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1. 	 Introduction 

Recent results of several neutrino experiments provide strong 
1evidence for the existence of a weak neutral current. "Vlhile the 

existence of such currents has always been of interest in the 

phenomenology of weak interactions, recent progress in gauge theories 

suggests that neutral currents may provide an essentia.L link in the 

unification of weak and electromagnetic interactions. One is then 

led to consider the form of the weak neutral current and its relation 

to the electromagnetic current. Perhaps the most fundamental measure 

of this relation is the interference between a one photon exchange and 

a weak neutral current as illustrated in the following Feynman diagrams 

for deep inelastic u-nucleon scattering. 

+  

I 

The EM coupling dominates because of the large value of (l as compared 

with the Fermi constant G. The kinematics are different in that the 

EM amplitude has the typical 	1:. photon propagator dependence while the 
QCn 

weak propagator behaves like 1 2 which is independent of Q2 astl + M 
z 2 

long as Q2 « Mf. Thus at large values of Q , the importance ot' the z 

weak term grows in comparison to the EM term. Indeed. the interference 

term becomes significant for Q2 100 (GeV!c)2. a value obtainable at NAL. 

The effect of the weak has been considered by several authors2 •3 •4. 

Since the EM term depends on the charge,and the weak term depends on 
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the the interference is characterized by an in the 

scattering of muons of different sign and/or helicity. The scale for 

such an asymmetry is set by the ratio of the coupling constants; 

R = ---"' .......... = 0.018 ( 
Q.2 

2 J 
100 (GeV/c) 

The details involve choices for: 

a) form of weak current j ::: *ru(gv - gAY5)W 

(namely a choice for gv' gA) 

b) a model for calculating the nucleon structure functions 

(usually a model) 

Sorne of the mor,e interesting asymmetries can be listed in a notation 

where the labels the muon charge and the subscript the 

helidty. 
+ 

- ° Unpolarized muons ° + = gA oR 
+ Ci° 

+ 
OR - (JL 

Forward muons + = (gA - gV)OR - +OR °L 
- + 

° L - (JR 
Backward muons - + (gA +  ::: 

(JT, + ° R 
-

°L - OR 
::: :::Helidty flip (g 0' + gvO)R- - A + + 

°L + OR OR + °L 

where 0' depend only on the nucleon structure functions. 

Since the NAL muon beams are produced from n-decay. the helicity 

is a direct function of the ratio E IE. Typically, whenU n 
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E Iii' 1 + unnatural helidty11 I .c.'1T "" PL 
0.8 unpolariz.ed beamEl/E'lf 

E IE "" 0.6 liR 
+ 

Pl natural helic.ity11' 'If u 

The momentum or the parent pions can be selected by using the triplet 

train load arid the momentum of the muons is selected by the muon trans-

system. Thus, it is possible to measure all four of the above 

asymmetries. 

We note that the first is the average of the second 

and third and therefore carries no new information in itself. Further-

more, the first three asymn:.tetries include a contribution from two-

5exchange. It is that this process will have typically 

2 5 2 a 9..nQ dependence to be contrasted to the Q dependence of the neutral 

current so that in principle it can be separated out. 

The fourth aSyv..illJetry is of interest because it is purely 

parity violating and thus contains no contribution from higher order 

EM ef:fects. }<"'-..rrthermcre, it :ls most sensitive to the detailed form 

of the neutral current. 

We propose to measure the last three asymmetries uEing muons of 

energy E - ITO which give rate in the proposed apparatus
tJ 

up to Q2 100 (GeV!c)2. In all. there are 4 different measureIllents 
+ - + - 10 

( 1t 11 11 ,,) w.i.th R of 5 x 10 muons on t for'R ' ' 
each measurement. 

To estimate the size of these erfects we present numerical va1ues 

for two models of the weak current: 

http:unpolariz.ed
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1. Weinberg model (Berman and Primack3 ) 

21 - 2cos e w 
22sin e 

W· 
e Weinberg anglew  

0' calculated with 4 quark model  

2. V-A model (Derman2 ) 

gA = gv = 1 

0, 8' calculated with 3 quark (Kuti-WeisskoPf6) model 

TABLE I 

Asymmetry Weinberg V-A 

Unpolarized a 
(I 

+- a 
+ + a 

- 1.6% + 1.1% 

Forward 
-OR 
.-

OR 
-

+ 
- °L 

++ aL 
+ 

- 1.9% a 

a - ORLBack.ward - 1.3% + 2.2%- + 
°L + OR 

-ORHelicity aL -
see Fig. 1 + 2.6%flip -

(lL + 0"R 

The numerical results given in Table I are calculated for 

Q2 = 100 (GeV/c)2 and V = V • (The V-dependence has been taken into max 
account in the calculation of the rate; section 3.) For the Weinberg 

2model we used the presently accepted value of sin e = 0.3. The w 
helicity flip asymmetry in the Weinberg model is shown in Fig. I as a 
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function of sin2e. We note that a measurement of the to w 

±0.5% (namely ±l% difference between the respective cross-sections) 
2measures sin e to ±O.l. The prediction of a V-A model differs then w 

by 5 	standard deviations from the Weinberg model for sin2e = 0.3. w 

2. 	 Apparatus and Beam 

We propose to use a modification of the apparatus for expo 98 in 

the Muon Lab. Our measurements require a heavy target, approximately 

5.0 	m of UraniUll17 , which will be instrumented so as to provide: 

(a) 	 A rough measure of the energy 10$s of the incident muon. 

