McStas model of nEDM/ANNI beamline on E5

Guide layout
The guide starts with in-monolith optics designed for HIBEAM experiment. The HIBEAM experiment focuses neutron beam at the target at 60 meters from the moderator, with center 50 cm below the focusing point at shifted 45 cm towards VESPA experiment relative to the axis of the monolith insert. 
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The monolith optics is followed by a bender which starts in the direction of the HIBEAM target, that is inclined by 0.477 degrees downwards and 0.429 degrees towards the VESPA instrument with respect to the BPCS x-axis.
Variables which define the inclination, kinkV_angle and kinkH_angle are hard-coded in the DECLARE section of the McStas file.
The kink is followed by a bender. The bender starts 59 mm from the BPCS origin (that is 77+59=138mm gap in the reflecting coating), 5.4508 m from the east sector focus point and is 5.9 meters long ending at 11.35 m from focusing point. The bender is bending upwards by 3.48 degrees. 

The bender has a plate separating upper and lower part which serves as a line of sight blocker. The upper and lower parts of the bender are each 6cm tall, which (with a 5.9m length) results in 3.48 degrees bending angle to avoid line of sight as calculated by guide_bot. The guide_bot performes a LOS calculation with respect to the monolith entrance (see figure), so the number is different from the one given by approximate formula . 
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Figure 1 Line of sight avoidance in the upper bender part with respect to the monolith entrance.
Each of the bender parts is separated into 6 horizontal channels (this is a parameter which can be changed of the McStas instrument file) to improve neutron transport, especially for the low wavelengths. 
The first part of the bender lasts to 6.45 m thus replacing the HIBEAM beam bridge guide and is followed by a pair of choppers in a 100 mm gap: Pulse Definition Chopper (70Hz) and Frame Overlap Chopper (14 Hz).
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Figure 2Beam-bridge guide section of the first bender and the chopper gap for PDC1 and FOC1.
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Figure 3 Middle part of the first bender with a 50 mm gap for the FOC2 at 8.5 m.
The second Frame Overlap Chopper (14Hz) is placed at 8.5 meters in a 50 mm gap. 
The first bender ends just before the bunker wall and is followed by a straight guide, also separated into upper and lower parts by a plate of the same thickness as in the bender.
Beyond the bunker wall the second bender brings the guide back into the horizontal direction. The bending angle is thus the difference between the bending angle of the first bender and the vertical angle at which the bender starts.
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Figure 4 Middle part of the guide with bunker wall insert
The second bender is followed by a V-polarizer with vertical plates with 5 V-cavities 1.239m long, and a pair of choppers at 42.5 m  and a splitter for nEDM and choppers at 26 m for other experiments possible on the beamline.
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Figure 5 nEDM neutron optics layout.
Improved fits of the splitter neutron optics
Final fits of the splitter neutron optics were performed using generic curves of the 2nd order for the focusing shapes.  The shapes are modelled as tapered segments next to each other.
Sampling of the optics configuration in the stochastic optimization workflow with guide_bot (using particle swarm algorithm) proceeded as follows:
1. Start and end dimensions of the section are sampled, followed by sampling of the dimensions in the middle.
2. The three sampled dimensions are used to set limits for dimensions at quarter and three-quarter lengths. The limits are set such that fitting a second-order curve with the 5 points is possible. 
3. 5 points (start, end, half, quarter and ¾ lengths) fully define the surfaces, so additional points needed for better description of the curves are calculated from the fit.

The shapes obtained in the optimization procedure described above are presented in the figure below. Optimization was performed for several lengths of defocusing (within a range 11-18m) and defocusing (5-8m) sections. Performance of focusing and defocusing section was found to be optimal for defocusing section length of 15 meters and focusing sections length of 6 meters.
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Figure 6 Optimized splitter shapes, 15 meters for defocusing and 6 meters for focusing parts.
The splitter optics configuration is given by off files in the final version of the McStas instrument.




