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Summary 

Results are presented from the tuning of the first 
section of the Biomedical Channel at LAMPF; the work 
centers about the use of the third bending magnet as a 
magnetic spectrometer. The momentum resolution at the 
intermediate focus is given in detail. The performance 
of a wedge degrader that compresses the wide momentum 
acceptance of the first section is discussed. The out- 
put TI- rate is also given. 

Channel Description 

The Biomedical Channel at LAMPF consists of eight 
quadrupole magnets and three wedge-type bending magnets 
with an intermediate focus between the second and third 
bends. A wedge degrader at the intermediate focus com- 
presses a very wide momentum bite into a small momentum 
interval that yields a relatively narrow depth-dose dis- 
tribution. Figure 1 is a view of the bend plane (X- 
plane) of the channel; the beam exits the channel verti- 
cally (downward) as indicated. Pions are accepted at a 
700 production angle within a solid angle of about 16 
msr (rms), Production targets are typically 5 cm long, 
3 cm diameter cylinders of high density carbon; the 5 cm 
dimension determines the source size in the non-bend 
plane (Y-plane). The vertical size of the proton beam 
is the source size in the momentum resolving plane. 
Most of the channel tuning work was done with a 3 mm 
high target, fixing the bend-plane source size independ- 
ently of the proton beam. 

The cohbination Bb11,2 forms in the bend plane a 
strongly focusing, spatially dispersive clement with 
very little angular dispersion. Each of these two wedge 
magnets has normal entry and exit and is therefore very 
weakly defocusing in the Y-plane. With the entrance 
triplet de-energized the combination BMl,? is a good 
broad-band spectrometer of less than 0.9: Ap/prms reso- 
lution with a focal plane tilted at 320 from the optic 
axis (Z-axis). The entrance triplet produces a small 
spot in the Y-plane at the wedge and an increased solid 
angle, at the cxpensc of a greater X magnification from 
the target to the wedge. 

The wedge material was selected to be Be to mini- 
niize multiple scattering. For a given Y spot size at 
the wedge, the Y-plane emittance is dominated by the 
scattering in the wedge. Both Al and Be wedges have 
been used,and the increased cmittance of Al was apparent. 
The entrance face of the Be wedge was perpendicular to 
the cntcring beam and cxtendcd 13.5 cm along the X-axis. 
It was dcsigncd to accept + 10% !?p/p of the incident 
momrntum bite. Particles missing the wcdgc were absorbed 
by copper blocks. The wedge angle was 29.30. 

The last section of the channel constitutes a very 
flexible system for transporting the “source” at the 
wedge into fully achromatic and biologically useful 
beams. Along with this flexibility comes the difficulty 
of optimizing five quads. 

Data Acquisition 

The data were collected using the multiwire propor- 
tional counter (MWPC) planes indicated in Fig. 1. There 
are a total of 10 planes, one X and one Y plane per 
chamber. The signal wire spacing is 2 mm. The trigger 
for the system is a coincidence between the chambers 1, 
2, 3, 4 and sometimes 5. Table I summarizes trigger 
information for the four runs used in this presentation. 
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Fig. 1. Bend plane of the channel. Effective field 
boundaries, limiting apertures, and the loca- 
tion of multiwire proportional chambers are 
shown. 
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Table I 

Chambers pO 
Run Wedge in trigger last section Tune of Q&Q8 

321 out 

338 out 

351 In 

353 In 

1,2,3,4 190 MeV/c -- 

1,2,3,4,5 190 MeV/c Design 

1,2,3,4,5 171 MeV/c Design 

1,2,3,4,5 171 MeV/c Al ternate 

The first section of the channel to the intermediate 
focus was run identically for all four runs, i.e., at 
190 MeV/c with the entrance triplet tuned for optimum 
resolution. Presence of the wedge lowers the central 
momentum in the last section to 171 MeV/c. 

The data collection system uses a PDP-11/45 with 
CAMAC interfacing. K. Klare wrote the data acquisition 
software. 

EM3 Momentum Measurements 

The last bending magnet (EM3) is a wedge magnet 
with a 600 bend. It has an entrance and exit poleface 
rotation of +19.7O, making it a strongly focusing lens 
in both planes with roughly the same focal length. Mag- 
net measurements ha-L,e determined the effective length on 
the optic axis to be 0.4828 m and the radius of curva- 
ture of the effective edges to be + 1.5 m, i.e., the 
field bul es out in the middle of the magnet. The 
TRANSPORT f . first and second order matrix elements are 
used to represent BM3. 

Given the particle trajectory before and after EM3, 
there are several ways to solve for the momentum 6s of 
the particle using the matrix elements. For example, a 
measured angle 3 downstream of PM3 can be equated to an 
expression that is a function of X,0, Y,$ measured up- 
stream of E&43, the TRANSPORT matrix elements, and the 
unknown fis. When a wedge is in the beam we use the X 
value in chamber 2 (see Fig. 1) coupled with all of the 
measured coordinates downstream of !+13. The calcula- 
tion of Es from the BM3 spectrometer is made from the 
available chamber information. Several MWPC planes had 
lost efficiency by the end of the running period. The 
various techniques for finding 6, have been extensively 
compared, using a very early run where all of the cham- 
ber planes were working, and differences between them 
were - 0.3% (ns). 

Momentum Resolution 

The focal plane of the channel for the optimum 
tune (Run 321) for the entrance triplet is tilted at an 
angle of 24O from the Z-axis. The predicted TRANSPORT 
tilt angle is 13O from the Z-axis. A polynomial fit to 
this measured focal plane is shown in Fig. 2. The 
abscissa represents the Z-axis of the channel from -40 
cm to +4@ cm of the nominal focal position. The ordin- 
ate is the X-axis on the same scale. The intercept of 
the Z-axis (+5 cm) is 4.5 cm upstream of the TRANSPORT 
prediction. 

The focal plane is found by the following proce- 
dure : A narrow cut in f;s of ?r 0.55 is made around a 
specific value of 6,. The location in the X-Z plane is 
then found where the X-0 space reaches a waist. Sever- 
al specific values of c‘s are taken covering the acccpt- 
ed spectrwn, each vnlue yielding a point on the focal 
plane. The difficulty is that the ‘waist is not well 
defined due to aberrations in the system for large 4. 

Fig. 2. Run 321, scale C 40 cm by fr 28 cm. Focal 
plane of first section, tilt angle 24O. 

Let Xf be the X coordinate of the point where a given 
particle crosses the above focal plane. Now narrow 
cuts are made on Xf, and the widths of the resulting 
distributions of 6, are studied. The intercept and tilt 
of the focal plane can then be adjusted slightly to 
minimize the widths of the 6, distributions. Momentum 
defining slits will eventually be used in a similar way 
to the cuts on Xf. 

Once the focal plane is established, the momentum 
of a particle is defined by Ef E Xf/Rl6. R16 is the 
spatial dispersion and is independent of 2 position 
since the angular dispersion is very small. The value 
for Rl6 found by floating wire measurements is 0.703 f 
0.007 cm/%. The distribution of Xf/6, has a sharp peak 
at 0.686 cm/% when a limiting cut is made on 8. The 
discrepancy between the two values is probably due to 
inaccurate knowledge of the matrices for the BM3 spec- 
trometer. Figure 3, the distribution of (fi,-Xf/O.686). 
gives a measure of the momentum resolution of the chan- 
nel combined with that of the spectrometer. With a 15% 
bias* its standard deviation is 0.88%. The TRANSPORT 
prediction for the design channel resolution is 0.591 
(rn=l, including the effect of He scattering at 190 

MeV/c; the limiting resolution of EM3 due to finite wire 
spacing and multiple scattering effects is calculated 
to be 0.5% (rms). We can therefore say that the channel 
resolution lies between 0.5% and 0.7% (rms); we know of 
no error correlation between 6, and Xf. The same state- 
ment is true for EM3 spectrometer resolution. Run 321 
was taken at 190 MeV/c, nearly the maximum momentum of 
the channel, in order to minimize multiple scattering 
effects. Other runs were made in steps down to 140 
MeV/c by scaling the entrance triplet settings from Run 
321 and using floating wire measurements to provide the 
bending magnet settings. At 150 MeV,‘c the resolution 
function is larger by 30%, ar.d at 140 MeV/c it is larger 
by 30:. 

The entrance triplet was tuned to optimize the 
resolution function; the focal plane does not change 
rapidly Car small variations in the triplet settings. 
Run 321 is the result of such an optimization. 

Momentum :\cceptance of Channel 

The momentum acceptance of the first section of 
the channel plus BM3 is very broad. Figure ,1 shows the 
momentum distribution vSs of the beam for Run 321. NO 

wedge degrader is present. The displacement of the cen- 
troid toward lower momenta by scvckral percent is due in 
part to the fact that the higher momentum particles are 
more weakly focused, and their correspondingly larger 

1785 



profiles are limited on the Y-apertures of the bending 
magnets, Not all of the particles in Fig. 4 are accept 
ed by the last five quadrupoles of the system. Figure 
5 gives 6, for those particles in Fig. 4 that are ac- 
cepted by the last section of the channel set to the 
design tune. 

As a measure of how well the unfolding process is 
done, the resolution function plotted in Fig. 3 is 
repeated, substituting the unfolded 6 for 5,; Fig. 8 is 
the result. Again with a 15% bias,2 its standard devia- 
tion is 1.09%, a value comparing favorably with the 
earlier 0.88%. The accuracy of the unfolding process 
is limited by the effects of multiple scattering and 
straggling in the original wedge traversal. 

The settings of the last five quads marhcdly affect 
the shape of the momentum acceptance. Figure 9 is the 
unfolded 6 distribution with QJ-QS set for an alternate 
tune. 

Fig. 3. Run.321, scale 5 10%. Combined resolution 
function of channel and EH3, (S,-Xf/O.686). 

Fig. 5. Run 338, scale i .IOS, CcntCF 110 !1cV/c, F!om?n 
tum nsceptnnce of entire channel without LI 
wedge degrader. 

Fig. ,4. Run 321, scale It 209, , center 190 MeV/c. Momen 
‘cum acceptance of channel through BM3. 

It is more difficult to find the momentum accept- 
ance of the system when a wcdgc degrader is present. 
The effect of the wedge can hc computationally unfolded 
knowing the path length that each pion traversed 
throuph the Re wedge. Pions were separated from muons 
and electrons by the time-of-flight technique. One 
scintillator at the end of the chnnncl provided a start 
pul-c, ;Ind n second scinti’llntor near the wedge pro- 
vided a stop 1x11s~. These data are shown in Fig. 6. 
‘The \-crticnl line (l’s) marks the location of a cut 
made to scparntr tie large peak of pions from muons and 
-3li-ctroxs. Given the pion momentum dctcrmincd from 
Ii!!.;, and the path length through the wcdgc geometrical- 
ly dctermincd from measured coordinates, the original 
--Zion monrntam 85 is found; this distribution is shown in 
::ig. 7. 

Fig. 6. Time-of-flight distribution showing pi ons, 
muons, and electrons. 
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Fi g. 7. Run 351, scale f 20%, center 190 MeV/c. Momen 
turn acceptance of channel with a wedge degrade 
and design settings for Q4-98; 6 is calculated 
by unfolding the effect of wedge. 

r 

Xomentum Spectrum Cut of Wedge 

In the previous section the starting IJoint for the 
unfolding process was 6s, the actual measured momentum 
distribution of pions leaving the wedge. These 6, spec- 
tra are given in Figs. 10 and 11 for Runs 351 and 353, 
respectively. (The only difference between Run 351 and 
Run 353 is the tuning of the last 5 quadrupoles.) 
a 15% bias? 

With 
the standard deviation of these ?iots are 

1.45% Ap/p and 1.31% Ap/p, respectively. The standard 
deviations of G, out of the same Re wedge measured early 
in the channel tuning period were close to 3’:,. ‘It that 
time the air in the first section of the channel was a 
large contributor to loss of resolution. 

By starting with a run taken without a wedge and 
reversing the unfolding process described earlier, the 
effect of the wedge can be simulated. Time-of-flight 
data are unavailable for a wedge out run, and every par- 
ticle was assumed to be a pion. Energy loss straggling 
effects are included for each particle tracked through 
the simulated wedge. Range changes due to muItP?le 
coulomb scattering have not been included, nor has the 
effect of interactions been simulated. 

Fi g. 8. Run 351, scale i: 10%. Combined resolution 
function (d-lf/0.6R6) whore 15 is calculated by 
unfolding the effect of wedge. Fig. 10. Run 351, scale i lo:, center 171 &V/c. MCa- 

sured 6, spectrum out of Be wedge. 

Fig. 9. IVan 353, .scalc i- 20”. ?, center 190 b!eV/c. Uomen- Fig. ll. 
tun acccptnnse of channel bri th a wedge degrader 

Run 353, scale ?- IO?>, contcr 1-l ?Ici’/c. ?Ira- 

and alternate settings for (j-l-QS; ,-; is calcu- 
surcd ~5. s spectrum out of Cc wctige. 

latcd by unfolding the effect of the wedge. 
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We begin by simulating the effect of the wedge on 
the particles in Runs 321 and 338. The wedge accepts 
k 10% Lp/p, and those particles that are dispersed so 
as to miss this wedge are cut out, i.e., the value of 
X at the face of the wedge is limited to + 6.5 cm. 
This cut removes about 20% of the available flux. Fig- 
ure 12 shows the & distribution out of the simulated 
Be wedge for Run 321; a 15% bias* gives a standard de- 
T:iatior. of 1.42” Ap/p. This spectrum should be com- 
pared with Fig. 10 or 11. Figure 13 is the measured 6,, 
a repeat of Fig. 4 with a 20% loss of events that miss 
the wedge. Figures 14 and 15 are the corresponding 
simulated E and the measured and cut 5, distributions 
for Run 338. Run 338, with its trigger at the end of 
the channel, has considerably less background. The 
simulated S’s (Figs. 12 and 13) are to be compared 
directly with the above-mentioned measured 6, distribu- 
tions coming out of the same wedge (Figs. 10 and 11). 

Confidence in accurate wedge simulations allows 
one to design different wedges and to then determine 
the resulting momentum spectrum. Presently we are 
accepting i 10: Cp/p into the wedge and rejecting the 
rest of the spectrum. It may be desirable to accept 
more or less of the spectrum. 

Optimization of the Be wedge was studied for the 
low background Run 33s. Wedge position in Z was varied; 
wedge angle was varied to reduce residual X-6 correla- 
tion; and wedge tilt angle was varied. On first 
thought one might tilt the wedge toward the focal plane 
to take advantage of the best resolution there. In 
this case positive E pions penetrate more Be than nega- 
tive 0 pions with the same Xf. This effect can be 
somewhat offset by moving the wedge upstream, in which 
case the positive 8 pions will traverse the wedge at a 
lesser value of X and therefore see less material. ?I 
balance of these effects and an improved 6 distribution 
was obtained for a wedge whose entrance face was tilted 
35O toward the focal plane and at the same time moved 
upstream by 5 cm. The improvement in the width of the 
S spectrum is however, less than 10% when the effects 
of straggling are inciuded. 

Target to Wedge Yagnification 

The X-plane magnification from the target to the 
wedge can be measured easily with our target insertion 
mechanism. Targets are inserted vertically and can be 
moved up and down in a controlled fashion; a 1 cm mo- 
tier. of the tuning target was used. The X motion of 
the beam spot at the nominal focus was measured while 
a narrow, fixed cut on S, was made as well as limiting 
cuts on 4, y, and Q at the intermediate focus. The 
magnification was found to be - 0.7, somewhat smaller 
than the TRANSPORT prediction of - 1.13. The magnifi- 
cation is a basic property of the channel, and we ex- 
pect to study this discrepancy with a Monte Carlo 
simulation of the channel. 

The vertical proton spot on our target is expected 
to be 0.3 cm rms. With a magnification of - 0.7, an 
additional contribution of 0.3”: is to be folded in with 
the resolution width. This effect will not significant- 
ly change our reported rexlts when a large target is 
used unless the design proton beam size on the target 
cannot he achieved. 

Rate !Icasurcmcnts 

Channel rate measurements have been made for tar- 
,:ct-to-r:ed~c magnifications in the Y-plane ranging from 
- 11.2 to -2.5 :md from 0.5 to 7.5. I’hc entrance trip- 
Ict settings .lrc taken from ‘I’il.\?;Si’OKl’ solutions for 
r:lch !n;ii:ni Fication with point-to-point imaging in both 
l)ldncs from target to wcdi;c. The rk kcdgc was in place, 

and Q&Q8 were set to the design tune when rates were 
measured with a scintillator at the end of the channel. 
The channel rate increases with increasing magnificatio 
magnitude, reaching about equal maxima at -2.0 and t2.0 
X-magnification. Resolution optimization for a given 
magnification was found to require lower entrance trip- 
let settings and consequently produced lower rates. 

The rate at the end of the channel for Run 351 is 
1.3 x lo6 T-/S per 1-1.4 of protons on a 5 cm carbon targe 
with density 1.9. This rate is 75% of the maxima found 
above. We measured 20% of the beam to be muons and 
electrons, and this correction has been applied. The 
proton beam was monitored with a scintillation detector 
operated in a current (rather than pulse counting) mode 
The detector was positioned at the end of a hole in the 
shielding, viewing the target at 1100. The proton 
beam intensity was reduced by a factor of approximately 
200 by use of a collimating beam stop upstream in order 
to reduce the proton current to an acceptable 0.2 uA 
peak. This situation made the calibration of the protor 
beam uncertain to t 25%. 
351 is 1 x 10e6 -~-/S-PA. 

The rate prediction for Run 

Fig. 12. Run 321, scale + lo%, center 171 MeV/c. Cal- 
culated 6 spectrum out of simulated Be wedge. 

Fig. 13. Run 321, scale + ZO%, center 190 ?leV/c. Mo- 
mentum spectrum accepted into the simulated 
Be ibcdgc. 
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Fig. 14. Rm 355, scale 2 105, center 171 MeV/c. Cal 
culated 15 spectrum out of simulated Be wedge 

‘ig. 15. Run 335, scale f 20%, center 190 MeV/c. ‘fo- 
mentum spectrum accepted into the simulated 
Be wedge. 
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