(b) 	 Minimize mul.tiple scattering in the measurement of the scattered 

muon angle. 

The muon is momentum analyzed in the Chicago Cyclotron 

magnet for which we assume pJ. = 2 GeV Ic. Even at half this value the 

momentum resolution is such that the overall uncertainty in Q2 

(dominated by the error in the scattering angle) rE"Jnains less than 10%. 

We can use the detector of expt. 98 or we can provide our own propor-

tional wire chambers which are presently under construction and will 

be completed by the end of the year. The layout of the apparatus is 

shown in Fig. 2. 

The target consists of 40 slabs of 5-inch thick uranium 12 x 12 

inches square in area. Between each slrib a I-inch scintillator is 

used to measure pulse height; an X-Y proportional chamber is placed 

between every fifth slab. Thus. the target serves as a calorimeter 

and permits a crude energy balance on the sum of' the outgoing muon 

energy and the hadronic shower. This is important to reject contamina-

tion of the high Q2 (Wld high v) events from pions which may decay 

before interacting. 
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The instrumented target provides us with the position of the in-

teraction vertex allows the measurement of the scattering angle 

before it becomes dominated by multiple scattering. We find that 

2.4 miliradians for E' = 50 GeV where the .typical scattering angle 

is of the order of e :=: 100 miliradians. Finally, the signal from the 

target is used as part of the trigger in order to select events with 

high \). 'l'he trigger is formed by requiring the disappearance of the 

muon from the beam, the appearance of a scattered muon and the target 

signal. 

The target is followed immediately by an additional 0.5 ill of 

uranium with a beam hole, so as to shield the detection apparatus 

and the trigger from electrons and hadronic showers. This shield also 

provides for the absorption of pions from interactions in the down-

stream end of the target. As usual. scattered muons are required to 

pass through the 2.5 m iron absorber at the end of the apparatus. 

Appropriate veto counters are used (as in expo 98) to protect against 

beam halo triggers. 

The incident beam will be tagged in momentum ruld space by the use 

of the existing proportional chambers. Again the momentum resolution 

is adequate and the chambers can handle the incident beam rate. In 

Fig. 3 we show \)W as obtained in the Brookhaven muon-nucleus experi-2 
ment a 0.5 m copper target. The multiple scattering effects 

were of the same relative magnitude as in our proposed experiment. 
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3. Sensitivity 

The sensitivity of our measurement is limited both from systematic 

and statistical effects. From the point of view of statistics we note 

that for a given bin of Q2 the statistical error on the asymmetry is 

/j.£ = l//N+ + N =11m; . Since NT « 1/Q4 and £ Q2., /j.8ft. is almost 
2 2independent of Q and thus measurements at all values of Q have the 

same statistical weight. We have attempted to reach /j.£ = 0.5% at a 

Q2 100 (GeVfc)2 which implies 40,000 events. Using our target of 
4 2 1110 g/cm and a flux of 10 muons, we have calculated the detected 

events in our spectrometer. Figure 4 shows the statistical error 

(and the asymmetry) as a ftulction of Q2 a.fter taking into account the 

acceptance of the apparatus and the V-dependence of the effect. We 
2have used 200 GeV incident muons and an asyr.unetry of 1.9% at Q = 100 

(2nd entry in Table I). These data would provide a five standard 

deviation effect as contrasted to zero asymmetry. Nrunely a sensitivity 

of the order of 0.5%. 

What is equally important is the elimination of systematic biases. 

These can arise mainly from 

(a) Different characteristics of the incident beams 

(b) Asymmetries in the detection apparatus 

(c) Drifts of the detection efficiency with time. 

As f'ar as point (a) direct sampling of the beam provides 

an exact knowledge of the beam configurations. Since all measurements 

will be made at the same momentum, there is no reason why the beams 

should not be identical. Furthermore, we plan to trigger (on a pre-

scaled basis) on V 0 events, i.e., straight through tracks,to 

--------------_... ...---
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monitor the beam performance. 

As far as (b), we propose to reverse the polarity of the spectrometer 

magne-t periodically. We also note that the long target allows us to 

populate the same region of the detector ....ith low Q2 and high Q2 events. 

One of the intrinsic advantages of this procedure lies in the fact that 
2 at low Q no asymmetry should be present and this can be used to cali-

brate the instrumental effects. 

Finally, as far as (c) is concerned, it is customary to make fre-

quent interchanges in the measurement of the two configurations for 

which the asymmetry is sought. We do not feel that this is eBsential 

in the present case, since low Q2 events can be used to calibrate the 

apparatus efficiency between two measurements. 

Our proposed sequence of measurements is shown in Table II. Given 

the reversal of the spectrometer magnet, the lJ+ and 11 events sample 

the same parts of the apparatus with equal weight and instrumental 

biases are eliminated. In the notation of Table II 

a;(+) -Forward +asymmetry +a;(+) + aR(-) 

Forward 
bias a;(+) 

In a similar manner we define the backward muon asymmetry aB and 

the backward muon bias bE' Finally, the helicity flip asymmetry is 

obtained from the appropriate combination of the above measurements 
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A. 