McStas model
McStas model uses OFF geometry for the monolith insert and the splitter. Benders are modeled with use of multiple Guide_gravity component, with relative rotations of small segments.  Each segment is made of an upper and lower piece, with the space in between corresponding to the thickness of the plate between the guides. This is achieved by using McStas “group” clause for the two pieces.
Chopper parameters replicate parameters found in the original ANNI proposal for Pulse Shaping Chopper and Frame Overlap choppers, with the exception for the disk radius which is increased to 70 cm. For nEDM experiment it has some benefits to place PDC2 further away from the moderators as it reduces fraction of neutrons which are not converted to  UCN’s.
	Chopper
	Distance from focal point
	Radius, m
	Frequency, Hz
	Opening angle, degrees

	PDC1
	6.5
	0.7
	70 (parameter)
	92(parameter)

	FOC1
	6.5
	0.7
	14
	64

	FOC2
	8.5
	0.7
	14
	79

	PDC2
	42.5 (parameter)
	0.7
	70 (parameter)
	92(parameter)

	PSC
	Same as PDC2
	0.7
	14
	60



Parameters describing neutron optics are listed in the table below. Although slitter optics is described via OFF file, indicating lengths of the corresponding sections is necessary.
	Parameter
	Description
	Default value
	Tunable or hardcoded

	Bender1_start
	Bender start relative to focus point,m
	5.4508
	Tunable

	Bender1_width
	Bender width 
	0.1506
	Tunable

	Bender1_height
	Bender height
	0.1346
	Tunable

	Bender_separator_thickness
	Thickness of the plate separating lower and upper bender parts
	0.0146
	Tunable

	Bender1_angle_degrees
	Bender 1 turn angle in degrees
	3.48
	Tunable

	Bender1_nhslits
	Number of horizontal channels in upper and lower part of the bender 1
	6
	Tunable

	Chopper1_gap_position
	Position of FOC1 and PDC1 with respect to moderator focal point
	6.5
	Tunable

	Gap1_length
	Length of the gap for PDC1 and FOC1
	0.1
	

	kinkH_angle
	Horizontal kink angle of bender start with respect to beamport E5 axis
	-0.429
	Hard-coded

	kinkV_angle
	Vertical kink angle of bender start with respect to beamport E5 axis
	0.477
	Hard-coded

	Chopper2_gap_position
	FOC2 gap position 
	8.5
	Tunable

	Gap2_length
	Length of FOC2 gap
	0.05
	Tunable

	Bwall_feed_fixed_start
	End of bender 1, start of bunker wall insert relative to focal point of the moderator
	11.35
	Tunable

	Bender2_angle_degrees
	Bender2 turn angle in degrees, equals difference of bender1_angle_degrees and kinkV_angle
	3.003
	Hard-coded

	Bender2_start
	Start of bender2 relative to focal point. 
	15
	Tunable

	Bender2_nhslit
	Number of horizontal channels in bender2
	6
	Tunable

	Bender2_end
	End of bender2, start of straight section
	21
	Tunable

	Vpolar_length
	Length of Vcavity polarizer
	1.239
	Tunable

	Vpolar_m
	m-value of Vcavity polarizer
	5.5
	Tunable

	Vpolar_nV
	Number of cavities in V-cavity polarizer
	5
	Tunable

	Defocusing_start
	Start of splitter defocusing section
	42.6
	Tunable

	Defocusing_length
	Length of splitter defocusing section
	15
	Tunable

	Focusing_length
	Length of splitter focusing section
	6
	Tunable

	PDC2_position
	Position of PDC2 relative focus point
	42.5
	Tunable

	Delay
	Delay in ms for the PDC1 relative start of the ESS pulse
	0.01605
	Tunable

	Chopper_phasing_wavelength
	Wavelength to tune delay of PDC2 with respect to PDC1
	8.92
	Tunable

