is not apparent from 

either the field profiles or the ray tracing. 
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Tne 8 and ~ aberrations were compared by opening the 8 

slits full while the <.!? slits were narrow and vice versa. These spectra 

were compared to the one taken with both 8 and iP narrow. The re-

sults are shown in Figure 3 2. 

The solid angle size was measured; with ·a small aperture 

(0. 0700-inch hole at 2. 063. inc;Iles) between the radioactive source and 

the spectrometer aperture, a spectrum was measured. The aperture 

was removed, and with all the slits wide open, the spectrum was again 

measured. After corr,ecting for the effects of the 10. 64-hour hal£-1i~e 

of ThB, the two spectra were compared •. By this means- the solid angle 

of the spectrometer was measured to be 

. 0151 steradians. 

N. RELATIVE CALIBRATIONS 

Instead of calibrating the spectrometer witll. a radioactive source, 

it is possible to determine its ca,libr.~tion constant by comparing it with 

the beam analyzer on the tandem accelerator. 0 The 90 analyzer should 

b.e quite linear since the magnetic field is uniform and has been carefully 

calibrated against well-known (p, n) thresholds [see Marion ( 1961) for 

accelerator calibrations]. 

The most direct procedure was to run the beam directly into the 

. 0 
spectrometer at 0 . A pin hole (~ 0. 00~ inches in diameter) in a sheet 

of tantalum was placed at the target location. The 90~ analyzer slits 

and the beam-defining slits (Figure 3) were closed down to improve 

beam resolution·and to limit the total beam current. Care must be 

taken to protect the solid-.state detector from too much beam. The ob-

served momentum spectrum has the width of the detector slit and there-
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fore the midpoint was taken to be the calibration point. This method 

has the advantage that aberrations cannot affect it since the beam is 

confined to the mean ray. The calibration constant K obtained in this 

manner is 0. 011384 + 0. 000005. 

Elastic scattering is another way to compare the two magnets; 

however, this method has the disadvantage that contaminants on the sur

face of the target can introduce errors in the calibration. Elastic scat

tered particle profiles from gold are shown in Figures 33, 34, and 35. 

These profiles exhibit the rounding at the upper edge as one would ex

pect from the . measurements made previously (i.e., Figures 17, 28, 

31, and 32). By reducing the solid angle i;n the ~ direction, the reso

lution (slope of front edge) is noticeably improved. The resolution 

limits for the beam were determined by Judd 1s ( 1950) first order for

mulas for ~ uniform field magnet. The beam energy seems to have a 

smaller spread, than would be predicted from the slit settings. This 

confirms the long held belief of some members of this laboratory. The 

value of the calibration constant K obtained in this manner is 0. 01138 

+ o. 0000 1. 

0. ABERRATIONS 

From the radioactive source measurements shown in Figure 32 

and the elastic scattering sho.v n in Figures 33, 34, and 35, it is quite 

apparent that the effects of aberrations are noticeable' at sufficiently 

large apertures. 

The values of Ikegami1s (1958) aberrations parameters M
11 

and 

N 11 are slightly changed from the original design (mainly, the measured 



-38-

- 2 
a is 0. 51 instead of 0. 50}. The final values of the aberrations M

11 
<1? r 

0 

and N
11

8
2

r 
0 

are shown in Figure l. From the ray tracing measure

ments, a qualitative dependence of M
11 

on !3 (or field) may be derived. 

The d:lvergence of the beam in the 

make the contribution of N 
11

e 2
r 

0 

e direction was small enough to 

-2 
negligible compared with M ll <.l> r 

0 

From the ray tracing foci (Figure 17), M
11 

has the form 

for low fields 

for 10 kilogauss 

~ 0 for high fields 

This is the behavior predicted by Ikegami (1958). 

