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A B S T R A C T 

The photoabsorption of the imidogen (NH) radical is important in various astronomical and industrial processes. In 

particular, its photodissociation in the ultraviolet region is crucial for correct chemical modelling and dynamics. An 

updated spectroscopic model, named 2kNigHt, is presented for the 12 lowest electronic states of NH. This model is used 
t o comput e a new bound–bound line list up t o 50 000 cm 

−1 for the four 14 N 

1 H, 14 N 

2 H, 15 N 

1 H, and 15 N 

2 H isotopologues. 
Temperature-dependent photoabsorption, continuum photoabsorption, and photodissociation cross-sections, as well as 
associat ed phot olysis rat es under sev er al important r adiation fields, ar e computed. These cr oss-sections cov er wav elengths 
longer than the hydrogen Ly α line for temperatures up to 10 000 K. All results are made available in the ExoMol and 
ExoPhoto databases. 

Key wor ds: astr ochemistry –molecular data – planets and sat ellit es: atmospheres – stars: atmospheres – ISM: molecules. 
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 INTRODUCTION  

midogen (NH) is a highly reactive radical that is a transient
pecies in many systems. Astronomically, NH has been detected 
n the int erst ellar medium (D. M. Meyer & K. C. Roth 1991 ;
. A. Crawford & D. A. Williams 1997 ; J. Cernicharo, J. R.
oicoechea & E. Caux 2000 ; T. Weselak et al. 2009 ; C. M. Persson
t al. 2010 , 2012 ), as well as in the atmosphere of the Sun (H.
. Babcock 1945 ; N. Grevesse et al. 1990 ), protostars (P. Hily-
lant et al. 2010 ), dwarfs (M. Spite et al. 2022 ), giants (C. Sneden
973 ; V . V . Smith & D. L. Lambert 1986 ; W . Aoki & T. Tsuji 1997 ),
upergiants (D. L. Lambert et al. 1984 ), and comets (P. Swings,
. T. Elvey & H. W. Babcock 1941 ; E. B. Hanten et al. 2025 ). It
erves as an astronomical measure of nitrogen abundance that is 
ndependent of other non-hydrogen elements. Industrially, NH 

pectr oscopy is pr ominent in air (S. S. Harilal, B. E. Brumfield &
. C. Phillips 2018 ) and liquid (R. Pflieger et al. 2017 ) plasma
r ocesses, wher e it is essential in ammonia monitoring (D. Zhang
t al. 2019 ) and assists in w astew ater purification (A. Hamdan,
.-L. Liu & M. S. Cha 2018 ). It is also observed in combustion
nd flash photolysis processes, in particular associated with the 
uccessiv e hy drogen abstraction of ammonia (P. Glarborg et al. 
018 ; C. Brackmann et al. 2018 ; N. Lamoureux, L. Gasnot & P.
esgr oux 2019 ; B . Jin et al. 2022 ; S. Mashruk et al. 2023 ). NH is
lso relevant in ultracold molecular physics; it has been cooled 
n a magnetic trap (M. Kajita 2006 ; W. C. Campbell et al. 2007 ;
 E-mail: j .tenn yson@ucl.ac.uk 
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. M. C. Janssen, A. van der Avoird & G. C. Groenenboom 2013 ),
ecelerated using the Stark (S. Y. T. van de Meerakker et al. 2006 )
nd Zeeman (V. Plomp et al. 2019 ) effects, and has been proposed
s a candidate for laser cooling (D. Li & W. Bian 2021 ; N .- Z. Yan
t al. 2021 ) due to its highly diagonal F r anck–Condon factors. 
The photoabsorption spectroscopy of NH is reasonably com- 
lex for a simple hydride and offers an insight into several pho-
 odissociativ e mechanisms. The low est 12 electronic stat es of NH
s considered in this study are shown in Fig. 1 with their as-
ociated dissociation products. In the ultraviolet region (above 
25 000 cm 

−1 ; shorter than ∼400 nm), the spectrum is domi-
at ed by ov erlapping direct phot odissociativ e featur es fr om the
 

3 �− and 2 3 � r epulsive electr onic states at 120–160 nm. Ab
nitio cross-sections for these two pr ocesses wer e calculated at
 K by K. P. Kirby & E. M. Goldfield ( 1991 ). There is also a con-
inuum photoabsorption feature peaked at ∼300 nm from A 

3 �

redissociation induced by the 1 5 �− repulsive state, which was 
uggested by W. H. Smith, J. Brzozowski & P. Erman ( 1976 ) and D.
atel-Misra et al. ( 1991 ) through lifetime analyses, and modelled
ithout rotational structure by A. N. Heays, A. D. Bosman & E.
. van Dishoeck ( 2017 ). These ab initio cross-sections are collated
n the Leiden photodissociation and photoionization database (A. 
 . Hea ys et al. 2017 ; H. R. Hrodmarsson & E. F. van Dishoeck
023 ), in addition to a temperatur e-independent featur e centr ed
t 100 000 cm 

−1 (100 nm) to account for processes involving
igher electronic states (R. Ghosh et al. 2025 ). Fr om Ex oMol (J.
ennyson et al. 2024 ), NH continuum photoabsorption has been 
tudied by A. N. Perri & L. K. McKemmish ( 2024 ) and T. Uhlíková
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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Figure 1. The lowest 12 potential energy curves of NH considered in this study with their associated dissociation products. 
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t al. ( 2025 ) through variational nuclear motion calculations us-
ng Duo (S. N. Yurchenko et al. 2016 ) and spectral post-processing
sing Ex oCr oss (S. N. Yur chenko , A. F. Al-Refaie & J. Tenn yson
018 ). 
The study of A. N. Perri & L. K. McKemmish ( 2024 ) consid-
red the fiv e low est electronic states (X 

3 �−, a 1 �, b 1 �+ , A 

3 �,
nd c 1 �) of NH. This inv olv ed construction of a spectroscopic
odel comprising ab initio potential energy, coupling (e.g. spin-
rbit and angular momenta) and dipole moment curves. For the
 

3 �−, a 1 �, and A 

3 � electronic states, the majority of these
urv es w er e r efined to e xperimental energy levels fr om a pr evi-
us MARVEL (Measured Active R otational-Vibr ational Energy
evels) study (D. Darby-Lewis et al. 2019 ) that considered high-
NRAS 548, 1–10 (2026) 
 esolution spectr oscopy measur ements fr om 18 publications (P.
. Bernath & T. Amano 1982 ; D. A. Ramsay & P. J. Sarre 1982 ; F.
an den Heuvel, W. Meerts & A. Dymanus 1982 ; J. L. Hall et al.
985 ; D. Boudjaadar et al. 1986 ; C. R. Brazier, R. S. Ram & P.
. Bernath 1986 ; K. R. Leopold, K. M. Evenson & J. M. Brown
986 ; R. S. Ram & P. F. Bernath 1986 ; W. Ubachs et al. 1986 ; W.
ack & T. Mill 1990 ; M. Geller et al. 1991 ; T. Klaus, S. Takano &
. Winnewisser 1997 ; R. S. Ram, P. F. Bernath & K. H. Hinkle
999 ; S. Y. T. van de Meerakker et al. 2003 ; J. Flores -Mijang os
t al. 2004 ; F. Lewen et al. 2004 ; A. Robinson et al. 2007 ; R. S.
am & P. F. Bernath 2010 ). Additional c 1 � – a 1 � transitions
rom W. R. M. Graham & H. Lew ( 1978 ) were subsequently added
y T. Uhlíková et al. ( 2025 ). Hyperfine effects are largely unre-
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olved in r ovibr onic spectra and were not considered in these
tudies. This model was then used t o generat e an accurat e line
ist, given the name kNigHt, through rovibronic calculations in 
uo . This ‘trih ybrid’ line list includes energies obtained using
hree methodologies (L. K. McKemmish 2021 ; L. K. McKemmish 
t al. 2024 ); MARVEL experimental energies and effective Hamil- 
onian energies from J. S. A. Brooke et al. ( 2014 ), J. S. A. Brooke,
. F. Bernath & C. M. Western ( 2015 ), and A. M. Fernando et al.
 2018 ) were explicitly included to ensure accuracy alongside the
omplementary completeness offered by the variational model. 
he kNigHt line list is applicable for high temperatures and cov- 
rs wavenumbers up to 47 500 cm 

