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GEANT simulation for et detection in the LE-p* setup.at' PSI

A simulation of the poqltlons originating from the LE- ,u+ beam decaymg, in ﬂlght or stopped in the -

: bample (or MCP2 - detector) was pe1f01med in order to study

. the aﬂymmetly for the LE—,u setup for aut pOlELI’lZHthIl Of 100%. Using thlq asymme‘rly the .
absolute LE-u™ polarization can be deteumncd by comparmg with the maximum expeumental o
- asymmetry. -

e the acceptance of the detectors for decay-e™t with MCP?2 or sample mounted. The simulation
will show that there is a decrease of et acceptance of about 35% for the sample mounted on -
the cryostat compared to the MCP2 detector. This is due to the material (Cu) of the sample
holde1 Positrons emitted into the downstream direction have to pass seve1a1 cm of Cu and -

s Lhey are thelefore most plobably absmbed in the Cu. . :
B o:the “pha&;e problem” in the par allel B field experiment (YBCO). The expected phase dlffelence ‘

of 180° between Left and Right detectors was reduced to about 137° (for T > T, measmements)
in the experiment. 'This is wcll repmduce‘d by the simulation and is also due to the mater;al

- of the cryostat. ‘
. e the broad “peak” in the decay spectra at times before the muons are 1mp1anted into the. _
“sample. This peak is more pronounced for the sample cryostat Aga,ln thls is Caused by the ™
larger amount of miaterial in the c1yostat : -

o the change of the @ parameter when the heam spot is off cente1ed (o = NL( )/Ng(0), Whére_
-~ Np R(O) is the numbe1 of events in the LR spectlum at time zero). L

1 used the CbRN GEANT S 21 release for the ‘31111111&121011 of the interaction of the decay pomtronq
- with the material of the LE- -ut setup. The advantage of GEANT is the almost “realistic” treatment
- of particle interactions with matter, including particle decay and generation of secondary particles.

Regarding the decay et it is important to account for the energy loss and angular scattering of

the et when traversing the mateual of the apparatus before reaching the detectors. The smearing -

of the angulai distribution of the e¥ yields a decrease of the observable deca,y asymmetry. Also,

- ‘a non-zero energy deposition in the detectors has to be requued in order to “see” the et in the
- detectors. GEANT treats each pa,ltlcle passing a detecto; as a hit but 1t is necessdry to check that -

the paltlcle deposits ener gy in the detector.

The generation of secondary. partlcles due to detay et is Caused by thL 'y pmductlon by B1ems—

' ':\'strahluug or annihilation in-flight. Thege 4 ’s may generate e e pairs Whlch also may hit the



detectors. So, one can play with the start parameters of the similation (generatioﬁ of secondary
particles or not, lower cut energies Fj,,, for the particles: if £ < Fj,, particle stops) and look for
the effects on the total number of detected et and the decay asymmetry. I will show the results for

- . eonlye generétion with Eiw = 100 keV..

. genelatlon of v, e” et pairs allowed with Fj,,, = 100 keV fo1 all kinds of particles. For
Fiow > 100 keV the acceptances for e are between the options ‘secondary pa,rtlcleq with
Bz = 100 keV’ and ‘only et with Ejo, = 100 keV’.

‘Late1 we will see that the detection efﬁciency for 4 ’s is negligible since the energy deposited in the
scmtllla,tors is lower than 100 keV : :

