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Extension of the LAQGSM03.01 Code to Des
ribe Photo-Nu
lear Rea
tionsup to Tens of GeVK. K. Gudima1 and S. G. Mashnik21Institute of Applied Physi
s, A
ademy of S
ien
e of Moldova, Chi�sin�au, Moldova2X-3-MCC, Los Alamos National Laboratory, Los Alamos, NM 87545, USAAbstra
tThe Los Alamos version of the Quark-Gluon String Model implemented in the 
ode LAQGSM03 was extendedto des
ribe photonu
lear rea
tions at energies up to tens of GeV. We have in
orporated 56 
hannels to 
onsider
p elementary intera
tions during the 
as
ade stage of rea
tions and 56 
hannels for 
n intera
tions, in additionto absorption of photons on two-nu
leon pairs, into LAQGSM03 and have tested the extended 
ode referred to asLAQGSM03.01 on a number of measured high-energy photonu
lear rea
tions. Here, we present the photonu
learrea
tion model of LAQGSM03.01 and show examples of its results 
ompared with available experimental data.1. Introdu
tionFollowing an in
reased interest in nu
lear data for su
h proje
ts as the A

elerator Transmutation ofnu
lear Wastes (ATW), A

elerator Produ
tion of Tritium (APT), Spallation Neutron Sour
e (SNS), RareIsotope A

elerator (RIA), Proton Radiography (PRAD) as a radiographi
 probe for the Advan
ed Hydro-testFa
ility and others, for several years the US Department of Energy has supported our work on the developmentof improved versions of the Cas
ade-Ex
iton Model (CEM) of nu
lear rea
tions [1, 2℄ and the Los Alamos versionof the Quark-Gluon String Model (LAQGSM) [3, 4℄ to des
ribe rea
tions indu
ed by parti
les and nu
lei atenergies up to about 1 TeV/nu
leon [5℄-[9℄. To des
ribe �ssion and produ
tion of light fragments heavierthan 4He, we have merged both our 
odes with several evaporation/�ssion/fragmentation models, in
luding theGeneralized Evaporation/�ssion Model 
ode GEM2 by Furihata [10℄, the �ssion-like binary-de
ay 
ode GEMINIby Charity et al. [11℄, and the Statisti
al Multifragmentation Model (SMM) by Botvina et al. [12℄. Our 
odesperform as well as and often better than other 
urrent models in des
ribing a large variety of spallation, �ssion,and fragmentation rea
tions, therefore they are used as event-generators in several transport 
odes.However, the initial version of the Los Alamos Quark-Gluon String Model (LAQGSM) [3℄, just like itspre
ursor, the Quark-Gluon String Model (QGSM) [13℄, did not 
onsider photonu
lear rea
tions, while its 2003version, LAQGSM03 [1℄, des
ribes su
h rea
tions only for energies up to about 1.5 GeV. This is not 
onvenientwhen using our 
odes to solve problems for PRAD, NASA, and other high-energy appli
ations or to analyzefuture high-energy measurements at the Thomas Je�erson National A

elerator Fa
ility (CEBAF), where pho-tons with mu
h higher energy are 
reated and need to be simulated with our even-generators in transport
odes like MCNP6 [14℄, MARS [15℄, MCNPX [16℄, and others. To address this problem, we have extended[8℄ LAQGSM03.01 to des
ribe photonu
lear rea
tions up to tens of GeV. The next se
tion presents a shortdes
ription of the high-energy photonu
lear rea
tion model of LAQGSM03.01, followed by two se
tions withexamples of 
al
ulated parti
le spe
tra, yields, and re
oil properties of produ
ts from high-energy photonu
learrea
tions 
ompared with available data.2. High-Energy Photonu
lear Model of LAQGSM03.01Initially [1℄, an improved version of the Dubna InraNu
lear 
as
ade photonu
lear rea
tion model developedoriginally 37 years ago by one of us in 
ollaboration with Iljinov and Toneev [17℄ to des
ribe photonu
learrea
tions at energies above the Giant Dipole Resonan
e (GDR) region was in
orporated into LAQGSM. [Atphoton energies T
 = 10{40MeV, the de Broglie wavelength �{ is of the order of 20{5 fm, greater than the averageinter-nu
leoni
 distan
e in the nu
leus; the photons intera
t with the nu
lear dipole resonan
e as a whole, thusthe INC is not appli
able.℄ Below the pion produ
tion threshold, the Dubna INC 
onsiders absorption of photonson \quasi-deuteron" pairs a