−1 (longer than ∼211 nm) for
he 14 N 

1 H, 14 N 

2 H, 15 N 

1 H, and 15 N 

2 H isotopologues. These data
ave recently been used to successfully probe 14 N 

1 H/ 14 N 

2 H and
5 N 

1 H/ 14 N 

1 H r atios in sever al bright comets (E. B. Hanten et al.
025 ), which e x emplifies the utility of isotopologue e xtrapolation
L. K. McKemmish et al. 2024 ). 
The study of T. Uhlíková et al. ( 2025 ) developed and tested a
ariety of techniques used to compute photodissociation cross- 
ections and, in particular, quasi-continuum properties (line po- 
itions, line widths, and lifetimes) for quasi-bound electronic 
tates. The kNigHt spectroscopic model was employed with ad- 
itional ab initio data for seven high-lying electronic states and 
 refined c 1 � state. The new c 1 � potential energy curve was 
ecessary to correctly account for the shape resonance that is 
ssential for its quasi-bound photoabsorption. 
Consequently, this work extends these two studies to anal- 
se temperature effects on the photoabsorption and photodisso- 
iation spectra of NH up to 10 000 K. Temperature-dependent 
r oss-sections ar e generated for all important features with wave- 
engths longer than the hydrogen Ly α line at 121.6 nm. An 
pdat ed spectroscopic model, giv en the name 2kNigHt, is pro-
uced to ensure a self-consistent line list, primarily for the quasi-
ound c 1 � state. This article is thus structured as follows: the
ethodologies associated with the spectroscopic model and high- 
esolution bound–bound line list, as well as for the calculation of 
emperatur e-dependent cr oss-sections and phot olysis rat es, are 
v erview ed in Section 2 . The results are then presented in Sec-
ion 3 for the 14 N 

1 H, 14 N 

2 H, 15 N 

1 H, and 15 N 

2 H isotopologues and
onclusions in Section 4 . 

 METHODOL  OG  Y  

his work builds on the initial kNigHt spectroscopic model of A. 
. Perri & L. K. McKemmish ( 2024 ) supplemented by the ab initio
nd fitted c 1 � curves of T. Uhlíková et al. ( 2025 ). Due to the
arious couplings that link all five electronic states considered 
n kNigHt, how ev er, direct combination of these sources leads
o deviations in the r ovibr onic energy r esiduals compar ed to the
ARVEL experimental data. For this reason, a refit was neces- 
ary to produce an updated self-consistent spectroscopic model 
amed 2kNigHt. All couplings to the seven higher electronic 
tat es giv en by T. Uhlíková et al. ( 2025 ) wer e intr oduced. This
ew model facilitates calculation of temperature-dependent con- 
inuum photoabsorption and photodissociation cross-sections, as 
ell as associated rates, for all processes down to 121.6 nm. 

.1 Spectroscopic model and line list 

he original kNigHt spectroscopic model considered the lowest 
v e electronic stat es (X 

3 �−, a 1 �, b 1 �+ , A 

3 �, and c 1 �) of 
H. Notably, the potential energy curve (PEC) of the quasi-bound 
 

1 � state was simply included as ab initio grid points. This curve
as a small barrier above its dissociation asymptote, which was 
ubsequently fit by T. Uhlíková et al. ( 2025 ) with the two - state
iabatic analytic model (S. N. Yurchenko et al. 2024 ) given by 

 = 

(
V 1 (R ) V 12 (R ) 
V 12 (R ) V 2 (R ) 

)
. (1) 

or the lower bound diabatic V 1 (R ) curve, an extended Morse
scillator (EMO) function was used as given by 

 1 (R ) = T e + D e 

[ 
1 − exp 

( 

−
N ∑ 

i =0 
b i ξ i 4 ( R − R e ) 

) ] 2 
, (2) 

here T e is the term energy, D e is the dissociation energy, R e 
s the equilibrium bond length, and { b i } are vibrational fitting
arameters. The Šurkus variable of order p is 

p = 

R 

p − R 

p 
e 

R 

p + R 

p 
e 
. (3) 

or the upper repulsive diabatic V 2 (R ) curv e, an inv erse polyno-
ial was used as given by 

 2 (R ) = A e + 

b 6 
R 

6 , (4) 

here A e is the dissociation asympt ot e and b 6 is a fitting param-
ter. There is no curve in the ab initio study that corresponds to
 2 (R ) . The upper curve obtained from diagonalizing equation ( 1 )
s ther efor e not of physical significance. 
For the off-diagonal diabatic V 12 (R ) curv e, an inv ert ed EMO
EC with an asympt ot e of zero as R → ∞ was used as given by 

 12 (R ) = W e 

⎡ 

⎣ 1 −
[ 
1 − exp 

( 

−
N ∑ 

i =0 
b i ξ i 4 ( R − R e ) 

) ] 2 ⎤ 

⎦ . (5) 

The final c 1 � adiabatic potential energy curve is then con- 
tructed as the lower eigenvalue of the diabatic matrix A and the
pper component is disr eg ar ded. 
Born-Oppenheimer breakdown (BOB) and �-doubling ( λq ) in- 

 eractions hav e also been included for the c 1 � stat e. The former
llows for an empirical position-dependent variation of the ro- 
ational mass (R. J. Le Roy & Y. Huang 2002 ; R. P. Brady et al.
024 ), which is known to be important for electronic centrifugal
istortion in hydrides with large rotational constants, seen for NH
tself (M. Melosso et al. 2019 ), HF (R. J. Le Roy 1999 ), and MgH
R. D. E. Henderson et al. 2013 ). 
The potential energy and coupling curves associated with the 
dditional seven e x cited electr onic states consider ed by T. Uh-
íková et al. ( 2025 ) were further added to the 2kNigHt spectro-
copic model. The ab initio permanent (diagonal) and transition 
off-diagonal) dipole moment curves were also included, which 
ere each fit to the irregular functional form suggested by E. S.
edvedev & V. G. Ushakov ( 2022 ). It was further important to
orph the ab initio potential energy curves at large bond lengths
o ensure the correct dissociation asympt ot e for each channel.
his was achieved using 

 morphed (R ) = V abinitio (R ) f (R ) + A e [ 1 − f (R ) ] (6) 

ith 

f (R ) = 

1 
2 
[ 1 − tanh (aξ4 ) ] , (7) 

here a = 5 . 0 and R e = 2 . 75 Å for the b 1 �+ electronic state, and
 = 2 . 0 and R = 2 . 50 Å for the other states. 
MNRAS 548, 1–10 (2026) 
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Upon solution of the time-independent nuclear Schrödinger
quation in Duo, r ovibr onic states ar e characterized as either
ound or unbound. These are separated based on two criteria;
rst, the density ρi of each wavefunction �i is checked for asymp-
otic behaviour in a small region δ at the outer box length R outer 
s 

i = 

∫ R outer 
R outer −δ

| �i | 2 dR. (8) 

Unbound states belonging to the continuum have non-zero
ensity in this outer region and can thus be differentiated from
he bound states of each potential well. Secondly, the expectation
alue of bond length is calculated for each state as 

 R 〉 i = 

∫ R outer 
R inner 

| �i | 2 RdR. (9) 

This value is physically meaningful and helps to better dis-
inguish between quasi-bound and unbound states, where the
ormer may still possess some asymptotic behaviour far from
quilibrium. 