- The Monte-Carlo S1mulat10n program GEANT LEMSR. FOR is located on the PSI Open‘/MS c]u—
ster in the directory DISK_142_SRCO:[PROKSCHA MC. SRC]. Compile and link the program with
- the DCL procedure GEANT_LEMSR_BLD.COM in the same directory. The steering of the program
. call be'done 1nte1act1vely after staltmg the program or by. using an input file (GEANT.LEMSRINPUT
n {PROKSCHA.MC.INP]) which can be read by the program. When using the graphical output
optlon the detector with particle tracks is shown as well as the GEANT HITS data bank for each -
- detector. For large numbers of particles to be thrown a DCL routine for running in-batch mode is
available (GEANT_LEMSR_BATCH.COM in [PROKSCHA.MC.COM]). The maximum CPU time
for 500 k events is about 20 min on the cluster (PSICLO or PSICL1). The output data are written
" to N_tuples which have a mihimum size of 37 Mb for 500 k events. The number of Ntuple variables
* is selectable in the input file or interactively. The single decay spectra. are obtained by au_p-plying
several cuts to the Ntuple data using the PAW analysis program. A PAW macro doing the job is
available (in directory [PROKSCHA. PAWJ the KUMAC’s GEANT.DOHIST, GEANT_DOHIST?2
and GEANT_ELOSS; the first two macros are. for filling of decay spectra and getiing the total
© . acceptance of the detectors, the last one. plots the energy losses of the particles in the detectcns)
- To compile, link and run the program the logicals mec$sre; mc$out, mcSexe, and mc$inp must be
© . defined: me$src is the source directory for the program code, meSout is the output dnectory, mcSexe-
_contames the EXE file, and the input file i is located in mc$1np :

A dlawmg of the LE—u setup ased in the program is shown in Fig. Ia) and lb) The cryostat
without coldfinger and sample is &umphﬁed by a ¢; = 3-cm-Cu tube with a ¢; = l-cm-vacuum
" cylinder inside for the He. However, the correct .dimension of the inner parts are unknown.  Also,

- the guaId rings of the acceleration stage are not implemented. Figure 2a) and 2b) shows the setup
. with the cryostat substituted by the MCP2 detector. 'I'he reference system Is 111d1cated with z-axis
- parallel to the beam axis. The origin of the reference systcm is in_the center of the “MCP2-vacuum
. tube” the DN160 tube at the end of the beam line. The surface of the sample or the MCP?2 is at
z="14cm, a bit’ downstream w1th LeSpect to the Center of the tube Thele is the poqcalblhty to

T .generate pa1t1cles at

e Y =07, which means in the sample at z = 1.40002 cin, 200 nm deep. This option is used to
- determine eT acceptances, decay asymrmetries a,nd to qtudy the‘ ‘phase problem” in B-parallel .
measurements. : ' ‘ S

e negative z, this is ﬁpstleam of the target. This oi)tion is used to look for the peak in the
decay spectra just before the ut are.implanted. Muons are started at z = -74 cm with .
momenta of 1.62 MeV/c and 1.95 MeV/c, corresponding to ut energies of 12.4 keV and -
18 keV, respectively. Each value of momentum and z can be chosen; hOWever the lowest

" possible energy for particles in GEANT is 10 keV, corresponding to a p momentum of 1.45
MeV/c. Additionally, a. divérgence of the beam can be entered in this case. If a B-field is
apphed it is handled for the p* spin precession as a homogenous heid duung the total path
of the ,LL+ but has no influence on the pt trajectmy ' : S

"The generated beam spot is isotropic wit:_h an diamefer of 2 cm. At the moment, a B—ﬁeid parallel ~
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to y or parallel to z can be applied, but not B, and B, components simultaneously.

GEANT data for e* acceptanoes, decay asymmetries and comparison with
experimental data '

As it was pointed out above the energy deposited in the detectors by v ’s is mainly lower than

1060 keV, see Fig. 3. The e energy loss peaks at about 1 MeV. This is expected for minimum

ionizing particles which have for low Z materials a stopping.power of dE/dz ~ 2MeV/( g/cm?).
 This gives dE = 1 MeV for each scintillator with { = 0.5 cm and p = 1 g/cm?, in agreement with

the simulation.