ording to the Levinger model [18℄:�
A = LZ(A� Z)A �
d , (1)1



where A and Z are the mass and 
harge numbers of the nu
leus, L � 10, and �
d is the total photoabsorption
ross se
tion on deuterons as de�ned from experimental data.At photon energies above the pion-produ
tion threshold, the Dubna INC 
onsiders produ
tion of only oneor two pions (
hannels #1{3 and 15{17 from Table 1); the 
on
rete mode of the rea
tion is 
hosen by the MonteCarlo method a

ording to the partial 
ross se
tions, de�ned from available experimental data. This limits theuse of su
h an approa
h to photon energies of only up to about 1.5 GeV, as 
ontribution from multiple pionprodu
tion be
ome predominant at higher energies.To address this problem, we have extended LAQGSM03 [1℄ to des
ribe photonu
lear rea
tions at energiesup to tens of GeV. For this, we took advantage of the high-energy event generators for 
p and 
n elementaryintera
tions from the Mos
ow high-energy photonu
lear rea
tion model [19℄ kindly sent us by one of its 
oauthors,Dr. Igor Psheni
hnov. Let us note that the 
p and 
n event generators from the Mos
ow INC [19℄ usean improvement and extension to higher energies of the Genova 
p and 
n event generators developed byP. Corvisiero et al. to des
ribe photon-nu
leon intera
tions up to 4 GeV [20℄. We have in
orporated intoLAQGSM03.01 56 
hannels to 
onsider 
p elementary intera
tions during the 
as
ade stage of rea
tions, and 56
hannels for 
n intera
tions. These rea
tion 
hannels new to LAQGSM03.01 are listed in Table 1 (its pre
ursor,LAQGSM03 [1℄, 
onsiders only 
hannels #1{3 and 15{17, and only up to about 1.5 GeV).To des
ribe in LAQGSM03.01 the two-body 
hannels #1{14, we use part of a �le 
ontaining smooth ap-proximations through presently available experimental data sent us by Dr. Psheni
hnov but have developedour own algorithms and written our own routines to simulate unambiguously d�=d
 and to 
hoose the 
orre-sponding value of � for any E
 , using a single random number � uniformly distributed in the interval [0,1℄, asdes
ribed in [1℄. Fig. 1 shows examples of angular distributions of �0 from 
p! �0p intera
tions as fun
tionsof ��
:m:s at eight di�erent photon energies as simulated by our routines 
ompared with available experimentaldata. Examples of similar distributions for �+ from 
p! �+n intera
tions may be found in [1℄.To des
ribe the 
hannels #15{21 with two and three pions in the �nal state, we use the 
p and 
n eventgenerators send us by Dr. Psheni
hnov, but use our own interpolation for integral 
ross se
tions. We do notshow here examples of 
ross se
tions for these 
hannels, as we reprodu
e with LAQGSM03.01 all the results byPsheni
hnov et al. shown in Figs. 6 and 8 of Ref. [19℄.Finally, to des
ribe in LAQGSM03.01 the multi-pion 
hannels #22{56, we use the isospin statisti
al modelas realized in the 
p and 
n event generators send us by Dr. Psheni
hnov and des
ribed in details in [19℄,without any 
hanges. For 
hannels #22{56, we reprodu
e exa
tly in LAQGSM03.01 the results by Psheni
hnovet al. as published in Ref. [19℄, therefore we do not show here examples of su
h results.After the bombarding photon is absorbed by two nu
leons or intera
ts inelasti
ally with a nu
leon a

ordingthe 
hannels #1{56, we get inside the nu
leus several \se
ondary" 
as
ade nu
leons, pions, or other mesons andresonan
es listed in Table 1, depending on whi
h 
hannel is simulated from the 
orresponding 
ross se
tions atthe given photon energy to a
tually o