TA.BLE II 

Forward muons 

Accelerator 

Pions (triplet load) 

Muons 
+ 

l. llL spectrometer 

2. + 
l1L 

":< -
4. -

l1H 

300 GeV 

170 GeV 

170 GeV 

+ .15J x lola 

+ '} 5 x 1010 

B. Backward muons 

Accelerator 

Pions (triplet load) 

Muons 
+5. l1R spectrometer 

+6. l1R 

+ 

400 GeV 

280 GeV 

170 GeV 

t5 x 1010 

7. 10llL 
- + 'i 5- x 10 

8. l1IJ 
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- cr;C+} cr-C-) - cr-(-)L R= +
cr-(+} + cr;(+) cr-(-) + 

= 
L L 

+ + + +cr (+) - cr (+) cr (-) - cr (-)R L R L = ++ + + + cr (+) + cr (+) crR(-) + cr (-)R R L 

and again the bias of the apparatus is determined by subtracting the 

measurements with opposite spectrometer polarity. 

4. Beam and Runnigg Time Requirements 

As indicated in Table II, the beam requirements are lOll muons 

with the accelerator at 300 GeV and lOll muons with the accelerator 

at 400 GeV. Presently the muon flux with the doublet train load is 

of the order of 106/pulse. We estimate that the selection of a pion 

momentum band reduces the rate by a factor of 2 to 2.5. For the 

backward a loss factor of is introduced from the increased 

decay length of the pions; when the muon capture efficiency is taken 

into account. we estimate an overall loss of 2. On the other hand, 

at 400 GeV we expect that the primary beam delivered on the neutrino 

target will be twice that of the 300 GeV operation. Therefore. a 

beam of 4 x 105 muons/pulse seems reasonable for both configurations. 

On that basis the experiment can be completed in 1000 hours of beam 

time. 

5. Conclusions 

The proposed measurement of the interference of the E.M. and 

weak neutral current in muon-nucleus inclusive scattering is feasible 
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with the present NAL muon beam. Of particular interest is a measurement 

of the difference in the cross-section for the same charge but opposite 

helicity of the incident muons. This asymmetry can be measured at the 

level of ±0.5%. 

In order to reach high Q2, advantage is taken of a massive target 

and for backward muons it is necessary to use 400 GeV incident protons. 

Since the asym..'lletry is a function of Q2, it is possible to normalize 

internally the data obtained in the two configurations of the leptons. 

Additional internal checks of the consistency of the data are provided 

for. By triggering on the energy loss in the target it is possible to 

select high V (and thus also high Q2) events. 

An improvement in beam intensity will benefit the experiment but 

this is not essential at the present time. The detection of the scattered 

muon can be performed with the existing apparatus of experiment 98, and 

the instrumented target can be available in approximately six months. 

We feel that the proposed measurement can clarify the ideas of a unified 

weak and EM interaction and should not be delayed unduly. 



------------------------------
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ABSTRACT: We propose that magnetized (but not saturated) iron lenses can 

be used in the :Fennilab's muon beam, increasing its rromentum acceptance

tenfold so that fluxes of the order 5 x 10
-6 

muons/proton can be achieved.

Furthenrore
,
polarized beams with 80% polarization can be achieved at flux 

-7
levels of 2 x 10 muons/proton. The proposed scheme, if successful, will 

use substantially less po�Br than presently.and involves no new eleITBnts 
,J 

except for the iron lenses. These considerations are equally applicable to 

the muon beam designs proposed for the CEfill II accelerator. 
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I • INTRODUCTI Q'\T 

CDNSIDERATIQ~S Q~ 'IEE FER\1II.AB' S 
MI.D.'\T BEA.tvI 

F. Lobkowicz and A. C . .Melissinos 

University of Rochester 

10/21/74 

As part of our proposal (l) #31J and of our interest in ,muon 

physics(2 ) we have examined possibilities for increasing the flux of the 

existing Fermilab muon beam. The beam is shown in Fig. 1 where we label 
. the five legs of the bea.'TI by A-E and 

• the enclosures by 1'il.OO-Nl04. One concludes the following: 

(a) The present momentum bite is very small ~p/p + 1%, being limited 

primarily by the. acceptance of the dipoles at the bend points. This 

achromatism can be overcome by focusing (through one whole betatron wave-

length) from NlOO to NlOl and from Nl02 to Nl04. Momentum bites of 

~p/p = + 10% can then be achieved. 

(b) All of the muons produced in the decay pipe (leg A) can be 

focused onto the aperture of the first bend (NlOO). To see this note that 

since the c.m. momentum of the muon in TI-decay is p = 29. 7 TuieV the maximum 

decay angle for a 150 GeV muon is 
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-3 29.7 X 10 
150 = 0.2 rrrrad 

Thus, if the parent pions are focused onto NlOO, the maximum transverse 

displacerrent of the decay muons at the focal point is 

X = ZG !::! 400 x (2 x 10-4)=0.08 m 
max max 

This nntches the horizontal acceptance at NlOO and misses slightly in the 

vertical plane. 

