Design of the HYSPEC Polarization analysis layout
Introduction

Various experiments using polarized neutron scattering have been performed by C. F. Majkrzak et. al (1) at NIST.  In particular, they have pioneered a technique for spatially separating neutrons into two beams with opposite spin states (2). This is accomplished by using a beam bender polarizer and a position sensitive detector. The bender polarizer allows neutrons with one spin state (↑) to go straight through, but reflects neutrons with the other spin state(↓), thus separating the two spin states into an undeflected (↑) and bent (↓) beam. If a position sensitive detector is placed downstream of the polarizer both spin states can be observed simultaneously. The experimental setup is, of course, configured to minimize the overlap between the straight and bent beams.

When HYSPEC operates in the polarization mode, the PG crystal will be replaced by a Heusler crystal monochromator to obtain a polarized neutron beam.  The radial collimator downstream of the sample will be replaced by a bank of straight collimators, each followed by a supermirror bender polarizer. The extended detector bank will simultaneously record the intensities of the undeflected and bent beams.
We have used the NISP (Neutron Instrument Simulation Package) Monte Carlo (MC) code developed at Los Alamos (3-5) to simulate some polarized neutron scattering measurements made with the NIST beam bender polarizer. The simulation results were used to calculate the polarization and the flipping ratio. These values were compared to the experimental results of  Majkrzak et. al (6), and found to be in reasonably good agreement confirming our belief that the NISP MC code can be used to determine a ‘good’ experimental setup for beam bender based polarized neutron experiments.

Section 1 describes the HYSPEC secondary spectrometer layout, and the results of the MC simulations for a particular configuration that can be used over the energy range of 7-22meV. Plots of the polarization and the flipping ratio as a function of energy are shown. Section 2 describes the simulation of the NIST experiment which is used to benchmark the NISP MC code.
Section 1

Description of the HYSPEC secondary spectrometer layout 
The top and side views of the polarized beam analyzer setup are shown in Fig.1. 
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Fig 1. Top and side views of the secondary spectrometer

Sample-collimator distance:         40cm
Sample-bender distance:              55cm

Collimator:                        2cm wide, 15cm high, 15cm long, 20min. collimation

Bender:                              2cm wide, 15cm high,  5cm long, 5.0m radius of curvature
Monte Carlo simulations were performed for a bender, 5cm long, 1cm wide and 12cm high. The radius of curvature of the bender was 5m resulting in a bend angle of 0.57degrees. The upstream collimation was 20minutes. The simulation results did not change significantly when 2 cm wide benders were used. Our simulation model consists of a neutron source (2cm wide and 2cm high), followed by a Soller collimator, the bender polarizer, and the final detector. A beam of collimated, monochromatic neutrons (Δλ/λ= 1%, ΔE/E=2%) enters the bender polarizer. The tilt angle between the collimator axis and the normal to the bender entrance is called α. This value of this angle was fixed at 0.2 degrees.
Two simulations were performed for each energy. In simulation 1 we assume that only spin (↑) neutrons are incident on the bender. For these (↑) neutrons the bender blades are assigned the same critical angle of reflection as nickel, i.e. m=1, thus most of them simply go straight through the bender without reflecting.  Some neutrons, however, are reflected giving rise to two peaks. In simulation 2 we assume that all experimental conditions are the same except that the neutrons are now (?) neutrons and that the bender blades are made of (m=3) rather than (m=1) supermirror. Most of these neutrons are reflected by the blades and constitute the bent beam. Some neutrons remain undeflected. The relative separation of the two beams (straight and bent) depends on bend angle of the bender, the relative intensities of the two beams depends on the angle α. The detector output for 15meV neutrons is shown in Fig 2a and 2b. When both spin up and spin down neutrons are included in the same simulation we see two distinct peaks, which are a superposition of the two results. This result is shown in Fig. 3.
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Fig 2a. The two peaks due to spin up neutrons
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Fig 2b. The two peaks due to spin down neutrons
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Figure 3. Two distinct peaks can be seen for E=15meV when both spin up and down neutrons are included in the simulation.
In Fig 3 peak 1 consists mostly of spin up neutrons with a small contamination due to spin down neutrons. Peak 2 is mostly spin down neutrons contaminated with a small number of spin up neutrons. To analyze these results we sum up the neutrons in each peak. From fig. 2a we get I(1,↑) and I(2,↑). From fig 2b we get I(1,↓) and I(2,↓).The total intensity in peak 1 is

I(1) = I(1,↑) + I(1,↓),

And in peak 2

I(2) = I(2,↑) + I(2,↓).

