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The Transit Factor (TF) is the ratio of the energy gain of a particle crossing a RF cavity to that of a
particle crossing a perfect pillbox cavity with the same length and a uniform fixed maximum gradient.
The first linac of a neutrino factory or muon collider must accelerate a bunch with a very large
momentum spread from ~ 0.2 to 0.9 GeV/c. To design the linac’s longitudinal optics, it is convenient to
have a simple parameterization of the TF, so the results of G4beamline simulations using
precalculated field maps were fit to a simple formula. The TF is defined here as:

TF = ( Eout — Ein ) / (Vmax * Lcell )

For the NF single cell cavity, the length is taken to be 0.744 m, for the NF double cell cavity, it is taken
to be twice that, 1.488 m. For both the maximum gradient is fixed at 23.09 MV/m.!

G(Abeam i ne 2. 08- kbb is the standard release of GAbeam i ne 2. 082 with a modified
pillbox routine that greatly improves the RF timing process; this author hopes that it will be
incorporated into the next release. A standard neutrino factory cryomodule model with an on-axis p*
beam was used to determine the on-crest timing. Here the on-crest timing is defined as the timing that
gives the maximum energy gain. For particles with $<<I, the distinction between finding the timing
from maximum energy gain verses setting the time based on when the particle arrives in the middle of
the cell (as used by earlier GAbeamn i ne versions) can be important.

The 3m cryomodule contains a counterwound solenoid and an single cell RF cavity “RF1”; since all
the particles here are set to be on-axis, the solenoid plays no role in the tracking. The RF1 electric and
magnetic field maps were provided by our colleagues at Imperial College’ and converted into a format
suitable for G4beamline.* Similarly, the 5m cryomodule also contains a solenoid and has a double
cell RF cavity “RF2”. The RF2 electric field map was also provided by our colleagues at Imperial
College; while the magnetic field was estimated from the electric field using t xt 2bl f i el dmap.
Again, by symmetry, the magnetic field plays no role in the on-axis tracking.

Many individual runs were made using momenta from 10 to 1000 MeV/c u'". The reference
particle's output momentum was recorded by a virtual detector at the exit. Each run's results were
placed into their own subdirectory, and the results were placed into a text spreadsheet. Columns added
using 00f f i ce to calculate the input total energy, the output total energy, and the transit factor.

The common gnupl ot 5 program was used to plot and fit the data; a simple, but arbitrary, form was
used to fit the data. The form of the expression has no physics content; it is merely a convenient
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parametrization. Only momenta from 100 MeV/c and greater was used for the fit.

f(paMevie]) = e/ (pin-b)?-c

cavity a b c
RF1 3551.42 +/-11.77 0.803546 +/- 0.186 0.613919 +/- 8.36e-05
RF2 3647.41 +/- 25.57 25.8256 +/- 0.309 0.615225 +/- 0.0002678
2-

Table 1. Fitted TransitFactor coefficients in TF(Pi,)= exp(a/(x-b) c).

The command files are in the appendix.
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Figure 2a,b: Transit factors calculated by G4beamline (red) and fitted (green) for RF1 (a) and RF2 (b).
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Appendix I. Field Maps

The RF1 field maps were 2 text files that were pasted together with the columns in the “x[m]
y[m] z[m] Ex[V/m] Ey[V/m] Ez[V/m] Bx[T] By[T] Bz[T]” order. Thet xt 2bl fi el dnap®
program converted the units, normalizes the fields, and wrote the output into another text file
appropriate for Abeani i ne. The command identified the columns, conversion factors, scaling

factors, and frequency of the input text file:

RF1 fieldmap

Ez[M/m]l
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Figure 3a. RF1 electric field map,Z;med: all points, blue” on-axis only.

$> txt2blfieldmap -i
-d "xy z Ex By Ez Bx By Bz"
-u 1000: 1000: 1000 -Bs 1.
+H "% 3f % 3f % 3f % 9e
- - comment
++normal i ze

% 9e

\

single cell EB.txt \

-Es 1. E-6 -RF 201. 25 \
% 9e
"max| E| =1 MWW/ i -0 RF1_MW1. BLfnt

% 9e¢ % 9e % 9e" \

-nT \

The RF2 field map only contained the electric field, so the magnetic field was estimated from

the curl of the electric field:

RFZ fieldmap
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Figure 3b. RF2 electric field map, red: all points, blue” on-axis only.

/u/group/casa/acc_phys/6Dcooling/TOOLS/txt2blfieldmap/1.3/DOC/index.html
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$> txt2blfieldmap -i double_cell.dat \
-d "xy z Ex By Ez" -u 1000:1000: 1000 -RF 201. 25 \
++curl E2B +v ++nornmal i ze \
+H "% 3f % 3f % 3f %9%e % 9%e % 9e % 9e % 9e % 9e" \
--comrent "max| E| =1 MW/ m avg.quadrants, w o tinme" \
+aQ -nT -0 RF2_MW1. v5. BLf nt

It is important to note that the time dependence of the field ought not be explicitly written at the end of
the fieldmap; otherwise the sinusoidal RF time dependence would beat against the explicit time
dependence inside a pillbox.

Single Cell Ez vs z on axis

z[m] Ez[V/m] z[m] Ez[V/m] z[m] Ez[V/m]
-1.000000 0.355961 -0.320000 437.090885 0.360000 326.175344
-0.980000 0.443904 -0.300000 494.530110 0.380000 277.104781
-0.960000 0.531846 -0.280000 554.129667 0.400000 233.519932
-0.940000 0.619789 -0.260000 612.185797 0.420000 193.036764
-0.920000 0.864888 -0.240000 668.526817 0.440000 160.590591
-0.900000 1.098216 -0.220000 722.464577 0.460000 129.945317
-0.880000 1.331544 -0.200000 771.098685 0.480000 108.186159
-0.860000 1.564872 -0.180000 815.782356 0.500000 86.427001
-0.840000 2.048865 -0.160000 855.893456 0.520000 70.483374
-0.820000 2.627053 -0.140000 891.575392 0.540000 57.171187
-0.800000 3.205242 -0.120000 921.229844 0.560000 45.154207
-0.780000 3.783431 -0.100000 946.175642 0.580000 37.701155
-0.760000 5.041976 -0.080000 968.435886 0.600000 30.248102
-0.740000 6.474551 -0.060000 982.066284 0.620000 23.067598
-0.720000 7.907126 -0.040000 995.393938 0.640000 19.335293
-0.700000 9.339701 -0.020000 999.965937 0.660000 15.602987
-0.680000 12.007709 0.000000 1004.224334 0.680000 11.870682
-0.660000 15.664806 0.020000 999.967759 0.700000 9.305726
-0.640000 19.321903 0.040000 995.711184 0.720000 7.878659
-0.620000 22.979000 0.060000 982.044937 0.740000 6.451591
-0.600000 30.466600 0.080000 968.751066 0.760000 5.024524
-0.580000 37.732713 0.100000 946.191124 0.780000 3.775261
-0.560000 44.998825 0.120000 921.210902 0.800000 3.197730
-0.540000 57.263269 0.140000 891.667245 0.820000 2.620199
-0.520000 70.415695 0.160000 855.904626 0.840000 2.042668
-0.500000 86.689013 0.180000 815.762370 0.860000 1.563082
-0.480000 108.285760 0.200000 771.080442 0.880000 1.330267
-0.460000 129.882508 0.220000 722.450242 0.900000 1.097453
-0.440000 161.175920 0.240000 668.457245 0.920000 0.864638
-0.420000 193.623838 0.260000 612.186524 0.940000 0.619450
-0.400000 234.282853 0.280000 554.093766 0.960000 0.531596
-0.380000 277.884757 0.300000 494.330201 0.980000 0.443742
-0.360000 327.230696 0.320000 436.211548 1.000000 0.355889
-0.340000 380.338156 0.340000 379.128440
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Double Cell Ez vs z on axis

z[m] Ez[MV/m]
-1.7324999999999999 -0.0002879720000000
~1.6632000000000002 -0.0003740710000000
-1.5939000000000001 -0.0006329410000000
-1.5246000000000000 -0.0011836700000000
-1.4552999999999998 -0.0022807200000000
~1.3860000000000001 -0.0044312400000000
-1.3167000000000000 -0.0086246500000000
~1.2474000000000001 -0.0167953000000000
-1.1781000000000001 -0.0327099000000000
~1.1088000000000000 -0.0636294000000000
-1.0394999999999999 -0.1235010000000000
-0.9702000000000001 -0.2383570000000000
-0.9009000000000000 -0.4530100000000000
-0.8316000000000000 -0.8310510000000000
-0.7623000000000000 -1.4190799999999999
-0.6930000000000001 -2.1633599999999999
-0.6237000000000000 -2.8992399999999998
-0.5544000000000000 -3.4833400000000001
-0.4851000000000000 -3.8658700000000001
-0.4158000000000000 -4.0459300000000002
-0.3465000000000000 -4.0259099999999997
-0.2772000000000000 -3.7937099999999999
-0.2079000000000000 -3.3148399999999998
-0.1386000000000000 -2.5314999999999999
-0.0693000000000000 -1.3997299999999999
0.0000000000000000 -0.0000000000000000

z[m] Ez[MV/m]

0.0693000000000000 1.3997299999999999
0.1385999999999999 2.5314999999999999
0.2079000000000000 3.3148399999999998
0.2772000000000000 3.7937099999999999
0.3465000000000000 4.0259099999999997
0.4157999999999999 4.0459300000000002
0.4851000000000000 3.8658700000000001
0.5544000000000000 3.4833400000000001
0.6237000000000000 2.8992399999999998
0.6929999999999999 2.1633599999999999
0.7623000000000001 1.4190799999999999
0.8316000000000000 0.8310510000000000
0.9008999999999999 0.4530100000000000
0.9702000000000001 0.2383570000000000
1.0394999999999999 0.1235010000000000
1.1088000000000000 0.0636294000000000
1.1781000000000001 0.0327099000000000
1.2473999999999998 0.0167953000000000
1.3167000000000000 0.0086246500000000
1.3860000000000001 0.00443 12400000000
1.4552999999999998 0.0022807200000000
1.5246000000000000 0.0011836700000000
1.5939000000000001 0.0006329410000000
1.6632000000000002 0.0003740710000000
1.7324999999999999 0.0002879720000000
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Appendix II. (Abeamn | ne model

The 3m and 5m NF cryomodules are complicated enough that sub-assemblies are described by
macros. One macro constructs the solenoid, including its conductors, shielding, and field, while
another a single cell RF cavity, including its material and fields and still another a double cell RF
cavity. The walls of the cavity were approximated from the drawings, and the field maps were are
described in Appendix I.
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Figure 4a, b, c: The electric field as seen by the on-axis 100 MeV/c u'reference particle while
transversing the 3m cryomodule; the 3m cryomodule, and the momentum of the reference particle.



JLAB-TN-11-035 MAP-doc-4308 IDS-NF-AWG-002

a5

"a.tut™ U 3:18
"a.tut.-1" u 3F18  +

28 -

15

=
o

t: [IMV/m]

Ez[ny/n]
-]

a 1888 2088 38008 48088 Se8a 6888

viewer-0 (OpeninventorXt)

Pz[Hev/c]

L L L L L
a 1888 2808 3008 <4808 5008 6008

Z[mm]

Figure 5a, b, c: The electric field as seen by the on-axis 100 MeV/c u'reference particle while
transversing the Sm cryomodule; the Sm cryomodule, and the momentum of the reference particle.

Fig. 4 displays the NF 3m cryomodule and the electric field and momentum for a 100 MeV/c pu*
reference particle; the multiple iterative attempts used in the tuning are shown in red; the final on-crest
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reference particle in green. Figure 5 displays the same for the NF 5Sm cryomodule.

For each input momentum from 10 to 1000 MeV/c, G4beamline was rerun and the output moved
into a subdirectory, for example:

$> g4bl rf 1.in P0=100 > pl00.log; mkdir P_100; mv -v *.txt *.log P_100

The exit momentum for each reference particle were collected into spreadsheet; the energies and TF
were calculated (Appendix Illa and I1Ib) and those results fitted to a simple expression using
gnuplot (Appendix IV).

This simple exercise clearly demonstrates the advantage of G4beamline's new pillbox routine
when used with B<<1 particles, as seen by the runs with 10<P;,<100 MeV/c.
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Appendix IIla. RF1 Spreadsheet

HAnput z Pz t nmess E1 BE2 TE2EY/(LV)
H#VeVic mm MeVic s Mev Mev VeV -
10 3000 11.16 107.48 106.66 106.13 106.25 0.0063000
11 3000 1207 97.60 106.66 106.23 106.36 0.0068000
12 3000 14.08 &B75 106.66 106.34 106.9 0.0148000
13 3000 11.85 3643 106.66 106.46 106.32 -0.0078000
14 3000 17.Q2 7314 106.66 106.58 107.C2 0.0253000
15 3000 157 Ao 106.66 106.72 106.82 0.0053000
16 3000 14.49 6948 106.66 106.86 106.65 -0.0125000
17 3000 1808 6318 106.66 107.02 107.19 0.0103000
18 3000 22 57.62 106.66 107.18 107.71 0.0308000
19 3000 19 806 106.66 107.36 107.36 0.0000000
20 3000 23 224 106.66 107.53 108.13 0.0349000
30 3000 34.07 3667 106.66 100.83 111.Q2 0.0887000
40 3000 M1.A9 281 106.66 11298 113.68 0.0408000
5 3000 226 23.08 106.66 116.89 118.03 0.0830000
60 3000 65.65 19N 106.66 121.51 124.39 0.1632000
70 3000 77.37 17.83 106.66 126.74 130.%5 0.2454000
80 3000 833 16.34 106.66 1253 137.72 0.3022000
D 3000 B8 1524 106.66 13879 144.71 0.3445000
100 3000 100.2 14.41 106.66 14548 151.%65 0.3763000
110 3000 119.39 1375 106.66 1252 19043 04019000
120 3000 1205 1324 106.66 150.89 167.13 04218000
130 3000 130.5% 128 106.66 167.52 175.04 04378000
140 3000 149.9 1247 106.66 1754 183.14 04508000
150 3000 190.6 1219 106.66 18348 191.41 04616000
160 3000 160.6 11.95 106.66 191.74 1082 04708000
170 3000 1796 11.74 106.66 200.16 2837 04781000
180 3000 1890.59 11.57 106.66 2872 217.04 04845000
120 3000 1909.58 11.42 106.66 2174 2258 0.4900000
200 3000 20.57 11.29 106.66 226.19 234.689 04948000
220 3000 22095 11.08 106.66 244.06 2230 0.5025000
240 3000 24952 10 106.66 223 20.%5 0.5085000
260 3000 2049 10.79 106.66 280.65 28946 0.5132000
280 3000 2847 10.69 106.66 2027 0815 0.5170000
300 3000 30046 106 106.66 31806 7 0.5200000
30 3000 304 10.53 106.66 36O 34597 0.5225000
340 3000 34943 1048 106.66 3B 55103 0.5247000
330 3000 3042 1043 106.66 37518 34.23 0.5234000
330 3000 33041 10.30 106.66 3A42 40848 0.5279000
400 3000 4004 10.35 106.66 MM372 42281 0.525p000
440 3000 44938 10.29 106.66 45251 461.64 0.5313000
480 3000 4837 10.25 106.66 491.49 500.66 0.5329000
50 3000 59036 1021 106.66 530.63 5308 0.5341000
50 3000 50.365 10.19 106.66 5083 5/0.07 0.5351000
600 3000 80L.36 10.16 106.66 60:.23 61844 0.5352000
640 3000 64934 10.14 106.66 648.66 657.83 0.5333000
3000 63034 10.13 106.66 633.16 697.39 0.5372000
720 3000 72033 10.12 106.66 727.71 736.95 0.5376000
760 3000 760.33 10.11 106.66 767.31 776.55 0.5380000
800 3000 8033 101 106.66 806.%5 816.19 0.5383000
&0 3000 3933 10.09 106.66 a6.62 856.87 0.5388000
80 3000 803 10.08 106.66 86.32 85653 0.5382000
P20 3000 [er.ckc e 10.08 106.66 DP6.05 936.31 0.5391000
930 3000 9P 10.07 106.66 6.8 975.06 0.5322000

1000 3000 1000.32 10.07 106.66 1006.57 1014.84 0.5325000
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Appendix IIIb. RF2 Spreadsheet

#Hpu z Pz t mess E1 B2 TF=E2E1Y(LV)
MeVc nmm  MMc ns VeV VBV VeV -

10 5000 965 19705 10666 106.13 106.1 -0.0008000
1 5000 4@ 15363 10666 10623 106.59 0.0108000
12 500 1546 13041 10666 10634 106.78 0.0130000
13 500 1382 M3 10666 106.46 106.56 0.0080000
14 500 146 13130 10666 10658 106.67 0.0027000
15 5000 149 1557 10665 106.72 1067 -0.0004000
16 5000 015 10458 10665 106.85 107.56 0.0204000
17 5000 1537 1118 10666 107.2 108.77 -0.0072000
18 5000 192 1004 10666 107.18 107.39 0.0061000
19 500 1861 ®|L2 10665 107.365 107.29 -0.0020000
20 500 212 w08 10665 107.53 107.73 0.0068000
30 500 N9 583 10665 10083 1M11.27 0.0419000
40 500 4307 4653 10665 11298 114.1 0.0327000
5 500 539 3820 10665 116.89 11864 0.0509000
60 500 6239 B51 10666 121.51 1227 0.0348000
70 500 7247 2081 10665 12674 12812 0.0402000
80 500 85 2713 10666 1253 137.18 0.1355000
© 50mW  101.06 52 10666 13879 1462 0.21568000
100 5000 1134 2881 10666 14548 154.99 0.2770000
10 500  14.% 273 10666 1258 16364 0.32365000
120 500 13601 2188 10665 150.89 17223 0.3598000
10 500 M6 212 10666 167.52 180.82 0.3872000
140 500 15726 2065 10665 1754 18046 04088000
150 5000  167.63 2019 10665 18348 19815 04271000
160 5000 177.9 1981 10666 191.74 206.91 04415000
170 5000 18800 1948 10666 200.16 21574 04534000
18 500 1824 1921 10666 20872 2464 04634000
190 500 283b 1897 10666 2174 23361 04717000
20 5000 21843 1876 10666 2619 21265 04788000
20 500 8 28854 1842 10666 244.06 2609 04901000
20 500 25861 1816 10666 6223 279.36 04985000
20 5000 2@ 27864 179 10666 28065 28 05061000
280 5000 29867 1779 10666 2027 3168 05108000
30 50 31868 1766 10666 31806 33674 0.5144000
PO 5000 33868 1754 10666 3369 378 05177000
30 500 2~ 36868 1744 10666 3604 I7BR 0.5205000
3 500 37868 1736 10666 375.18 3815 0.5228000
330 500 3868 173 10666 42 41244 0.5247000
400 5000 41868 1724 10666 372 4318 0.5263000
440 5000 45867 1714 10666 45251 47068 0.5290000
480 5000 4865 1707 10666 49149 5073 0.5310000
50 500 53866 7@ 10666 530,63 8. 0.5325000
50 500 @ 57/866 1697 10666 50,88 58822 0.5337000
600 500 61865 168 10666 600.23 627.6 0.5347000
640 5000 65864 169 10666 64865 667.06 0.536565000
680 500 6864 168 10666 68816 70658 0.5362000
720 500 7363 168 10666 727,71 746.15 0.5367000
70 500 77863 168 10666 767.31 786.77 0.5372000
80 500 81863 1682 10666 806.%5 542 0.5376000
80 500 86863 1681 10666 662 865.1 0.5380000
80 500 8Be2 168 10666 8B.32 om.81 0.5383000
@0 5000 0 w8e 1679 10666 D605 .56 0.53865000
90 500 2 IBe2 1678 10666 965.8 8431 0.5388000

1000 &S000 101862 1677 106.66 1006.57 1024.00 0.5320000
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Appendix I'V. Scripts and Fitting

A simple Unix shell script illustrates the process of running the various momenta and gathering the
results into a single text spreadsheet file. There are any number of ways this could be done, these are
merely the author's preference for his own tools:’

# Transit Factor
# run each momentum [MeV/c]; store results in subdirectory
g4bl rf 1.in P0=100 > pl00.log; mkdir P_100; \

mv -v *.txt *.log P_100

g4bl rf 1.in P0=1000 > pl000.log; mkdir P_1000; \
mv -v *.txt *.log P_1000
# erase any old files
rm -rf 1 2 3 rfl.csv
# make a numerically ordered list “1” of all P # subdirectories
ls | grep P_ | sork > 1
touch 2;
# copy the 1lst non-comment line from each exit* virtual detector file
# into file “2”
cat 1 | beshuffled -I \
"cat #0/exit*.txt|no bs -nc -nx|head -1 >> 2" | bash
# write the column header as a comment
echo \
"#Pinput x y z Px Py Pz t PDGid EventID TrackID arentID Weight" \
> rfl.csv
# take the input momentum from the name of the
# subdirectory and append the reference whole track point from the
# virtual detector
paste 1 2 | no_bs +S P_ >> rfl.csv

OpenOffice® was used to read the spreadsheet and add columns for E1, E2, and TF, and then save it
as “rfl.TE.min.csv”. Rather than do the fitting inside the spreadsheet, gnuplot was used with the
function:

f(x) = ea/(x—b)z—c
The gnuplot commands:
# define a function

f(x)= exp(a/(x-b)**2-c)
# important to set very good starting values

7 http://casa.jlab.org/internal/code library/code library.shtml
8 http://www.openoffice.org/
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a=-3600

b=0.2

c=0.6

set xlabel "mu+ Pz.in[MeV/c]"

set ylabel "TF=(E2-El)/(V*L)"

set title "first guess - TransitFactor RF1l single cell"
#fcolumn#l==Pin[MeV/c] column#8==TF[-]

plot [100:]"rfl.TE.min.csv" u 1:8 w 1lp, £f(x)

pause 1

first guess - TransitFactor RFL single cell

T T T
"rfl.TE.min.cav" u 118 ——

TF=(E2-E1)/CVHLY

0.36

. . L L . . L L
100 200 300 4 00 600 00 G0 900 1000
nu+ Pz, inlHeY el

set title "fit - TransitFactor RF1l single cell"
#fonly consider points with Pin>100 MeV/c

fit [100:] £(x) "rfl.TE.min.csv" u 1:8 via a,b,c
# results written to "fit.log"

plot [80:]"rfl.TE.min.csv" u 1:8, f (x)

fit - TransitFactor RF1 single cell

T T T
"rFL.TE.min.cav" u 1:8 4+
3

TF=(E2-E10/CvL)

. . L L L L . . L
100 200 300 400 ) o0 700 800 200 1600
mut Pz.inChev/cl

The same process was used for RF2.



