TudA 40 International Conference on Ultrafast Phenomena © Optica
) Publishing Group 2022

Ultrafast Molecular Imaging Using 4-Fold
Covariance: Coincidence Insight with
Covariance Speed

Chuan Cheng', Leszek J. Frasinski’, Gonenc Mogol', Felix Allum>*>, Andrew J.
Howard*, Philip H. Bucksbaum*>, Mark Brouard?, Ruaridh Forbes*> and Thomas
Weinacht'

! Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA

2 Department of Physics, Imperial College London, Prince Consort Road, London SW7 2AZ, United Kingdom

3 Chemistry Research Laboratory, Department of Chemistry, University of Oxford, Oxford OX1 3TA, United
Kingdom

4 Stanford PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA
94025, USA

5 Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park,California 94025, USA
chuan.cheng. 1 @stonybrook.edu

thomas.weinacht @ stonybrook.edu

Abstract: We develop mathematical tools to compute higher order covariances in charged
particle detection, and demonstrate fourfold covariance measurements for molecular imag-
ing with intense ultrafast laser pulses. © 2022 The Author(s)

1. Introduction

Momentum resolved coincidence measurements have traditionally served as the gold standard for measuring disso-
ciative ionization of molecules. Covariance measurements can provide similar physical insights and have enabled
much higher data taking rates (~ 100x) [1], allowing for studies as a function of laser intensity, pulse duration,
pump-probe delay etc. While powerful, covariance was only demonstrated for up to three particles, limiting its
use in Coulomb explosion imaging (CEI) of larger molecules [2]. Here we develop some mathematical tools
to compute higher order covariances, and demonstrate four fold covariance for CEI of deuterated formaldehyde
(CDy0).

2. Results
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Fig. 1. Newton plots for 3-body (CO™, D*, D*) and 4-body (O*, C*, D", D) dissociation channels
of CD,0. The momentum distribution of all other fragment ions are displayed in the plane with one
of the D™’s momentum fixed along the p, direction. Both channels show similar (D", D™) angular
distributions. Such an angular distribution suggests that they are ejected in a concerted manner,
as discussed in detail in coincidence spectroscopy [3]. In both cases, cartoons of fragments are
displayed for visual illustration.
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For 3 body dissociation, Newton plots have been used in a number of molecular frame studies [3, 5]. Fig. 1
shows Newton plots for three and four body dissociation channels of CD,0. In Fig. 1, one of the D™ momentum
is fixed as the reference for the other fragments. The left panel of Fig. 1 depicts the Newton plot for the (CO™,
DT, D) channel. The shape of the distribution is quite similar to that of the coincidence 3-body dissociation
of C;H,Cl, [3]. The right panel shows the same plot for the 4-body channel (O, C*, DT, DT). Although the
statistics are limited, the momentum of the second DT can still be seen, which suggests it is ejected in a process
similar to the 3-body dissociation.

While it is tempting to consider fourfold covariance in terms of an extension of expressions for lower orders:

Cov(A,B,C) = ((A—(A))(
COV(A,B,C,D) = <(A— <A>)(

w
!
=
a
!
a

ey

oo}

|
=
B

|
GG
Gl

|
S

it can be shown that this does not produce physical results without corrections. Fig. 2 illustrates the direct appli-
cation of this expression along with the corrected version. Fig. 2 shows a test of momentum conservation with
covariance analysis for partial (O", C*, D) and full 4-body dissociation channels (O*, C*, D*, DT). The x
component of the momentum (p,) for the fragments are summed. For the partial channel, represented by the green
curve, momentum conservation fails due to the lack of momentum information of the missing D™ (or D) fragment.
For the full (fourfold) channel, the uncorrected formula given above yields the dark red curve, which shows a peak
around zero momentum. However, in addition to the peak at zero, there is a broad background distribution over a
wide range of momentum. This problem is completely solved by utilizing the appropriate correction. The result of
the corrected analysis yields the red curve in the figure, which simply shows a clean peak around zero momentum,
emphasizing the importance of the correction.
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Fig. 2. Histogram of sum of momenta in x direction for different dissociation channels. The green
curve shows that momentum is not conserved due to the missing D (or D) fragment. The light red
curve represents the 4-fold covariance histogram using the correct formula. The curve shows a single
peak around zero momentum with limited fluctuations, indicating that momentum is conserved in
covariance, as it is in coincidence [4]. In contrast, the dark red curve, using the normal covariance
formula, shows not only a sharp peak at around zero momentum but also a large background. Such
a difference illustrates the importance of the correction to the covariance calculation.
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