Now, we will look for acceptances and decay asymmetries for sample and MCPZ mounted rcapec—
tlvely The results are summarized in Tab. 1. ‘ :

'Oo_oh what are all these numbers 7

1. The first column should be clear, it’s the c;E'tup used in the simulation. The bunulatlon is f01 :
500 k e started at the sample or MCP2. - o
2. The second column gives “the seconda,ry pa1t1cle=; used in the simulation and the Iowe1 cub
energy. 1If the energy of the particle is lower than the cut energy the particle stops.
3. Hits> 0: this is the fraction (compared to the 500 k started e"'") of particles traversing the
- detectors. Remember, GEANT counts a Hit although there might be no energy deposited in
~ ~the detectors. For the first four rows this fractloll is close to 90%) du(, to the lalge numbel of '

¥ ’s created in the sample.

' _74.---H1t°=> 0 and dE> 0: now, an energy loss > 0 is required, but '8 are 111c1uded The A s are

fitted asymmetries for a 50 G transversal field. The subscript o(= only) means that there was

“only one hit in one single pair of detectors. The suchupt a(=all) means that there could be
-also another hit in another detector. :

5. Hits> 0,_, dE> 0,7¢t or e : the same as 4. But now, require that a hit conLams at least a
et or e . These are the right numbers assuming that the v’s are not detected.

. in a detector with’ energy deposition in this detector, and thele may be other hlt% in other
detectors but with no'energy deposited (s0, we didn’t detect ths hit).

6. Some experimental data. -Asymmetue% are from Run 1892-1896 (400-nm Au), fitted with
- exponential damping (A = 0.02(4) pis” 1y and cut on the slow ut peak in the M3SI multl - hit
- TOF spectra. The ‘only’ data are obtained by cutting on the I0506 spectrum.

“The e+ are the measured posmon detectlon efﬁcmnme&. Wlth MCP2 mounted )

- The fra,ctions N, /N are the IELHOS of entries in the decay spectra, fo1 the only and all’ cuts.

“ Here, the meaning of the subscript o(=only) is different to that in 4.: there was only one hit - -



Table 1: Smmlated and experimental et eflficiencies and decay asymmetrl(‘s See text for

defalls
Setup particles ~ Hits> 0 Hits> 0 Hits> 0 Experiment
., ' dE> 0 ~dE> 0
et ore”
Run XI et em 93.66% 41.38% . 38.73% :
- cryo Flow = 100 keV | Ne = 76.4% | A, = 29.35(35)% | Al, = 29.00(32)% | AZ*P = 26.37(31
| : N1 = 08.5% | Ao = 28.14(31)% | AL, = 28.90(31)% | AZ = 26.26(29
B 1 ey = 97.1%
Run X1 o P 780.88% T 60.55% 59.00% o+ = 58.1(1.3)
MCP2 | Ejgy =100 keV | 2 = 81.9% | A, = 29.77(28)% | Al, = 29.42(25)% | -
o e S e =989% | A, =29.09(25)% | Al =29.33(25)% |
. 7 ‘ C i;u,;:) = 97. 5%
Run X et e,y 88.24% 65.32% 64.21% €t = 61.7(1.1)°
MCP2 | Elop = 100 keV | = = 83.41% |4, = 29.76(26)% | . - '
WSZ anode | - o 1Ay =2913028% | Aly= 29.33(24)%
Run X1 e T0396% | . 51.89% T49.81% “Possible
 cryo | Ejow =100 keV %—';- =79.3% | A, = 31.29(36)% | A1, = 31.17(28)% Improve'xneni
Al, 1mm ) | Mo = 98.5% | Ay = 30.7027)% | Al, = 31.11(2T)% || - '
He-shield " o R
R XI [ et . 37.08% © 35.30% C oo 3530% | )
cryo | Epw =100 keV | Re = 98.1% | A, = 29.42(33)% | AL, = 29.17(33)% NG = 26.37(31)
| R =99.9% | Al = 29.18(32)% | Al, = 29.18(32)% | Afw = 26.26(29)_
"R XT | e | 593% | 56.47% | 5647% cor = BS.1(L3)"
MCP2. | Ejgy = 100 keV % = 98.35% | A, = 29.61(26)% | Al, = 29.43(26)% - T
- e e = 99.93% | Aq = 29.42(26)% | Ala = 20.42(26)% :
R Mo = 97.5%
N; T ¢
Run X et | 65.55% 62.39% 62.30% || ewr.= 6LT(LD)
MCP2 | Epp =100 keV | £2 = 98.32% |- A, =.29.52(25)% | Al, = = 29.37(25)% R
WSZ anode [~ S A, =29.36(25)% | Al, = 29.36(25)%
TRan X1 | et | 49.45% | 47.07% A% Possible
~eryo. Eppw =100 keV | f=="98.1% | A, = 31.53(28)% | Al, = 31.26(28)"% Improvement
Al lmmi | M 99.9% | Au= 3L23(28)% | Al = 31.23(28)% | |
He-shield o _ : o
no niaterial - - et . 82.16% 80.05% _ 80.06%
only 100k | Eijow = 100 keV |- == A, =263(5)% o
et : * solid angle A, =26305)%