.2 Cross-sections 

x oCr oss (S. N. Yurchenko et al. 2018 ) was used to generate cross-
ections from the 2kNigHt line list. For a transition between ini-
ial i and final f discrete states, the line intensity is given by 

 f i = 

g tot f A f i 

8 πc ̃  ν2 f i 

e −c 2 ̃  E i /T 
(
1 − e −c 2 ̃ ν f i /T 

)
Q (T ) 

, (10) 

here g tot = g ns (2 J + 1) is the total degeneracy factor, g ns is the
uclear spin statistical weight factor, A f i is the Einstein A coef-
cient (s −1 ), ˜ ν f i is the transition frequency (cm 

−1 ), ˜ E is energy
cm 

−1 ), T is temperature (K) and Q (T ) is the partition function
 xpr essed as 

 (T ) = 

∑ 

n 

g tot n e 
−hc ̃ E n /k B T . (11) 

The total lifetime τtot broadening of each line r esults fr om both
adiative τrad and predissociative ∗τpre contributions with 

1 
τtot 

= 

1 
τrad 

+ 

1 
τpre 

. (12) 

his yields a Lorentzian broadening profile given by 

 L ( ̃  v ) = 

1 
π

�L / 2 
( ̃  v − ˜ v 0 ) 2 + (�L / 2) 2 

, (13) 

ith full-width at half-maximum of 

L = 

1 
2 πcτtot 

. (14) 

he radiative lifetimes τrad are calculated through summation of 
instein A i f coefficients over all transitions from a given state i to
nal states f as 

rad = 

1 ∑ 

i< f A i f 
(15) 

or quasi-bound states, the predissociative lifetimes τpre were de-
ermined using the stabilization methodology involving repeated
alculations as a function of R outer . This pr ocedur e is outlined
y A. U. Hazi & H. S. Taylor ( 1970 ), V. A. Mandelshtam, T. R.
avuri & H. S. Taylor ( 1993 ), Z. Bacic & J. Simons ( 1982 ), and has
NRAS 548, 1–10 (2026) 
een employed by G. B. Mitev, S. N. Yurchenko & J. Tennyson
 2024 ), T. Uhlíková et al. ( 2025 ), and A. Sokolov et al. ( 2025 ). 
The additional temperature-dependent Doppler line broaden-

ng is described by a Gaussian profile. The final cross-section
s given as the sum over all lines broadened by their respective
orentzian and Gaussian contributions. This treatment is appro-
riate for bound–bound transitions stored in the 2kNigHt line
ist. In the variational approach developed by M. Pezzella, S. N.
urchenko & J. Tennyson ( 2021 ) and applied by M. Pezzella, S.
. Yurchenko & J. Tennyson ( 2022 ), and G. B. Mitev et al. ( 2025 ),
 epulsive electr onic states ar e tr eat ed equivalently t o bound stat es
n the solution of the time-independent nuclear Schrödinger
quation within a finite region. This leads to a sampling of the
ontinuum, where line positions from repulsive states are depen-
ent on the radial box size of the calculation. It is thus necessary
o broaden each continuum line with some artificial profile to
enerate a continuous spectrum. As detailed extensively by T.
hlíková et al. ( 2025 ), and G. B. Mitev et al. ( 2025 ), a robust
roadening scheme is realized using a ‘particle-in-a-box’ model.
his treatment utilizes a variable Gaussian full-width at half-
aximum dependent on the energy level separation for the cho-
en radial box size. 

.3 Phot olysis rat es 

he t emperature-dependent phot olysis rat e of a dissociativ e pro-
ess is given by 

(T ) = 

∫ λ f 

λi 

F (λ) σ (λ, T ) dλ, (16) 

here λ is wavelength (nm), T is the molecular temperature
K), F (λ) is the photon flux (photons s −1 cm 

−2 nm 

−1 ), and
(λ, T ) is the temperature-dependent photodissociation cross-
ection (cm 

2 molecule −1 ). This equation assumes that all tran-
itions in the wavelength region of int erest betw een λi and λ f 
ead t o phot olysis, although dissociation int o a particular product
hannel may be accounted for using partial cross-sections (R.
. Pattillo et al. 2018 ; G. B. Mitev et al. 2025 ; A. Sokolov, S. N.
urchenko & J. Tennyson 2026 ). 
All phot olysis rat es are crucially dependent on the photon flux

 (λ) radiated upon the molecules in a system. This work con-
iders rates under the interstellar radiation field (ISRF) (B. T.
raine 1978 ; E. F. van Dishoeck & J. H. Black 1982 ) and model
lackbody (BB) radiation fields at 4000, 10 000, and 20 000 K. The
odel BB fluxes are particularly useful for exoplanetary studies to
auge the variability of molecular photodissociation over a range
f st ellar t emperatur es. A dditionally, in all subsequent analysis,
he int egrat ed energy int ensity of each field is scaled t o mat ch
hat of the ISRF in the 91.2–200 nm region (2.6 × 10 −10 W cm 

−2 )
A. N. Heays et al. 2017 ; H. R. Hrodmarsson & E. F. van Dishoeck
023 ; M. Pezzella et al. 2022 ). 

 RESULTS  

.1 Spectroscopic model and line list 

he 2kNigHt spectroscopic model with all fitted parameters is
iven in the 14-H__2kNigHt.model Duo input file available in
upplementary materials. The new 2kNigHt line list includes
ll bound energy levels, notably introducing v = 2 quasi-bound
evels for the c 1 � electronic state. The bound state selection
hr esholds wer e chosen to be ρ < 0 . 05 and 〈 R 〉 < 3 . 0 Å. The Duo
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Table 1. The root mean square error (cm 

−1 ) within each vibronic level in 
the kNigHt (A. N. Perri & L. K. McKemmish 2024 ), JCP (T. Uhlíková et al. 
2025 ), and 2kNigHt (this work) energy levels compared to the MARVEL 
experimental data. The number of states N states within each vibronic level 
is given in the final rows. 

Line list v X 3 �− a 1 � A 

3 � c 1 �

kNigHt 0 0.165 0.013 0.065 0.900 
1 0.223 0.018 0.045 12.046 
2 0.177 0.044 0.034 
3 0.028 0.049 
4 0.087 
5 0.062 
6 0.175 
All 0.154 0.029 0.053 3.583 

N states 541 110 402 24 
JCP 0 0.360 

1 0.218 
2 2.288 
All 0.711 

N states 63 
2kNigHt 0 0.117 0.016 0.141 0.123 

1 0.103 0.021 0.052 0.094 
2 0.096 0.049 0.029 2.346 
3 0.047 0.070 
4 0.070 
5 0.045 
6 0.112 
All 0.091 0.036 0.101 0.777 

N states 541 110 403 65 
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Table 2. A summary of the four 2kNigHt isotopologue line lists. 

