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ON A NEW g-2 EXPERIMENT

R, W, Williams

.*) Note: This report is a revision of an internal group note (RWW) of
8 January 1968 and corrects several errors in that note, The
only new points are the problems raised about electron contamina-
: tion and the eddy currents, and the solution of the digitron
i least-count problem, A different solution to the problem of a
higher precision experiment is considered in the companion
report by Brechna on a superconducting storage ring.

I have benefitted from discussions with many colleagues, particu-
larly E, Picasso and H, Brechna, I am indebted to S, Van Der Meer
for emphasizing the eddy-current problem, and G, von Bochman for
pointing out the random aspect of the least-count problem,
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The Muon Storage Ring Group has been discuesiﬁg for SOme:menfhs'the
problems of mounting a new experiment aimed at an accuracy of 10-20 parts . .
per million in a = Y% (g-2), that is, about, 30 times better than the present
regult and enough to measure the strong-interaction. terms, I present here
a‘rather detailed account of an arrangement which I believe would accomplish
this., The storage ring differs from the one we discussed last summer at
some length, and which T will call model A: radius equal %o present radlus
(250 cm), aperture much larger, n-value about twice as large. Instead model
B would have‘afBOOﬁém-rédius, a relative sperture smaller in the radial and
larger in the verticsl diféction, and an n-value only a little larger’ tha#i™
at present. Both refer to an iron-magnet ‘with pions brought in from an -
external target, but I have tried to indicate a spécific practical method .
for getﬁing'the'pions in., Since many decisions in such a design are inter-
dependent, I thought it worthwhile to try to present a more or less complete
eeheme- it should at least stir up controversy, end anyway we need concrete
models with which to compare the superconductlng-rlng deslgn Wthh is under

study.

_ The main challenge to a new. de31én lies in the systematlc tpngles of
the present experiment: (i) the average-radius determination is not, good
enough,.ﬁlg_there appear- to be unexplained losses, extending to at,leaet;

80 Hsec, plus non-rotating and rotating background at early times;(iii) the

-blast of particles-at injection upsets the detection system, and also causes

‘ (par;t of)_ the background (pile-up). Model B overcomes (i) by permitt- a

direct measure -of the rotation time,-before,the bunch of particles has filled
the. ring, (ii) by a combination of more precise field”sheping and a new.
gadget, the "magnetic scraper", éhd~(iii) by an injection scheme which, assures
that most of the particles go where fhey are supposed to. The stetisticel -

accuracy in wg - is obtained by good polarization of the trapped muons, the

doubled llfetlme of the muons, and a 1arge factor in countlng farte,
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MAIN FEATURES (Some details are given in Section 2)

A, Storage rlng

Tron magnet, Bo = 15 kG, radius Ro = 500 cm, aperture full width
= 15 om vertical, h = 10 cm horizontal. Index n = 0.17. Coils on either
side of magnet aperture (to reduce fringing field) with multiple leads

arranged to avoid the azimuthal holes in the present magnet.

B. "Magnetic scraper"

A set of single~turn coils in the magnet'gap (Fig. 1) whiohAaré pulsed
after the injected pions have decayed. A single sine wave, of period -
2 usec, giving a peak field B . = 30 gauss, Br 6 gauss in the vacuum cham-
ber, will adlabatlcally dlsplace the equilibrium orbits #1 cm horlzontally »
and *1 em vertically. The trapped muons which remain do not come closer to.

the walls than about 1 cm in their subseouent beuatron 0301llatLons.
C,., Losses

" The magnetic scraper is supposed to establish a permanéntly trépped muon
sample, well inside the physical vacuum chamber walls and therefore not sub-
ject to slow "scraping" losses we have discussed with the present ring, The
building-up of oscillation amplitude due to field imperfections does not, at
first, lead to any loss. In-addition the field in the chamber must have a.
very constant gradient, to keep the rate of oscillation growth very low. -
Losses cause error in two ways: (i) the measured mean radius may be different
from the radius appropriate. to the w - determination; (ii) if muon polariza-
tion is a function of (equilibrium) radius, a radially-selective loss will :.
cause a change in phase which falsifies wg—a' For both mechanisms . a legs of
0.5% could cause. errors.of ~ 5 ppm in (g-2). A vacuum of 10™° mm Hg leads

