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ABSTRACT 

LBL-370 

The experimentally determined external beam properties of the 

main beam and satellite beam of the Berkeley 184-inch synchrocyclo-

tron are discussed and compared to a computer model based on 

elliptical phase space contours. Reasonable agreement is found for 

the profile of both beams and the relative centroid positions. The 

starting conditions of the beams are tabulated at several useful 

locations along the beam line. Comparison is also made to the phase 

space contours calculated from an extraction study based on the cyclo-

tron' s magnetic field and betatron oscillation amplitudes. 
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1. Introduction 

Figure 1 shows the extraction system of the 184 inch synchro-

cyclotron and the external beam components leading up to the physics 

cave snout. Beam measurements have been performed at the 105 deg 
·,. 

probe line, the premagnet collimator and at the physics cave snout. 

These measurements have been used to deduce the radial and vertical 

phase space at the cyclotron probe line required to fit all the data, 

Fig. 2. An energy difference of 1.4 MeV between the main and satellite 

beams has been neglected in the calculations. Analysis of the data 

leads to the following conclusions: The beam at the probe line consists 

of two beams of approximately equal intensity separated by 3/4 in. 

and radially converging together at 11 mrad. The inward beam (called 

the main beam) is at a strong vertical focus with a size of 0.1 m. This 

beam has a radial extent of 0.5 inches at the probe line with a radial 

waist further downstream and an energy of 747 MeV. The outer beam 

(called the satellite) has a vertical extent of 0.4 in. and a radial extent 

of 0.3 in. at the probe line and converges towards a waist in each phase 

plane. The phase space occupied by these beams, Fig. 2, neglect the 

tails and fins of the characteristic "fish" appearance of the beam, 

Fig. 3, and represent best fits to all of the available data described in 

this report. 

2. Beam Measurements at the Probe Line 

A set of three different measurements, taken at the 105 deg probe 
>: 

line of the cyclotron, is necessary to deduce the main and satellite 

beam size and separation there. The emergence of each beam and the 

angular deviation between them is found from measurements taken 
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downstream. These three measurements are: 1) radioautograph of the 

beam, showing its vertical size, 2) total activity scan of the foil, used 

in making the radioautograph to find the radial size of the beams, and 

3) finger probe interception measurement with a TV camera downstream 

to deduce, the radial separation of the main and satellite beams. The 

results of these measurements are shown in Figs. 3, 4, and 5. 

Figure 4 shows the physics cave ion chamber reading and the foil 

·activity as a function of radius. The necessity of dividing the beam 

into two components is apparent from Fig. 3, taken 120 inches beyond 

the snout, where the two beams are clearly separated. It is customary 

to call the beam of larger radius at the probe line the satellite beam. 

A reasonable decomposition of the two beams in th~ horizontal pla:.ne is 

:inade by choosing the satellite beam as 5/8 in. FWHM and the main 

beam as 7/8 in. FWHM, 3/4 in. further in than the satellite beam. The 

beam separation at the premagnet collimator yields a relative angular 

convergence of the beams of 11 milliradians. The vertical size of the 

beam at the probe line is determined from the radioautograph shown in 

Fig.· 3. 

Figure 5 shows a schematic representation of the beam location and 

radial size for the last three revolutions, as determined by a finger 

probe. The probe head consisted of a copper block 2 in. azimuthally, 

2 in. high, and 1/2 in. wide (in the radial direction). This head was 

supported 8 inches beyond the end of the probe so as not to intercept 

the beam in the 8 inch window so created. The beam passing by the 

probe was monitored on a TV camera located 120 in. beyond the physics 

cave snout. Figure 5 shows the radii where the probe just begins to 
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intercept the various beams, and also where the probe blocks out the 

beam as much as possible. From the relative extent of the satellite 

and main beams on the last turn and on the next to last turn, we conclude 

.• that the satellite beam can be removed with a 1/2 in. wide absorber of 

sufficient thickness placed at a radius of 91 inches; the main beam can 

be removed with the probe at either 86.50 or 90.20 inches. Both beams 

have a vertical focus at the probe line. 

3. Premagnet Collimator Measurements 

The premagnet collimator slits were adjusted for a small horizontal 

opening (4 div c:.< 1/4 inch) and full opening vertically. A sweep across 

the beam was then made, measuring the physics cave ion chamber 

current as a function of the slit center position. These horizontal 

sweeps are shown in Figure 6. Three separate sweeps were made, one 

with the main beam blocked by the probe at 86.5 inches, one with the 

satellite beam blocked at 91.0 inches, and one with no probe, so that 

both beams were present. These sweeps confirm measurements made 

three years earlier. It should be noted that if the main beam and 

satellite beam sweeps are added, the result is very close to the sweep 

with both beams present. Both beams appear to be 2.3 in. FWHM and 

separated by 1.3 inches. Vertically, the sweeps were made by centering 

the slits on the beam and then opening the slit separation to maximum. 

It was found that the current was proportional to the slit opening out to 

a maximum opening of 6 inches. 

4. Range Energy Measurements 

A range energy measurement, Fig. 7, was performed on the 

primary proton beam in the physics cave to ascertain if an energy 
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difference exists between the main and satellite beams. The undesired 

beam was blocked by the main probe while the range of the other beam 

was determined. A range difference between the main and satellite 

beams was measured to be 0.03 7 in. of copper, corresponding to a 

1.4 MeV energy di~ference - or a momentum difference of -0.12o/o for 

the satellite beam, relative to the main beam. The main beam range of 

13.660 in. copper corresponds to an energy of 747.5 MeV. This is 

slightly higher than the maximum energy used in the computer extraction 

studies, 
1

) [due to a magnetic field calibration error in the data used in 

the computer calculations Z)J. 