Isotopologue g ns J max N states N transitions 

14 N 

1 H 6 58 4552 236 012 
14 N 

2 H 9 80 8575 618 747 
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alculation employed 7501 sinc functions in a discrete variable 
 epr esentation (DVR), which are uniformly distributed for bond 
engths R = 0 . 5 − 8 . 0 Å. The lowest 150 vibrational basis func-
ions of each electronic state were retained. 
The root mean square error within each vibronic level are 
resented in Table 1 as compared to the MARVEL experimental 
nergy levels (D. Darby-Lewis et al. 2019 ) for the kNigHt and
kNigHt line lists, as well as for the c 1 � model of T. Uhlíková
t al. ( 2025 ). It can be seen that the 2kNigHt line list is of similar
ccuracy to the previous data in light of the additional 31 coupling
urves added. It is hence expected that the 2kNigHt line list can
ore accurately predict bound energy levels up to 50 000 cm 

−1 .
he assignment of non-rigorous quantum numbers (notably v 
nd N for triplet states) close to dissociation is still unreliable and
hould be treated as a best estimate. Additionally, the 2kNigHt 
odel pr ovides impr ov ed transition int ensities due t o correct
avefunction mixing from the introduced coupling curves, which 
ere checked for phase consistency. 
In the bound–bound region set here below 50 000 cm 

−1 , the
 

1 �+ electronic state is still modelled with only ab initio curves.
. Gilles, J. Masanet & C. Vermeil ( 1974 ) and J. Masanet, A.
illes & C. Vermeil ( 1974 ) measured the b 1 �+ –X 

3 �− band near
71 nm with ν00 ≈ 21 237 cm 

−1 . The ab initio potential energy
urv e was shift ed in this w ork t o mat ch this result. The opacity
ontribution is still described sufficiently due to lack of any sig-
ificant couplings. 
The predissociative lifetimes were determined here using the 
tabilization methodology for 2 001 individual calculations. The 
uter sinc-DVR box length w as v aried from 6 to 8 Å and an inner
inc-DVR bo x length fix ed at 0.5 Å. The Lor entzian distribution
n equation ( 13 ) was fit to a hist ogram of energies construct ed
ith 199 bins over a ±3 σ range about the mean value. This yields
he full-width at half-maximum �L for each r ovibr onic state such
hat predissociative lifetimes and rates can be calculated. These 
 ere comput ed for A 

3 � and c 1 � r ovibr onic stat es cat egorized
s bound using ρ and 〈 R 〉 , and with 3 σ > 10 −6 cm 

−1 . 
The new 2kNigHt spectroscopic model also allows for more 
seful predictions for the 14 N 

2 H, 15 N 

1 H, and 15 N 

2 H minor
sot opologues, how ev er, caution is advised due to the mass-
ependent BOB curv e used. Nev ertheless, A. N. Perri & L. K.
cKemmish ( 2024 ) showed that the original kNigHt line list can
r edict r ovibr ational tr ansitions to bet ter than 1 cm 

−1 for each
sotopologue as compared to lines collated by M. Melosso et al.
 2019 ). Energy uncertainties and isotopologue extrapolation were 
alculated as described by L. K. McKemmish et al. ( 2024 ). Addi-
ionally, for minor isotopologues, only the radiative contribution 
f the lifetime was included in the final line lists. 
A summary of the four 2kNigHt isotopologue line lists pre- 
ented in this work is given in Table 2 . These line lists are available
n the ExoMol database in the form of individual.states and.trans 
les, which are identical in format to those of A. N. Perri & L. K.
cKemmish ( 2024 ). 

.2 Cross-sections 

he main result of this work is a set of temperature-dependent
up to 10 000 K) photoabsorption, continuum photoabsorp- 
ion, and photodissociation cross-sections for the main 14 N 

1 H 

sotopologue. The bound–bound contribution of the pho- 
oabsorption cross-sections can be produced from the 14N- 
H__2kNigHt.states and 14N-1H__2kNigHt.trans files. For 40 
elect ed t emperatures, the continuum phot oabsorption (bound–
ontinuum contribution) and photodissociation cross-sections 
re available in the ExoMol (J. Tennyson et al. 2024 ) and Ex-
Photo (Q.-H. Ni et al. 2025 ) databases, respectively. 
The photoabsorption cross-sections include all bound–bound 

ransitions with Doppler and lifetime broadening, as well as 
he bound–continuum contribution. The 14 N 

1 H photoabsorption 
ross-sections for selected temperatures are shown in Fig. 2 . 
he continuum photoabsorption cross-sections only include the 
ound–continuum contribution, which are provided on a 0.01 
m 

−1 wavenumber grid. An example extract at 3000 K is given
n Table 3 . 
The photodissociation cross-sections include the bound–
ontinuum contribution in addition to quasi-bound features 
caled by their dissociation efficiency ηdiss . This efficiency is taken 
s 

diss = 

k pre 
k rad + k pre 

= 

τrad 

τrad + τpre 
, (17) 

hich models the competition between radiative decay with rate 
 rad = 1 /τrad and predissociation with rate k pre = 1 /τpre . The pho-
odissociation cr oss-sections ar e pr ovided on a 0.1 nm wavelength
rid. An example extract at 3000 K is given in Table 4 . 
MNRAS 548, 1–10 (2026) 
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Figur e 2. Temperatur e-dependent photoabsorption cr oss-sections for 14 N 

1 H computed using the 2kNigHt spectr oscopic model with inclusion of the 
additional Leiden feature at 100 nm. These include all bound–bound transitions with both Doppler and lifetime broadening, as well as the bound–
continuum contribution. 

Table 3. An extract of the 2kNigHt continuum photoabsorption cross- 
section at 3000 K on a 0.01 cm 

−1 wavenumber grid for 0–109 650 cm 

−1 . 

Wavenumber (cm 

−1 ) Cross-section (cm 

2 molecule −1 ) 

0.000 0000E + 00 4.421 2968E −28 
1.000 0000E −02 4.422 0995E −28 
2.000 0000E −02 4.422 9022E −28 

Table 4. An extract of the 2kNigHt photodissociation cross-section at 
3000 K on a 0.1 nm wavelength grid for 91.2–1 000 000 nm. 

Wavelength (nm) Cross-section (cm 

2 molecule −1 ) 

9.120 0000E + 01 1.862 3383E −21 
9.130 0000E + 01 4.255 2227E −21 
9.140 0000E + 01 5.155 0419E −21 
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Specifically, NH photodissociation in this work arise primarily
r om dir ect dissociation via e x citation into the r epulsive 2 3 �−

nd 2 3 � electronic states, A 

3 � predissociation induced by spin–
rbit coupling to the 1 5 �− repulsive state, and c 1 � tunnelling. 
Direct NH photodissociation via the 2 3 �− and 2 3 � repulsive
tates produces a broad feature in the 50 000–85 000 cm 

−1 region.
he temperature-dependent photodissociation cross-sections as-
ociated with these overlapping features are shown in Fig. 3 .
he partial 2 3 �− and 2 3 � contributions at 300 K, as well as
omparisons to K. P. Kirby & E. M. Goldfield ( 1991 ) at 0 K, were
rovided by T. Uhlíková et al. ( 2025 ). 
A 

3 � predissociation induced by the 1 5 �− repulsiv e stat e is an
mportant mechanism to consider as the A 