(!3 :=: 0. 4) 

(!3 ~ 0. 4) 

(!3 ~ 0. 4) 

From the radioactive source measurements the contributions 

from both M
11 

and N 
11 

could be measured independently~ as shown in 

Figure 3 2. At this field (~ 7. 5 kilogauss}, f3 is near 0. 50 . The re-

sulting aberrations should be 

-2 6 M 11 9? r
0 

== -. 2 3 , . 

2 
N 118 r

0 
== +~027 

But from Figure 32, the aberrations have about the right order of mag

nitude, but N
11

e 2
r

0 
has the wrong sign. This discrepancy has not been 

resolved. Ikegami (1962) suggests that the failure to predict the correct 

sign for the e aberrations may arise from the neglect of the fri;nging 

field in his analysis . Nevertheless, the removable pole tip radii have 

proved to be a valuable way to correct the optical properties of this 

spectrometer. 

In general, the aberrations will affect line shapes and widths; 

however, yields will not be affected. These effects are shown for the 

ThC 1 alpha line (~ 7. 5 kilogauss) in Figure 32, and t~1e details are 
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tabulated in Table 8. The observed effects of ·increasing the entrance 

aperture are: 

(l) to broaden the line from 8p/p = l/2520 to l/1540; 

(2) to shif·:: the peak by an amount 8p /p = 1/3 500 towards 

lower mom-enta. 

In general, the aberrations will be asyr:pm-etric With a tail on the low 

energy side for fields less than 10 kilogauss and to the-high energy side 

for fields greater than 10 kilogauss. HoweveJ.·, to interpret line shapes 

properly, one must consider in addition to abe rrations the various con-

tributions to the shapes and widths discussed by Snyder (1950). 

P. SUMMARY 

The final values of the spectrometeJ.· parameters are presented 

in Table 9 along with the original design specifications. Also included 

are the first order predictions for the various parameters as calculated 

from Judd 1s (1950) theory. These were calculated using measured 

param-eters whenever possible. The fringing field was taken into effect 

by 

(1) considering the total angle of deflection to be 189. 6° 

instead of 180° , 

_ (2) reducing the image and object distances by 2. 01 

inches (4. 8° on a 24-inch radius). 

The agreement is very good with the measured values as shown in 

Table 9. 

In retrospect, there are a few things that could have been done 

differently. 

(1) The field parameters a. and j3 should have been 
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optimized at a lower field than. lO kilogauss. The effects 

of saturation are quite apparent between the m.easure-

ments at 8. 2 kilogauss and 11. 1 kilogauss . By optim~zing 

a and [3 . at a field near 7 or 8 kilogauss, . the field shape 

would be nearly the same down to zero. 

(2.) A magnet with adjustable poles [~ubin ( 1955) and Cohen 

(1961)} would be quite desirable . A small movement of 

the poles togethe r produces a large change in !3 while 

affecting a only slightly. This would add another em-

p irical adjustment to reduce aberrations . 

(3} Determination of the entrance angle for each ray in the 

ray tracing measurements . 

. (4 } Many minor details such as (a) overhead cables for water 

and power, (b) second set of beam- defining slits closer to 

t he target chamber, (c) steering magnets after quadrupole 

lens, (d) more rigid support for the magnet, (e) better 

thermo-switches on the coils , (f) larger windows in the 

evaporation furnace , (g) magnet controls closer to count-

ing equipment . 

. The spectrometer has proven itself to be a very useful laboratory 
I 

instru m.ent. During the first year of operation, the followi ng reactio;ns 

have been investigated: 

Be 9 (p, a) Li
7 . 3 

(He , p) 

Be 9 3 
{He , p) L i

7 3 
(He , a) 

B 10 (d, p) B 10 (He3 , N l 2) 

Na23 {p, a ) Be 9 charge states 

Fl9 3 
(He , d) c1z. charge states . 
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III. EXCITED STATES IN ~ 11 

A. INTRODUCTION 
. 11 

The mass of Be has recently been measured by Pullen et al. 

