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0.1 Introduction

We have measured the dynamic structure factor S(Q,ω) of superfluid 4He at T=0.1 K at saturated
vapor pressure with the time-of-flight spectrometer IN5 at ILL [1]. The physics that interests us
is the multi-excitation region, whose intensity is of the same order of magnitude as the multiple
scattering, which is an experimental artifact. It is therefore necessary to calculate the multiple
scattering and to subtract it. For this purpose, I tested three different Monte Carlo programs. The
first is the well-known MScat program [2, 3], the second is the McStas software [4] and the third is
your program [5] that I call Javier. I present in this report the results for two different inputs: the
first is the phonon-maxon-roton curve and the second is the experimental data obtained by combining
two wavelengths.

0.2 Phonon-maxon-roton curve

Input

In the MScat program, I did not succeed to enter a S(Q,ω) matrix. Therefore I created a function

S(Q,ω) = ZQδ(ω − ωQ), (1)

where ZQ is the the single excitation weight and ωQ the excitation energy, convoluted with the
instrumental resolution in Q and ω. The function goes until about 2.6 Å−1 in wave vector transfer Q
and until about 2.2 meV in energy transfer ω, for the input of the three Monte Carlo programs. S(Q,ω)
was measured using several wavelengths. The best one, which was used as input of the simulations,
is λ = 4.8 Å, a wavelength for which there is a low aluminium-cell background and a good resolution
at the same time. The problem with this wavelength is that we have not access experimentally to
the whole roton region because the IN5 detectors cover only scattering angles from about 5 to 135
degrees. Since this region is of high intensity, a large part of the intensity of the multiple scattering
will arise from it. Therefore, data at λ = 4 Å were added to the data at λ = 4.8 Å to have access to
the whole roton region and the input function was obtained by fitting the experimental data at these
two wavelengths combined. The sample geometry is cylindrical with a height of 1 cm and a diameter
of 1.5 cm. The scattering from the aluminium cell as well as the multiple scattering that arises
from sample scattering plus elastic incoherent scattering from the aluminium cell was subtracted
beforehand with the ILL software Lamp [6]. Therefore I did not put a cell in MScat and McStas.
With your program, if we do not put a cell or if we put a cell with only some zeros in the S(Q,ω)
matrix, the results are wrong. What is working is to enter a helium cell, with a thickness negligible
compared to the sample dimensions (I chose a thickness of 0.01 cm). The input temperature is 0.1
K, which was the temperature of the helium sample during the experiment. However, MScat uses
dimensionless variables that depend on temperature, and the lowest temperature that could be used
as input was 3 K.
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Figure 1 – The phonon-maxon-roton curve obtained from the equation 1, used as input to the three
Monte Carlo programs MScat, McStas and Javier.
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Output

The results of the numerical simulations are presented in Fig. 2. For the single scattering part of
S(Q,ω), the output is too large in ω and there is a slight shift in ω when using MScat. With McStas,
there is a problem of too high intensity in the low Q phonon region. We think this is associated with
the slope of the phonon mode, but we did not succeed in solving this issue. Your program, for its
part, gives exactly the same output as the input.

For the multiple scattering part, I find the same structure of S(Q,ω) using either McStas or your
program. To have the same intensity I need to divide the intensity of the multiple scattering simulated
with McStas by two. With MScat, we obtain also a similar structure with some shift in ω as observed
for the single scattering part.

MScat McStas Javier

Ratio (%) 1.4 4 2.3

Table 1 – Ratio of the multiple scattering intensity over the total intensity for the three programs.
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Figure 2 – Calculated S(Q,ω) from the three Monte Carlo programs showing the contributions from
single scattering (left) and multiple scattering (right). (a) MScat, (b) McStas and (c) Javier. The
dashed black lines represent the kinematic range for a wavelength of λ = 4.8 Å. All the data were
normalized to the roton intensity of Cowley and Woods [7].
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0.3 Experimental data obtained by combining two wave-

lengths

Input

In this section, the input is directly the measured S(Q,ω) obtained by combining the wavelengths
λ = 4.8 and λ = 4 Å [see Fig. 3]. All the input parameters are the same as in the previous part,
except for S(Q,ω). For reasons discussed above, only McStas and the Javier program were used.