The range measurement was performed with all apertures fully 

open. However, the satellite beam hit the physics cave quadrupole, as 

will be shown later, and the scattering so produced probably led to a 

slight shift in the center of gravity of the range measurement and 

consequently to the 1.4 MeV energy difference. However, this energy 

difference was sufficiently small so that it could be neglected in the 

subsequent calculations. 

6. Beam Measurement at Several Quad Settings 

The beam sizes and separation were measured by exposing polaroid 

film at the physics cave snout and 120 in. beyond it. These photographs 
' 

are shown in Figure 3, 10-15. The tilt and angular projection of the 

phase ellipses of both beams in each phase plane were adjusted to give 

the best fit to the beam photos taken at the various quadrupole settings. 

Some of the beam pictures (notably Figs. 7 and 8) did not adequately 

represent two separate beams of given horizontal and vertical extent. 

In this case, only the size of the total beam, taken collectively, was 

·r.~ 
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used. The physics cave quadrupole shunt readings were related to the 

field values at the pole tip by the calibration figure of 192 gauss/millivolt. 

Table 1 shows the beam half-sizes and centroid displacements in inches, 

at the physics cave snout and 120 in. beyond it (at the exit to CERCES) . 

. 7. Fitting the Beam Line With TRANSPORT 

The convergence of the main beam and satellite beam centroids at 

the probe line, and the physics cave quadrupole alignment were treated 

as variables. These were adjusted to fit the centroid data of 0. 75 in. at 

the probe, 1.3 in. at the premagnet collimator, and -1.0 in. at the 

physics cave snout, for quadrupole settings of -4.75 and 5. 70 kG. The 

solution obtained indicated a convergence of 11 mrad at the probe line and 

a quadrupole misalignment of X = -1.0 in. for the satellite beam. There 

was no centroid divergence or quadrupole misalignment for the main beam. 

The calculations were carried out by a computer code, TRANSPORT, 
4

) 

as described in Section 9. 

8. Cyclotron Fringe Field Matrix 

The effect of the cyclotron magnetic channel and fringing field on 

the beam is expressed by a matrix, calculated for the standard magnetic 

field of the 184-inch cyclotron. This field has already been reported. 
1

' 
2 

The beam is considered to start at the 105 deg main probe line of the 

cyclotron, Fig. 1, and passes through the magnetic channel out into the 

rapidly decreasing fringe field of the cyclotron. The fringe field reverses 

sign at"" 125 in. radius and is assumed to end at this point. The matrix 

transforming the beam from the probe line to the 125 in. radius was 

calculated by the computer code TRAJ3 >and is given below. The pari-

axial ray for this matrix starts at a radius of 90.024 in. and 105 deg 
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azimuth, with an outward angle of 3.732 deg at 725.536 MeV. The orbit 

ends at 125 in. and 183.35 deg azimuth, with an outward angle of 35.36 

degrees. 

.15815 0 0 

1.61335 0 0 +10.7707 

m= 0 -2.19687 .09392 0 

0 -13.9892 .14285 0 

0 0 0 1 

The vector space upon which this matrix acts is X, X', Y, Y'' 6 P/P in 

units of inches, milliradians, inches, milliradians, and percent. The 

matrix to the premagnet collimator from the 105 degree probe line is 

5.2662 .25172 0 0 1.4104 

1.6133 0 0 10.771 

0 0 3.0083 .10221 0 

0 0 -13.989 .14285 0 

0 0 0 0 1 

9. Transport Beamline Calculations 

The physics cave external beam line was considered to start at the 

105 deg probe line of the cyclotron and to pass through the magnetic 

channel, premagnet collimator, steering magnet, and physics cave 

quadrupole, ending at the physics cave snout, Fig. 1. The beam line 

was described by standard transport
4
) data, as shown in Fig. 16. The 

beam angular divergence, centroid convergence, and the quadrupole 

alignment for the satellite beam were treated as variables to be fit to 

the observed beam profile data. The appropriate quadrupole field 

strength was used for each profile. The beam alignment calculation 
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acted only on the beam ellipsoid, as defined by the type 1 and 12 data 

entries, and did not affect the ellipsoids defined by the various particle 

vectors and type 22 data entries (see UCID-3525 for a full discussion 

of data types and usage). In this way, both the satellite and main beams 

could be tracked and displayed, under the assumption that the main 

beam was aligned and represented by vectors 2-11, while the satellite 

beam was represented by the beam ellipsoid and misaligned with 

respect to the quadrupole. Vectors 13 through 22 showed the satellite 

beam masking any centroid shift and overlay points on the beam 

ellipsoid. 

After finding the optimal values of the angular divergence and 

quadrupole misalignment, computer runs were made at each of the 

quadrupole settings given in Table 1 and are shown in Figs. 17-23. The 

horizontal and vertical size of each beam and its relative horizontal 

centroid shift, as computed, is indicated for comparison to the observed 

values, listed in Table 1 and shown in Figs. 4, 10, 11, 12, 13, 14, and 
I 

15. 