Furthernx:>re, if the pion focusing elanents are close the 

the proton target all muon~ irrespective of their m::xnentum Jwill obey the 

above quasi-focusing condition. One concludes that instead of a "muon-

chrumel" which is useful for low energy muon beams, one needs a "horn" 

type device, albeit of a D.C. variety.* 

(c) In the absence of the D.C. "horn" we explore the possibilities of the 

existing equipment. The drawback here is the achromatism \¼hich results 

fran the large nngnification (of the order of 20) of the source as seen 

at NlOO. For instance ,for 150 GeV central IIDrI1entum and if a symnetric 

triplet is located at 20 m fran the target and since NlOO is at 400 m 

fran the target, a ray produced at 2. 5 rrrr reaches NlOO with the following 

transverse displacements 

p = 135 

p = 150 

p = 165 

X = -7 cm 

x=O 

X = 9 cm 

Thus a !:,.p/p = + 10% in parent pions can be achieved. This is of the 

desired order for a polarized muon beam. For a maximum intensity lilpolarized 

beam !:,.p/p !::! + 25% \\Ould be preferable, and thus the horn is advantageous. 

We also note that in the existing "doublet train-load" the 

angular acceptance in the horizontal plane is limited to < 1 mr so that 

a widermomentum band can be accepted. 

* For instance a superconducting horn may be the answer. 
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(d) All the phase space of muons reaching NlOO must be transported to the 

experiment with a t::.p/p ±_ 10% as rrentioned in (a). This can be easily 

achieved by the iron lens transport system. 

(e) For a polarized muon beam, pions must be eliminated from the beam 

imnediately after NlOO. 

In the following section we discuss the axial current iron 

lens, and review the properties of the roro channel that results. 

Based on these assll!I!Ptions we mak.e estimates of the muon flux and outline 

our plans for the :implementation of this program. 

JI. THE AXIAL CURRENT IRON LENS 

It is well known tlnt an axially symnetric current of unifonn density 

J results in focusing of charged particles rrnving in the direction of the 

current. 

(i) The azimouthal illa£'11etic field is a function of radius 

------
> ----

.-' 

/ 
,/ J 

. ~i) 

. B(r) = µ
0 2 r 

The betatron wavelength is given by 

- pc 
>.. - 2rr 0.3 B 

0 

1 
s 

with >..(cm), pc (MeV), B
0 

(KG/cm) 

therefore 

(iii) Typically, for>..= 628 m and pc= 150 GeV 

B
0 

= 5 gauss/cm 
2 J = 0.08 Amps/nm 

and for a 15 cm radius lens,I = 5600 Amps 

(2.1) 

(2.2) 

(iv) The maximum angular acceptance of the lens for a ray 

starting on axis with slope a~ is 
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ct I = dx I = R 21T 
o dz z = 0 A 

(2·.3) 

I 

where R is the radius. 

1.5 mr. 

For instance for A= 628m and R = 15 cm we obtain a = 
0 

_lL_ For the present purposes we require :\ ~ 150 m which implies 
-=-

an increase in total current of the order of 16 or close to 100 I(Amps. 

This is too high; hov.Bver the magnetic field can be reinforced using iron. 

Q:msider an iron cylinder of radius R which has the axial current I flowing 

through it. The horrogeneous current density J = I/ErrR2) produces an azirrouthal 

field 

B(r) 

with µ 3000. 

( 2.1') 

(i) Now the current densities are very low and the limit is satura-

tion of the field at the outer radius. If we assume 

the satw;-ation ,lalue B(R) = 20 . KGauss, we obtain for a 15 cm radius lens 

B(r) = B
0
r with B

0 
= 1.33 kG/cm 

which is typical of air quadrupoles. 

(ii) The corresponding current through the cy f /"'1d ey /$, 

I= 500 A 
-5 at practically zero voltage (R ~ 1.4 x 10 Q/m). 

(iii) Note that this is an "infinite pole" magnet since it 

focuses in all planes through its axis exactly as an optical lens. 

(iv) The focal length is given by 

with pc 

meters. 

[ f - 3~~:-A (m) I 
(in GeV), B

0 
in (KGauss/cm) and f, A the length of the lens in 

Thus for pc = 150 GeV and A = 1 m we obtain f = 37. 5 m. 

(v) Such a lens is useful only for high energy rr.uons since 

hadrons are absorbed while low energy nruons suffer excessive energy loss. 

For high energy nruons use 

dE/dx 1 GeV/m in steel 



-5-

(vi) Multiple scattering is a problem but the arrangement in 

a continuous channel obviates this to a large extent . Typically, for a 

lens of length A = 0. 50 m, and 150 GeV muons 

g 0.75 nn"ad r.m.s. 
This is well within the angular acceptance of the proposed system. 

(vii) The lenses serve also as a filter for the hadrons in the 

beam. 

III. THE roro CHANNEL 

We consider a lattice of niron lensesn of equal strength 

spaced at a distance 51, from one another. In the thin lens approximation 

the transfer matrix for one element of the lattice (i.e. FO), is 

(

1-£/f £ ') 

-1/f 1 . 
I 

where f is the focal length. The lattice is stable if 

0 <a= £/f < 4 

,vith the acceptance being reasonable only for~< 2. 