ur. These \se
ondary" 
as
ade parti
les intera
t further with inranu
learnu
leons or leave the nu
leus, depending on their 
oordinates and momenta. The further behavior of the rea
tionstarting from this stage, after the photon had \disappeared", is des
ribed by LAQGSM03.01 exa
tly the sameway as for any other types of rea
tions, indu
ed, e.g., by nu
leons or heavy ions.LAQGSM03.01 [8℄ is the latest modi�
ation of the Los Alamos version of the Quark-Gluon String Model[3℄, whi
h in its turn is an improvement of the Quark-Gluon String Model [13℄. It des
ribes rea
tions indu
edby both parti
les and nu
lei as a three-stage pro
ess: IntraNu
lear Cas
ade (INC), followed by preequilibriumemission of parti
les during the equilibration of the ex
ited residual nu
lei formed after the INC, followed byevaporation of parti
les from or �ssion of the 
ompound nu
lei. The INC stage of rea
tions is des
ribed witha re
ently improved version [8℄ of the time-depending intranu
lear 
as
ade model developed initially at Dubna,often referred in the literature simply as the Dubna intranu
lear Cas
adeModel, DCM (see [21℄ and referen
estherein). The preequilibrium part of rea
tions is des
ribed with the last version of the Modi�ed Ex
iton Model(MEM) from the improved Cas
ade-Ex
iton Model (CEM) 
ode CEM03.01 [2℄. The evaporation and �ssionstages of rea
tions are 
al
ulated with an updated and improved version of the Generalized Evaporation Model
ode GEM2 by Furihata [10℄, whi
h 
onsiders evaporation of up to 66 types of di�erent parti
les and lightfragments (up to 28Mg). If the ex
ited residual nu
leus produ
ed after the INC has a mass number A < 13,LAQGSM03.01 uses a re
ently updated and improved version of the Fermi Break-up model (in 
omparison withthe initial version developed in the group of Prof. V. S. Barashenkov at JINR, Dubna and used in QGSM [13℄
2



Table 1. Channels of elementary 
N intera
tions taken into a

ount in LAQGSM03.01# 
p-intera
tions 
n-intera
tions1 
p! �+n 
n! ��p2 
p! �0p 
n! �0n3 
p! �++�� 
n! �+��4 
p! �+�0 
n! �0�05 
p! �0�+ 
n! ���+6 
p! �0p 
n! �0n7 
p! �+n 
n! ��p8 
p! �p 
n! �n9 
p! !p 
n! !n10 
p! �K+ 
n! �K011 
p! �0K+ 
n! �0K012 
p! �+K0 
n! ��K+13 
p! �0p 
n! �0n14 
p! �p 
n! �n15 
p! �+��p 
n! �+��n16 
p! �0�+n 
n! �0��p17 
p! �0�0p 
n! �0�0n18 
p! �0�0�0p 
n! �0�0�0n19 
p! �+���0p 
n! �+���0n20 
p! �+�0�0n 
n! ���0�0p21 
p! �+�+��n 
n! �+����p22 
p! �0�0�0�0p 
n! �0�0�0�0n23 
p! �+���0�0p 
n! �+���0�0n24 
p! �+�+����p 
n! �+�+����n25 
p! �+�0�0�0n 
n! ���0�0�0p26 
p! �+�+���0n 
n! �+�����0p27 
p! �0�0�0�0�0p 
n! �0�0�0�0�0n28 
p! �+���0�0�0p 
n! �+���0�0�0n29 
p! �+�+�����0p 
n! �+�+�����0n30 
p! �+�0�0�0�0n 
n! ���0�0�0�0p31 
p! �+�+���0�0n 
n! �+�����0�0p32 
p! �+�+�+����n 
n! �+�+������p33 
p! �0�0�0�0�0�0p 
n! �0�0�0�0�0�0n34 
p! �+���0�0�0�0p 
n! �+���0�0�0�0n35 
p! �+�+�����0�0p 
n! �+�+�����0�0n36 
p! �+�+�+������p 
n! �+�+�+������n37 
p! �+�0�0�0�0�0n 
n! ���0�0�0�0�0p38 
p! �+�+���0�0�0n 
n! �+�����0�0�0p39 
p! �+�+�+�����0n 
n! �+�+�������0p40 
p! �0�0�0�0�0�0�0p 
n! �0�0�0�0�0�0�0n41 
p! �+���0�0�0�0�0p 
n! �+���0�0�0�0�0n42 
p! �+�+�����0�0�0p 
n! �+�+�����0�0�0n43 
p! �+�+�+�������0p 
n! �+�+�+�������0n44 
p! �+�0�0�0�0�0�0n 
n! ���0�0�0�0�0�0p45 
p! �+�+���0�0�0�0n 
n! �+�����0�0�0�0p46 
p! �+�+�+�����0�0n 
n! �+�+�������0�0p47 
p! �+�+�+�+������n 
n! �+�+�+��������p48 
p! �0�0�0�0�0�0�0�0p 
n! �0�0�0�0�0�0�0�0n49 
p! �+���0�0�0�0�0�0p 
n! �+���0�0�0�0�0�0n50 
p! �+�+�����0�0�0�0p 
n! �+�+�����0�0�0�0n51 
p! �+�+�+�������0�0p 
n! �+�+�+�������0�0n52 
p! �+�+�+�+��������p 
n! �+�+�+�+��������n53 
p! �+�0�0�0�0�0�0�0n 
n! ���0�0�0�0�0�0�0p54 
p! �+�+���0�0�0�0�0n 
n! �+�����0�0�0�0�0p55 
p! �+�+�+�����0�0�0n 
n! �+�+�������0�0�0p56 
p! �+�+�+�+�������0n 
n! �+�+�+���������0p3