Now, for simplicity, I will focuse only on the 3. column, thus assuming that 7 ’s are not detected.
Then, I skip the data where ‘only e’ are handled in the simulation, since the measured €5 =-
58.1{1.3)% is in some contradiction to the GEANT ¢4 = 56.47%. So, I use only the bold numbers.
However, all conclusion will hold within a relative error-of a few pelcent if one would use alqo the

" 4.column and the ‘only et ’ data. ‘

[ Absolute I polarlzatlon This is obtained by dividing the experimental by the snnula,ted
asymmetueq

P, = 26.37(31)/29.00(32)' = 90.9(1.5)%,

P, = 26.26(29)/28.90(31) = 90.9(1.5)%.
However, there might be a depolarization die to Mu formation at the trigger foil. Assuming
5% Mu formation for 20 keV pt | the fraction of Mu reaching the sample plane should ‘be
" about 3% {this is for RunX geometry by-program MUTRACK]. The g from these Mu atoms
are-out of phase with the dominant p™ fraction and ‘therefore, they can not contribute to the
wiggles. Assuming an equal detection plobablhtv for the Mu atom reaching the ﬁampie plane,
. the 't polarization at the trigger foil is then 90.9/0.97% = 93.7%.

'a Posﬂ:ron detection efficiency for sample compaled to MCP2i m RunXI
grmele jMCP2 = gg, 73/59.00 = 65. 6%

So if we use the experimental eMsz = 58.1(1. 3)%, then the absnlute posﬂ:ron detectlon
efficiency with salnple is only _ '

Esimple — 38, 1(9)% 1 | |
’1he ma,xmlum detected pu* lafce in Run XI was. about 80/s (1nc1ud1ng a fraction of about 10% -
of “fast” gt ). The total LE-p™* rate NS""””’IG at the sample is then :

Nﬁﬂ?’ﬂple = 0.9-80/s - 1/(¢53™" epp) = 72/5/(0.381 - 0.8) = 236/5

. where erp ~ 80% is the tugger detection e‘fﬁ(:lency With a simulated transport efficiency
of 42% we obtain the LE-p+ rate N4 = 5()0/5 at the moderator (Wlth an 1ncommg muon

beatn rate of ~ 1.7 - 107/s. .
The EA{GPQ = 61.7% for the WSZ anode was hlgher than for the new Delay Lme anode due
to additional e+ abcsorptlon in the thick stainless steel anode of the Delay- Lme detector,

e But we can improve it ! - : :
By substituting the Cu sample holder ring “and the two Cu plates (4 mm and 5 mm thlck)

- at the sapphire plate by Al, and by reducing the thickness of the He-shield from 2 mm to .

1 mm, the absorption of e+ can be reduced and the c,1mul:—1tlon predicts also an increase of

- abymmemy ' . '

' Galn in e detection efﬁclency = 49. 81/38 73 = 1. 28

Sample(Al plates) = 49. 0(1 1)%

. Gam 1 asymmetly = 31, 1/29 0 = 1.07.
The detected ,uJ rate Should increase fmm 80 /s to about 100/s.