3 � – X 

3 �− electronic
ransition dominates the ultraviolet spectrum at ∼300 nm. The
NRAS 548, 1–10 (2026) 
ine positions and intensities for this feature are well described
y the kNigHt spectroscopic model of A. N. Perri & L. K. McKem-
ish ( 2024 ). The lifetimes, how ev er, w ere only calculat ed for the
adiative contribution, such that any subsequent line broadening
oes not account for predissociative effects. Consequently, these
 ere updat ed using predissociativ e lifetimes from stabilization
alculations. These are shown in Fig. 4 with the semi-classical
esults of D. Patel-Misra et al. ( 1991 ) and R. S. da Silva et al. ( 2026 ).
he pr ogr ession for small N is consist ent with D. Pat el-Misra et al.
 1991 ) for v = 0 , 1 , and 2, how ev er, deviat es for large N. The N =
 r esults ar e mostly consistent with R. S. da Silva et al. ( 2026 ) for
igh v . The total lifetime τtot was then used to broaden each line
ith Lor entzian pr ofiles. It should be noted that the total lifetime
tot is now given in the 14-H__2kNigHt.states file, which allows
oth radiative and predissociative lifetime broadening effects to
e included when generating cr oss-sections fr om the line list (J.
ennyson et al. 2023 ). 
The photoabsorption and photodissociation cross-sections in

he 25 000–40 000 cm 

−1 region for select ed t emperatur es ar e pr e-
ented in Fig. 5 . These are dominated by the A 

3 � – X 

3 �−

and system. The A 

3 � photoabsorption and photodissociation
ross-sections of the Leiden database (A. N . Hea ys et al. 2017 ;
. R. Hrodmarsson & E. F. van Dishoeck 2023 ) are also shown
n Fig. 5 . The three photoabsorption band origins are all shifted
y appr o ximately 1630 cm 

−1 for an unclear r eason. It is possible
hat the Leiden frequencies were selected to model the rotational
istribution with a single Gaussian or miscalculated given that
he shift is close to the zero-point energy of 1622 cm 

−1 with
nharmonic correction from K. P. Huber & G. Herzberg ( 1979 ).
espite this, the Leiden database is targeted towards interstellar
tudies, where the ISRF is approximately constant such that shifts
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Figur e 3. Temperatur e-dependent 2 3 �− and 2 3 � photodissociation cr oss-sections for 14 N 

1 H computed using the 2kNigHt spectr oscopic model. 

Figur e 4. Pr edissociation rat es calculat ed for A 

3 � (left) and c 1 � (right) r ovibr onic states using the 2kNigHt spectroscopic model. The open circles and 
stars indicate the semiclassical A 

3 � rates of D. Patel-Misra et al. ( 1991 ) and R. S. da Silva et al. ( 2026 ), respectively. 
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n line position have a negligible impact on the overall photolysis
ate. 
The quasi-bound c 1 � state also exhibits predissociation by di- 

 ect tunnelling thr ough its potential shape r esonance. This mech-
nism is discussed ext ensiv ely by T. Uhlíková et al. ( 2025 ). The
pdat ed predissociativ e rat es calculat ed in this work are shown
n Fig. 4 . 

.3 Phot olysis rat es 

he Leiden database provides photolysis rates for NH that arise 
r om the dir ect 2 3 �− and 2 3 � photodissociation features, as
ell as from A 

3 � predissociation and an additional temperature- 
ndependent feature centred at 100 000 cm 

−1 (100 nm). These are 
alculated under various astronomical radiation fields. For the 
4 N 

1 H 2kNigHt photodissociation cr oss-sections, temperatur e- 
ependent phot olysis rat es are giv en in Table 5 under the inter-
tellar (ISRF) and BB radiation fields at 4000, 10 000, and 20 000
. These rates include the additional feature at 100 nm from
he Leiden database, and can thus be compared directly to A. N.
eays et al. ( 2017 ). It should again be noted that the int egrat ed
nergy intensity of each field is scaled t o mat ch that of the ISRF
n the 91.2–200 nm region (2.6 × 10 −10 W cm 

−2 ) (A. N . Hea ys et al.
017 ; H. R. Hrodmarsson & E. F. van Dishoeck 2023 ; M. Pezzella
t al. 2022 ). 
Table 5 shows that the phot olysis rat es under the ISRF and
0 000 K BB ar e appr o ximately constant acr oss all molecular tem-
eratur es. Ther e is a thr ee-fold incr ease under the 10 000 K BB
MNRAS 548, 1–10 (2026) 
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Figur e 5. Temperatur e-dependent photoabsorption (left) and photodissociation (right) cross-sections for 14 N 

1 H in the 25 000–40 000 cm 

−1 region 
computed using the 2kNigHt line list. The spectra are dominated by the A 

3 � – X 3 �− band system. The cross-sections from the Leiden database 
(A. N. Heays et al. 2017 ; H. R. Hrodmarsson & E. F. van Dishoeck 2023 ) are also shown. All lines in the photodissociation cross-sections (right) are scaled 
by their dissociation efficiency to give only the dissociative contribution from predissociation. 

Table 5. Temperature-dependent photolysis rates (s −1 ) for 14 N 

1 H under several fluxes below hydrogen 
ionization, including the temperature-independent feature centred at 100 nm from the Leiden database. 

T mol 
(K) F (λ) = 1 ISRF 4000 K BB 10 000 K BB 20 000 K BB 

1 3 . 40 × 10 −16 5 . 97 × 10 −10 2 . 56 × 10 −11 2 . 82 × 10 −10 5 . 38 × 10 −10 
10 3 . 40 × 10 −16 5 . 97 × 10 −10 2 . 56 × 10 −11 2 . 82 × 10 −10 5 . 38 × 10 −10 
100 3 . 40 × 10 −16 5 . 97 × 10 −10 2 . 48 × 10 −11 2 . 82 × 10 −10 5 . 39 × 10 −10 
200 3 . 40 × 10 −16 5 . 97 × 10 −10 2 . 53 × 10 −11 2 . 83 × 10 −10 5 . 39 × 10 −10 
300 3 . 40 × 10 −16 5 . 97 × 10 −10 2 . 59 × 10 −11 2 . 83 × 10 −10 5 . 39 × 10 −10 
400 3 . 40 × 10 −16 5 . 97 × 10 −10 2 . 66 × 10 −11 2 . 83 × 10 −10 5 . 39 × 10 −10 
500 3 . 40 × 10 −16 5 . 97 × 10 −10 2 . 78 × 10 −11 2 . 84 × 10 −10 5 . 39 × 10 −10 
600 3 . 40 × 10 −16 5 . 97 × 10 −10 3 . 07 × 10 −11 2 . 84 × 10 −10 5 . 39 × 10 −10 
700 3 . 40 × 10 −16 5 . 97 × 10 −10 3 . 73 × 10 −11 2 . 84 × 10 −10 5 . 39 × 10 −10 
800 3 . 40 × 10 −16 5 . 97 × 10 −10 5 . 09 × 10 −11 2 . 85 × 10 −10 5 . 39 × 10 −10 
900 3 . 40 × 10 −16 5 . 97 × 10 −10 7 . 63 × 10 −11 2 . 85 × 10 −10 5 . 39 × 10 −10 
1000 3 . 39 × 10 −16 5 . 96 × 10 −10 1 . 20 × 10 −10 2 . 86 × 10 −10 5 . 39 × 10 −10 
1500 3 . 38 × 10 −16 5 . 93 × 10 −10 9 . 72 × 10 −10 2 . 93 × 10 −10 5 . 37 × 10 −10 
2000 3 . 37 × 10 −16 5 . 89 × 10 −10 3 . 82 × 10 −9 3 . 08 × 10 −10 5 . 34 × 10 −10 
3000 3 . 33 × 10 −16 5 . 81 × 10 −10 1 . 72 × 10 −8 3 . 71 × 10 −10 5 . 28 × 10 −10 
4000 3 . 30 × 10 −16 5 . 72 × 10 −10 3 . 75 × 10 −8 4 . 60 × 10 −10 5 . 20 × 10 −10 
5000 3 . 25 × 10 −16 5 . 60 × 10 −10 5 . 97 × 10 −8 5 . 51 × 10 −10 5 . 10 × 10 −10 
6000 3 . 20 × 10 −16 5 . 46 × 10 −10 8 . 10 × 10 −8 6 . 31 × 10 −10 4 . 97 × 10 −10 
7000 3 . 14 × 10 −16 5 . 30 × 10 −10 1 . 01 × 10 −7 6 . 96 × 10 −10 4 . 83 × 10 −10 
8000 3 . 08 × 10 −16 5 . 15 × 10 −10 1 . 20 × 10 −7 7 . 48 × 10 −10 4 . 68 × 10 −10 
9000 3 . 02 × 10 −16 5 . 00 × 10 −10 1 . 39 × 10 −7 7 . 88 × 10 −10 4 . 55 × 10 −10 