and des
ribed in [22℄) to 
al
ulate its de
ay instead of 
onsidering a preequilibrium stage followed by evaporationfrom 
ompound nu
lei, as des
ribed above. LAQGSM03.01 
onsiders also 
oales
en
e of 
omplex parti
lesup to 4He from energeti
 nu
leons emitted during the INC, using an updated 
oales
en
e model in 
omparisonwith the version des
ribed in [21℄.We have developed also \S" and \G" versions of LAQGSM03.01, namely: LAQGSM03.S1 and LAQGSM03.G1[9℄. LAQGSM03.S1 [9℄ is exa
tly the same as LAQGSM03.01, but 
onsiders also multifragmentation of ex
itednu
lei produ
ed after the preequilibrium stage of rea
tions, when their ex
itation energy is above 2A MeV,using the Statisti
al Multifragmentation Model (SMM) by Botvina et al. [12℄ (the `S" in the extension ofLAQGSM03.S1 stands for SMM). LAQGSM03.G1 [9℄ is exa
tly the same as LAQGSM03.01, but uses the�ssion-like binary-de
ay model GEMINI of Charity et al. [11℄, whi
h 
onsiders evaporation of all possible frag-ments, instead of using the GEM2 model [10℄ (the \G" stands for GEMINI).
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Figure 1. Example of eight angular distributions of �0 from 
p! �0p as fun
tions of ��
:m:s at photon energiesfrom 260 MeV to 1.4 GeV. The dashed lines show the old approximations of the Dubna INC [17℄ while thesolid lines are our new approximations in
orporated into LAQGSM03.01 (and into CEM03 and LAQGSM03[1℄). Referen
es to experimental data shown by di�erent symbols may be found in our re
ent work [1℄.4