	PDC1/2_is_on
	1 if PDC1/2 is included in simulation, 0 – parked open
	1
	Tunable

	PDC1/2_theta
	Opening of the PDC1/2 in degrees
	92
	Tunable

	PDC1/2_frequency
	Rotation frequency
	70
	Tunable

	FOC1/2_is on
	1 if FOC1/2 is running, 0 if parked open
	1
	Tunable

	PSC_is_on
	1 if PSC(next to PDC2) is running, 0 if parked open
	1
	



m-value considerations for the bender and performance
To check momentum transfer at reflection required for neutron propagation, a special simulation was run recording momentum transfer at reflection using Shielding_logger component of McStas and guide_gravity_shieldinglogger components replacing guide_gravity components along the bender.
[image: A screenshot of a computer screen

AI-generated content may be incorrect.]
Figure 7 Momentum transfer at reflection at 9 AA on the right wall in units of qc for nickel, log scale.
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Figure 8Momentum transfer at reflection at 9AA on the left wall, log scale.
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Figure 9 Momentum transfer at reflection at 9 AA on the top surfaces in units of qc for nickel, log scale.
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Figure 10 Momentum transfer at reflection at 9 AA on the bottom surfaces in units of qc for nickel, log scale.

For 9AA neutrons relevant to the nEDM experiment, m-values above m=2 are practically redundant, except for the final focusing parts of the splitter. With m=3 on the focusing part and m=2 elsewhere, the FOM of 9.99E08 neutrons/second between 8.8 and 9.0 AA and 3.5E07 n/s/cm2/AA at 8.9 AA in the cells are reached.
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Figure 11 Neutron wavelength distribution in the cells 8.8 to 9.0AA, neutrons/s/bin.
Beam profiles after the nEDM splitter
To explore the beam profiles, a McStas model of the instrument was used to record neutrons at the splitter exit to the mcpl file. The mcpl file was converted to PHITS dump file format and run to obtain the tallies. The simulation uses thermal scattering libraries for lHe obtained by Douglas Di Julio from ESS.
The result of the simulation (see table) indicates that for a 0.8K temperature in the lHe cells, about 8% of the incoming beam ends up in the cell walls for the reason of either scattering or beam divergence. The fraction raises to 13% when lHe temperature rises to 4K.
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Figure 12 Neutron fluxes in the lHe cells at 0.8 and 4K.
4.0K





A McStas simulation (see figures below) where there is no scattering in the cell volumes, shows that around 5% of all wall hits come from the imperfect focusing. 
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Figure 13Neutron fluxes before the cell (left), at cell entrance (cut by cell dimensions) and cell exit (right).
  


Chopper settings for reducing background
Optimization of Good(8.8-9.0AA) to All ratio
To calculate the optimal chopper settings a code was written which implements neutron propagation through the chopper cascade with account of the ESS pulse structure. Chopper openings and delays are sampled as random variables, and the calculation of the neutron velocity (or wavelength) distributions beyond the second chopper is performed by carrying out a numerical integration. Distribution of neutron velocities is also taken into account during numerical integration.
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Figure 14 Neutron velocity distribution for the ESS spectrum.

The velocities which correspond to 8.8-9.0 AA are considered as “good” neutrons, ratio of neutrons in the indicated wavelength range to total number of neutrons is proportional to signal/background ratio in the experiment.
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Figure 15 Achieveable "good neutrons to all neutrons" ratio as a function of good neutrons (8.8-9.0AA) relative to maximum achievable good neutrons in the cells.
Results of the calculations for 26, 42, 60 and 70 m placement of the PDC chopper are contained in the corresponding python notebook. In general, restricting chopper settings to transmit a narrow wavelength band can eliminate all neutrons of the unwanted wavelengths, but this comes with significant decrease in the number of “good” neutrons as well.
Results for PDC2 set at 60 meters (some of the sampled characteristics with their figures of merit are shown in tables below) indicate that it is possible to achieve a good/all ratio of 0.64 by limiting signal to 90% of the maximum (all available “good” neutrons in 8.8-9.0AA), the can be raised up to 0.73 by going down to 80% in the maximal intensity of “good” neutrons and so on.
Table 1 Settings for PDC2 at 60 meters providing best "good"/All ratio with signal above 0.8 maximally achievable. NO account of UCN conversion efficiency.
	Sample No (arb)
	delay PDC1
	delay PDC2 
	PDC1 Theta
	PDC2 Theta
	signal/max
	Good/All
	L phasing