10 000 2 . 97 × 10 −16 4 . 86 × 10 −10 1 . 57 × 10 −7 8 . 20 × 10 −10 4 . 43 × 10 −10 
Leiden 3 . 29 × 10 −16 5 . 75 × 10 −10 1 . 07 × 10 −11 2 . 41 × 10 −10 5 . 08 × 10 −10 
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owards higher temperatures, and an increase in four orders of 
agnitude under the 4000 K BB. The greatest increase in the
hot olysis rat e with molecular t emperatur e is thus e xpected for
yst ems exposed t o cool st ellar radiation fields. This is due to the
ignificant increase in the photodissociation cross-section below
he first dissociation limit with molecular temperatur e, wher e
ariation in the initial rovibrational population shifts the cross-
ection towards lower frequencies into spectral regions where
ooler BB fields peak in intensity . Consequently , the temperature-
ependent phot olysis rat es present ed here will substantially alt er
hemical models that inv olv e NH phot odissociation and its sub-
equent reaction pathways. 
NRAS 548, 1–10 (2026) 

c

 CONCLUSIONS  

 complet e set of t emperature-dependent (up t o 10 000 K) pho-
 oabsorption, continuum phot oabsorption, and phot odissocia-
ion spectra has been generated for NH for wavelengths above the
ydrogen ionization limit (above 91.2 nm; below ∼109 650 cm 

−1 ).
his inv olv ed consolidation of the original fiv e-stat e kNigHt
pectroscopic model and subsequent cross-section and rate cal-
ulations using ab initio curves for seven additional high-lying
epulsiv e stat es. Updat ed bound–bound line lists below 50 000
m 

−1 have been presented for the four 14 N 

1 H, 14 N 

2 H, 15 N 

1 H,
nd 15 N 

2 H isotopologues, with both predissociative and radiative

ontributions to the total lifetime now included for the main 
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sotopologue. These line lists will help to improve characteriza- 
ion of isotopic ratios in a variety of astronomical and industrial
ystems. 
This work now provides a comprehensive description of NH 

pectroscopy for wavelengths longer than the hydrogen Ly α line. 
utur e impr ovements can always aim to refine the spectroscopic
odel upon the availability of new experimental data (e.g. line 
ositions, line intensities, and lifetimes). Despite this, for NH 

hotodissociation in the ultraviolet r egion, the temperatur e ef- 
ects considered in this work are a major improv ement ov er
revious studies. This will aid chemical modelling and radiative 
ransfer analyses for systems where NH is an important transient 
pecies. 
The ExoMol photodissociation series provides temperature- 
ependent cross- sections for sev eral diat omic molecules, namely, 
Cl, HF (M. Pezzella et al. 2022 ), OH (G. B. Mitev et al. 2025 ),
H, and CH (A. Sokolov et al. 2025 ). Future work will include
he tr eatment of mor e comple x diatomic molecules, such CN and
O, as well as triatomic molecules, including H 2 O and H 2 S. The
rends observed for these diatomics will be expounded upon in 
 further study with recommendations for a priori temperature- 
ependent pr edictions. A dditionally, the Duo nuclear motion 
rogramme is currently being ext ended t o allow for the treatment
f hyperfine effects in molecules with two non-zero nuclear spins 
uch as 14 N 

1 H. 

CKNOWLEDGEMENTS  

his work was supported by the E ur opean Resear ch Coun-
il (ERC) under the E ur opean Union’s Horizon 2020 r esear ch
nd innov ation progr amme thr ough A dv ance Gr ant number
83830, STF C gr ant UKRI/S T/B001183/1, and S TF C gr ant
 T/Y001508/1. Computational r esour ces wer e pr ovided by the
-INFRA CZ project (ID:90254), supported by the Ministry of 
ducation, Youth and Sports of the Czech Republic. 

A  T  A  AVAILABILITY  

he 2kNigHt spectroscopic model (14N-1H__2kNigHt.model) 
s available in the supplementary material of this paper. The 
kNigHt isotopologue line lists, as well as the temperature- 
ependent continuum photoabsorption and photodissociation 
ross-sections for the 14 N 

1 H isotopologue, can be found in the
xoMol and ExoPhoto databases ( www.exomol.com ). 

EFERENCES  

oki W. , Tsuji T., 1997, A&A, 328, 175 
abcock H. D. , 1945, ApJ , 102, 154 
acic Z. , Simons J., 1982, J. Phys. Chem. , 86, 1192 
ernath P. F. , Amano T., 1982, J. Mol. Spectrosc. , 95, 359 
oudjaadar D. , Brion J., Chollet P., Guelachvilli G., Vervloet M., 1986, J.
Mol. Spectrosc. , 119, 352 

rackmann C. , Nilsson E. J., Nauclér J. D., Aldén M., Konnov A. A., 2018,
Combust. Flame , 194, 278 

rady R. P. , Yurchenko S. N ., Tenn yson J., Kim G.-S., 2024, MNRAS , 527,
6675 

razier C. R. , Ram R. S., Bernath P. F., 1986, J. Mol. Spectrosc. , 120, 381 
rooke J. S. A. , Bernath P. F., Western C. M., van Hemert M. C., Groenen-
boom G. C., 2014, J. Chem. Phys. , 141, 054310 

rooke J. S. A. , Bernath P. F., Western C. M., 2015, J. Chem. Phys. , 143,
026101 
ampbell W. C. , Tsikata E., Lu H. I., Van Buuren L. D., Doyle J. M., 2007,
Phys. Rev. Lett. , 98, 213001 

ernicharo J. , Goicoechea J. R., Caux E., 2000, ApJ , 534, L199 
rawford I. A. , Williams D. A., 1997, MNRAS , 291, L53 
a Silva R. S. , Alves M. D., Souza S. R., Fellows C., 2026, Spectrochim.
Acta, Part A , 348, 127179 

arby-Lewis D. et al., 2019, J. Mol. Spectrosc. , 362, 69 
raine B. T. , 1978, ApJS , 36, 595 
ernando A. M. , Bernath P. F., Hodges J. N., Masseron T., 2018, J. Quant.
Spectrosc. Radiat. Transfer , 217, 29 

lores -Mijang os J. , Brown J. M., Matsushima F., Odashima H., Takagi K.,
Zink L. R., Evenson K. M., 2004, J. Mol. Spectrosc. , 225, 189 