3. Parti
le Spe
traWe have tested LAQGSM03.01 and its \S" and \G" versions extended to des
ribe high-energy photonu
learrea
tions against pra
ti
ally all experimental data above 1 GeV we were able to �nd in the literature, but welimit ourselves here to presenting only several exemplary results.Let us start with 
omparing results by LAQGSM03.01 with experimental data at relatively low energies, ofabout 1 GeV, where other photonu
lear models also do work, then move gradually to rea
tions at higher energies.Figure 2 presents examples of proton spe
tra from bremsstrahlung intera
tion with 
arbon at Emax = 1050MeV. One 
an see that LAQGSM03.01 des
ribes as well as CEM03.01 does the measured proton spe
tra andagrees with the data better than the dire
t kno
kout model [24℄ and the quasi-deuteron 
al
ulations [25℄ do.
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Figure 2. Comparison of measured [23℄ di�erential 
rossse
tion for proton photoprodu
tion on 
arbon at 43Æ, 90Æ,and 154Æ by bremsstrahlung photons with Emax = 1:05GeV (symbols) with CEM03.01 (solid histograms) andLAQGSM03.01 (dashed histograms), and predi
tions bythe dire
t kno
kout model [24℄ (dotted lines) and a quasi-deuteron 
al
ulation [25℄ (dot-dashed lines), respe
tively.The experimental data and results by the dire
t kno
koutand quasi-deuteron models are taken from Fig. 5 of Ref. [24℄.Figure 3 presents examples of proton and pion spe
trafrom photonu
lear rea
tions at higher energies, namelyproton spe
tra at 60, 90, and 150 degrees from intera
tionof bremsstrahlung 
 quanta of maximum energy Emax =2:0, 3.0, and 4.5 GeV with 12C, 27Al, 63Cu, and 208Pb andpion spe
tra from intera
tion of the same bremsstrahlung
 quanta with 12C, 63Cu, and 208Pb. These rea
tionsare of a higher interest to us than the one presented inFig. 2 for the following reason: The proton and pionspe
tra presented in Fig. 3 were measured more than 25years ago at the Yerevan Physi
s Institute [26℄-[29℄ witha major hope of revealing some \exoti
" or unknownme
hanisms of nu
lear rea
tions leading to the produ
tion of so 
alled \
umulative" (i.e., kinemati
ally forbiddenfor quasi-free intranu
lear proje
tile-nu
leon 
ollisions) parti
les. At the time the measurements [26℄-[29℄ weredone, there were not high-energy photonu
lear rea
tion models available in the literature, therefore these datawere not analyzed so far by any models. We do not know of any publi
ation or oral presentation where thesemeasurements were reprodu
ed by a theoreti
al model, event generator, or transport 
ode. It is noteworthy thatLAQGSM03.01 des
ribes quite well all the spe
tra measured both in the 
umulative and non-
umulative regions(as it does, e.g., for parti
les emitted from intera
tion of 400 GeV protons with nu
lei; see [7℄ for details) in asingle approa
h, without any �tting or free parameters, and without involving any \exoti
" rea
tion me
hanisms.These results do not imply, of 
ourse, that the 
- or proton-nu
leus intera
tion physi
s is 
ompletelydes
ribed by the rea
tion me
hanisms 
onsidered by LAQGSM03.01. Our present results do not ex
ludesome 
ontribution to the produ
tion of these parti
les from other rea
tion me
hanisms not 
onsidered byLAQGSM03.01. But the 
ontribution from \exoti
" me
hanisms to 
umulative parti
le produ
tion from thesehigh-energy rea
tions seems to be small; in
lusive parti
le spe
tra are not sensitive enough for an unambiguousdetermination of the me
hanisms of parti
le produ
tion, just as observed heretofore at intermediate and lowenergies [30℄.4. Produ
t Yields and Re
oil PropertiesThis se
tion presents several examples of 
ross se
tions (yields) of the nu
lides produ
ed in high-energy photonu
lear rea
tions and of their re
oil properties. Fig. 4 shows a 
omparison of the measured5
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Figure 3. Proton spe
tra at 60, 90, and 150 degrees from intera
tion of bremsstrahlung 
 quanta of maximumenergy Emax = 2:0, 3.0, and 4.5 GeV with 12C, 27Al, 63Cu, and 208Pb (left and right top panels and left bottompanel of four plots). Spe
tra of �+ and �� produ
ed by Emax = 4:5 GeV bremsstrahlung on 12C and spe
traof 
harged pions (both �+ and ��) from intera
tion of the same bremsstrahlung 
 quanta with 12C, 63Cu,and 208Pb (right bottom panel of four plots). Experimental values shown by symbols are from [26℄-[29℄ whilehistograms show results by LAQGSM03.01. To the best of our knowledge, we are able to des
ribe these datawith LAQGSM03.01 for the �rst time (see text). 6
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Figure 4. Detailed 
omparison be-tween experimental yields [31℄ and those
al
ulated by LAQGSM03.01 of radioa
-tive produ
ts from the intera
tion ofbremsstrahlung 
 quanta of maximum en-ergy 4.5 GeV with 93Nb. The 
umulativeyields are labeled as \
" while the inde-pendent 
ross se
tions, as \i". To the bestof our knowledge, using LAQGSM03.01we are able to des
ribe these data for the�rst time.produ
tion 
ross se
tions from in-tera
tion of bremsstrahlung 
 quantaof maximum energy 4.5 GeV with 93Nb[31℄ with results by LAQGS03.01. Wesee that LAQGSM03.01 des
ribes mostof the measured yields quite well, withonly several 
ases when the 
al
ulationsdi�er from the data within a fa
tor oftwo to three, that is also not too bad,
onsidering that all 
al
ulations are inthe absolute value, without any �ttingof parameters or normalization.Fig. 5 shows a similar rea
tion, indu
ed by Emax = 4:5 GeV bremsstrahlung on 65Cu, but measuredregarding the re
oil properties of the produ
ed nu
lides [32℄. No produ
t yields were measured from thisrea
tion, so the top-left plot in Fig. 5 shows only predi
tions by LAQGSM03.01 and its \S" and \G" versionsfor this quantity. The left plot in the middle row of Fig. 5 shows predi
tions by LAQGSM03.01 and its\S" and \G" versions for the mean laboratory angle of produ
ts. We see quite a big di�eren
e for this
hara
teristi
s between predi
tions by versions of the model with di�erent treatment of the evaporation stageof rea
tion (
ompare the \standard", LAQGSM03.01, results that uses GEM2 with results by its \G" versionthat uses GEMINI) and between results 
al
ulated without (LAQGSM0.01) and with taking into a