10. Finding Transport Beam Tilts From Measured Projections 

If we know the measured projections, A and B, of the phase ellipse 

on both coordinate axes, the tilt of the phase ellipse can be determined 

by knowing the intersection point of the ellipse with either axes, C or 

D, as shown in the accompanying sketch. 
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The equation of the beam ellipse in 

A matrix notation is: 

X ( :.) = 1 

B Expanding, we have: 

t S22x2 -2S21xx' + S11x' 2 = S22S11-S212 

At point A, dx' /dx = 0; at point B, 

dx/dx' = 0; at point C, x' = 0; and at 

point D, x = 0 

Solving this equation we find: 

s11 = B2; 

2 
s22 =A ; 

S21 = A(B2 -C2) 1/2. 

In transport notation we define the normalized tilt as 

therefore: 

1 /B2 -C2 
r21 = B "' 

11. Comparison With Extraction Study 

A previous study of the extraction system of the 184-inch synchchro

cyclotron 
1

) predicted the radial and vertical phase space, based only 

on the magnetic field of the cyclotron and on the measured radial and 

vertical betatron oscillation amplitudes several hundred revolutions 

before extraction. The results of these calculations showed that 

I: 
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considerable nonlinearities were indeed encountered, as shown in 

Figs. 8 and 9. The "crossed ellipse'' appearance of the vertical phase 

space, shown in Fig. 9, results from the presence of two beams of 

different vertical tune, and should be compared to Fig. 2, calculated 

from the backward transformation of external beam projections of the 

two beams. Figures 8 and 9 showing the beam at 105 in. radius, 166 

deg azimuth, depict the radial and vertical phase space at the termina-

tion of the calculation, after extraction of particles which were started 

initially on elliptical phase space boundaries several hundred revolutions 

prior to extraction. Although the photographs at the snout, and also the 

orbit calculations, indicate a nonlinear character to the beam, we 

assume linearity in order to affect the mathematical simplicity of linear 

transformations. The approximated radial elliptical phase space 

boundaries and the corresponding nonlinear boundaries are shown in 

Fig. 8, and pertain to beams of 700, 715, and 730 MeV from a large 

sampling of vertical betatron amplitudes and vertical and horizontal 

phases. The largest vertical phase space that is used in this study 

corresponds to an initial vertical betatron oscillation amplitude of 1/8 

inch, prior to extraction, due to the large loss as so cia ted with larger 

betatron amplitudes. 

In order to compare the idealized ellipsoids to those deduced from 

the measured beam profile, we transform the ellipses back to the probe 

line at 105 degrees. The required transformation matrix from 105 to 

166 degrees is: 



R= 

Its inverse is: 

.80173 

R -1 = 

.1056 

.90173 

0 

0 

0 

-.1056 

2.621 

0 

0 

0 
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0 

0 

-1.4854 

-24.502 

0 

0 

0 

.6585 

24.502 

0 

0 

0 

.08073 

.65847 

0 

0 

0 

-.08073 

-1.4854 

0 

7.1741 

0 

0 

1 

-13.4193 

0 

0 

1 

The equivalent beam ellipsoid in transport notation at the pariaxial 

location of 106 in. radius, 166 deg azimuth is: 

X = 0.63 in. 

X' = 2.3 mrad 

r 21 =0.75 

Y = 2.20 in. 

y = 27.2 mrad 

r
23 

= 0.9555 . 

When transformed to the cyclotron probe line, 90 in. radius, 105 

deg azimuth, the equivalent beam ellipsoid becomes: 

X = 0.418 in. 

X' = 5.38 mrad 

21 =-0.9047 

Y = 0.829 in. 

Y' = 12.7 mrad 

= -0.751 . 

These numbers can be given a little more meaning by noting that if we 

consider a field free transformation, the vertical beam approaches a 

waist 49 in. downstream and the radial beam a waist 70 in. downstream 

from the probe line. 

.. 
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Figure 3 shows that the vertical node must lie at the probe line for 

the last turn, and so the calculations must have a total error producing 

a 49 in. vertical node shift. 

The satellite beam fit at the probe line shown in Fig. 2 is: 

X = 0.3 in. Y = 0.4 in. 

X' = 6.0 mrad Y' = 16.0 mrad 

r 21 = -0.90 r 43 = -.9 

and compares reasonably well with the calculated value, except for the 

vertical beam size. The main beam fit shown in Fig. 2 is: 

X = . 5 in. y = 0.1 in . 

X' = 6.0 mrad Y' = 10.0 mrad 

r21 = -.94 r43 = 0 

A beam of 715 MeV energy is -1% in 6p/p below the nominal energy 

of 730 MeV. The centroid for the 715 MeV beam is located at 

L:::. Pr = -.016 cu 5) and L:::. X = -.0018 cu with respect to the 730 MeV beam, 

Fig. 8, at a beam location of 106 in. radius, 166 deg azimuth. Trans

forming back to the probe line we find the -1% vector as: 

X (in.) = 0.529 

X' (mrad) = -11.7 

opjp(o/o) = -1.o 

-.264 

-10.9 

-1.0 

The dispersion line formed by the 730 MeV beam and this 715 MeV 

beam is shown in Fig. 2. 