Figure 3 – The measured S(Q,ω) used as input to the two Monte Carlo programs McStas and Javier.
The dashed black line represents the limit of the kinematic range for a wavelength of λ = 4.8 Å (the
IN5 detectors cover angles from about 5 to 135 degrees). Outside this limit, data at λ = 4 Å were
used.

Output

The results of the numerical simulations of S(Q,ω) are presented in Fig. 4 and constant-Q scans are
shown in Fig. 5. For the single scattering part of S(Q,ω), McStas has still problems in the phonon
region. We can see also a problem of too high intensity for the total part of S(Q,ω) (single plus
multiple scattering) [see solid green line in Fig. 5] in the multi-excitation region, compared to the
“raw data” [see open red circles in Fig. 5], in particular at Q around 1.7 Å−1 and ω around 1.1 meV.
We can see also this excess of intensity in the 2D spectrum of Fig. 4 that may arise from the excess
of intensity in the phonon region, which creates artifacts for phonon plus maxon and phonon plus
roton.

With your program, intensity is lacking in the multi-excitation region [see plain blue line of Fig.
5] but your program gives always exactly the same output as the input for the single excitation part.
For the multiple scattering part, I find the same structure of S(Q,ω) using either McStas or your
program. To have also the same intensity I need to multiply the intensity of the multiple scattering
simulated with McStas by 1.5. Indeed, we can see that the dashed blue line and the dashed green
line of Fig. 5 are perfectly superimposed. In the precedent part, using a function for the input
S(Q,ω), the ratio of the multiple scattering intensity over the total intensity with McStas was too
high compared to that calculated from your program, and now it is too low [see Table 2]. Finally,
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the filled red circles of Fig. 5 represent the experimental data corrected for multiple scattering from
your program. I am quite satisfied with this subtraction because it gives zero intensity around 1.5
meV for Q=0.5 and Q=0.8 Å−1, which is in agreement with the theory.

McStas Javier

Ratio (%) 1.1 1.8

Table 2 – Ratio of the multiple scattering intensity over the total intensity for the two programs.

Figure 4 – Calculated S(Q,ω) from two Monte Carlo programs showing the contributions from single
scattering (left) and multiple scattering (right). (a) McStas and (b) Javier. The dashed black lines
represent the kinematic range for a wavelength of λ = 4.8 Å (the (Q,ω) space is bigger than in the
input due to the fact that the simulations are done for scattering angles from 0 to 180 degrees). All
the data were normalized to the roton intensity of Cowley and Woods [7].
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Figure 5 – S(Q,ω) at different Q values with a zoom on the multi-excitation region. The raw data
correspond to the measured liquid helium spectrum used as input to the simulation. The corrected
data have the multiple scattering calculated with your program subtracted. “Total Javier” and “MS
Javier” are the simulated total (single plus multiple) scattering and the simulated multiple scattering
with your program, respectively. “Total McStas” and “1.5*MS McStas” are the simulated total
scattering and the simulated multiple scattering with McStas multiplied by 1.5, respectively. All the
data were normalized to the roton intensity of Cowley and Woods [7].
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0.4 Conclusion

Your program was used to do the multiple scattering corrections in our paper about the multi-
excitations in superfluid 4He [1], because it gives the most accurate results, with a ratio of the multiple
scattering intensity over the total intensity around 1.8 %, a value in agreement with calculations based
on the work by Sears [8], which give 1.6 %. I use in the simulations 20000 neutrons, 6 runs and only
1 cycle to converge. I do not really know what the number of cycles means and this number does
not seem to change the results of the simulations. I do not know why the program is making wrong
results when I put only some zeros in the S(Q,ω) matrix for the cell. I also tried to use as input the
experimental data not corrected for the aluminium cell, with a thin aluminium cell, but the results
were wrong also.
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