If we consider an arbitrary ray which enters the first 

element \vith 

zo - t~] 
0 

its displacement at the exit of the mth element of the lattice is given 

by 

a = a cosm ¢ + m o 

where cos¢= 1 - (a/2) 

4/a)-l 

(2a' f - a) 
0 0 sin m ¢ ( 3.2) 

B. We are more interested in the case where we approximate a -
continuous distribution. Then o, f 00 as 51,f = constant. 
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In this limit o (the system remains stable) eq. 3.2 reads 

' xolci"":' x(m) = x cos rrr:p +(x {ff. - - 2-) sin m ¢ 
0 0 

Further, since m = z/t and¢ +~one obtains 

A continuous distribution has the oscillatory solutioD 

x (z) = x cos (2TTz/\) + (2TTX1 /\)sin (2TTz/\) 
0 . 0 

( 3.2') 

( 3.2") 

Comparing the two equations 3.2' and 3.2" we see that in the limit o 

the FOF$ channel has a betatron wavelength given by 

\ \/2TT = fif { (3. 3) 
E.:o We now estimate the arrount of steel required to perf onn 

one complete betatron oscillation in a beam of length L. Let the n_umber of 

lenses be N. Then 

i = L/N with \ = L 

Then 

Frr-.n ,4.J'l 9 2 f - pc and llSID0 g B = '-" -"1.' · ..., • - 3B A 
O 2 o 

(2 TT) pc 
L 4 AN= 

1. 33 KG/cm f = : with A the length of each lens 

( 3.4) 
with A,L iu meters, and pc in GeV. 

( i) For instance, four our previous example of L = 628m and 

pc= 150 GeV, the total length of steel is 

AN= 2.4 (m) 

(ii) For the rrore realistic case of L = 150 mas required between 

NlOl and Nl02 we obtain for pc= 150 GeV 

AN= 9.2 (m) 

which is still acceptable. 

(iii) Increasing the steel also increases the acceptance of 

the system. For.\ = L = 150 m eq. 2. 3 yields .an angular acceptance of 
1 2TT ( ) a
0 

= 0.15 150 = 6.28 mr 3.5 

This is adequate to canpensate for multip~e scattering and can transport 
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a substantial phase space, and include the dispersion at a bend point. 

(iv) The rromentum acceptance is good. After one betatron 

oscillation the transverse displacement of the aperture limited 

ray (i.e. the one that reaches maximum excursion) is 

X =1rR dp 
p 

IV. THE PROPOSED BEAi\'.I 

A. 11ax:imum intensity 

The general ideas have been discussed in section 1 and are shown 

in Fig. 1. To surrrnarize we consider an explicit case of 300 GeV incident 

protons and using the triplet load to focus pions of m:xnentum 

p = 150 .:!:_ 15 GBV/c 

onto the NlOO bend. We assurre an acceptance in both horizontal and verti-

cal planes of 

G =2.5mrad max 

and assume the mean production angle to be at G = 0. The integrated pion 

yield is of the order of 
-3 + 2 x 10 TT /proton 

using the standard 30 cm long M, target. 

The decay probability in leg A (400 m) is 

decay-+ 4.fHo 

The bend in NlOO is set for 150 GeV and is followed in leg .S 
by an iron lens lattice which produces one betatron oscillation between 

Nioo and NlOl. In our present design we are using 11 elements approximately 

80 cm long each. This results in a momc::mtum acceptance of the order of 

+ 15% about the central IIDID8ntum. 

The bend at NlOl rennves the dispersion in angle produced by 

the first bend and the beam drifts onto Nl02. Between Nl02 and Nl04 a 

similar lattice is introduced and the beam into the muon lab is again 
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dispersion free. The quadrupoles in enclosures Nl00, Nl0l and Nl03 

can be removed to save power. On the other hand, they could be maintained 

as part of the lattice to reduce multiple scattering and energy loss. The 

filter in Nl02 will be reiroved. 

Since the muon spectrum extends only to 0.43 E the beam 
TT 

transports on the average 1/3 of all muons reaching NlOO. Thus the flux 

is 
-3 -2 -5 (2 x ~0 ) x (4.8 x 10 ) x (1/3) = 3~10 µ/proton 

'Ihis does not account for losses due to multiple scattering 

\vhich however should not exceed a factor of 3. If in addition we include 

a factor of 2 for losses due to the 4-inch 'J'e.rf, CJt aperature presently 

available, we can estimate 
-6 5 x 10 µ/proton 

-5 + In any event
1 
it is reasonable that fluxes of the order of 10 µ/proton 

can be achieved, at a muon roomentum 130 + 20 GeV, without major modifications 

of the beam. Such fluxes (i.e. ~ 108/pulse) are probably above the rate-
handling capabilities of the existing detectors. 