5
) cu stands for cyclotron units and is discussed in Reference 1. 
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12. Conclusions 

The beam phase space from the 184 inch cyclotron, for use -in 

external beam calculations, should be that shown in Fig. 2, or with the 

beam appropriately transformed to some other location. The three most 

useful locations are those accessible to the experimentalist, namely 

the 105 deg probe line, the premagnet collimator, and the physics cave 

snout. The main and satellite beam ellipsoids in transport notation, 

and their relative centroid displacement, are tabulated in Table 2 at 

these three locations. 
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TABLE 1 

Beam sizes, as determined from the photographs taken at the physics cave snout and 120 inches beyond. The 
sizes are the displacements from the pariaxial ray, and as such, ar·e half sizes. They are given as X X Y 
(Main beam)/X X Y (satellite beam), in inches. The first quadrupole is vertically focusing and the second is 
horizontally focusing. The field at the pole tip 4 in. off axis is given in kG. 

Vert. Horiz. Snout 120" beJend 
Lens Lens Vert. Horiz. +AX sno +AX 
Shunt Shunt Lens Lens Beam Size Centroid Beam Size Centroid 

Photo Figure (mV) (mV) (kG) (kG) (Inches) (Inches) (Inches) Inches 

1 

2 10 24.75 29.70 -4.752 5. 7024 .6X.3/.5X2. -.4- -1. .25X .25j.25X 1.5 -2.0 

3 3 26.87 29.92 -5.159 5. 744 . 5X .5/.3X .3 -1.60 

4 23.23 27.57 

5 23.23 27.57 

6 11 23.23 27.57 -4.460 5.293 1X.5/1X2 -.5 .3X .3/.25X 1.5 -1.75 

7 12 26.58 27.57 -5.103 5.293 Both beams 2" ? 1X1.j.8X.5 -.30 
Dense core .25" V. 

8 13 23.23 24.91 -4.460 4. 783 .5 X .125 spot HW ? 3Xi.5 FW ? 

2 X2" holo FW 

9 14 23.23 29.25 -4.460 5.616 .30-.5X .5-1. I -.5--1. .25X .5/.25X 2 -2.0 
. 5X2 ? 

10 15 28.25 31.47 -5.424 6.042 2"X 1" -.5--1.5 .25X 1j.5X .375 -1 .5 
Both FW 

------
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TABLE 2 

Transport beam ellipses at three locations along the beam line for the beam phase space shown in Fig. 2 

105 degree Pre magnet Physics cave snout 
probe line collimator Qi=-4. 752 kG, Q2=5.7024 kG 

main beam 
horizontal X( in.) 0.5(in) .9(in.) .825(in.) 
phase space X' (mrad) r21 10. (mrad) -.94 5.51(mrad) .939 6 .504(mrad) -.948 

main beam 
vertical Y(in.) 0.1(in.) 1.065(in.) .423(in.) 
phase space Y' (mrad) r

43 
10. (mrad) o. 2.0(mrad) .883 2 .457(mrad) -.337 

satellite X(in.) 0.75(in.) 1.18l(in.) - .403(in.) 
centroid shift X' (mrad) ' 11.0(mrad) 4. 58 7(mrad) -14. 705(mrad) 

li pjp( %) 0. 0. 0: 

satellite beam 
horizontal X(in.) 0.3(in.) .694(in.) .631(in.) 
phase space X' (mrad) r

21 
6. (mrad) -.9 .225(mrad) .964 5 .032(mrad) -.969 

satellite beam 
vertical Y(in.) 0.4(in.) 2. 768(in.) 1.82 7(in.) 
phase space Y' (mrad) r 

43 16. (mrad) -.9 7. 71 7(mrad) .991 2. 768(mrad) -.834 

quadrupole X(in.) -1.0(in.) 
misalignment X' (mrad) O(mrad) 

,_ 



TABLE 3 

Input data for transport for main beam or satellite beam extending from probe line to 
the pre-magnet collimator. 

MAIN BEAM DATA TO PMC. SAT BEAM CENTROID VIA VECTOR FROM 105 DEG PROBE 
0 

15. 2. 1. 
15 1. IN 2.54 
15. 8. IN 0.0254 
22. . 75 -11. 

1. . 5 10. .1 10. 0. 0 . 1.3 794 

12. -.94 0. 0. 0. 0. 0. 0. 

o. 0. 0. 0. 0. 0. 0. 0. 
14. 3.539 .15815 0 0. 0. 0. 78573 1. 
14. 29.7788 1.61335 0 0. 0. 10.77074 2. 
14. 0. 0. -2.19687 .09392 0. 0. 3. 
14. 0. 0. -13.9892 .14285 0. 0. 4. 

3. 58. 
73. 

SAT BEAM TO FMC FROM 105 DEG PROBE 
0 

15. 2. 1. 
15. 1. IN 2.54 
15. 8. IN .0254 
22. 

1. . 3 6. .4 16 . 0. 0. 1.3 794 
12. -.9 0. 0. 0. 0. -.9 0. 

0. 0. 0. 0. 0. 0. 0 . 0. 
7. . 75 -11. 

14. 3.539 .15815 0. 0. 0. . 78573 1. 
14. 29.7788 1.61335 0. 0. 0. 10.77074 2. 
14. 0. 0. -2.19687 .09392 0. 0. 3. 
14. 0. 0. -13.9892 .14285 0. 0. 4. 

3. 58. 
73. 
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(90'~ 105°) Beam at probe 
line, start of external beam 

----+--_,..q..---,..--1125 1 ~ 183°) end of fringe 

60 inches 
I I 

field matrix 

Steering magnet 
Physics cave 

quad. 