The polarization for the two peaks is
P(1) =[I(1,↑) - I(1,↓)] / I(1),

P(2) =[I(2,↓) - I(2,↑)] / I(2),
and the two flipping ratio are
Rf (1)= [1.0+P(1)]/[1.0-P(1)], and
Rf (1)= [1.0+P(2)]/[1.0-P(2)].
The simulation results for various energies are summarized in Table 1. 
	Energy (meV)
	                  Peak 1

Intensity    Polarization   Flipping 

                                        ratio
	                  Peak 2

Intensity    Polarization   Flipping 

                                        ratio

	5
	1003
	0.78
	8.1
	1853
	0.49
	2.9

	7
	15649
	0.80
	9.0
	21539
	0.66
	4.9

	10
	21720
	0.81
	9.5
	25760
	0.77
	7.7

	15
	23141
	0.78
	8.1
	24379
	0.82
	10.1

	20
	14761
	0.70
	5.7
	13619
	0.84
	11.5

	22
	12285
	0.66
	4.9
	10744
	0.85
	12.3

	25
	12421
	0.54
	3.4
	8859
	0.85
	12.3

	30
	10569
	0.36
	2.1
	5105
	0.85
	12.3


Table 1.  Listing of the intensities, polarization and flipping ratios for the two peaks.
The polarization and flipping ratios for the two beams are plotted in Figs. 4 and 5 as a function of energy. From these figures it is obvious that this bender configuration can be used for the energy range of 7-22meV. At 5meV the bent beam has a very small polarization, whereas, at 25meV or higher it is the straight beam which has a small polarization and flipping ratio.
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Fig. 4
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Section 2

Experimental layout and simulation model for the NIST experiments
The beam bender polarizer used in the NIST studies was a made of commercially available Si single crystal wafers 5cm long, 7.5cm high and 0.025cm thick coated on both sides with supermirrror ( Fe/Si) films. A stack of 100 wafers was used to make 2.5cm wide bender. The radius of curvature of the bender was set to either 5m (for a bend angle of 0.57 deg.) or 2.5m (for a bend angle of 1.14deg.).

The experimental setup is described in ref 6. However, for simplicity not all components used in the experiments are included in our simulation model which  consists of a neutron source, followed by a Soller collimator(A), the bender polarizer, two more collimators, (B) and (C), and a final detector. Neutrons with a nominal wavelength of 4.705A are collimated by collimator(A) before they enter the bender polarizer. The tilt angle between the collimator(A) axis and the normal to the bender entrance is called α. This angle was experimentally optimized for each measurement; its value is believed to be about 1 degree. In the simulations it was assumed that α = 1 degree. Collimators (B) and (C) lie on the axis of collimator (A). The positions and descriptions of the various components are presented in Table 1.

	Element #
	Component
	Position on the Z axis
	Description

	
	
	
	

	1.
	Neutron source
	-0.55m
	λ=4.705A, Δλ/λ= 1%

	
	
	
	

	2.
	Collimator A
	-0.40m
	2.5cm wide, 7.5cm high, 15cm long

	
	
	
	

	3.
	Bender polarizer
	0.0m
	2.5cm wide, 7.5cm high, 5cm long

	
	
	
	

	4.
	Collimator B
	0.15m
	2.5cm wide, 7.5cm high, 15cm long

	
	
	
	

	5.
	Collimator C
	0.40m
	3.2cm wide, 10cm high, 15cm long


	
	
	
	

	6.
	Final position sensitive detector
	0.80m
	40cm wide, 40cm high


Table 1. Positions and descriptions of the simulation model components. 

The two components that were not included in the simulation model are the PG crystal upstream of  collimator A, and a Heusler crystal polarization analyzer which was placed between collimators B and C in the experiment. After doing the simulations we discovered that these crystals strongly influence the effective collimation both upstream and downstream of the bender polarizer.

The results of the simulation and measurements are summarized in Tables 2, 3, and 4. Each simulation consists of two runs. In run 1 we assume that only spin (↑) neutrons are incident on the bender. For these (↑) neutrons the bender blades are assigned the same critical angle of reflection as nickel, i.e. m=1, thus most of them simply go straight through the bender without reflecting.  They then pass through collimator (B) [or collimators (B) and (C)] and are counted at the final detector 79cm from the bender. This intensity is called N↑. In run 2 we assume all experimental conditions are the same except that the neutrons are now (↓) neutrons and that the bender blades are made of (m=3) rather than (m=1) supermirror. Most of these neutrons are reflected by the blades and constitute the bent beam. The intensity due to these neutrons at the final detector is called N↓. The total intensity due to both (↓) and (↑) neutrons is

 I=N↑+N↓,

the polarization is

P =(N↑-N↓)/I,

and the flipping ratio Rf = N↑/ N↓ is

Rf = (1.0+P)/(1.0-P).
The simulated bender polarizer has ‘void’ and rather than single crystal Si as the interior material.  Single crystal Si will absorb some of the transmitted neutrons, and this attenuation will need to be taken into account before comparing simulated and measured values for the total intensity.  However, polarization and flipping ratios require only a relative determination of the intensities. These two quantities are also independent of the value of the neutron source flux. 

Results

Simulations were performed for λ=4.705A and Δλ/λ= 1%, which corresponds to E=3.7meV, and ΔE/E=2%. The results of the simulation and the measurements are summarized in Tables 2,3 and 4. 

As noted above, the simulations in Table 2 were performed without collimator (C). These results show that the polarization and the flipping ratios are very sensitive to the downstream collimation (collimatorB). (When comparing flipping ratios it needs to be kept in mind that small differences in polarization result in large differences in the value of the flipping ratio.) It is gratifying to note that the simulations predict the trends correctly although they underestimate the polarization as well as the flipping ratio when the downstream collimation is 40min. This is likely due to the fact that collimator C was not included in these simulations.

	Downstream Collimation B 
	File

name
	Value of m
	I(D3) (n/MW-s)
	I=

N↑+N↓
	P =(N↑-N↓)/I

Calc.    Exptl.
	Flipping Ratio Rf

Calc.       Exptl.

	
	
	
	
	
	
	
	
	

	40min
	Ba102
	1
	2.984e7
	3.496e7
	0.71
	0.83
	5.9
	10.9

	R=5.0m
	Ba103
	3
	5.118e6
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	40min.
	Ba104
	1
	2.987e7
	3.156e7
	0.89
	0.93
	17.69
	26.1

	R=2.5m
	Ba105
	3
	1.689e6
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	20min.
	Ba106
	1
	2.390e7
	2.473e7
	0.93
	0.92
	28.85
	25.1

	
	Ba107
	3
	8.300e5
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	10min.
	Ba108
	1
	1.437e7
	1.476e7
	0.95
	0.94
	36.74
	29.8

	
	Ba109
	3
	3.896e5
	
	
	
	
	


Table 2. Divergence of upstream collimator A = 20min. 

No downstream collimator C
The set of simulations whose results are summarized in Table 3 were performed with a collimation of 40min for the upstream collimator A as well as for collimator C. The collimation of B was varied from 80 to 10 minutes. The simulations predict a polarization that is consistently smaller than the measured values. In fact, comparing the experimental results for Tables 2 and 3 we notice that there was no significant change in the polarization and the flipping ratios when the upstream collimation was relaxed from 20 to 40 minutes. The simulations, however, predict a decrease in polarization and in the flipping ratios when the upstream collimation was relaxed. In fact, the simulations exhibit a strong dependence on the downstream collimation as well. 

	Downstream Collimation  B
	File

name
	Value of m
	I(D3) (n/MW-s)
	I=

N↑+N↓
	P = (N↑-N↓)/I

Calc.     Exptl.
	Flipping Ratio Rf

Calc.          Exptl.

	
	
	
	
	
	
	
	
	

	80min
	Ba116
	1
	4.145e7
	4.655e7
	0.78
	0.90
	8.13
	20.4

	
	Ba117
	3
	5.098e6
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	40min
	Ba114
	1
	3.504e7
	3.888e7
	0.80
	0.91
	9.0
	21.7

	
	Ba115
	3
	3.843e6
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	20min
	Ba118
	1
	2.532e7
	2.751e7
	0.84
	0.92
	11.5
	24.2

	
	Ba119
	3
	2.187e6
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	10min
	Ba120
	1
	1.468e7
	1.559e7
	0.88
	0.93
	15.7
	27.7

	
	Ba121
	3
	9.119e5
	
	
	
	
	


Table 3. Divergence of upstream collimator A = 40min. Divergence of downstream collimator C = 40 min.
One explanation for this discrepancy is the presence of the PG and Heusler crystals, which were part of the experimental setup but were not included in the simulations. If the Heusler crystal - which is placed between collimators B and C - has a horizontal mosaic of 20 minutes and the collimating effect of the Heusler crystal and collimator C are assumed to add in inverse quadrature, then the effective collimation downstream of collimator B is reduced to approximately 18 minutes. When the collimation of collimator C was decreased from 40 to18 minutes (collimation A was still kept at 40 minutes) the simulation results were closer but still didn’t match the experimental data. To get better agreement we had to assume that the horizontal mosaic of the PG crystal was 24 minutes and therefore that the effective upstream collimation was 20 rather than 40 minutes. 

In order to confirm our hypothesis that the crystals were influencing the collimation the simulations were redone with an upstream collimation (collimator A) of 20 minutes, and a downstream collimation (collimator C) of 18 minutes. These results are summarized in Table 4, and show remarkably good agreement with experiment. The simulations predict the increase in polarization and flipping ratio as the collimation of collimator B is tightened; i.e. the same trend shown by the experimental data. The simulations also show a decrease in the peak intensity with a tightening of the collimation from 80 to 10 minutes. However, the decrease in intensity is not the factor of 8 that we might naively have expected, but only a factor of 2, which is what one would expect from a change in effective collimation from 20 to 10 minutes. 
	Downstream Collimation  B
	File

name
	Value of m
	I(D3) (n/MW-s)
	I=

N↑+N↓
	P = (N↑-N↓)/I

Calc.     Exptl.
	Flipping Ratio Rf

Calc.          Exptl.

	
	
	
	
	
	
	
	
	

	80min
	Ba137
	1
	2.104e7
	2.176e7
	0.933
	0.90
	28.8
	20.4

	
	Ba138
	3
	7.198e5
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	40min
	Ba133
	1
	1.963e7
	2.028e7
	0.936
	0.91
	30.2
	21.7

	
	Ba134
	3
	6.480e5
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	20min
	Ba139
	1
	1.691e7
	1.742e7
	0.941
	0.92
	32.9
	24.2

	
	Ba140
	3
	5.137e5
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	10min
	Ba141
	1
	1.201e7
	1.232e7
	0.950
	0.93
	39.0
	27.7

	
	Ba142
	3
	3.098e5
	
	
	
	
	


Table 4. Divergence of upstream collimator A = 20minutes.

Divergence of downstream collimator C = 18 minutes.
In our simulations the bender blades are assigned the same critical angle of reflection as nickel, i.e. m=1, for spin up (↑) neutrons and most of them go straight through the bender without reflecting. For spin down (↓) neutrons we assume that all experimental conditions are the same except that the bender blades are now made of (m=3) rather than (m=1) supermirror. Most of these neutrons are reflected by the blades and constitute the bent beam. From the measured values of the supermirror reflectivities in ref 1, it would appear that the value of m is less than 1.0 for the spin up (↑) neutrons, whereas m=3 is a good approximation for the spin down (↓) neutrons. In our simulations we found that the intensity of the two beams and the polarization are very sensitive to the value of m chosen for the simulations, and that the polarization increased substantially as the value of m was increased from 3.0 to 3.5 or 4.0. We could not decrease the value of m below 1, and could not test whether that would result in a similar increase in polarization.

Conclusions

The effective collimation both upstream and downstream of the bender has a significant effect on the polarization and the flipping ratio.

The NISP Monte Carlo code gives results that agree well with the NIST experimental data. We can therefore use this simulation package to help design the HYSPEC polarization analysis layout.
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