(1962) and a few excited levels are known. With this information, one 

can try to identify the corresponding T = 3/2 excit ed states in the iso-

. t t B 11 B 11 C 11 N 11 t ' : F. 3 6 U sp~n quar e , e - - - 1 , as snown 1n 1gure . n-

fortunately, all o f the reactions used to investigate the excited states in 

B
11 

above 10.6 MeV .could populate only the states with isotopic spin 

T = 1/2. The only convenient charged particle reaction which can excite 

T = 3/2 state s , Be9·.(He3 ,p), has been investigated by Hinds (1959 and 

1960) up to 10-M~V excitation in B ll. 

. 11 
With the mass of Be one can calculate where the analogue to 

11 11* 
the Be · ground state would lie in B : 

. . . . B11 
exc~tatlon energy ~n = (Be

11
-B

11
)c

2
- (n-H

1
)c? + 

E (B ll) - E (Be 11 ) , 
c c 

( l) 

where the.symbol (Be
11

-B
11

) stands for the atomic mass difference 

11 11 11 
between Be and B , and the symbol E (B ) stands for the coulomb 

c 

excitation energy of the B
11 

nucleus. 

· F?r the coulomb energy one can assume that the protons are dis

tributed uniformly through the nuclear volume. If the nuclear volume is 

a sphere with radius R , then 

E 
c 

3 e
2 

= 5 z (Z-1) R 

t 11 . 
N has not been observed experimentally. 
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When an experimental value of. R is not available, one may use 

R = R A
113

. 
0 

It is £o~nd .experimentally that the coulomb energy term is well repre

sented by this expression if R = 1. 45 A
1

/
3 fermi. This .is a value 

. somewhat larger than that given by other definitions of t);:.e nuclear 

radius. For a discussion of these discrepancies between radii, see 

Wilkinson (1956} or Goldhammer (1963}. For the value R equal to 
0 

1. 45 fermi, a uniformly-charged s:phere gives 

11 11 
E (B } - E (Be } = 2. 14 MeV , c c 

d f th . t t• . B 11 . 1 2 87 M V 0 uld al . . d th an · or e exc1 a 10n 1n , • e .• ne co so cons1 er e 

coulomb exchange term which reduces the coulomb energy due to the 

exclusion principle (Goldhammer, 1963)~ . 

In this case, tll.e nuclear radius . R would be smaller (e. g., as deter-

mined by electron scattering, etc. }, thus giving about the same results. 

A better value of the radius R
11 

for mass A= 11 ca,.n be found 

by comparing the coulomb energy difference of the mirror pair B 
11 

and 

C 
11

• It follows that 

Ec(Cll}- Ec(Bll} = (Cll-Bll}c2 + (n-Hl}c2 

3 2 
"5 h (6X5 - 5X4} = 2. 765 MeV . 

11 

This gives 

0. 2765 MeV • 

This value of the radius gives 
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E.(B11)-E (Be
11

) = 0.2765(5X4-4X3) = 2.212MeV. 
c c 

Thus, this method yields 12. 94 M·eV for the excitation of B ll_ 

10 10 . 
One can compare nuclei with the sam-e Z , Be -B (f~rst 

T = 1 state), and modify the nuclear radius to allow for the addition of 

the extra neutron as suggested by Wilkinson (1956). One readily finds 

by the above procedure that 

E (B
10

)- E (Be
10

) = l. 969 MeV. c . c 

This coulomb energy difference is multiplied by (1- 1/A)
113 

to allow 

for the increase in the nuclear radius frorri the additional neutron. One 

now gets 

1/3 
= (10) [E (BlO}-E (BelO) } = 

(11)1/3 c c 
l. 907 MeV . 

This gives for the excited state in B
11 

an energy of 12.63 MeV. 

Wilkinson (1956) reports that this method produces values that average 

35 KeV high when compared w ith the experimental value. Thus, cor:-

recting for this empirical difference,. the excitation energy would be 

12. 60 M·eV. The above three methods yield values for the excitation of 

11 11 
the B state which is the analogue to the Be ground state to be in the 

range 12. 60 to 12. 94 MeV. 