	1
	0.016369
	0.137007
	100.563
	84.954539
	0.800922
	0.733969
	8.903887

	2
	0.016233
	0.136931
	107.4307
	85.839151
	0.810779
	0.730879
	8.908287

	3
	0.016615
	0.13683
	107.3067
	85.020872
	0.803942
	0.726858
	8.872663

	4
	0.016154
	0.137143
	101.7832
	87.824686
	0.802626
	0.723846
	8.929738

	5
	0.016278
	0.13687
	94.18155
	87.73648
	0.801904
	0.723277
	8.900422

	6
	0.016155
	0.137043
	98.05076
	88.318045
	0.803023
	0.723265
	8.922297

	7
	0.016445
	0.136958
	93.84428
	88.547149
	0.801709
	0.721291
	8.894635

	8
	0.016562
	0.136846
	106.0258
	86.749222
	0.813477
	0.720881
	8.87777

	9
	0.016495
	0.13721
	97.95859
	88.004896
	0.801855
	0.72081
	8.909566

	10
	0.016731
	0.137295
	105.4589
	88.382263
	0.804782
	0.718671
	8.898383



 

Table 2  Settings for PDC2 at 60 meters providing best "good"/All ratio with signal above 0.9 of maximally achievable. NO account of UCN conversion efficiency.
	Sample No (arb)
	delay PDC1
	delay PDC2 
	PDC1 Theta
	PDC2 Theta
	signal/max
	Good/All
	L phasing

	1
	0.01643
	0.136886
	100.684
	108.3498
	0.907542
	0.647778
	8.890389

	2
	0.016572
	0.136947
	106.9109
	108.8194
	0.91586
	0.644627
	8.884511

	3
	0.016356
	0.136796
	102.6482
	108.6203
	0.911213
	0.643963
	8.889284

	4
	0.016415
	0.136771
	107.1802
	109.2529
	0.918906
	0.639033
	8.88304

	5
	0.016746
	0.136876
	106.4334
	111.4783
	0.908203
	0.634358
	8.866458

	6
	0.016465
	0.136753
	106.4512
	110.4862
	0.919337
	0.632539
	8.878067

	7
	0.016408
	0.136717
	104.9127
	111.2954
	0.924517
	0.63245
	8.879579

	8
	0.016266
	0.13667
	97.39609
	110.726
	0.900845
	0.631679
	8.886622

	9
	0.016507
	0.136828
	102.4526
	112.0342
	0.916982
	0.63042
	8.8805

	10
	0.016157
	0.137197
	104.856
	113.7933
	0.912315
	0.629962
	8.933556
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Figure 16  PDC2@60m, PDC1_theta = 100.5 degrees, PDC2_theta = 85 degrees. (8.8-9.0AA)/All = 0.72.
Optimization of UCN to “All neutrons” ratio, accounting for UCN conversion rates
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Figure 17 LEFT: SNS spectrum, UCN production rate at SNS spectrum (arb. units), UCN production rate per neutron (arb. units)  as function of wavelengtn.  RIGHT: UCN conversion efficiency as function of neutron velocity (arb. units).
Calculation of UCN production in liquid He was performed in a paper by Korobkina et al (2002) using measured results for the Van Hoove correlation function. The paper provides a summary plot where UCN production is calculated for particular wavelengths. The plot was digitized and recalculated to give relative efficiency of UCN production at a given neutron velocity. This function was implemented in the calculation, thus giving a number proportional to the real number of ultracold neutrons produced in the cells for a particular chopper settings. 
The absolute normalization for the UCN conversion efficiency can be calculated from conversion rates calculated in the same paper. For a particular case of nEDM setup with 6 liter 40 cm long liquid helium cells, the number of UCN per cm3 per second is calculated as 2.2E-08 times neutron flux per second per cm2 per AA at 8.9 AA. In [Korobkina et al] the conversion factor to the UCN was calculated assuming a continuous spectrum, just slowly varying with wavelength and not restricted to the 0.2AA wavelength range. This number, together with a shape of the curve for UCN production as in Fig. 7 allows to recalculate UCN conversion efficiency as a function of wavelength or velocity per neutron for particular cell dimensions. With 6000 cm3 (2 cells, 40 cm long, 7.5 by 10  cm) the conversion efficiency is given by the following table
Table 3 UCN conversion efficiency for nEDM cells (2pcs, 40x7.5x10 ccm)
	Wavelength,AA
	Velocity, m/s
	UCN per neutron