<:(Snout 

XBL722-2266 

Fig. 1. Layout of the extraction system and external beam 
line of the 184-inch Synchrocyclotron. XBL686-2951 
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20 
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ve rti ca I phase .space _ 

20 

XBL 722-2267 

Fig. 2. Radial and vertical phase space at the 105 deg probe 
line, showing the main and satellite beams . 
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Radio-Autograph of Target 
at 105 degree Probe 

120
11 

Beyond 
Snout 

XB B 7 1 9 -4 6 0 1 

(a) 

(b) 

Fig. 3. (a) Beam target radio-autograph, showing the beam 
prior to passage behind the magnetic regenerator. (b) The 
beam 120 inches beyond the physics cave snout, with the 
steering magnet set to 282.7 mV and the quadrupoles set to 
26.87 mV and 29.92 mV. 
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R (inches) 

X BL 722- 2268 

Fig. 4. (a) Physics cave ion chamber reading versus probe 
radius. (b) Activity of thin copper target versus position, 
showing decomposition into two beams. 
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Fig. 6. Horizontal premagnet collimator beam profiles as 
measured with the physics cave ion chamber. 
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Fig. 10. (a) Beam photograph# 2 at physics cave snout. 

(a) 

(b)· 

(b). Beam 120 11 beyond snout. Both photographs are viewed 
looking in the direction of beam travel, main beam on the 
left, satellite beam on the right. The steering magnet was 
set to 2 77.7 mV; quadrupoles were set to 24.75 mV and 
29.70 mV. 
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Fig. 11. (a) Beam photograph# 6at physics cave snout . 

(a) 

(b) 

(b) Beam 120'' beyond snout. Both photographs are viewed 
looking in the direction of beam travel, main beam on the 
left, satellite beam on the right . The steering magnet was 
set to 281.5 mV; quadrupoles were set to 23.23 mV and 
27.57 mV. 
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Fig. 12. (a) Beam photograph #7 at physics cave snout. 

(a) 

(b) 

(b) Beam 120'' beyond snout. Both photographs are viewed 
looking in the direction of beam travel, main beam on the 
left, satellite beam on the right. The steering magnet was 
set to 281.5 mV; quadrupoles were set to 26.58 mV and 
27.57 mV. 
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Fig. 13. (a) Beam photograph #8 at physics cave snout. 

(a) 

(b) 

(b) Beam 120" beyond snout. Both photographs are viewed 
looking in the direction of beam travel, main beam on the 
left, satellite beam on the right. The steering magnet was 
set to 28i 5 mV; quadrupoles were set to 23.23 mV and 
24.91 mV. 
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Fig. 14. (a) Beamphotograph #9 at physics cave snout. 

(a) 

(b) 

(b) Beam 120 11 beyond snout. Both photographs are viewed 
looking in the direction of beam travel, main beam on the 
left, satellite beam on the right. The steering magnet was 
set to 281.5 mV; quadrupoles were set to 23.23 mV and 
29.25 mV. 
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(a) 

(b) 

XBB 719-4599 

Fig. 15. (a) Beam photograph #10 at physics cave snout. 
(b) Beam 120" beyond snout. Both photographs are viewed 
looking in the direction of beam travel, main beam on the 
left, satellite beam on the right. The steering magnet was 
set to281. 5mV; quadrupoles were set to 28.25 mV and 
31.47 mV. 
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Fig. 16. Input data for "transport, 11 describing the 184-inch 
cyclotron main beam by vectors, and the satellite beam as 
a six dimensional ellipsoid. The beam line extends from the 
105 degree probe line to 120 inches beyond the physics cave 
snout. 
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Fig. 17. Transport beam line plot showing the main and satellite 
beams. The measured data corresponding to quadrupole 
settings of photo 2 (Fig. 1 0), are shown for the main and 
satellite beams at the probe line, premagnet collimator 
(pmc), physics cave snout and 120 inches beyond. 
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Fig. 1.8. Transport beam line, showing the main and satellite 
beams. Measured data corresponding to quadrupole settings 
of photo 3 (Fig. 3). . 
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19. Transport beam line showing the main and satellite. 
beams. Measured data corresponding to quadrupole settmgs 
of photo 6 (Fig. 11). 
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Fig. 20. Transport beam line showing the main and satellite 
beams. Measured data corresponding to quadrupole settings 
of photo 7 (Fig. 12). 
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6'7'7.1!56 1'1 B 1 0 
685.174 1:'1 8 1 0 

~:;: ~~; ~ssssssssss M,S 
1 

Total, Both Beams ssssssssss~ 
M9.960 n 1 o 
'!07. '2" f) 1 0 
714.(>Q6 0 1 0 
722.064 ., 1 0 
.,<!'9.432 n 1 0 
'7~6.800 I) 42 65 34 5 1 0 

+9 87654 321 +9JI765 4 321 +Q97 654 3? 1 +qA 1'6 54 321 +qf176 54 3 21 + 987654 3 21-+12 345 61' 89+ 1 3456 789+ 123456 7 81J+ 12 3456789+ 123456789 + 12 3456 7 89+ 

----·------------------------------------------------------------------------ BEAM LINE CALCULATION TIHE• 5.0.36 SECONDS 

XBL 719-1398 

Fig. 21. Transport beam line showing the main and satellite 
beams. Measured data corresponding to quadrupole settings
of photo 8 (Fig. 13). 
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INITAL VHT!"P PL!lTTE:O o'JN f\EA~liNE 
I A) O. ('1. Oo O. Oo \.0000 -o. 
PU .4700 -7.11)000 o. 9.9000 -0. -o. -o. 

3 ((') ·'t''OO -tO.COCCI Oo -9.9000 -0. -o. -o. 
,. 101 .isoo -z.sMo .0625 a.oooo -o. -o. -o. 
5 CEI o. z.sooo .tooo o. -o. -o. -o. 
f. (FI .2500 -7.11)CQO -.lOCO O. -0. -o. -o. 

VEPTICAL Rf"AM HORIZONTAL Bt:AM 
f>.cooo s.oooo 4.ooon ~.oono z.oooo t.oooo o.n t.oooo z.oooo 3.oooo 4.oooo s.ooco &.ooo 

+CI ~ 76!'43' )+CW76~ 4 3::!1 +'l8'To\5432}+q87&54321+9il7654121+9R7654 321 2345b789+1234567A9+12345b789+123456789+123456 789 +123456 789+ 
!'o AAAAAAUHAAUUUAA6AAAAAAII.AAA R 5 b 3 AAAAAA 
7 • ._,It A P 5 6 3 A 

14o "~'l6 A R 45 64 3 A 
1?.\('4 A 45 b4 3 A 
?9.4-.7 A R 45 6432 A 
)6 0 ~4"J A B 435 6142 A 
44.?1'18 A R 435 5142 A 
'll.'37b A R 24 6 5142 A 
"iR.CUo4 A R 246542 A 
11.6.312 A 1\ 2~< 6 b342 A 
7~.()110 A R 24 6 6542 A 
Rl.04FJ A 8 234 6 6542 A 
BRo4l6 A f! 24 6 6'i42 A 
qc;.'f84 A A 234 65 6 41 A 

'!.03.1~:! A A 234 65 36 41 A 
110.~?0 A A 23 4 65 36'i4 1 A 
ll7.A8~ A A 234 65 3 64 l 1'1. A 
125.156 A 6 23 4 65 3 64 l B A 
132. ~24 A A 23 4 65 3 64 1 A 
1-,~.9~2 4Ut.AAUAUAAAAAAUAAAAAAAAAAAA A 23 4 65 64 1 AAAAAA 
147.3~0 f'l R 23 4 &5 64> lB 0 
154.7?fln 8 234 65 64 1 0 
1foz • .,q.., n A 23 4 65 64 1 o 
16~.4641'1 8 234 65 6 0 
!"'6.1112 n I' 23 4 65 64 o 
184.2r.f'l 1':1 A 23 4 65 3 64 0 
191.5M I' A 23 4 65 56 D 
ta,.~~6 r A 23 4 65 26 0 
1~8. q~6 SSSSSSSSS5S S~~SSSSSSSS 
206.3(\4 .f'l 8 23 65 3 0 
21'\.6'12 ., ft 23 65 3 0 
221.040 n R 23 65 3 0 
2211.4tlf! n 8 23 65 3 0 
135. ''!"fl'} ,.M!IIMiotiiMMMII"'M'"Mf!IM""Miot .. III"M'4111111MM8.. 23 65 3 MMMHHM 
243.144 AM 23 65 3 H 
2"i0o'512 J!I"IIIM"'"'"III"'IIIMMfo!Mftii"'"'"'"'"'~MMMMHMMI-IPMII 23 65 3 MMHMHM 
25T. ABO ,.,...,MM"'II""MioiMM:!IIIMMM"t.t"'III"'Mtolt.ti4MMAJrU4to! 23 b5 3 foi.IIIMHMM 
16-=. ?46 ~ .. 23 4 65 3 "' 
2'72.616 R 23 4 65 3 M 
?79.91114 .... IIIMIIIMM"4JJII'IIIMMM"'!II"'MfriiMMI4MM"'"'"'81111"'MM 23 4 6'i 3 MIIIMMMM 
2A'f.':ll5~ " A 23 4 65 3 0 
?94. '12C n A 23 4 65 3 0 
30?.081! n A 23 4 b5 3 0 
300.456 ,., " 23 4 65 3 0 
316.1!114 I" " 23 4 65 3 0 
3?.4.19:? ®OOOQQOOCCOOOO~C:CQQ') 23 "'65 3 OOCC:CCC:C:C:CQC:C:ClOOQOOOO 
?131. 560 llODQfJDQf.'OOOQQQQOC:CIOOO 23 4 65 3 OQCC:QOCQQOQC:C:OOOQOQOO 
3'38.9lfl. ., 23 465 3 0 
'346.21?6 QOC!OQCQOOOOQOQQOIOCOOQ R 23 46S 3 COC:C:QC:C:CC:OOC:C:COOQQQQQ 
'35lo664 Q A 23 46'5 3 Q 
161.0~2 OOOOOQOOOOOOOQOQCIOOQQ A 23 6'5 3 600000QOQOOOC:QOOOQQOOQ 
3611.400 n 21 6'5 3 o 
~"~·"?6ft 0 23 6'5 3 0 
'3"'3.1'36 n 23 6'i 3 0 
)qQ.'in4 0 23 6'5 3 0 
''n.11n n 23 65 3 o 
.r.os.,•r" 21 65 3 o 
412.61)B n 23 65 3 0 
410 0 CI76 0 23 65 0 
427.344 "' 23 65 0 
434.112 n 21 65 o 
442.080 f'l 23 6'5 0 
440,.4"'8 ., 236'5 0 
4'56.816 f':' A 2365 0 
4M.l84 n A 2654 0 
4"'1.5..:2 n 8 2654 0 
4l8.0?C ~ R 265 4 0 
4'3~olRI? I" ~ 26'5 4 0 
40'3.6'56 n " 265 4 o 
5t:'t.n24 ., 6 265 4 o 
..:nq.39' n p; 265 4 0 
515.76C "J 8 65 4 0 
~?.3.121!.1 r 8 65 4 o 
'i~Q.496 f' p; 65 4 0 
'5~7.1364 ~ 8 65 4 D 
'i4'5.2P n e 65 4 o 
'iO:::?.I:i\(1 0 65 4 0 
o::o;q.a6B n 65 "' 0 

~!~:;~: ~ssssssssss S M 4 ·ssssssssss~ 
'5'14.7041'1 42456 0 
5112.on r:- 65 4 2 45 61 o 
5QCI0 44t'l n 653 4 2 45 6 0 
59#.1.8f'IA (l 653 45 6 0 
6('4.1 T6 ':" 6523 45 6 0 
~'>l1."'44n 6523 4516 o 
618.ql2 n 6523 "'536 0 
6~fo.ZAO r 6523 4536 0 
6"?1.648 n 6523 5 36 0 
641.016 n 6523 526 0 
64A. 311"' 1'1 6523 526 0 
65'5.752 ':1 65 23 426 0 
6B.12t:l f'l 65 234 463 0 
67Q.4M I) A 65 234 63 0 
677.1J~6 ~ B 6'5 234 5631 0 

::~: ~~: ;~sssssssss " 5 M 6 234 64 1 ssssssssss~ 
611l7.'5q2 n 6S 234 6 42 1 0 
il,9°oCIIo0 I" 65 234 6542 1 0 
..,.(\'T."??R f" 65 234 542 1 0 
"14.11.C!6 (\ 65 234 5342 1 0 
7?:?.064 ,.. 65 43 542 1 0 
":?9.432 n 65 43 6 'j 4 1 0 
73,oAO~ n 1\ 65 43 63 542 1 8 0 

+0 R lf 5"' 321 +9B 7b 54 321 ~ P7 654 U 1 +qe16'54 321 +CIS 'f6 51t 321 + 98 7 654 3 21 + 123456789 + 12 345 6 7 89 + 12 31t56 7 89 +12345 b 7 89 + 12 31t56 7 89 + 12 3456789+ 

-------------:------------------------------------------------------------------ SEAM LINE CALCULATION TIME., 5 .. 0 ... 4 SECGNDS 
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Fig. 22. Transport beam line showing the main and satellite 
beams. Measured data corresponding to quadrupole settings 
of photo 9 (Fig. 14). 
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HHTAL VHTOR PLOTTED ON REAMLJNE 
ltd o. o. o. o. o. 
tat .4700 -1.sooo o. 9.9ooo -o. 
to .470o -to.oooo o. -9.9000 -o. 
11'11 .zsoo -z.sooo .oozs e.oooo -o. 

5 tfl o. z.sooo .tooo o. -o. 
6 tFt .zsoo -1.sooco -.tooo o. -o. 

V~II!Tf C6.l fiEA"4 HORIZONTAL SEAM 

1.0000 
-o. 
-o. 
-o. 
-o. 
-o. 

-o. 
-o. 
-o. 
-o. 
-o. 
-o. 

6."~000 5.001"'0 4.00C'O 3.0000 1.0000 1.0000 0.0 1.0000 2.0000 3.0000 4.00CO 5.0000 6.000 
.o 1!176 54 321 +9P"76'i 4 3 n.-c e7 654 3 21 +1Hn&54 321 + qe76 5412 t+ 987 654121 12 3456189 + 1234561 eq + 12 345 67M +123456 189 +123456 189 +12345 6 7 89+ 

f'l. UUAAAAAHAAAAAUAAMAAAAU.UA R 5 6 3 AAAAAA 
'7.V,~ A B 5 6 3 A 

14. 73t. A 8 45 64 3 A 
zz.tnt. A a 45 M 3 A 
29.477 A A 45 6432 A 
36. 840 8 435 6142 A 
44.208 A 435 5142 A 
'51. 57f. 8 24 6 5142 A 
sa. 944 e 24 6 s 42 A 
66.312 R 24 6 &342 A 
73.Mf'l 8 24 6 6542 A 
Bl.(ll.q B 234 6 6542 A 
f!l!l.41#, R 24 6 6542 A 
95.784 R 234 65 6 41 A 