ountmultifragmentation of highly-ex
ited 
ompound nu
lei (LAQGSM03.S1). Unfortunately, this quantity was notmeasured and we 
an not un
over the \real" rea
tion me
hanisms based on these results until experimentaldata are available.The other three plots in Fig. 5 show results by LAQGSM03.01 and its \G" and \S" versions for the Z-averaged A-dependen
e of the mean laboratory velo
ity vz of produ
ts, the R=F/B ratio of the forward produ
t
ross se
tions to the ba
kward ones, and their mean laboratory kineti
 energy 
ompared with available data[32℄. We see a very good agreement between 
al
ulations and the data for the mean kineti
 energy, a notso good agreement for the mean parallel velo
ity vz of produ
ts, and a poor agreement for R=F/B. Let usnote that in the experimental work [32℄, these 
hara
teristi
s were measured only for several �nal isotopes,while results of 
al
ulations shown in Fig. 5 are for the Z-averaged A-dependen
e of all possible produ
ts.If to 
ompare the data with 
al
ulations for only the measured produ
ts, isotope-by-isotope, the agreementbetween measurements and 
al
ulations be
omes better. However, as 
an be seen from Fig. 6, there is still somedisagreement between experimental data and theoreti
al results by all three versions of LAQGSM 
onsideredhere for the values of R=F/B, similar to results obtained for rea
tions indu
ed by protons and deuterons [33℄.In making su
h 
omparisons, we �rst re
ognize that the experiment and the 
al
ulations di�er in that: 1) theexperimental data were extra
ted assuming the \two-step ve
tor model" (see referen
es and details in [32, 33℄),while the LAQGSM 
al
ulations were done without the assumptions of this model; 2) the measurements wereperformed on foils (thi
k targets), while the 
al
ulations were done for intera
tions of photons (protons anddeuterons, in the 
ase of Ref. [33℄) with nu
lei (thin targets). These di�eren
es must be 
onsidered beforeassessing possible de�
ien
ies in the models.
7
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Figure 5. Results byLAQGSM03.01 and its \S"and \G" versions for theZ-averaged A-dependen
eof the mass yield of allprodu
ts, their mean par-allel laboratory velo
ity vzin the beam dire
tion, theirmean laboratory angle �,the R=F/B ratio of theforward produ
t 
ross se
-tions to the ba
kward ones,and their mean laboratorykineti
 energy for the re-a
tion of Emax = 4:5 GeVbremsstrahlung photonson 65Cu 
ompared withavailable experimental databy Arakelyan et al. [32℄.Finally, Fig. 7shows a 
omparisonof the 
al
ulated byLAQGSM03.01 massdistribution of produ
tswith experimental datafor the highest energy wewere able to �nd data inthe literature, namely forthe rea
tion Emax = 6GeV bremsstrahlunggammas on 238U [34, 35℄.We see a good agreementbetween the 
al
ulationsand these high-energyphotonu
lear rea
tiondata.To 
on
lude, let us note that to the best of our knowledge, we were able to des
ribe with LAQGSM03.01 allthe rea
tions dis
ussed in this se
tion for the �rst time: We do not know of any publi
ation or oral presentationwhere these experimental data were reprodu
ed by a theoreti
al model, event generator, or transport 
ode.5. SummaryThe latest modi�
ation of the Los Alamos Quark-Gluon String Model released in the 
ode LAQGSM03.01and its \S" and \G" versions were extended to des
ribe photonu
lear rea
tions at energies up to tens of GeV.We have tested our high-energy photonu
lear models against pra
ti
ally all experimental data above 1 GeVwe were able to �nd in the literature and 
an 
on
lude that they des
ribe the measured data reasonably well,without re-�tting any parameters. Our models are not yet ready to des
ribe properly rea
tions indu
ed bygammas of tens of MeV, in the GDR region (though they provide not 
ompletely wrong results even at su
hlow energies; see, e.g., [1℄). We are developing now approximations for the GDR region, to extend the use ofour 
odes for low-energy photonu
lear rea
tions as well. LAQGSM03.01 was in
orporated re
ently into thetransport 
ode MARS [15℄ and is 
urrently being in
orporated into MCNP6 [14℄ and MCNPX [16℄. This wouldallow others to use LAQGSM03.01 as an event-generator in these transport 
odes to simulate high-energyphotonu
lear rea
tions with targets of pra
ti
ally arbitrary geometry and nu
lide 
omposition.8
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