eller M. , Farmer C. B ., N orton R. H., Sauval A. J., Grevesse N., 1991,
A&A, 249, 550 

hosh R. , Choudhury B. S., Mezei J. Z., Schneider I. F., Pop N.,
Chakrabarti K., 2025, Phys. Chem. Chem. Phys. , 27, 13021 

illes A. , Masanet J., Vermeil C., 1974, Chem. Phys. Lett. , 25, 346 
larborg P. , Miller J. A., Ruscic B., Klippenstein S. J., 2018, Pr og . Energy
Combust. Sci. , 67, 31 

raham W. R. M. , Lew H., 1978, Can. J. Phys. , 56, 85 
revesse N. , Lambert D. L., Sauval A. J., van Dishoeck E. F., Farmer C. B.,
Norton R. H., 1990, A&A, 232, 225 

ack W. , Mill T., 1990, J. Mol. Spectrosc. , 144, 358 
all J. L. , Adams H., Kasper J. V. V., Curl R. F., Tittel F. K., 1985, J. Opt.
Soc. Am. B , 2, 781 

amdan A. , Liu J.-L., Cha M. S., 2018, Plasma Chem. Plasma Process. , 38,
1003 

anten E. B. , Rousselot P., Jehin E., Hardy P., Hutsemékers D., Manfroid
J., 2025, A&A , 702, A257 

arilal S. S. , Brumfield B. E., Phillips M. C., 2018, Phys. Plasmas , 25,
083303 

azi A. U. , Taylor H. S., 1970, Phys. Rev. A , 1, 1109 
eays A. N. , Bosman A. D., van Dishoeck E. F., 2017, A&A , 602, A105 
enderson R. D. E. , Shay est eh A., Tao J., Haugen C. C., Bernath P. F., Le
Roy R. J., 2013, J. Phys. Chem. A , 117, 13373 

ily-Blant P. et al., 2010, A&A , 521, L52 
rodmarsson H. R. , van Dishoeck E. F., 2023, A&A , 675, A25 
uber K. P. , Herzberg G., 1979, Molecular Spectra and Molecular Struc-
ture IV. Constants of Diatomic Molecules. Van Nostrand Reinhold 
Company, New York 

anssen L. M. C. , van der Avoird A., Groenenboom G. C., 2013, Phys. Rev.
Lett. , 110, 063201 

in B. , Deng Y., Li G., Li H., 2022, Int. J. Hydrogen Energy , 47, 36046 
ajita M. , 2006, Phys. Rev. A , 74, 032710 
irby K. P. , Goldfield E. M., 1991, J. Chem. Phys. , 94, 1271 
laus T. , Takano S., Winnewisser G., 1997, A&A, 322, L1 
ambert D. L. , Brown J. A., Hinkle K. H., Johnson H. R., 1984, ApJ , 284,
223 

amoureux N. , Gasnot L., Desgroux P., 2019, Proc. Combust. Inst. , 37,
1313 

e Roy R. J. , 1999, J. Mol. Spectrosc. , 194, 189 
e Roy R. J. , Huang Y., 2002, J. Mol. Struct.: THEOCHEM , 591, 175 
eopold K. R. , Evenson K. M., Brown J. M., 1986, J. Chem. Phys. , 85, 324 
ewen F. , Brünken S., Winnewisser G., Šime ̌cková M., Št ̌epán U., 2004, J.
Mol. Spectrosc. , 226, 113 

i D. , Bian W., 2021, Front. Chem. , 9, 1 
andelshtam V. A. , Ravuri T. R., Taylor H. S., 1993, Phys. R ev. Let t. , 70,
1932 
asanet J. , Gilles A., Vermeil C., 1974, J. Photochem. , 3, 417 
ashruk S. , Alnasif A., Yu C., Thatcher J., Rudman J., Per onski L., Meng -
Choung C., Valera-Medina A., 2023, J. Ammon. Energy , 1, 21 

cKemmish L. K. , 2021, WIREs Comput. Mol. Sci. , 11, e1520 
cKemmish L. K. , Bowesman C. A., Kefala K., Perri A. N., Syme A. M.,
Yurchenko S. N., Tennyson J., 2024, RAS Tech. Instrum. , 3, 565 

edvedev E. S. , Ushakov V. G., 2022, J. Quant. Spectrosc. Radiat. Transfer ,
288, 108255 
elosso M. , Bizzocchi L., T amassia F ., Degli Esposti C., Canè E., Dore L.,
2019, Phys. Chem. Chem. Phys. , 21, 3564 
MNRAS 548, 1–10 (2026) 

https://web.powerxeditor.com/ED605/home/www.exomol.com
http://dx.doi.org/10.1086/144748
http://dx.doi.org/10.1021/j100396a027
http://dx.doi.org/10.1016/0022-2852(82)90135-7
http://dx.doi.org/10.1016/0022-2852(86)90030-5
http://dx.doi.org/10.1016/j.combustflame.2018.05.008
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stad3508
http://dx.doi.org/10.1016/0022-2852(86)90012-3
http://dx.doi.org/10.1063/1.4891468
http://dx.doi.org/10.1063/1.4923422
http://dx.doi.org/10.1103/PhysRevLett.98.213001
http://dx.doi.org/10.1086/312668
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 291.3.L53
http://dx.doi.org/10.1016/j.saa.2025.127179
http://dx.doi.org/10.1016/j.jms.2019.06.002
http://dx.doi.org/10.1086/190513
http://dx.doi.org/10.1016/j.jqsrt.2018.05.021
http://dx.doi.org/10.1016/j.jms.2004.02.026
http://dx.doi.org/10.1039/d4cp04600e
http://dx.doi.org/10.1016/0009-2614(74)85313-3
http://dx.doi.org/10.1016/j.pecs.2018.01.002
http://dx.doi.org/10.1139/p78-016
http://dx.doi.org/10.1016/0022-2852(90)90222-C
http://dx.doi.org/10.1364/JOSAB.2.000781
http://dx.doi.org/10.1007/s11090-018-9918-y
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202555354
http://dx.doi.org/10.1063/1.5041987
http://dx.doi.org/10.1103/PhysRevA.1.1109
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201628742
http://dx.doi.org/10.1021/jp406680r
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201015253
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202346645
http://dx.doi.org/10.1103/PhysRevLett.110.063201
http://dx.doi.org/10.1016/j.ijhydene.2022.08.198
http://dx.doi.org/10.1103/PhysRevA.74.032710
http://dx.doi.org/10.1063/1.460036
http://dx.doi.org/10.1086/162401
http://dx.doi.org/10.1016/j.proci.2018.09.007
http://dx.doi.org/10.1006/jmsp.1998.7786
http://dx.doi.org/10.1016/S0166-1280(02)00239-7
http://dx.doi.org/10.1063/1.451659
http://dx.doi.org/10.1016/j.jms.2004.03.012
http://dx.doi.org/10.3389/fchem.2021.778292
http://dx.doi.org/10.1103/PhysRevLett.70.1932
http://dx.doi.org/10.1016/0047-2670(74)80043-2
http://dx.doi.org/10.18573/jae.10
http://dx.doi.org/10.1002/wcms.1520
http://dx.doi.org/10.1093/rasti\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ rzae037
http://dx.doi.org/10.1016/j.jqsrt.2022.108255
http://dx.doi.org/10.1039/C8CP04498H


10 A. N. Perri et al. 

M

M
M  

M  

N  

P  

P  

P
P
P
P  

P
P  

P  

R
R
R

R
R  

S
S
S
S  

S  

S  

S

Tennyson J. , Pezzella M., Zhang J., Yurchenko S. N., 2023, RAS Tech. 
Instrum. , 2, 231 

Tennyson J. et al., 2024, J. Quant. Spectrosc. Radiat. Transf. , 326, 109083 
Ubachs W. , Meyer G., ter Meulen J. J., Dymanus A., 1986, J. Mol. Spec- 

trosc. , 115, 88 
Uhlíková T . , Y urchenko S. N., Perri A. N ., Tenn yson J., Kim G .-S., 2025, J. 