	8
	494.5
	3.17E-08

	8.1
	488.3950617
	3.59E-08

	8.2
	482.4390244
	4.37E-08

	8.3
	476.626506
	5.76E-08

	8.4
	470.952381
	1.41E-07

	8.5
	465.4117647
	3.2E-07

	8.6
	460
	6.54E-07

	8.7
	454.7126437
	9.39E-07

	8.8
	449.5454545
	1.11E-06

	8.9
	444.494382
	1.26E-06

	9
	439.5555556
	1.15E-06

	9.1
	434.7252747
	1.01E-06

	9.2
	430
	8.06E-07

	9.3
	425.3763441
	5.86E-07

	9.4
	420.8510638
	3.13E-07

	9.5
	416.4210526
	1.67E-07

	9.6
	412.0833333
	7.79E-08

	9.7
	407.8350515
	4.97E-08

	9.8
	403.6734694
	2.41E-08

	9.9
	399.5959596
	2.07E-08


The data upon adjusting McStas monitors accordingly allow for calculating UCN production rate directly in McStas. With the current state of the neutron optics, a number of UCN/s which is produced with choppers parked open is 4900 UCN/s in both cells. 
Similarly to the optimization in terms of “good” /All neutron ratio, chopper parameters are sampled as random variables. For each sampling a transmission and UCN production rate are calculated. The results are plotted in fig. 18 as a scatter plot. Ideally one would like to have as many UCN per second as possible with as little overall number of neutrons per second in the cells. In the left figure of the plot, UCN production rate and neutrons per second are plotted unscaled, while on the right figure the Y-axis represents UCN per neutron reaching the cells. This ratio is less or equal maximum of the UCN conversion rate of 1.24E-06 UCN/neutron (see table 6). 
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Figure 18 Left: Total neutrons/second in the cells vs UCN production rate.  Right: UCN/s per total neutrons/s in the cells as a function of UCN production. In both figures a point represents a (random) sampling of chopper settings.
Since total flux in the cells is directly proportional to the background (wall hits amount to approximately 8% of the incoming neutron flux) it can be instructive to replot the right plot in fig.18 in relative quantities, same as was done when optimizing towards best “good”/all ratio. The rescaled X-axis represents UCN production relative to maximal achievable while Y-axis is the signal/background ratio relative to best possible (the best possible conversion rate is 1.26E-06 when only 8.9AA neutrons reach the cells). The results plotted in fig. 19 can be directly compared to fig. 15. 
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Figure 19 UCN/All neutrons ratio (arb.units)  vs UCN production (arb.units) with account of UCN conversion efficiency (similar in principle to figure 6 where UCN conversion efficiency is not accounted for). 
Comparing fig. 15 and 19 it is apparent that including UCN conversion efficiency (which has a significantly broader range than 0.2A used in “good”/all ratio optimization)drastically changes the picture. This time, going further away from the moderator with PDC2 doesn’t provide so much gain in the production of the UCN. Moreover, the chopper opening times for the optimal UCN production rate, when going to 60m placement, become so large that it implies shifting to lower frequency. Indication for that is that opening angles calculated from the opening times for 70Hz frequency rise above 180 degrees. Variation in the optimal settings for delay and opening angle for PDC1 if set at 42 m and 60 m distance indicates that PDC1 can be considered redundant when aimed at high signal rather than low background, as it basically transmits the whole pulse in this case and can be parked open.