B. Polarized beam 

The forward polarization presents no real problem. We propose 

to keep the muon transport system tuned to the same momentum, which is also 

:in:portant for reducing biases in the detection system. Instead, the inci-

dent energy as well as the pion focus are changed. While this is not 

necessary, if the extraction had a front porch one could measure simul-

taneously both polarizations, by simply ramping the pion focusing train 

load. The proton, pion and muon roomenta for the two configurations are 

indicated below. 
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Forward Backward 

E 300 400 p 

p1T 130-160 210-260 

Pµ 130-150 130-150 

<P> 7CP/o 80% 
+ µ /p -·6 \, ?,_X 10 . Ll/-.d0-7 

The existing doublet train load is not optinrum for momentum 

selection because it requires a limitation on the production angle. (3) 

For a momentum half width at half max. of + 10% the production angle in the 

vertical plane is reduced to+ 0.5 m rad with a loss of flux by a factor 

of 4 from our previous estimate. The momentum band of the pions is 

unaffected and this is also true for the rromentum b.and of the muons. Thus 

we expected µ/p 1.2 x 10-6. 

For the backward decays we have the follow:ing additional 

losses. 

a. Production spectrum (<x> = 0.48) + (<x> = 0.58) 

estimate 1/3 

b. Fraction of accepted muons 3/5 

c. Decay probability 0.58 

Namely µ(backward)/µ(forward) "" 0.12 resulting in a ratio µ +/p 1.4 x 10-7: 

Since we propose to run with approximately 106 muons/pulse the 

forward muon polarization can be further sharpened at the expense of flux. 

In any case the fluxes proposed here will reduce the running time of 

the eA-periment to 250 hours. 
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V. IMPLEMENTATIQ.~ 

Clearly, the preceding analysis depends on whether or not 

an"iron lens" can be successfully constructed in practice. We propose that 

the current into and out of the iron cylinder be fed through a tapered 

copper plug which will be connected to the iron with an indium or similar 

seal. All the lenses in a lattice will be connected in series, the voltage 

drop appearing mainly across the cable. 

The lenses can be equipped with rollers so that they can be 

pushed into the muon beam pipe. This will also permit their rerroval 

when it is desired to use a hadron beam. There may be some difficulty 

if the pipe is out of round but this is not insunrountable. 

As far as alignment of the lenses is concerned, errors in angular 

placement are not very serious since they are of higher order. OJ. the other 

hand if the axis of the lens is displaced fra.11 the beam axis, by a distance 

d>first order effects appear. Again,-.these are not serious as long as 9.,/f « R/d, 

since in this case the beam follows the lattice axis. Namely if the lenses 

. are properly centered in the beam pipe the beam will follow the contour 

of the pipe. 

We are now performing detailed M:::>nte Carlo calculations to deter-

mine the exact effect of multiple scattering and of the existing apertures 

of· the beam. Hmrever, if the iron lenses perform as predicted, our previous 

conclusions are of the correct order of magnitude and must be true. 

To check the performance of the iron lenses we propose that with 

the assistance of the neutrino lab's staff we construct one such element. 

Che can envisage measuring the magnetic field inside the lens by making 

small radial slots perpendicular to the field l:in es and inserting a hall 

probe. This procedure, (even though widely used in textbooks) is 

probably of marginal value. We feel that the best way to test the perfor-

mance of the lens is to use muons and measure the focal properties of the lens. 
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We can perform such a test during the next running periof of the. muons 

beam in January. We would install the lens behind the apparatus of E-98 

in the muon lab and use proportional chambers to measure the direction of 

the muons before and after the lens. This should definitively settle 

whether the proposed scheme works or not. 
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ABSTRACT: 

l 
CONSIDERATIONS ON THE FERMILAB 1S 

MUON BEAM 

F. Lobkowicz and A. C. Melissinos 

University of Rochester 

(Updated 12/11/74) 

We propose that magnetized (but not saturated) iron lenses can 

be used in the Fermilab 1 s muon beam, increasing its momentum acceptance 

tenfold so that fluxes of the order 5 x ,o-6 muons/proton can be 

achieved. Furthermore, polarized beams with 80% polarization can be 

achieved at flux levels of 2 x 10-? muons/proton. We propose that 

a 1-ft. diameter pipe containing the iron lenses be laid between en-

closures NlOO and Nl04. The new beam will be able to transport 250 

GeV muons and use substantially less power than the existing beam. 

'! 
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l. Introduction 

As part of our proposal(l) #314 and of our interest in muon physics( 2) 

we have examined possibilities for increasing the flux of the Fermilab's 

muon beam. 

(a) The present limitation in muon flux is associated with the 

very small momentum acceptance, ~p/p = ±1%, of the transport system 

from the end of the decay region to the muon lab. In our proposed 

scheme the momentum acceptance is increased tenfold to ~p/p = ±10%. 

(b) We note that all of the muons produced in the decay pipe can 

be focused onto the aperture of the first bend at NlOO. Since the 

c.m. momentum of the muon in ~-decay is p = 29.7 MeV the maximum decay 

angle for a 150 GeV muon is 

-3 
e = 29 ·7 x lO = 0.2 mrad max 150 

Thus, if the parent pions are focused onto NlOO, the maximum transverse 

displacement of the decay muons at the focal point is 

xmax = zemax 400 x (2 x ,o-4) = ±0.08 m 

This matches the horizontal acceptance at NlOO and misses slightly in 

the vertical plane. 

Furthermore, if the pion focusing elements are close to the proton 

target all muons, irrespective of their momentum, will obey the above 

quasi-focusing condition. One concludes that instead of a 11muon-channel 11 

. ! 

which is useful for low energy muon beams, one needs a 11 horn 11 type 

device, albeit of a D.C. variety.* 

* For instance a superconducting horn may be the answer . 
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(c) In the absence of the D.C. 11 horn 11 we explore the possibilities , 

of the existing equipment. The drawback here is the achromatism which 

results from the large magnification (of the order of 20) of the source 

as seen at Nl00. For instance, for 150 GeV central momentum and if .a 

symmetric triplet is located at 20 m from the targe-t and since NlO0 is 

at 400 m from the target, a ray produced at 2.5 mr reaches Nl00 with the 

following transverse displacements 

p = 135 

p = 150 

p = 165 

x = -7 cm 

X = .0 

x = 9 cm 

Thus a 6p/p = ±10% in parent pions can be achieved. This is of the de-

~ired order for a polarized muon beam. For a maximum intensity un-

polarized beam 6p/p ±25% would be preferable, and thus the horn i~ 

advantageous. 

We also note that in the existing 11 doublet train-load 11 the angular 

acceptance in the horizontal plane is limited to <l mr so that a wider 

momentum band can be accepted. 

(d) All the phase space of muons reaching Nl00 must be transported 

to the experiment with a 6p/p ±10% as mentioned in (a) above. This 

can be easily achieved by the iron lens transport system. 

(e) For a polarized muon beam, pions must be eliminated from the 

beam immediately after N100. 

In the following section we discuss the axial current iron lens, 

and review the properties of the F0F0 channel that results. Based on 

these assumptions we make estimates of the muon flux. 
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2. The Axial Current Lens 

(a) It is well known that an axially symmetric current of uniform 

density J results in focusing of charged particles moving in the direction 

of the current. The azimuthal magnetic field is a function of radius 

(2. l} . 

the betatron wavelength is given by 

, = 2 I pc 
/\ 1r 0.3 B 

. 0 
(2.2) 

with ;>..(cm), pc (MeV), B
0 

(kG/cm). The angular acceptance of the system 
I is given by ±x
0 

where 

(2.3) 

with R the radius in cm. Typically for :\ 450 m, and R = 15 cm, the 

required current is I= 10 kA, and x~ = 2 mrad. 

(b) For practical purposes and for the special case of transporting 

muons one can consider reinforcing the magnetic field by using iron. 

Consider then an iron cylinder or radius R with the axial current I 

flowing through it. If we assume for the moment that Bis strictly 

proportional to H, then B = B
0
r as in (a) above. Namely, we obtain a 

lens which focuses simultaneously in all planes. We call this device 

a "pinch" magnet, and its focal length is 

(2.4) 
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with fin meters, pc in GeV, B
0 

in kG/cm and A the length of the lens 

in meters. 

To achieve the linearity of B with H various approaches can be used. 

The simplest is to feed the current close to the periphery of the lens 

and consider the i nt~gra l of f Bdz _along the l eng.t~ ~f the lens, as a . 

fu'n.ction of tlie radial position. We ha've"modeled 'this 'current feed for 

a lens made of cold rolled steel for the magnetization curve shown in 

Fig. l. For R = 15 cm and A= 15 cm we obtain for the average field 

<B> = (fBdz)/A the curves shown in Fig. 2. Namely for a current 

I= 5000 Amps gradients of the order of B
0 

= l.l kG/cm can be achieved. 

We note that the power requirements are small since the current flows 

at practically zero voltage. 

The use of iron restricts the use of this type of lens to muons. 

It introduces energy loss, which for 150 GeV muons in steel we take 

as 24 MeV/cm. It also introduces multiple scattering which must be 

compensated for. However, the lenses serve also as a filter for the 

hadrons in the muon beam. 

3. The FOFO Channel 

(a') We consider a lattice of 11 iron l.enses 11 of equal strength 

spaced at a distance 1 from one another. In the thin lens approximation 

the transfer matrix for one element of the lattice (i.e. FO), is 

(
l-2/f 1

1

) 

-1 /f 

where f is the focal length. The lattice is stable if 

0 <a= 1/f < 4 

with the acceptance being reasonable only for a< 2. 

( 3. l ) 
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If we consider an arbitrary ray which enters the first element with 

z =Ia9J o a0 

its displacement at the exit of the mth element of the lattice is given by 

(2a' f - a) 
am= a

0 
cosmcp+ 0 0 sin m¢ 

- 1 
(3.2) 

where cos¢= 1 - (a/2). 

(b) We are more interested in the case where we approximate a 

continuous distribution. Then 2 + o, f + 00 as if= constant. In this 

limit a+ o (the system remains stable) Eq. 3.2 reads 

x(m) = x
0 

cos mcp+ (x~ I.fr - x0f) sin m ¢ (3.2 1
) 

Further, since m = z/2 and¢+ la one obtains 

m¢ = z/Af 

A continuous distribution has the oscillatory solution 

(3.2 11
) 

Comparing the two equations 3.2 1 and 3.3 11 we see that in the limit 

a+ o the FOFO channel has a betatron wavelength given by 

(3.3) 

(c) Consider then the requirements for performing one complete 

betatron oscillation in a beam of length L. Let the number of lenses 

be N so that 

i = L/N and A= L 

The total length of steel required is 
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_ _ pc L _ _2£._ 1 L _ 4'IT2 
AN - 3B f N - 3B lf - 3B 2 - -3B ~Lc (3. 4) 

o o o (L/2'IT) o 

where we used Eqs. (2.4), (3.3) and the condition A= L. Typically for 

L = 450 m, B
0 

= 1.1 kG/cm and pc= 150 GeV, Eq. (3.4) gives AN= 4 m. 

Namely an energy loss of 10 GeV and an r.m.s. multiple scattering angle . . . 
. . 

of erm~ = l.5··mrad (assuming all the steel wa·s lumped in one section). 

This is within the acceptance of the system and comparable to the angular 

dispersion of the original beam. 

4. Proposed Beam Design 

(a) Maximum intensity: Let us consider the case of 300 GeV 

incident protons and use the triplet to focus pions of momentum 

p = 150 ± 15 GeV/c 

onto the NlOO bend. Assume acceptance in both horizontal and vertical 

planes of 

emax = ± 2.5 mrad 

at a mean production angle e = 0. Using the 30 cm long Al target we 

estimate 2 x 10-3 'IT+/proton and the probability for decay before reaching 

NlOO is 4.8%. 

If the muon transport accepts ~P = ±10% and since the muon spectrum 

extends only to 0~43 E , approximately 1/4 of all the muons reaching 'IT 
NlOO will be captured. Namely 

µ+/proton~ 2 x 10-5 

'I 

We must now consider the transport of the muons to the experimental 

area. For this we propose that a standard 1 ft. diameter pipe be laid 

from NlOO to Nl04, as shown in Fig. 3. This will permit the use of 

NlOO and Nl04 for the bending magnets which now provide a reduced bend 

of 20 mrad. Thus, muons up to 225 GeV/c can be transported without 
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modification of the present system. 

In this pipe we propose to install 22 pinch magnets 18 cm long 

each, which provides for one complete betatron oscillation. We have 

investigated the effect of multiple scattering and estimate the 

efficiency of the transport to be 61%. into th_e 4 x 4 ape,rture .of the 

existing benders at Nl04. In Fig. 4 we show the beam profile as cal-

culated for a similar system which has been focused through one betatron 

oscillation but with L = 150 m and AN= 8.8 m. The angular dispersion 

at the entrance of the system was taken as ±1 mrad and the spot size 

±0.5-inches. The first bend was 30 mrad (instead of the proposed 20 mr). 

In Fig. 5 we show the resulting momentum spectrum under the above 

conditions. 

In our previous estimate of the muon flux we did not account for 

the 4 x 4 aperture of the benders at NlOO and we include for this a 

factor of 2 in addition to the transport efficiency. Namely one ob-

tains at the target 

+ -6 µ/proton= 5 x 10 

for muon momenta of 140 ± 15 GeV/c. 

(b) Polarized beam: The forward polarization presents no real 

problem. We propose to keep the muon transport system tuned to the 

same momentum, which is also important for reducing biases in the 

detection system. Instead, the incident energy as well as the pion 

focus are changed. While this is not necessary, if the extraction had 

a front porch one c'oul d measure simultaneously both polarizations, by 

simply ramping the pion focusing train load. The proton, pion and 

muon momenta for the two configurations are indicated below. 
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Forward Backward 

Ep 300 400 

p7f 130-160 210-260 

Pµ 130-150 130-150 

<p> 70% 80% 
+ µ /p l .2x10-6 l .4xl0-? 

The existing doublet train load is not optimum for momentum selection 

because it requires a limitation on the production angle. (3) For a 

momentum half width at half max. of ±10% the production angle in the 

vertical plane is reduced to ±0. 5 mrad with a lass of flux by a factor 

of 4 from our previous estimate. The momentum band of the pions is 

unaffected and this is also true for the momentum band of the muons. 
/ -6 

Thus we expect µ/p 1.2 x 10 . 

For the backward decays we have the following additional losses. 

a. Production spectrum (<x> = 0.48) + (<x> = 0.58) 

estimate 1/3 

b. Fraction of accepted muons 3/5 

c. Decay probability 0.58 

Namely µ(backward)/µ(forward) 0.12 resulting in a ratio µ+/p l .4 x 10-7. 

Since we propose to run with approximately 106 muons/pulse the 

forward muon polarization can be further sharpened at the expense of 

flux. In any case the fluxes proposed here will reduce the running 

time of the experiment to 250 hours. 
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5. Present Status 

We are continuing model calculations of the proposed muon beam, and 

in particular on the path of the muons lost from the beam, the so called 
11 ha l 0 11

• 

We in-tend to construct a prototype of a ''.Pi nc·h II magnet and check 

its performance by using either the BNL or Fermilab muon beam. This 

seems to be the best way for probing the magnetic field inside the lens. 

Various approaches to the current feed will also be investigated. 

Physically the lenses can be. permanently installed in the new beam 

pipe. Exact alignment is not serious since the angular placement pro-

duces only higher order effects. Displacements of the lens axis are of 

first order but they are compensated by the adiabatic transport 

properties of the FOFO channel. 

Finally, we mention that the placement of the new pipe will make 

it possible to bring both muon and hadron beams to the experimental 

area without any changes in apparatus. 
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