We have surveyed the above region by m·~ans of the reaction 

9 3 
Be (He , p) • The survey was extended to 9 MeV to overlap the work of 

Hinds (1959 and 1960), and up to 15 MeV to search for. analogues · to the 

excited states in Be
11

. The energy level diagram for B
11 

from 

Ajzenberg-Selove and Lauritsen (1962) is shown in Figure 37. 
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B. EXPERIMENTAL DETAILS 

A He++ beam was accelerated to 10 M~V in the ONR Tandem 

Van de Graaff accelerator by means of the standard 500-KeV n·eutral 

injection scheme. The beam was analyzed in a 90°, 34-inch radius 

magnet which had been calibrated by means of (p, n) reactions, and in 

the later stages of the experiment calibrated by a direct comparison 

with the 24-inch radius magnetic spectrometer (see Section II. N. ). 

The beam analyzer momentum was assumed to be linear with NMR fre-

quency. The beam analyzer slits were normally set at + 0. 075 inches 

to give momentum resolution (op/p) of 1/450. A momentum resolution 

of l/755 (slits + 0. 045 inches) was also used for a few careful measure-

ments; this was impractical for most of the experiment since the beam 

intensity was reduced from a normal current of 0. 3 1-l amperes to less 

than 0. 1 1-l amperes. The He 3++ beam passed through a thin, self ... 

supporting beryllium foil prepared by the prescription given in Ap-

pendix 4. The thicknesses of the foils used were in the range 35 to 125 · 

2 
1-J,gm/ em • 

The 180°, 24-inch radius Office of Naval Research Magnetic 

Spectrometer was used to measure the momenta of the reaction products 

at various angles. This spe ctrometer is discussed in Section II. A 

2600 0-cm silicon surface barrier detector made by Ortec,:< was used to . 

detect the particles at the focus of the spectrometer. Aluminum foils of 

various thicknesses (0. 003-, 0. 005-, and 0. 008-inches) were placed in 

front of the detector to eliminate all particles except protons. This also 

>:C 
Oak Ridge Technical Enterprises Corp., Oakridge, Tennessee. 
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served to slow down the protons so that the y would lose a maximum of 

energy in the detector's 300-micron depletion depth. 

C. RESULTS 

A spectrum of protons at 30° laboratory from Be 9 plus He 
3 

is 

shown in Figure 38 for B 
11 

excitation energies between 8. 9 and 14. 6 

MeV. Many spectra were measured at other observation angles to de-

termine the mass of the target nucleus responsible for the various mo-

mentum groups in the spectrum. The targets contained some carbon 

16 3 18>:< 
and oxygen, and thus proton groups from 0 (He • p) F · and 

12 3 14>:< 
C (He ,,tp) N may be seen in Figure 38. These spectra at other 

angles were also used to see if there might be any proton groups from 

B 
11 

that were missed at 30° due to low cross sections or confusion with 

contaminant peaks. 

The results of these observations are shown in Table 10. All 

previously reported ( Ajzenberg-Selove and Lauritsen,' 1962) states 

were observed except: 

(1) the 10. 26- 10. 32-MeV doublet was not resolved in the sur-

vey because of the low spectrometer momentum resolutions 

used (1/450); 

(2) the 11. 0-MeV state was not observed because of its large 

width of 670 KeV; 

(3) the 14. 0-MeV state was not observed because of its 300-

Ke V width and the large background in that portion of the 

spectrum. 

States not previously reported were observed at 11.27- and 12. 57-M.~V 

excitation. 
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D. ISOTOPIC SPIN TEST 

The two new states at ll. 27 and 12.57 MeV could conceivably 

have isotopic spin T = 3/2 ~ In order to test this hypothesis, it was de-

10 11>:< 
cided to attempt to observe these states in the reaction B (d, p)B . 

If these states are T = 3/2 states, then it would be impossible to 

populate them by means of this reaction without the violation of the con-

servation of isotopic spin. It is known that the excited states in the 

light nuclei have an isotopic spin impurity of less than l/1000 {Burcham~ 

1955). 

Very thin foils of 92 per cent enriched B 
10 

were prepared by 

T. Fisher in a manner similar to the preparation of the beryllium foils 

outlined in Appendix 4. These foils were bombarded with 10-MeV 

deuterons. A proton spectrum measured at 30° is shown in Figure 39. 

0 0 Spectra were also measured at 15 and 45 . The ll. 27 -MeV state in 

B ll is clearly discernible from the background, and therefore has iso-

topic spin T = 1 / 2 • 

Protons are seen at the NMR frequency = 23. 05 Me/ s, the fre-

quency expected for protons from the 12. 57 -MeV state. However" pro;.. 

ll ll :0:< 
tons from B (d, p)B (4. 51) would also have the same momentum, and 

it is necessary to find out whether the observed protons come from 

10 ll>!< ll 
B (d,p)B (l2.57)orfrom.the8percentofB inthetarget. The 

com~rnon procedure of separating coinciding peaks by changing the ob-

servation angle was not successful. Since the masses of the two boron 

isotopes are very close, and since the 4. 51-MeV state in B
12 

is broad, 

it is necessary to go to far backward angles to achieve complete separa-

tion. 0 0 Attempts were made to observe the protons at 90 and 150 , but 

the yields at backward angles from the (d, p) stripping reaction are so 
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small that a proton peak was not observed above the background. 

High purity B ~O is very expensive, and the method of making the 

thin foils renders only a few per cent of the material into the finished 

foils. Therefore, it was decided to try a different m ·ethod of ascer-

taining whether protons at a NMR frequency = 23. 0 5 M::: Is in Figure 3 9 

10 ll . . £ are due to the B or the B 1n th1s target. A natural boron oil was 

bom.barded with 10-MeV deuterons and the proton spectrum for 30° was 

measured as shown in Figure 39; a spectrum was also m-easur ed at 15°. 

The ratio of the B ll content of this target to that in the enriched B 
10 

target was determined by elastic scattering of He
3 

to be 

Bll/Bll = N . E 25. 5 

where B~1 = the amount of B 
11 

in the natural boron target, 

B 11 h f ll . h d 10 = t e amount o B in the ennc e B target. E 

As a check, the relative amounts of B 
10 

were also measured in these 

same targets; from the nominal percentage abundance of B 
11 

in each 

target material, the ratio of the B
11 

in the two targets was 27. 

In both spectra shown in Figure 39, the proton groups at NMR 

frequency= 23. 05 Me/ s lie on a background of protons from other reac

tions. The estimated background shown by the dashed lines in Figure 39 

was subtracted. The remaining protons should be in the ratio of the B ll 

contents of the two targets if B 11 (d, p) is responsible. The ratios of the 

0 0 peak heights and the ratios of the areas were found to be, for 15 and 30 : 

Angle 

15° 

Peak Heights 

27 

25 

Areas 

28 

26 
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Thus the 9-mount of B II in the enriched target accounted for all of the 

measured peak within experimental accuracy. 

The failure of B 
10

(d, p) to populate this state at 12. 57 MeV is evi-

deuce that tlus state has isotopic spin T = 3/2 • More convincing evi-

deuce would be the discovery of additional states corresponding to the 

f . f . d . B 11 
n·st ·ew exc1te states 1n e . This region of the spectrum, fl·om 

NMR frequency= 21 to 24 Mc/s, in Figu1·e 38 is confused by a large 

background of protons from other reactions, and no other stat'" s were 

evident in this region. 

E. Q-VALUE AND WIDTH MEASURE1:v!ENTS 

Highe r precision m.easurem·ents of the Q-values and widths of the 

11.27-, ll. 88-, and 12. 57-MeV states were undertaken. Besides the 

two new states, the 11. 88-}..;Ie V state was chosen since it did not corre-

spond closely to any previously observed state. Other stq.tes were not 

measured due to the relative-ly good agreement between previous meas-

urements and the preliminary results from the initial survey. 

The Be 9 target thickness was determined to + 5 per cent by the 

transmission of ThC 1 alpha particles. The 8. 784-Me V ThC 1 alpha line 

was observed in the 24-inch spectrometer with a nd without the foil in 

front of the source. The shift of the line gave the energy loss (25. 4 + 

1. 3 KeV) of the alpha particles. The thickness was then calculated from 

the stopping cross sections (Whaling, 1958 and 1962) to be 49. 5 + 2. 5 

2 . 3 
~gm/cm • This thickness was approximately 20 KeV for 10-MeV He 

and 3 Ke V for the outgoing protons. 

The sources of uncertainty for the Q-value of the 11. 2.66-MeV 

state are given in Table 11. The largest contribution to the uncertainty 
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was the beam resolution from the 90° magnetic analyzer. With the 

image and object slits set at + 0. 045 inches, the calculated momentum 

resolution was 

However, it is known that the homogeneity of the bearn. is better than one 

would calculate (see Section II. N. and Figures 33, 34, and 35). If one 

wishes to consider probable errors, the beam will occupy the middle 

1-: '::1£ of the slit width with a 50 per cent probability. Tner2L-'.c: ~ the un-

certainty in beam energy can be taken to be+ 1/4 of resolution calcu:. 

lated from the full slit width. 

The uncertainty in the calibration constants arises from the un-

' certainty in the energy of the ThC 1 alpha particle. Wapstra (1960) gives 

this energy as 8. 7841 + 0. 0028 MeV. The uncertainty in the spectrome-

o . 
ter angle of+ 0. 05 (= + 0. 05 inches on the tl·ack protractor) is con-

sistent with the reproducibility of the zero measurements. 

For the 11.88- and 12. 57-Me V states the largest contribution t"o 

the uncertainty in the measured Q-value was the position of the peak in 

the proton spectra. In these cases , it w as difficult to determine the peak 

position accurately because: 

(1) widths of the states are about 100 KeV; 

(2} large, uncertain, non-constant background was present; 

(3) poor counting statistics were due to small beam and small 

spectrometer aperture. 

The widths were measured by considering the base width of the t rian-

gular shaped proton peaks. . The bas e width is the sum of all. the con-

tributing widths including width due to the natural width of the state; the 
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residual after the subtraction of the known widths (source size, detector 

slit size, E
1

, target thickness, and aberrations) should be due to the 

natural width of the state. An uncertainty of 30 KeV has been assigned 

to the measured widths. This estimate is based on the observed spread 

in repeated measurements and the difficulty in determining the base line. 

The observed widths are shown in Table 10. 

F. ANGULAR DISTRIBUTIONS 

An attempt was made to determine the angular distribution of 

9 . 3 11>:< 11 >:< 
the protons from Bz (He ,p)B (12. 57) and B {14. 56). We found 

that the large background of protons from other reactions shifted with 

a ngle and made it impossible to obtain more than a rough indication of 

the distribution. 

For the 12. 57-MeV state, the angular distribution observed at 

six center-of-mass angles between 9° and 70° is isotropic within 25 per 

cent. No indication of a strong stripping pattern was observed. For 

the 14. 56-MeV state, the angular distribution observed at eight center

of-mass angles between 9° and 73° was forward peaked. The cross 

section at 9°, eight times the cross section at ·73°, is still rising 

towards 0°. 

G. CONCLUSIONS 

Two new excited states were observed in B 11 . . The state at 

11. 27-MraV excitation has isotopic s pin T = 1/2 because it was ob

served in the reaction B 
10

(d, p). The state a t 12. 57-MeV excitation 

appear s to have is otppic spin T = 3/2 , and since it comes close to the 

predictions, it could be the analogue to the ground state of Be 11. The 






















































































































































































































