Chem. Phys. , 162, 144108 
van den Heuvel F. , Meerts W., Dymanus A., 1982, Chem. Phys. Lett. , 92, 

215 
van Dishoeck E. F. , Black J. H., 1982, ApJ , 258, 533 
van de Meerakker S. Y. T. , Sartakov B. G., Mosk A. P., Jongma R. T., Meijer 

G., 2003, Phys. Rev. A , 68, 032508 
v an de Meer akker S. Y. T. , Labazan I., Hoekstra S., Küpper J., Meijer G., 

2006, J. Phys. B: Atom. Mol. Opt. Phys. , 39, S1077 
Weselak T. , Galazutdinov G. A., Beletsky Y., Krelowski J., 2009, MNRAS , 

400, 392 
Yan N .- Z. , Yang C.-L., Sun Z.-P., Wang M.-S., Ma X.-G., 2021, Spectrochim. 

Acta, Part A , 250, 119229 
Yurchenko S. N. , Lodi L., Tennyson J., Stolyarov A. V., 2016, Comput. 

Phys. Commun. , 202, 262 
Yurchenko S. N. , Al-Refaie A. F., Tennyson J., 2018, A&A , 614, A131 
Yurchenko S. N. , Szajna W., Hakalla R., Semenov M., ov A., Tennyson J., 

P a vlenk o Y., Schmidt M. R., 2024, MNRAS , 527, 9736 
Zhang D. , Gao Q., Li B., Liu J., Li Z., 2019, Appl. Opt. , 58, 1210 

SUPPORTING  INFORMATION  

Supplementary data are available at MNRAS online. 

14N-1H__2kNigHt.model 

Please note: Oxford University Press is not responsible for the 
content or functionality of any supporting materials supplied by 
the authors. Any queries (other than missing material) should be 
direct ed t o the corresponding author for the article. 

This paper has been typeset from a T E X/L A T E X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/3/stag744
eyer D. M. , Roth K. C., 1991, ApJ , 376, L49 
itev G. B . , Yur chenko S. N., Tennyson J., 2024, J. Chem. Phys. , 160,
144110 

itev G. B. , Pezzella M., Bowesman C. A., Zhang J., Yurchenko S. N.,
Tennyson J., 2025, MNRAS , 539, 3732 

i Q.-H. , Hill C., Yurchenko S. N., Pezzella M., Fateev A. Z., Qin Z., Venot
O., Tennyson J., 2025, RAS Tech. Instrum. , 4, rzaf020 

 atel-Misra D. , P arlant G ., Sauder D. G ., Yarkon y D. R., Dagdigian P. J.,
1991, J. Chem. Phys. , 94, 1913 

attillo R. J. , Cieszewski R., Stancil P. C., Forrey R. C., Babb J. F., McCann
J. F., McLaughlin B. M., 2018, ApJ , 858, 10 

erri A. N. , McKemmish L. K., 2024, MNRAS , 531, 3023 
ersson C. M. et al., 2010, A&A , 521, L45 
ersson C. M. et al., 2012, A&A , 543, A145 
ezzella M. , Yurchenko S. N ., Tenn yson J., 2021, Ph ys. Chem. Chem.
Phys. , 23, 16390 

ezzella M. , Yurchenko S. N., Tennyson J., 2022, MNRAS , 514, 4413 
flieger R. , Ouerhani T ., Belmonte T ., Nikitenko S. I., 2017, Phys. Chem.
Chem. Phys. , 19, 26272 

lomp V. , Gao Z., Cremers T., van de Meerakker S. Y. T., 2019, Phys. Rev.
A , 99, 033417 

am R. S. , Bernath P. F., 1986, J. Opt. Soc. Am. B , 3, 1170 
am R. S. , Bernath P. F., 2010, J. Mol. Spectrosc. , 260, 115 
am R. S. , Bernath P. F., Hinkle K. H., 1999, J. Chem. Phys. , 110, 
5557 

amsay D. A. , Sarre P. J., 1982, J. Mol. Spectrosc., 93, 445 
obinson A. , Brown J., Jesus Flores -Mijang os L. Z., Jackson M., 2007,
Mol. Phys. , 105, 639 

mith V. V. , Lambert D. L., 1986, ApJ , 311, 843 
mith W. H. , Brzozowski J., Erman P., 1976, J. Chem. Phys. , 64, 4628 
neden C. , 1973, ApJ , 184, 839 
okolov A. , Brady R. P., Yurchenko S. N ., Tenn yson J., 2025, MNRAS , 543,
1435 

ok olov A. , Yurchenk o S. N ., Tenn yson J., 2026, Ph ys. Chem. Chem. Phys. ,
28, 7484 

pit e M. , Spit e F. Caffau E., Bonifacio P. F r ançois P., 2022, A&A , 667, A139
wings P. , Elvey C. T., Babcock H. W., 1941, ApJ , 94, 320 
NRAS 548, 1–10 (2026) 

© The Author(s) 2026. 
Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons A t tribution License 

( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

/8659448 by C
atherine Sharp user on 11 M

ay 2026

http://dx.doi.org/10.1086/186100
http://dx.doi.org/10.1063/5.0198241
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staf729
http://dx.doi.org/10.1093/rasti\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ rzaf020
http://dx.doi.org/10.1063/1.459912
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aab5b9
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae1340
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201015105
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201118686
http://dx.doi.org/10.1039/D1CP02162A
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stac1634
http://dx.doi.org/10.1039/c7cp04813k
http://dx.doi.org/10.1103/PhysRevA.99.033417
http://dx.doi.org/10.1364/JOSAB.3.001170
http://dx.doi.org/10.1016/j.jms.2010.01.006
http://dx.doi.org/10.1063/1.478453
http://dx.doi.org/10.1080/00268970601162085
http://dx.doi.org/10.1086/164823
http://dx.doi.org/10.1063/1.432046
http://dx.doi.org/10.1086/152374
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staf1563
http://dx.doi.org/10.1039/D5CP04531B
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202243960
http://dx.doi.org/10.1086/144336
http://dx.doi.org/10.1093/rasti\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ rzad014
http://dx.doi.org/10.1016/j.jqsrt.2024.109083
http://dx.doi.org/10.1016/0022-2852(86)90278-X
http://dx.doi.org/10.1063/5.0262447
http://dx.doi.org/10.1016/0009-2614(82)80262-5
http://dx.doi.org/10.1086/160104
http://dx.doi.org/10.1103/PhysRevA.68.032508
http://dx.doi.org/10.1088/0953-4075\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 39\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 19\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ S18
http://dx.doi.org/10.1111/j.1365-2966.2009.15466.x
http://dx.doi.org/10.1016/j.saa.2020.119229
http://dx.doi.org/10.1016/j.cpc.2015.12.021
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201732531
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stad3802
http://dx.doi.org/10.1364/AO.58.001210
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stag744#supplementary-data
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 METHODOLOGY
	3 RESULTS
	4 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION

