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A B S T R A C T 

Detailed studies of HCl and HF photodissociation are required for an in-depth understanding the chlorine and fluorine chemistry 

in Venus and exoplanets. Here, we present an ab initio study of photodissociation of HCl and HF. Except for the widely studied 

A 

1 � ← X 

1 � 

+ photodissociation process, the ground-state photodissociation processes for HCl and HF via higher excited 

states are considered. State-resolved cross-sections are computed for nine photodissociation processes of HCl from a total of 
871 ground ro vibrational lev els. F or HF, seven photodissociation processes are considered for the computation of state-resolved 

cross-sections from all the rovibrational levels in the ground state. Subsequently, temperature-dependent cross-sections for 
the considered transition processes of HCl and HF are estimated from 0 to 10 000 K with a grid of 34 temperatures. Careful 
comparisons with the recent ExoMol study and the Leiden Observatory database are made. The photodissociation rates in the 
interstellar and blackbody radiation fields are also discussed. 

Key words: astrochemistry – molecular data – molecular processes. 
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 I N T RO D U C T I O N  

F and HCl are members of the hydrogen halide family HX
X = F, Cl, Br, I) and are often used as a benchmark for the
tudy of fundamental physical phenomena. As an example, HF
nd HCl provide excellent molecular systems for investigating the
hotodissociation phenomena, which is a key photochemical process
n many ultraviolet (UV)-rich astrophysical environments. HCl and
F were detected in the interstellar medium (Smith et al. 1980 ;

ndriolo et al. 2013 ; Monje et al. 2013 ) and in the coma of comet
7P/Churyumov–Gerasimenko (De Keyser et al. 2017 ; Dhooghe et
l. 2017 ). HCl was also observed in the atmosphere of some solar
lanets such as V enus (Y ung & DeMore 1982 ; Bahou et al. 2001 ;
andor & Clancy 2012 ). Photodissociation of HCl and HF is the
rincipal destruction process in the interstellar medium and plays a
ajor role in the atmospheric evolution of Venus, and has therefore

een investigated continuously since 1930s. 
Photodissociation cross sections are important parameters for

etermining the abundances of interstellar molecules, such as HeH 

+ 

Miyake, Gay & Stancil 2011 ), SH 

+ (McMillan et al. 2016 ),
gO (Bai, Qin & Liu 2021 ), AlF (Qin, Bai & Liu 2022 ), CO 2 

Grebenshchikov 2016 ), HCl, and HF (Valiev et al. 2020 ), or
nderstanding the chemical evolution in clouds, envelopes, and
iscs (Heays, Bosman & van Dishoeck 2017 ). Measurements of
hotodissociation cross sections had been performed for HCl (Myer
 Samson 1970 ; Inn 1975 ; Nee, Suto & Lee 1986 ; Cheng et al.

002 ; Brion, Dyck & Cooper 2005 ) and HF (Hitchcock et al. 1984 ;
ee, Suto & Lee 1985 ). In these experiments, the double-beam

bsorption spectrometer (Myer & Samson 1970 ), the electron energy-
 E-mail: liulinhua@sdu.edu.cn 
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Pub
oss method (Hitchcock et al. 1984 ), and the synchrotron radiation
Nee, Suto & Lee 1985 , 1986 ; Cheng et al. 2002 ; Brion et al. 2005 )
ere used. From a theoretical point of view, the quantum mechanical

echnique was often chosen to investigate the photodissociation of
Cl and HF. For instance, van Dishoeck, van Hemert & Dalgarno

 1982 ) adopted the multireference single- and double-excitation
onfiguration interaction (MRD-CI) method to e v aluate the transition
f HCl by absorption of energy into the A 

1 � state, resulting
n photodissociation, and by absorption of energy into the bound
 

1 � state, followed by pre-dissociation. An upper limit for the
hotodissociation rate of HCl was also determined. The same (MRD-
I) method with Davidson correction was utilized by Cacelli ( 1996 )

o compute the photoabsorption cross section of HF resulting from
he A 

1 � ← X 

1 � 

+ transition. In addition, Brown & Balint-Kurti
 2000a , b ) carried out a time-dependent wave packet study for the
pin–orbit branching in the photodissociation of HF and DF. 

All these studies about the cross sections of HCl and HF take
o account of the temperature dependence, nor did they consider
he effects of rovibrational excitations. Therefore, this work aims to
roduce the temperature-dependent photodissociation cross sections
nd rates of HCl and HF from the rovibrational excitations in
heir ground state, which are vital to modelling the chemistry of
tmospheres in planets such as Venus or some hot exoplanets.
he quantum mechanical method is used, in which potential en-
rgy curves (PECs) and transition dipole moments (TDMs) are
asic input data. The ab initio study of HCl was carried out by
ngin, Sisourat & Carniato ( 2012 ), who presented a large num-
er of electronic states of this molecule at a post-Hartree–Fock
onfiguration interaction level of theory including up to quadru-
le electronic excitations (CI-SDTQ). They presented high-level
b initio PECs and TDMs, as well as visible/UV absorption spectrum
nd absolute optical oscillator strengths. More recently, Liu et al.
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Figure 1. Potential energy curves and transition dipole moments for HCl. 
PECs of the X 

1 � 

+ and A 

1 � states and their TDM are calculated in this 
work. The other PECs and TDMs are taken from Engin et al. ( 2012 ). 
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Figure 2. Potential energy curves and transition dipole moments for HF. All 
the PECs and TDMs are taken from Liu et al. ( 2021 ). 
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 2021 ) carried out high-level ab initio study of HF by the multiref-
rence configuration interaction method plus Davidson correction 
MRCI + Q) and presented the PECs and TDMs of HF. We have
dopted these ab initio PECs and TDMs from Engin et al. ( 2012 )
nd Liu et al. ( 2021 ) for this study on the photodissociation of HCl
nd HF, respectively. Note that the ExoMol group provided a similar
alculation of photodissociation cross sections and rates of HCl and 
F (Pezzella, Tennyson & Yurchenko 2022 ). Careful comparisons 
ith their results are made in this work. 
This work is organized as follows. The theory and method for the

alculation of photodissociation cross sections and rates are given in 
ection 2 , as well as the adopted PECs and TDMs. The corresponding
esults and discussions are presented in Section 3 . In Section 4 , the
oncluding remarks are drawn. 

 T H E O RY  A N D  M E T H O D  

.1 PECs and TDMs 

o obtain the cross sections detailed below, we used ab initio PECs
nd TDMs of HCl from Engin et al. ( 2012 ) except for the PECs of
he X 

1 � 

+ and A 

1 � states and their TDM, which are calculated by
he MRCI + Q method with the aug-cc-pCV5Z-DK basis set for Cl
nd the aug-cc-pV5Z-DK basis set for H, as shown in Fig. 1 . For HF,
 recent set of PECs and TDMs was taken from Liu et al. ( 2021 ), as
hown in Fig. 2 . Engin et al. ( 2012 ) reported the PECs and TDMs
f HCl for internuclear distances from R = 0.8 to 5 Å, and Liu et al.
 2021 ) provided the PECs and TDMs for the range of internuclear
istances from 0.4 to 5 Å. For R larger than 5 Å, the PECs were
xtrapolated to the long-range behaviours by 

 ( R ) = −C 5 

R 

5 
− C 6 

R 

6 
+ V ( R → ∞ ) , (1) 

here C 5 and C 6 are fitting coefficients and are approximately 
 v aluated in this work. C 6 can be estimated by the London formula
London 1937 ), given by 

 6 = 

3 

2 

� H � X 

� H + � X 
αH αX ( X = Cl or F ) , (2) 

here � is the ionization energy for a given atomic state, which can
e obtained from NIST Atomic Spectra Database (Kramida et al. 
021 ). α is the static dipole polarizability for a specific electronic
tate. α = 4.4962 au from the CCSD(T) calculation is chosen for the
round H (1 s 2 S) state (Wang et al. 2021 ). For the ground state Cl
MNRAS 516, 550–561 (2022) 
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Figure 3. State-resolved photodissociation cross sections for nine electronic transitions of HCl from the ground rovibrational level ( υ ′′ , J ′′ ) = (0, 0). 

Figure 4. The computed state-resolved photodissociation cross sections of HCl for the A 

1 � ← X 

1 � 

+ transition from initial rovibrational levels (a) where 
J ′′ = 0 and υ ′′ = 0, 5, 10, 15, and 20 and (b) where υ ′′ = 0 and J ′′ = 0, 15, 30, and 45. 
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Figure 5. Comparison of the photodissociation cross sections of the HCl A 

1 � ← X 

1 � 

+ transition with the experimental data from Inn ( 1975 ) and Cheng et 
al. ( 2002 ) and theoretical ones calculated by van Dishoeck et al. ( 1982 ) and Pezzella et al. ( 2021 ). The present calculations are performed at 100 K. 

Figure 6. Photodissociation cross sections of HCl for nine electronic transitions at 0 K. The total spectrum is composed of a continuum band of the A 

1 � ← X 

1 � 

+ transition at wavelengths larger than about 1300 Å, a discrete progression of 2 1 � ← X 

1 � 

+ at wavelengths about 1150–1300 Å, and another set of discrete 
transitions of 3 1 � 

+ ← X 

1 � 

+ , 4 1 � 

+ ← X 

1 � 

+ , 4 1 � ← X 

1 � 

+ , and 6 1 � ← X 

1 � 

+ at wavelengths about 1040–1150 Å. The contributions of other transitions 
are insignificant. Note that the peaks of discrete transitions depend greatly on the Gaussian smoothing function, while the integrated cross sections are conserved. 
The cross sections are compared with the experimental data collected in Leiden Observatory database (Heays et al. 2017 ). 
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3 s 2 3 p 5 2 P), α = 14.593 au is selected from Wang et al. ( 2021 ). And

= 3.68 au is adopted for the ground F (2 s 2 2 p 5 2 P) state (Wang et al.
021 ). For the excited states of H and Cl, the dipole polarizability for
ach one is chosen to be the same value as its corresponding ground
tate. To ensure the smoothness of PECs around the extrapolation 
egion, C 5 are estimated by fitting ab initio points while keeping the
issociation limits and C 6 fix ed. F or the short-range behaviour down
o 0.3 Å, the PECs were extrapolated by the following function: 

 ( R ) = A exp ( −BR ) + C, (3) 

here A , B , and C are fitting parameters. For TDMs, the long-range
nd short-range behaviours are also fitted using equations ( 1 ) and
 3 ), respectively. Such treatment of extrapolation was also adopted
or other diatomic molecules (el-Qadi & Stancil 2013 ; Qin, Bai &
iu 2021a ; Bai, Qin & Liu 2022 ). 

.2 Photodissociation cross-sections and rates 

he photodissociation cross section for a bound–free transition from 

n initial state i to a final state f can be given by the following
elationship: 

fi
(
E ph 

) = 

4 π2 

3 
αE ph 

∣∣〈	 f ( r , R ) | r | 	 i ( r , R ) 
〉∣∣2 

, (4) 
MNRAS 516, 550–561 (2022) 
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Figure 7. Comparison of the total photodissociation cross section of HCl with that from ExoMol group (Pezzella et al. 2022 ). 

Figure 8. Transition dipole moment of 2 1 � 

+ ← X 

1 � 

+ . The solid line is 
from this work. The dashed line is from fig. 3 in the paper of Engin et al. 
( 2012 ). The symbols represent the values given in table IV of the paper from 

Engin et al. ( 2012 ). 
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here r is the vector of electronic coordinate, R is the vector of
nternuclear distance, 	 ( r , R ) is the total molecular wavefunction,
 ph is the photon energy, and α is the fine-structure constant. The
orn–Oppenheimer approximation separates 	 into the variables

or the electronic and nuclear coordinates, and the electric dipole
ransition moment function can then be given by 

 

fi ( R ) = 

〈
φf ( r | R ) | r | φi ( r | R ) 

〉
, (5) 

here φ( r | R ) is the electronic wavefunction for a fixed R and the
ntegration is taken over all the r . Considering the rovibrational
 xcitations, the state-resolv ed cross section for a transition from the
o vibrational lev el υ ′′ J ′′ of the initial bound electronic state i to the
ontinuum k ′ J ′ of the final repulsive electronic state f can be written
s 

σ
fi
υ ′′ J ′′ 

(
E ph 

) = 

4 π2 e 2 

3 � c 
E ph g 

∑ 

J ′ 

×
(

1 

2 J ′′ + 1 
S J ′ 

(
J ′′ 

) ∣∣〈χk ′ J ′ ( R ) 
∣∣D 

fi ( R ) 
∣∣χυ ′′ J ′′ ( R ) 

〉∣∣2 
)

, (6) 

where e is electron charge, ħ is the reduced Planck constant, c
s the speed of light in vacuum, g is the de generac y factor, S J ′ ( J ′′ )
s the H ̈onl–London factor and its expression depends on different
ransition types (Hansson & W atson 2005 ; W atson 2008 ). The singlet
ransitions are considered in this work and the corresponding H ̈onl–
ondon factors are detailed in previous publications (Hansson &
atson 2005 ; Qin, Bai & Liu 2021b , c ). χk ′ J ′ ( R) is the continuum
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Table 1. Photodissociation rates (s –1 ) of HCl under the standard ISRF at several temperatures. 

Transition 0 K 500 K 1000 K 2000 K 3000 K 5000 K 10 000 K 

2 1 � 

+ ← X 

1 � 

+ 2.69 × 10 –12 2.80 × 10 –12 3.30 × 10 –12 7.90 × 10 –12 2.01 × 10 –11 7.51 × 10 –11 3.05 × 10 –11 

3 1 � 

+ ← X 

1 � 

+ 8.49 × 10 –11 8.45 × 10 –11 8.38 × 10 –11 8.29 × 10 –11 8.51 × 10 –11 9.84 × 10 –11 1.36 × 10 –10 

4 1 � 

+ ← X 

1 � 

+ 4.10 × 10 –11 4.26 × 10 –11 4.67 × 10 –11 6.72 × 10 –11 9.31 × 10 –11 1.36 × 10 –10 1.91 × 10 –10 

A 

1 � ← X 

1 � 

+ 2.06 × 10 –10 2.03 × 10 –10 1.99 × 10 –10 1.95 × 10 –10 1.90 × 10 –10 1.80 × 10 –10 1.42 × 10 –10 

2 1 � ← X 

1 � 

+ 5.08 × 10 –10 5.11 × 10 –10 5.14 × 10 –10 5.20 × 10 –10 5.26 × 10 –10 5.37 × 10 –10 5.56 × 10 –10 

3 1 � ← X 

1 � 

+ 1.27 × 10 –11 1.23 × 10 –11 1.20 × 10 –11 1.30 × 10 –11 1.46 × 10 –11 1.74 × 10 –11 2.11 × 10 –11 

4 1 � ← X 

1 � 

+ 8.01 × 10 –11 8.03 × 10 –11 8.06 × 10 –11 8.15 × 10 –11 8.26 × 10 –11 8.51 × 10 –11 8.84 × 10 –11 

5 1 � ← X 

1 � 

+ 6.01 × 10 –13 5.82 × 10 –13 5.67 × 10 –13 5.81 × 10 –13 6.04 × 10 –13 6.44 × 10 –13 1.55 × 10 –12 

6 1 � ← X 

1 � 

+ 1.67 × 10 –10 1.67 × 10 –10 1.67 × 10 –10 1.67 × 10 –10 1.66 × 10 –10 1.65 × 10 –10 1.58 × 10 –10 

Total 1.10 × 10 –9 1.10 × 10 –9 1.11 × 10 –9 1.14 × 10 –9 1.18 × 10 –9 1.29 × 10 –9 1.32 × 10 –9 
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Figure 9. Photodissociation rates of HCl in the blackbody radiation fields of 
4000 K (in black), 10 000 K (in red), and 20 000 K (in blue). The blackbody 
of 4000 K increases the rate by a factor of 165 from 100 to 10 000 K. The 
rates obtained using the blackbodies of 10 000 and 20 000 K do not show 

significant changes, with factors of 2.2 and 1.5, respectively. 
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avefunction for the final electronic state f , χυ ′′ J ′′ ( R) is the bound
o vibrational wav efunction for the initial electronic state i . χk ′ J ′ ( R)
nd χυ ′′ J ′′ ( R) were obtained by solving the radial Schr ̈odinger 
quation using the renormalized Numerov method (Johnson 1977 , 
978 ) with a step size of 0.001 Å o v er internuclear distances from
.3 to 50 Å. 
In local thermodynamic equilibrium (LTE), a Boltzmann distri- 

ution is assumed for the population of ro vibrational lev els of the
lectronic ground state. The LTE cross section can be then expressed 
s a function of both temperature T and wavelength λ: 

( λ, T ) = 

∑ 

υ ′′ J ′′ 

(
2 J ′′ + 1 

)
exp ( − | E υ ′′ J ′′ − E 00 | / k B T ) σ fi

υ ′′ J ′′ 

Q ( T ) 
, (7) 

here E υ ′′ J ′′ is the energy of the rovibrational level υ ′′ J ′′ , k B is the
oltzmann constant, and Q ( T ) is the rovibrational partition function,
iven by 

 ( T ) = 

∑ 

υ ′′ J ′′ 

(
2 J ′′ + 1 

)
exp ( − | E υ ′′ J ′′ −E 00 | / k B T ) . (8) 

In astrophysical applications, photodissociation rates are often 
sed to model the abundance and evolution of species in space and
an be computed by 

 = 

∫ 
σ ( λ) I ( λ) d λ, (9) 

here σ ( λ) is the photodissociation cross section mentioned abo v e
nd I ( λ) is the intensity for a radiation field. There are several standard
V radiation fields appropriate for various astrophysical environ- 
ents. Here we focus on the widely used interstellar radiation field 

ISRF) and blackbody radiation field. The wavelength-dependent 
ntensity for the ISRF has been fitted to the follo wing formula, gi ven
y 

 ( λ) = 3 . 2028 × 10 13 λ−3 − 5 . 1542 × 10 15 λ−4 

+ 2 . 0546 × 10 17 λ−5 . (10) 

his formula is valid for wavelengths between 91.2 and 200 nm. 
ater, the intensity for ISRF was extended to 2000 nm by van
ishoeck & Black ( 1982 ), 

 ( λ) = 3 . 67 × 10 4 λ0 . 7 . (11) 

For a blackbody radiation field, its intensity can be given by 

 ( λ, T rad ) = 

8 πc 
/
λ4 

exp 
(
hc 

/
k B T rad λ

) − 1 
, (12) 

here h is the Planck constant, h = 6.626 × 10 –34 (J ·s). k B is
he Boltzmann constant, k B = 1.381 × 10 –23 (J ·K 

−1 ). T rad is the
emperature of the blackbody. Followed previous works from Heays 
t al. ( 2017 ) and Pezzella et al. ( 2022 ), we consider the blackbodies
f three different temperatures to describe different types of stars. 
he blackbody of T rad = 4000 K is used to model T Tauri stars
nd stars formed in the early stages (Appenzeller & Mundt 1989 ;
atta 1993 ). The blackbody of T rad = 10 000 K is chosen to model

he Herbig Ae stars and young A stars still embedded in gas dust
nvelope (Vioque et al. 2018 ). The blackbody of T rad = 20 000 K
s adopted to model the bright and short-living B stars (Habets &
eintze 1981 ). Note that the blackbody radiation fields are required

o be normalized to match the energy intensity of the ISRF between
1.2 and 200 nm (Heays et al. 2017 ; Pezzella et al. 2022 ). 

 RESULTS  A N D  DI SCUSSI ON  

ased on the theory given above, we calculate the state-resolved and
TE cross sections, as well as the photodissociation rates for the HCl
nd HF. Except for the A 

1 � ← X 

1 � 

+ electronic transition, other
lectronic transitions from the ground state to the excited states are
MNRAS 516, 550–561 (2022) 
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Figure 10. State-resolved photodissociation cross sections for seven electronic transitions of HF from the ground rovibrational level ( υ ′′ , J ′′ ) = (0, 0). 

Figure 11. The computed state-resolved photodissociation cross sections of HF for the A 

1 � ← X 

1 � 

+ transition from initial rovibrational levels (a) where 
J ′′ = 0 and υ ′′ = 0, 5, 10, 15, and 20 and (b) where υ ′′ = 0 and J ′′ = 0, 15, 30, and 45. 
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Figure 12. Comparison of the photodissociation cross sections of HF A 

1 � ← X 

1 � 

+ transition with experimental data from Hitchcock et al. ( 1984 ) 
and Nee et al. ( 1985 ) and the calculational results from Brown & Balint-Kurti 
( 2000a ) and Pezzella et al. ( 2021 ). Our photodissociation cross sections are 
obtained at 100 K. 

Figure 13. Transition dipole moments of the HF A 

1 � ← X 

1 � 

+ transition 
from Liu et al. ( 2021 ) and Brown & Balint-Kurti ( 2000a ). 
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onsidered for exploring possible and important photodissociation 
ransition channels. 

.1 HCl 

tate-resolved photodissociation cross sections of HCl have been 
omputed for nine transitions from 871 rovibrational levels of the 
 

1 � 

+ state to the excited 2 1 � 

+ , 3 1 � 

+ , 4 1 � 

+ , A 

1 � , 2 1 � , 3
 � , 4 1 � , 5 1 � , and 6 1 � states. Cross sections are computed as
 function of wavelength from 500 Å to the rele v ant threshold or
00 000 Å in 1 Å increment. Fig. 3 exhibits the state-resolved cross
ections for each transition from the ground ro vibrational lev el ( υ ′′ ,
 

′′ ) = (0, 0). As shown, the A 

1 � ← X 

1 � 

+ transition contributes
ost from the ground rovibrational levels and its maximum cross 

ection is about four orders of magnitude larger than that of other
lectronic transitions. One of the reasons may be that the A 

1 � state
s totally repulsive and all the A 

1 � ← X 

1 � 

+ transition probabilities
ie in the rovibrational continuum. The threshold for ground-state 
hotodissociation through the A 

1 � state occurs at 2831 Å, producing
 ( 2 S g ) and Cl ( 2 P u ) atoms. A sample of the cross sections of the A

 � ← X 

1 � 

+ transition is displayed in Fig. 4 for several vibrational
evels ( υ ′′ = 0, 5, 10, 15, and 20) at their corresponding lowest
otational level J ′′ = 0 and for several rotational levels ( J ′′ = 0, 15,
0, and 45) in their ground vibrational level υ ′′ = 0. 
Based on the state-resolved cross sections, LTE cross sections 

ave been computed for each transition from 0 to 10 000 K. For
he A 

1 � ← X 

1 � 

+ transition, its photodissociation cross section
t 100 K is shown in Fig. 5 , compared to previous experiments
Inn 1975 ; Nee et al. 1986 ; Cheng et al. 2002 ) and theoretical
alculations (van Dishoeck et al. 1982 ; Pezzella et al. 2021 ). The
aximum value of the photodissociation cross section σ max of the 
 

1 � ← X 

1 � 

+ transition is calculated to be 3.34 × 10 –8 cm 

2 ,
hich is very close to the experimental values of 3.82 × 10 –8 cm 

2 

rom Inn ( 1975 ) with the uncertainty of ±0.38 × 10 –8 cm 

2 , and
f 3.28 × 10 –8 cm 

2 from Nee et al. ( 1986 ) with the uncertainty
f ±0.49 × 10 –8 cm 

2 , and of 3.53 × 10 –8 cm 

2 from Cheng et
l. ( 2002 ) with the uncertainty of ±0.18 × 10 –8 cm 

2 . The peak
osition λmax is estimated to be 1549 Å, which is slightly (about
 nm) larger than that obtained in the experiments and slightly
maller (about 2 nm) than that in the previous calculations. For
avelengths larger than λmax , our results show good agreement with 

he experiments and the calculational ones by van Dishoeck et al.
 1982 ), but smaller than those computed by Pezzella et al. ( 2021 ). For
avelengths smaller than λmax , our photodissociation cross sections 

re in good agreement with those computed by Pezzella et al. ( 2021 ),
hile both theoretical calculations underestimate the cross sections 

elative to the experiments. Also, the computational cross sections 
f van Dishoeck et al. ( 1982 ) are smaller than those obtained in
he experiments and calculations from this work and Pezzella et al.
 2021 ). Overall, our photodissociation cross section of the A 

1 � ← X
 � 

+ is reliable. 
Photodissociation cross sections of nine electronic transitions for 

Cl at 0 K are presented in Fig. 6 . The discrete transitions for the
 

1 � 

+ ← X 

1 � 

+ , 3 1 � 

+ ← X 

1 � 

+ , 4 1 � 

+ ← X 

1 � 

+ , 2 1 � ← X 

1 � 

+ ,
 

1 � ← X 

1 � 

+ , 4 1 � ← X 

1 � 

+ , 5 1 � ← X 

1 � 

+ , and 6 1 � ← X 

1 � 

+ 

ransitions are calculated using the DUO and EXOCROSS programs 
Yurchenko et al. 2016 ; Yurchenk o, Al-Ref aie & Tennyson 2018 ) and
moothed using the method provided by the ExoMol group (Pezzella 
t al. 2021 , 2022 ), i.e. a normalized Gaussian function. These spectra
re compared with the Leiden Observatory database (Heays et al. 
017 ), which result from the combination of a direct measurement
Bahou et al. 2001 ) and electron-energy-loss spectroscopy (Brion et 
l. 2005 ). The total spectrum is mainly composed of a continuum
and of the A 

1 � ← X 

1 � 

+ transition and discrete progressions of the
 

1 � ← X 

1 � 

+ , 3 1 � 

+ ← X 

1 � 

+ , 4 1 � 

+ ← X 

1 � 

+ , 4 1 � ← X 

1 � 

+ ,
nd 6 1 � ← X 

1 � 

+ transitions. The contributions of the discrete
 

1 � 

+ ← X 

1 � 

+ , 3 1 � ← X 

1 � 

+ , and 5 1 � ← X 

1 � 

+ transitions
re relatively small. As shown in Fig. 6 , the total spectrum is
n reasonable agreement with that from the Leiden Observatory 
atabase. The cross sections below about 1040 Å are not produced 
n this work and are expected to result from the photodissocia-
ion to higher electronic states or predissociation via spin–orbit 
ouplings. 
MNRAS 516, 550–561 (2022) 
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Figure 14. Photodissociation cross sections of HF for seven electronic transitions at 0 K. The total spectrum is composed of a continuum band of the A 

1 � ← X 

1 � 

+ transition at wavelengths larger than about 1010 Å, a discrete progression of 2 1 � ← X 

1 � 

+ at wavelengths about 900–960 Å, a discrete progression of 
3 1 � 

+ ← X 

1 � 

+ at wavelengths about 860–900 Å, a discrete progression of 3 1 � 

+ ← X 

1 � 

+ at wavelengths about 760–860 Å, and a continuum band of 4 
1 � ← X 

1 � 

+ at wavelength about 743 Å. Note that the peaks of discrete transitions depend greatly on the Gaussian smoothing function, while the integrated 
cross sections are conserved. The total cross sections are compared with the experimental data collected in Leiden Observatory database (Heays et al. 2017 ). 
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The total photodissociation cross sections of HCl at temperatures
f 0, 500, 3000, and 10 000 K are presented in Fig. 7 and compared
ith those computed by the ExoMol group (Pezzella et al. 2022 ). As

hown, our cross sections below T = 3000 K are in good agreement
ith the ExoMol’s results o v er the entire wavelength range except

or a short waveband near 1400 Å. The differences between two
esults ev en e xtend to larger wav elengths at T = 10 000 K. Careful
nalyses show that these differences result from the different cross
ection of the 2 1 � 

+ ← X 

1 � 

+ transition. Although the TDM for
 

1 � 

+ ← X 

1 � 

+ is from the same paper of Engin et al. ( 2012 ) in
ur and ExoMol’s studies, the selected values of the TDM at the
quilibrium internuclear distance ( R e ) are different. Pezzella et al.
 2022 ) adopted the value in table IV from the paper of Engin et al.
 2012 ), while we extracted the value from their fig. 3. The TDM
f 2 1 � 

+ ← X 

1 � 

+ at R e is 0.4411 au in their table IV, which is
uite different from that given in their fig. 3. Also, the TDM of 2
 � 

+ ← X 

1 � 

+ at R e is the same as that of 3 1 � 

+ ← X 

1 � 

+ in their
able IV. Therefore, we deduce that the TDM of 2 1 � 

+ ← X 

1 � 

+ at
 e in their table IV may be a typographical error. Hence, we carried
ut an ab initio calculation of the TDM for 2 1 � 

+ ← X 

1 � 

+ using
he MRCI + Q method with the aug-cc-pCV5Z-DK basis set for Cl
nd the aug-cc-pV5Z-DK basis set for H. The result is displayed in
ig. 8 , along with the v alues gi ven by Engin et al. ( 2012 ). As shown,
ur deduction is correct. 
Photodissociation rates of HCl are then computed using the LTE

ross sections by considering the interstellar and blackbody radiation
elds. Photodissociation rates for each transition in the ISRF are
resented in Table 1 . The total photodissociation rate of HCl in
he ISRF increases by a factor of 1.2 as the temperature increases
rom 0 to 10 000 K. The total photodissociation rate at 0 K is
.10 × 10 –9 s –1 , which is larger than that of 9.81 × 10 –10 s –1 

omputed by van Dishoeck et al. ( 1982 ), because we consider more
xcited states. Although we consider the same electronic transitions
s those given by Pezzella et al. ( 2022 ), our total photodissociation
ate is lower than that of 1.23 × 10 –9 s –1 calculated by Pezzella
t al. ( 2022 ). The difference results from the different treatment
f the 2 1 � 

+ ← X 

1 � 

+ transition. The computed rates of the A
 � ← X 

1 � 

+ and 2 1 � ← X 

1 � 

+ transitions are 2.1 × 10 –10 and
.1 × 10 –10 s –1 , respectively, which are very close to those of
NRAS 516, 550–561 (2022) 

s  
.1 × 10 –10 and 5.3 × 10 –10 s –1 estimated by van Dishoeck et al.
 1982 ) and those of 2.3 × 10 –10 and 5.2 × 10 –10 s –1 calculated by
ezzella et al. ( 2022 ). Note that the total photodissociation rate of
Cl is lower than that of 1.7 × 10 –9 s –1 presented by Heays et al.

 2017 ), because we do not consider the cross sections below about
040 Å. The photodissociation rates in blackbody radiation fields
f 4000, 10 000, and 20 000 K are displayed in Fig. 9 . The results
how similar trend as those reported by Pezzella et al. ( 2022 ). The
otal rates for the blackbodies of 4000, 10 000, and 20 000 K are
.06 × 10 –10 , 4.51 × 10 –10 , and 9.29 × 10 –10 s –1 versus 9.35 × 10 –11 ,
.06 × 10 –10 , and 1.47 × 10 –9 s –1 presented by Heays et al. ( 2017 ),
nd 1.43 × 10 –10 , 5.36 × 10 –10 , and 1.06 × 10 –9 s –1 computed by
ezzella et al. ( 2022 ). 

.2 HF 

s abo v e, we first compute the state-resolv ed photodissociation cross
ections of HF, which have been investigated for the B 

1 � 

+ ← X 

1 � 

+ ,
 

1 � 

+ ← X 

1 � 

+ , 4 1 � 

+ ← X 

1 � 

+ , A 

1 � ← X 

1 � 

+ , 2 1 � ← X 

1 � 

+ , 3
 � ← X 

1 � 

+ , and 4 1 � ← X 

1 � 

+ transitions where 871 rovibrational
evels of the ground state are considered and the wavelengths cover
rom 500 Å to the related threshold or 100 000 Å. Fig. 10 shows the
tate-resolved photodissociation cross sections for seven electronic
ransitions mentioned abo v e from the ro vibrational lev el ( υ ′′ , J ′′ ) =
0, 0) of the X 

1 � 

+ state. The A 

1 � ← X 

1 � 

+ transition co v ers
 relatively large wavelength range up to 2043 Å. We presented a
ample of the state-resolved cross sections of the A 

1 � ← X 

1 � 

+ 

ransition in Fig. 11 by varying the vibrational levels for J = 0 and
y changing rotational levels for υ = 0. 
Using the state-resolved cross sections, LTE cross sections have

een computed for the considered seven transitions of HF at tem-
eratures from 0 to 10 000 K. The cross section for the A 

1 � ← X
 � 

+ transition at 100 K is displayed in Fig. 12 . Our cross section is
etween the electron energy-loss spectra measured by Hitchcock et
l. ( 1984 ) and the synchrotron spectra measured by Nee et al. ( 1985 ).
he maximum of the cross section σ max is about the average of two
xperimental σ max values. While the theoretical results of Brown &
alint-Kurti ( 2000a ) and Pezzella et al. ( 2021 ) are very close to the

ynchrotron spectra measured by Nee et al. ( 1985 ). The experimental
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Figure 15. Comparison of the total photodissociation cross section of HF with that from ExoMol group (Pezzella et al. 2022 ). 

Table 2. Photodissociation rates (s –1 ) of HF under the standard ISRF at several temperatures. 

0 K 500 K 1000 K 2000 K 3000 K 5000 K 10 000 K 

B 

1 � 

+ ← X 

1 � 

+ 5.14 × 10 –12 5.36 × 10 –12 5.75 × 10 –12 8.57 × 10 –12 1.52 × 10 –11 4.19 × 10 –11 1.80 × 10 –10 

3 1 � 

+ ← X 

1 � 

+ 2.56 × 10 –36 2.05 × 10 –16 6.53 × 10 –14 1.29 × 10 –12 3.90 × 10 –12 1.08 × 10 –11 2.79 × 10 –11 

4 1 � 

+ ← X 

1 � 

+ 4.73 × 10 –62 4.15 × 10 –23 3.01 × 10 –18 8.61 × 10 –16 6.54 × 10 –15 4.53 × 10 –14 3.52 × 10 –13 

A 

1 � ← X 

1 � 

+ 1.73 × 10 –10 1.70 × 10 –10 1.69 × 10 –10 1.67 × 10 –10 1.65 × 10 –10 1.58 × 10 –10 1.37 × 10 –10 

2 1 � ← X 

1 � 

+ 1.94 × 10 –11 1.97 × 10 –11 2.01 × 10 –11 2.15 × 10 –11 2.38 × 10 –11 2.98 × 10 –11 4.66 × 10 –11 

3 1 � ← X 

1 � 

+ 1.06 × 10 –15 1.55 × 10 –15 2.94 × 10 –15 1.17 × 10 –14 2.99 × 10 –14 1.68 × 10 –13 3.85 × 10 –12 

4 1 � ← X 

1 � 

+ 4.19 × 10 –154 3.35 × 10 –39 1.04 × 10 –25 1.02 × 10 –18 3.36 × 10 –16 5.46 × 10 –14 2.98 × 10 –12 

Total 1.98 × 10 –10 1.95 × 10 –10 1.95 × 10 –10 1.98 × 10 –10 2.08 × 10 –10 2.41 × 10 –10 3.99 × 10 –10 
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ata of Nee et al. ( 1985 ) are a factor of 2 smaller than those obtained
y Hitchcock et al. ( 1984 ) and there seems no criterion to check
hich is more reliable. Further analyses indicate that the differences 
etween our cross sections and previous calculational ones (Brown 
 Balint-Kurti 2000a ; Pezzella et al. 2021 ) may come from different

ata sources of PECs and TDMs. Therefore, the PECs and TDM
rom Brown & Balint-Kurti ( 2000a ), which are also used by Pezzella
t al. ( 2021 ), are adopted to compute the LTE cross sections of the
F A 

1 � ← X 

1 � 

+ transition. The results are in good agreement with
revious calculations (as shown in Fig. 12 ), which has confirmed our
uess. 
Further analyses found that the differences of different theoretical 

ross sections mainly resulted from the two different sets of TDM,
s shown in Fig. 13 . The TDM of Liu et al. ( 2021 ) is larger than
hat obtained by Brown & Balint-Kurti ( 2000a ). Liu et al. ( 2021 )
nd Brown & Balint-Kurti ( 2000a ) both used the MRCI method, but
elected different basis sets. Liu et al. ( 2021 ) had made a critical
 v aluation of the effect of different basis sets on the energy levels
f the F and H atoms. By comparing with the experimental energy
ev els, the y adopted the optimum basis set for the calculation of
he PECs and TDMs, i.e. the aug-cc-pV5Z + 2s2p2d and d-aug-cc-
V5Z + 1s2p2d1f basis sets are chosen for F and H atom, respectively.
hile Brown & Balint-Kurti ( 2000a ) utilized the aug-cc-pV5Z basis

et. Therefore, the TDM of HF A 

1 � ← X 

1 � 

+ from Liu et al. ( 2021 )
s more reliable in theory. In addition, there has already existed

1 1 + 
MNRAS 516, 550–561 (2022) 
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Figure 16. Photodissociation rates of HF in the blackbody radiation fields of 
4000 K (in black), 10 000 K (in red), and 20 000 K (in blue). The blackbody of 
4000 K increases the rate by three orders of magnitude from 100 to 10 000 K. 
The rates obtained using the blackbodies of 10 000 and 20 000 K do not show 

significant change, with factors of 7.7 and 1.8, respectively. 
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rom Brown & Balint-Kurti ( 2000a ), so we adopted a different ab
nitio data from Liu et al. ( 2021 ) to perform the computation of
ubsequent photodissociation cross sections and rates for guiding
ossible experiments in the future. 
Photodissociation cross sections of nine electronic transitions for

F at 0 K are presented in Fig. 14 . The discrete transitions of B
 � 

+ ← X 

1 � 

+ , 3 1 � 

+ ← X 

1 � 

+ , 4 1 � 

+ ← X 

1 � 

+ , 2 1 � ← X 

1 � 

+ ,
nd 3 1 � ← X 

1 � 

+ for HF are treated using the same method
s HCl. These spectra are compared with the Leiden Observatory
atabase (Heays et al. 2017 ), which results from the vacuum
V photoabsorption spectrum measured by electron-energy-loss

pectroscopy (Hitchcock et al. 1984 ), but with a factor of 0.53 to
atch the experimental cross section of A 

1 � ← X 

1 � 

+ from Nee
t al. ( 1985 ). Related discussions about these two experiments are
iv en abo v e. The total cross section is composed of a continuum
and of the A 

1 � ← X 

1 � 

+ transition, a continuum band of the 4
 � ← X 

1 � 

+ transition, and discrete progressions of the 2 1 � ← X
 � 

+ , 3 1 � 

+ ← X 

1 � 

+ , and 4 1 � 

+ ← X 

1 � 

+ transitions. As shown in
ig. 14 , the total cross section agrees well with that from the Leiden
bservatory database. 
The total photodissociation cross sections of HF at temperatures

f 0, 500, 3000, and 10 000 K are presented in Fig. 15 and compared
ith those computed by the ExoMol group (Pezzella et al. 2022 ).
xcept for the A 

1 � ← X 

1 � 

+ , B 

1 � 

+ ← X 

1 � 

+ , and 2 1 � ← X 

1 � 

+ 

ransitions considered by the ExoMol group, we have also studied
he cross sections of the discrete 3 1 � 

+ ← X 

1 � 

+ , 4 1 � 

+ ← X 

1 � 

+ , 3
 � ← X 

1 � 

+ , and 4 1 � ← X 

1 � 

+ transitions, which contribute to the
avelengths below about 900 Å. Moreo v er, a different set of cross

ection of the A 

1 � ← X 

1 � 

+ transition is computed based on the
ecent ab initio data from Liu et al. ( 2021 ). The maximum of the
ross section σ max is about 1.44 times that from the ExoMol’s result.

Photodissociation rates of HF are then obtained by considering the
nterstellar and blackbody radiation fields. Photodissociation rates
or each transition in the ISRF are presented in Table 2 . The total
hotodissociation rate of HF in the ISRF increases by a factor of 2
NRAS 516, 550–561 (2022) 
s the temperature increases from 0 to 10 000 K. For the A 

1 � ← X
 � 

+ transition, our calculation using PECs and TDMs of Liu et al.
 2021 ) estimates a photodissociation rate of 1.73 × 10 –10 s –1 (at 0 K),
hich is approximately 1.5 times than that obtained using PECs and
DMs of Brown & Balint-K urti ( 2000a ). F or the 3 1 � 

+ ← X 

1 � 

+ ,
 

1 � 

+ ← X 

1 � 

+ , 3 1 � ← X 

1 � 

+ , and 4 1 � ← X 

1 � 

+ transitions,
he cross sections contribute little in the wavelengths of ISRF and
heir contributions to the ISRF rate increase with the increasing
emperature. In the blackbody radiation fields of 4000, 10 000, and
0 000 K, photodissociation rates of HF are estimated and presented
n Fig. 16 . The variation trend is in good agreement with that
eported by Pezzella et al. ( 2022 ). The total rates for the blackbodies
f 4000, 10 000, and 20 000 K are 2.30 × 10 –13 , 3.93 × 10 –11 ,
nd 2.29 × 10 –10 s –1 versus 5.31 × 10 –13 , 2.88 × 10 –11 , and
.17 × 10 –10 s –1 presented by Heays et al. ( 2017 ), and 3.37 × 10 –13 ,
.24 × 10 –11 , and 1.38 × 10 –10 s –1 computed by Pezzella et al. ( 2022 ).

 C O N C L U S I O N S  

n this work, we have performed an ab initio investigation of the
round-state photodissociation of HCl and HF via several excited
tates. The state-resolved cross sections and temperature-dependent
TE cross sections have been computed for the electronic transitions
f HCl and HF from all the ro vibrational lev els of their ground states.
he considered wavelengths cover from 500 Å to the threshold
r 100 000 Å. The cross sections are then used to compute the
hotodissociation rates in the interstellar and blackbody radiation
elds. The photodissociation cross sections and rates for different
lectronic and rovibrational transitions are discussed in details and
an be used for chemical modelling in astrophysical environments,
uch as in the interstellar medium and in the atmospheres of Venus
nd hot exoplanets. 

The computed cross section of the A 

1 � ← X 

1 � 

+ transition for
Cl agrees well with previous theoretical and experimental values.
o we ver, for HF, the cross section of its A 

1 � ← X 

1 � 

+ transition is
ndecidable and greatly depends on the selected PECs and TDMs.
he latest PECs and TDMs from Liu et al. ( 2021 ) produce the cross
ections between the experimental ones from Hitchcock et al. ( 1984 )
nd those observed by Nee et al. ( 1985 ). The maximum of the cross
ection σ max is about the average of two experimental σ max values.

hile the PECs and TDMs from Brown & Balint-Kurti ( 2000a ) lead
o the cross sections in very good agreement with those measured by
ee et al. ( 1985 ). Further analyses show that such difference mainly

esults from the different theoretical values of TDMs. No explicit
tatements are found to judge the accuracy of two experimental
ources of the A 

1 � ← X 

1 � 

+ cross sections. The theoretical sources
f PECs and TDMs cannot also determine which experiment is more
ccurate. As such, we strongly encourage further experimental study
f the A 

1 � ← X 

1 � 

+ transition for HF to give a definite guideline
or its cross sections. 

More recently, the ExoMol group just provided a very similar
tudy of the photodissociation cross sections and rates of HCl
nd HF (Pezzella et al. 2022 ). We made careful comparisons with
heir results. Overall, our results are in good agreement with those
rovided by the ExoMol group. There exist some differences in the
reatment of these two molecular systems. For HCl, we adopted
if ferent v alue of TDM at R e in dealing with the 2 1 � 

+ ← X 

1 � 

+ 

ransition. For HF, we provided a different photodissociation cross
ection of the A 

1 � ← X 

1 � 

+ transition by using a recent ab initio
ECs and TDM for the X 

1 � 

+ and A 

1 � states (Liu et al. 2021 ).
e also added the 3 1 � 

+ ← X 

1 � 

+ , 4 1 � 

+ ← X 

1 � 

+ , 3 1 � ← X 

1 � 

+ ,
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nd 4 1 � ← X 

1 � 

+ transitions, whose cross sections are dominant at
avelengths below about 900 Å. In addition, our photodissociation 

ross sections and rates agree reasonably with those reported in the 
eiden Observatory database (Heays et al. 2017 ). 
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