Some final 1oma,1ks to Lhe strong’ ¢+ absorption in Cu: can it be ? Oh yes, indeed: let’s have a
look on_the radiation length of et in Cu, it is 1.4 cm. ‘What does the radiation length mean ? Tt
is the length where a e losses (1-1/e) = 63% of its energy by radiation processes. These processes

compete with energy loss by ionization and become dominant in Cu for e —energles largel than 20 ‘
MeV (= 590/Z MeV, with Z the nuclear charge). The main fraction of the Michel spectrum has -
higher energies. The e* eniitted in the half-space downstream of the sample have to cross several
radia.tipn‘leng‘ths' before they leave the Cu; so, they are -most probably absorbed. Al is better,
* because its radiation length is 8.9 cm and also the energy of 45 MeV, where radiation processes




-become dominant, is higher;
The Left—Right'phase difference in the B-parallel measurement

In the B-field parallel éxpei‘iment the observed phase difference between L and R spectra was only
137 degree (T > T, runs) instead of 180 degree. This is also due to the Cu in the sample holder.
I'made a simulation without any material which gives an asymmetry of about 27%, wiggles in L
and R: and no nggles in T and B, as expected, see Fig. 4a). The phase difference is 180 degree.
‘With the Run XI cryo setup the phase difference becomes 134 degree and the asymmetry should be
about 31%; a bit higher than 29% for the measurements with B perpendicular to the sample, see
Fig. 4b}). The suprising feature is the occurence of wiggles in the T and B spectra (which we didn’t
have in our experiment). The phases of T and B are the same and the asymmetry is about 15%,
and the phases are shlfted by 90 degree with respect to the initial phase of L, which is 0 degree
without material in ‘the simulation. This is explained by the fact, that, if the spin directs towards
the cryostat-the decay et have more material to cross in order to-reach T or B than for the case
of opposite spin direction. This causes a modulation in the detection efficiency for the T and B
detectors. ' ' ' ' : :

The shape of thél decay spectra before time zero

There is a broad peak observable in the decay spectra just before time zero tg, the average time of -
implantation. Data are shown for Runs 1892 - 1896 (400 nm gold, 20 kV at moderator, sample was
always set to 0 kV) in Fig. 5a) (online cut on slow muon peak in M3S1 multi-hit TOF spectra) and
. in Fig. 5b) without cuts. The peak is well reproduced by the GEANT simulation, Fig. 5c¢), where.
" the p7T started 74 cin upstream of the sample with an energy of 18 keV. At the moment, no energy
“spread is included in the simulation. Similar data are shown for the Runs 1898 - 1902 (15 kV at
the moderator) in Fig. 6a)-c). The data with MCP2 instead of sample are shown in Fig. 7a)-c). '

Qualitatively, the peak is well reproduced by the simulation for the sample and MCP2 data. For
© the MCP2 data there is nearly no peak observable, both in data and simulation. The peak is most

pmnounced for the 20 kV data on sample. And, the peak is located definitely at times before the
pt are implanted.: This is due to the larger acceptance of the downstream - half of the paddles for
decay positrons, if these positrons are emitted just a few cm before the u* hits the sample.. For

- example, at t = tp-10 s the distance of the p* is about 5 cm. -They have at this distance a: ‘ood

‘view’ onto the whole spectrometer and therefore, the detection probability is high. Once they are
implanted, about half of the spectrometer is invisible for the et | causing the decrease of event rate
at 1= to. The rise, starting at channel 950, is due to the increasing solid a,ngle of the spectlometer
when the ,u are a,pploachlng the sample.” ‘

_The sh.{pc of the increasing part of the spectmm is gauqman to good approximation, whlch can be :
.seen when fitting a gaussian to the broad peak, see Figs. 5-7. The experimental data without cut ™
~ have a larger & than the ones with TOF cut. For example, ¢ = 26.2 ns for 20 kV data with cut
[see Fig 5a)] and o = 29.5 ns for data without cut [see Fig. 5b)]. Without cut.there are always
fast pt contributing to the decay. -spectra with a different TOYF distribution, thus giving a broader
TOF distiibution.. This can be also seen when comparing the 15 kV data. (Flg_ 6) with the 20 kV

o data: the 15 kV data have larger-¢’s due to the broader TOF distribution compared to the 20 kV

data, see the M3M2 TOF-spectra shown in Figs. 8c)-8d). The energy bite for-the LEjﬁ after the
- trigger detector is for both casés nearly the same (~ 500 eV) since the 15 keV ut are slower the -

.+ TOT-distribution for a fixed length becomes broader compaled to 20 keV pT (you can check this

- by writing the energy-time relation, you will find At o AL - #%: the longer the TOF ¢ the larger .
- the width At of the TOF distribution for a given energy width AE). The simulated data (mono-
. 'enelgetic 1), for 20 kV give a ¢ = 15.3 ns [see Fig. 5¢)] and o = 20.1 ns for the 15 kV settings [see

Fig. 60)] The pt for the 15 kV setting are slower and: therefore, the solid ‘angle increases slower
When appmachmg the sample yleidlng a smeaung out of the tlme dependent detectm acceptance



fTor the pt decaying in flight.

The experimental ¢’s are inuch larger than the simulated. One explanation is the use of a mono-
energetic beam in the simulation. However, I would expect naively, that the experimentel o can be
calculated by adding quadratically the simulated o and the width of the experimental M3M2-TOF
distribution (this results when folding the simulated data with a gaussian TOF-distribution). But
this does not work: for the 20(15) kV, in order to obtain the experimental o = 26.2(33.5) ns from
the simulated o = 15:3(20.1) ns, one needs a TOF-¢ = v/26.22 — 15.3% = 21 ns, and.26.8 ns for
~ the 15 kV data ! If I fit a gaussian to the total M3M2-TOF %pectla 1nclud1ng the fast p¥ I get
TOF-0 = 9. 6(12.5) ns for 20(15) kV, too low..

The simple fonnula above seems to work not properly: I folded the simulated decay spectra with
different g&ussmns and fitted the folded spectra; to obtain the expeumental o’s T have to use a
gaussian with 0,10 = 16(22) ns for the 20(15) kV data, see Fig. 9. Still too broad... The best thing
to do would be a simulation with the real energy distribution i in the LE-u* beam, but this will take

.. some time to nnplement the changes in the program.

. In Fig. 8a) and- b) decay spectra with TOF cuts in M3S1 and M3M2 are c;hown The cut intervals
“are shown in Fig. 8¢) and d). When cutting on the uT in M3M2 the decay spectrum begins later
(hatched areas) ! This is well reproduced by the simulated spectrum in Fig. 88) The reason is,
“that we now require a hit on the MCP2: ‘a p't decaying in flight upstream of the MCPQ.canndt
produce a hit.in both MCP?2 and scintillators (more precisely: only with a small probability a hit
is possible, if the decay e* hite MCP2, deposits energy and is scatteledk‘rowarc[s the scintillators); .
if & hit in MCP2 is required nearly all pt decaymg in ﬂlght are IE'_]PCtE'd WhICh leads to the start of
the decay spectra at 11np1a,ntat1on time. ' S

The o parar'ne'ter when shifting the beam spot off center
‘For this study -1 uged a smaller beam spot with a diameter of 1 cm, but again homogenously

distributed. A B-field of 50 G was applied parallel to the beam axis and the center of the beam spot .
‘was shifted by 0,1,2,3,5 mm towards the I, detector (this is in x-direction in the simulation). The

simulated spectra were fitted to obtain the number of events at time zero Nz,p{0) for the L and R

spectrum. The results-are shown in Fig. 10, ~where the ordinate just gives o = Np(0)/Ng(0). The
" data points can be fitted by a 5ec0nd order po]ynom s0"s0me extlapolatlon to other shifts than

: ,those used above is p0351b1e
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