Table 4 Optimal chopper settings for PDC2 at 60 meters with UCN production above 80% of maximal achieveable. FOM ("signal/bgnd") is also in % of maximally achievable. Sampled setting are sorted for best signal/background, top 10 rows.
	Sample No (arb)
	delay PDC1
	delay PDC2 
	PDC1 Theta
	PDC2 Theta
	UCN/s
	Total n/s
	"signal/bgnd" vs best

	1
	0.015161
	0.137672
	295.79499
	281.584576
	3920.189
	4.13E+09
	0.753508

	2
	0.015912
	0.13781
	300.1549
	283.509996
	3927.401
	4.14E+09
	0.752366

	3
	0.015791
	0.137667
	252.33005
	282.731747
	3932.676
	4.15E+09
	0.752358

	4
	0.01722
	0.137884
	193.95447
	284.702285
	3928.524
	4.15E+09
	0.751676

	5
	0.017155
	0.13781
	334.02568
	284.567962
	3935.38
	4.16E+09
	0.751156

	6
	0.014507
	0.137651
	284.14866
	283.640098
	3932.835
	4.16E+09
	0.751077

	7
	0.016509
	0.137848
	198.95408
	285.047411
	3922.328
	4.15E+09
	0.750933

	8
	0.016389
	0.137873
	240.28891
	285.207941
	3937.397
	4.16E+09
	0.750887

	9
	0.016914
	0.137488
	244.01391
	281.803134
	3929.025
	4.15E+09
	0.750883

	10
	0.016084
	0.137476
	334.78862
	281.764547
	3931.394
	4.16E+09
	0.750759



Table 5 Optimal chopper settings (some of) for PDC2 at 42 meters with UCN production above 80% of maximal achieveable. FOM ("signal/bgnd") is also in % of maximally achievable. Sampled setting are sorted for best signal/background, top 10 rows.
	Sample No (arb)
	delay PDC1
	delay PDC2 
	PDC1 Theta
	PDC2 Theta
	UCN/s
	Total n/s
	“signal/bgnd” vs best

	1
	0.012983
	0.096722
	347.79171
	203.098548
	3927.325
	4.30E+09
	0.725308

	2
	0.017055
	0.096591
	352.2981
	201.558205
	3920.311
	4.30E+09
	0.723873

	3
	0.013233
	0.097394
	329.51119
	210.466758
	3929.59
	4.32E+09
	0.722008

	4
	0.012759
	0.097325
	380.22451
	210.724276
	3950.481
	4.35E+09
	0.721551

	5
	0.016161
	0.097269
	331.09638
	210.561274
	3968.51
	4.37E+09
	0.72127

	6
	0.018035
	0.096868
	268.53921
	208.946445
	3994.283
	4.41E+09
	0.71917

	7
	0.016056
	0.096563
	361.2002
	204.622311
	3950.892
	4.37E+09
	0.71793

	8
	0.014681
	0.096838
	379.85191
	211.273378
	4016.555
	4.46E+09
	0.714994

	9
	0.016558
	0.096422
	161.21272
	204.356369
	3933.553
	4.37E+09
	0.71371

	10
	0.014467
	0.09742
	379.80048
	216.69217
	4005.834
	4.46E+09
	0.712675




Table 6 Optimal chopper settings for PDC2 at 26 meters with UCN production above 80% of maximal achievable. Sorted by signal to background ratio, top 10 rows.
	Sample No (arb)
	delay PDC1
	delay PDC2 
	PDC1 Theta
	PDC2 Theta
	UCN/s
	Total n/s
	“signal/bgnd” vs best

	1
	0.0173
	0.0609
	249.58893
	138.141449
	3932.998
	4.67E+09
	0.668329

	2
	0.015926
	0.060804
	192.46063
	137.928988
	3937.462
	4.68E+09
	0.667287

	3
	0.01655
	0.060684
	230.53296
	136.342755
	3926.406
	4.68E+09
	0.666322

	4
	0.017118
	0.060914
	235.60083
	139.356022
	3951.998
	4.71E+09
	0.666048

	5
	0.017434
	0.060865
	165.08787
	139.364785
	3958.753
	4.72E+09
	0.665002

	6
	0.016728
	0.060978
	243.29524
	140.787852
	3961.528
	4.73E+09
	0.664133

	7
	0.016198
	0.060638
	244.30959
	136.670886
	3933.239
	4.70E+09
	0.663875

	8
	0.016593
	0.060646
	192.6747
	137.167326
	3939.248
	4.71E+09
	0.663082

	9
	0.015935
	0.060698
	187.70583
	138.467105
	3953.258
	4.73E+09
	0.662938

	10
	0.017041
	0.061083
	240.01408
	141.796859
	3957.28
	4.74E+09
	0.662868



Table 7 Optimal chopper settings for PDC2 at 26 meters with UCN production above 75% of maximal achievable. Sorted by signal to background ratio, top 10 rows.
	Sample No (arb)
	delay PDC1
	delay PDC2 
	PDC1 Theta
	PDC2 Theta
	UCN/s
	Total n/s
	“signal/bgnd” vs best

	1
	0.01515
	0.060792
	223.01605
	123.882438
	3691.255
	4.20E+09
	0.697432

	2
	0.015841
	0.060801
	243.07511
	123.637793
	3692.693
	4.20E+09
	0.697241

	3
	0.017034
	0.060924
	161.02534
	125.692325
	3710.495
	4.23E+09
	0.69554

	4
	0.016311
	0.060979
	138.06986
	126.505371
	3682.633
	4.20E+09
	0.695464

	5
	0.017436
	0.060779
	198.85092
	124.392466
	3708.952
	4.24E+09
	0.694941

	6
	0.015309
	0.060876
	236.58387
	125.744735
	3720.172
	4.25E+09
	0.694847

	7
	0.016169
	0.06082
	218.42257
	125.276006
	3719.539
	4.25E+09
	0.694594

	8
	0.016859
	0.060794
	143.22887
	125.359147
	3719.332
	4.25E+09
	0.69417

	9
	0.015387
	0.060978
	202.50938
	126.930656
	3710.319
	4.24E+09
	0.693972

	10
	0.015769
	0.060626
	232.59926
	122.578229
	3686.031
	4.22E+09
	0.693747



Thus, with account of UCN conversion frequencies as function of wavelength, the advantages of going to distances larger than ~42 m become less justified as it provides less gain in performance compared to numbers expected when conversion efficiency was simplified by restricting it to 0.2AA wavelength range. Signal to background ratio can be improved for smaller lengths of the instrument by sacrificing part of the UCN production (compare tables 6 and 7).
The maximal ratio of UCN per second to total flux per second (“signal/background ratio”) is given by the peak in the UCN conversion efficiency at 8.9AA wavelength which for the nEDM cell configuration (40cm depth) is 1.26E-06 UCN per incoming neutron.
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Figure 20 Wavelength distribution and UCN production rate for chopper settings optimized WITHOUT account of UCN conversion rates. PDC2@60m, PDC1_theta = 100.5 degrees, PDC2_theta = 85 degrees. 1439 UCN/s, UCN/Total_flux=1.142E-06.
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Figure 21 Wavelength distribution and UCN production rate for chopper settings optimized WITH account of UCN conversion rates. PDC2@26m, PDC1_theta = 130.3 degrees, PDC2_theta = 122.17 degrees. 3656UCN/s,  UCN/Total_flux=0.86E-06.
In figure 20 where chopper settings were optimized to maximize ratio of 8.8-9.0AA neutrons to all neutrons the UCN/Total flux ratio reaches 1.142E-06 which is close to maximal achievable ratio of 1.26E-06 (that is “signal/background” is 0.9 of maximum). However, the UCN production rate is just 1439 UCN/s which is just 30% of the maximal UCN production rate.
In figure 21 the chopper settings according to optimization procedure should provide 75% of maximal possible UCN production rate with signal/backround about 70% of maximal achievable. This is confirmed in McStas calculation with 3656 UCN/s and UCN/total flux  of 0.86E-06 (0.86/1.26 = 0.68).
To explore the best signal/background ratios, we select sample settings which fulfill the requirement of the desired signal/background and sort them according to maximum signal. The example of such a calculation is given in figure 22 (some of the sampled settings which fulfill the requirements are presented in table 8). These settings provide both high UCN production rate (47% higher than in optimization without account of conversion rates) and low background with 1.76E9 total neutrons per second in the lHe cells (39% higher than in optimization without account of conversion rates). That is, in this particular example accounting for the actual conversion rates increased signal by 47% with simultaneous increase of the background by 39% only.
Table 8 Sampled chopper settings providing "signal/background" above 90% of best possible, ordered by UCN/s value.
	Sample No (arb)
	delay PDC1
	delay PDC2 
	PDC1 Theta
	PDC2 Theta
	UCN/s
	Total n/s
	Signal/bgnd vs best 

	1
	0.015031
	0.137366
	186.72287
	122.150019
	1991.16
	1.76E+09
	0.900372

	2
	0.016223
	0.137473
	282.57409
	118.146802
	1968.341
	1.73E+09
	0.900725

	3
	0.016004
	0.137537
	224.86744
	118.250596
	1965.792
	1.73E+09
	0.900604

	4
	0.01426
	0.137261
	273.10196
	117.576157
	1964.575
	1.73E+09
	0.901611

	5
	0.016584
	0.137445
	117.20289
	119.355871
	1955.166
	1.72E+09
	0.901811

	6
	0.014897
	0.137115
	373.75626
	116.039824
	1953.956
	1.72E+09
	0.900387

	7
	0.016225
	0.137184
	143.61116
	117.382228
	1950.777
	1.72E+09
	0.902196

	8
	0.014297
	0.137422
	293.75303
	116.877833
	1947.996
	1.71E+09
	0.902034

	9
	0.015274
	0.137614
	371.21031
	117.226794
	1946.566
	1.72E+09
	0.90054

	10
	0.015813
	0.137355
	196.80915
	116.664929
	1946.492
	1.71E+09
	0.902488
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Figure 22 Wavelength distribution and UCN production rate for chopper settings optimized WITH account of UCN conversion rates. PDC2@60m, PDC1_theta = 196 degrees, PDC2_theta = 119 degrees. 2113 UCN/s (45% of 4700) UCN/Total_flux=1.19E-06 (0.95 of 1.26).

From Fig. 19 it follows that most gain in the signal while keeping signal/background to a constant level is reached when moving PDC2 chopper from 26 to 42 meters (signal becomes almost double at same signal/background of 0.85*s/b|max), rather than moving from 42 to 60 meters (about 10% improvement). 
M-value considerations for ANNI beamline
The same simulation for momentum transfer along the bender was performed for the case of transporting neutrons of 2-10 wavelength range. 
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Figure 23 Momentum transfer on right wall, log scale of intensity distribution weighted by capture cross section, in units of m-value. 2-10AA
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Figure 24 Momentum transfer on left  wall, log scale of intensity distribution weighted by capture cross section  in units of m-value. 2-10AA
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Figure 25 Momentum transfer on top surfaces, log scale of intensity distribution weighted by capture cross section  in units of m-value. 2-10AA
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Figure 26 Momentum transfer on bottom surfaces, log scale of intensity distribution weighted by capture cross section  in units of m-value. 2-10AA
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