to a loss under 0,1%,

D. Injection
A pion beam is led throﬁgh a simple pulsed inflection system to fﬁg}dafer
edge of the vacuum chamber, where it is released essentially tangentially
(see Fig., 2)., It has 1,004 times the central-orbit momentum, *0,7% and some
of it misses the end of the inflector after the first revolution [because
= (MA/T) x 27R = 1.1 x (27R)]. After 3.3 revolutions what remains of
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it encounters the regular exterior vacuum-chamber wall. The sectlon of . the
vacuuw chambér after the inflector hgs an enlarged outer radius for one-
third of the circumference, Only nuons Wlth,polarlzac¢on greater than O 90
" (less than 25° in centre~of-mass) will have the correct momentum to be.
: trabped this should give an asymmetry twice that of the present experiment,
The trapplng efficiency is improved by the hwuher storage momentum (smaller

my decay angles). Numerical estimates look very encouraging,
#,  Beanm

.- The pion beam designed by Dahl-Jensen for the A-moment experiment is
taken as the startingipoint' 21 GeV/e protons on a small Pt target gave, at
0°, a beam of 1.05 CeV/b 7 which had: angular divergence *0,017 rad horizon-
tal +0,070 rad vertlcal area L x L mm®; (AP/P) *0,7%; and 3 x 107 particles
per pulse (20 bunches) of which about half were electrons and half pions.

The yleld increased with P (at least to 1.2 GeV/b, the highes} they Went)
"and decreased sharply with P (x bé at 10.5 GeV/e), I assume 1 bunch, 21 GeV/c
protons, 2,3 GeV/c pions, and a triple focus with much 1arger area and smal-
ler divergence, I would make a double focus at the momentum sllt (Dahl-
Jensen has horizontal only)wand place there a;slab of U about 2 radiation
lengths thick (10 g ecm™2) to degrade the electrons. As introduced by ‘the -
deflection system this beam is in a general way comparable with the "beam"

Wwe now introduce with the ‘intérnal target,

P, Mean-radius determlnaulon

The main p01nt of the model B deslsn is to permlt a direct mean—radlus
determination by measuring the revolution period before the bunch has begun
to .overlap itself, With a 10 nsec injection pulse width this design has
45 turns, or. 4.7 usec, before overlap., Allow 0.4 usec after injection for
the pion.beam's 3.3 revolutions, 2 usec for the magnetic scraper, and we have
2.3 usec -or 22 turns.-to observe the now-stable muon sample, - The accuracy to
benexpeqted»infﬁhfrqm”an observation of T,.the mean rotation time, is worked
outyiﬁ.thewAppendixuon Fast Rotation Statistics. @
rate (see;below)gwefmould have a fantastic accuracy in T, a few parts per

million, corresponding to less than 1 ppm in (g-2).
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If losses can be controlled as indicated above, the only remaining
serious systematic effect would be the presence of trapped electrons.
Radiation loss causes an electron's equilibrium radius to shrink.1.2 mm per
turn, so some electrons can be trapped after scattering. These will be pre-

~sent during the fast-rotation period, in fact up to 8 usec after injection,
}Their higher velocity (by 0.1%) is not significant, but they will in general
have a different average radius. At first it will be larger than that of
the muons, by an amount which could be one or two centimetres. If there is
a fraction f of the trapped sample which has mean radius differing by AR from
the rest, the resultant error is fAR. With AR = 2 cm, an electron contamina-

“tion. of 1% causes an error of 0,2 mm, or 7 ppm in (g-2).

_ The incidéht pion béam_will be partially cleared of eléctpons (Section
E). The electron contamination can be measured (at small‘intensity) by a
gas Gerenkov counter, The success of the present experiment in removing a
very large electron contamination with suitable scrapers suggests that f can
be made very small,

G “;Detectors

No- basic change is contemplated. The energy resolution will be better
at double the energy, which helps the asymmetry, The resolvingifiﬁe'dﬁrve
needs a standard deviation not greater than 2 nsec, assuming thé injection
pulse has S,D. of ~ 3 nsec, To help achieve this we should separate timing
and energy discrimination, using last-dynode pulses for energy measurement.

Detectors would be placed around the entire circumference.

H.. Electronics and data handling

The digitron principle is retained. We now need a fine-scale digitron
for the fast rotation analysis for the first 5 usec, and a coarse-scale |
(100 mHz) for Wgmsp® The data rate per pulse is supposed to be forty times
the present rate, so a buffer and on-line data processing systenm will be essen-
tigl, Since the data comes in rather slowly (mean life 46 useé)’ifbis pro-
bably most convenient to have two moderate-sized (for examplé’ 100-channel)
digitrons which cen be strobed alternately into the memory of the on-line
computer during data daking; réthér than one gigantic digitronf (HbWeVéf,

integrated-circuit technigues might make it practical to build a large
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dizitron). The cbﬁpU%er would have to accomplish at least part of what our
SORT program does, ' The problem is analogous 0 wire-spark-chamber data sys—

tems, and- should not represent new technology..

I. llagnetic field

For. a given mean radius the existing systeﬁ gives'the mean field to 10 ppn.
One limitation on this system “is the field gradient and consequent line-width

- for a finite sample, Model B will have a smaller field gradient by a factor

R, n
A B 290 0,17
— 323 O 65 .

e

Ry m, ~ 500 " 0.1

" A system similar to’ the present one should therefore work better, Higher sta—
bility of the iron will probably result from the proposed use of a somewhat

smaller field, An improvement of x 2 over present accuracy should be possible.

J. Intensity

Since in model B there is an injected pion beam of well-defined proper-
ties it should be possible to calculate the irgpplné efflClency and polarlza—
tion much more reliably than in the present (1nterna1—turget) system, I
have not done this, Instead I meke a2 direct comparison with the present-sjs—
tem, arguing that both inject pions at the outer edge of the ring, and that
the essential differences can-be guessed at, - I compare therefore Withgthe'ﬂ-
result of Storage 9 , that is, 10° counts later than 20 psec, obtained in a

four-week run. The factors compared to the present ring are as follows:

’i) Beam matchlng into aperture. Dahl- Jensen's area is a litflé.smaller

| than the present (o1d) target size. Instead make vertical focus 4 cm,
ﬁv = 0,007, and horlzontal focus 2 o, ﬁ = 0. 0034. This galns x 10

vertlcally, perhaps helpb horlzontally-m-there are effects both Ways,

say factor f 10,

» ii) Solld—anglermomentum acceptance.,  The factors in QAp/b are.

0.0062  0,0091 0.83
0.00%2 * 0.0150 ~ 0.87

= 0.7 ,
Ve get this twice, once for w7 and once for u, £ = 0,5.
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iii) Trapping efficiency. The wu angle is half as large (f = 2) and the

forward muons are more likely to be tropped., £ =4,

iv) Yield from 21 GeV/c protons is much higher; according to Dahl~-Jensen,
there is a factor 5 at 1 GeV/c. The curves of Jordan (CERN 65-14) sug-
gests less at 2.3 GeV/c, perhaps 2., Take £ = 2,

v) Magnetic scraper discards some intensity, £ = 0,5

vi) Aperture shaepe is very favourable for detecting decay electrons, compared

to present., f = 2,
vii) One bunch instead of three. £ = 0.33.
viii) No particle losses (after magnetic scraper). f = 1.5,

ix) No wrong-momentum 7's (which lead to low polarization in present experi~
ment), f = 0,5,

(At this point the rate in an individual counter is up by a factor 10,)
x) Counters all the way around the ring., f =4, |
xi) New, higher CPS cycling rate, f = 2,
xii) Lopger data~taking period. f =14.
- xiii) Data starts at 3 usec, not 20 usec, f = 2,

‘ The rate per PS pulse is thus up by a factor 40 compared with the
Storage 9 experience. The total number of counts is up by £ = 640, and we

expect a total of 5 x 10° counts.
K.  Accuracy

For Wg_p we have the gpproximate formula derived by Goddard, Which agrees
well with the error found by the FITG2 program: o = V2/(y T, _Aﬁ'r). In Stor-
age 9 we had cw/b = 250 parts per million, ¥odel B has a fa¢tar neariy 2 for
Y. However, the field is lower, 15 kG instead of 17.3 kG, which lowers both
¥ and w, The factor in aw/b is then 4 x (17.3/45)% = 0.67. The factor in
A should be x 2, and in /N, x.25. The error in ow/b is thus '
250 x 0.67 x (1/50) = 3.4 ppm.
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Mean radius from fast rotation: as noted in Section Fwe wait 22 turns
and then count in the next 22, before the bunch overlaps itself, With muon
radial spread ARr.m.s. = 2 cm the bunch has an r.m.s, spréad after 22 turns
of 7.5 x 1072 usec, ¥e therefore use Eq. (A2) (in the Appendix) which gives

1y

where y = < =55 = 2 .,

o ARA
R

For model B,

O 1

D ew—eaes
T_.

- 0,02
v

With about-5 x 10® counts altogether we have 2.4 x-107 in the fast-rotation
observation interval, giving GT/T =4 x 1078, Ve getli from T without dif-
ficulty. The contribution to the error in g-2 is nGT/T = 0,7 ppm. -This is
surely too good, However it appears that if the losses and the backgrounds

are indeed controlled,.i is not a problem.

In Francis Farley's paper "Preliminary error analysis for g-2 experiment",
a number of other error sources are congidered which are significant at this
(:' level., The proton resonant frequency measurements, the ratio of static muon
to proton frequencies, the effect of vertical oscillations, all need much
attention to be brought below 10 ppm.

On paper, at least, it seems to me that the over-all error in g-2, with
model B, can be as low as 10 ppm., This is small enough to constitute a
respectable measurement of the strong-interaction effects (predicted to be
50-100 ppm).

L. GCost
The largest item 1s the big magnet. Part of the cost of a precision

magnet is design and labour, so it does-not simply scale as the cube of the

scale factor. However, the relative aperture is larger vertically, and there
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would be more copper, so that it is probably fair to assume that this would
be about eight times the cost of the ‘existing ring, A rough figure for “the
MSR is’ 200,000 Swiss firancs, -se 1,6 million Swiss francs would be a reason~"" -
able guess, It appears pra actical to use a % I rectifier like the existiﬁgf

ones., A good filter costs 100,000 Swiss francs,

The other large item is the on-line computer, A computer similar to
those now used with wire spark chembers woulu be necessa ry (unless one had

a direct link to the 6600),

SOME DETALLS ON THE ABOVE

A, Storage ring

Conductors around the inner radius of the magnet seem to me essential,
Detectors do not scale up, so the light pipes would be about the present size,
and the fringing field with our existing design would be enormous, esPeCIally
since’ the vertical aperture is now relatively twice as large. Also the fleld

shape would be improved by these 00115, but they raise the power requirement,

Ebr a scaled—up magnet poWer goes up llnearly Wlth the scale factor.

Thus we need relatlvely more copper to keep the power Wlthln'BVg?,_

Modern accelerator construction teohnology can help. For instance, no
vacuum chamber, use the magnet Jaws and mylar "Walls" well away from the stor-

age reglon (see Sectlon B)

How adiabatic is a 2 psec displacement? The increase in amplitude of a .
betatron oscillation of unlucky phase must be small compared to the maximum
amount by whichithe equilibrium orbit is shifted,~ZS. For the worst-case a.:

full-wave shift. causes a growth of approximately

68 /4,08 /5
SIS/sb




where wy is the betatron frequency and ® is the driving frequency, Ve have

w 0,105

“p T x2

80 w/@B = 0,13 .and § = 0,26 Zy for vertical oscillations, and of course’ less
for horizontal, This is acceptable. The horizontal picture is made a little

worse because the outer wall is displaoed outward for ﬂé of the ciréumférence.

One pair of these 51ngle~turn coils has an inductance about 50 uH, and
the currents involved are about 600 A, so this would require a max1mum volt~
age of 95 kV, Perhaps a sawtooth rather than sine wave would sufflce—w-thls
would ‘need 60 kV which is more manageable. Conslderable study will be neces-

sary to see it this 1dea works,

The scraper dlsplacement musf be 1afge enough so that no subsequent com-
bination of oscillations can cause a particle to touch a wall, _This becomes
important if we use the (sloping) magnet jaws as the roof and floor of the

vacuun chamber,
' E&dy currents will be a severe problem, There are two aspects:

(a) During the scraper pulse, surface currents‘are induced in_neighbqur~
ing conductors, and these reduce the field of the scraper coils in %ﬁgwétor—
age region; and change its direction. The skln depth in both iron and copper
is a fraction of a mllllmetre, S0 one has effectlvely image currents behlnd
any large conducting surface. In particular the jaws of thé magnet if not
laminated, will have an effect which can be estimated, Congider the two coils

located in the magnet gap, as shown, =~
- ‘ ,‘ ,
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Their plane has a slope of 1:5 and<they would produce, in the oentre'ofA.J
the vacuum chamber, the reguired Et and Br' The first-order images, shown
dotted, cut down the field about 20% and tilt it about 2°. Other nearby
metal surfaces will have similar effec%s, unless laminated. In particular
the inflector will be very close to the outer coil, and will introduce an
azimufhel bunp im the magnetic scraper field The effect of this on the .

orblts mubt be oon51dered au sone fuoure tlme.

(b) Af er the sordpef pulse is over,»ourren contwnue uo flow 1n the
oonductors because bome flux has penecraued these will cause ‘some field in
the storage reglon. I have not suooeeded in oeutlng a ueeful oaloulatlon
of thlu. Various auteupts show thaL che characterlstlo tlme of decay 1s the
Alength of the scraper pulse, but that the deoaj could be slower than .
exponential, Also, the field is qulue small for the klnd oi‘pulse con51dered,

which has ilme—average Zero

Lam1nar1n5 the pole ClUS may'cause ot hor problems, poselbly 1norea31ng
the time durlng which residual field is present, Aleo, lamination reduces
the field and introduces construction problems, and in any case we have the

inflector channel which cannot be leminated.
'”C.“AFBOSSes
(1)' Lffect on Q ASSume hqt the ooulllbrlum—radlus dl trlbublon 1s
'trlangular (thls is not olltLCel) Witﬂ hull~w1d th MY, A vadial alstanoe

xHW 1s removed 1rom one side, How muon is the shift in mean.radlus p, and

what fraotlon, 7, 1s_1osu? The formulae are Smele. Some numerloal,pesu;ts

i —|

68 /408 /5
SIS /sb




-1 -

are presented in Table 1, including the effect on the error in g-2 in the
present experiment and in model B, The expression evaluated is
(p/) = (3x* - 2x°) /(6 - 3x°).

(i1) Effect of losses on w,_, by progressive phase shift, As in the
above paragraph I am following the thought of Farley's "Preliminary error
analysis" [in this case Section B(iv)] with changes in detail, The polariza-
tion of a sample of particles of spin /o is the incoherent average of their
spin directions, P = <'3'>. A sub-sample of muons with equilibrium radius p
will have some polarization P(p), and if ‘the direction of B(p) changes with
p, then selective elimination of part of the sample, for instance at one edge,

will change the direction of ﬁ, since

P == Z?(w .
j

Of course if ‘?l = 1 we know that all’?(p) are in the same direction and there

ca

is no worry, However, in the present experiment the observed asymmetry A,
which is P times a detection factor, is 0,08 to 0,15 as compared to 0.35 expec~—
ted for P = 1, and 0,30 observed with the horn, Therefore it appears that

P< 0.5 and we may have trouble at the 500 ppm level; we surely have trouble

at the 10 ppm level.

In model B, P has to be high because only those muons thét decay forward
have enough momentum to be trapped. The design criterion suggested is

@O o < 250 which is P individual 2 0.9, so P = 0.95 is reasonable.

Choosing a polar axis in the P direction we see that P = cos & where &
is the polar angle. However, we want to consider the distribution of ?(pj)
as a function of the projected angle ¢, the angle, in the horizontal plane,
between ?(pj) and some reference line. It is ¢ which measures the rotation
of P in the magnetic field, the g-2 precession.

Assume now that the muon spins all lie in the horizontal plane; this will
give the largest possible progressive-phase-shift effect, and it simplifies
the analysis. If we measure ¢ (the projected angle) from the direction of the
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net polarization we then have P :'33§n$. To get an effect we have to assume
that the spin directions are correlated with momentum, or equilibrium radius,
p. A distribution function n(p,p)de dp will then change with time as tﬂe
radiel distribution changes with time; the polarization distribution Pe) =
Jn dp changes with time, éausiné P to changé and giving an error, The
simplest case 1s probably good enough to get an idea: say that part of n is

uncorrelated and the other part perfectly co.related,

1(es0) = £(e)n(p) + &(e)8 (o - kp) .

Let the fraction of the sample which is correlated be €, and let g(e) be a
uniform distribution from -go to ¢o. Then if we lose a fraction F of the
muons, and this loss occurs at one edge of the vacuum chamber, the direction
of polarization of the correlated sample is changed by Fpo/2, The direction

of P, the polarization of the whole sample, is changed by €Fgo /2,

AN

¢

—¢Po ©®o

Ve can estimate ¢o from the observed magnitude of P, since

Do Po
P = /’ cos ¢ do f ¢ = (sin @o) /00 .
e v _

-Po ~Qo
Ebf;_ .
Pa 1, ¢o = /6(1T = F) = 0,55 radizn for 0,95 ,
P = 0.5, 9o = 1,90 radian,
68 /.08 /5
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' The error in 0., caused by a shift A¢ in the direction of P, in time 1,

is Ag/wt., If Fis the fraction lost in one lifetime, T, we have

Aw/w = € Fpo/(2uT) ,

In Table 1 some numerical values are given., For the present experiment we
have direct evidence that P~ 0.5, and fairly good evidence that F~ 0,035
for the interval 20-100 usec (see my note of 18 /42 /67. There is still no
direct proof that the apparent losses are not due to instrumental shifts,
though there are arguments against it, given in my note of f6/ﬁO/€n. A value
F = 0,02 is reasonable in the present experiment. We have no information on
the value of €, it could be anything from 0 to 1, but close to O seems more

likely to me.

D, Injection

The magnetic channel shown in Fig, 2 is a double strip line or rect-
angular coax, 2,5 cm separation, 6 cm high, and 2 metres long. It is curved
with a radius 20% larger than the radius of the vacuum chamber, and meets the
vacuum chamber with zero slope., The fiéld‘insidé, at the peak of the pulse,
is 3 kG, which requires 30 kA, -The 1nduotance is 0,5 uH, and it appears that
a capa01tor bank of 75 kV and 0,5 uF, sultably switched, would make a good
' .5 usec pulse in it., The field in the’ v101n1ty of the chamnel may be several
hundred gauss, probably not serious ‘because it returns to zéro in two or three

turns.:

'Thé’cen%ral momentum of the pion beam is slightly'higher-w;a‘few_tenﬁﬁs
‘of a per cent —- than the central mbméhtum of the storage fing, so the chief
ray makes a complete turn, reaches its maximum outward displacement one-tenth
of a turn beyond the end of the channei, in the enlarged section of the ring,

and flnally meets the wall after three turns. Part of the beam which goes
back toward the channel passes above or below it. This is similar to the
behav1our of the correct—momentum pions from the present target, except that
at present there is no enlarged section, and there is a scraper qpstream from
the target for electrons., In model B the electrons are eliminated by hitting

the wall at the end of the enlarged section. The electrons decrease in radius
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:by 1 2 per Gurn.' To - make'sﬁre they all hit after 3 ﬁurns;'the channel
wall must be at least 3,6 mn from the radius which representg the noimal

outer wall of the vacuum chamber,
Muons are injected by mu decay as in the present ring, but the trapping

e

of forward muons is much Dbetter because the wy angle 1s smdller and, Lhe

vertlcal aperture is larger,

(Note that in any such injection mechanism other than true trapping of

the pions a higher field leads to.a smaller decay fraction, so that the .

,apquraoy;inawg_é‘improves as B'*® rather then B?,)

“ The field in the channel does not affect the pions much, so it does not
have to be shut off in one turn.
The fact that this simple injecticn scheme resembles the presenf me thod
in some respects is an advantage in that intensities can be compared rather

directly.

- B, Beam

| FTom Dahl~Jensen's 4 X 4 mm? and O 070 % O 017 ST We can get 4 x 2 om®
and 0,007 x 0.003k sr. This matches Lhe rlﬂg well (and also gets down the
magnetic channel), = The momen tum blte, + 0 7p; is too large %o allow a large
fraction of che bedm to enJoy two or three Lurna, since the ring has * 0 85%

aﬁd only momenca greater Lh 2 the concrul rln momentum can be ouasl—trapped

Startlng Wlth Dahl Jenocn s 3 x 107 parclclos I inject (one bunoh and

L
4

R RPN A
v eleu l

0° p_Lon.S. This must be far better for the counter sys-

tem than 10’

many (halfQ) of the countu at 1n3eou10n tlme are me net sen51tlve. However,

=) O .
5) 0 X
1

protons, althouén the 1mprovenent fa0uor is not 10° because

even if we assume ‘that 2 1nble ‘counter is hit by 10° pions simultaneously,
"and each pion makes 10 photoeleccrons on the average, the photo-cathode will
not dlscharge- 1f its CapaC;Lj is 5 pF its potential would change by 30 mV,
It seems very unllkely that hlS could cause trouble. Furthermore, the
1nJer10n dynamlcs is arranged so that most of the pions that do not decay
hlt the outs1de of the vacuum channels, -The unstored muons mostly hit the

counters but xhey'make very small counts.
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F;‘ Mean radius determination

A clean signal after 2,5 pusec is essential for this measurement. If there
are background counts between the maxima we should put scintillators in front

of the energy-sensitive counters and demand coincidence,

‘ The dlgltron least count is 5 nsec which must be compared with the
accuracy of 0.0004 nsec olalmed above for T. These flgures are in fact nearly
compatible, because the digitron phase is random with respect to the arrlval
of the proton bunch at the storage ring, which is the reference for the timing
of the deoay electrons For each PS pulse the proton bunch deslgnates a certaln
cycle of the CW 200 MHz oscillator as zero. Let us calculate che spread Wthh

" a least count T int¥oduces into fepeated measurements of a pre01se time inter-
val ;" “16t the time interval be t = ms + §, 05 85 7, For n measurements
the counts will be divided between two bins, with a fraetioﬁ'1 - @)@)in’bin‘m

and 8§/7 in bin m + 1, The estimate of F is

—,1 . 5\ 5 p R
F-—n[K1~‘%fmT+7ﬂ&m-F1>i] = mTl.i_f'i

As expected, this is unbiased. Its standard deviation follows from the flue—
tuation of the number of counts in either bin, which is given by the binomial-

distribution formula as

5
Any = /(’l -
AL\ T)

The standara deviation in F is thus

o = f(T = 8)
r n

Assume now that the n intervals t are measurements of a mean time ta
which itself has g distribution with standard deviation o, (as discussed in
the Appendix). Then in the limit o, >> T, the least~count effect contributes

an uncorrelated variance < §(r - §) > to each observation. Since 8> =1/
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APPENDIX *)

STATISTICS OF FAST-ROTATION ANALYSIS

1. | BARLY TIMES, BLFORE THE DIQTRIBUEION
BFGINS ™0 OVERLAP ITSELF '

While the muon bunch is still ‘distinct we observe it v timég;*’

to ta

say v epochs, At‘each epochAWé expect n counts (n is assumed constant), and
we find the average time of those counts, ta for the ath epoch, We want the
- mean period T, Also we do not kmow the injection time to. (Actually we want
ﬁ,'and to go from T +to R we need the distribution, since the velocity'depénds
slightly on R, But this is a very small effect and could be estimated with
any reasonable‘aistribution.) Since the expected time at the a epoch is aT,

we must minimize (o does not have to start at 1):
v - 2
o = ;{: (aT 'vﬁa + tq) v

0_2

(ch-—t +t)

@

n

o

[0}

|—|

<

o

0

[\V/A

N
H
]
Q
o+
+
]
o
—”

i

o

L ]

#) Revision of note of 19,11,67.
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There are two contributions to ca:
i) The injection pulse width, of standard deviation oo,

ii) The spreading due to the momentum dlotrlbutlon. This grows Wlth.tlme.
If the standard deviation in equilibrium radius is AR, then this is
(ARR)t or, say, oo with 7, =T (ARR). Thus aaz = (0,% + @ o 2) /n.

Solve the two equations to get

S G- BE/A o ALy of)

ata
T AC - B2 >: Z o ?

where

Since we know the error-in + , o , We use propagation of errors to find the
. o’ &

error in T, This is
. A 2N/ a® 2B a«  B% 1
(o} = 2 - 2+-’
T AC - B of Ao’ 4 oFf

which gives finally

iy
T AC - B2 °*
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Similarly,

%o “Al AC - B2 °

We can distinguish two simple cases. Call the epoch when the two. con-

tributions to o, are equal, v, Thus v, =0 /crp. Then at:
(o]
i) very early times v < Vo2 Oy dominates, and we find, using

v
N
o2 2
T3
1

and so on,

_ 2»\/?0'0
T Jvon

But vn is the total number of counts observed',. say N, so

J¢ 2,\/3’
o = = f e A‘l

ii) At later times, Vo < a X v, we ignore oo; the spread is dominated by

o0, . Use integrals to approximate the sums:

14

— 1
v
= x1ln—=— , ete,
o Vo

o=
VC

Then with N = (v =~ vc)n as the observed number of counts,

o z.f,E 1 : ::: (82)
T »\/ﬁ ’ 7 v )
T (in v)? ¢
\[ﬂ (v - 1)? )

68 /4,08 /5
SIS/sb




- D0 .

Numerical remarks

The initial spread oo is compounded of injection pulse width, counter
jitter, counter wistiming, etcs It seems to be equivalent to a square pulse

of 0,01 F'HY, The r..s. spread is perhaps oo - 0.003 usec,

If the momentum dlstrlbuxlon is crlangular with base corresponding to

HW _— cm, AR is 1.6 cnm, and o, = 3.2 X 10 4 pysec, Thus
_.90 _
Vo =5 T 10 .
b

The method works only while the bunches are distinct., This stops after

?%ﬁ <1 _ Buls; width > _ 95 turns

for the present ring and FW = 0,015 usec (31 turns if B = 0).

(a) TFor our present experiment the regime of Eq, (A1) is excluded, since
it takes 14 turns to lose the non-trapped muons and get a stable population,
Suppose we could observe from ¢ = 14 to 28, i,e. v, = 1k, v o= 28, y =2 in
Eqe (£2) (I am assuming 28 instead of 22 to make the numbers simpler, but
it might be true, P¥ might be 0,010 usec), Then

o 1 ‘f

1-3

2l
T T,ﬁ?,\/o.1057

In Storage 9 there were 10° counts starting at 20 usec, which means that at
an early time there Would be W =54 x 104 counts in 14 turno. Thus
T/T =1,2 x 1074, which would be, for n = 0,132, 16 ppm in a!

(b) Implications for new project. It appears that if we could count

distinct bunohes, and if we nad no losoes, the mean—rad;us problem would be
" s6lved to the requlred acou;acy,‘or beuter, since we’ ‘expect more counts.
There would be some technical problems. any shift in the response of the

counting system with digitron time would cause errors,
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If the magnet were really good=- equilibrium orbit circular and flat,
no target, walls uniform-»-theﬁPoPulation would be stable after
lverticalfT ~ 2,8 turns 1n$tead of 14, andu?he (statistical) accuracy for R
would be impraved by a factor about x 1,6 by sterting earlier. O0f course

we need a good magnet to avoid losses.

Fast deflector at late times: suppose we had a deflector which could
remove the population in half the ring, at 20 usec, say. Then we see dis-

tinct bunches for 15 turns and we are always in the regime of Eq. (A1), with

o == T x === = 0,0075 usec .

2 2,/3

Again assuming 10° counts starting at 20 psec, we observe 1.4 x 10* counts =

UT_ T o 2,/3

— = 2,8 x 1074,

T 2x2 x50 % 108 15

" or 36 ppmin a, This is not good enough, but with 50 times as. many counts
it would be., Of course these counts do not contrlbute to wg_z. Also 1t ig
doubtful that one could make such a deflector it must be very fast and also

“its action must be 1ndependent of the radlus of the partlcle. It appears'

more profltable to put “thé technlcal effort into obtalnlng a clean 1n3ect10n

11111

S A
DJ- cUa ULl Ol

If one had an ih%éhse mﬁon beam, one might momentum enalyse it before
injecting into the ring, selecting Ap smaller than the ring acceptance, The
full aperture would be used by betatron 030111at10ns, but with a small Ap

the bunches would stay distinet much longer.

2, OVERLAPPED DISTRIBUTION

In contrast to the preceding case there is no direct way to find T after
the bunch begins to overlap itself, W¥e can see this by trying to find ta as

before, supposing we somehow know what limits to count between,
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1 Find T 2
h in here

We have‘replaced the contributions 1 and 2 by counts from the preceding and
following turns; their average time is in general different from that of 1
and 2, so T is wrong, Typlcally, we would have to know the shape of the
distribution to get the answer.

At Pirst the counting-rate Eggggvere uhdis%urbeafb Tﬁeir:epaeihg'giﬁes
the maximum in the distribution Tm’ which is not what we want-—~ it is related
to the average T by the distribution shape, of course. However, it would at
least be something;‘but as sooh;as either‘the”precedihg'Orxﬁhe following turn
reaches- the maximum point the peak will Be'shifted and the spacing will not
give T . How soon thls is depends on how far from the centre the max1mum is,

Whlch of course we do not know.

‘ ~In other words, it is a very. non-linear problem, we need the answer .to
get the answer,..and: the only hope:is. to use self-consistency: to try. a hypo-
thesis and see if it fits. There is no.way to.get an error formula in such
a case, because the error depends on the shape of the distribution, In fact
I belleve, but cannot prove, the follow1ng. with a finite number of counts,

no procedure can guarantee a statlstlcally good result

g = Nl 1 '
<Restimate = Rirue P + 0 <,\/ﬁ>:l )

for a general distribution. One could always find a disffibﬁtibh which would

trick the program into giving a biased result.
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Faced with this, we should give the program all the help possible
(which is already obvious from the results of some Monte Carlo studies).

That is, make the boundaries coincide with the true boundaries, make the

distribution continuous and going smoothly to zero at the boundaries, make

it be positive and have only a few maxima, etc., The Van der Meer program

does some of these things, but it may be possible to find an improvement,
Monte Carlo checks could tell us how we are doing.

For the new project we need R to a few parts in 10°; to me it seems not

too likely that we could get this out of the overlapped distribution,
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