lf)l.15? A 234 65 36 41 A 
11CI.'i20 A 2.3 4 65 3654 1 A 
117.888 1\ 234 65 3 64 1 A 
12~.?56 S 234 6536418 A 
132.624 A R 23 4 65 3 64 1 A 
130.C!Q? AAAt../J.b.AAAt..AA.AAAAAAAAA.A/&AAAAU.AA 8 23 4 65 64 1 AAAAAA 
147.360 0 B 23 4 65 64 1 0 
1 '!:4. "72~ n A l3 4 65 64 0 
162.0C!6 1J A 23 4 65 64 0 
I~C!.464 11 B 23 4 65 6 0 
P'6.R32 f) A 23 4 65 64 0 
Hl4.200 D 1\ 23 4 65 61t 0 
1C!1.568, 13 23 4 65 56 0 
198.0,6 £' 23 4 65 26 . 0 
1Q8.C!36 S'SSSSSSSSSS SSSSSSSSSSS 
206.304 n A 23 4 65 3 o 
213.67? ~ 'A 23 4 65 3 0 
nt.o4n r A 23 65 3 o· 
228.40fll n A 23 65 3 D 
235.776 N"'fiiiiM~"'"""'"'"'~IIIM""Mf'IMM,.MMMM"'M"'-.-~o~"'""B"' 23 65 3 MMMHMM 
243.144 Af'l 23 65 3 M 
7'50 0 512 M"''"''M,..JI'MMf'l"""'fo4"'MM"""'"'"""'"~~MI•H"-.-M"''A>4N 23 65 3 MMMM"'M 
257.880 "'"'MMHJoi""M"'HIMI"'Io!MMMM,.M"1"1"1MM"''MMBMMM 23 6'5 3 MMMMMM 

265. 248 "' "' 2 3 4 65 3 "' 
:!72.6lb B ,. 23 4 65 3 M 
279. C!84 NUMMMfliiMMMM"'M,..Mf'I'MMI"'MMfiiiiMI"'M"'MBM"'HIM 23 4 65 3 MMMMMM 
2117. 35? 0 A 23 4 65 3 0 
2Q4. 721' 0 B 23 4 65 3 0 
302.08Af'l 13 23 465 3 0 
30C!.456 f) 23 4 65 3 0 
316. 824 n 23 4 65 3 0 
3?4.1n QfiO~I'JOOOOOOOOOOOQOOQQ e 23 465 3 OQOQQQQQOOQCOOOQOQQOQ 
331.560 COOOC!OOQQCIQQOQOQQCQOQ I" 23 4 6'!i 3 OOC:CQCC:"OQC:C:C::C:OOOOOO 
338.CI28 n 23 465 3 0 
346.?.CI6 OOOOOC:OCCCCOOOOOCCQI)Q 23 465 3 OC"CCC"CCC:C:C:OOOQQQQ 
3';J.H4 0 23 65 3 0 
361.()3? COOOQQOCIOOOQOOQOQQQI)Q 23 465 3 BOQQQOQOQOC:C:OOOOOQQQ 
3M1.4(l0 r> ~ 23465 3 0 
375.76R n a 23 65 3 o 
~"''3· !36 f) A 23 65 3 0 
3qo. 504 " A 2365 3 o 
'3C!7. ~72 n A 2365 3 o 
405.l4C I') B 2365 3 0 
412.60A n 8 2365 3 D 
419.q76 0 B 265 3 0 
427.344 rt B 265 3 0 
434.712 n R 2654 3 0 
442.0AO n a 654 o 
44C!.448 ... 8 654 0 
456.1!1... ... 8 654 0 
464. 1 f!4 ... Fl 653 0 
471.5'52 n 8 653 0 
47R.9?f" n B 653 0 
loP-6. 2fiR f' B 652 0 
4CI3. 656 IJ B 654 0 
501.'124 f'l B 654 0 
'i08.3Q? 1:1 A 654 0 
0:::15.760 !:' Fl 654 0 
52'3.128 n B 653 0 
'HO. 496 n 8 652 '0 
537.864 n 8 652 a 
545.?32 f'\ Fl 652 0 
'35?.600 n B 65 D 
'iSCJ.9613 n B 65 0 
567.33.-, 0 B 65 0 

~~:: ~~ ~ssssssssss M,S e
3465 

ssssssssss~ 
'382.072 I) B3465 0 
51!9.440 " 842t'>5 2 45 1 0 
596. BOA 0 84265 2 45 6 1 0 
f-04.}7(1,0 346524561 0 
611.544 f'l 34 65 2 45 61 0 
618.912 n 42 65 2 45 6 o 
626.280 n 348 65 4536 0 
633 .64f! n 34 65 4536 o 
1>41.01.., n 34 65 4 516 o 
648.384 f) H 65 4S36 0 
t::55. 752 , 34 65 4536 0 
.-,l'>3. ll'J n 34 65 2536 0 
670.41!:9 F) 324 65 S236 0 
677.R'56 n 34 65 5 6 o 

~;~:~~: ~ssssssssss M ~ ssssssssss~ 
6CI?.592 n 32 65 426 o 
t::~o. 960 n 324 65 463 o 
707. 3?fl l'l B324 65 631 0 
714.6lil6 I'! 8324 65 5631 0 
7?7..064 " 8324 65 6 421 0 
729.432 n 8 324 65 6 42 1 0 
n6. Ron ~ B32 4 65 6542 1 o 

+C!A71)"i4 371 +9fll7f-~4321 +q876<;43 21 +C!B1654 321 +987654321 +91!7654321+123456 789•123456 789+123456789+1234567 89+12 3456789+123456789+ 

----------------:--------.-------------------------------------------------------- BEA,.. LINE C/&LCULAT ION Tl Jr4E:: 5 .052 SECGNOS 
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Fig. 23. Transport beam line showing the main and satellite 
beams. Measured data corresponding to quadrupole settings 
of photo 10 (Fig. 15). 
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r------------------LEGALNOTICE--------------------~ 

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